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Atmospheric Composition
Change: the European Network
of excellence

Atmospheric Integrated
Research Monitoring Network

Atmospheric Infrared Sounder
(instrument)

aluminum
aluminum ion
inorganic aluminum
aluminum ion
organic aluminum
aluminum hydroxide

Adirondack Lake Survey
Corporation

Adirondack Long Term
Monitoring

acid mine drainage
acid neutralizing capacity

aboveground net primary
production

aerosol optical depth
Athabasca oil sands region
Air Quality Criteria Document
Air Quality Expert Group

Air Quality Index

Air Quality System (database)
argon

Agricultural Research Service
arsenic

Acid Stress Index

above sea level

Atmospheric Trace Molecule
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type of Lagrangian model

Atmospheric Utility Signatures,
Predictions, and Experiments

Airborne Visible and Infrared
Imaging Spectrometer

xli

Acronym/Abbreviation
Ba

BBW

BBWM

Bcor BC

BCE

BCS

BCw

BGC

B-1BI

BMPs
BNF
Br
Br-
Br2
BrCl
BrO
BUV

BUVD
Cc
12c

13C

Ca

Ca

C a2+
CAA
CAAA

CAAAC

CaCl2
CaCOs3
CALIPSO

Meaning

barium

Bear Brook Watershed

Bear Brook Watershed, Maine
base cation

exchangeable base cations
base-cation surplus

base cation weathering
Biogeochemical (model)

benthic index of biological
integrity

best management practices
biological nitrogen fertilization
bromine

bromide ion

molecular bromine

bromine chloride

bromine mooxide

Backscatter Ultraviolet
Spectrometer

Beneficial Use Values Database
carbon; concentration

carbon-12, stable isotope of
carbon

carbon-13, stable isotope of
carbon

ambient air concentration
calcium

calcium ion

Clean Air Act

Amendments to the Clean Air
Act

Clean Air Act Advisory
Committee

calcium chloride
calcium carbonate

Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite
Observation (satellite)
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Ca(NO3)2

Ca(OH)2

CAPMoN

CaS04-2H20
CASTNet

CB4

Cd

CEC
CENTURY

CFCs

CG

Chla

CHs4

C2H4

C2Hs

CsHs
CHsCHO
CHsC(0)
CHsC(0)00
CHal2
CH—0
CHsOO0H
CHs-S-CH3
CHs-S-H
(CHs)2S0
CH3SOsH
CH3-S-S-CHs
Ci

CL

Cl

CI-

Clz

CLaMS
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Meaning
calcium nitrate
calcium hydroxide

Canadian Air and Precipitation
Monitoring Network

gypsum

Clean Aiir Status and Trends
Network

Carbon Bond 4 (model)
cadmium
cation exchange capacity

model that simulates carbon,
nitrogen, phosphorus, sulfur, and
water dynamics in the soil-plant
system at monthly intervals over
time scales of centuries and
millennia

chlorinated fluorocarbons
cloud-to-ground (lightning flash)
chlorophyll a

methane

ethene

ethane

isoprene

acetaldehyde

acetyl radical

acetyl peroxy radical
diiodomethane
formaldehyde

methyl hydroperoxide
dimethylsulfide, DMS
methyl mercaptan
dimethyl sulfoxide, DMSO
methanesulfonic acid
dimethyl disulfide, DMDS
interstitial air concentration
critical load

chlorine

chloride ion

molecular chlorine

type of Lagrangian model
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Acronym/Abbreviation
CloudSat

CINO2
CMAQ

CMSA

Cco

CO2
COs~
CONUS
CPUE
CRREL

Cs

CS2

CsSs
CT™M

Cu

CcVv
CVM

A B
DayCent

DayCent-Chem

DC
DDRP
DDT
DECOMP

DEP

DIC
DIN
DMDS

DMS
DMSO
DNDC

Meaning

NASA Earth observation
satellite

nitryl chloride

Community Multiscale Air
Quality (modeling system)

consolidated metropolitan
statistical area

carbon monoxide
carbon dioxide
carbonate
continental U.S.
catch per unit effort

U.S. Army Cold Regions
Research and Engineering
Laboratory

Consumer surplus

carbon disulfide

coastal sage scrub (ecosystem)
chemical transport model
copper

contingent valuation
contingent valuation method
delta, difference; change

model for daily biogeochemistry
for forest, grassland, cropland,
and savanna systems

combination of DayCent-Chem
and PHREEQC models

dichotomous choice
Direct Delayed Response Project
Damage Delay Time

decomposition model based on
soil-plant system dynamics

Department of Environmental
Protection

dissolved inorganic carbon
dissolved inorganic nitrogen

dimethyl disulfide,
CH3-S-S-CH3

dimethyl sulfide, CH3-S-CH3
dimethylsulfoxide

Denitrification-Decomposition
(model)
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Acronym/Abbreviation
DO

DOC

DON

EBB

EC

EEAs

ELA

ELS

EMAP

EMEFS

EMEP

EMF
EOS
U.S. EPA

eq
ER
EPT

ERP
ESA
EVRI

FAB

FACE
Fe
FePO4
FeS

F-factor

FHM
FIA
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Meaning

dissolved oxygen

dissolved organic carbon
dissolved organic nitrogen
East Bear Brook

elemental carbon

Essential Ecological Attributes
Experimental Lakes Area
Eastern Lakes Survey

Environmental Monitoring and
Assessment Program

Eulerian Model Evaluation Field
Study

Co-operative Programme for
Monitoring and Evaluation of
the Long-range Transmission of
Air Pollutants in Europe

ectomycorrhizal fungi
Earth Observation System

U.S. Environmental Protection
Agency

equivalents
ecosystem respiration

Ephemeroptera-Plecoptera-
Tricoptera (index)

Episodic Response Project
European Space Agency

Environmental Valuation
Reference Inventory

flux
fluoride ion

First-order Acidity Balance
model

free-air CO2 enrichment (studies)
iron

iron phosphate

iron sulfide

fraction of the change in mineral
acid anions that is neutralized by
base cation release

Forest Health Monitoring

Forest Inventory and Analysis
(program)
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Acronym/Abbreviation
FISH

FLEXPART
ForSAFE
FRM

FTIR

Fw2
Fx
YN20s

GAW

GCE

GDP
GEOS

GEOS-Chem

GEOS-1DAS

GFED
GHG
GOES

GOME

GPP
Os
GtC
Gton
GWP

2H

H+

ha
HAPs

Meaning

Fish in Sensitive Habitats
(project)

type of Lagrangian model

three-component model using
nitrogen, carbon cycling, and
soil chemistry

Federal Reference Method

Fourier Transform Infrared
Spectroscopy

black carbon soot
flux

uptake coefficient for N2Os on
particles

Global Atmospheric Watch
(program)

Goddard Cumulus Ensemble
(model)

gross domestic product

Goddard Earth Observing
System

Goddard Earth Observing
System (with global chemistry
transport model)

Goddard Earth Observing
System Data Assimilation
System

Global Fire Emissions Database
greenhouse gas

Geostationary Operational
Environmental Satellites

Global Ozone Monitoring
Experiment

gross primary productivity
stomatal conductance
gigaton carbon

gigaton

global warming potential
hydrogen; hydrogen atom

hydrogen-2, deuterium, stable
isotope of hydrogen

proton, hydrogen ion; relative
acidity

hectare

hazardous air pollutants
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Acronym/Abbreviation
HBEF

HBES

HBN
HC
HCHO
HCI
HCOs~
Hg
HNOz, HONO
HNOs, HOONO
HNO4
HO2
H202
HO2NO:
HOBr
HOCI
HOX
HP
HSOs~
HSO4~
H2S
H2S03
H2S04
HUC-8s
hv

IPC

IECc
IHASA
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Meaning

Hubbard Brook Experimental
Forest

Hubbard Brook Ecosystem
Study

Hydrologic Benchmark Network
hydrocarbon
formaldehyde
hydrochloric acid
bicarbonate

mercury

nitrous acid

nitric acid

pernitric acid
hydroperoxyl radical
hydrogen peroxide
peroxynitric acid
hypobromous acid
hypochlorous acid
hypohalous acid
hedonic pricing
bisulfate ion
sulfuric acid ion
hydrogen sulfide
sulfurous acid
sulfuric acid

8 digit Hydrologic Unit Codes

photon with energy at
wavelength v

iodine
molecular iodine
Integrated Assessment

Integrated Atmospheric
Monitoring Deposition Network

intracloud (lightning flash)

Integrated Lake-Watershed
Acidification Study

International Cooperative
Programme

Industrial Economicsym

International Institute for
Applied Systems Analysis

xliv

Acronym/Abbreviation
IMPROVE

INO3
INTEX-NA

10
IPCC

IPCC-AR4

IPCC-TAR

IQR
IR
ISA

JK
JPL
JRGCE

K+
Ka
Kb
KH

kmol
KNO3
Kw
LAF
LAR
LB
LCo.01

LD33

LDH
LG

Meaning

Interagency Monitoring of
Protected Visual Environments

iodine nitrate

Intercontinental Chemical
Transport Experiment—North
America

iodine oxide

Intergovernmental Panel on
Climate Change

Intergovernmental Panel on
Climate Change 4th Assessment
Report

Intergovernmental Panel on
Climate Change 3rd Assessment
Report

interquartile range
infrared
Integrated Science Assessment

flux from a leaf, deposition flux
(9/cm/second)

Joyce Kilmer
Jet Propulsion Laboratory

Jasper Ridge Global Climate
Change Experiment

potassium

potassium ion
dissociation constant
dissociation constant

Henry’s Law constant in M/atm
(Meatm™)

kilomole

potassium nitrate

ion product of water

Lake Acidification and Fisheries
leaf-area ratio

laboratory bioassay

lethal concentration at which
0.01% of exposed animals die

lethal dose at which 33% of
exposed animals die

lactic acid dehydrogenase

Linville Gorge
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Acronym/Abbreviation
LIDAR

LIF
LIMS

LMCO

LOD
LP
LRTAP

LTER

LTM

MA

MAGIC

MAHA

MAQSIP

MAT
MAX-DOAS

MBC
MBL
MDN
MeHg
MEM
Heq
Mg
Mg?*
MIMS

MM5

Mn
MOBILE6

June 2018

Meaning

Light Detection and Ranging
(remote sensing system)

laser-induced fluorescence

Limb Infrared Monitor of the
Stratosphere

Lacasse-like multicopper
oxidase

limit of detection
long-path

Long Range Transport of Air
Pollution

Long-Term Ecological Research
(program)

Long-Term Monitoring (project)
air molecule

Millennium Ecosystem
Assessment

Model of Acidification of
Groundwater in Catchments
(model)

Mid-Atlantic Highlands
Assessment of streams

Multiscale Air Quality
Simulation Platform (model)

moist acidic tundra

multiple axis differential optical
absorption spectroscopy

microbial biomass carbon
marine boundary layer
Mercury Deposition Network
Methylmercury

model ensemble mean
Microequivalent

Magnesium

magnesium ion

membrane inlet mass
spectrometry

National Center for Atmospheric
Research/Penn State Mesoscale
Model, version 5

Manganese

Highway Vehicle Emission
Factor Model

Acronym/Abbreviation
MODIS

MOPITT

MOZAIC

MOZART

MPAN
MPCA

MSA
Mt

N

N, n
14N

15N

N2

N14C
NA

Na

Na*
NAAQS

NaCl
NADP

Na2MoO4
NAMS
NANI

NAPAP

NASQAN

NARSTO

NAS

Meaning

Moderate Resolution Imaging
Spectroradiometer

Measurement of Pollution in the
Troposphere (satellite
instrument)

Measurement of Ozone and
Water Vapor by Airbus
In-Service Aircraft

Model for Ozone and Related
Chemical Tracers

peroxymethacrylic nitrate

Minnesota Pollution Control
Agency

metropolitan statistical area
million, or mega tons
nitrogen

number of observations

nitrogen-14, stable isotope of
nitrogen

nitrogen-15, stable isotope of
nitrogen

molecular nitrogen; nonreactive
nitrogen

plant soil N and C cycling model
not available; insufficient data
sodium

sodium ion

National Ambient Air Quality
Standards

sodium chloride

National Atmospheric
Deposition Program

sodium molybdate
National Air Monitoring Stations

Net anthropogenic nitrogen
inputs

National Acid Precipitation
Assessment Program

National Stream Quality
Accounting Network

program formerly known as
North American Regional
Strategy for Atmospheric Ozone

National Academy of Sciences
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Acronym/Abbreviation
NASA

Na2SO4
NASQAN

NATTS

NAWQA

NCore

N-dep
NEE
NEG/ECP

NEI
NEON

NEP
N-fert
N-fix
NFI

NH3
NH:
NH4*
NH4CI
NHsNOs
(NH4)2S04
NHx

NHy
Ni
NILU

NITREX
nitro-PAH

NLCD
Nmin
NMOC
NO
NO2

June 2018

Meaning

National Aeronautics and Space
Administration

sodium sulfate

National Stream Quality
Accounting Network

National Air Toxics Trends
(network)

National Water Quality
Assessment (program)

National Core Monitoring
Network

nitrogen deposition
net ecosystem exchange

New England Governors and
Eastern Canadian Premiers

National Emissions Inventory

National Ecological Observatory
Network

net ecosystem productivity
nitrogen-fertilization
nitrogen-fixing vegetation
net factor income
ammonia

amino (chemical group)
ammonium ion
ammonium chloride
ammonium nitrate
ammonium sulfate

category label for NHs plus
NH4*

total reduced nitrogen
nickel

Norwegian Institute for Air
Research

Nitrogen saturation Experiments

nitro-polycyclic aromatic
hydrocarbon

National Land Cover Data
nitrogen mineralization
nonmethane organic compound
nitric oxide

nitrogen dioxide

xlvi

Acronym/Abbreviation
NO2~

NOs~

N20

N20s

NOAA

NOAA-ARL

NOAEL
NOEC
NOx
NOvy

NOz

NPOESS

NPP

NPS

Nr

NRC

NS orn.s.
NSF

NSS

Nss
NSTC

NSWS
NTN
NuCM
02

Os

160)

180

190

Meaning

nitrite

nitrate

nitrous oxide
dinitrogen pentoxide

U.S. National Oceanic and
Atmospheric Administration

U.S. National Oceanic and
Atmospheric Administration Air
Resources Laboratory

no-observed-adverse-effect level
no-observed-effect concentration
sum of NO and NO2

sum of NOx and NOz; odd
nitrogen species; total oxidized
nitrogen

sum of all inorganic and organic
reaction products of NOx
(HONO, HNOs, HNO4, organic
nitrates, particulate nitrate,
nitro-PAHs, etc.)

National Polar-orbiting
Operational Environmental
Satellite System

net primary production
National Park Service
reactive nitrogen

National Research Council
nonsignificant

National Science Foundation
National Stream Survey
nonsea salt

National Science and
Technology Council

National Surface Water Survey
National Trends Network
nutrient cycling model
molecular oxygen

0zone

oxygen-16, stable isotope of
oxygen

oxygen-18, stable isotope of
oxygen

oxygen-19, radioactive isotope
of oxygen
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Acronym/Abbreviation
ocC

O-CN

OCO

OCS

O(*D)

OH
oM
omlI
O(%P)
P

P.p
P1

Ps
Pgs
Pgg
PAHSs

PAMS

PAN
PANs
PARASOL

Pb
PBL
PC
PCBs

pH
P(HNO3)
PHREEQC

PIRLA

pKa
PM

June 2018

Meaning

organic carbon

terrestrial biosphere model
Orbiting Carbon Observatory
carbonyl sulfide

electronically excited oxygen
atom

hydroxyl radical

organic matter

Ozone Monitoring Instrument
ground-state oxygen atom
phosphorus

probability value

1st percentile

5th percentile

95th percentile

99th percentile

polycyclic aromatic
hydrocarbons

Photochemical Assessment
Monitoring Stations

peroxyacetyl nitrate
peroxyacyl nitrates

Polarization and Anisotropy of
Reflectances for Atmospheric
Sciences coupled with
Observations from a Lidar
(satellite instrument)

lead
planetary boundary layer
payment card

polychlorinated biphenyl
compounds

relative acidity
production of nitric acid

model for soil and water
geochemical equilibrium

Paleocological Investigation of
Recent Lake Acidification
(projects)

dissociation constant

particulate matter

xlvii

Acronym/Abbreviation
PM2.s

PMaio

PMio-2.5

PM-CAMXx

PnET

PnET-BGC

PnET-CN

PnET-N-DNDC

pNO3~

P(Os)

PO4~, PO4*
POPs

Ppb

PPN

Ppt

PRB
PRE-STORM

PROFILE

PS
pSO4*~
P(SOs)
Q

Q1o
QAPP

RZ

Meaning

particulate matter with
aerodynamic diameter of <2.5
pm

particulate matter with
aerodynamic diameter <10 pym

particulate matter with
aerodynamic diameter between
10 and 2.5 pm

Comprehensive Air Quality
Model with extensions and with
particulate matter chemistry

Photosynthesis and
EvapoTranspiration (model)

Photosynthesis and
EvapoTranspiration-
Biogeochemical (model)

Photosynthesis and
EvapoTranspiration model of C,
water, and N balances

Photosynthesis and
EvapoTranspiration-
Denitrification-Decomposition
(model)

particulate nitrate
production of Os

phosphate

persistent organic pollutants
parts per billion
peroxypropionyl nitrate
parts per trillion

policy relevant background

Preliminary Regional
Experiment for STORM

model using soil mineralogy as
input

producer surplus

particulate sulfate

production of sulfate

flow rate; discharge
temperature coefficient
Quality Assurance Project Plan

generic organic group attached
to a molecule

coefficient of determination

correlation coefficient
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Acronym/Abbreviation
Ra

Raboveground

Rautotrophic

Rb
Rc
RADM
RAMS

RAPS
RCOO-s
RC(0)00
RDT
REMAP

RH
RLTM

Rmicrobial

RMCC

RMSE
RO:2
RONO2

RO2NO2
ROS

RP
RRx

RR
Rsoil
RuBisCO

325
345
355

SAA

SAFE

June 2018

Meaning

aerodynamic resistance
aboveground respiration
soil autotrophic respiration

boundary layer resistance
internal resistance
Regional Acid Deposition Model

Regional Atmospheric Modeling
System

Regional Air Pollution Study
strongly acidic organic anions
organic peroxy radical
Recovery Delay Time

Regional Environmental
Monitoring and Assessment
Program

relative humidity

Regional Long-Term Monitoring
microbial respiration

Research and Monitoring
Coordinating Committee

root mean squared error
organic peroxyl; organic peroxy
organic nitrate

peroxynitrate
rain on snow

revealed preferences

lognormal-transformed response
ratio

response ratio
total soil respiration

ribulose-1,5-bisphosphate
carboxylase/oxygenase

second

sulfur

sulfur-32, stable isotope of sulfur
sulfur-34, stable isotope of sulfur

sulfur-35, radioactive isotope of
sulfur

sum of mineral acid anion
concentrations

Soil Acidification in Forest
Ecosystems (model)

xlviii

Acronym/Abbreviation
SAMAB

SAMI

SAO

SAPRAC

SBC

SBUV

sc
SCAQS

SCIAMACHY

Se
SEARCH

Si
sip
SIAQS

SLA
SLAMS

SMART

SMB
SMBE

SO

SO2
SOs
SOz
SO
S20
SOM
SONEX

Meaning

Southern Appalachian Man and
the Biosphere (program)

Southern Appalachian
Mountains Initiative

Smithsonian Astrophysical
Observatory

Statewide Air Pollution Research
Center

sum of base cation
concentrations

Solar Backscatter Ultraviolet
Spectrometer

safe concentration

Southern California Air Quality
Study

Scanning Imaging Absorption
Spectrometer for Atmospheric
Chartography

selenium; standard error

Southeastern Aerosol Research
and Characterization Study
(monitoring program)

silicon
State Implementation Plan

San Joaquin Valley Air Quality
Study

specific leaf area

State and Local Air Monitoring
Stations

Simulation Model for
Acidification’s Regional Trends
(model)

Simple Mass Balance (model)

steady-state mass-balance
equations

sulfur monoxide
sulfur dioxide
sulfur trioxide
sulfite

sulfate ion
disulfur monoxide
soil organic matter

Subsonics Assessment Ozone
and Nitrogen Oxides Experiment
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Acronym/Abbreviation

SOS
SOS/T

SOx
SP
SPARROW

SR
Sr

865r

87Sr

SRB
SRP
SSwC

STA

STE

STN

SUMO06

sSvocC
SWAS
T,t

TAF

Tair
TAMM

TAR
TC
TCM
TDLAS

Tg
TIME

June 2018

Meaning
Southern Oxidant Study

State of Science/Technology
(report)

sulfur oxides
stated preferences

SPAtially Referenced
Regressions on Watershed
Attributes (model)

Shining Rock
strontium

strontium-86, stable isotope of
strontium

strontium-87, stable isotope of
strontium

sulfate-reducing bacteria
soluble reactive phosphorus

Steady State Water Chemistry
(model)

Soil Texture Approximations
(model)

stratospheric-tropospheric
exchange

Speciation Trends Network

seasonal sum of all hourly
average concentrations
>0.06 ppm

semivolatile organic compound
Shenandoah Watershed Study
tau, atmospheric lifetime

time; duration of exposure

Tracking and Analysis
Framework (model)

air temperature

Timber Assessment Market
Model

Third Assessment Report
total carbon; travel cost
travel cost method

Tunable Diode Laser Absorption
Spectrometer

teragram

Temporally Integrated
Monitoring of Ecosystems

(program)

Acronym/Abbreviation

TN
TOC

TOMS

TOR
TP
TRACE-P

TSI
TSS

Twater

UAN

UMD-CTM

UNECE

USDA
USFS
USGS
uv
UV-A

Uv-B

\'Z

vVOoC
VSD

VTSSS

WARMS

WATERSN

WBB

WEBB

WFPS
WGE
WLS

Meaning

total nitrogen
total organic carbon

Total Ozone Mapping
Spectrometer

tropospheric ozone residual
total phosphorus

Transport and Chemical
Evolution over the Pacific

timber-stand improvement
total suspended solids
water temperature

urea and ammonium nitrate
fertilizer

University of Maryland
Chemical Transport Model

United Nations Economic
Commission for Europe

U.S. Department of Agriculture
U.S. Forest Service

U.S. Geological Survey
ultraviolet

ultraviolet radiation of
wavelengths from 320 to 400 nm

ultraviolet radiation of
wavelengths from 280 to 320 nm

deposition rate, deposition
velocity (cm/s)

volatile organic compound

Very Simple Dynamic (soil
acidification model)

Virginia Trout Stream
Sensitivity Study

Waterfowl Acidification
Response Modeling System

Watershed Assessment Tool for
Evaluating Reduction Scenarios
for Nitrogen

West Bear Brook

Water, Energy, and
Biogeochemical Budgets

water-filled pore space
Working Group on Effects

Western Lakes Survey
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Acronym/Abbreviation
WMO

WMP
WSA

wt %
WTA
WTP
XNOs3
X0

yr

Zn
Zn0O

June 2018

Meaning

World Meteorological
Organization

Watershed Manipulation Project

Wadeable Stream Assessment
(survey)

percent by weight
willingness-to-accept
willingness-to-pay
nitrate halogen-X salt
halogen-X oxide
year

zinc

zinc oxide
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PREFACE

Legislative Requirements for the Review of the National Ambient
Air Quality Standards

Two sections of the Clean Air Act (CAA) govern the establishment, review, and revision
of the National Ambient Air Quality Standards (NAAQS). Section 108 [42 U.S. Code
(U.S.C.) 7408] directs the Administrator to identify and list certain air pollutants and then
to issue air quality criteria for those pollutants. The Administrator is to list those air
pollutants that in their “judgment, cause or contribute to air pollution which may
reasonably be anticipated to endanger public health or welfare,” “the presence of which
in the ambient air results from numerous or diverse mobile or stationary sources,” and
“for which ... [the Administrator] plans to issue air quality criteria ...” [42 U.S.C.
7408(a)(1); (CAA, 1990a)]. Air quality criteria are intended to “accurately reflect the
latest scientific knowledge useful in indicating the kind and extent of all identifiable

effects on public health or welfare, which may be expected from the presence of [a]
pollutant in the ambient air ...” [42 U.S.C. 7408(b)]. Section 109 [42 U.S.C. 7409;
(CAA, 1990Db)] directs the Administrator to propose and promulgate “primary” and
“secondary” NAAQS for pollutants for which air quality criteria are issued.

Section 109(b)(1) defines a primary standard as one “the attainment and maintenance of

which in the judgment of the Administrator, based on such criteria and allowing an
adequate margin of safety, are requisite to protect the public health.”* A secondary
standard, as defined in Section 109(b)(2), must “specify a level of air quality the
attainment and maintenance of which, in the judgment of the Administrator, based on
such criteria, is requisite to protect the public welfare from any known or anticipated
adverse effects associated with the presence of [the] air pollutant in the ambient air.”?

In setting standards that are “requisite” to protect public health and welfare as provided in
Section 109(b), the U.S. EPA’s task is to establish standards that are neither more nor less
stringent than necessary for these purposes. In so doing, the U.S. EPA may not consider
the costs of implementing the standards.® Likewise, “[a]ttainability and technological

! The legislative history of Section 109 indicates that a primary standard is to be set at ... the maximum permissible
ambient air level ... which will protect the health of any [sensitive] group of the population,” and that for this
purpose “reference should be made to a representative sample of persons comprising the sensitive group rather than
to a single person in such a group” S. Rep. No. 91:1196, 91st Cong., 2d Sess. 10 (1970).

2 Section 302(h) of the Act [42 U.S.C. 7602(h)] provides that all language referring to effects on welfare includes,
but is not limited to, “effects on soils, water, crops, vegetation, man-made materials, animals, wildlife, weather,
visibility and climate, damage to and deterioration of property, and hazards to transportation, as well as effects on
economic values and on personal comfort and well-being ...” (CAA, 2005).

3 See generally, Whitman v. American Trucking Associations, 531 U.S. 457, 465472, 475-476 (2001).
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feasibility are not relevant considerations in the promulgation of national ambient air
quality standards.”?

Section 109(d)(1) requires that “not later than December 31, 1980, and at 5-year intervals
thereafter, the Administrator shall complete a thorough review of the criteria published
under Section 108 and the national ambient air quality standards ... and shall make such
revisions in such criteria and standards and promulgate such new standards as may be
appropriate ....” Section 109(d)(2) requires that an independent scientific review
committee “shall complete a review of the criteria ... and the national primary and
secondary ambient air quality standards ... and shall recommend to the Administrator any
new ... standards and revisions of existing criteria and standards as may be

appropriate ....” Since the early 1980s, this independent review function has been
performed by the Clean Air Scientific Advisory Committee (CASAC).2

Overview and History of the Reviews of the Secondary National
Ambient Air Quality Standards for Nitrogen Dioxide, Sulfur
Dioxide, and Particulate Matter

NAAQS are defined by four basic elements: indicator, averaging time, level, and form.
The indicator defines the pollutant to be measured in the ambient air for the purpose of
determining compliance with the standard. The averaging time defines the time period
over which air quality measurements are to be obtained and averaged or cumulated,
considering evidence of effects associated with various time periods of exposure. The
level of a standard defines the air quality concentration used (i.e., an ambient
concentration of the indicator pollutant) in determining whether the standard is achieved.
The form of the standard defines the air quality statistic that is compared to the level of
the standard in determining whether an area attains the standard. The Administrator
considers these four elements collectively in evaluating the protection to public health
provided by the primary NAAQS.

Nitrogen Dioxide Secondary National Ambient Air Quality
Standards

The first air quality criteria and standards for oxides of nitrogen were issued in 1971
[(U.S. EPA, 1971), 36 FR 8186]. Both the primary and secondary standards were set at
0.053 parts per million (ppm), as an annual arithmetic mean (36 FR 8186). In 1982, the

1 See American Petroleum Institute v. Costle, 665 F. 2d at 1185.
2 Lists of chartered CASAC members and of members of the CASAC Panels are available at:
http://yosemite.epa.gov/sab/sabproduct.nsf/WebCASAC/CommitteesandMembership?OpenDocument.
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U.S. EPA published Air Quality Criteria for Oxides of Nitrogen (U.S. EPA, 1982a),
which updated the scientific criteria upon which the initial standards were based. On
February 23, 1984, the U.S. EPA proposed to retain these standards (49 FR 6866). After
taking into account public comments, the U.S. EPA published the final decision to retain
the existing standards on June 19, 1985 (50 FR 25532).

In November 1991, the U.S. EPA initiated another review and released an updated draft
air quality criteria document (AQCD) for review and comment by CASAC and the public
(56 FR 59285). The final AQCD was released later in 1993 (U.S. EPA, 1993). Staff of
the Office of Air Quality Planning and Standards (OAQPS) prepared a draft Staff Paper
that summarized and integrated the key studies and scientific evidence contained in the
revised air quality criteria document and identified the critical elements to be considered
in the review of the NO, NAAQS. The Staff Paper was reviewed by the CASAC and the
public in December 1994, and in September 1995, the U.S. EPA finalized the Staff Paper
(U.S. EPA, 1995b). On October 2, 1995, the Administrator announced her proposed
decision not to revise either the primary or secondary NAAQS for NO; based on the
information available in this review (60 FR 52874; October 11, 1995). After
consideration of public comments, the Administrator made a final determination that
revisions to neither the primary nor the secondary NAAQS for NO, were appropriate at
that time (61 FR 52852; October 8, 1996).

The most recent review of the secondary NAAQS standards for oxides of nitrogen was
performed jointly with a review of the secondary NAAQS for oxides of sulfur beginning
in 2005 (described below).

Sulfur Dioxide Secondary National Ambient Air Quality
Standards

Based on the 1969 sulfur oxides criteria document (HEW, 1969), the U.S. EPA
promulgated the initial primary and secondary NAAQS for SO, on April 30, 1971 (36 FR
8186). The secondary standards were 0.02 ppm as an annual arithmetic mean and

0.5 ppm as a maximum 3-hour, not to be exceeded more than once per year. These
secondary standards were established on the basis of vegetation effects evidence
described in the 1970 criteria document. Based on additional data available in 1973,
revisions were made to Chapter 5 “Effects of Sulfur Oxide in the Atmosphere on
Vegetation” of the Air Quality Criteria for Sulfur Oxides (U.S. EPA, 1973), which led the
U.S. EPA to propose (38 FR 11355) and then finalize a revocation of the annual mean
secondary standard (38 FR 25678). At that time, the U.S. EPA additionally considered
welfare effects related to effects on materials, visibility, soils, and water. However, the
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U.S. EPA concluded that either protection from such effects was afforded by the primary
standard or that sufficient data were not then available to develop criteria for standards
based on these effects (38 FR 25680).

In 1980, the U.S. EPA released a combined AQCD for sulfur oxides and particulate
matter for CASAC review. Following its review of a draft revised criteria document in
August 1980, the CASAC concluded that acidic deposition was a topic of extreme
scientific complexity, noting that a fundamental problem of addressing acid deposition in
a criteria document is that acidic deposition is produced by several pollutants, including
oxides of sulfur, oxides of nitrogen, and the fine particulate fraction of suspended
particles [(U.S. EPA, 1982b), pp. 125-126]. Following CASAC closure on the criteria
document in December 1981, the U.S. EPA released a final AQCD (U.S. EPA, 1982h),
and the OAQPS prepared a Staff Paper that was released in November 1982 (U.S. EPA
1982c). The issue of acidic deposition was not, however, assessed directly in the OAQPS
Staff Paper because the U.S. EPA followed the guidance given by CASAC.

In response to CASAC recommendations for a separate comprehensive discussion of
acidic deposition as part of the criteria documents, the U.S. EPA subsequently prepared
the following documents: The Acidic Deposition Phenomenon and Its Effects: Critical
Assessment Review Papers, Volumes | and Il (U.S. EPA, 1984a, b) and The Acidic
Deposition Phenomenon and Its Effects: Critical Assessment Document [(Bennett et al.
1985); 53 FR 14935—14936]. Although these documents were not considered criteria
documents and had not undergone CASAC review, they represented the most
comprehensive summary of relevant scientific information completed by the U.S. EPA at
that point (58 FR 21355).

At about the same time in 1980 as the CASAC recommendation for a comprehensive
assessment of acidic deposition, Congress created the National Acid Precipitation
Assessment Program (NAPAP). During the 10-year course of this program, a series of
reports were issued and a final report was issued in 1990 (NAPAP, 1991).

On April 26, 1988, the U.S. EPA proposed not to revise the existing primary and
secondary standards. This proposal regarding the secondary SO, NAAQS was due to the
Administrator’s conclusions that (1) based upon the then-current scientific understanding
of the acidic deposition problem, it would be premature and unwise to prescribe any
regulatory control program at that time and (2) when the fundamental scientific
uncertainties had been reduced through ongoing research efforts, the U.S. EPA would
draft and support an appropriate set of control measures (53 FR 14926). Subsequent to
the proposal, Congress took up consideration of acidic deposition.
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On November 15, 1990, Amendments to the CAA were passed by Congress and signed
into law by the President. In Title IV of these Amendments, Congress included a
statement of findings that had led them to take this action, including that: “(1) the
presence of acidic compounds and their precursors in the atmosphere and in deposition
from the atmosphere represents a threat to natural resources, ecosystems, materials,
visibility, and public health; (2) the problem of acid deposition is of national and
international significance; and that (3) current and future generations of Americans will
be adversely affected by delaying measures to remedy the problem...” The goal of

Title IV was to reduce emissions of SO, by 10 million tons and oxides of nitrogen
emissions by 2 million tons from 1980 emission levels in order to achieve reductions over
broad geographic regions/areas. In envisioning that further action might be necessary in
the long term, Congress included Section 404 of the 1990 Amendments. This section
requires the U.S. EPA to conduct a study on the feasibility and effectiveness of an acid
deposition standard or standards to protect “sensitive and critically sensitive aquatic and
terrestrial resources” and at the conclusion of the study, submit a report to Congress. Five
years later, the U.S. EPA submitted to Congress its report titled Acid Deposition Standard
Feasibility Study: Report to Congress (U.S. EPA, 1995a) in fulfillment of this
requirement. The Report to Congress concluded that establishing acid deposition
standards for sulfur and nitrogen deposition might at some point in the future be
technically feasible although appropriate deposition loads for these acidifying chemicals
could not be defined with reasonable certainty at that time.

The 1990 Amendments also added new language to sections of the CAA that pertain to
the scope or application of the secondary NAAQS designed to protect the public welfare.
Section 108(g) specified that “the Administrator may assess the risks to ecosystems from
exposure to criteria air pollutants (as identified by the Administrator at the
Administrator’s sole discretion).” The definition of public welfare in Section 302(h) was
expanded to state that the welfare effects identified should be protected from adverse
effects associated with criteria air pollutants “...whether caused by transformation,
conversion, or combination with other air pollutants.”

In response to these legislative initiatives, the U.S. EPA and other federal agencies
continued research on the causes and effects of acidic deposition and related welfare
effects of SO, and implemented an enhanced monitoring program to track progress

(58 FR 21357). In 1993, the U.S. EPA announced a decision not to revise the secondary
standard, concluding that revision to address acidic deposition and related SO, welfare
effects was not appropriate at that time (58 FR 21351). In reaching this decision, the
U.S. EPA took into account the significant reductions in SO, emissions, ambient SO;
concentrations, and ultimately deposition expected to result from implementation of the
Title IV program, which was expected to significantly decrease the acidification of water
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bodies and damage to forest ecosystems and to permit much of the existing damage to be
reversed with time (58 FR 21357). While recognizing that further action might be needed
to address acidic deposition in the longer term, the U.S. EPA judged it prudent to await
the results of the studies and research programs then underway, including those assessing
the comparative merits of secondary standards, acidic deposition standards, and other
approaches to control of acidic deposition and related effects, and then to determine
whether additional control measures should be adopted or recommended to Congress

(58 FR 21358).

In 2000, the U.S. EPA announced receipt of two items related to acidic deposition and the
NAAQS (65 FR 48699). The first was a petition submitted to the U.S. EPA in 1999 by
representatives of seven northeastern states for the promulgation of revised secondary
NAAQS for the criteria pollutants associated with the formation of acid rain (including
NO., SO, and fine particulate matter [PM2s]). The petition states that the language in
Section 302(h) of the CAA “clearly references the transformation of pollutants resulting
in the inevitable formation of sulfate and nitrate aerosols and/or their ultimate
environmental impacts as wet and dry deposition, clearly signaling Congressional intent
that the welfare damage occasioned by sulfur and nitrogen oxides be addressed through
the secondary standard provisions of Section 109 of the Act.” The petition further stated
that “recent federal studies, including the NAPAP Biennial Report to Congress: An
Integrated Assessment, document the continued—and increasing—damage being
inflicted by acid deposition to the lakes and forests of New York, New England, and
other parts of our nation, demonstrating that the Title IV program had proven
insufficient.” The petition also listed other adverse welfare effects associated with the
transformation of these criteria pollutants, including visibility impairment, eutrophication
of coastal estuaries, global warming, tropospheric ozone, and stratospheric ozone
depletion.

The second item was a related request from the U.S. Department of Interior (DOI) that
the U.S. EPA address many of the same adverse environmental effects associated with
the same types of air pollutants and with ozone that the DOI asserted were occurring in
national parks and wilderness areas (65 FR 48699). Included among the effects of
concern identified in the request were acidification of streams, surface waters and/or
soils, eutrophication of coastal waters, visibility impairment, and foliar injury from ozone
(65 FR 48701). The U.S. EPA requested comment on the issues raised by these requests,
stating that it would consider any relevant comments and information submitted, along
with the information provided by the petitioners and DOI, before making any decision
concerning a response to these requests for rulemaking, which if commenced would
include opportunity for public review and comment (65 FR 48701).
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Particulate Matter Secondary National Ambient Air Quality
Standards

The U.S. EPA first established NAAQS for particulate matter (PM) in 1971 (36 FR 8186,
April 30, 1971) based on the original AQCD (NAPCA, 1969). The AQCD assessed the
evidence for a variety of PM-associated welfare effects, including visibility impairment
and materials damage (e.g., soiling, corrosion). Based on evidence for such effects, the
secondary standards were set at 150 ug/m? for the 24-hour average not to be exceeded
more than once per year and 60 ug/m? for the annual geometric mean. The federal
reference method (FRM) specified for determining attainment of the original standards
was the high-volume sampler, which collects PM up to a nominal size of 25 to

45 micrometers (um; referred to as total suspended particulates or TSP).

In October 1979 (44 FR 56730; October 2, 1979), the U.S. EPA announced the first
periodic review of the air quality criteria and NAAQS for PM. Revised primary and
secondary standards were promulgated in 1987 (52 FR 24634; July 1, 1987). In the 1987
decision, the U.S. EPA changed the indicator for particles from TSP to PMyo to focus on
the subset of inhalable particles small enough to penetrate to the thoracic region of the
respiratory tract (including the tracheobronchial and alveolar regions) referred to as
thoracic particles.! The level of the 24-hour standards (primary and secondary) was set at
150 pg/md, and the form was one expected exceedance per year, on average, over 3 years.
The level of the annual standards (primary and secondary) was set at 50 pug/md, and the
form was annual arithmetic mean averaged over 3 years.

In April 1994, the U.S. EPA announced its plans for the second periodic review of the air
quality criteria and NAAQS for PM, and in 1997, the U.S. EPA promulgated revisions to
the NAAQS (62 FR 38652, July 18, 1997). In the 1997 decision, the U.S. EPA
determined that the fine and coarse fractions of PMso should be considered separately.
This determination was based on evidence that serious health effects were associated with
short- and long-term exposures to fine particles in areas that met the existing PM1o
standards. The U.S. EPA added new standards using PM. as the indicator for fine
particles (with PMs referring to particles with a nominal mean aerodynamic diameter
less than or equal to 2.5 um). These new standards were as follows: (1) an annual
standard with a level of 15.0 ug/m? based on the 3-year average of annual arithmetic
mean PM2s concentrations from single or multiple community-oriented monitors and

(2) a 24-hour standard with a level of 65 ug/m? based on the 3-year average of the 98th

1 PMyo refers to particles with a nominal mean aerodynamic diameter less than or equal to 10 um. More specifically,
10 um is the aerodynamic diameter for which the efficiency of particle collection is 50%. Larger particles are not
excluded altogether but are collected with substantially decreasing efficiency while smaller particles are collected
with increasing efficiency.
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percentile of 24-hour PM2 5 concentrations at each monitor within an area. Also, the

U.S. EPA established a new reference method for the measurement of PM. s in the
ambient air and adopted rules for determining attainment of the new standards. To
continue to address the coarse fraction of PMy (referred to as thoracic coarse particles or
PMz1o-25; generally including particles with a nominal mean aerodynamic diameter
greater than 2.5 um and less than or equal to 10 um), the U.S. EPA retained the annual
PMyo standard and revised the form of the 24-hour PMy, standard to be based on the 99th
percentile of 24-hour PM1o concentrations at each monitor in an area. The U.S. EPA
revised the secondary standards by setting them equal in all respects to the primary
standards.

Following promulgation of the 1997 PM NAAQS, petitions for review were filed by a
large number of parties, addressing a broad range of issues. In May 1999, the U.S. Court
of Appeals for the District of Columbia Circuit (D.C. Circuit) upheld the U.S. EPA’s
decision to establish fine particle standards, holding that “the growing empirical evidence
demonstrating a relationship between fine particle pollution and adverse health effects
amply justifies establishment of new fine particle standards.” American Trucking
Associations v. EPA, 175 F. 3d 1027, 1055-56 (D.C. Cir., 1999). The D.C. Circuit also
found “ample support” for the U.S. EPA’s decision to regulate coarse particle pollution,
but vacated the 1997 PMy, standards, concluding that the U.S. EPA had not provided a
reasonable explanation justifying use of PMq as an indicator for coarse particles (175 F.
3d at 1054-55). Pursuant to the D.C. Circuit’s decision, the U.S. EPA removed the
vacated 1997 PMy, standards, and the pre-existing 1987 PM, standards remained in
place (65 FR 80776, December 22, 2000). The D.C. Circuit also upheld the U.S. EPA’s
determination not to establish more stringent secondary standards for fine particles to
address effects on visibility (175 F. 3d at 1027).

The D.C. Circuit also addressed more general issues related to the NAAQS, including
issues related to the consideration of costs in setting NAAQS and the U.S. EPA’s
approach to establishing the levels of NAAQS. Regarding the cost issue, the court
reaffirmed prior rulings holding that in setting NAAQS the U.S. EPA is “not permitted to
consider the cost of implementing those standards” (Id. at 1040—41). Regarding the levels
of NAAQS, the court held that the U.S. EPA’s approach to establishing the level of the
standards in 1997 (i.e., both for PM and for the 0zone NAAQS promulgated on the same
day) effected “an unconstitutional delegation of legislative authority” (Id. at 1034—40).
Although the court stated that “the factors U.S. EPA uses in determining the degree of
public health concern associated with different levels of ozone and PM are reasonable,” it
remanded the rule to the U.S. EPA, stating that when the U.S. EPA considers these
factors for potential nonthreshold pollutants “what U.S. EPA lacks is any determinate
criterion for drawing lines” to determine where the standards should be set.
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The D.C. Circuit’s holding on the cost and constitutional issues were appealed to the U.S.
Supreme Court. In February 2001, the Supreme Court issued a unanimous decision
upholding the U.S. EPA’s position on both the cost and constitutional issues. Whitman v.
American Trucking Associations, 531 U.S. 457, 464, 475—76. On the constitutional issue,
the Court held that the statutory requirement that NAAQS be “requisite” to protect public
health with an adequate margin of safety sufficiently guided the U.S. EPA’s discretion,
affirming the U.S. EPA’s approach of setting standards that are neither more nor less
stringent than necessary.!

In October 1997, the U.S. EPA published its plans for the third periodic review of the air
quality criteria and NAAQS for PM (62 FR 55201; October 23, 1997). On September 21,
2006, the U.S. EPA announced its final decisions to revise the primary and secondary
NAAQS for PM to provide increased protection of public health and welfare,
respectively (71 FR 61144; October 17, 2006). With regard to the primary and secondary
standards for fine particles, the U.S. EPA revised the level of the 24-hour PM s standards
to 35 pg/m?, retained the level of the annual PM. s standards at 15.0 ug/m?, and revised
the form of the annual PM; s standards by narrowing the constraints on the optional use of
spatial averaging. With regard to the primary and secondary standards for PMo, the

U.S. EPA retained the 24-hour standards, with levels at 150 ug/m?, and revoked the
annual standards.? The Administrator judged that the available evidence generally did not
suggest a link between long-term exposure to existing ambient levels of coarse particles
and health or welfare effects. In addition, a new reference method was added for the
measurement of PM1o-25 in the ambient air, in order to provide a basis for approving
federal equivalent methods (FEMs) and to promote the gathering of scientific data to
support future reviews of the PM NAAQS.

Several parties filed petitions for review following promulgation of the revised PM
NAAQS in 2006. These petitions addressed the following issues: (1) selecting the level of
the primary annual PM; s standard; (2) retaining PMy as the indicator of a standard for

! The Supreme Court remanded the case to the Court of Appeals for resolution of any remaining issues that had not
been addressed in that court’s earlier rulings (Id. at 475—-76). In a March 2002 decision, the Court of Appeals
rejected all remaining challenges to the standards, holding that the U.S. EPA’s PM; s standards were reasonably
supported by the administrative record and were not “arbitrary and capricious” American Trucking Associations v.
EPA, 283 F. 3d 355, 369-72 (D.C. Cir. 2002).

2 In the 2006 proposal, the U.S. EPA proposed to revise the 24-hour PMyp standard in part by establishing a new
PM1o-25 indicator for thoracic coarse particles (i.e., particles generally between 2.5 and 10 um in diameter). The
U.S. EPA proposed to include any ambient mix of PMg2 5 that was dominated by resuspended dust from
high-density traffic on paved roads and by PM from industrial and construction sources. The U.S. EPA proposed to
exclude any ambient mix of PM1o2 5 that was dominated by rural windblown dust and soils and by PM generated
from agricultural and mining sources. In the final decision, the existing PM1 standard was retained, in part due to an
“inability...to effectively and precisely identify which ambient mixes are included in the [PM1o-2 5] indicator and
which are not” (71 FR 61197; October 17, 2006).
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thoracic coarse particles, retaining the level and form of the 24-hour PMy, standard, and
revoking the PMyo annual standard; and (3) setting the secondary PM s standards
identical to the primary standards. On February 24, 2009, the U.S. Court of Appeals for
the District of Columbia Circuit issued its opinion in the case American Farm Bureau
Federation v. EPA, 559 F. 3d 512 (D.C. Cir. 2009). The court remanded the primary
annual PM2s NAAQS to the U.S. EPA because the U.S. EPA failed to adequately explain
why the standards provided the requisite protection from both short- and long-term
exposures to fine particles, including protection for at-risk populations (American Farm
Bureau Federation v. EPA, 559 F. 3d 512, 520-27; D.C. Cir. 2009). With regard to the
standards for PMyo, the court upheld the U.S. EPA’s decisions to retain the 24-hour PMig
standard to provide protection from thoracic coarse particle exposures and to revoke the
annual PMy, standard (American Farm Bureau Federation, 559 F. 2d at 533—38). With
regard to the secondary PM. s standards, the court remanded the standards to the

U.S. EPA because the Agency failed to adequately explain why setting the secondary PM
standards identical to the primary standards provided the required protection for public
welfare, including protection from visibility impairment (American Farm Bureau
Federation, 559 F. 2d at 528—32). The U.S. EPA responded to the court’s remands as
part of the next review of the PM NAAQS, which was initiated in 2007.

In June 2007, the U.S. EPA initiated the fourth periodic review of the air quality criteria
and the PM NAAQS by issuing a call for information in the Federal Register (72 FR
35462; June 28, 2007). In December 2012, the U.S. EPA announced its final decisions
with regard to the secondary PM standards, the U.S. EPA retained the 24-hour and annual
PM s standards and the 24-hour PMy, standard to address visibility and nonvisibility
welfare effects. On judicial review, the revised standards were upheld in all respects
(NAM v. EPA, 750 F.3d 921; D.C. Cir. 2014).

Most Recent Combined Review of the Oxides of Nitrogen
and Oxides of Sulfur National Ambient Air Quality
Standards

In 2005, the U.S. EPA initiated a joint review of the air quality criteria for oxides of
nitrogen and sulfur and the secondary NAAQS for NO, and SO.. In so doing, the

U.S. EPA assessed the scientific information, associated risks, and standards relevant to
protecting the public welfare from adverse effects associated jointly with oxides of
nitrogen and sulfur. Although the U.S. EPA has historically adopted separate secondary
standards for oxides of nitrogen and oxides of sulfur, the U.S. EPA conducted a joint
review of these standards because oxides of nitrogen and sulfur and their associated
transformation products are linked from an atmospheric chemistry perspective, as well as
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from an environmental effects perspective. The joint review was also responsive to the
National Research Council (NRC) recommendation for the U.S. EPA to consider
multiple pollutants, as appropriate, in forming the scientific basis for the NAAQS (NRC,
2004).

The review was initiated on December 13, 2005 with a call for information (70 FR
73236) for the development of a revised ISA. A draft Integrated Review Plan (IRP) was
released in October 2007, reviewed by CASAC,; the final IRP was released in December
2007 (U.S. EPA, 2007). The first and second drafts of the ISA were released in
December 2007 and August 2008 (73 FR 10243), respectively, for CASAC and public
review. The final ISA (U.S. EPA, 2008a) was released in December 2008 (73 FR 75716).

Based on the scientific information in the ISA, the U.S. EPA developed a Risk and
Exposure Assessment (REA) to further assess the national impact of the effects
documented in the ISA. The Draft Scope and Methods Plan for Risk/Exposure
Assessment: Secondary NAAQS Review for Oxides of Nitrogen and Oxides of Sulfur
outlining the scope and design of the future REA was released in March 2008 (73 FR
10243). A first and second draft of the REA were released (August 2008 and June 2009)
for CASAC review and public comment. The final REA (U.S. EPA, 2009c¢) was released
in September 2009. Drawing on the information in the final REA and ISA, a first draft,
second draft, and final Policy Assessment (PA) were released in March 2010, September
2010, and January 2011, respectively (U.S. EPA, 2011a).

On August 1, 2011, based on consideration of the scientific information and quantitative
assessments, the U.S. EPA published a proposal to (1) retain the existing NO. and SO;
secondary standards, (2) add secondary standards identical to the NO; and SO primary
1-hour standards, and (3) not set a new multipollutant secondary standard in this review.
After consideration of public comments on the proposed standards and on design of a
new field pilot program to gather and analyze additional relevant data, the Administrator
signed a final decision in this rulemaking on March 20, 2012. The Administrator’s
decision was that, while the current secondary standards were inadequate to protect
against adverse effects from deposition of oxides of nitrogen and sulfur, it was not
appropriate under Section 109(b) to set any new secondary standards at this time due to
the limitations in the available data and uncertainty as to the amount of protection the
metric developed in the review would provide against acidification effects across the
country (77 FR 20281). In addition, the Administrator decided that it was appropriate to
retain the current NO. and SO; secondary standards to address direct effects of gaseous
NO; and SO; on vegetation. Thus, taken together, the Administrator decided to retain and
not revise the current NO; and SO, secondary standards: an NO, standard set at a level of
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0.053 ppm as an annual arithmetic average, and an SO standard set at a level of 0.5 ppm
as a 3-hour average, not to be exceeded more than once per year (77 FR 20281).

The U.S. EPA’s decision to not set a secondary NAAQS for oxides of nitrogen and sulfur
even though the Administrator had concluded that the existing standards are not adequate
to protect against the adverse impacts of aquatic acidification on sensitive ecosystems
was challenged by the Center for Biological Diversity and other environmental groups.
The petitioners argued that having decided that the existing standards were not adequate
to protect against adverse public welfare effects such as damage to sensitive ecosystems,
the Administrator was required to identify the requisite level of protection for the public
welfare and to issue a NAAQS to achieve and maintain that level of protection. The D.C.
Circuit disagreed, finding that the U.S. EPA acted appropriately in not setting a
secondary standard given the U.S. EPA’s conclusions that “the available information was
insufficient to permit a reasoned judgment about whether any proposed standard would
be ‘requisite to protect the public welfare ...”” (Center for Biological Diversity, et al. v.
EPA, 749 F.3d 1079, 1087; 2014). In reaching this decision, the court noted that the

U.S. EPA had “explained in great detail” the profound uncertainties associated with
setting a secondary NAAQS to protect against aquatic acidification.
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EXECUTIVE SUMMARY

Purpose and Scope of the Integrated Science Assessment

This Integrated Science Assessment (ISA) for Oxides of Nitrogen, Oxides of Sulfur, and
Particulate Matter—Ecological Criteria is a comprehensive evaluation and synthesis of
the most policy-relevant science aimed at characterizing the ecological effects caused by
these criteria pollutants. These criteria pollutants are reviewed here together because
they all contribute to nitrogen (N) and sulfur (S) deposition, which causes substantial
ecological effects. In this document, the term “oxides of nitrogen” refer to total oxidized
N (NOy), including nitric oxide (NO) and nitrogen dioxide (NO_) and all other oxidized
N containing compounds formed from NO and NO,.2 The term “oxides of sulfur”
includes gaseous sulfur oxides (e.qg., sulfur dioxide [SO2], sulfur monoxide [SQO], disulfur
monoxide [S20], and sulfur trioxide [SOs]) as well as particulate species, such as
ammonium sulfate [(NH4)2SO4 (U.S. EPA, 2011a)]. Particulate species include oxidized
sulfur species like sulfites (SOs%) and sulfates (SO427), but among these two species
usually only sulfates make a major contribution to particulate mass. Throughout this
document SOx is defined as the sum of SO, and particulate sulfate (SO4%"), which
represent virtually all of the oxidized sulfur mass in the atmosphere.® Particulate matter
(PM) is composed of some or all of the following components: nitrate (NO3z), SO,
ammonium (NH."), metals, minerals (dust), and organic and elemental carbon.

This ISA serves as the scientific foundation for the review of the ecological effects
associated with the secondary (welfare-based) National Ambient Air Quality Standards
(NAAQS) for oxides of nitrogen, oxides of sulfur, and particulate matter. The health
effects of these criteria pollutants are considered in separate assessments as part of the
review of the primary (health-based) NAAQS for oxides of nitrogen (U.S. EPA, 2016f),
oxides of sulfur (U.S. EPA, 2016g), and particulate matter (U.S. EPA, 2009a).* The

! The general process for developing an ISA, including the framework for evaluating weight of evidence and
drawing scientific conclusions and causal judgments, is described in a companion document, Preamble to the
Integrated Science Assessments (U.S. EPA, 2015e), www.epa.gov/isa.

2 This ISA reserves the abbreviation NOx strictly as the sum of NO and NO,—consistent with its use in the
atmospheric science community—and uses the term “oxides of nitrogen” to refer to the broader list of oxidized
nitrogen species. Oxides of nitrogen refers to NOy as the total oxidized nitrogen in both gaseous and particulate
forms. The major gaseous and particulate constituents of NOy include nitric oxide (NO), nitrogen dioxide (NO>),
nitric acid (HNOs), peroxyacetyl nitrate (PAN), nitrous acid (HONO), organic nitrates, and particulate nitrate (NO3).
This ISA uses the definitions adopted by the atmospheric sciences community.

3 The same definition of SOx used in the 2011 NOxSOx Policy Assessment (U.S. EPA, 2011a).

4 In this ISA, the blue electronic links can be used to navigate to cited materials as well as appendices, chapters,
sections, tables, figures, and studies from this ISA.
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Clean Air Act definition of welfare effects includes, but is not limited to, effects on soils,
water, wildlife, vegetation, visibility, weather, and climate, as well as effects on
man-made materials, economic values, and personal comfort and well-being.

The current secondary NAAQS for oxides of nitrogen and oxides of sulfur were set to
protect against direct damage to vegetation by NO; or SO>. The secondary NAAQS for
NOg; is identical to the primary standard set in 1971: an annual average not to exceed
0.053 ppm nitrogen dioxide. The secondary NAAQS for SO, set in 1973, is a 3-hour
average of 0.5 ppm SO, not to be exceeded more than once per year. The current
secondary standards for PM are intended to address PM-related visibility and
nonvisibility welfare effects. These standards are a 3-year annual mean PM_s
concentration of 15 pug/m®, with the 24-hour average PM, s and PMy, set at concentrations
of 35 pug/m? and 150 pg/m?®, respectively.

This ISA updates the 2008 IS4 for Oxides of Nitrogen and Oxides of Sulfur—Ecological
Criteria [hereafter referred to as 2008 ISA (U.S. EPA, 2008a)], as well as the ecological
portion of the 2009 ISA for Particulate Matter (U.S. EPA, 2009a) with studies and
reports published from January 2008 through May 2017. Some studies published more
recently than May 2017 are also included based on expert judgement. The U.S. EPA
conducted in-depth searches to identify peer-reviewed literature on relevant topics.
Subject-area experts and the public were also able to recommend studies and reports
during a kick-off workshop held at the U.S. EPA in March 2014 for oxides of nitrogen
and oxides of sulfur, and June 2016 for PM. The Clean Air Scientific Advisory
Committee (CASAC) recommended literature during the review of the first draft. To
fully describe the state of available science, the U.S. EPA also carried over the most
relevant studies from previous assessments to include in this ISA.

This ISA determines whether NOy, SOx, and PM concentrations in the air or depositing
from the air cause ecological effects. The ecological effects of deposition are grouped
into three main categories: (1) acidification (caused by NOy, SOx, and particulate forms
of N-and S), (2) N enrichment/N driven eutrophication (caused by NOy and particulate
forms of N), and (3) S enrichment (caused by SOx and particulate forms of S). Ecological
effects are further subdivided into terrestrial, wetland, freshwater, and
estuarine/near-coastal ecosystems. These ecosystems and effects are linked by the
connectivity of terrestrial and aquatic habitats through biogeochemical pathways of N
and S.

A schematic of the document organization is given by Figure ES-1. Chapter 1 is the
integrative chapter that brings together key information on specific subject matter found

in the Appendices. Appendix 1 is an introduction to the purpose and organization of
Appendix 2—Appendix 16. Appendix 2 characterizes the sources and atmospheric

IXiv DRAFT: Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=157074
http://hero.epa.gov/index.cfm?action=search.view&reference_id=179916

O© 00 N o o A W N P

e e L o e =
0o N o O~ W DN Bk O

June 2018

processes involving NOy, SOx, and PM, as well as trends in ambient concentrations and
deposition. Appendix 3 describes direct effects of gas-phase NOy and SOx on plants and
lichens. Appendix 4 describes N and S deposition effects on terrestrial biogeochemistry,
and Appendix 5 and Appendix 6 describe the biological effects of terrestrial acidification
and terrestrial N enrichment, respectively. Appendix 7 describes N and S deposition
effects on aquatic biogeochemistry. Appendix 8 through Appendix 10 respectively
characterize the biological effects of freshwater acidification, freshwater N enrichment,
and marine eutrophication. Appendix 11 describes the effects of N deposition on
wetlands. Appendix 12 describes the wetland and freshwater effects of S enrichment.
Appendix 13 discusses the climate modification of ecosystem response to N and S
deposition, and Appendix 14 presents information on N and S deposition effects on
ecosystem services. Information on the ecological effects of forms of PM beyond those
related to N or S deposition, is presented in Appendix 15 [the nonecological welfare
effects associated with PM, such as visibility, climate, and material effects, are
considered as part of a separate review of PM (81 FR 87933, December 6, 2016)].
Appendix 16 includes six locations in the U.S. selected as case study areas that are
candidates for additional analysis of risk and exposure. These candidate sites were
selected because they have abundant data on ecological effects.
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HNO; = nitric acid; N = nitrogen; NHx = reduced nitrogen; NO = nitric oxide; NO, = nitrogen dioxide; NOx = NO + NO,;
PAN = peroxyacetyl nitrate; PM = particulate matter; S = sulfur; SO, = sulfur dioxide; SOx = sulfur oxides.

Figure ES-1 Roadmap of the Integrated Science Assessment linking

atmospheric concentrations and deposition, soil and aquatic
biogeochemistry, and biological effects.

Emissions, Ambient Air Concentrations, and Deposition

The atmospheric chemistry from emission to deposition discussed in this ISA? is for the
criteria pollutants NOy, SOx, and PM. NOy and SOx cause ecological effects in the gas
phase and/or by N and S deposition to an ecosystem surface. Particulate matter (PM)
effects discussed in this document are also mainly focused on N and S containing species,
which together usually make up most of the PM.s mass in most areas of the U.S. NHx
(NHx = NHs + NH4*) includes both NHsz and the PM component NH.*. NHs is estimated
to account for 19-63% of total observed inorganic N deposition; therefore, the
contribution of NOv, PM component NH4*, and NH3to N deposition is discussed in this

© 00 N o o A WDN P
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ISA.

Both gaseous and particulate forms of NOv, SOx, and NHx contribute to atmospheric
deposition. The major components of PM in the U.S. are NO3~, SO42", NH4", organic

! The term concentration is used throughout the ISA to denote either a mass per unit volume or a mixing ratio. The
use of concentration to denote abundance expressed as mixing ratio is firmly entrenched in the literature; therefore,
it is retained here, despite being technically incorrect.
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carbon, and elemental carbon. Of these, NOs;~, SO+, and NH," usually have a strong
influence on acid deposition, and NOs;~ and NH,4*, and in some cases organic N (organic
nitrates and reduced organic N), make a substantial contribution to N deposition.

The sources and precursors to gaseous and particulate forms of NOy, SOx, and NHx vary.
The main contributors to acidifying precipitation are formed from precursor emissions of
the gases SO, and NOx (NO + NO-) (Appendix 2.2). Electricity generating units (EGUS)
are the source of most gaseous emissions of SO2. Notably, SO, emissions from EGUs
have been decreasing. NOx emissions have a wider distribution of sources, with
substantial contributions from highway and off-highway vehicles, lightning, and EGUs.
Agriculture (fertilizer application and animal waste) is the main source of NHs. Primary
PM:s and PM1o emissions are dominated by dust and fires, but much of the PM,s mass in
the U.S. is produced by reaction of gas-phase precursors to form secondary PM. s, and the
majority of the mass is often due to N and S species produced by secondary PM s
formation. The particulates NH4*, NOs~, and SO4% are primarily derived from the
gaseous precursors NHs, NOx, and SO, (Appendix 2.3). In the Eastern U.S., NO;™ and
SOs* make up an even greater portion of PMs mass in areas where PM,s mass is the
highest. Formation of particulate N and S is described in the 2009 ISA for Particulate
Matter (U.S. EPA, 2009a). An understanding of the sources, chemistry, and atmospheric
processes for these gas-phase and PM species is necessary to understand acidifying and N
deposition.

Since the passage of the Clean Air Act Amendments in 1990, emissions of NOx

(NO + NO,) and SO- have declined dramatically. Total emissions of SO decreased by
72% from 1990 to 2011. Emissions of NOx in the U.S. from highway vehicles and fuel
combustion declined 49% between 1990 and 2013, while nationwide annual average NO;
concentrations decreased by 48% from 1990 to 2012 (U.S. EPA, 2016f). This has in turn
led to decreases in PMs concentrations because of a decline in SO4? formed in the
atmosphere.

Averaged across the U.S., deposition of total N (oxidized + reduced N, in kg N/ha/yr) has
not changed over the past 25 years (Appendix 2.7). Although NOx emissions have
declined in the continental U.S. (CONUS), emissions of NH3 have increased in many
areas. There is large spatial variability in N deposition over the CONUS (Chapter 1,
Figure 1-5). According to National Atmospheric Deposition Program Total Deposition
Committee (TDEP) estimates for 2011-2013 (Appendix 2.7), at least one-third of the
CONUS is estimated to receive at least 10 kg N/ha/yr dry + wet deposition, with some
areas receiving more than 15 kg N/ha/yr. Estimates are likely too low for areas receiving
at least 10 kg N/ha/yr of deposition and for the overall amount of N deposited because
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reduced organic N species are not routinely monitored or considered in air quality models
such as the Community Multiscale Air Quality Modeling System (CMAQ).

For S, wet deposition tends to dominate over dry deposition in large areas of the CONUS.
Dry deposition of particulate SO4>~ is only a minor source of S, but there is considerably
more uncertainty associated with dry deposition to ecosystems than wet deposition.
Anthropogenic emissions of S and subsequent deposition have declined markedly since
the 1990s, with the most pronounced declines in the eastern U.S. Currently, the highest
values of total (wet + dry) SOx deposition in the U.S. are in parts of the Ohio Valley
region, and range between 15 and 20 kg S/ha/yr.

Both N and S deposition contribute to acidification of ecosystems. The acidity of
rainwater has decreased, as indicated by the increase of rainwater pH across the U.S.
since 1990, coincident with decreases in the wet deposition of nitrate and sulfate.
However, widespread areas are still affected by acidifying precipitation, mainly in the
eastern U.S. (see Appendix 2.7). Total acidifying deposition (wet + dry N + S, expressed
as H* equivalents) fluxes for 2011 to 2013 ranged from a few hundred H*
equivalents/ha/yr over much of the western U.S. to over 1,500 H* equivalents/ha/yr in a
broad swath encompassing the Midwest and the Mid-Atlantic regions, and in other
isolated hotspots surrounding areas of concentrated industrial or agricultural activity

(Chapter 1, Figure 1-6).

Ecological Effects

In this ISA, information on ecological effects from controlled exposure, field addition,
ambient deposition, and toxicological studies, among others, are integrated to form
conclusions about the causal nature of relationships between NOy, SOx, and PM and
ecological effects. Studies on the ecological effects are considered in relation to a range
of ambient concentration and deposition loads that are within two orders of magnitude of
current conditions [Preamble (U.S. EPA, 2015¢), Section 5c]. A consistent and
transparent framework [Preamble (U.S. EPA, 2015e¢), Table 1] is applied to classify the
ecological effect evidence according to a five-level hierarchy:

Causal relationship
Likely to be a causal relationship
Suggestive of, but not sufficient to infer, a causal relationship

Inadequate to infer a causal relationship

o &~ w DN e

Not likely to be a causal relationship

The conclusions presented in Table ES-1 are informed by recent findings integrated with
information from the 2008 ISA (U.S. EPA, 2008a). Important considerations include
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judgments of error and uncertainty, as well as the coherence of findings integrated across
studies of underlying geochemical and biological mechanisms. There are 20 causality
statements in this ISA (Table ES-1). Fourteen are causal relationships repeated from the
2008 ISA or modified from the 2008 ISA to include specific endpoints. For these
causality statements, new research strengthens the evidence base and is consistent with
the 2008 ISA. There is one likely causal relationship repeated from the 2009 ISA for
Particulate Matter. Five are new endpoint categories not evaluated in the 2008 ISA: three
with causal relationships, one with a likely causal relationship, and one suggestive of a
causal relationship.

Table ES-1

Causal determinations for relationships between criteria pollutants
and ecological effects from the 2008 NOx/SOx ISA or the 2009 ISA for
particulate matter (PM), for other effects of PM, and the current draft
Integrated Science Assessment.

Causal Determination

Current

Effect Category 2008 NOx/SOx ISA Draft ISA
Gas-phase direct phototoxic effects
Gas-phase SO2 and injury to vegetation Causal relationship Causal
Appendix 3.5.1 relationship
Gas-phase NO, NOz2, and PAN and injury to Causal relationship Causal
vegetation relationship
Appendix 3.5.2
Gas-phase HNOs and injury to vegetation? Causal relationship Causal
Appendix 3.5.3 relationship
N and acidifying deposition to terrestrial ecosystems
N and S deposition and alteration of soil Causal relationship Causal
biogeochemistry in terrestrial ecosystems® relationship
Appendix 4.1
N deposition and the alteration of the physiology = Not included Causal
and growth of terrestrial organisms and the relationship
productivity of terrestrial ecosystems®
Appendix 6.6.1
N deposition and the alteration of species Causal relationship Causal
richness, community composition, and biodiversity relationship

in terrestrial ecosystems®

Appendix 6.6.2
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Table ES-1 (Continued): Causal determinations for relationships between criteria

pollutants and ecological effects from the 2008 NOx/SOx
ISA or the 2009 ISA for particulate matter (PM), for other
effects of PM, and the current draft Integrated Science
Assessment.

Causal Determination

Current

Effect Category 2008 NOx/SOx ISA Draft ISA
Acidifying N and S deposition and the alteration of Not included Causal
the physiology and growth of terrestrial organisms relationship
and the productivity of terrestrial ecosystems¢
Appendix 5.7.1
Acidifying N and S deposition and the alteration of Causal relationship Causal
species richness, community composition, and relationship
biodiversity in terrestrial ecosystems?
Appendix 5.7.2
N and acidifying deposition to freshwater ecosystems
N and S deposition and alteration of freshwater Causal relationship Causal
biogeochemistry® relationship
Appendix 7.1.7
Acidifying N and S deposition and changes in Causal relationship Causal
biota, including physiological impairment and relationship
alteration of species richness, community
composition, and biodiversity in freshwater
ecosystems'
Appendix 8.6
N deposition and changes in biota, including Causal relationship Causal
altered growth and productivity, species richness, relationship
community composition, and biodiversity due to N
enrichment in freshwater ecosystems?
Appendix 9.6
N deposition to estuarine ecosystems
N deposition and alteration of biogeochemistry in  Causal relationship Causal
estuarine and near-coastal marine systems relationship
Appendix 7.2.10
N deposition and increased nutrient-enhanced Not included Likely to be
coastal acidification a causal
Appendix 7.2.10 relationship
N deposition and changes in biota, including Causal relationship Causal
altered growth, total primary production, total algal relationship

community biomass, species richness, community
composition, and biodiversity due to N enrichment

in estuarine environments"
Appendix 10.7.1
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Table ES-1 (Continued): Causal determinations for relationships between criteria
pollutants and ecological effects from the 2008 NOx/SOx
ISA or the 2009 ISA for particulate matter (PM), for other
effects of PM, and the current draft Integrated Science

Assessment.
Causal Determination
Current
Effect Category 2008 NOx/SOx ISA Draft ISA
N deposition and changes in biota, including Not included Suggestive
altered physiology, species richness, community of, but not
composition, and biodiversity due to sufficient to
nutrient-enhanced coastal acidification infer, a
Appendix 10.7.2 causal
relationship
N deposition to wetland ecosystems
N deposition and the alteration of biogeochemical Causal relationship Causal
cycling in wetlands relationship
Appendix 11.10
N deposition and the alteration of growth and Causal relationship Causal
productivity, species physiology, species richness, relationship
community composition, and biodiversity in
wetlands
Appendix 11.10
S deposition to wetland and freshwater ecosystems
S deposition and the alteration of mercury Causal relationship Causal
methylation in surface water, sediment, and soils relationship
in wetland and freshwater ecosystems’
Appendix 12.7
S deposition and changes in biota due to sulfide Not included Causal
phytotoxicity, including alteration of growth and relationship

productivity, species physiology, species richness,
community composition, and biodiversity in
wetland and freshwater ecosystems

Appendix 12.7
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Table ES-1 (Continued): Causal determinations for relationships between criteria
pollutants and ecological effects from the 2008 NOx/SOx
ISA or the 2009 ISA for particulate matter (PM), for other
effects of PM, and the current draft Integrated Science

Assessment.
Causal Determination
Current
Effect Category 2008 NOx/SOx ISA Draft ISA
2009 PM ISA Current
Draft ISA
Other ecological effects of PM
PM and a variety of effects on individual Likely to be a causal relationship Likely to be
organisms and ecosystems a causal
Appendix 15.7 relationship

C = carbon; Hg = mercury; HNO3 = nitric acid; ISA = Integrated Science Assessment; N = nitrogen; NO = nitric oxide;
NO; = nitrogen dioxide; PAN = peroxyacetyl nitrate; S = sulfur; SO, = sulfur dioxide.

aThe 2008 ISA causality statements for gas-phase HNO; was phrased as, “changes in vegetation.”

"The 2008 ISA included two causality statements for terrestrial biogeochemistry which were phrased as, “relationship between
acidifying deposition and changes in biogeochemistry” and “relationship between N deposition and the alteration of
biogeochemical cycling of N.”

‘The 2008 ISA causality statement for biological effects of N enrichment in terrestrial ecosystems was phrased as, “relationship
between N deposition and the alteration of species richness, species composition, and biodiversity.”

9The 2008 ISA causality statement for biological effects of acidifying deposition in terrestrial ecosystems was phrased as,
“relationship between acidifying deposition and changes in terrestrial biota.”

€The 2008 ISA included three causality statements for freshwater biogeochemistry phrased as, “relationship between acidifying
deposition and changes in biogeochemistry related to aquatic ecosystems,” “relationship between N deposition and the alteration
of biogeochemical cycling of N,” and “relationship between N deposition and the alteration of biogeochemical cycling of C.”

The 2008 ISA causality statement for biological effects of acidifying deposition in freshwater ecosystems was phrased as,
“relationship between acidifying deposition and changes in aquatic biota.”

9The 2008 ISA causality statement for biological effects of N deposition in freshwater ecosystems was phrased as, “relationship
between N deposition and the alteration of species richness, species composition, and biodiversity in freshwater aquatic
ecosystems.”

"The 2008 ISA causality statement for biological effects of N deposition to estuaries was phrased as, “relationship between N
deposition and the alteration of species richness, species composition, and biodiversity in estuarine ecosystems.”

The 2008 ISA causality statement for biological effects of S deposition effects on ecosystems was phrased as, “relationship
between S deposition and increased methylation of Hg, in aquatic environments where the value of other factors is within
adequate range for methylation.”

Figure ES-2 presents a visualization of the causality statements integrated to a single
diagram. There is not a one-to-one correspondence between the number of causality
statements, of which there are 20, and the cells indicated to have causal relationships in
the diagram because some causal statements include effects across more than one level of
biological organization. The main findings are that gaseous NOx and SOx cause
phytotoxic effects, while N and S deposition cause alteration of (1) biogeochemical
components of soil and water chemistry and (2) multiple levels of biological organization
ranging from physiological processes to shifts in biodiversity and ecological function.
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Figure ES-2 Causal relationships between the criteria pollutants and ecological effects.
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Direct Phytotoxic Effects of Gas-Phase Oxides of Nitrogen
(NOv) and Oxides of Sulfur (SOx)

The current NO; and SO, secondary NAAQS are set to protect against direct damage to
vegetation by exposure to gas-phase oxides of nitrogen and oxides of sulfur. Research
continues to support causal relationships between SO,, NO,, NO, peroxyacetyl nitrate
(PAN), HNOs, and injury to vegetation (Chapter 1, Table 1-1, Section 1.4; Appendix 3),
but research that tests plant response to the lower exposure levels representative of
current atmospheric NOy and SOx concentrations is limited. Therefore, little evidence is
available to inform whether current monitored concentrations of gas-phase NOy and SOx
are high enough to injure vegetation.

Ecological Effects of Nitrogen and Sulfur Deposition

It is clear from the body of knowledge that NOy, SOx, and PM contribute to total N and S
deposition. In turn, N and S deposition alter ecosystem biogeochemistry as well as
organismal physiology, resulting in harmful declines in biodiversity in terrestrial,
freshwater, wetland, and estuarine ecosystems in the U.S. Decreases in biodiversity mean
that some species become relatively less abundant and may be locally extirpated. In
addition to the loss of unique living species, the decline in total biodiversity can be
harmful because biodiversity is an important determinant of the stability of ecosystems
and the ability of ecosystems to provide services to humanity (see more on biodiversity in
Chapter 1, Section 1.2.2.4).

Acidification of Terrestrial and Freshwater Ecosystems

Several decades of research have documented that N and S deposition cause freshwater
and terrestrial ecosystem acidification in the U.S. New evidence strengthens the causal
relationships for ecosystem acidification determined in the 2008 ISA (Chapter 1,

Table 1-1).

Many of the terrestrial and freshwater ecosystems most sensitive to acidification in the
U.S. are found in the Northeast and the Southeast. In the West, freshwater and terrestrial
ecosystems acidified from deposition are currently limited in extent and occur mostly in
high-elevation sites. Watershed sensitivity to acid inputs depends on characteristics such
as underlying geology (Appendix 4 and Appendix 7) and the sensitivity of species in the
local biological community (Appendix 5 and Appendix 8). Regional heterogeneity of
deposition levels that cause ecological effects are in part due to historic exposure and
climate. The effects of acidifying deposition have been studied for several decades in the
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Northeast and the southern Appalachian Mountains. Although S deposition is decreasing,
recent studies suggest biological recovery of previously acidified ecosystems is limited
(Chapter 1, Section 1.12).

Acidified aquatic habitats have lower species richness of fishes, macroinvertebrates, and
phytoplankton. The effects of acidifying deposition on aquatic ecosystems also include
physiological impairment or mortality of sensitive species and shifts in biodiversity of
both flora and fauna. Organisms at all trophic levels are affected by acidification, with
clear linkages to chemical indicators for effects on algae, zooplankton, benthic
invertebrates, and fish. Acid-neutralizing capacity (ANC) is a measure of the buffering
capacity of natural waters against acidification. Even though ANC does not directly alter
the health of biota, it is a key metric of acidification that relates to pH and aluminum.
Biological effects are primarily attributable to low pH and high inorganic aluminum
concentration. Characterization of ANC and its levels of concern have not changed
appreciably with the newly available information since the 2008 ISA. Few or no fish
species are found in lakes and streams that have very low ANC (near zero) and low pH
(near 5.0), and the number of fish species generally increases with higher ANC and pH
(Appendix 8.3). The fish lost to acidification include culturally and recreationally
important species.

Acidified terrestrial habitats are characterized by detrimental physiological effects to
vegetation, including inhibited growth and decreased plant health. Acidifying deposition
can decrease membrane stability and freezing tolerance in young red spruce needles. For
many species, calcium depletion from the soil and aluminum mobilization cause
decreased root uptake of calcium and disrupt fine root physiological functions. Reduced
availability of cations in the soil can also make trees more vulnerable to other stresses,
such as damage from insects and other pathogens. Within the eastern U.S., the
physiological effects of acidifying deposition have been well documented for several
culturally important tree species with known ecosystem services, particularly sugar maple
(Acer saccharum) and red spruce (Picea rubens). Evidence available before and since the
2008 ISA shows that there is consistent and coherent evidence among these species that
acidifying deposition can decrease foliar cold tolerance, increase rates of crown dieback,
decrease tree growth, suppress seedling regeneration, and increase mortality rates
(Chapter 1, Section 1.5.3; Appendix 5). Since the 2008 ISA, studies from the northeastern
U.S. have shown that calcium addition can alleviate many of these effects, demonstrating
that acidification effects can be ameliorated in the short-term by soil amendments and
adding to the evidence that there is potential for recovery. Acidifying deposition has also
been linked to changes in forest understory plant community composition in the
northeastern U.S., grass and forb biodiversity in eight ecoregions across the U.S., and
decreased grassland plant species richness in Europe.
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Nitrogen (N) Enrichment/Eutrophication of Terrestrial, Wetland, and Aquatic
Ecosystems

Terrestrial, wetland, freshwater, and estuarine ecosystems in the U.S. are affected by N
enrichment/eutrophication caused by N deposition. N enrichment/eutrophication refers to
N nutrient-driven changes in growth, physiology, and biodiversity. These effects have
been consistently documented across the U.S. for hundreds of species. New evidence
strengthens the causal relationships for ecosystem N enrichment/eutrophication
determined in the 2008 ISA (Chapter 1, Table 1-1), and several new causal relationships
have been identified.

The 2008 ISA documented that in sensitive terrestrial and wetland ecosystems, the N
enrichment effect starts with the accumulation of N in the soil. This increases the
availability of N, a nutrient that increases the growth of some species of soil microbes
and vascular plants at the expense of other species, which may decrease biodiversity.
Since the 2008 ISA, the largest increase in ecological evidence is for terrestrial N driven
enrichment/eutrophication effects (Chapter 1, Section 1.5.1, Section 1.5.2; Appendix 4,
and Appendix 6). This new research confirms the causal relationship between N
deposition and ecological effects documented in the 2008 ISA and improves our
understanding of the mechanistic links that inform causal determinations between N
deposition, biogeochemistry, and biota in terrestrial ecosystems (Chapter 1, Table 1-1). A
new causal determination has been added to reflect more specific categories of effects to
include physiology, growth, and ecosystem productivity. Further, there is now stronger
empirical evidence from across most regions of the U.S. to quantify the levels of N
deposition (empirical critical loads [CLs]) that cause a myriad of ecological effects,
including: shifts in community composition and biodiversity declines in lichens and
grasses/forbs; tree growth and mortality; and increased nitrate leaching (Chapter 1,

Figure 1-7).

Since the 2008 ISA, studies have strengthened the findings of N effects on decreasing
lichen and mycorrhizal fungi biodiversity and provided additional CL estimates. In
terrestrial ecosystems, new evidence supports that epiphytic lichens (an algal and or
cyanobacteria-fungal symbiont) and mycorrhizae (a plant-fungal symbiosis at the tips of
plant roots) are the organisms that are most sensitive to atmospheric N deposition and
acidifying deposition. Although lichens typically are only a small portion of terrestrial
biomass, these changes in lichen communities are meaningful because lichens provide
food and habitat for insects, birds, and mammals; contribute to nutrient and hydrologic
cycling; have many traditional human uses; and have considerable potential for
pharmaceutical use. Changes in the community composition of mycorrhizal fungi and
declines in mycorrhizal abundance have been observed in the U.S. These fungi are
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important for supplying nutrients and water to plants, influencing soil C sequestration,
and producing fruiting bodies (mushrooms) used by humans and wildlife.

The effects of N deposition on tree growth are well documented. There is now evidence
of widespread species-specific effects of N deposition on tree growth and mortality in the
U.S. While tree growth has generally been enhanced by N deposition over the last several
decades, there is wide variation among species in mortality and growth in response to N
deposition. This information, however, has not been used yet to quantitatively assess
changes in tree community composition.

In wetlands, the 2008 ISA documented that wetlands receiving a larger fraction of their
total water budget in the form of precipitation are more sensitive to the effects of N
deposition. For example, bogs and fens (55—-100% of hydrological input from rainfall) are
more sensitive to N deposition than coastal wetlands (10—20% as rainfall). Since the 2008
ISA, CLs for U.S. coastal and freshwater wetlands have been established. The CL for
freshwater wetlands is based on C cycling, as well as biodiversity represented by the
morphology and population dynamics of the purple pitcher plant (Sarracenia purpurea).
The CL for coastal wetlands is based on several different ecological endpoints, including
plant community composition, microbial activity, and biogeochemistry.

The 2008 ISA documented that the process of N eutrophication is similar in freshwater
and estuarine ecosystems and typically begins with a nutrient-stimulated algal bloom that
is followed by anoxic conditions. The lack of oxygen in the water due to the respiration
and decomposition of the algae affects higher tropic species. The contribution of N
deposition to total N loading varies among freshwater lakes and stream ecosystems.
Atmospheric deposition is the main source of new N to most headwater streams,
high-elevation lakes, and low-order streams far from the influence of other N sources like
agricultural runoff and wastewater effluent. N deposition was known at the time of the
2008 ISA to alter biogeochemical processes and nutrient ratios in recipient freshwater
ecosystems. New CLs support previous observations of increased productivity of
phytoplankton and algae, species changes, and reductions in diversity in atmospherically
N enriched lakes and streams. The productivity of many freshwater ecosystems is N
limited. Thus, even small amounts of N can shift nutrient ratios and affect the trophic
status of lakes and streams. As reported in the 2008 ISA and newer studies, a shift from
N limitation to either colimitation by N and P or limitation by P has been observed in
some alpine lakes in the U.S. and other countries, with these shifts correlated with
elevated N deposition.

At the time of the 2008 ISA, N was recognized as the major cause of harm to the majority
of estuaries in the U.S. Since 2008, new paleontological studies, observational studies,
and experiments have further characterized the effects of N on phytoplankton growth and
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community dynamics, macroinvertebrate response, and other indices of biodiversity. For
this ISA, new information is consistent with the 2008 ISA, and the causal determination
has been updated to reflect more specific categories of effects to include total primary
production, altered growth, and total algal community biomass.

Since the 2008 ISA, studies have shown that coastal acidification can be exacerbated by
elevated N input. With increasing N inputs to coastal waters, CO- in the water column is
produced from the degradation of excess organic matter, as well as respiration of living
algae and seagrasses, which in turn can make the water more acidic. Coastal acidification
is projected to alter marine habitat, have a wide range of effects at the population and
community level, and impact food web processes. Newer studies show that organisms
that produce calcium carbonate shells are impacted by increasing acidification of ocean
waters. Decreased concentration of carbonate ions (which organisms such as calcareous
plankton, oysters, clams, sea urchins, and corals absorb to build shells) are observed in
acidic conditions. Changes in the carbonate system, including decreased pH, have been
shown to elicit biological responses in commercially important species from the New
England coast, and documented declines of oyster production on the U.S. West Coast are
linked to ocean acidification. Research on stressors associated with conditions of coastal
acidification and eutrophication suggests that interactions between elevated CO»,
decreasing pH, and nutrient inputs are complex.

Sulfur (S) Enrichment on Wetland and Freshwater Ecosystems

SOx deposition increases SO4>~ concentration in surface waters. New evidence supports
links between aqueous sulfur concentrations in freshwater ecosystems and both mercury
methylation and sulfide toxicity (Table ES-1); however, quantitatively linking these
outcomes to atmospheric deposition remains a challenge.

Increasing SO4%~ concentration in surface waters can stimulate the microbial
transformation of inorganic Hg into methylmercury (MeHg; Appendix 12). MeHg is the
most persistent and toxic form of Hg affecting animals in the natural environment.
Indicators of S deposition effects upon Hg methylation include increases in MeHg
concentrations or fraction of total Hg in water, sediments, and peat, as well as increases
in MeHg concentrations in periphyton, submerged aquatic plants, invertebrates, and fish.
New evidence confirms the relationship between aqueous concentrations of SO4?" and
MeHg, and broadens our understanding of where methylation occurs from the wetlands
and lakes reported in the 2008 ISA to include rivers, reservoirs, streams, and saturated
forest soils. Hg methylation occurs at anoxic-oxic boundaries in peat moss and
periphyton, as well as in wetland, lake, estuarine, and marine sediments. There are
published quantitative relationships between surface water SO4?~ concentrations and
MeHg concentrations, MeHg and total Hg in water, and Hg load in larval mosquitoes and
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fish. There is also evidence that decreasing sulfur deposition loads over time
(observational studies of SOx deposition, experimental studies of simulated SOx wet
deposition) result in lower concentrations of MeHg in water, invertebrates, and fish.

There is new evidence since the 2008 ISA to infer a causal relationship between S
deposition and sulfide phytotoxicity, which alters growth and productivity, species
physiology, species richness, community composition, and biodiversity in wetland and
freshwater ecosystems (Appendix 12). This new causal statement reflects new research
on sulfide phytotoxicity in North American wetlands, as the 2008 ISA described sulfide
phytotoxicity only in European ecosystems. Current levels of S deposition cause sulfide
toxicity in wetland and aquatic plants. Indicators of sulfide phytotoxicity caused by S
deposition include increases in water or sediment sulfide concentrations. Sulfide
negatively effects growth, competition, and persistence in several wetland species,
including the economically important species wild rice, and the keystone sawgrass
species in the Everglades marshes. To date, no published studies have established
regional sensitivities to sulfide phytotoxicity, although studies have observed its effects in
New York, Minnesota, and Florida freshwater marshes. There are no S deposition-based
critical loads for mercury methylation or sulfide phytotoxicity, although researchers have
proposed water quality values to protect biota against these effects in several ecosystems

(Appendix 12).

Ecological Effects of Particulate Matter (PM) Other Than Those Associated with
Nitrogen (N) and Sulfur (S) Deposition

There is a likely causal relationship between PM and ecological effects on biota, other
than those associated with N and S deposition (Table ES-1; Appendix 15). Since
publication of the 2009 PM ISA, new literature has built upon the existing knowledge of
ecological effects associated with PM components, especially metals and organics. In
some instances, new techniques have enabled further characterization of the mechanisms
of PM on soil processes, vegetation, and effects on fauna. New studies provide additional
evidence for community-level responses to PM deposition, especially in soil microbial
communities. However, uncertainties remain due to the difficulty in quantifying
relationships between ambient concentrations of PM and ecosystem response.

Ecosystem Services

June 2018

The ecosystem services literature has expanded since the 2008 ISA to include studies that
better characterize ecosystem service valuation and quantification related to acidification
and N enrichment/eutrophication.

New valuation studies for ecosystem acidification pair biogeochemical modeling and
benefit transfer equations informed by willingness-to-pay surveys, especially for the

IXxix DRAFT: Do Not Cite or Quote



A 0N -

© 00 N o o

10
11
12
13

14
15
16
17
18
19
20
21

22

23
24
25
26
27
28
29
30
31
32
33
34
35

Adirondacks and Shenandoah regions (Appendix 14). Despite this progress, for many
regions and specific services, poorly quantified relationships between deposition,
ecological effect, and services are the greatest challenge in developing specific data on
the economic benefits of emission reductions.

In the 2008 ISA, there were no publications that had specifically evaluated the effects of
N deposition on ecosystem services associated with N driven enrichment/eutrophication.
Since the 2008 ISA, several comprehensive studies have been published on the
ecosystems services related to N pollution in the U.S. These include an evaluation of
services affected by multiple N inputs (including N deposition) to the Chesapeake Bay, a
synthesis of the cost-benefits on N loading across the nation, and an analysis of how N
leaked from its intended area of application (e.g., agricultural fields) affects ecosystem
services of adjacent ecosystems. Most notably, new work identifies 1,104 unigue chains
linking N deposition to human beneficiaries.

Considering the full body of literature on ecosystem services related to N and S, the
following conclusions are offered: (1) there is evidence that N and S emissions/deposition
have a range of effects on U.S. ecosystem services and their social value; (2) some
economic studies demonstrate such effects in broad terms, but it remains
methodologically difficult to derive economic costs and benefits associated with specific
regulatory decisions/standards; and (3) over a thousand relationships are now
documented between N and S air pollution and changes in final ecosystem goods and
services.

Integrating across Ecosystems

June 2018

Overall, new evidence since the 2008 ISA increases the weight of evidence for ecological
effects, confirming concepts previously identified and improving quantification of
dose-response (or deposition-ecological indicator) relationships, particularly for N and S
deposition. The ecological effects are described by the causality determinations

(Figure ES-3). Figure ES-3 reorganizes the information in Figure ES-2 to offer a
visualization of the effects of NOy, SOx, and PM by ecosystem type (e.qg., terrestrial,
wetland, freshwater, and estuarine). The gas-phase effects were not included in this
diagram. With this organization, the multiple effects occurring in each ecosystem due to
various pollution combinations of NOv, SOx, and PM are emphasized. Between two and
four different classes of pollutant effect may occur in each ecosystem type in the U.S. For
more information on key messages see the expanded discussion in Chapter 1; detailed
information on specific ecosystem types and specific classes of pollutant effects included
in the ISA may be found in the Appendices.
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CHAPTER 1 INTEGRATED SYNTHESIS

11

111

Introduction to This Integrated Science Assessment (ISA)

Purpose

The Integrated Science Assessment (ISA) is a comprehensive evaluation and synthesis of
the policy-relevant science. Policy-relevant science is that which is “useful in indicating
the kind and extent of all identifiable effects on public health or welfare which may be
expected from the presence of [a] pollutant in the ambient air,” as described in

Section 108 of the Clean Air Act (CAA, 1990a).! This ISA communicates critical science
judgments of the ecological criteria for oxides of nitrogen, oxides of sulfur, and
particulate matter. Accordingly, this ISA is the scientific foundation for the review of the
ecological effects of the current secondary (welfare-based) National Ambient Air Quality
Standards (NAAQS) for oxides of nitrogen, oxides of sulfur, and particulate matter. The
Clean Air Act definition of welfare effects includes, but is not limited to, effects on soils,
water, wildlife, vegetation, visibility, weather, and climate, as well as effects on
man-made materials, economic values, and personal comfort and well-being. The
nonecological welfare effects associated with particulate matter, such as climate and
visibility, are considered part of a separate, ongoing review of PM that is outlined in the
Integrated Review Plan for the National Ambient Air Quality Standards for Particulate
Matter (IRP) (U.S. EPA, 2016d).The human health effects for oxides of nitrogen, oxides
of sulfur, and particulate matter are evaluated in separate assessments conducted as part
of the review of the primary (human health-based) NAAQS for oxides of nitrogen (U.S.
EPA, 2016f), oxides of sulfur (U.S. EPA, 2016e), and as noted above, in the ongoing
review for particulate matter (U.S. EPA, 2016d).

Oxides of nitrogen, oxides of sulfur, and particulate matter (PM) are reviewed here
together because they are inter-related through complex chemical and physical
atmospheric processes and because they all contribute to nitrogen (N) and sulfur (S)
deposition, which in turn contributes to well-documented ecological effects. In this
document, the term “oxides of nitrogen” refers to all forms of oxidized nitrogen (N)
compounds, including NO, NO,, and all other oxidized N containing compounds formed

! The general process for developing an ISA, including the framework for evaluating weight of evidence and
drawing scientific conclusions and causal judgments, is described in a companion document, Preamble to the
Integrated Science Assessments (U.S. EPA, 2015e).

June 2018
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from NO and NO..! Oxides of sulfur? are defined here to include sulfur monoxide (SO),
sulfur dioxide (SO), sulfur trioxide (SOs), disulfur monoxide (S:0), and sulfate (SO+*).
However, SO, SOs, and S;0 are present at much lower ambient levels than SO, and SOs*
and are therefore not discussed further. Particulate matter is composed of some or all of
the following components: nitrate (NOs"), SO4*, ammonium (NH,*), metals, minerals
(dust), and organic and elemental carbon (C).

This ISA updates the 2008 Integrated Science Assessment for Oxides of Nitrogen and
Sulfur—Ecological Criteria [hereafter referred to as the 2008 ISA (U.S. EPA, 2008a)], as
well as the ecological portion of the Integrated Science Assessment for Particulate Matter
(U.S. EPA, 2009a), with studies and reports published from January 2008 through May
2017. Thus, this ISA updates the state of the science that was available for the 2008 ISA,
which informed decisions on the secondary oxides of nitrogen and oxides of sulfur
NAAQS in the review completed on March 20, 2012. In the final rulemaking, the
Administrator’s decision was that, while the current secondary standards were inadequate
to protect against adverse effects from deposition of oxides of nitrogen and oxides of
sulfur, it was not appropriate under Section 109(b) to set any new secondary standards at
this time due to the limitations in the available data and uncertainty as to the amount of
protection the metric (Aquatic Acidification Index—see Chapter 1.2.2.6) developed in
the Policy Assessment (U.S. EPA, 2011a) would provide against acidification effects
across the country (77 FR 20281). In addition, the Administrator decided that it was
appropriate to retain the current nitrogen dioxide (NO;) and sulfur dioxide (SO2)
secondary standards to address direct effects of gaseous NO. and SO on vegetation.
Thus, taken together, the Administrator decided to retain and not revise the current NO;
and SO; secondary standards: an NO; standard set at a level of 0.053 ppm, as an annual
arithmetic average, and an SO; standard set at a level of 0.5 ppm, as a 3-hour average, not
to be exceeded more than once per year (77 FR 20281). The current secondary standards
for PM are intended to address PM-related related welfare effects, including visibility
impairment, ecological effects, effects on materials, and climate impacts. These standards
are a 3-year annual mean PMzs concentration of 15 ug/m?, with the 24-hour average
PM_s and PMy set at concentrations of 35 ug/m® and 150 ug/md, respectively.

! This ISA reserves the abbreviation NOx strictly as the sum of NO and NO,—consistent with that used in the
atmospheric science community—and uses the term “oxides of nitrogen” to refer to the broader list of oxidized
nitrogen species. Oxides of nitrogen refers to NOy as the total oxidized nitrogen in both gaseous and particulate
forms. The major gaseous and particulate constituents of NOy include nitric oxide (NO), nitrogen dioxide (NO2),
nitric acid (HNOs), peroxyacetyl nitrate (PAN), nitrous acid (HONO), organic nitrates, and particulate nitrate (NOs).
This ISA uses the definitions adopted by the atmospheric sciences community.

2 Oxides of sulfur refers to the criteria pollutant category.
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This new review of the secondary oxides of nitrogen, oxides of sulfur, and particulate
matter NAAQS is guided by several policy-relevant questions that were identified in The
Integrated Review Plan for the Secondary National Ambient Air Quality Standard for
Nitrogen Oxides, Sulfur Oxides, and Particulate Matter [hereafter referred to as the 2017
IRP, (U.S. EPA, 2017b)].

To address these questions, this ISA aims to characterize the evidence available in the
peer-reviewed literature for ecological effects associated with:

o the major gaseous and particulate constituents of total oxidized N (NOv), which
include NO, NO2, HNOs, PAN, HONO, organic nitrates, and NOs™;

o the major gaseous and particulate constituents of SOx, which include SO, and
S0, and
e PM.

The assessment activities include:

o Identifying policy-relevant literature.
¢ Evaluating strength, limitations, and consistency of findings.

e Integrating findings across scientific disciplines and across related ecological
outcomes.

o Considering important uncertainties identified in the interpretation of the scientific
evidence.

e Assessing policy-relevant issues related to quantifying ecological risks, such as
ambient air concentrations, deposition, durations, and patterns associated with
ecological effects; the relationship between ambient air concentrations, deposition,
and ecological response and the existence of thresholds below which effects do
not occur; and species and populations potentially at increased risk of ecological
effects.

New analyses with the goal of quantifying risk, such as new model runs, critical loads
exceedance maps, and quantified uncertainties regarding modeled scenarios are not
conducted in the ISA. These are types of analyses, if pursued, require the selection of
chemical or biological limits that define critical loads and represent adversity. These
analyses would also require choosing a time period over which to average deposition.
Such scope-of-analysis decisions are more appropriate for the Risk and Exposure
Assessment, as described in the 2017 IRP (U.S. EPA, 2017b). The information
summarized in this ISA will serve as the scientific foundation of the Risk and Exposure
and Policy Assessments during the current review of the secondary oxides of nitrogen,
oxides of sulfur, and particulate matter NAAQS.

3 DRAFT: Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=4144170
http://hero.epa.gov/index.cfm?action=search.view&reference_id=4144170

© 00 N o o A WOWDN P

e~ o o el =
g N W N P O

16
17
18

1.1.2

June 2018

Process and Development

The U.S. EPA uses a structured and transparent process to evaluate scientific information
and determine the causality of relationships between air pollution and ecological effects
[see Preamble (U.S. EPA, 2015¢)]. The ISA development includes approaches for
literature searches, criteria for selecting and evaluating relevant studies, and a framework
for evaluating the weight of evidence and forming causal determinations. As part of this
process, the ISA is reviewed by the public and by the Clean Air Scientific Advisory
Committee (CASAC), which is a formal independent panel of scientific experts. This ISA
informs the review of the secondary oxides of nitrogen, oxides of sulfur, and particulate
matter NAAQS and therefore integrates and synthesizes information characterizing NOy,
SOx, and PM air concentrations. It also examines deposition of these substances and their
ecological effects. Relevant studies include those examining atmospheric chemistry,
spatial and temporal trends, and deposition, as well as U.S. EPA analyses of air quality
and emissions data. Relevant ecological research includes geochemistry, microbiology,
physiology, toxicology, population biology, and community ecology. The research
includes laboratory and field additions, as well as gradient studies.

The U.S. EPA conducted literature searches to identify relevant peer-reviewed studies
published since the previous ISA (i.e., from January 2008 through December 2015;

Chapter 1, Figure 1-1).
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Figure 1-1

June 2018

Workflow for collecting relevant literature for the 2017 Integrated
Science Assessment for Oxides of Nitrogen, Oxides of Sulfur, and
Particulate Matter—Ecological Criteria.

Multiple search methods were used in the Web of Science database [Preamble (U.S.
EPA, 2015e), Appendix 2], including searches by keyword and by citations of 2008 ISA
references. Subject-area experts and the public were also permitted to recommend studies
and reports during kick-off workshops held at the U.S. EPA in March 2014 for oxides of
nitrogen and oxides of sulfur and in February 2015 for particulate matter. The new
references were sorted by automated methods into topic areas based on wording in the
publication’s abstract or numbers of citations of 2008 ISA references, and the resultant
relevant literature was reviewed by the ISA authors. Studies were screened based on the
title first and then by the abstract; studies that did not address a relevant research topic
based on this screening were excluded. The U.S. EPA also identified studies from
previous assessments as definitive works on particular topics to include in this ISA. The
HERO project page for this ISA (http://hero.epa.gov/heronet/NOxSOxPMEco) contains
the references that are cited in the ISA and electronic links to bibliographic information
and abstracts.
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The Preamble to the Integrated Science Assessments (U.S. EPA, 2015e) describes the
general framework for evaluating scientific information, including criteria for assessing
study quality and developing scientific conclusions. For ecological studies, emphasis is
placed on studies that characterize quantitative relationships between criteria pollutants
and ecological effects that occur at concentration and deposition levels relevant to current
ambient levels in the U.S. However, experimental studies with higher exposure
concentrations are included if they contribute to an understanding of mechanisms.

This ISA draws conclusions about relationships between NOvy, SOx, and PM and
ecological effects by integrating information across scientific disciplines and related
ecological outcomes and synthesizing evidence from previous and recent studies.
Determinations are made about causation, not just association, and are based on
judgments of consistency, coherence, and scientific plausibility of observed effects, as
well as related uncertainties. The ISA uses a formal causal framework [Table Il of the
Preamble (U.S. EPA, 2015e)] which is based largely on the aspects for causality
proposed by Sir Bradford Hill to classify the weight of evidence according to the
five-level hierarchy summarized below.

e Causal relationship

o Likely to be a causal relationship

e Suggestive of, but not sufficient to infer, a causal relationship

o Inadequate to infer the presence or absence of a causal relationship

o Not likely to be a causal relationship

1.1.3

June 2018

Organization

This ISA includes the Preface (legislative requirements and history of the secondary
oxides of nitrogen, oxides of sulfur, and particulate matter NAAQS), an Executive
Summary, an Integrated Synthesis chapter, and 16 appendices. The general process for
developing an ISA is described in a companion document, Preamble to the Integrated
Science Assessments (U.S. EPA, 2015¢e). Chapter 1 synthesizes the scientific evidence
that best informs policy-relevant questions that frame this review. Appendix 1 is an
introduction to the appendices. Appendix 2 characterizes the sources, atmospheric
processes, and the trends in ambient concentrations and deposition of NOy, SOx, and PM.
Appendix 3 describes direct effects of NOy and SOx gases on plants and lichens.
Appendix 4—Appendix 6 describe N and S deposition effects on terrestrial
biogeochemistry and the terrestrial biological effects of terrestrial acidification and N
enrichment. Appendix 7 describes the effects of N and S deposition on aquatic
biogeochemistry. Appendix 8—Appendix 10 characterize the biological effects of
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freshwater acidification, freshwater N enrichment, and N enrichment in estuaries and
near-coastal systems. Appendix 11 describes the effects of N deposition on wetlands, and
Appendix 12 characterizes the ecological effects of S as a nutrient. Appendix 13 presents
information on climate modification of ecosystem response to N and S, while ecosystem
services are discussed in Appendix 14. Appendix 15 is a review of the ecological effects
of forms of PM, which are not related to N or S deposition. Finally, Appendix 16 presents
case studies for six locations in the U.S. (southern California, northeastern U.S., Rocky
Mountain National Park, southeastern Appalachia, Tampa Bay, and the Adirondacks)

where data are sufficient to well characterize the ecological effects of N and S deposition.
These sites would therefore make good candidates for further understanding the linkages
across various effects and ecosystems in a location to better assess risk and exposure.

1.2

1.2.1

June 2018

Connections, Concepts, and Changes

Connections

Although scientific material in this ISA is divided into separate appendices for
atmospheric science and the multiple ecological effects, the strong links between the
atmosphere and terrestrial and aquatic ecosystems are acknowledged (Chapter 1,
Figure 1-2). Emissions of NOy, SOx, and PM cause an accumulation of N and S in the
environment that creates a multitude of effects on terrestrial, wetland, and aquatic
ecosystems. Nitrogen is a vital component of all biological systems, serving as an
essential element to molecules such as amino acids and nucleic acids, which are among
the biochemical building blocks of life. As an organizing concept to understand the
effects of N within the environment, the sequence of transfers, transformations, and
environmental effects has been described as the “N cascade” (Galloway and Cowling,
2002). The concept of cascading effects also applies to S, which is also an essential
macronutrient.
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NO = nitric oxide; NO, = nitrogen dioxide; NO3™ = nitrate; NOx = NO + NO,; PAN = peroxyacetyl nitrate; PM = particulate matter;
SO, = sulfur dioxide; SO,2 = sulfate; SOx = SO, + SO,2"; VOC = volatile organic compounds.

The sum of reactive oxidized nitrogen species is referred to as NOy (NOy = NO + NO; + HNO3 + 2N,0Os + HONO + NO3;™ + N,O
PAN + other organic nitrates). VOC refers to volatile organic compounds.

Although not explicitly indicated, wet and dry deposition of PM components (e.g., metals, minerals, and secondary organic aerosol)
also occur and contribute to ecological effects.

Source: Modified from U.S. EPA (2008a).

Figure 1-2 Overview of atmospheric chemistry, deposition, and ecological
effects of emissions of oxides of nitrogen, oxides of sulfur, and
reduced nitrogen.

1.2.2 Concepts

This ISA draws on many methodological approaches and disciplines within the larger
scientific fields of ecology and atmospheric sciences. The studies discussed herein are
best understood in the context of some general concepts within these fields, such as
ecosystem scale, structure, and function (Chapter 1.2.2.1); deposition and source
apportionment to ecosystems (Chapter 1.2.2.2); critical loads [CL, (Chapter 1.2.2.3)];
biodiversity (Chapter 1.2.2.4); the effects of reduced versus oxidized forms of N
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(Chapter 1.2.2.5); and the metric developed in the previous secondary NAAQS review,
the Aquatic Acidification Index [AAI, (Chapter 1.2.2.6)].

Ecosystem structure comprises both biodiversity and geography. Biodiversity
encompasses many quantitative measures of the abundance and distribution of organisms
within a defined geographical area (for a more explicit definition, see Chapter 1.2.2.1 and
Chapter 1.2.2.4). Ecosystem function refers to processes that control fluxes and pools of
matter and energy in the ecosystem (Chapter 1.2.2.1). The loss of biodiversity is a key
consequence of the air pollutants discussed in this ISA. The importance of preserving
biodiversity and ecosystem function contributes to the sustainability of ecosystem
services that benefit human welfare and society (Chapter 1.2.2.4 and Appendix 14).

In human health assessments, dose-response relationships are used to identify
guantitative relationships between chemical exposure (dose) and health outcomes
(response), with emphasis on identifying thresholds, the lowest doses at which negative
health outcomes are observed. In ecology, CLs provide a similar quantitative relationship
between chemical dose (e.g., deposition) and specific, quantitative changes in ecological
properties or processes (Chapter 1.2.2.3). Use of CLs in evaluating the effects of
deposition upon ecosystems must consider how deposition compares to other
anthropogenic and ambient sources of N and S to these ecosystems (Chapter 1.2.2.2), as
well as the heterogeneous sensitivities of organisms and ecosystems to different chemical
forms of deposition (Chapter 1.2.2.5).

1.22.1

June 2018

Ecosystem Scale, Structure, and Function

For this assessment, an ecosystem is defined as the interactive system formed from all
living organisms (biota) and their abiotic (chemical and physical) environment within a
given area (IPCC, 2007a). Ecosystem spatial boundaries are somewhat arbitrary,
depending on the focus of interest or study. Thus, the spatial extent of an ecosystem may

range from very small, well-circumscribed systems such as a small pond, to biomes at the
continental scale, or the entire globe (U.S. EPA, 2008a). Ecosystem spatial scale does not
always correlate with complexity. A small pond may be a complex system with multiple
trophic levels ranging from phytoplankton to invertebrates to several feeding guilds of
fish. A large lake, on the other hand, may be a very simple ecosystem, such as the Great
Salt Lake in Utah that covers approximately 1,700 square miles but contains only
bacteria, algae, diatoms, and two invertebrate species (U.S. EPA, 2013b). All ecosystems,
regardless of size or complexity, have multiple interactions between biota and abiotic

factors and a reduction in entropy through energy flow from autotrophs to top predators.
Ecosystems include both structural (geography and biodiversity; e.g., soil type and food
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web trophic levels) and functional (flow of energy and matter; e.g., decomposition,
nitrification) attributes. Ecosystem changes are often considered undesirable if important
structural or functional components of the ecosystems are altered following pollutant
exposure (U.S. EPA, 2013b, 1998a).

Biotic or abiotic structure may define an ecosystem. Abiotic structure includes climatic
and edaphic components. Biological structure includes species abundance, richness,
distribution, evenness, and composition, measured at the population, species, community,
ecosystem, or global scale. A species (for eukaryotic organisms) is defined by a common
morphology, genetic history, geographic range of origin, and ability to interbreed and
produce fertile offspring. A population consists of interbreeding groups of individuals of
the same species that occupy a defined geographic space. Interacting populations of
different species occupying a common spatial area form a community (Barnthouse et al.,
2008). Community composition may also define an ecosystem type, such as a pine forest
or a tall grass prairie. Pollutants can affect the ecosystem structure at any of these levels
of biological organization (Suter et al., 2005).

Individual plants or animals may exhibit changes in metabolism, enzyme activities,
hormone function, or may suffer gross lesions, tumors, deformities, or other pathologies.
However, only some organism-level endpoints such as growth, survival, and reproductive
output have been definitively linked to effects at the population level and above (U.S.
EPA, 2013b). Population-level effects of pollutants include changes over time in
abundance or density (number of individuals in a defined area), age or sex structure, and
production or sustainable rates of harvest (Barnthouse et al., 2008). Community-level
attributes affected by pollutants include species richness, species abundance,
composition, evenness, dominance of one species over another, or size (area) of the
community (U.S. EPA, 2013b). Pollutants may affect communities in ways that are not
observable in organisms or populations (Bartell, 2007), including (1) effects resulting
from interactions between species, such as altering predation rates or competitive
advantage; (2) indirect effects, such as reducing or removing one species from the
assemblage and allowing another to emerge (Petraitis and Latham, 1999); and

(3) alterations in trophic structure.

Alternatively, ecosystems may be defined on a functional basis. “Function” refers to the
suite of processes and interactions among the ecosystem components that involve energy
or matter. Examples include water dynamics and the flux of trace gases such as rates of
photosynthesis, decomposition, nitrification, or carbon cycling. Pollutants may affect
biotic structure indirectly. For example, a pollutant may first alter abiotic conditions
(e.g., soil chemistry), which in turn influences biotic structure and function (Bartell,
2007).
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Some ecosystems, and some aspects of particular ecosystems, are less vulnerable to
long-term consequences of pollutant exposure. Other ecosystems may be profoundly
altered if a single attribute is affected. Thus, spatial and temporal definitions of
ecosystem structure and function become an essential factor in defining impacted
ecosystem services and CLs of particular pollutants, either as single pollutants or in
combination with other stressors.

The main causal determinations of this ISA (Chapter 1.2.3) are that N and S deposition
affect ecosystem structure, with effects ranging from biogeochemical alterations in soil
and water chemistry to multiple levels of biological organization, including species-level
alterations of physiological processes, shifts in biodiversity and ecological function.

1.2.2.2

June 2018

Deposition and Source Apportionment of Nitrogen (N) and Sulfur (S) to
Ecosystems

Deposition of N and S results from a variety of human activities and atmospheric
processes. Emissions from stationary, mobile, and agricultural sources undergo
atmospheric transformation (Chapter 1.3.1) to form products that are more readily
deposited out of the air onto the land or waterscape (Chapter 1.3.3). The contribution of
atmospheric deposition to total loading for N and S varies within and among terrestrial,
wetland, freshwater, and estuarine ecosystems.

In the 2008 ISA, atmospheric deposition was identified as the main source of
anthropogenic N to unmanaged terrestrial ecosystems. This conclusion has been
confirmed by new studies on N sources to lands and waterways, which find
human-mediated watershed N inputs that range from <1.0 to 34.6 times the rate of
background N input (Appendix 4.2). Across all watersheds, atmospheric N deposition is
the second largest overall human-mediated N source and the largest N source to 33% of
watersheds. Current deposition levels in the U.S. are discussed in Appendix 2 and
Chapter 1.3.3. No new information has been published on nonatmospheric sources of S in
terrestrial ecosystems (Appendix 4.2); S inputs from the atmosphere are discussed in
Appendix 2 and Chapter 1.3.3.

In the 2008 ISA, atmospheric deposition was also identified as the main source of N to
some freshwater ecosystems, including headwater streams, high-elevation lakes, lower
order streams in undisturbed areas and freshwater wetlands (e.g., bogs and fens).
Evidence for the influence of N deposition on water chemistry has been further supported
by new studies that quantify the contribution of N deposition to total N loading in
freshwater lakes and streams, and which quantify atmospheric contributions during storm
events (Table 7-1). As shown in these studies, deposition can represent a substantial
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portion of total N loading to surface waters. However, other nonpoint and point sources
of N dominate N inputs to high-order streams.

In fresh surface waters and wetlands, sources of S that contribute to enrichment effects
are the same sources of S that induce acidifying effects; these sources include weathering
of minerals in sediments and rocks, leaching from terrestrial S cycling, internal cycling,
and direct atmospheric deposition. The 2008 ISA showed that drought can release S
stored in wetlands or lake sediments, as bound sulfide (S%) is exposed to atmospheric
oxygen and oxidized to sulfate. Model of Acidification of Groundwater in Catchments
(MAGIC) modeling has shown that variable water levels due to climate change-induced
droughts can increase water sulfate concentrations, and observational research has shown
that drought increases lake S load by 5 kg S/ha/yr. New evidence confirms that
fluctuating water levels in wetlands increase SO4?~ concentration in pulses following
water level recovery.

Sources of N in coastal areas may include direct deposition to the water surface, coastal
upwelling from oceanic waters, and transport from watersheds. Freshwater inflows to
estuaries may contain N from agriculture, urban, wastewater and atmospheric deposition
sources. Atmospheric deposition constitutes less than half of the total N supply in most,
but not all, estuaries (Table 7-6). Both point sources and nonpoint sources (including
runoff, as well as atmospheric deposition) have been identified as targets for mitigation of
N loading in coastal areas. The importance of atmospheric deposition as a cause of
estuarine eutrophication is determined by the relative contribution of the atmospheric
versus nonatmospheric sources of N input. Seawater contains high concentrations of
S04%, so atmospheric inputs of S are unlikely to contribute substantially to
biogeochemistry or biological effects in coastal areas.

1.2.2.3

June 2018

Critical Loads Concept and General Approaches

The following section provides a discussion of important concepts regarding critical
loads. The definition of a critical load is, “a quantitative estimate of an exposure to one or
more pollutants below which significant harmful effects on specified sensitive elements
of the environment do not occur according to present knowledge” (Nilsson and Grennfelt,

1988). It is intended as background material to support better understanding of the critical
load calculations presented throughout the ISA. The main concepts presented here
include CLs as an organizing principle, CL heterogeneity across the landscape, more than
one critical load for a given location, the pros and cons of methods used to calculate
critical loads (e.g., empirical, steady-state, and dynamic), and a comparison of CLs versus
target loads. Uncertainty in calculating CLs is discussed in Chapter 1.13.
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Throughout this ISA, the CL concept is used as an organizing principle to relate
atmospheric deposition to ecological endpoints that indicate impairment. The generally
accepted definition of a CL is by Nilsson and Grennfelt (1988) as: “The quantitative
estimate of an exposure to one or more pollutants below which significant harmful effects
on specified sensitive elements of the environment do not occur according to present
knowledge.” The development of a quantitative critical load estimate requires a number
of steps. An illustrative example of the eight general steps is shown in Chapter 1,

Figure 1-3.

1) Disturbance Acidification Eutrophication

2) Receptor Forest Lake Grassland Lake

3) Biological Sugar Norway Brook trout Fish species | Species Primary
indicator Maple Spruce richness diversity | productivity

& tg:ig}jac;LaI Failure to Seedling | Presence Species Species Excess
response reproduce death absence loss loss productivity

5) Chemical Soil % Base| Soil Ca/Al | Lakewater | Lakewater Soil C/N Lakewater
indicator Saturation ratio ANC ANC ratio NO4

6) Critical
chemical 10% 1.0 0 peg/L 50 peg/L 20 10 peq/L
limit

7) Atmospheric | SO4, NOg, | SO4, NO3, | SO4, NO,;, | SO, NO;,
pollutant NH, NH, NH, NH, NOz, NH, | NO, NH,

8) Critical 222 292 222 292 222 292
pollutant load

Al = aluminum; ANC = acid-neutralizing capacity; C = carbon; Ca = calcium; L = liter; yeq = microequivalents; N = nitrogen;
NH, = ammonium; NOs = nitrate; SO, = sulfate.

Source: U.S. EPA (2008a).

Figure 1-3

June 2018

An example of the matrix of information considered in defining
and calculating critical loads (see discussion in text). Note that
multiple alternative biological indicators, critical biological
responses, chemical indicators, and critical chemical limits could
be used.

It is important to recognize that there is no single “definitive” critical load for an
ecological effect. Critical loads estimates reflect the current state of knowledge and the
selected limits, indicators, and responses. Changes in scientific understanding may
include, for example, new dose-response relationships, better resource maps and
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inventories, larger survey data sets, continuing time-series monitoring, and improved
numerical models.

Calculating multiple critical loads for a given pollutant at a single location is not
uncommon due to the nested sequence of disturbances, receptors, and biological
indicators considered for a given pollutant. Multiple critical load values may also arise
from an inability to agree on a single definition of “harm.” Calculation of critical loads
for multiple definitions of “harm” may be deemed useful in subsequent discussions of the
analysis and in the decision-making steps that may follow critical load calculation.

The heterogeneity of all natural environments can affect responsiveness of ecosystems to
deposition load. As an example, the high spatial variability of soils almost guarantees that
for any reasonably sized soil-based “receptor” that might be defined in a CL analysis,
there will be a continuum of CL values for any indicator chosen. Although the range of
this continuum of values might be narrow, there is nevertheless an a priori expectation in
any critical load analysis that multiple values (or a range of values) will result from the
analysis. Given the heterogeneity of ecosystems affected by N and S deposition,
published critical load values for locations in the U.S. vary depending on both biological
and physical factors.

The three approaches to developing CLs (i.e., empirical observation, steady-state
modeling, and dynamic modeling) each have strengths and limitations. It is suggested
that the combined approach of calculating CLs from biogeochemical simulation models
in conjunction with empirical analyses is the most effective way to characterize the
effects of deposition to a given environment (Fenn et al., 2015).

An important advantage of empirical CLs is that they are based on measured (vs.
modeled) changes in ecological variables in response to N inputs. Consequently, the links
between N deposition and the measured response variable are direct; full process-level
knowledge is not required. Empirical CLs are important for validating CL values
determined with models (Fenn et al., 2015).

Fenn et al. (2015) discuss that the advantages of models, “are that ecosystem responses to
alternative scenarios can be tested. These might include changes in atmospheric
deposition, disturbance or climatic conditions, and responses to silvicultural treatments,
grazing, fire, and other disturbances. Simulation modeling allows temporal aspects of
ecosystem response in relation to CLs and CL exceedances to be evaluated, including
evaluation of historical and future conditions.”

Among the types of modeled CLs, two key ways that steady-state and dynamic modeling
differ is by how they assume ecosystem equilibrium and the required amount of input
data needed to parameterize the model. Steady-state models assume that the ecosystem is
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in equilibrium with the critical load of deposition; therefore, the long-term sustainable
deposition is indicated. This is the relevant information needed to provide protection
from deposition in perpetuity as the system comes into equilibrium with the pollutant
critical load. In the U.S., few (if any) ecosystems qualify as steady-state systems.
Therefore, the assumption of equilibrium in the steady-state model is often false. The
steady-state models give no information concerning the time to achieve the equilibrium
or what may happen to the receptor along the path to equilibrium. The recovery of an
ecosystem based on a critical load from a steady-state model may take several hundred
years. In other words, the assumption that attainment of a deposition values below the
steady-state critical load will result in biological recovery within a specified time period
may not be valid. Dynamic models calculate time-dependent critical loads and therefore
do not assume an ecosystem that is in equilibrium. The time-dependent calculation is
relevant information to provide protection from damage by the pollutant within a specific
time frame. As a general rule, the shorter the time frame selected, the lower the critical
load.

Data requirements for steady-state models tend to be much lower than for dynamic
models. Therefore, the data required to conduct dynamic modeling are not available for
as many places as the data required to conduct steady-state modeling. The few
national-scale modeling efforts for both terrestrial and aquatic acidification are both done
with steady-state models for this reason.

The results of all three CL approaches are difficult to extrapolate across geographic
space. Spatially, variation in biological and biogeochemical processes imposed by
climate, geology, biota, and other environmental factors may alter the
deposition-response relationship. Empirical CLs may only be applied with confidence to
sites with highly similar biotic and environmental conditions (Pardo et al., 2011a). This is

particularly problematic in areas where deposition has received sparse research
attention—as is sometimes the case for CLs of N deposition related to N-driven
eutrophication (Appendix 6.4). Models may be run at different locations; however, the
data needed to parameterize them is not always available.

The traditional critical load has been defined (Nilsson and Grennfelt, 1988) as: “The
guantitative estimate of an exposure to one or more pollutants below which significant
harmful effects on specified sensitive elements of the environment do not occur

according to present knowledge.” Fenn et al. (2011b) have defined the “target load” as
follows: “The acceptable pollution load that is agreed upon by policy makers or land
managers. The target load is set below the critical load to provide a reasonable margin of
safety, but could be set higher than the critical load at least temporarily.” Target loads are
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selected based on the level of ecosystem protection desired, economic considerations, and
stakeholder input at a given location.

1.2.2.4

June 2018

The Importance of Biodiversity

There are causal relationships between N and/or S and biodiversity loss in terrestrial,
freshwater, wetland, and estuarine ecosystems in the U.S. (Chapter 1, Table 1-1). What
does it mean to lose biodiversity? Biodiversity loss not only represents the extirpation of
unique living species; several decades of research link biodiversity to ecosystem function
and ecosystem services in a wide variety of natural systems (Hooper et al., 2012;
Balvanera et al., 2006; Tilman, 2000). Numerous studies demonstrate that the number
and diversity of organisms in a system control the abundance of habitat for other species,

the biogeochemical cycling of nutrients and carbon, and the efficiency at which biotic
systems are able to transform limited resources into biomass (Cardinale et al., 2011).

Among plant communities, higher biodiversity leads to higher overall plant productivity
and greater retention of soil nutrients (Reich et al., 2012; Tilman, 2000). In multitrophic
systems, higher prey diversity leads to both higher predator growth rates and a smaller
impact of predation on prey abundance (Duffy et al., 2007). Positive impacts of
biodiversity on ecosystem services have been documented in forests (Gamfeldt et al.
2013; Zhang et al., 2012b), grasslands (Tilman et al., 2012), arid and semiarid
ecosystems (Maestre et al., 2012), and marine systems (Gamfeldt et al., 2015; Worm et
al., 2006) and include effects such as greater carbon storage, fruit production, wood
production, and nutrient cycling. In marine ecosystems, biodiversity loss has been linked

to increased rates of resource collapse and exponential decreases in water quality through
metrics such as higher numbers of beach closures and harmful algal blooms [HABS;
(Worm et al., 2006)]. Notably, HABs are linked to increased disease prevalence among
humans, domestic animals/pets, and aquatic organisms (Johnson et al., 2010). In addition

to the relationship between HABs and disease, there is now empirical evidence from
many ecosystems of a broader link between declines in biodiversity and increased
transmission and severity of disease (Johnson et al., 2015b) caused by plant, wildlife, and
human pathogens. As a whole, these decades of research have produced an overwhelming
body of evidence indicating that the loss of biodiversity risks a deterioration of the
ecosystem goods and services that humanity depends on (Gamfeldt et al., 2015; Cardinale
etal., 2012).

One of the most important consensus observations in biodiversity research is that
ecosystem processes are more stable (have less temporal variability) at higher levels of
diversity (Cardinale et al., 2012; McCann, 2000; Naeem and Li, 1997; Tilman and
Downing, 1994). This stability occurs because species respond differently to
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environmental variation. In diverse communities, is it more likely that declines in the
growth of one species caused by an environmental change will provide more resources
for competing species (Cardinale et al., 2012; Tilman, 2000). This property was predicted
by economists and is similar to how more diversified investment portfolios provide
enhanced stability under fluctuating market conditions (Doak et al., 1998; Tilman et al.,
1998). Notably, there is also consensus that the impact of biodiversity on ecosystem
processes is nonlinear, wherein declines in ecosystem processes accelerate as the number
of species in a system declines (Cardinale et al., 2012). Accelerating ecosystem service
declines in response to species loss may be due to multifunctionality, which suggests that
different ecosystem functions require the presence of different sets of species (Isbell et
al., 2015; Reich et al., 2012; Zavaleta et al., 2010). The increased stability of diverse
ecosystems makes these systems less vulnerable to environmental change or collapse
caused by external forces such as drought or human disturbance (Isbell et al., 2015;
Tilman et al., 2012; Isbell et al., 2011; Worm et al., 2006). For example, coastal systems
with higher species diversity had lower rates of fishery collapse and extinction for
commercially important fish and invertebrate species, and large marine ecosystems with
higher fish diversity recovered more quickly from collapse (Worm et al., 2006). Thus,
there is strong evidence that high biodiversity helps sustain ecosystem services and also
makes these ecosystem services more resilient to environmental change.

1.2.2.5

June 2018

Reduced versus Oxidized Nitrogen Effects across Ecosystems

Individual biochemical and geochemical processes involve specific chemical forms of N,
suggesting that there may be consequences in many ecosystems from the ongoing trend
of decreasing NOy deposition and increasing NHx deposition in many parts of the U.S.
(Chapter 1.3). The largest body of evidence that the effects of reduced versus oxidized N
may have different consequences for ecological structure and function is for estuaries
where the form of N delivered to some coastal areas of the U.S. is shifting from primarily
NO;™ to an increase in reduced forms of N. Although unlikely to be attributed solely to
atmospheric sources due to the large contribution of N from wastewater, agriculture, and
other sources, inputs of NHs/NH4" selectively favor specific phytoplankton functional
groups (e.g., cyanobacteria, dinoflagellates) including harmful species (Figure 10-7).
Shifts in phytoplankton community composition to species that respond strongly to
reduced N have been observed in some coastal regions (Appendix 10.3.2). Growth of
some species of phytoplankton (Appendix 10.2.2) and macroalgae (seaweed,;

Appendix 10.2.3) appear to be related to the form of N. There is also increasing evidence
in freshwater systems for the importance of N in harmful algal blooms (HABs), and
several studies have shown that the form of N influences freshwater algal species
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composition (Appendix 9.2.6.1). In terrestrial systems, redox status of inorganic N seems
to have little influence on the biological responses to N deposition (Appendix 4.3.12).

Because some soil biogeochemical processes involve specific chemical forms of N

(e.g., denitrification, ammonium toxicity), there is the potential that biological responses
to N deposition (or N addition) could depend on whether the dominant form of deposited
N is oxidized (NOv) or reduced (NHx). Different responses to individual forms of N have
been observed for some soil biogeochemical processes (Table 4-13) and terrestrial
biological responses (Table 6-1). Moreover, a number of individual studies have
observed differential effects of NH.* versus NOs™ additions on plant community diversity
[e.g., (Dias et al., 2014; Kleijn et al., 2008)]. In general, however, meta-analyses in the
literature have tended to find no difference in the effects of individual forms of N on
terrestrial biological endpoints like plant productivity or microbial biomass (Table 6-1).
This result suggests that terrestrial community diversity is also generally not affected,
possibly because plant uptake of N is mediated by soil biogeochemical cycles that often
rapidly transform N between oxidized and reduced forms.

Evidence of wetland responses to different chemical forms of N come primarily from N
addition experiments conducted outside of the U.S. In European bogs and fens, both
forms of N addition decreased ecosystem N retention, but oxidized N addition caused
DON leaching, while reduced N caused DIN as well as cation leaching

(Appendix 11.3.1.6). Reduced N caused greater physiological stress or injury than
equivalent loads of oxidized N in moss species (Appendix 11.4.5 and Appendix 11.5.5).

1.2.2.6

June 2018

Scientific Advancements of the Aquatic Acidification Index (AAl)

The 2017 IRP (U.S. EPA, 2017b) described the Aquatic Acidification Index (AAl) as a
novel approach for a multipollutant standard intended to address deposition-related
effects that was developed in the 2011 NOxSOx Policy Assessment (U.S. EPA, 2011a).
Scientifically, the AAI represented an advancement in ecological methodology to

(1) calculate critical loads for aquatic acidification on a national scale, when previously
critical loads had been calculated on the spatial scale of a watershed and (2) provide a
uniform level of ecological protection at the national scale. These advancements were
accomplished by first aggregating critical loads calculated for the same chemical limit
within a defined spatial region. Next, the distribution of the “population” of critical load
values was evaluated, and the percentage of water bodies to protect was selected. The
AAI also presented novel advancement in atmospheric sciences, including (1) using
transference ratios to relate atmospheric concentrations of criteria pollutants to deposition
levels and (2) allowing quantification of criteria pollutants (NOy and SOx) and
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noncriteria pollutant contributions to total acidifying deposition. As a scientific
publication, the AAI is documented in Scheffe et al. (2014). The AAI was originally
developed in the 2011 NOxSOx Policy Assessment (U.S. EPA, 2011a), and the equation
is described with terms that traditionally define a NAAQS [the indicator,* averaging
time,? form,%and level*—further described in the 2017 IRP (U.S. EPA, 2017b).

Key scientific aspects of the AAI equation, as the form of a potential standard, are
described in the following excerpt from 2017 IRP (U.S. EPA, 2017b):

“The AAI, as described in the PA (U.S. EPA, 2011a), was constructed
from steady-state ecosystem modeling, and included atmospheric
transference ratios and deposition of reduced forms of nitrogen
(ammonia gas and ammonium ion, expressed as NHx). These
nonoxidized forms of nitrogen were included since ecosystems respond
to total nitrogen deposition, whether from oxidized or reduced forms.
More specifically, the AAI equation was defined in terms of four
ecological and atmospheric factors and the ambient air indicators NOy
and SOx:

AAI = F1 - F2 - F3[NOy] - F4/SOx]

where F1° represents the ecosystems natural ability to provide
acid-neutralizing capacity (e.g., geology, plant uptake of nitrogen
deposition) and other processes; F2° represents acidifying deposition
associated with reduced forms of nitrogen, NHx; and F37 and F48 are the

! The “indicator” of a standard defines the chemical species or mixture that is measured in determining whether an

area attains the standard.

2 The “averaging time” defines the time period over which ambient measurements are averaged (e.g., 1-hour, 8-hour,

24-hour, annual).

3 The “form” of a standard defines the air quality statistic that is compared to the level of the standard in determining
whether an area attains the standard.

4 The “level” defines the allowable concentration of the criteria pollutant in the ambient air.

5> F1is defined as: ANCjim + CL/Qr, with ANCiim representing a target ANC level. With regard to CL,, the PA
developed distributions of calculated critical loads for a specific ecoregion; in setting an AAl-based standard, a
percentile would need to be specified to reference the value of CL, to be used in the AAI equation [(U.S. EPA
2011a), p. 7- 37]. The PA described the percentile as an aspect of the form for the standard [(U.S. EPA, 2011a),

section 7.7].

6 F2 is defined as: NHx/Qy, where NHy is the deposition divided by Q; [(U.S. EPA, 2011a), p. 7-37].

" F3 is defined as: TNOv/Qy, where TNOy is the transference ratio that converts deposition of NOy to ambient air
concentrations of NOv [(U.S. EPA, 2011a), p. 7-37].

8 F4 is defined as: TSOx/Qr, where TSOx is the transference ratio that converts deposition of SOx to ambient air

concentrations of SOx [(

June 2018

U.S. EPA., 2011a), p. 7-37].
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transference ratios that convert concentrations of NOy and SOx to related
deposition of nitrogen and sulfur [(U.S. EPA, 2011a), Section 7.7].”

There are several other key scientific considerations included in the AAI that were
discussed in the 2011 NOxSOx Policy Assessment (U.S. EPA, 2011a):

e Spatial heterogeneity of factors in the AAI equation: The value of factors in the
AAI equation vary across the U.S. Factors could be calculated for a spatial
boundary based on ecologically similar landscape (e.g., Omernick ecoregion).

e Temporal heterogeneity: There is a relatively high degree of interannual
variability expected in the AAI because it is so strongly influenced by the amount
and pattern of precipitation that occurs within a region from year to year, therefore
averaging calculated annual AAI values over 3 to 5 years would provide
reasonable stability.

o Level: With regard to a level for the AAI, the 2011 NOxSOx Policy Assessment
(U.S. EPA, 2011a) concluded consideration should be given to a level within the
range of 20 to 75 peg/L, noting that a target ANC value of 20 peq/L would be a
reasonable lower end of this range, so as to protect against chronic
acidification-related adverse impacts on fish populations which have been
characterized as severe at ANC values below this level.

1.2.3

June 2018

Changes: New Evidence and Causal Determinations

Since the 2008 ISA, several conceptual changes have occurred in our understanding of
the sources of N deposition and in the relationship between atmospheric concentration
and deposition. (Chapter 1.3 and Appendix 2). Models of N deposition rely on accurate
emissions data. Since the 2008 ISA, NOx emissions have been decreasing but NHx
emissions increasing. As a result, total reactive N emissions (NOx + NHx) have not only
remained steady, but their uncertainty has increased. This is because emissions estimates
that have the lowest levels of uncertainty are from stationary and mobile sources (the
main sources of NOx), and higher levels of uncertainty are associated with agricultural
emissions (the main source of NHx).

A better understanding of the relationship between atmospheric concentration and
deposition has resulted from advances in understanding bidirectional exchange of NH3
and NOx chemistry within canopies. These advances have led to the first efforts to
provide a detailed characterization of N and S deposition on a national scale, by using
both measured and modeled values with the goal of providing estimates of total sulfur
and nitrogen deposition across the U.S.

New evidence since the 2008 ISA increases in the weight of evidence for ecological
effects, confirming concepts previously identified and improving quantification of dose
(deposition)—response relationships, particularly for N deposition. The ecological effects
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are described by the causality determinations. There are 20 causality statements in this
ISA (Chapter 1, Table 1-1). Fourteen are causal relationships repeated from the 2008 ISA
or modified from the 2008 ISA to include specific endpoints. One is a likely causal
relationship repeated from the 2009 PM ISA. Five are new endpoint categories not
evaluated in the 2008 ISA: three with causal relationships, one with a likely causal
relationship, and one suggestive of a causal relationship. Chapter 1, Table 1-3 shows that
N and S deposition cause alteration of (1) biogeochemical components of soil and water
chemistry and (2) multiple levels of biological organization ranging from physiological
processes to shifts in biodiversity and ecological function (Chapter 1, Figure 1-4).

The current NO2 and SO secondary NAAQS are set to protect against direct damage to
vegetation by exposure to gas-phase oxides of nitrogen and oxides of sulfur. Research
continues to support causal relationships between SO,, NO2, NO, peroxyacetyl nitrate
(PAN), HNO3, and injury to vegetation (Chapter 1, Table 1-1), but research that tests
plant response to the lower exposure levels that represent current atmospheric NOv and
SOx concentrations is limited. Therefore, little evidence is available to inform whether
current monitored concentrations of gas-phase NOy and SOx are high enough to injure
vegetation.

It is clear that NOy, SOx, and PM contribute to total N and S deposition, which alters the
biogeochemistry and the physiology of organisms, resulting in harmful declines in
biodiversity. Decreases in biodiversity mean that some species become relatively less
abundant and may be locally extirpated. The current period in Earth’s history is the
Anthropocene. In addition to a spike in soil radiocarbon from nuclear bomb testing
(Turney et al., 2018), a defining attribute of the Anthropocene is global human-driven
mass extinctions of many species. The biodiversity loss reported in this assessment
contributes to the Anthropocene loss of biodiversity (Rockstrom et al., 2009). In addition
to the loss of unique living species, the decline in total biodiversity is harmful because
biodiversity is an important determinant of the stability of ecosystems and the ability of
ecosystems to provide services to humanity (see more on biodiversity in Chapter 1.2.2.4).
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Table 1-1  Causal determinations for relationships between criteria pollutants
and ecological effects from the 2008 NOx/SOx ISA or the 2009 PM

ISA, for other effects of particulate matter (PM), and the current draft

Integrated Science Assessment.

Effect Category

Causal Determination

2008 NOx/SOx ISA

Current Draft ISA

Gas-phase direct phototoxic effects

Gas-phase SO2 and injury to vegetation
Appendix 3.5.1

Causal relationship

Causal relationship

Gas-phase NO, NO2, and PAN and injury to vegetation
Appendix 3.5.2

Causal relationship

Causal relationship

Gas-phase HNOs and injury to vegetation®
Appendix 3.5.3

Causal relationship

Causal relationship

N and acidifying deposition to terrestrial ecosystems

N and S deposition and alteration of soil biogeochemistry
in terrestrial ecosystems®

Appendix 4.1

Causal relationship

Causal relationship

N deposition and the alteration of the physiology and
growth of terrestrial organisms and the productivity of
terrestrial ecosystems®

Appendix 6.6.1

Not included

Causal relationship

N deposition and the alteration of species richness,
community composition, and biodiversity in terrestrial
ecosystems®

Appendix 6.6.2

Causal relationship

Causal relationship

Acidifying N and S deposition and the alteration of the
physiology and growth of terrestrial organisms and the
productivity of terrestrial ecosystems?

Appendix 5.7.1

Not included

Causal relationship

Acidifying N and S deposition and the alteration of
species richness, community composition, and
biodiversity in terrestrial ecosystems?

Appendix 5.7.2

Causal relationship

Causal relationship

N and acidifying deposition to freshwater ecosystems

N and S deposition and alteration of freshwater
biogeochemistry®

Appendix 7.1.7

Causal relationship

Causal relationship
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Table 1-1 (Continued): Causal determinations for relationships between criteria
pollutants and ecological effects from the 2008 NOx/SOx
ISA or the 2009 PM ISA, for other effects of particulate
matter (PM), and the current draft Integrated Science

Assessment.
Causal Determination
Effect Category 2008 NOx/SOx ISA Current Draft ISA
Acidifying N and S deposition and changes in biota, Causal relationship Causal relationship

including physiological impairment and alteration of
species richness, community composition, and
biodiversity in freshwater ecosystemsf

Appendix 8.6

N deposition and changes in biota, including altered Causal relationship Causal relationship
growth and productivity, species richness, community

composition, and biodiversity due to N enrichment in

freshwater ecosystems9

Appendix 9.6

N deposition to estuarine ecosystems

N deposition and alteration of biogeochemistry in Causal relationship Causal relationship
estuarine and near-coastal marine systems

Appendix 7.2.10

N deposition and increased nutrient-enhanced coastal Not included Likely to be a causal
acidification relationship

Appendix 7.2.10

N deposition and changes in biota, including altered Causal relationship Causal relationship
growth, total primary production, total algal community

biomass, species richness, community composition, and

biodiversity due to N enrichment in estuarine

environmentsh

Appendix 10.7.1

N deposition and changes in biota, including altered Not included Suggestive of, but not
physiology, species richness, community composition, sufficient to infer, a causal
and biodiversity due to nutrient-enhanced coastal relationship

acidification

Appendix 10.7.2

N deposition to wetland ecosystems

N deposition and the alteration of biogeochemical cycling Causal relationship Causal relationship
in wetlands

Appendix 11.10

N deposition and the alteration of growth and productivity, Causal relationship Causal relationship
species physiology, species richness, community
composition, and biodiversity in wetlands

Appendix 11.10
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Table 1-1 (Continued): Causal determinations for relationships between criteria
pollutants and ecological effects from the 2008 NOx/SOx
ISA or the 2009 PM ISA, for other effects of particulate
matter (PM), and the current draft Integrated Science
Assessment.

Causal Determination

Effect Category 2008 NOx/SOx ISA Current Draft ISA

S deposition to wetland and freshwater ecosystems

S deposition and the alteration of mercury methylation in  Causal relationship Causal relationship
surface water, sedimen_t, and soils in wetland and
freshwater ecosystems'

Appendix 12.7

S deposition and changes in biota due to sulfide Not included Causal relationship
phytotoxicity, including alteration of growth and

productivity, species physiology, species richness,

community composition, and biodiversity in wetland and

freshwater ecosystems

Appendix 12.7

2009 PM ISA Current Draft ISA
Other ecological effects of PM
PM and a variety of effects on individual organisms and  Likely to be a causal Likely to be a causal
ecosystems relationship relationship

Appendix 15.7

C = carbon; Hg = mercury; HNO3 = nitric acid; ISA = Integrated Science Assessment; N = nitrogen; NO = nitric oxide;
NO. = nitrogen dioxide; PAN = peroxyacetyl nitrate; S = sulfur; SO, = sulfur dioxide.

aThe 2008 ISA causality statements for gas-phase HNO; was phrased as, “changes in vegetation.”

"The 2008 ISA included two causality statements for terrestrial biogeochemistry which were phrased as, “relationship between
acidifying deposition and changes in biogeochemistry” and “relationship between N deposition and the alteration of
biogeochemical cycling of N.”

‘The 2008 ISA causality statement for biological effects of N enrichment in terrestrial ecosystems was phrased as, “relationship
between N deposition and the alteration of species richness, species composition and biodiversity.”

9The 2008 ISA causality statement for biological effects of acidifying deposition in terrestrial ecosystems was phrased as,
“relationship between acidifying deposition and changes in terrestrial biota.”

€The 2008 ISA included three causality statements for freshwater biogeochemistry phrased as, “relationship between acidifying
deposition and changes in biogeochemistry related to aquatic ecosystems”, “relationship between N deposition and the alteration
of biogeochemical cycling of N”, and “relationship between N deposition and the alteration of biogeochemical cycling of C.”

The 2008 ISA causality statement for biological effects of acidifying deposition in freshwater ecosystems was phrased as,
“relationship between acidifying deposition and changes in aquatic biota.”

9The 2008 ISA causality statement for biological effects of N deposition in freshwater ecosystems was phrased as, “relationship
between N deposition and the alteration of species richness, species composition and biodiversity in freshwater aquatic
ecosystems.”

"The 2008 ISA causality statement for biological effects of N deposition to estuaries was phrased as, “relationship between N
deposition and the alteration of species richness, species composition and biodiversity in estuarine ecosystems.”

The 2008 ISA causality statement for biological effects of S deposition effects on ecosystems was phrased as, “relationship
between S deposition and increased methylation of Hg, in aquatic environments where the value of other factors is within
adequate range for methylation.”
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Figure 1-4

June 2018

2018 NOx SOx PM Integrated Science Assessment for ECOLOGICAL EFFECTS *

Indicator | Gases +

Nitrogen depaosition

Sulfur depositian

Nitrogen and Sulfur
deposition

Direct

Class of Pollutant Effect phytotoxic

N-enrichment/Eutrophication

Eutrophication
driven
acidification

Sulfide Toxicity Mercury Methylation

Acidification

Ecosystem | Terrestrial

Productivity

Ecosystem

Biodiversity

Community

Growth rate

Individual

Population

Physiological
alteration, stress
or injury

Scale of Ecological Response

Individual

Soil or sediment
chemistry

Geochemistry

Surface water
chemistry

Terrestrial Wetland Estuary

Estuary

Wetland

Fresh
water

Wetland

Causality framework

Likely causal |

| | Inadequate | ‘ Not likely ‘ ‘ Not evaluated in causal framework

Terrestrial

* A causal relationship is likely to exist between deposition of PM and a variety of effects on individual organisms and ecosystems, based
on information from the previous review and limited new findings in this review

% Includes: NO, NO,, HNO;, SO, and PAN

Causal relationships between the criteria pollutants and ecological effects.
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June 2018

Since the 2008 ISA, the largest increase in ecological evidence is for terrestrial N driven
eutrophication effects (Chapter 1.5.1, Chapter 1.5.2, Appendix 4, and Appendix 6). This
new research confirms the causal relationship between N deposition and ecological
effects documented in the 2008 ISA and improves our understanding of the mechanistic
links that inform causal determinations between N deposition, biogeochemistry, and biota
in terrestrial ecosystems (Chapter 1, Table 1-1). Further, there is now stronger empirical
evidence from across most regions of the U.S. to quantify the levels of N deposition
(empirical CLs) that cause biodiversity declines of lichens and grasses/forbs. There is
new evidence to quantify empirical CLs across much of the U.S. for nitrate leaching, tree
survivorship, and mycorrhizal biodiversity.

New research confirms that N + S deposition causes terrestrial ecosystem acidification, as
documented in the 2008 ISA (Chapter 1, Table 1-1). New evidence to characterize
terrestrial acidification (soil biogeochemistry changes and biological effects) across large
regions of the U.S. is available; in particular, new modeling work has improved
calculation of CLs for soil acidification (Chapter 1.5.3; Appendix 4 and Appendix 5).

New evidence for freshwater acidification CLs builds on several decades of research
documenting freshwater acidification effects on aquatic biota in the U.S. and confirms the
causal relationships determined in the 2008 ISA (Chapter 1, Table 1-1).

The sources of N driven eutrophication of fresh waters, estuaries, and wetlands include
atmospheric N deposition and N from agricultural and other wastewaters. New research
has helped show how these respective sources contribute to total loading. In freshwater
ecosystems where atmospheric deposition is the primary source of N, such as in high
alpine watersheds, new CLs support previous observations of increased algal
productivity, species changes, and reductions in diversity. New evidence also supports
clear links between aqueous sulfur concentrations in aquatic systems and both mercury
methylation and sulfide toxicity; however, quantitatively linking these outcomes to
atmospheric deposition remains a challenge.

Since the 2008 ISA, N enrichment has been recognized as a possible contributing factor
to increasing acidification of coastal environments. Dissolution of atmospheric
anthropogenic CO; into the ocean has led to long term decreases in pH. With increasing
N inputs to coastal waters, CO; in the water column is produced from degradation of
excess organic matter from changing land use, as well as respiration of living algae and
seagrasses, which in turn can make the water more acidic (Appendix 10.5). Increasing
acidification of coastal waters, which can be exacerbated by elevated N input, is
projected to alter marine habitat, have a wide range of effects at the population and
community level and affect food web processes. Nutrient-enhanced coastal acidification
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has been documented in systems with strong thermal stratification with spatial or
temporal decoupling of production and respiration processes.

1.3

June 2018

Emissions and Atmospheric Chemistry

The atmospheric chemistry from emission to deposition discussed in this ISA is for the
criteria pollutants NOy, SOx, and PM. In addition to gas-phase chemical species, total N,
Sand N + S deposition is a main focus.

A wide variety of N containing compounds (oxidized + reduced, and organic + inorganic)
contribute to wet and dry N deposition (Appendix 2.1). NHx (NHx = NHz + NH4")
includes both the PM component NH4* and NH3. NH3 may account for 19-63% of total
observed inorganic N deposition, rather than NOv or PM; therefore, it is discussed in the
ISA to better understand how the criteria pollutants NOv and the PM component NH,*
contribute with NHs to cause N deposition. In addition, PM impacts discussed in this
document are also mainly focused on N and S containing species, which together usually
make up most of the PM2s mass in most areas of the U.S., and have greater and better
understood ecological impacts than other PM components.

Both gaseous and particulate forms of NOv, SOx, and NHx contribute to atmospheric
deposition. The major components of particulate matter in the U.S. are NO3~, SO4%",
NH,*, organic carbon, and elemental carbon. Of these, NO3~, SO42", and NH4* usually
have a strong influence on acid deposition, and NOs~and NH.*, and in some cases
organic nitrogen (organic nitrates and reduced organic N), make a substantial
contribution to N deposition.

Since the 2008 ISA, there have been a number of new developments including:

o Expansion of ambient monitoring networks to include NHs; and NOv at selected
sites, and comparisons of monitoring methods with research-grade instruments
(Appendix 2.4);

e Adoption of new methods, such as data-model fusion, to integrate deposition
information across the U.S. (Appendix 2.5);

o Incorporation of bidirectional exchange into models of dry deposition
(Appendix 2.5.2); and

e Improvements in techniques using satellite-based measurements and
chemistry-transport model simulations to estimate emissions, concentrations, and
dry deposition of NO2, SO, and NH3 (Appendix 2.6).
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13.1

Sources and Atmospheric Transformations

Both gaseous and particulate forms of N and S contribute to atmospheric deposition. The
main contributors to acidifying precipitation are H,SO4 and HNOs, which are formed
from precursor emissions of SO, and NOx (NO + NO-) (Appendix 2.2). Gaseous
emissions of NH3 and SO, are each dominated by a single source: agriculture (fertilizer
application and animal waste) for NHsz and electricity generating units (EGUSs) for SO..
Notably, SO, emissions from EGUs have been decreasing. NOx emissions have a wider
distribution of sources, with substantial contributions from highway and off-highway
vehicles, lightning, and EGUs. Primary PM.s and PM, emissions are dominated by dust
and fires, but much of the PM2s mass in the U.S. is produced by reaction of gas-phase
precursors to form secondary PM. s, and the majority of the mass is often due to N and S
species produced by secondary PM; s formation. Because of this process, a sharp decrease
in SO, emissions in recent years has led to a corresponding decrease in SO4% and PM_s
concentrations.

Major components of particulate N and S include NH4*, NO3™, and SO4?", which are
primarily derived from gaseous precursors NHs, NOx, and SO, (Appendix 2.3). In the
eastern U.S., NOs~ and SO+ make up an even greater portion of PM,s mass in areas
where PM2 s mass is the highest. Formation of particulate N and S is described in the
2009 ISA for Particulate Matter (U.S. EPA, 2009a). An understanding of the sources,
chemistry, and atmospheric processes for these gas-phase and PM species provides a
background for understanding acidifying and N deposition.

1.3.2

June 2018

Measurement and Modeling Techniques

Monitoring networks across the U.S. measure NOy, SOx, and NHx species involved in
deposition (Appendix 2.4.1). The National Acid Deposition Program/National Trends
Network (NADP/NTN) has monitored precipitation chemistry for several decades at
many U.S. sites. The Clean Air Status and Trends Network (CASTNET) has monitored
concentrations of inorganic gas and particulate-phase N and S species since 1990.
Concentrations are combined with measurements of micrometeorology and surface
characteristics to infer dry deposition. Monitoring of NH3z (Appendix 2.5.3) in the
Ammonia Monitoring Network (AmoN), part of the NADP network, was initiated at a
subset of CASTNET sites in 2007. The Interagency Monitoring of Protected Visual
Environments (IMPROVE) network and the Chemical Speciation Network (CSN)
measure PM and PM components including NH4*, NOs~, and SO4?, although these data
are not used to estimate deposition rates (Appendix 2.4.1).
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Atmospheric N deposition rates are calculated from measurements and models. Direct
measurement of NO; has limited utility for quantifying NOy deposition rates. Because
NOv is composed of diverse chemical species with a wide range of deposition velocities
and compensation points, unmeasured component species of NOy and concentrations of
all NOy species in data-sparse regions must be provided by regional models in
conjunction with satellite data (Appendix 2.4.2).

Estimates of dry deposition (Appendix 2.5.2) over the contiguous U.S. (CONUS) are
inferred by atmospheric models, either regional-scale chemical transport models (CTMs)
or local-scale micrometeorological models, using CASTNET data. These models perform
well in predictions of long-term changes in PM; s sulfate, nitrate, and mass, but are both
subject to uncertainties in their treatment of small-scale turbulence, surface interactions,
and in particular, seasonal variability in NOs;~ deposition, mainly because of uncertainties
in NHs emissions. Consequently, dry deposition rates (and ratios of wet-to-dry
deposition) continue to be highly uncertain.

1.3.3

June 2018

Spatial and Temporal Variability in Deposition

Emissions of SO, and NOx (NO + NO;) have declined dramatically since the passage of
the Clean Air Act Amendments in 1990. Emissions of NOx in the U.S. from highway
vehicles and fuel combustion declined 49% between 1990 and 2013, while nationwide
annual average NO; concentrations decreased by 48% from 1990 to 2012 ISA (U.S. EPA
2016f). Total emissions of SO, decreased by 72% from 1990 to 2011.

Overall deposition of total N (oxidized + reduced N) has not decreased over the past

25 years (Appendix 2.7). Although NOx emissions have declined in the CONUS,
emissions of NHs have increased in many areas. The large spatial variability in N
deposition is evident in the map (Chapter 1, Figure 1-5) of average (2011 to 2013) annual
dry + wet deposition of NOy and NHx over the CONUS estimated using the TDEP (Total
Deposition) modeling approach (Appendix 2.7), which combines output from the
Community Model for Air Quality (CMAQ) system with wet deposition from the
NADP/NTN (Schwede and Lear, 2014b).

According to TDEP estimates for 2011-2013 (Appendix 2.7), at least one-third of the
CONUS is estimated to receive at least 10 kg N/ha/yr dry + wet deposition, with some
areas receiving more than 15 kg N/ha/yr. It is likely that estimates for the spatial extent of
the areas receiving at least 10 kg N/ha/yr of deposition and the overall amount of N
deposited are too low because reduced organic N species are not routinely monitored or
considered in air quality models such as CMAQ.
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In general, wet deposition of reduced N exceeds that of oxidized N across the CONUS.
Nationwide, deposition of N occurs mainly by dry deposition of HNOz; and NH3z (with
NH; dominant), according to estimates based on CASTNET and NADP data and CMAQ
modeling results (Figure 2-4). Hybrid satellite/modeling and CMAQ results indicate that
dry deposition of NO; is also a nontrivial source of deposited N in many areas. Over the
past 25 years, NADP/NTN data show that wet deposition of inorganic N

(oxidized + reduced) decreased in areas such as the Northeast, but remained constant or
increased in areas such as the central U.S. (see Figure 2-32 in Appendix 2.7). Wet
deposition of total inorganic N has not tracked declines in NOx emissions over the past
25 years, indicating that wet deposition of reduced inorganic N has increased in this
period.

For S deposition, wet deposition tends to dominate over dry deposition in large areas of
the CONUS. Dry deposition of particulate SO4?" is only a minor source of S.
Anthropogenic emissions of S and subsequent deposition have declined markedly since
the 1990s, with the most pronounced declines in the eastern U.S. Currently, the highest
values of total (wet + dry) SOx deposition in the U.S. are in parts of the Ohio Valley
region, and range between 15 to 20 kg S/ha/yr (Figure 2-35).

Both N and S deposition contribute to acidification of ecosystems. The pH of rainwater
has increased markedly across the U.S. since 1990, coincident with decreases in the wet
deposition of nitrate and sulfate. However, there are still widespread areas affected by
acidifying precipitation, mainly in the eastern U.S. (see Appendix 2.7). Total acidifying
deposition (wet + dry N + S, expressed as H* equivalents) fluxes for 2011 to 2013 ranged
from a few hundred H* equivalents/ha/yr over much of the western U.S. to over 1,500 H*
equivalents/ha/yr in a broad swath encompassing the Midwest and the Mid-Atlantic
regions, and in other isolated hotspots surrounding areas of concentrated industrial or
agricultural activity (Chapter 1, Figure 1-6).
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of nitrogen per hectare per year.
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Figure 1-6

June 2018

Total deposition of total oxidized nitrogen, reduced nitrogen, and
oxidized sulfur expressed as H* equivalents per hectare per year
over the contiguous U.S. 2011-2013.

Dry deposition rates are a strong function of surface characteristics, which modify the
structure of surface layer turbulence and the resistance to uptake by vegetation
(Appendix 2.5.2). As a result, spatially aggregated estimates of dry deposition fluxes are
subject to sizable uncertainty, in addition to inherent uncertainties in the measurement of
species concentrations and in the inference of dry fluxes. Wet fluxes are not directly
influenced by surface characteristics (although orography affects transport and
precipitation) but are subject to smaller uncertainties in the measurement of rainfall and
chemistry.
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1.4

Gas-Phase Direct Phytotoxic Effects

New evidence supports the causal determinations made in the 2008 ISA regarding
gas-phase effects on vegetation, and there are no new causal statements for gas-phase
effects. As in the 2008 ISA, the current ISA concludes that there are causal relationships
between SO,, NO2, NO, PAN, HNOs, and injury to vegetation. This determination is
based on consistent, coherent, and biologically plausible evidence (Appendix 3.2,
Appendix 3.3, and Appendix 3.4; Chapter 1, Table 1-1). The clearest evidence for these
conclusions comes from studies available at the time of the 2008 ISA. There have been
some additional studies since the 2008 ISA. The majority of evidence on the direct
effects of gaseous NOy and SOx comes from controlled exposure studies across many
species of vegetation. The majority of controlled exposure studies over the past several
decades have used concentrations of gas-phase NOy and SOx above current ambient
conditions observed in the U.S. Relevant information is lacking on exposures and effects
reflecting the more recent lower pollutant conditions. Therefore, there is little evidence
available to inform whether current monitored concentrations of gas-phase NOy and SOx
are high enough to injure vegetation.

14.1

June 2018

Sulfur Dioxide

In the 2008 ISA, evidence was sufficient to infer a causal relationship between exposure
to SO and injury to vegetation. The current secondary standard for SO- is a 3-hour
average of 0.50 ppm, which is designed to protect against acute foliar injury in
vegetation. There has been limited research on acute foliar injury since the 1982 PM-SOx
Air Quality Criteria Document (AQCD), and there is no clear evidence of acute foliar
injury below the level of the current standard. The limited new research since 2008 adds
more evidence that SO, can have acute negative effects on vegetation but does not
change conclusions from 2008 ISA regarding the causal relationship between SO»
exposure and vegetation damage or the SO levels producing these effects (see

Appendix 3.1). Consistent with the 2008 ISA, the body of evidence is sufficient to infer
a causal relationship between gas-phase SO, and injury to vegetation.

Increased SO, exposure concentrations and longer exposure times are associated with
decreases in plant growth and yield. The 1982 PM-SOx AQCD concluded that more
definitive concentration-response studies were needed before useable exposure metrics
could be identified. However, very few studies of the effects of SO, on the growth of
vegetation in the U.S. have been conducted since 1982. Recent studies from eastern
Europe indicate recovery of tree growth in response to decreases in SO, concentrations
since the 1980s and that annual SO, concentrations of 4 ppb decreased silver fir (Abies

33 DRAFT: Do Not Cite or Quote



© 0O N o o b~ W

10
11
12

13
14
15
16
17
18
19
20
21
22
23
24

25
26
27
28

alba) growth. In West Virginia, the growth of eastern red cedar (Juniperus virginiana)
trees increased with declines in SO, emissions since the 1980s.

1.4.2

Nitrogen Oxide, Nitrogen Dioxide, and Peroxyacetyl Nitrate

In the 2008 ISA, evidence was sufficient to infer a causal relationship between exposure
to NO, NO-, and PAN and injury to vegetation. It is well known that in sufficient
concentrations, NO, NO-, and PAN can have phytotoxic effects on plants through
decreased photosynthesis and induction of visible foliar injury. However, the 1993
Oxides of Nitrogen AQCD concluded that concentrations of NO, NO,, and PAN in the
atmosphere are rarely high enough to have phytotoxic effects on vegetation (U.S. EPA
1993), and very little new research has been performed at concentrations currently
observed in the U.S. (see Appendix 3.3). Thus, consistent with the previous 2008 ISA,
the body of evidence is sufficient to infer a causal relationship between gas-phase
NO, NO2, and PAN and injury to vegetation.

1.4.3

Nitric Acid

In the 2008 ISA, evidence was sufficient to infer a causal relationship between exposure
to HNOs and changes to vegetation. The 2008 ISA reported experimental exposure to
HNO; resulted in damage to the leaf cuticle of pine and oak seedlings, which may
predispose those plants to other stressors such as drought, pathogens, and other air
pollutants. Since the 2008 ISA, (Padgett et al., 2009b) investigated dry deposition of
HNO:3 on the foliage in a fumigation study and confirmed the earlier research. The 2008
ISA also reported several lines of evidence that past and current HNO; concentrations
may be contributing to the decline in lichen species in the Los Angeles basin. Subsequent
studies conducted in the Los Angeles basin since the 2008 ISA provide further evidence
of the impacts (see Appendix 3.4). These new studies continue to support the causal
findings of the 2008 ISA, such that the body of evidence is sufficient to infer a causal
relationship between gas-phase HNO; and changes to vegetation.

1.5

June 2018

Terrestrial Ecosystem Nitrogen Enrichment and Acidification

For terrestrial ecosystems, new evidence reinforces causal findings from the 2008 ISA
and provides the basis for two new causal statements that reflect a more comprehensive
understanding of how N and acidifying deposition alter terrestrial ecosystem biota
(Chapter 1, Table 1-1). In general, N deposition may cause soil N enrichment and
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stimulate the growth of opportunistic species. However, in sensitive soils, deposition of N
and/or S can cause soil acidification, which may decrease growth and cause mortality
among sensitive plant species. Atmospheric deposition of N and S alter the species
composition of terrestrial systems by one of four mechanisms: (1) nutrient enrichment
(eutrophication; Appendix 4 and Appendix 6), (2) acidification (Appendix 4 and
Appendix 5), (3) direct damage (Appendix 3), and (4) secondary effects (e.g., wildfire;
Appendix 6). Ecosystems and communities may be simultaneously affected by one or
more mechanisms depending on the sensitivity of environmental and biological
properties to each mechanism.

Despite the abundance of N in the environment, plants are unable to directly access the
large pools of N contained in the atmosphere as N, gas and in the soil as large organic
molecules. Consequently, the limited availability of reactive N often constrains biological
activity in terrestrial ecosystems. Thus, N deposition is considered nutrient enrichment
because N additions generally stimulate plant growth and productivity (cumulative
growth of all vegetation within a community), which has been recognized since the
second half of the 19th century. In comparison, the biological influence of acidifying
deposition is less ubiquitous and largely constrained to ecosystems with historically high
rates of deposition and vulnerable because of factors such as geology and climate. While
S is also an essential macronutrient, less S is required for growth than N, and areas
affected by acidifying deposition typically receive S at rates that greatly exceed biotic
demand. Instead, the impact of acidifying deposition stems from the disruptions to
biochemical processes caused by decreased pH and shifts in soil physiochemical
processes that decrease the supply of other essential nutrients (e.g., Ca, Mg) and increase
the mobilization of toxic forms of Al.

Current knowledge of soil biogeochemistry indicates soil N enrichment and soil
acidification occur in sensitive ecosystems across the U.S. at present levels of deposition.
Newly published work indicates decreasing SO, emissions and S deposition have led to
early signs of recovery from acidification in some northeastern watersheds, but areas in
the Southeast do not show recovery (Appendix 4). There are many well-defined soil
indicators related to the biological effects of acidifying (N + S) deposition. New evidence
uses these indicators to describe the status of ecosystems, either by empirical observation
or models. Soil indicators for acidification are more typically modeled than those for
eutrophication effects. There is an abundance of new information on biogeochemical
pools and processes, including a new conceptual framework for the N saturation of
terrestrial ecosystems.

The enrichment of terrestrial ecosystems by N deposition often increases plant
productivity and causes changes in physiology and growth rates that vary among species.
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This has been observed for herbaceous plants and trees across ecoregions. The changing
growth rates transform competitive interactions between species, and as a consequence
lower species diversity is often observed with increasing N deposition within terrestrial
communities. The relationship between N deposition and community composition is
often derived empirically as critical loads. There are many new critical loads available
since the 2008 ISA, including those for lichens, herbaceous plants, and mycorrhizae.

The process of terrestrial acidification has been well understood and documented for
decades. Recent research, since the 2008 ISA, has confirmed and strengthened this
understanding and provided more quantitative information, especially across
regional-scale landscapes. A number of studies have evaluated the relationships between
soil chemistry indicators of acidification and ecosystem biological endpoints (see

Table 5-6), and some models are well established. There have been new advances in the
parameterization of acidification models to U.S. soils since the 2008 ISA (Appendix 4.5)
resulting in better certainty of critical loads. Biological endpoints included in the
evaluations include physiological and community responses of trees and other vegetation
(such as lichens), soil biota, and fauna.

The following section summarizes the main effects of N and S deposition on terrestrial
ecosystems.

151

June 2018

Soil Biogeochemistry

In the 2008 ISA, evidence was sufficient to infer causal relationships between

(1) acidifying deposition and changes in terrestrial biogeochemistry and (2) between N
deposition and terrestrial biogeochemical cycling of N. There is new evidence of how
deposition contributes to total loading in ecosystems, as well as new information from
addition, gradient, and time-series studies characterizing how deposition affects soil pools
and processes. Much of the new work focuses on the effects of N deposition, with
relatively little work focusing on S deposition. Soil N enrichment and soil acidification
occur in sensitive ecosystems across the U.S. at present levels of deposition. Decreasing
S emissions have led to early signs of recovery from acidification in some northeastern
watersheds, but areas in the Southeast do not show recovery. Deposition rates of total N
(NOvy + NHx) are relatively unchanged across much of the CONUS (Appendix 2.7).
Accordingly, there are no signs of recovery from N enrichment effects. Critical load
determinations have been made at the ecoregion scale for NOs™ leaching. Critical loads
for biological effects are summarized below (Chapter 1.5.1.2, Chapter 1.5.2.2, and
Chapter 1.5.3.3). The body of evidence is sufficient to infer a causal relationship

36 DRAFT: Do Not Cite or Quote



© 0o N o o b~ W

10
11
12
13
14
15

between N and S deposition and alteration of soil biogeochemistry in terrestrial
ecosystems, which is consistent with the conclusions of the 2008 ISA.

1511

Soil Processes and Indicators

Deposition of N or N + S alters soil chemistry, which can have cascading effects on
aquatic ecosystems (for effects on aquatic biology and chemistry see

Appendix 7—Appendix 10). Soil acidification is a natural process that can be accelerated
by N or S deposition. Deposition in the forms of HNO3 and H.SO. can directly acidify
soils; however, deposition of reduced forms of N (e.g., NHx) can also cause soil
acidification by releasing hydrogen ions (H*) during the microbial oxidation of NH4* to
NO;". There are a number of soil geochemical processes associated with acidification
(Chapter 1, Table 1-2). Base cations counterbalance acid anions. Base cations are added
to the soil solution by weathering and atmospheric deposition and are removed by
leaching and biological uptake. Where acidifying deposition rates are high relative to
base cation input, this deposition can deplete exchangeable base cation pools in soils.
There are several useful indicators of soil acidification (Chapter 1, Table 1-2) that have
guantitative relationships to biological responses (Appendix 5).

Table 1-2

Summary of key soil geochemical processes and indicators
associated with eutrophication and acidification.

Endpoint

N Driven
Nutrient
Enrichment Acidification The Effect of Deposition

Process

N saturation

X X New empirical evidence suggests revising the N saturation
concept, specifically it is now observed that NOs™ leaching
can occur even if the ecosystem N capacity to retain N has
not yet been saturated.

Soil N accumulation X X New meta-analysis across ecosystem types confirms

inorganic soil NOs~ concentration increases with N addition.
New gradient study confirms that N concentration increases
with N deposition. New addition study confirms increased
soil N accumulation. New studies on Soil N accumulation
are summarized in Table 4-3.

June 2018
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Table 1-2 (Continued): Summary of key soil geochemical processes and
indicators associated with eutrophication and acidification.

Endpoint

N Driven
Nutrient
Enrichment

Acidification

The Effect of Deposition

NO3™ leaching

X

X

New meta-analysis confirms leaching increases with N
additions. Regional-scale gradient analyses: <8 kg N/halyr
onset of leaching; <1 kg N/ha/yr in European forests; in the
NE U.S., 90% retention for sites receiving 7 kg N/ha/yr to
60% retention for sites receiving 11 kg N/halyr.

New USFS critical loads for the onset of leaching: 8—-10 kg
N/halyr in eastern and western U.S., 17 kg N/ha/yr in the
Sierra Nevada and San Bernardino Mountains. New studies
on Soil N accumulation are summarized in Table 4-3.

S accumulation and
adsorption

Some soils (notably in many watersheds in the SE U.S.)
have the capacity to adsorb substantial quantities of S, with
essentially no acidification of drainage water. Nevertheless,
S adsorption capacity is finite, and under continual high S
deposition loading, the adsorptive capacity of soil will
eventually be exceeded.

New studies of 27 watersheds in the SE indicate most will
begin releasing SO4%" in the next two decades; NE
watersheds show a net loss of S from soils now in response
to decreased levels of atmospheric S deposition. New
studies on soil S accumulation are summarized in Table 4-4.

S04%" leaching

Atmospheric S deposition generally increases leaching of
S04%" to surface waters. The amount of deposition that
causes the onset of leaching varies across the landscape.
New studies on soil SO4?~ leaching are summarized in
Table 4-4.

Base cation leaching
and exchange

Base cation (Ca, Mg, K, Na) release from soil particles to the
soil solution occurs in response to the input of acid anions
(SO4?” and NO3") from deposition.

New studies confirm base cation depletion continues to
occur in the Rocky Mountains (threshold 28 kg N/ha/yr) and
in U.K. grasslands, while in a NE forest, 17 yr of N addition
did not cause further depletion. A meta-analysis suggests
cation depletion early after increased deposition of acid
anions, but this depletion tapers off with time. New studies
on base cation leaching and exchange are summarized in
Table 4-5.

Al mobilization

The threshold for inorganic Al mobilization from solil is
<15-20% soil base saturation. This is an extremely
important effect of acidifying deposition because inorganic
monomeric Al is toxic to biota (Appendix 5 and Appendix 8).
Inorganic Al is minimally soluble at pH 6.0, but solubility
increases steeply at pH below 5.5.

New studies on Al in soils are summarized in Table 4-6.

June 2018
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Table 1-2 (Continued): Summary of key soil geochemical processes and
indicators associated with eutrophication and acidification.

Endpoint

N Driven
Nutrient
Enrichment

Acidification

The Effect of Deposition

Nitrification

X

X

Nitrification releases 2 mol hydrogen ion (H*) per mol NH4*
converted to NOs~, acidifying soils. As soil inorganic N
accumulates, net nitrification rates often increase, and NO3~
can leach from the ecosystem.

New N gradient and meta-analysis studies confirm N
addition increases nitrification. New studies on nitrification
are summarized in Table 4-6.

Denitrification

Denitrification is the microbial reduction of NO3™ to NO2~,
NO, the greenhouse gas N20, and Nz, which occurs under
anaerobic conditions. In Europe, soil switched from a source
to a sink after two decades of N deposition exclusion. New
meta-analysis confirms N addition increases denitrification
rates. New studies on denitrification are summarized in
Table 4-6.

DOC leaching

In recent years, the DOC of many lakes and streams has
risen, with the source likely from the soils in the adjacent
terrestrial watershed. However, the mechanism causing the
observed increase is unclear and may be due to a
combination of soil recovery from acidification, changes in
climate (e.g., temperature and precipitation), and N
deposition among other mechanisms. New studies are
summarized in Table 4-10.

Decomposition

The addition of N can stimulate the breakdown of labile
compounds that degrade during the initial stages of
decomposition, but added N can suppress the
decomposition of more recalcitrant material. There are new
addition studies and meta-analysis on mechanisms and
response trends.

New studies are summarized in Table 4-8.

Indicator

Soil [N]

Increases in soil [N] indicate soil N accumulation and the
size of the soil N pool that may be assimilated by organisms
or mobilized via leaching.

Soil C:N ratio

Decreasing soil C:N linked to changes in decomposition and
increases in nitrification and NOs™ leaching.

<20-25 causes increased nitrification and elevated risk of
NOs™ leaching in the U.S. and <25-30 for increased NO3~
leaching in Europe.

Soil base saturation

Increasing N + S deposition decreases the soil pool of
exchangeable base cations.

<15-20% exchange ion chemistry is dominated by inorganic
Al and may cause injury to vegetation (see Appendix 5).

June 2018
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Table 1-2 (Continued): Summary of key soil geochemical processes and

indicators associated with eutrophication and acidification.

N Driven
Nutrient
Endpoint Enrichment Acidification The Effect of Deposition
Soil Bc:Al ratio X Increasing N + S deposition decreases the soil pool of
exchangeable base cations, often decreasing the Ca:Al
ratio.
Ca:Al <1.0 causes physiological stress, decreased growth,
and mortality of sensitive plant species (see Appendix 5).
Fungi-to-bacteria ratio X New indicator: Increasing N deposition decreases the

fungi-to-bacteria ratio and causes a transition from N to C
limitation among soil food webs.

Al = aluminum; AIF* = aluminum(lll); Bc = base cations; C = carbon; Ca = calcium; DOC = dissolved organic carbon; H* = hydrogen
ion; ha = hectare; K = potassium; kg = kilogram; Mg = magnesium; N = nitrogen; N, = molecular (atmospheric) nitrogen;

N.O = nitrous oxide; Na = sodium; NE = northeastern; NH,* = ammonium; NO = nitric oxide; NO,™ = nitrite; NO3™ = nitrate;
S = sulfur; SE = southeastern; SO42” = sulfate; U.S. = United States; USFS = U.S. Forest Service; U.K. = United Kingdom;

yr = year.

June 2018

Some of the same processes and indicators associated with acidification are also
associated with the N enrichment of soils in response to the input of exogenous N
(Appendix 4.3). The 2008 ISA documented that the increase in global reactive N (defined
as NOy + NHx + organic N) that occurred over the previous century was largely due to
three main causes: (1) widespread cultivation of crops that promote conversion of N> gas
to organic N through biological N fixation, (2) fossil fuel combustion converting
atmospheric N, and fossil N to NOx, and (3) the Haber-Bosch process, which converts
nonreactive N to reactive N to sustain food production and some industrial activities
(Galloway et al., 2003; Galloway and Cowling, 2002).

The 2008 ISA documented that atmospheric deposition of N can increase soil N. Soil N
accumulation is linked to increased N leaching and decreased retention of N. Critical
loads for the onset of elevated NOs™ leaching are given in Appendix 4.6.2.2.

The 2008 ISA described the conceptual model of N saturation, which occurs when N
input rates to terrestrial ecosystems exceed the uptake capacity of the soils and biota, and
is indicated by the onset of increased soil N leaching. However, more recent work has
revised the N saturation model in response to observations in which N leaching resulted
from N input rates that are faster than vegetation and soil uptake rates, thus distinguishing
capacity N saturation from kinetic N saturation. Budgets from 83 forested watersheds in
the northeast U.S. show that N retention averages 76% of the incoming atmospheric N
deposition and decreases from 90% retention at 7 kg N/ha/yr of deposition to 60%
retention at 11 kg N/ha/yr of deposition.

40 DRAFT: Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=94063
http://hero.epa.gov/index.cfm?action=search.view&reference_id=44223

O© 00 N o o A W N P

e e o =
o UM W DN P O

17
18
19
20
21
22
23
24
25
26
27
28
29

30
31
32
33
34
35
36
37
38

June 2018

The 2008 ISA documented that N enrichment is associated with changes in microbially
mediated biogeochemical processes, including nitrification, denitrification, and
decomposition (Appendix 4.3). The addition of N can increase nitrification (the microbial
conversion of NH4* to NO3™), which contributes to soil acidification. Nitrification is often
stimulated in soils with a C:N ratio below approximately 20 to 25, which can be
decreased by N deposition. The NOs™ created by nitrification may be leached or
denitrified. Denitrification is the microbial reduction of NOs™ to NO-", NO, the
greenhouse gas N0, and N, which occurs under anaerobic conditions. Several syntheses
have been published since 2008 evaluating N addition effects on denitrification and
nitrification in terrestrial ecosystems. A new meta-analysis shows N addition
substantially increases denitrification from many types of ecosystems (e.g., coniferous
forest, deciduous forest, tropical forest, wetland, grassland), except heathlands. Among
five chemical forms of N studied, NOs™ addition showed the strongest stimulation of N.O
emission. Using data extracted from 206 peer-reviewed papers, a second meta-analysis
observed that the largest changes in the ecosystem N cycle caused by N addition were
increased nitrification (154%), N.O emissions (134%), and denitrification (84%).

About one-half of C fixed annually during photosynthesis by terrestrial vegetation is
allocated to belowground C processes; therefore, it is important to understand how N
affects belowground C to better understand changes in plant physiology, plant growth,
and ecosystem C cycling (Appendix 6). Many studies have shown that changes in
belowground C cycling do not always parallel shifts in aboveground C cycling, making
extrapolation from aboveground responses to belowground processes inappropriate. New
studies published since 2008 (Appendix 4.3.10) have generally found that N addition
increases aboveground litter inputs (+20%), inhibits CO; loss via microbial respiration
(—8%), and decreases microbial biomass carbon (—20%). Dissolved organic carbon
concentrations increased (+18%), suggesting C leaching loss may increase. The addition
of N increased the C pool size within the soil organic horizon (+17%), attributed to both
increased litter input and decreased decomposition (inferred from the lower microbial
respiration rates).

The effect of N on organic matter decomposition is an active area of research
(Appendix 4.3.9). Decomposition primarily occurs through the leaching of soluble
chemicals, the depolymerization of complex biomolecules by microbial extracellular
enzymes, and the microbial assimilation of nutrients. Bacteria and fungi are the primary
microbial decomposers of organic matter. Both microbial community composition (see
Appendix 6) and microbial enzyme activity can respond to shifts in inorganic N and
substrate availability. Within the literature, litter decay rates have long been correlated
with the ratio of N to C or lignin in litter. Based on these observations, it could be
assumed that added N would stimulate decomposition and the loss of C from soil pools.
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However, the stimulatory effects of N on decomposition are limited to the early stages of
mass loss, and the addition of N slows the later stages of decomposition that are
controlled by the degradation of recalcitrant compounds. In general, N additions decrease
respiration from soil heterotrophs, but do not necessarily decrease total soil respiration
because heterotrophic respiration accounts for only a portion of the soil CO; efflux.

1.51.2

National-Scale Sensitivity and Critical Loads

As of the 2008 ISA, the regions of the U.S. with abundant acid-sensitive soils had been
well delineated. These acid-sensitive ecosystems are generally located in mountainous
terrain in the eastern U.S. and are underlain by bedrock resistant to weathering. However,
a similar delineation of the areas sensitive to the eutrophication effects of N had not yet
been completed. There is strong evidence demonstrating that biogeochemical sensitivity
to deposition-driven eutrophication and acidification is the result of historical loading,
geologic/soil conditions (e.g., mineral weathering and S adsorption), and/or natural
sources of N and S loading to the system. There is no single deposition level applicable to
all ecosystems in the U.S. marking the onset of eutrophication or acidification.

Several new publications report the results of field observations and modeling studies on
soil recovery from acidification, specifically in the northeastern U.S., and the lack of
recovery in the southern Appalachian Mountains (Table 4-18). New ecoregion-scale
terrestrial critical loads for NO3™~ leaching were published in 2011 and have been updated
by more recent published work. However, the most recent national-scale assessment of
soil acidification was published in 2007.

1.5.2

June 2018

Biological Effects of Terrestrial Nitrogen Enrichment

The enrichment of terrestrial ecosystems by N deposition often increases plant
productivity and causes changes in physiology and growth rates that vary among species.
This combination of effects can alter the composition and decrease diversity of terrestrial
communities by transforming competitive interactions between species and changing the
availability of other essential resources, including light, water, and nutrients. Because N
deposition can cause both eutrophication and acidification and these processes can occur
simultaneously, the relationship between N deposition and community composition has
often been derived empirically. Many of the effects of N deposition are similar across
ecosystems and life forms because N is an essential macronutrient, but the composition
and magnitude of how these effects are expressed within an ecosystem can differ as a
result of biotic and abiotic influences. Consequently, as with the 2008 ISA, we have
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grouped the effects of N deposition on physiology and biodiversity by biome (e.qg., forest,
tundra, grassland, and arid lands), with further framing by life form (e.g., plants,
microorganisms) and functional groups (e.g., trees, herbaceous plants). In comparison,
the broadest CLs created by the scientific community are at the ecoregion level, in which
spatial boundaries across the landscape are typically defined based on ecological,
climatological, and geological differences.

The 2008 ISA documented consistent evidence that N additions increased plant
productivity across a wide range of terrestrial ecosystems. Since 2008, a large body of
new research on the biological effects of added N in terrestrial ecosystems has been
published from investigations of plant and microbial physiology, long-term
ecosystem-scale N addition experiments, regional and continental-scale monitoring
studies, and syntheses. These studies have been conducted in ecosystems representing
biomes in the U.S., including tundra, grasslands, arid and semiarid lands, and tropical,
temperate, and boreal forests. As a consequence of the breadth of this research, there is a
strong mechanistic and empirical understanding for many of the biological effects of
added N. This body of evidence is sufficient to infer a causal relationship between N
deposition and the alteration of the physiology and growth of terrestrial organisms
and the productivity of terrestrial ecosystems.

The varying effects of N deposition on the growth and physiology of individual species
have consequence for biodiversity. In the 2008 ISA, evidence was sufficient to infer a
causal relationship between N deposition and the alteration of species richness, species
composition, and biodiversity in terrestrial ecosystems. The 2008 ISA documented
consistent evidence of reduced species richness and altered community composition from
N addition studies in the U.S. and N deposition gradient studies in Europe for grassland
plant diversity, forest understory plants, and forest mycorrhizal fungi. There was also
consistent evidence of altered plant and mycorrhizal community composition from N
addition studies in arid and semiarid ecosystems, particularly in southern California.
There was little evidence of changes in forest overstory tree composition. Since the 2008
ISA, new research techniques have been developed to understand community
composition, a larger number of communities have been surveyed, and new regional and
continental-scale studies have made it possible to isolate the influence of N deposition
from other environmental factors. This new research has provided more extensive and
mechanistic evidence, and combined with the findings of the 2008 ISA, this body of
evidence is sufficient to infer a causal relationship between N deposition and the
alteration of species richness, community composition, and biodiversity in
terrestrial ecosystems.
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Physiology and Biodiversity

At the time of the 2008 ISA, terrestrial ecologists had used meta-analyses to broadly
quantify the effects that N deposition can have on the growth of terrestrial plants,
concluding that N additions stimulate plant productivity by 20—30% in grasslands,
forests, tundra, and wetlands, increase aboveground productivity in herbaceous plant
communities, alter plant tissue chemistry, decrease biomass of mycorrhizal fungi, and
alter litter decomposition (Appendix 6.6.1). Recent research has provided further
coherent and consistent evidence that N additions stimulate plant growth and
productivity, but this research is still dominated by studies of temperate ecosystems and
aboveground plant responses (Figure 6-1 and Figure 6-2).

In the 2008 ISA, the positive plant growth response to N deposition was attributed to
higher rates of photosynthesis. However, evidence for this is mixed: increases in
photosynthesis following N additions have been observed across a variety of plant
functional types, but higher rates of photosynthesis have not been consistently observed
in response to chronic N additions meant to simulate atmospheric deposition. There is
new support for another mechanism that would increase aboveground growth: decreases
in the quantity of C allocated by plants to roots, mycorrhizae, and root exudation. There
was evidence in the 2008 ISA that N additions increase aboveground biomass more than
belowground biomass, raising the shoot-to-root ratio among plants, but evidence is now
more consistent and widespread. Plants invest substantial amounts of C to support
mycorrhizal fungi, but there is evidence this investment declines when N is added to
terrestrial ecosystems. Similarly, there is mounting evidence that plants can increase root
exudation as N availability decreases.

Evidence that biodiversity change can be a consequence of N deposition has accumulated
since 2008 and includes new information for major taxonomic groups, including
herbaceous plants, overstory trees, and two groups of symbionts (lichens and
mycorrhizae). Evidence is now more widespread for decreases in lichen species richness
as the result of N deposition in the U.S. There are direct observations that N deposition in
the U.S. is changing mycorrhizal community composition and altering herbaceous plant
species richness across a broad range of ecosystems, including forests, grasslands, arid
and semiarid ecosystems, and alpine tundra. In addition, based on changes in mortality
and growth rates of dominant tree species, there is also indirect evidence that N
deposition is altering overstory tree community composition.

A substantial body of research linking changes in biodiversity to shifts in N availability
has been developed. Within this body of research, there is evidence that (1) rare species
are particularly vulnerable to loss and (2) organisms with specific traits will have either
positive or negative responses in growth and survival when N is added. Both mechanisms
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can operate simultaneously and both mechanisms tie the changes in physiology, growth,
and productivity caused by increased N availability to declines in biodiversity.

As noted in Appendix 4, soil microorganisms have important roles in regulating N and C
cycling. There are several mechanisms to alter soil microbial biomass and physiology,
including changes in soil pH, increases in inorganic N availability, shifts in soil food
webs, and changes in the quantity and quality of available C. There were some
observations in the 2008 ISA that added N decreases microbial biomass, but there is now
more evidence that added N generally negatively or neutrally affects microbial biomass C
and microbial biomass N (Table 6-4).

Forests

Forests occur within every U.S. state, but are most abundant in the eastern U.S., montane
and coastal portions of the western U.S., and Alaska. The distribution of forests is bound
by water availability, cold temperatures, and land management. In the 2008 ISA, there
was consistent evidence that N additions stimulated forest productivity, but these
responses varied widely and included both neutral and negative effects of N additions on
tree growth. However, there had been no empirical analyses of how atmospheric N
deposition altered forest productivity in the U.S. at broad scales. The 2008 ISA lacked
information on whether N deposition had any impact on the diversity and composition of
forest overstory trees, but did present evidence for changes in the composition of
herbaceous vegetation, epiphytic lichens, and microbial communities. The addition of
new research since the 2008 ISA provides coherent evidence that N deposition alters the
physiology, growth, and community composition of overstory trees, understory plants,
lichens, mycorrhizal fungi, soil microorganisms, and arthropods.

As of the 2008 ISA, most long-term N addition experiments were located in temperate
forests in the northeastern U.S. or in temperate or boreal forests in Europe. In these
studies, conifer species were less likely than broadleaf species to exhibit positive growth
responses to added N and more frequently exhibited increased mortality and decreased
growth. Since the 2008 ISA, a number of new observations from experiments, forest
inventory studies, model simulations, and data synthesis efforts have been published
quantifying increases in forest net primary productivity (NPP), net ecosystem
productivity (NEP), and ecosystem C storage (Figure 6-3). Overall, evidence is consistent
that N deposition increases forest ecosystem C storage, including specific evidence
indicating that current rates of N deposition in the northeastern U.S. broadly stimulate
aboveground forest productivity.
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Many of the observations in the 2008 ISA about how long-term N additions affected
forest mortality and aboveground productivity have been reinforced by more recent
research, including long-term forest inventory data collected from across the eastern U.S.
and in Europe. Growth and mortality responses have apparent links to plant functional
traits; for example, several conifer species common to the northeastern U.S. exhibited
negative growth responses in both long-term N addition experiments and in an analysis of
forest inventory data. Tree species hosting arbuscular mycorrhizal fungi also showed
increased growth in response to N additions and N deposition.

Analyses of forest inventory from the eastern U.S. have not directly assessed changes in
overstory tree composition, but the evidence of species-specific effects on growth and
mortality observed in these studies suggest that changes in community composition are
occurring. These analyses represent an advancement in our understanding from the time
of the 2008 ISA, when the impact of N deposition on the composition of forest overstory
trees was unclear.

In comparison, there is direct evidence that N deposition is altering the composition of
forest understory plant communities. The evidence for altered forest understory plant
communities (also known as herbaceous layer or groundcover vegetation) comes from
both the 2008 ISA and from the more recent literature. Changes in understory plant
communities have been observed in monitoring plots along atmospheric N deposition
gradients in the U.S. and in Europe. In Europe, forest understory plant communities have
shifted toward more nutrient-demanding and shade-tolerant plant species.

Higher rates of aboveground tree growth in response to N deposition might be due to
shifts in C allocation away from belowground processes. Changes in C allocation in
response to additional N have been accompanied by decreases in the abundance of
mycorrhizal fungi and changes in mycorrhizal community composition (Table 6-2,

Table 6-14). Evidence for composition change is particularly abundant in
ectomycorrhizal fungal communities (Table 6-14); there are fewer observations of how
arbuscular mycorrhizal fungal communities change in response to N additions (Table 6-3;
Table 6-16). There are also numerous observations of altered total microbial (including
bacterial) biomass and community composition. For microbial biomass, most studies
identified since 2008 observed either negative or neutral effects of N additions, consistent
with results of syntheses published before the 2008 ISA (Table 6-4). Changes in soil
microbial community composition were identified along an N deposition gradient in
Europe and in all three N addition studies. The effects of N additions on individual
microbial taxonomic groups (bacteria, archaea, fungi, etc.) have been less consistent
(Table 6-15). Overall, there is evidence that N additions can decrease total microbial
biomass and alter microbial communities in forest soils.
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Within soil food webs, soil microorganisms have both direct and indirect links to
arthropods. Because arthropods feed upon both microorganism and litter, they can be
important regulators of decomposition, nutrient cycling, and forest productivity. Several
studies have examined the response of forest arthropod communities to added N,
including a group of studies on insect herbivores conducted in southern California
(Table 6-17). There is coherent evidence that N additions can alter forest arthropod
communities.

Epiphytic lichens have long been recognized as sensitive to air pollution. Although these
organisms often make up a small portion of forest biomass, they have important roles in
hydrologic cycling, nutrient cycling, and as sources of food and habitat for other species.
New research on lichen community composition identified since the 2008 ISA has further
added to the consistent and coherent evidence that lichen communities in the U.S. and
Europe are sensitive to current levels of atmospheric N deposition (Appendix 6.2.6;
Table 6-23). In particular, the U.S. Forest Service’s Forest Inventory and Analysis
Program has ample data on the abundance of lichens throughout the U.S., and shifts in
lichen community composition clearly attributable to atmospheric N pollution have been
observed in forests throughout the West Coast, in the Rocky Mountains, and in
southeastern Alaska. Shifts in epiphytic lichen growth or physiology have been observed
along atmospheric N deposition gradients in the highly impacted area of southern
California, but also in more remote locations such as Wyoming and southeastern Alaska,
(Table 6-5). A number of experimental N studies have also created more detailed insight
into changes in lichen physiology processes. Overall, there is widespread evidence from
forests that N deposition can alter the growth, physiology, and biodiversity of trees,
herbaceous plants, lichens, soil microorganisms, and arthropods.

Tundra

Within the U.S., tundra ecosystems are limited to Arctic ecosystems in Alaska and to
relatively isolated, high elevation sites in the West. Although these ecosystems tend to be
remote, the influence of atmospheric N deposition is distinct and there was evidence in
the 2008 ISA indicating that alpine tundra plant communities were sensitive to
atmospheric N deposition. Alpine organisms may be more sensitive to N deposition
because of the unique nature of N cycling in these ecosystems, which tend to have limited
inorganic N availability. Since the 2008 ISA, numerous studies of tundra physiological,
productivity, and community composition responses to added N have been published,
providing further evidence that N deposition alters the growth and physiology of alpine
plant communities, including vascular plants (herbaceous and woody), bryophytes, and
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lichens (Appendix 6.2.4), as well as evidence of altered soil microbial communities
(Table 6-8; Table 6-19).

As in forests, increases in N content in response to additional N are widespread in tundra
plant communities (Table 6-6). Higher tissue N concentrations in response to added N
have been observed in multiple studies for vascular plants, bryophytes, and lichens. The
2008 ISA noted that plant growth and biomass responses tended to be species specific.
Subsequent studies have confirmed this result (Table 6-6), showing varying responses to
added N among ecosystem types, plant functional groups, and species. Whereas vascular
plants tend to show a positive response to added N, both bryophytes and lichens tend to
decrease in biomass and cover (Table 6-5; Table 6-6).

Given the varying effects of N addition on species physiology and growth, the numerous
observations of N addition impacts on species richness, species diversity, and community
composition among vascular plants, bryophytes, and lichens in alpine and Arctic tundra
ecosystems are unsurprising (Appendix 6.3.4; Table 6-18). Within the U.S., these
observations have included effects of N additions on plant community composition in
Colorado and Washington. In northern Europe, decreases in plant species richness along

atmospheric N deposition gradients have been documented. Overall, this new research
has provided further evidence that experimental N additions can alter plant biodiversity in
alpine and Arctic tundra ecosystems and has provided new evidence that current rates of
atmospheric N deposition in Europe are associated with a loss of plant species richness in
these ecosystems.

There are relatively few observations regarding the effect of N additions on total
microbial biomass or the biomass response of individual microbial taxonomic groups in
tundra ecosystems, and these results have also been largely inconsistent. However, new
research has provided evidence that N additions can alter microbial community
composition in alpine tundra ecosystems (Table 6-8; Table 6-19).

Grasslands

Grasslands are most prevalent in the central U.S., yet also are widely distributed across
the U.S. in areas where woody vegetation is excluded by environmental factors or
management. There was widespread evidence at the time of the 2008 ISA that the
growth, physiology, and productivity of grassland plants could be altered by N
deposition. In addition, there were multiple lines of evidence in the 2008 ISA that
grassland plant, mycorrhizal, and microbial communities were sensitive to N inputs.
Combined with subsequent research, the evidence is clear that physiology, growth, and
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community composition of plants, mycorrhizae, soil microorganisms, and arthropods are
sensitive to N inputs in grasslands.

Although NPP can be limited by multiple factors (e.g., water, herbivores, other nutrients)
in all ecosystems, these other limitations tend to be more marked in grasslands than
forests, making it harder to understand and predict the effects of increased N availability.
However, the general response is similar (Appendix 6.2.5): N additions stimulate NPP,
increase foliar N, and increase allocation to aboveground biomass (increased ratio of
shoot:root mass).

Evidence from the U.S. of grassland plant community composition change in the 2008
ISA was based on N addition studies in Mediterranean grasslands in California and
northern prairie ecosystems. However, large-scale assessments of biodiversity across
observed atmospheric N deposition gradients were restricted to Europe. Recent research
provides further evidence that N deposition reduces grassland biodiversity in the U.S. and
Europe (Appendix 6.3.5). Since 2008, there have been direct observations of reduced
species richness along atmospheric N deposition gradients for grasslands in the U.S. and
Europe. These gradient studies have documented an interaction with soil pH, noting that
N deposition causes a greater loss of species richness and a shift in community
composition at sites with lower pH. Together, these findings from deposition gradients in
the U.S. and Europe provide coherent evidence that N deposition causes shifts in plant
community composition and the loss of plant species richness through mechanisms of
both acidification and eutrophication. Experimental studies published since 2008 have
provided more insight into the mechanisms linking changes in plant and microbial
community composition to increased N availability, providing evidence that declines in
species richness increase with time and that competition for resources such as water may
exacerbate the effects of N addition on diversity.

Overall, the additional studies in grassland ecosystems have confirmed that many of the
responses observed in the older N addition studies also occur at present rates of
atmospheric N deposition. These changes include losses in forb species richness (which
make up the majority of grassland biodiversity), greater growth of grass species (which
make up the majority of grassland biomass), changes in reproductive rates, as well as
shifts in mycorrhizal (Table 6-16), soil microbial (Table 6-20), and arthropod
populations. In total, due to the prevalence of N limitation in grasslands and the
dominance by fast-growing species that can shift in abundance rapidly (in contrast to
forest trees), grasslands appear especially sensitive to N input rates comparable to N
deposition across much of the contiguous U.S.
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Arid and Semiarid

Arid and semiarid ecosystems are abundant in areas of the western U.S. where climate or
orography create annually or seasonally dry conditions. At the time of the 2008 ISA, a
large amount of information was available on how N deposition affected the growth and
physiology of plants and microorganisms in arid and semiarid ecosystems, and there was
coherent evidence that plant communities in these ecosystems could be altered by the
added N. Evidence for these effects was particularly strong in coastal sage scrub (CSS),
chaparral, and Mojave Desert ecosystems in southern California. Within the CSS
ecosystems, N deposition has been linked to increased mortality in native shrubs,
decreased abundance of arbuscular mycorrhizal fungi, higher cover of invasive annual
plants, and increased wildfire activity. Similar increases in invasive annual plant cover
and fire frequency have also been attributed to N deposition in areas of the Mojave
Desert downwind of urban centers in southern California. Research since 2008 has
further documented these effects, with consistent evidence that N deposition can affect
the physiology, growth, and community composition of plants and soil microorganisms
in arid and semiarid systems.

The effects of N deposition on physiological and biogeochemical processes in arid and
semiarid ecosystems are even more clearly dependent on moisture availability than in
grasslands (Appendix 6.2.6). In these ecosystems, inorganic N often accumulates in the
soil during dry periods, and growth and physiological responses to additional N are only
observed when and where sufficient moisture is available. Two additional important
effects of aridity include (1) higher soil base saturation and pH that buffer these systems
from the acidification effects of N deposition and (2) spatially patchy nutrient availability
that develops beneath isolated shrub canopies. One important effect of N deposition on
arid and semiarid ecosystems is to decrease the patchiness of nutrient availability, which
promotes the growth of invasive annual plants in the spaces between the isolated shrubs.
The growth of these annual plants creates a more continuous fuel bed for wildfires,
increasing the prevalence of fire, and shifting plant community composition toward more
fire-adapted plant species.

Since 2008, increases in aboveground plant biomass or plant cover have been observed in
the U.S. in the Mojave and Sonoran Deserts, and in southern California chaparral, and
internationally in China and Spain (Appendix 6.2.6). Given the linkage to fire, it is
notable that there have been multiple observations of increased annual plant growth in the
Mojave Desert in response to added N.

New research has also provided further evidence that N deposition alters plant
communities in arid and semiarid ecosystems, particularly in southern California, but also
in other locations (Appendix 6.3.6). Many of these studies documented changes in plant
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community composition, with fewer observations of plant species loss or changes in plant
diversity. Overall, this body of research has provided consistent and coherent evidence
that N deposition is altering the growth, physiology, and community composition of
plants in arid and semiarid ecosystems. Relative to plants, there are fewer studies of
microbial communities (Table 6-12; Table 6-22), but these studies provided evidence that
N additions can alter the abundance, physiology, and community composition of soil

microorganisms in arid and semiarid ecosystems.

1.5.2.2
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National-Scale Sensitivity and Critical Loads

At the time of the 2008 ISA, there had been little quantification of the extent and
distribution of N sensitivity in terrestrial ecosystems in the U.S. In the 2008 ISA, there
was no published U.S. national CL assessment. Since then, substantial work has been
done on quantifying N CLs for U.S. ecoregions. The most notable new work is the U.S.
Department of Agriculture—Forest Service (USDA—FS) Assessment of Nitrogen
Deposition Effects and Empirical Critical Loads (Pardo et al., 2011a). That assessment

was organized by Level 1 ecoregions, and where data were available, CLs calculations
were made for individual ecosystem types (e.g., forests within the Mediterranean
California ecoregion) and life forms (i.e., lichens, mycorrhizal fungi). This ISA largely
follows that structure, reporting terrestrial N CLs for life forms (e.g., herbaceous plants)
within each ecoregion, which is a geographically defined area within a broader biome
(e.g., forests) based on distinct physical and biological features (e.g., Northwest Forested
Mountains, Eastern Temperate Forests, etc.).

In general, higher N CLs were often reported for regions with higher ambient N
deposition. One explanation for this pattern is that when ecosystems experience elevated
N deposition, the current condition already represents a change from the condition before
elevated N deposition (i.e., a pristine or near-pristine state). This pattern would explain
why the empirical CL is often above the ambient deposition even as that deposition
increases in the same ecosystem type across a region (Pardo et al., 2011a).

Newer CL studies are presented in tandem with the CLs reported by Pardo et al. (2011a)
in Table 6-28 and Chapter 1, Figure 1-7. The majority of values for new CLs are within
the range of CLs identified by Pardo et al. (2011a). Notably, Simkin et al. (2016)
identified a new lower range of 7.9 kg N/ha/yr, and new lower CLs are denoted for alpine

ecosystems in the Northwest Forested Mountains ecoregion. There are also new CLs for
herbaceous species in two ecoregions that previously had no CL [Table 6-28, (Simkin et
al., 2016)].
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Figure 1-7 Summary of critical loads in the U.S. for shrubs and herbaceous
plants (yellow), trees (blue), lichens (green), and mycorrhizae
(grey).

Recently, Clark et al. 2018 (In press) estimated CL exceedance areas for the
conterminous U.S. over a more than 200 year period. Overall, this analysis showed that
terrestrial N CLs have been exceeded for many decades in areas across the U.S.
Exceedance areas peaked in 1995 for changes in lichen communities and plant
community composition at 3.47 and 2.87 million km?, respectively, before declining
marginally by 2006. The minimum forest tree health CL was exceeded in 2.41 million
km?2 by 1855 and did not change much over time, primarily because the relatively low CL
compared to deposition values in the Eastern Temperate and Northern forest ecoregions.
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Biological Effects of Acidification

Since publication of the 2008 ISA, the overarching understanding of terrestrial
acidification has not appreciably changed. Recent research has confirmed and
strengthened this understanding and provided more quantitative information, especially
across regional-scale landscapes. A number of studies have evaluated the relationships
between soil chemistry indicators of acidification and ecosystem biological endpoints
(see Table 5-6). Soil chemistry indicators examined in recent literature include
exchangeable base cations (Bc), soil pH, exchangeable acidity (H* and Al), exchangeable
Bc:Al ratio, base saturation, and Al concentrations. The most common indicator used in
determining critical loads is the soil solution Bc:Al ratio. Appendix 5.2.1 discusses the
uncertainty considerations when using this indicator. Biological endpoints included in the
evaluations consisted of physiological and community responses of trees and other
vegetation, lichens, soil biota, and fauna.

1.53.1

June 2018

Physiology and Growth

In the 2008 ISA, evidence was sufficient to infer a causal relationship between acidifying
deposition and changes in terrestrial biota; the evidence included changes in plant
physiology, plant growth, and terrestrial biodiversity. The physiological effects of
acidification on terrestrial ecosystems in the U.S. were well characterized at the time of
the 2008 ISA and included slower growth and increased mortality among sensitive plant
species. Consistent and coherent evidence from multiple species and studies in 2008
showed that the biological effects of acidification on terrestrial ecosystems were
generally attributable to physiological impairment caused by Al toxicity and decreased
ability of plant roots to take up base cations (Section 3.2.2.3 of the 2008 ISA). Much of
the new evidence for the negative effects of acidifying deposition comes from Ca
addition experiments, in which the addition of Ca has alleviated many of the negative
plant physiological and growth effects. Consistent with the findings of the 2008 ISA, the
body of evidence is sufficient to infer a causal relationship between acidifying N and
S deposition and the alteration of the physiology and growth of terrestrial organisms
and the productivity of terrestrial ecosystems.

In the 2008 ISA, acidifying deposition, in combination with other stressors, was found to
be a likely contributor to physiological effects that led to the decline of sugar maple (Acer
saccharum) trees occurring in portions of the eastern U.S. with base-poor soils. Studies
since the 2008 ISA support these findings (see Appendix 5.2.1.1). For example, recent
field studies have shown relationships between soil chemical indicator threshold values
and tree responses. Substantial declines in sugar maple regeneration have been found at
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soil base saturation levels <20%, which is consistent with the range reported in the 2008
ISA.

In new studies, sugar maple showed positive growth and regeneration responses to
increasing exchangeable base cations, base saturation, and soil pH, and negative
relationships with increasing exchangeable Al. In other studies, the growth, regeneration,
and physiological responses of sugar maple to the soil conditions created by acidifying
deposition were reversed or ameliorated by Ca additions. Similarly, the 2008 ISA
reported that processes associated with soil acidification contributed to physiological
stress, high mortality rates, and decreasing growth trends of red spruce (Picea rubens)
trees. New evidence from Ca addition studies provides further support for these
mechanisms (see Appendix 5.2.1.2). Added Ca reversed or ameliorated many of the
physiological responses to acidification.

In the 2008 ISA, there was limited information on the effects of acidification on other
tree species. Since the 2008 ISA, research has observed varying physiological sensitivity
to soil acidification among eight eastern U.S. tree species. New studies since the 2008
ISA have also added new information about the effects of acidifying deposition on forest
understory vegetation, grasslands, lichens, and higher trophic level organisms (snails and
salamanders) that support the terrestrial acidification conclusions of the 2008 ISA.

1.5.3.2

June 2018

Biodiversity

The 2008 ISA noted strong evidence that acidifying deposition could alter terrestrial
community composition and cause a loss of terrestrial biodiversity. The physiological and
growth effects of acidifying deposition are not uniform across species, resulting in altered
species composition and decreased biodiversity whereby sensitive species are replaced by
more tolerant species. For example, increasing soil base cation availability was tied to
greater sugar maple growth and seedling colonization, whereas American beech (Fagus
grandifolia) was relatively more dominant on soils with lower base cation availability
(see Appendix 5.2.1.3.1). Measurements of soil acid-base chemistry have been used as a
predictor of understory species composition, with 50 understory species associated with
high soil base cation status. In another set of studies, soil acid-base chemistry was
correlated with soil biodiversity and community composition. For example, addition of
Ca resulted in changes in soil bacterial community composition and bacterial community
structure that were correlated with soil exchangeable Ca, pH, and P (see Appendix 5.2.4).
Based on research included in the 2008 ISA and these new studies, the body of evidence
is sufficient to infer a causal relationship between acidifying N and S deposition and
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the alteration of species richness, community composition, and biodiversity in
terrestrial ecosystems.

1.5.3.3

June 2018

National-Scale Sensitivity and Critical Loads

The sensitivity of soils to acidifying deposition is discussed in detail in Appendix 4. In
general, surficial geology is the principal factor governing the sensitivity of terrestrial
ecosystems soil to acidification from S and N deposition. Other factors that contribute to
the sensitivity of soils to acidifying deposition include topography, soil chemistry, and
land use. Several widely accepted models are currently used in the U.S. to assess the
terrestrial effects of S and N deposition (Appendix 4.5). These models are typically used
to evaluate acidification effects on biota by assigning a value of a soil parameter that
relates to the onset of a harmful biological effect. Since the 2008 ISA, estimates of base
cation weathering (BCw), which are input to soil acidification models, have improved for
application in the U.S. and have yielded new critical loads. Forests of the Adirondack
Mountains of New York, Green Mountains of Vermont, White Mountains of New
Hampshire, the Allegheny Plateau of Pennsylvania, and mountain tops and ridges forest
ecosystems in the southern Appalachians are the regions that are most sensitive to
terrestrial acidification from atmospheric deposition (Appendix 3.2.4.2 of the 2008 ISA).

Models used to determine critical loads of acidifying deposition included SMB, STA,
MAGIC, ForSAFE-VEG, and empirical models. Several models and extrapolation
methods to estimate BCw rates were also investigated. The PROFILE model was
evaluated as a model to estimate soil BCw rates to support estimates of SMB critical
loads in the U.S. (see Appendix 4.5). In general, recently published models used soil
solution Bc:Al ranging from 1.0 to 10.0 as an indicator to estimate CLs in North
America.

Ecosystem sensitivities to ambient N and S deposition were also characterized by
developing CLs and exceedances (see Appendix 4.6; Chapter 1, Figure 1-8, and
Appendix 5.5). Calculated CLs for forest plots based on the soil solution Bc:Al of 10.0 in
the northeastern U.S. ranged from 11 to 6,540 eqg/ha/yr (eq quantifies the supply of
available H* ions, combining the acidifying effects of N and S deposition), and 15-98%
of these plot-level CLs were exceeded by N and S deposition. In this region, correlation
analyses showed that the growth of 17 tree species were negatively correlated with CL
exceedance. In Pennsylvania, CLs based on the soil solution Bc:Al of 10.0 for hardwood
forests ranged from 4 to 10,503 eg/ha/yr and were exceeded by estimated N and S
deposition in the Year 2002 in 53% of the plots. Several studies found that CL and
exceedance determinations could be influenced by BCw rates, soil chemical indicators, N
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retention, tree species-specific base cation uptake, and/or bulk (i.e., wet) versus total
deposition on CL estimates.

Forest Ecosystems Critical Loads for Acidity

S +N eq/hafyr
B 170-1,000
B 1,001-2,000 =
7] 2,001-4,000 w's
_14,001-6,000 o4
[ 6,001-8,800
—— States

No Data

eq = equivalent; ha = hectare; yr = year.
(A) McNulty et al. (2007) critical loads are mapped at 1-km? grids (center map). For uncertainty, see Li and McNulty (2007).

(B.) Duarte et al. (2013) critical loads are mapped at 4-km? grids; (C. and D.) Phelan et al. (2014) critical loads are mapped for each
sampling site (Pennsylvania). McDonnell et al. (2014b); Sullivan et al. (2011b); Sullivan et al. (2011a) critical loads are mapped as a

single point at the center point of the watershed (New York and North Carolina).
Source: http://nadp.sws.uiuc.edu/committees/clad/db/NCLDMapSummary 2015.pdf.

Figure 1-8 Forest ecosystem critical loads for soil acidity related to base
cation soil indicators.
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1.6

June 2018

Freshwater Ecosystem Nitrogen Enrichment and
Acidification

For freshwater systems, new evidence reinforces causal findings from the 2008 ISA
(Chapter 1, Table 1-1). New evidence also expands the scope of existing causal findings
to include additional biota affected by N enrichment and acidifying deposition, and
supports quantification of these effects with new critical loads (see Chapter 1.6.3.2).
Freshwater systems include lakes (lentic systems) and rivers and streams (lotic systems).
In freshwater ecosystems, N may cause N enrichment/eutrophication. Aquatic
eutrophication occurs as increased productivity of algae and aquatic plants, altered
nutrient ratios, and sometimes decreased oxygen levels. Deposition of N, S, or N + S can
cause acidification, which affects watershed biogeochemical processes and surface water
chemistry. Freshwater N enrichment and acidification take place in sensitive ecosystems
across the U.S. at present levels of deposition and may occur simultaneously in some
water bodies.

New studies have added to the body of evidence in the 2008 ISA that N nutrient
enrichment and acidifying deposition alter freshwater biogeochemistry and subsequent
biological effects. There is new information on biogeochemical processes including
cycling of N and S. Both N enrichment/eutrophication and acidification can impact
physiology, survival, and biodiversity of sensitive aquatic biota. The 2008 ISA and new
studies provide examples of lakes and streams that show signs of eutrophication,
especially increased algal growth and shifts in algal biodiversity, in response to N
addition. The current causal statement for nutrient enrichment effects of N deposition
now includes altered algal growth and productivity as well as the endpoints of species
richness, community composition, and biodiversity reported in the 2008 ISA (Chapter 1,
Table 1-1). For biological effects of aquatic acidification, the current causal statement has
been expanded from the 2008 ISA to include the specific endpoints of physiological
impairment, alteration of species richness, community composition, and biodiversity
(Chapter 1, Table 1-1). New studies also show that despite reductions in acidifying
deposition, many aquatic ecosystems across the U.S. are still experiencing changes in
ecological structure and functioning at multiple trophic levels. Although there is evidence
for chemical recovery in many previously acidified ecosystems, biological recovery has
been limited (Appendix 8.4).

A number of freshwater monitoring efforts have facilitated the analysis of long-term
trends in surface water chemistry and ecological response in areas affected by acidifying
(N + S) deposition (Appendix 7.1.3). Many of these studies have been conducted in the
U.S., especially in the Northeast and the Appalachian Mountains. Although many of
these monitoring programs were in existence at the time of the 2008 ISA and were
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considered in that analysis, more recent publications reflect the longer period of
monitoring record and strengthen previous conclusions. Surface water chemistry data
from long-term monitoring by federal, state, and local agencies as well as university
research groups and nonprofits has been combined into several publicly available
metadatabases (Appendix 7.1.3.2) enabling further regional trend analysis. Since the
early 2000s, U.S. EPA, together with the states, tribes, and other entities and individuals,
have collaborated on a series of statistically representative surveys (National Aquatic
Resource Surveys [NARS]) of the nation’s waters, including surveys of lakes (U.S. EPA
2016h, 2009b), streams (U.S. EPA, 2016i), wetlands (U.S. EPA, 2016j), and coastal
waters (U.S. EPA, 2016q). These periodic surveys, which are based on standard sampling
and analysis protocols and consistent quality assurance, include chemical and biological
indicators of nutrient enrichment and acidification (Appendix 7.1.3).

16.1

June 2018

Freshwater Biogeochemistry

In the 2008 ISA, evidence was sufficient to infer a causal relationship between N and S
deposition and the alteration of biogeochemical cycling of N and C in freshwater
ecosystems, and between acidifying deposition and changes in biogeochemistry of fresh
waters. As documented in the 2008 ISA and by newer studies, biogeochemical processes
and surface water chemistry are influenced by characteristics of the catchment and the
receiving waters. A number of studies since 2008 have focused on improving
understanding of aquatic acidification and eutrophication processes mediated by N. Many
of these studies have focused on pathways of pollutant and other constituent movement
within ecosystems, including monitoring studies of various kinds. Chemical indicators of
N deposition identified by the 2008 ISA were NOs~ and DIN concentrations in surface
waters. Increased N deposition to freshwater systems via runoff or direct atmospheric
deposition, especially to N limited and N and phosphorus (P) colimited systems, can alter
N cycling (Appendix 7) and stimulate primary production (Appendix 9). Data from
long-term monitoring, experimental manipulations, and modeling studies provide
consistent and coherent evidence for biogeochemical changes associated with acidifying
N and S deposition. The strongest evidence for a causal relationship between acidifying
deposition and aquatic biogeochemistry comes from studies of changes in surface water
chemistry. Surface water chemistry indicators of acidic conditions and acidification
effects include concentrations of SO42", NOs~, inorganic aluminum (Al), calcium (Ca),
sum and surplus of base cations, acid-neutralizing capacity (ANC), and surface water pH.
New information on biogeochemical cycling of N and S, acidifying deposition effects on
biogeochemical processes and changes to chemical indicators of surface water chemistry
associated with acidification and N nutrient enrichment is consistent with the conclusions
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of the 2008 ISA, and the body of evidence is sufficient to infer a causal relationship
between N and S deposition and the alteration of freshwater biogeochemistry.

16.1.1

June 2018

Freshwater Processes and Indicators

Key processes and geochemical indicators of freshwater acidification and N enrichment
(Chapter 1, Table 1-3) link to biological effects (Appendix 8 and Appendix 9). Surface
water chemistry integrates the sum of soil and water processes that occur upstream within

a watershed. Several key biogeochemical processes cause or contribute to surface water
eutrophication and acidification, and these processes have been the focus of substantial
research over the last three decades. Since the 2008 ISA, experimental studies, isotopic
analyses, and monitoring and observational studies have further investigated the cycling
of S, N, C, and base cations; these studies substantiate and further quantify earlier
findings.

Nitrogen is deposited as NO3z~, NH.", NH3, and/or organic N. Inorganic N is leached from
terrestrial ecosystems mainly as NOs™. In freshwater ecosystems, deposited NH4* is taken
up by biota or nitrified to NOs™. Elevated NOs™ concentrations in lakes and streams are a
biogeochemical indicator that a freshwater system is receiving excess N which will cause
acidification or eutrophication. Qualitatively, northeastern U.S. spatial patterns in surface
waters NOs™ concentrations suggest an influence by atmospheric N deposition. However,
considerable variation in the relationship between stream chemistry and deposition was
associated with land use and watershed attributes. It was well known at the time of the
2008 ISA that key processes such as nitrification and denitrification are quantitatively
important portions of the N cycle and that they can be influenced by atmospheric inputs.
More recent research has further substantiated these earlier findings and provided
additional quantitative context (Appendix 7.1.2.3). Some new research suggests that
denitrification may, in some situations, produce more N,O in relationship to surface
water NOs~ concentration than was previously recognized.

Sulfur is deposited mainly as SO4?", which is a mobile anion in many acid-sensitive
watersheds (Appendix 4). Deposition is not the only source of SO4% to drainage waters.
Geologic sources of S, including iron sulfide minerals, can also contribute SO4*" to
surface waters. The 2008 ISA found that S deposition alters soil and drainage water
chemistry through sustained leaching of SO4?, associated changes in soil chemistry, and
accumulation of S in the soil through adsorption and biological assimilation. Declines in
lake SO4*" concentrations have been observed in locations where S deposition has
decreased significantly such as in the Adirondack Mountains (Appendix 7.1.5.1). In
addition, internal watershed sources of S, which were earlier believed to be relatively
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minor in the northeastern U.S., have and will likely continue to become proportionately
more important as S deposition continues to decline. Reductions in SOx deposition have
not consistently resulted in increases of ANC in surface water.

Table 1-3  Summary of key aquatic geochemical processes and indicators
associated with eutrophication and acidification.
N Driven
Nutrient
Endpoint  Enrichment Acidification The Effect of Deposition
Process
NOs~ X X Leaching from terrestrial ecosystems is an important source of NOs™ in
leaching into freshwater ecosystems. See NOs™ leaching in Chapter 1, Table 1-2.
water bodies
S04~ X Leaching from terrestrial ecosystems is an important source of SO4?~
leaching into in freshwater ecosystems. See SO4?" leaching in Chapter 1, Table 1-2.
water bodies
Nitrification X X Nitrification is an acidifying process, releasing 2 mol hydrogen ion (H*)
per mol NH4* converted to NOs™. As the N cycle becomes enriched
through cumulative N addition, net nitrification rates often increase,
and NOs“concentrations increase.
Denitrification X Denitrification is the microbial process that transforms NOs™ by
anaerobically reducing it to NO2™, NO, N20, and Na.
DOC X X DOC contributes to acidity of freshwater ecosystems. See DOC
leaching into leaching in Chapter 1, Table 1-2.
water bodies
Indicator
Surface X X Increased N deposition (to surface waters or to terrestrial watershed,
water [NO37] see Chapter 1, Table 1-2) increases the water NOs~ concentration.
High concentrations of NOs™ in lakes and streams, indicative of
terrestrial ecosystem N saturation, have been found at a variety of
locations throughout the U.S. (U.S. EPA, 2006c; Stoddard, 1994).
Comparison of preindustrial to modern estimates suggested elevated
concentrations in water bodies as a result of N deposition (Fenn et al.
2011b).
Surface X Increased N deposition increases DIN in most freshwater aquatic
water DIN environments, largely as NO3z~
Surface X Increased N deposition can alter the ratio of N to P in freshwater
water N:P systems. Freshwater biota have different nutrient requirements and
ratios changes in nutrient ratios may alter species richness, community
structure, and biodiversity, especially primary producers.
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Table 1-3 (Continued): Summary of key aquatic geochemical processes and
indicators associated with eutrophication and acidification.

Endpoint  Enrichment Acidification The Effect of Deposition

Surface X Increased S deposition (to surface waters or to terrestrial watershed,

water [SO427] see Chapter 1, Table 1-2) increases the water SO4%~ concentration.
Comparison of preindustrial to modern estimates suggested elevated
concentrations in water bodies as a result of S deposition.

Surface X Several studies in the eastern U.S. suggested that base cation

water (base concentrations in surface waters increased during the initial phases of

cation) acidification into the 1970s. This trend reversed, and base cations
have decreased in response to decreasing SO42~ and NOz~
concentrations. Many base cations (especially Ca?*) are important
nutrients for aquatic biota.

Surface X Increased N and S deposition decrease ANC. Surface water ANC

water ANC correlates with other biologically influential chemical metrics, including
pH, inorganic Al concentration, Ca concentration, and organic acidity.
ANC <50-100 peq/L typically poses a risk for species survival, species
richness, and biodiversity.

Surface X Surface water pH is a common alternative to ANC as an indicator of

water pH acidification, but ANC is a better indicator at pH >6.0, and is less
sensitive to dissolved CO2. N and S deposition are associated with
decreasing pH in surface waters. Increasing pH trends in surface
waters in the northeastern U.S. were common through the 1990s up to
2004, but the rates of change have been small (Driscoll et al., 2007a;
Driscoll et al., 2001a; Driscoll et al., 2001b).

Surface X Acidifying N and S deposition increase mobilization of inorganic Al

water from terrestrial ecosystems into surface water, increasing surface

Inorganic Al water concentrations. Inorganic Al in surface waters is (1) widely toxic

and (2) leaches from terrestrial ecosystems only in response to acidic
conditions. Earlier studies demonstrated reduced growth and survival
of various species of fish at inorganic Al concentrations between
approximately 2 and 7.5 pmol/L. Most recently, 20% mortality of
young-of-the year brook trout was documented in situ during a 30—day
period with a median inorganic Al concentration of 2 umol/L.

Al = aluminum; ANC = acid-neutralizing capacity; Ca = calcium; CO, = carbon dioxide; DIN = dissolved inorganic nitrogen;

DOC = dissolved organic carbon; H* = hydrogen ion; ha = hectare; kg = kilogram; L = liter; yeq = microequivalents;

pgmol = micromole; N = nitrogen; N, = molecular (atmospheric) nitrogen; N,O = nitrous oxide; NE = northeast; NHs* = ammonium;
NO = nitric oxide; NO, = nitrogen oxide; NO3™ = nitrate; P = phosphorus; S = sulfur; SO,% = sulfate; U.S. = United States;

USFS = U.S. Forest Service; yr = year.

16.1.11

June 2018

Acidification

The acidifying effects of N and S deposition in U.S. waters have been well characterized
for several decades. Traditionally acidification involves both chronic and episodic
processes. Driscoll et al. (2001b) characterized chronically acidic lakes and streams by

ANC of <0 peq/L throughout the year, while episodic acidification occurs when ANC
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falls below 0 peq/L only for hours to weeks. Chronic acidification refers to average
conditions and is often measured as summer and fall chemistry for lakes and as spring
baseflow chemistry for streams. Chronic conditions are no longer prevalent in regions of
the U.S. affected by acidic deposition (cf., Fakhraei et al., 2016; Fakhraei et al., 2014).
Episodic acidification is associated with precipitation or snowmelt events when high
volumes of drainage water enter watersheds. Episodes generally cause changes in at least

two of the following chemical parameters: ANC, pH, base cations, SO4>~ concentration,
NO;~ concentration, inorganic Al concentration, organic acid anions, or DOC. New
studies show that both N and S contributed to episodic acidification over a 20-year period
at Bear Brook, ME (see Appendix 7.1.5.1.2). It is known that the biota in many
streams/lakes are impacted when the ANC is consistently below 50 ueg/L. For this
reason, there has been a shift away from focusing on chronic versus episodic condition.
For example, the U.S. EPA National Lakes Assessment used an ANC threshold of

>50 ueg/L as indicative of nonacidified water bodies (U.S. EPA, 2009b).

The most widely used measure of surface-water acidification is ANC. As reported in the
2008 ISA and newer studies, ANC is the primary chemical indicator of historic
acidification and for predicting the recovery expected from decreasing atmospheric
deposition. ANC correlates with the surface water constituents (pH, Ca?*, and inorganic
Al concentration) that contribute to or ameliorate acidity effects in biota. As reported in
the 2008 ISA, lake and stream ANC values decreased throughout much of the 20th
century in a large number of acid-sensitive lakes and streams throughout the eastern U.S.
This effect has been well documented in monitoring programs, paleolimnological studies,
and model simulations (Appendix 7.1.5.1). Biological indicators of acidification, such as
decreased fish species richness, are presented in Appendix 8.3.

Surface water pH is another indicator of acidification. It also correlates with surface
water chemical constituents with biotic effects (inorganic Al, Ca%", and organic acids).
The 2008 ISA included the scientific consensus that low pH can have direct toxic effects
on aquatic species (U.S. EPA, 2008a; Driscoll et al., 2001b). A pH value of 6.0 is the
level below which biota are at increased risk from acidification (Appendix 8.3). In the
2008 ISA, increasing trends in pH (decreasing acidification) were common in surface
waters in the northeastern U.S. through the 1990s and up to 2004 and have continued in

more recent times at many locations (Appendix 7.1.2.5). Rates of change have generally
been relatively small.

As stated in the 2008 ISA, the concentration of dissolved inorganic monomeric Al in
surface waters is an especially useful indicator of acidifying deposition because (1) it is
toxic to many aquatic species and (2) it leaches from soils only under acidic conditions
including acidifying deposition, acid mine drainage, or from rare geologic deposits.
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Inorganic Al has well-documented effects on aquatic biota at specific thresholds
(Appendix 8.3) and is often the greatest threat to aquatic biota below pH 5.5. The 2008
ISA noted that concentrations of inorganic Al decreased slightly in some surface waters
in the northeastern U.S. in response to decreased levels of acidifying deposition
suggestive of chemical recovery of surface waters (U.S. EPA, 2008a), and this trend has
generally continued (Appendix 7.1.5, see discussion on recovery Chapter 1.11).

Assessments of acidifying deposition effects dating from the 1980s and reported in the
2008 ISA showed SO4?" to be the primary acidifying ion in most acid-sensitive waters in
the U.S. The 2008 ISA, presented temporal data that showed a trend of increasing
concentrations of SO4% in surface waters before the period of peak S emissions in the
early 1970s. After the peak, SO.*" surface water concentrations decreased in a
widespread trend. The rate of recovery varied by ecosystem and new studies indicate that
as atmospheric S deposition has declined, soils with large stores of historically deposited
S (e.g., the Blue Ridge Mountain region) have begun releasing this adsorbed S to
drainage water, (Appendix 4) preventing or slowing aquatic recovery.

As stated in the 2008 ISA, the quantitatively most important component of the overall
surface water acidification and chemical recovery responses has been change in base
cation supply. Decreases in base cation concentrations in surface waters in the eastern
U.S. have been ubiquitous over the past two to three decades and closely tied to trends in
S0O4% concentrations in surface waters. Change in base cation supply with surface water
acidification was highlighted in the assessment of Charles and Christie (1991) and in the
2008 ISA. Base cations are added to watershed soils by weathering of minerals and
atmospheric deposition, and are removed by uptake into growing vegetation or by
leaching. Acidic deposition increased leaching of base cations, as SO4? anions in soil
solution carried along base cations to maintain the charge balance. In watersheds that
received high levels of historical acidic deposition, current exchangeable concentrations
of Ca?* and other base cations are substantially reduced from likely preindustrial levels,
having been depleted by many years of acidic deposition. This base cation depletion in
watersheds constrains ANC and pH recovery of surface waters, as described in the 2008
ISA. New studies of base cations have further corroborated these earlier findings and
included experiments, modeling, and gradient studies.

Changes in DOC concentration or properties can impact the acid-base chemistry of
surface waters and perhaps the composition of aquatic biota. It has been recognized that
surface water DOC concentrations had decreased to some extent as a result of
acidification, and that DOC would likely increase with recovery. However, the strength
of this response and the magnitude of DOC changes have exceeded scientific predictions.
Recent research on this topic has been diverse and has included experiments, observation,
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June 2018

isotope studies, and synthesis and integration work. Overall, these studies illustrate large
increases in DOC with acidification recovery in some aquatic systems. Increases in DOC
constrain the extent of ANC and pH recovery, but decrease the toxicity of dissolved Al
by converting some of it from inorganic to organic forms (Lawrence et al., 2013).

However, DOC is not an indicator of recovery everywhere; some recovering sites have
not shown increasing trends in DOC.

Nitrogen Enrichment/Eutrophication

In aquatic systems, N is a nutrient that stimulates growth of primary producers (algae
and/or aquatic plants). Atmospheric deposition of N to freshwater systems can increase
the absolute supply of nutrients and alter N and P ratios. The freshwater ecosystems in
the U.S. most likely to be sensitive to nutrient enrichment from N deposition are
headwater streams, lower order streams, and alpine lakes, which have very low nutrients
and productivity and are far from local pollution sources [(U.S. EPA, 2008a),

Appendix 9.1.1.4]. These nutrient shifts alter stoichiometric composition of water
chemistry, thereby shifting the nutrient status of lakes. Even small inputs of N in low

nutrient water bodies can affect biogeochemical processing of N and increase the
productivity of photosynthesizing organisms, resulting in a larger pool of fixed carbon
(C). Nutrient enrichment leads to changes in aquatic assemblages and biodiversity in
freshwater (Appendix 9) and coastal regions (Appendix 10).

Indicators of altered N cycling include changes in the concentrations of NO3™ in surface
waters. The concentration of NOs™ in drainage water provides an index of the balance
between removal and addition of N to terrestrial ecosystems. Studies of several types
have been conducted in recent years to elucidate these processes and include
experimental studies, isotopic analyses, and monitoring and observational studies. Both
water column and sediment N transformations have been further characterized
(Appendix 7.1.2.3). New research since the 2008 ISA suggests that denitrification may,
in some situations, play a larger role than was previously recognized in removing
oxidized N from the watershed.

As reported in the 2008 ISA and in newer studies, atmospheric N has been positively
correlated to total N in lakes along gradients of atmospheric deposition and N deposition
in some high-deposition lakes has changed the nutrient status of these lakes from a more
or less balanced (mainly N deficient) state to more consistently P limited conditions
(Appendix 9.2.4). Since the 2008 ISA, several studies have reported increases in P
deposition to water bodies in the U.S., possibly effecting shifts from N to P limitation or
colimitation, as well as P deposition prolonging N limitation (Appendix 9.1.1.2). In
higher order streams, N deposition typically mixes with N derived from other

64 DRAFT: Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=2451609
http://hero.epa.gov/index.cfm?action=search.view&reference_id=157074

© 0 N o o b

10
11
12
13
14
15
16
17
18
19
20

21
22
23
24
25

26
27
28

nonatmospheric sources, including urban/suburban point and nonpoint sources, industrial
sources, and agricultural sources, with atmospheric sources typically being most
pronounced during high-flow conditions (Table 7-2).

1.6.1.2

Models

Models used to assess the effects of N and S deposition on U.S. ecosystems were
reviewed in the 2008 ISA (Annex A). Several of the models used for terrestrial
ecosystems (see Chapter 1.5.3.3) such as MAGIC and PNET/BGC are also applicable to
aquatic systems. Both of these models have been widely applied, mainly to relatively
small, upland watersheds. Three other models, Spatially Referenced Regressions on
Watershed Attributes (SPARROW), Watershed Assessment Tool for Evaluating
Reduction Scenarios for Nitrogen (WATERS-N), and Surface Water Assessment Tool
(SWAT) have been used to evaluate N loading to mixed-use watersheds in larger river
systems. A model that has been applied to the analysis of nutrient enrichment in aquatic
systems is AQUATOX, which simulates nutrient dynamics and effects on aquatic biota.
Few new freshwater acidification or eutrophication models have been developed and
published since 2008. A new national water quality modeling system (Hydrologic and
Water Quality System, HAWQS) is under development by Texas A&M University and
the USDA for the U.S. EPA’s Office of Water (https://epahawqgs.tamu.edu/). The model
is intended to assist resource managers and policy makers in evaluating the effectiveness
of water pollution control efforts. Freshwater eutrophication and acidification models are
described in greater detail in Appendix 7.1.4.2.

1.6.1.3

National-Scale Sensitivity

Sensitivity of lakes, streams, and rivers to biogeochemical changes associated with N and
S deposition varies across the U.S. The biogeochemical sensitivity to acidifying
deposition will be discussed together with biological sensitivity in Chapter 1.6.2.2.
Sensitivity to N enrichment will be discussed with biological sensitivity in

Chapter 1.6.3.2.

1.6.2

June 2018

Biological Effects of Freshwater Nitrogen Enrichment

In the 2008 ISA, evidence was sufficient to infer a causal relationship between N
deposition and the alteration of species richness, community composition, and
biodiversity in freshwater ecosystems. The freshwater systems most affected by nutrient
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enrichment due to atmospheric deposition of N were remote oligotrophic high-elevation
lakes with low N retention capacity. In these ecosystems, N changes the biota, especially
by increasing algal growth and shifting algal communities. Freshwater organism
responses to N enrichment can be assessed through biological indicators, including
chlorophyll a, phytoplankton and periphyton (algae attached to a substrate) biomass,
diatoms, and trophic status. The current causal statement has been expanded to include
effects on algal growth and productivity (Chapter 1, Table 1-1). New evidence since 2008
of N enrichment includes paleolimnology, phytoplankton community dynamics,
macroinvertebrate response, and indices of biodiversity. This new evidence is consistent
with the conclusions and strengthens the evidence base of the 2008 ISA, and together, the
body of evidence is sufficient to infer a causal relationship between N deposition and
changes in biota including altered growth and productivity, species richness,
community composition, and biodiversity due to N enrichment in freshwater
ecosystems.

1.6.2.1

16.21.1

June 2018

Physiology and Biodiversity Effects

Inputs of N to freshwater systems stimulate algal growth, which leads to a cascade of
effects on algal community composition and biodiversity. Algal species have differential
responses to N loading and shifts in nutrient ratios, so dominant species may change in
response to N enrichment. As reported in the 2008 ISA and in newer studies, shifts in
nutrient limitation from N limitation to colimitation by N and P, or to P limitation, have
been observed in some alpine lakes. New biodiversity studies are summarized in

Table 9-3. Since the 2008 ISA, several meta-analyses have reported an increase in P
deposition to water bodies, highlighting the need to account for how sustained P
deposition can modify the effects of anthropogenically emitted N deposition on
productivity (Appendix 9.1.1.4). P addition delayed the shift to P limitation (prolonged N
limitation) for phytoplankton.

Primary Producers

The body of evidence for biological effects of N enrichment in remote freshwater
systems (where atmospheric deposition is the predominant source of N) is greatest for
phytoplankton, the base of the freshwater food web. The majority of studies focused on
phytoplankton, although several new studies indicate that both benthic and pelagic
primary producers respond to N inputs, and at least some studies have shown that
periphyton outcompeted phytoplankton for limiting nutrients (Appendix 9.3.3). The 2008
ISA and new studies include lake surveys, fertilization experiments, and nutrient
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bioassays that show a relationship between increased N concentrations and increased
pelagic and benthic algal productivity (measured by chlorophyll a concentration). An
increase in lake phytoplankton biomass with increasing N deposition was reported in the
Snowy Range in Wyoming and in Europe. New studies in the Colorado Rocky
Mountains, where atmospheric deposition ranged from 2 to 7 kg N/ha/yr, found
correlations between higher chlorophyll a and higher rates of deposition

(Appendix 9.2.1).

The 2008 ISA and newer studies (Table 9-1 and Appendix 9.3.2) show a general shift in
algal dominance from chrysophytes that dominate low N lakes to cyanophytes and
chlorophytes in higher N lakes. Two nitrophilous species of diatom, Asterionella formosa
and Fragilaria crotonensis, serve as indicators of N enrichment in lakes; however,
increased relative abundance of A. formosa has also been attributed to lake warming in
some regions where N deposition is decreasing (Appendix 9.2.3). New studies show that
glacial meltwater has higher NO;™ relative to snow meltwater with different influences on
algal community composition in some regions of the U.S. (Appendix 9.3.2). In a
comparison of lakes in the Rockies with different meltwater sources, fossil diatom
richness in snowpack-fed lakes was at least double the richness of lakes with both glacial
and snow meltwater inputs; however, alterations in phytoplankton community structure
were not observed in lakes in the Northern Cascade Mountains, WA. Some shifts in algal
biodiversity observed in high-elevation waters are attributed to climate change or nutrient
effects and climate as costressors (Appendix 13).

Since the 2008 ISA further studies have shown that both trophic interactions and DOC
modify ecosystem response to N loading. DOC affects acidity and N cycling and is
increasing in some U.S. surface waters (Appendix 7.1.2.9). In a whole lake N fertilization
study (Appendix 9.3.2.3), observed changes in community composition of phytoplankton
were related to DOC rather than N addition to small N limited boreal lakes.

The role of N in freshwater HAB formation has been further researched since the

2008 ISA. Additional evidence continues to show that availability and form of N
influences algal bloom composition and toxicity, and inputs of inorganic N selectively
favor some HAB species, including those that produce microcystin. Microcystin is
prevalent in U.S. waters as reported in recent regional and national surveys. Although the
risk of HAB formation is low in high-elevation oligotrophic water bodies where N
deposition is the dominant source of N, transport of atmospheric inputs can exacerbate
eutrophic conditions in downstream water bodies. Increased understanding of the role of
N as a limiting nutrient in many freshwater systems has led to recommendations to
consider both N and P in nutrient-reduction strategies.
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1.6.2.1.2

1.6.2.1.3

Few studies in the U.S. have considered the effects of atmospheric deposition on aquatic
macrophytes, although declines in macrophyte occurrence were noted in a new survey of
Lake Tahoe that compared the lake’s biota with that from a survey conducted in the
1960s (Caires et al., 2013). Atmospheric N contributions are a substantial portion
(approximately 57%) of the total N loading to Lake Tahoe.

Zooplankton

Compared to changes in primary producers, biological responses to N deposition at
higher trophic levels are not well characterized, but atmospheric N can alter food web
interactions (see Appendix 9.3.4). A few studies in the 2008 ISA and newer studies
showed zooplankton responses to N related shifts in phytoplankton biomass potentially
altering food web interactions.

Macroinvertebrates

Only a limited number of studies published since the 2008 ISA have linked atmospheric
N deposition to taxonomic shifts and declines in invertebrates (Appendix 9.3.5). These
studies do not attribute shifts in the abundance of higher invertebrates to N deposition
alone, as there are interactions with climate and invasive species. New studies provide
additional evidence that trophic interactions may moderate algal growth following
nutrient loading. In Lake Tahoe, which receives 57% of N inputs from atmospheric
sources, endemic invertebrate taxa have declined 80 to 100% since the 1960s due to
nutrient inputs and invasive species.

1.6.2.2

June 2018

National-Scale Sensitivity and Critical Loads

New data have not appreciably changed the identification of sensitive lakes and streams
in the U.S. Nutrient enrichment effects from N most likely occur in undisturbed,
low-nutrient headwater, and lower order streams and lakes at higher elevations in the
western U.S. (Appendix 9.1), including the Snowy Range in Wyoming, the Sierra
Nevada, and the Colorado Front Range. A portion of these lakes and streams where
effects are observed are in Class | wilderness areas. The responses of high-elevation lakes
vary with catchment characteristics (Appendix 9.1) and N deposition estimates at these
high elevation sites are associated with considerable uncertainty, and there is greater
uncertainty for estimates of dry deposition (Appendix 2). In these systems, even low
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inputs of atmospheric N can shift N limitation to colimitation by N and P, or to P
limitation (Appendix 9.2.4), altering algal species composition and productivity.

In the 2008 ISA, diatom assemblage shifts were reported at N deposition rates as low as
1.5 kg/N/yr. Additionally, a hindcasting exercise in remote alpine Rocky Mountain
National Park lakes associated algal changes between 1850 and 1964 with an increase in
wet N deposition of 1.5 kg N/ha/yr. Since the 2008 ISA, empirical and modeled CLs for
the U.S. have been estimated based on surface water NOs~ concentration, diatom
community shifts, and phytoplankton biomass nutrient limitation shifts indicative of a
shift from N limitation to P limitation. A critical load ranging from 3.5 to 6.0 kg N/ha/yr
was identified for high-elevation lakes in the eastern U.S. based on the nutrient
enrichment inflection point [where NO3z~ concentrations increase in response to
increasing N deposition (Baron et al., 2011b)]. Another critical load of 8.0 kg N/ha/yr for
eastern lakes based on the value of N deposition at which significant increases in surface

water NOs~ concentrations occur was estimated by (Pardo et al., 2011c). In both Grand
Teton and Yellowstone National Parks critical loads for total N deposition ranged from
<1.5 + 1.0 kg N/ha/yr to >4.0 + 1.0 kg N/ha/yr (Nanus et al., 2017). Exceedance
estimates were as high as 48% of the Greater Yellowstone area study region, depending
on the threshold value of NOs™ concentration in lakewater selected as indicative of
biological harm. An empirical CL of 4.1 kg N/ha/yr above which phytoplankton biomass
P limitation is more likely than N limitation was identified by Williams et al. (2017b) for
the western U.S. Modeled critical loads ranged from 2.8 to 5.2 kg/N/ha/yr, and a
performance analysis indicated that a Cl of 2.0 kg N/ha/yr would likely reduce the
occurrence of false negatives to near zero.

1.6.3

June 2018

Biological Effects of Freshwater Acidification

The 2008 ISA found evidence sufficient to infer a causal relationship between acidifying
deposition and changes in aquatic biota, including strong evidence that acidified aquatic
habitats had lower species richness of fishes, macroinvertebrates, and phytoplankton. The
effects of acidifying deposition on aquatic ecosystems also include physiological
impairment or mortality of sensitive species and shifts in biodiversity of both flora and
fauna. Organisms at all trophic levels are affected by acidification, with clear linkages to
chemical indicators for effects on algae, benthic invertebrates, and fish (Table 8-9).
Biological effects are primarily attributable to low pH and high inorganic Al
concentration. ANC integrates chemical components of acidification (Chapter 1,

Table 1-2), and surface water acidification models project ANC rather than pH and
inorganic Al concentrations. However, ANC does not directly alter the health of biota.
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Effects of acidification on fish species are especially well characterized and many species
are harmed. Both in situ and lifestage experiments in fish support thresholds of chemical
indicators for biological effects. Most of these effects were documented in a rigorous
review of acidification effects on aquatic biota that was included in the 2008 ISA.
Overall, the updated research synthesized in this ISA reflects incremental improvements
in scientific knowledge of aquatic biological effects and indicators of acidification as
compared with knowledge summarized in the 2008 ISA. The fundamental understanding
of mechanisms has not changed, and the causal relationships between acidifying
deposition and biological effects on aquatic ecosystems are now, and were in 2008, well
supported. New studies also show that despite reductions in acidifying deposition,
alterations in aquatic biodiversity and ecosystem functioning caused by acidification
persist. Although there is evidence for chemical recovery in many ecosystems, biological
recovery has been limited (Chapter 1.6.2.2). New research is consistent with the causal
determination in the 2008 ISA and has strengthened the evidence base for these effects.
The current causal statement has been expanded to include specific endpoints of
physiological impairment, as well as effects at higher levels of biological organization
(Chapter 1, Table 1-1). The body of evidence is sufficient to infer a causal relationship
between acidifying deposition and changes in biota including physiological
impairment and alteration of species richness, community composition, and
biodiversity in freshwater ecosystems.

1.6.3.1

June 2018

Physiology and Biodiversity Effects

The deterioration in water quality caused by acidification affects the physiology,
survivorship, and biodiversity of many species from several taxonomic groups and at
multiple trophic levels. As stated in the 2008 ISA, biological effects are primarily
attributable to low pH (or ANC) and high inorganic Al concentrations under chronic or
episodic acidic conditions. During acidification episodes, water chemistry may exceed
the acid tolerance of resident aquatic biota, with effects that include fish mortalities,
changes in species composition, and declines in species richness across multiple taxa.
Studies reviewed in the 2008 ISA showed that the earlier aquatic lifestages were
particularly sensitive to acidification. New effects thresholds have been identified for
aquatic organisms consistent with observations in the 2008 ISA (Table 8-10). New
evidence is congruent with findings in the 2008 ISA that high levels of acidification (to
pH values below 5 and ANC lower than the range of 50 to 100 peq/L) eliminate sensitive
species from freshwater streams. This information is reviewed below.
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1.6.3.1.2

1.6.3.1.3

June 2018

Primary Producers

Phytoplankton are primary producers at the base of the aquatic food web. These
photosynthetic organisms vary in tolerance of acidic conditions and include diatoms,
cyanobacteria, dinoflagellates, and other algal groups. The 2008 ISA reported reduced
species richness of freshwater plankton in response to acidification-related decreases in
pH and increases in inorganic Al. Effects were most prevalent when pH decreased to the
5 to 6 range. Effects on productivity are uncertain. Since the 2008 ISA, several
paleolimnological and field studies have further linked phytoplankton community shifts
to chemical indicators of acidification (Appendix 8.3). For example, Lacoul et al. (2011)
reviewed information on the effects of acidification and observed that the largest declines

in phytoplankton species richness occur over a pH range of 4.7 to 5.6 in Atlantic Canada.

Zooplankton

Zooplankton, the animal forms of plankton, comprise many groups of freshwater
unicellular and multicellular organisms including protozoans, rotifers, cladocerans, and
copepods. Zooplankton feed on phytoplankton or other zooplankton. Decreases in ANC
and pH and increases in inorganic Al concentration have been shown to contribute to the
loss of zooplankton species or abundance in lakes. In the 2008 ISA, thresholds for
zooplankton community alteration were between pH 5 and 6. In the Adirondacks, a
decrease in pH from 6 to 5 decreased zooplankton richness in lakes, and at ANC <0,
zooplankton richness was only 45% of the richness in unacidified lakes. Newer studies
support effects in a similar pH range (see Appendix 8.3.1.2). Zooplankton have also been
used as indicators of biological recovery (Appendix 8.4.2).

Benthic Invertebrates

Acidification has strong impacts on aquatic invertebrates because H* and Al are directly
toxic to sediment-associated invertebrates like bivalves, worms, gastropods, and insect
larvae. In the 2008 ISA and in new studies in Appendix 8.3.3, decreases in ANC and pH
and increases in inorganic Al concentration contribute to declines in abundance or
extirpation of benthic invertebrate species in streams. Acidification to pH values below 5
eliminates mayflies (Ephemeroptera), a taxa indicative of stream water quality, along
with other aquatic organisms. Since the 2008 ISA, a survey of benthic macroinvertebrates
by Baldigo et al. (2009) in the Adirondack Mountains indicated that macroinvertebrate
communities were intact at a pH above 6.4, with moderate acidification effects at pH 5.1
to 5.7, and severe acidification effects at a pH less than 5.1. Similarly, thresholds of pH
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5.2 to 6.1 were identified for sensitive invertebrates from Atlantic Canada
(Appendix 8.3.3).

Fish

The effects of low pH and ANC and of high inorganic Al concentrations have been well
characterized in fish for many decades (Appendix 8.3.6). The 2008 ISA reported that
acidification impairs gill function and can cause respiratory and circulatory failure in fish.
Sensitivity to pH and inorganic Al varies among fish species, and among lifestages within
species, with early lifestages more sensitive to acidification. The most commonly studied
species were brown trout (Salmo trutta), brook trout (Salvelinus fontinalis), and Atlantic
salmon (Salmo salar). Studies published since the 2008 ISA, especially in Atlantic
salmon, add to the existing information on sublethal effects confirming variation in
sensitivity among lifestages (Appendix 8.3.6.1). Since 2008, new studies include
acidification effects upon migratory activities and upon behavior. New studies on fish
show behavioral effects at pH <6.6 (Appendix 8.3.6.5).

As summarized in Baker et al. (1990a) and the 2008 ISA, fish populations in acidified
streams and lakes of Europe and North America have declined, and some have been
eliminated as a result of atmospheric deposition of N and S and the resulting changes in
pH, ANC, and inorganic Al concentrations in surface waters. There is often a positive
relationship between pH and the number of fish species, particularly between pH 5.0 and
6.5. Additional pH thresholds published since the 2008 ISA (Table 8-2) support this
range, and several new studies consider the role of DOC in controlling pH and
subsequent effects on biota. In the 2008 ISA and in new research, few or no fish species
are found in lakes and streams that have very low ANC (near zero; Figure 8-4 and
Table 8-3) and low pH (near 5.0). The number of fish species generally increases at
higher ANC and pH values. Al is very toxic to fish, and thresholds to elevated
concentrations of this metal in acidified waters are summarized in Table 8-4.

1.6.3.2

June 2018

National-Scale Sensitivity, Biological Recovery, and Critical Loads

The extent and distribution of acid-sensitive freshwater ecosystems and sensitive regions
in the U.S. were well known at the time of the 2008 ISA. Measured data on lake and
stream ANC across the U.S. exhibit clear spatial patterns (Figure 8-11). Surface waters in
the U.S. that are most sensitive to acidification are largely found in the Northeast,
southern Appalachian Mountains, Florida, the upper Midwest, and the mountainous West
(Chapter 1, Figure 1-9). Levels of acidifying deposition in the West are low in most
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areas, acidic surface waters rare, and the extent of chronic surface water acidification to
date has been very limited. However, episodic acidification occurs in both the East and
West at sensitive locations, and this is partly natural and partly caused by humans.
Geographic patterns in acidification sensitivity vary in response to spatial differences in
geology, hydrologic flow paths, presence and depth of glacial till, climate, and other
factors (Appendix 8.5.1). In the eastern U.S., acid-sensitive ecosystems are generally
located in upland, mountainous terrain underlain by weathering-resistant bedrock. Some
of the most in-depth studies of the effects of acid stress on fish were conducted in streams
in Shenandoah National Park in Virginia and in lakes in the Adirondack Mountains of
New York. Effects on fish have also been documented in acid-sensitive streams of the
Catskill Mountains of southeastern New York, and the Appalachian Mountains from
Pennsylvania to Tennessee and South Carolina.
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Figure 1-9

June 2018

Surface water critical loads for acidity in the U.S. 10th percentile
aggregation for 36-km? grids with S and N.

Biological recovery in acid-affected areas is discussed in Chapter 1.11. Typically
biological recovery occurs only if chemical recovery (Appendix 7.1.5.1) is sufficient to
allow growth, survival, and reproduction of acid-sensitive plants and animals. Surface
water chemistry recovery varies by region with the strongest evidence for improvement
in the Northeast and little or no recovery in central Appalachian streams. Acidification
and recovery of fresh waters will also be affected by the physical, chemical, and
biological modifications to acid inputs projected to occur with changes in annual mean
temperature and magnitude of precipitation (Appendix 8.5.3). As reported in the 2008
ISA and in new studies, biological recovery lags behind chemical recovery in many
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systems (see Appendix 8.4). The time required for biological recovery is unknown and
only partial biological recovery may be possible.

Since the 2008 ISA, considerable CL research has focused on aquatic acidification in the
U.S. The CLs for deposition are expressed in eg/ha/yr of S, N, or S + N because one or
both pollutants could be contributing to the observed effects. New empirical CLs include
571 eq N/ha/yr in the Northeast and 286 eq N/ha/yr in the West to prevent episodic
acidification in high-elevation lakes and to maintain an ANC of 74 eg/ha/yr in
high-elevation lakes of the Sierra Nevada (Table 8-7). Steady-state CLs have been
derived at many locations since the 2008 ISA (Table 8-8). Steady-state CLs of acidifying
deposition for lakes in the Adirondack Mountains (1,620 eg/ha/yr) and for the central
Appalachian streams (3,700 eqg/ha/yr) were calculated to maintain a surface water ANC
of 50 peg/L on an annual basis (NAPAP, 2011). CL values of less than 500 eg/ha/yr were
calculated for one-third of streams in the Blue Ridge ecoregion, to maintain stream ANC
at 50 peg/L. For lakes in Class I and 11 wilderness areas in the Sierra Nevada, CLs for
acidifying deposition in 2008 were estimated at ANC values of 0, 5, 10, and 20 peq/L,
which span the range of minimum ANC values observed in Sierra Nevada lakes. The
median CL for granitic watersheds based on a critical ANC limit of 10 peg/L was

149 eg/halyr. Slightly more than one-third of these lakes had estimated rates of acidifying
deposition higher than their CL.

In addition to the steady-state and empirical loads described above, CL estimates have
been derived from dynamic modeling (Appendix 8.5.4). For example, there is new work
on simulated past and future effects of N and S on stream chemistry in the Appalachians
and Adirondack Mountain lakes. In 12 watersheds in the Great Smoky Mountain
National Park, target levels of ANC to protect aquatic life were used and ranged from
minimal (0 peg/L) to considerable protection (50 peg/L). For the 12 study streams, target
levels of NOs~ + SO42 deposition ranged from 270 to 3,370 eg/ha/yr to reach an ANC of
0 peq/L by 2050 and 0—1,400 eq/hal/yr to reach an ANC of 50 peq/L by 2050. However,
the majority of streams could not achieve the ANC target of 50 peg/L. Modeling also
suggests that complete recovery from acidification may not be possible by the Year 2100
at all sites in the southern Blue Ridge region (Sullivan et al., 2011b) even if S emissions
cease entirely. In Shenandoah National Park, MAGIC modeling based on simulations of
14 streams identified a target load of about 188 eq kg S/ha/yr to achieve an

ANC = 50 peg/L (preindustrial level based on hindcast simulations) in 2100 in sensitive
streams. In a dynamic modeling simulation in the Adirondacks Mountains, about 30% of
the lakes in the region had a target load <500 eqg/ha/yr to protect lake ANC to 50 peg/L
(Sullivan et al., 2012a). Future decreases in SO42~ deposition are suggested to be more
effective in that region in increasing Adirondack lake water ANC than equivalent
decreases in NOs~ deposition. In another modeling study of 20 Adirondack watersheds,
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estimates of preindustrial ANC for the study lakes ranged from 18 to 190 peg/L, and
simulations estimate that lake ANC have decreased by 26 to 100 peg/L as a legacy of
acidification.

1.7

Estuarine and Near-Coastal Ecosystem Nitrogen Enrichment
and Acidification

For estuaries (areas where fresh water from rivers meets the salt water of oceans) and
near-coastal systems, causal determinations from the 2008 ISA are further supported and
strengthened by additional studies, and there are two new causal statements on the
emerging topic of nutrient-enhanced coastal acidification (Chapter 1, Table 1-1).
Estuaries support a large biodiversity of flora and fauna and play a role in nutrient
cycling. N from atmospheric and other sources contributes to increased primary
productivity, leading to eutrophication (Figure 10-1), and N pollution is the major cause
of harm to the majority of estuaries in the U.S. (Appendix 10). Source apportionment
data in the 2008 ISA and newer studies indicate that atmospheric contributions to
estuarine N are heterogeneous across the U.S., ranging from <10% to approximately 70%
of total estuary N inputs (Table 7-6). In estuaries, increasing nutrient over-enrichment
leading to eutrophication is indicated by water quality deterioration, resulting in
numerous harmful effects, including areas of low dissolved oxygen (DO) concentration
(hypoxic zones), species mortality, and HABs. New studies support the 2008 ISA’s
causal findings that increased N loading to coastal areas can alter biogeochemical
processes and lead to shifts in community composition, reduced biodiversity, and
mortality of biota. The current causal statement of biological effects of N enrichment in
estuarine ecosystems has been expanded to include total primary production, altered
growth, and total algal community biomass (Chapter 1, Table 1-1). Since the 2008 ISA, it
has been suggested that, in addition to atmospheric sources of CO, nutrient-enhanced
productivity may contribute to acidification of coastal waters. New causal determinations
have been added to the current ISA on N deposition and increased nutrient enhanced
coastal acidification and associated biological effects (Chapter 1, Table 1-1). Increased
ocean acidification interferes with the ability of some organisms to build shells, although
the contribution of nutrient-enhanced coastal acidification is not yet understood.

1.7.1

June 2018

Estuary and Near-Coastal Biogeochemistry

In the 2008 ISA, the evidence was sufficient to infer a causal relationship between
reactive N deposition and biogeochemical cycling of N and C in estuarine and
near-coastal marine systems. Evidence reviewed in the 2008 ISA, along with new studies
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indicate elevated N inputs to coastal areas can alter key processes that influence N and C
cycling in near-coastal environments. As N fluxes to coastal areas have increased in
recent decades in many parts of the U.S., the varying rates of different N cycling
processes within estuaries themselves can also affect the magnitude of eutrophication
experienced as a result of external N enrichment. Nitrogen additions not only cause the
total pool of N to be larger, but may also perturb N cycling in such a way that the system
may exacerbate eutrophication to a greater extent than expected based on N additions
alone. Research conducted since the 2008 ISA has shown that many of these N cycling
processes are more important in the estuarine environment than previously understood.
The removal of N through denitrification is a valuable ecosystem service in terms of
constraining the extent and magnitude of eutrophication. Additional research has
established dissimilatory NOs™ reduction to NH4s* (DNRA) as a more important N
reduction pathway in some estuaries. Ammonium produced via DNRA can lead to
enhanced productivity and respiration, which may exacerbate hypoxia. Recent studies
indicate that DNRA rates are higher in warmer months and can also take up a larger
percentage of total N reduction activity when temperatures are higher. The roles of
sedimentary microbial processes of denitrification and anammox have been further
characterized. New research has shown that the community of N fixing microorganisms
is more diverse in estuarine and coastal waters than previously thought, and that N
fixation occurs more widely than previously assumed. Influence of benthic macrofauna
on N cycling has received increased research attention in part due to the potential for
these organisms to mitigate external N enrichment. New research further supports
conclusions of the 2008 ISA, and the body of evidence is sufficient to infer a causal
relationship between N deposition and the alteration of biogeochemistry in estuarine
and near-coastal marine systems.

Since the 2008 ISA, a number of papers have identified links between nutrient
enrichment and acidification of coastal waters (Appendix 7.2.4). One of the initial studies
found that CO, production during decomposition of organic matter delivered to coastal
zones from rivers experiencing eutrophication has enhanced the acidification of coastal
subsurface waters in the Gulf of Mexico and the East China Sea (Cai et al., 2011c) and
additional studies provide evidence of acidification in estuaries due to this mechanism
(Appendix 7.2.7.2). Additional CO; in the water column is produced from respiration of
living algae and seagrasses. The CO- produced in eutrophic estuarine waters combines
with water molecules, producing carbonic acid, which makes the water more acidic.
Nutrient-enhanced coastal acidification tends to occur in locations where there is either
thermal or saline stratification. Modeling of coastal acidification via N enrichment and
atmospheric CO; dissolution suggests that the combined effects of these two pathways
are synergistic. The body of evidence is sufficient to infer a likely causal relationship
between N deposition and increased nutrient-enhanced coastal acidification.

77 DRAFT: Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=2225307

© 00 N o o A WDN P

el e e L o =
© N o O~ W N Rk O

19
20
21
22
23
24
25
26
27
28

29
30
31
32
33
34
35
36

1.7.1.1

June 2018

Nitrogen Enrichment

Estuarine biogeochemistry is complicated because it directly controls more than just the
N cycle; the response to N loading resulting in eutrophication impacts the chemical
cycling of metals and DO (Appendix 7.2.3), redox conditions, pH (Appendix 7.2.4), and
ultimately energy transfer (e.g., food webs from microbes to humans). The response to N
loading is also tightly controlled by the availability of organic matter (i.e., C) and its
lability and reactivity. Excess nutrient inputs are occurring within the context of other
stressors such as climate change (Appendix 7.2.6.12) and rising atmospheric CO,, which
further modify coastal biogeochemistry (Doney, 2010). As reported in the 2008 ISA,
estuaries are generally N limited, and have received sufficiently high levels of N input
from human activities (including deposition, agricultural runoff, and wastewater) to cause
eutrophication. Highly variable environments within estuaries are characterized by a
gradient of increasing salinity toward the ocean. As N moves downstream, some fraction
is taken up by phytoplankton or removed by microbial denitrification. Key processes that
influence N cycling include hypoxia, nitrification, denitrification, and decomposition.
Until recently, it was generally believed that NH3 oxidation was accomplished only by
Proteobacteria in marine environments. New research discovered that some archaea can
also oxidize NHs. These ammonia-oxidizing archaea are dominant in some estuaries,
while ammonia-oxidizing bacteria are more important in others.

In the complex environment of the freshwater-to-ocean continuum, there are many
chemical and biological indicators of eutrophic condition. One approach is to measure
total nutrient loading and concentrations; however, these data need to be interpreted in
the context of the physical and hydrological characteristics that determine ecosystem
response. Water quality measures such as pH and DO, along with key biological
indicators such as chlorophyll a, phytoplankton abundance, HABs, macroalgal
abundance, and submerged aquatic vegetation (SAV; rooted vascular plants that do not
emerge above the water), can all be used to assess responses to nutrient loading

(Table 10-1). Nitrogen removal from the estuary is also influenced by faunal as well as
microbial communities.

Organic particles in coastal regions sink to the sediment-water interface where they
accumulate and decompose. Decomposition of these organic particles transforms
nutrients and depletes O; in the water. Decreasing DO can create hypoxic (<2 mg/L of
dissolved Oy) or anoxic zones inimical to fish and other aerobic life forms. Oxygen
depletion largely occurs only in bottom waters under stratified conditions, not throughout
the entire water column. This can result in seasonal hypoxia in shallow coastal regions,
particularly those that receiving high inputs of nutrients from coastal rivers. Development
of hypoxia is increasingly a concern in estuaries across the U.S. (Appendix 10.2.4).
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Since the 2008 ISA, N enrichment has been recognized as a potential contributing factor
to acidification of coastal waters (Appendix 10.5). Dissolution of atmospheric
anthropogenic CO; into the ocean has led to long-term decreases in pH. With increasing
N inputs to coastal waters, decomposition of excess organic matter associated with
eutrophication adds CO; to the water column (Sunda and Cai, 2012; Cai et al., 2011c;
Howarth et al., 2011). Models show that while the impact of each acidification pathway
(N enrichment or atmospheric CO; dissolution) may be moderate, the combined effect
may be much larger than would be expected from the additive effects of each pathway
(Sunda and Cai, 2012; Cai et al., 2011c).

1.7.1.2

Models

Since the 2008 ISA, several new applications of existing models have quantified
eutrophication processes in estuaries and near-coastal marine ecosystems. These have
included studies that focused primarily on N cycling or hypoxia. Other models of
estuarine eutrophication focus on N load apportionment, or on relationships between N
loads and ecological endpoints. Since the 2008 ISA, SPARROW has been used to
estimate total N loads within watersheds to determine sources of N to streams and rivers;
it has also been applied at regional and national scales. Additional models and tools that
include the contribution of N directly from the atmosphere have been applied to U.S.
estuaries, including the Watershed N Loading Model (NLM) and the Watershed
Deposition Tool (WDT). The latter was developed by the U.S. EPA to map atmospheric
deposition estimates to watersheds using wet and dry deposition data from CMAQ
(Schwede et al., 2009). This tool links air and water quality modeling data for use in total
maximum daily load (TMDL) determinations and analysis of nonpoint-source impacts.

New model applications include studies that focused primarily on endpoints of N cycling,
hypoxia, and HABs. Models of coastal eutrophication are described in greater detail in
Appendix 7.2.8.

1.7.1.3

June 2018

National-Scale Sensitivity

Sensitivity of estuaries to biogeochemical changes associated with N enrichment varies
across the U.S. The biogeochemical sensitivity of estuaries and near coastal areas will be
discussed together with biological sensitivity to N enrichment in Chapter 1.7.4.

79 DRAFT: Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=2500359
http://hero.epa.gov/index.cfm?action=search.view&reference_id=2225307
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1511204
http://hero.epa.gov/index.cfm?action=search.view&reference_id=2500359
http://hero.epa.gov/index.cfm?action=search.view&reference_id=2225307
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1729117

© 00 N o o A WOWDN P

NN NN P R R R R R R R R R
W N P O © © N O 00 W N P O

24
25
26
27
28
29
30
31

32
33

Biological Effects of Nitrogen Enrichment

In the 2008 ISA, evidence was sufficient to infer a causal relationship between N
deposition and the alteration of species richness, community composition, and
biodiversity in estuarine ecosystems. The strongest evidence for a causal relationship was
from changes in biological indicators of nutrient enrichment [chlorophyll a, macroalgal
(seaweed) abundance, HABs, DO, and changes in SAV (Table 10-1)]. Some indicators,
such as chlorophyll a, are directly linked to nutrient enrichment and provide evidence of
early ecosystem response; other indicators, such as low DO and decreases in SAV,
indicate more advanced eutrophication. Phytoplankton are the base of the coastal food
web and increases in primary producer biomass and altered community composition
associated with increased N can lead to a cascade of direct and indirect effects at higher
trophic levels. At the time of the 2008 ISA, N was recognized as the major cause of harm
to the majority of estuaries in the U.S. Since 2008, new paleontological studies,
observational studies, and experiments have further characterized the effects of N on
phytoplankton growth and community dynamics, macroinvertebrate response, and other
indices of biodiversity. For this ISA, new information is consistent with the 2008 ISA and
the causal determination has been updated to reflect more specific categories of effects to
include total primary production, altered growth and total algal community biomass. This
new research strengthens the evidence base and is consistent with the 2008 ISA

(Chapter 1, Table 1-1) that the body of evidence is sufficient to infer a causal
relationship between N deposition and changes in biota including total primary
production, altered growth, total algal community biomass, species richness,
community composition, and biodiversity due to N enrichment in estuarine
environments.

Since the 2008 ISA, additional evidence has shown that reduced forms of atmospheric N
play an increasingly important role in estuarine and coastal eutrophication and HAB
dynamics. New studies emphasize that N inputs interact with physical and hydrologic
factors to increase primary productivity and eutrophication in coastal areas.
Climate-related changes including temperature, precipitation, wind patterns, extreme
weather events, stronger estuary stratification, increased metabolism and organic
production, and sea-level rise are all expected to modify coastal habitats

(Appendix 10.1.4.1).

Primary Producers

Algae are the base of the coastal food web, and the 2008 ISA showed that changes in
chemical composition of N inputs can shift the algal community and cascade up the food
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web. Chlorophyll a is broadly recognized indicator of phytoplankton biomass and is used
as a proxy for assessing effects of estuarine nutrient enrichment. It can signal an early
stage of water quality degradation related to nutrient loading and is incorporated into
water quality monitoring programs and national-scale assessments including U.S. EPA’s
National Coastal Condition Assessment (Appendix 7.2.7). Phytoplankton sampling,
microcosms studies and sediment core analysis have shown changes in phytoplankton
community structure in estuaries with elevated N inputs (Appendix 10.3). These shifts at
the base of the food web to species that are not as readily grazed (e.g., cyanobacteria,
dinoflagellates) have a cascade of effects including poor trophic transfer and an increase
in unconsumed algal biomass, which could stimulate decomposition, O, consumption,
and the potential for hypoxia.

There is consistent and coherent evidence that the incidence of HAB outbreaks is
increasing in both freshwater and coastal areas, a problem that has been recognized for
several decades (Appendix 10.2.2). Of the 81 estuary systems for which data were
available for the National Estuarine Eutrophication Assessment (NEEA), 26 exhibited a
moderate or high symptom expression for nuisance or toxic algae (Bricker et al., 2007).
Since the 2008 ISA, HAB bloom conditions and effects of HAB toxins on wildlife have
been further characterized (Appendix 10.2.2). Release of toxins during HABs can be
harmful to fish and shellfish, and these toxins may be transferred to higher trophic levels.
The form of N affects phytoplankton growth and toxin production of some HAB species.
Increasing loads of NHs;*/NH4* have been linked to the expansion of HABs and altered
phytoplankton community dynamics (Appendix 10.3.3). Cyanobacteria, and many
chlorophytes and dinoflagellates may be better adapted to the use of NH." while diatoms
generally thrive in oxidized forms of N such as NO3™ (Figure 10-7).

Macroalgal (seaweed) growth is also stimulated by increased N inputs, which increase
the dominance of faster growing benthic or pelagic macroalgae to the exclusion of other
species (Appendix 10.2.3). Studies published since the 2008 ISA provide further
evidence that macroalgae respond to the form of N with some species showing greater
assimilation and growth rates with NH.* than with NOs™. Increased abundance of
macroalgae, which block light, and increased epiphyte loads on the surface of SAV may
reduce the growth and biomass of SAV. SAV including the eelgrass Zostera marina are
important ecological communities found within some coastal bays and estuaries that are
sensitive to elevated nutrient loading and loss of this habitat can lead to a cascade of
ecological effects because many organisms are dependent upon seagrasses for cover,
breeding, and as nursery grounds. Recently, presence of seagrass beds was linked to
decreased bacterial pathogens of humans, fishes, and invertebrates in the water column
and lower incidence of disease in adjacent coral reefs (Appendix 10.2.5). The 2008 ISA
reported correlations between increased N loading and declines in SAV abundance and
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newer studies have further characterized this relationship. In a survey of southern New
England estuaries, reduced eelgrass extent was observed at increased watershed N
loading. New studies have characterized the role of invertebrate mesograzers, such as
small crustaceans and gastropods, in controlling algal growth, potentially buffering
eutrophication effects on seagrass communities (Appendix 10.3.7). Macroalgae may not
be a good indicator of eutrophication in some upwelling-influenced estuaries in the
Pacific Northwest as an increase in macroalgal biomass in these systems does not appear
to be associated with temporal declines in eelgrass (Appendix 10.2.3).

1.7.2.2

Bacteria and Archaea

Ammonia-oxidizing prokaryotes carry out nitrification in estuarine waters.
Ammonia-oxidizing archaea are relatively recently described, and several studies since
the 2008 ISA have considered community responses of ammonia-oxidizing bacteria and
ammonia-oxidizing archaea. Community structure of ammonia-oxidizers is related to
nutrient inputs and affected by the form of available N (Appendix 10.3.4).

1.7.2.3

June 2018

Invertebrates

The community of benthic organisms shifts toward shorter life spans and smaller body
size in coastal areas with severe seasonal hypoxia (Appendix 10.2.4). Reduced species
density and diversity in the northern Gulf of Mexico are linked to persistent hypoxic
events. The form of N present has been shown to affect molluscan taxonomic
assemblages (Appendix 10.3.5). Shifts in algal composition and productivity can affect
growth of shellfish that feed on phytoplankton. Shellfish contribute to N and C cycling
and can improve water quality, and recent research has explored the use of these
organisms for coastal N remediation (Appendix 7.2.6.11). Harvest of shellfish for human
consumption removes nutrients from estuaries.

N enrichment is one of several factors linked to increased disease susceptibility,
bleaching, and reduced calcification rate in corals (Appendix 10.4.2). Several studies
have isolated effects of N, which affects corals via pathways that are distinct from P. The
threatened status of staghorn coral (Acropora cervicornis) and elkhorn coral (Acropora
palmata) under the U.S. Endangered Species Act has been linked to indirect N pollution
effects, specifically low DO, algal blooms that alter habitat, and other non-nutrient
stressors (Hernandez et al., 2016).
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1.7.2.4

Fish

Fish biodiversity is altered by increased N inputs and resulting changes in biological and
chemical indicators (Appendix 10.3.6). Many fish are unable to persist at DO levels
below 2 mg/L (Figure 10-4). Recent studies in the southern Gulf of Saint Lawrence have
linked SAYV loss to declines in fish biodiversity, although organisms did not change
positions within food webs. In laboratory conditions, turbidity associated with
eutrophication alters fish reproductive behaviors. Hypoxia has also recently been shown
to affect reproduction in fish. For example, hypoxia acts as an endocrine disruptor in
Atlantic croaker (Micropogonias undulatus; Appendix 10.2.4).

1.7.3

Biological Effects of Nutrient-Enhanced Coastal Acidification

Coastal acidification (Chapter 1.7.1), which can be exacerbated by elevated N input, is
projected to alter marine habitat, have a wide range of effects at the population and
community level, and impact food web processes. Newer studies show that organisms
that produce calcium carbonate shells are impacted by increasing acidification of ocean
waters (Appendix 10.5). Decreased concentration of carbonate ions (which organisms
such as calcareous plankton, oysters, clams, sea urchins, and coral take up to build shells)
are observed in acidic conditions. With increasing N inputs to coastal waters CO- in the
water column is produced from degradation of excess organic matter from changing land
use, as well as respiration of living algae and seagrasses, which in turn can make the
water more acidic. Documented declines of oyster production on the U.S. west coast are
linked to ocean acidification. Research on costressors associated with conditions of
coastal acidification and eutrophication suggest that interactions between elevated COy,
decreasing pH, and nutrient inputs are complex. The body of evidence is suggestive of,
but not sufficient to infer, a causal relationship between N deposition and changes in
biota including altered physiology, species richness, community composition, and
biodiversity due to nutrient-enhanced coastal acidification.

1.7.4

June 2018

National-Scale Sensitivity and Critical Loads

The NEEA, the most recent comprehensive survey of eutrophic conditions in U.S.
estuaries conducted by the National Oceanic and Atmospheric Administration, defined
eutrophication susceptibility as the natural tendency of an estuary to retain or flush
nutrients (Bricker et al., 2007). In estuaries that have longer water residence times,
nutrients are more likely to lead to eutrophic conditions (Appendix 10.1.4). As reported
in the 2008 ISA and newer studies, nutrient loading accelerates hypoxia, which is more
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likely in marine waters with limited water exchange, water column stratification, and
high production and settling of C to bottom waters. Other factors identified in the

2008 ISA that increase estuary sensitivity to eutrophication include human population,
agricultural production, and the size of the estuary relative to its drainage basin. The
NEEA reported that the most eutrophic estuaries in the U.S. occur in the mid-Atlantic
region, and the estuaries with the lowest degree of eutrophication are in the North
Atlantic (Figure 10-2). Estuaries identified in the 2008 ISA as susceptible to
eutrophication include the Chesapeake Bay, Pamlico Estuary in North Carolina, Long
Island Sound, as well as along the continental shelf adjacent to the Mississippi and the
Atchafalaya River discharges to the Gulf of Mexico. New research at the regional scale
includes long-term studies of several coastal systems on trends in coastal water quality
and chemistry. A 23-year study of the Chesapeake Bay concluded that water quality has
decreased and chlorophyll a levels have increased since 1986, in part due to long-term
climate trends (see Appendix 10.2.5).

Since the 2008 ISA, there is additional information on the extent and severity of
eutrophication and hypoxia in sensitive regions. Areas of eutrophication-related hypoxia
are found on the U.S. east and west coasts and the Gulf of Mexico (Figure 10-5). The
2008 ISA reported that the largest zone of hypoxic coastal water in the U.S. was the
northern Gulf of Mexico on the Louisiana-Texas continental shelf. In the summer of
2017, the hypoxic zone in the Gulf was the largest ever measured at 14,123 km?

(8,776 mi?) (U.S. EPA, 2017¢). Atmospheric deposition to watersheds in the
Mississippi/Atchafalaya River Basin contributes approximately 16 to 26% of the total N
load to the Gulf of Mexico (Appendix 10.2.4). Long Island Sound also experiences
periods of anoxia. In other U.S. coastal systems, hypoxia incidence is increasing, but DO
impacts are relatively limited temporally and spatially. In the Pacific Northwest, coastal
upwelling can be a large source of nutrient loads and advection of upwelled water can
introduce hypoxic water into estuaries that is not related to anthropogenic sources.

The NEEA suggested that only a small fraction of the estuary systems evaluated reported
moderate to high SAV loss (Bricker et al., 2007), mostly in the mid-Atlantic region.
While seagrass coverage is improving in some estuaries, such as Tampa Bay (Tampa Bay
Case Study, Appendix 16), many estuaries continue to see declines in seagrass extent.
SAV is often at a competitive disadvantage under N enriched conditions due to the fast
growth of opportunistic macroalgae that preferentially take up NH4* and can block light
from seagrass beds.

There are thresholds of response identified for some biological and chemical indicators of
N enrichment in estuaries (Appendix 10). Chlorophyll a is an indicator of phytoplankton
biomass, and thus, a proxy for assessing estuarine nutrient enrichment. In general,
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0-5 pg/L chlorophyll a is considered to be good condition, concentrations between 5 and
20 pg/L are classified as fair condition, and concentrations of >20 pg/L indicate poor
conditions (Table 10-2). A new response threshold of tidal-averaged total N
concentration of <0.34 mg/L has been identified for healthy eelgrass in Massachusetts
waters. Markedly decreased eelgrass coverage is observed at N loading rates

>100 kg N/halyr, and levels above 50 kg N/ha/yr are likely to impact SAV habitat extent
in shallow New England estuaries (Table 10-4). Greaver et al. (2011) identified the range
of 50—100 kg N/ha/yr total N loading as the empirical critical load for loss of eelgrass
based on Latimer and Rego (2010). In terms of DO, concentrations of 0 mg/L are anoxic,
0-2 are indicative of hypoxic conditions, and 2—5 mg/L are biologically stressful

conditions (Figure 10-4). Oxygen depletion largely occurs only in bottom waters under
stratified conditions, not throughout the entire water column.

The indicators of nutrient enrichment in coastal areas (chlorophyll a, HABs, macroalgal
abundance, DO, SAV, and benthic diversity) have been incorporated into indices of
coastal eutrophication. In the 2008 ISA, the Assessment of Estuarine Tropic Status
(ASSETS) categorical Eutrophication Condition index (ECI) developed for the NEEA
was used as an assessment framework for coastal U.S. estuaries (Bricker et al., 2007).
Additional indices of estuarine functioning that incorporate biological indicators have
since been developed both in the U.S. and internationally (Appendix 10.2.6).
Comparisons of these frameworks have identified robust methods to measure estuarine

response, such as incorporation of annual data, frequency of occurrence, spatial coverage,
secondary biological indicators, and a multicategory rating scale.

Since the 2008 ISA, N enrichment has been linked to coral bleaching and reduced
calcification rates (Appendix 10.4.2). Near-coastal coral reefs in the U.S. occur off south
Florida, Texas, Hawaii, and U.S. territories in the Caribbean and Pacific.

1.8

June 2018

Wetland Ecosystem Nitrogen Enrichment and Acidification

New evidence, including new critical loads, supports and strengthens the causal findings
from the 2008 ISA regarding N enrichment effects in wetlands (Chapter 1, Table 1-1). In
freshwater and coastal wetland ecosystems, deposition of N and S do not tend to cause
acidification-related effects at levels currently common in the U.S [(U.S. EPA, 2008a), in
Annex B]. However, the 2008 ISA documented that wetlands can be sensitive to N
enrichment and eutrophication effects. Newer studies have characterized N effects on

biogeochemistry, physiology, biodiversity, national sensitivity, and critical loads for
freshwater and coastal wetlands; coastal wetlands are typically tolerant of higher N
loading than freshwater wetlands.
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1.8.1

June 2018

Wetland Biogeochemistry

In the 2008 ISA, evidence was sufficient to infer a causal relationship between N
deposition and the alteration of wetland biogeochemical cycling. Although sources and
rates of N inputs vary widely among wetlands, N deposition contributes substantially to
total loading in many wetlands. This additional N alters multiple aspects of
biogeochemistry, including C cycling, N cycling, and release of nutrients to
hydrologically connected surface waters. New research together with the information
included in the 2008 ISA shows that the body of evidence is sufficient to infer a causal
relationship between N deposition and the alteration of biogeochemical cycling in
wetlands.

The 2008 ISA reported that N enrichment altered N cycling in wetland ecosystems.
Chemical indicators of N deposition in wetlands include NOs~ and NH4* leaching, DON
leaching, N mineralization, denitrification rates, and N,O emissions. A wetland can act as
a source, sink, or transformer of atmospherically deposited N, and these functions vary
with season and hydrological conditions. Vegetation type, physiography, local hydrology,
and climate all influence source/sink N dynamics in wetlands. A new synthesis of global
wetland data showed that wetland reactive N removal and water quality improvement is
proportional to reactive N load, and removal efficiency is 26% higher in nontidal than
tidal wetlands, while a new meta-analysis shows that N enrichment increases wetland
N.O emissions by 207%. New studies have also evaluated the effects of N loading/N
addition on other endpoints related to N cycling in peat bog, riparian, mangrove, and salt
marsh wetlands (see Appendix 11.3.1). The endpoints evaluated include ecosystem N
retention, wetland export of N to surface waters, N fixation, N mineralization,
denitrification, emission of N,O, and bacterial abundance, activity, and composition in
wetland soils. The results of North American studies are summarized in Figure 11-2.
Across studies, N enrichment decreases the ability of wetlands to retain and store
nitrogen, which may diminish the wetland ecosystem service of improving water quality.

In the 2008 ISA, evidence from Canadian and European peatlands showed that N
deposition had negative effects on Sphagnum (moss) bulk density and mixed effects on
Sphagnum productivity depending on the history of deposition. There is new information
on how N deposition alters biogeochemical cycling of C in wetlands. Chemical indicators
of N deposition in wetlands include soil organic matter, total soil C or peat C, CO,
emissions, and CH4emissions. Long-term C storage is an important ecosystem service of
wetlands for which measures of physical marsh stability can serve as a proxy, and
physical indicators of N deposition can include temperature, bulk density, physical
resistance, and soil water content. In addition, changes to plant growth rates and
productivity indicate altered C cycling in wetlands, and are summarized in Chapter 1.8.2.
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The literature evaluates the effects of N deposition, N loading, or experimental N
addition on C cycling in bogs, fens, riparian or intermittent marshes, freshwater tidal
marshes, mangroves, and salt marshes (see Appendix 11.3.2). Significant effects of N
loading upon biogeochemical cycling of C in North American wetlands (in which the N
addition was 500 kg N/ha/yr or lower) are summarized in Figure 11-3. N enrichment
decreases wetland retention of C, as indicated by new studies and a new meta-analysis
that show that N enrichment increases methane production in salt marshes. New studies
of marshes along the Gulf Coast and East Coast find that N enrichment also decreases the
bulk density of salt marshes, making marshes less resilient to physical stresses from tidal
or storm flooding, and may accelerate coastal marsh loss.

1.8.2

Biological Effects of Wetland Nitrogen Enrichment/Eutrophication

In the 2008 ISA, evidence was sufficient to infer a causal relationship between N
deposition and the alteration of species richness, species composition, and biodiversity in
wetlands. New evidence is presented in the following sections regarding the effects of N
upon wetland plant physiology, architecture, demography, and biodiversity. The body of
evidence is sufficient to infer a causal relationship between N deposition and the
alteration of growth and productivity, species physiology, species richness,
community composition, and biodiversity in wetlands.

1.8.2.1

June 2018

Growth, Productivity, and Physiology

In the 2008 ISA, evidence from Canadian and European bogs and fens showed that N
deposition had negative or mixed effects on Sphagnum (moss) productivity, depending on
history of deposition. In Canadian ombrotrophic peatlands experiencing deposition of
2.7-8.1 kg N/ha/yr, peat accumulation increased with N deposition, but accumulation
rates had slowed by 2004, indicating a degree of N saturation. Coastal wetlands
responded to N enrichment with increased primary production, shifting microbial and
plant communities and altering pore water chemistry, although many of the studies in
coastal wetlands used N enrichment levels more similar to those of wastewater than
atmospheric deposition. New research on N enrichment effects on growth and
productivity was conducted in ombrotrophic bogs, intermittent wetlands, freshwater tidal
marsh, mangroves, and coastal salt marshes (see Appendix 11.4). Ecological endpoints
evaluated to assess N loading effects on growth and productivity include plant
aboveground biomass and productivity, plant belowground biomass of roots and
rhizomes, and growth rates, and are summarized along with N effects on C cycling in
Figure 11-3. The effects of N additions on plant physiology were not addressed in the
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2008 ISA, but information regarding these effects is available for bogs and fens, riparian
wetlands, freshwater tidal marsh, mangroves, and salt marshes (see Appendix 11.5).
Ecological endpoints evaluated to assess N loading effects on plant physiology include
stoichiometry (i.e., nutrient concentrations and ratios of multiple nutrients in plant tissue),
nutrient acquisition efficiency (including insectivory rates in insectivorous plants),
nutrient use efficiency, and nutrient reabsorption efficiency, and are summarized in

Figure 11-4.

In general, across types of wetlands, nitrogen loading increases aboveground growth and
productivity while decreasing or not affecting belowground growth and productivity. In
bogs and fens, N deposition decreases growth of state-listed Sarracenia purpurea (purple
pitcher plant), and N enrichment increases aboveground productivity of emergent sedges
more than of peat-building moss species. These changes cascade up to affect biodiversity
in bogs and fens (see below, Chapter 1.8.2.2). In freshwater and tidal marshes, N
enrichment increases aboveground productivity while decreasing belowground
productivity, and this shift from belowground to aboveground plant productivity may
account for changes in wetland C storage (see Chapter 1.8.1).

Changes to plant physiology and stoichiometry vary by species tolerance to N and N
acquisition strategies. In bogs, N enrichment typically causes increased plant tissue N
concentrations, decreased N use efficiency, and decreased N resorption efficiency during
senescence. After several years of exposure to high rates of N loading, bog plants may
experience leaf N saturation and limitation by other nutrients (e.g., P, K, and Ca,
indicated by increasing reabsorption efficiencies), resulting in leaf damage in sensitive
species. S. purpurea (purple pitcher plant) decreases its dependence upon insectivory for
nutrition at N deposition rates of 4.4 kg N/ha/yr. In freshwater marshes, N enrichment
also increases plant tissue N concentrations while increasing P limitation and altering
resorption efficiencies.

Plant architecture was not addressed in the 2008 ISA, and demography was addressed
only for bogs and fens. Aboveground, plant architecture includes branching patterns, as
well as the size, shape, and position of leaves and flower organs. New studies find N
enrichment affects plant architecture in a salt marsh, in mangroves, in freshwater tidal
marshes, and in a riparian wetland (Appendix 11.6). In terms of plant demography, the
2008 ISA found positive population growth rates for S. purpurea at 0 or 1.4 kg N/ha/yr,
but population losses at 14 kg N/ha/yr, and that N deposition above 6.8 kg N/ha/yr
increases population extinction risk of S. purpurea. New studies show that N addition has
species-specific effects upon reproduction of West Coast salt marsh plant species, and
increases mortality across the global distribution of mangrove species (Appendix 11.7).
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1.8.2.2

Biodiversity

In the 2008 ISA, evidence was sufficient to infer a causal relationship between N
deposition and the alteration of species richness, species composition, and biodiversity in
wetlands. Notably, the 2008 ISA cited 4,200 native plant species in U.S. wetlands, 121 of
which are federally endangered. Given their relative area, wetlands provide habitat to a
disproportionally high number of rare plants. Many wetland species have adapted to N
limited conditions, including endangered species in the genera Isoetes (3 endangered
species) and Sphagnum (15 endangered species), as well as insectivorous plants such as
pitcher plants (Sarracenia spp.) and sundews (Drosera rotundifolia).

Coastal wetlands responded to N enrichment with increased primary production,
changing microbial and plant communities, and altered pore water chemistry, although
many of the studies available in 2008 used high N enrichment levels more similar to N
loading from wastewater than from atmospheric deposition. New research since 2008
including N deposition gradient studies, experimental N addition studies, and
observational studies that show that N enrichment altered biodiversity in bogs and fens,
intermittent wetlands, freshwater wetlands, freshwater tidal wetlands, and coastal salt
marshes (see Appendix 11.8).

New research from wetland ecosystems strengthens the 2008 causal statement. New
research confirms that, as in terrestrial systems, N addition can decrease the abundance
and richness of sensitive species while increasing the abundance and richness of tolerant
species. In bogs and fens, N enrichment decreases the survival of insectivorous plants and
the cover of mosses, while increasing the cover of shrub species. In freshwater marshes,
N enrichment changes plant community composition, increases the abundance of and
stresses caused by invasive plant species, promotes the harmful algal species that produce
the toxin microcystin, and increases mosquito larvae that are vectors for zoonotic
diseases (see Figure 11-1). In freshwater tidal and coastal marshes, N enrichment changes
plant community composition, increases cover of invasive plant species, increases
herbivory by invertebrates, and increases herbivory by the invasive mammal Myocastor
coypus (nutria).

1.8.2.3

June 2018

National Sensitivity and Critical Loads for Wetlands.

Freshwater and coastal wetlands tend to have different sensitivity to added N. Broadly,
wetlands that receive a larger fraction of their total water budget in the form of
precipitation are more sensitive to the effects of N deposition. For example, bogs
(70—100% of hydrological input from rainfall) are more sensitive to N deposition than
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fens (55—-83% as rainfall), which are more sensitive than coastal wetlands (10—-20% as
rainfall).

Since the 2008 ISA, a CL for U.S. coastal wetlands has been established. The CL is based
on several different ecological endpoints, including plant community composition,
microbial activity, and biogeochemistry (63—400 kg N/ha/yr). Figure 11-6 shows a
comparison of the N CL for coastal wetlands with recent studies of ecological impacts of
N (at N levels of 100—-250 kg N/ha/yr).

Since the 2008 ISA, two N critical loads (CLs) for U.S. freshwater wetlands have been
established. The CL for wetland C cycling, quantified as altered peat accumulation and
NPP, is between 2.7 and 13 kg N/ha/yr. The upper end of this critical load range is based
on measurements of wet deposition only (10 to 13 kg N/ha/yr), and therefore, does not
reflect total N loading. There is also a CL to protect biodiversity based on morphology
and population dynamics of the purple pitcher plant (Sarracenia purpurea) between
6.8—14 kg N/ha/yr. A more recent study across an N deposition gradient suggests that
purple pitcher plant populations experience negative effects of N deposition at rates lower
than this CL, but the more recent research has not yet been incorporated into the CL
framework. A comparison of freshwater wetland CLs to observed ecological impacts of
N from recent studies (4.4-500 kg N/ha/yr) is given in Figure 11-7.

1.9

June 2018

Freshwater and Wetland Ecosystem Sulfur Enrichment

New evidence from wetland and freshwater aquatic ecosystems strengthens and extends
the causal findings of the 2008 ISA regarding nonacidifying sulfur effects, and provides
the basis for a new causal determination (Chapter 1, Table 1-1). New research together
with the information included in the 2008 ISA shows that the evidence is sufficient to
infer a causal relationship between S deposition and the alteration of Hg methylation in
surface water, sediment, and soils in wetland and freshwater ecosystems. New evidence
is sufficient to infer a new causal relationship between S deposition and changes in biota
due to sulfide phytotoxicity, including alteration of growth and productivity, species
physiology, species richness, community composition, and biodiversity in wetland and
freshwater ecosystems.

SOx deposition can have chemical and biological effects other than acidification,
particularly in flooded wetland soils and aquatic ecosystems. The 2008 ISA described
gualitative relationships between sulfate deposition and a number of ecological
endpoints, including altered S cycling, sulfide phytotoxicity, internal eutrophication of
aquatic systems, altered methane emissions, increased mercury (Hg) methylation, and
increased Hg loading in animals, particularly fish. Table 12-11 summarizes chemical

90 DRAFT: Do Not Cite or Quote



g B~ W N -

© 00 N O

10
11
12
13
14
15
16
17
18

19
20
21
22
23
24
25
26
27
28
29

30
31
32
33
34

concentrations that alter ecological endpoints and the quantitative relationships
describing effects of sulfate deposition. Recent research supports these relationships
between S deposition and ecological endpoints and provides the basis for SOx deposition
levels, water column sulfate concentrations, and water column sulfide concentrations
protective of plants and animals.

191

June 2018

Biogeochemistry

SOx deposition alters biogeochemical processes via S enrichment including S cycling
(see Appendix 12.2.1), P cycling (see Appendix 12.2.4), C cycling (see

Appendix 12.2.5), and Hg cycling (see Appendix 12.3). The primary chemical indicator
for nonacidifying or enrichment effects of S in wetland and aquatic ecosystems is surface
water sulfate concentration, as it is for acidifying effects. The 2008 ISA reported that
chemical reduction of sulfate was an important indicator of SOx effects on water
chemistry, as the process generates ANC. There are no new studies on ANC generation
through sulfate reduction, although microbial sulfate reduction remains an active area of
research. In aquatic ecosystems for which atmospheric and terrestrial S inputs are similar
in magnitude to rates of microbial sulfate reduction, the products of microbial sulfate
transformation may be more reliable indicators of S enrichment effects than surface water
sulfate concentrations. These chemical indicators include methylmercury (MeHg),
sulfide, and phosphate.

MeHg is the most persistent and toxic form of Hg in the natural environment, and is
measured in surface water or aquatic sediments (MeHg concentration or the percentage of
MeHg in total Hg) to predict its effects upon biota. Several new studies demonstrate
significant positive relationships between surface water SO4>~ concentrations and water
or sediment MeHg concentrations (see Appendix 12.3.5). Another product of sulfate
reduction, sulfide (measured as surface water or sediment pore water S?~ concentrations)
is also a water quality indicator of deposition effects upon biota. In freshwater
ecosystems with iron-rich sediments, sulfide may react with iron bound to phosphates in
the sediment to release phosphate into the water column, increasing primary productivity;
new research documents this process, referred to as internal eutrophication

(Appendix 12.2.4).

In terms of S enrichment effects upon carbon cycling, the 2008 ISA documented the
suppression of methane emissions in wetland soils by sulfate addition in several studies
and noted that 15 kg S/ha/yr suppressed methane emissions. Recent research has
confirmed that S enrichment increases the abundance or metabolic activity of
sulfate-reducing prokaryotes (SRPs), which under some conditions compete with
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methanogens and suppress their activity, in turn suppressing methane emissions
(Appendix 12.2.4). However, there are no new studies documenting S deposition effects
upon methane emissions in U.S. ecosystems.

1.9.2

Biological Effects of Sulfur Enrichment

Nonacidifying S effects upon biota include plant toxicity, changes in plant growth and
biodiversity, and increased Hg concentrations in biota. The toxicological effects of Hg
accumulation in animals were documented in the 2008 ISA and newer studies.

1921

June 2018

Sulfur Nutrient and Toxicity to Plants

Plants and other organisms require S as an essential nutrient. The deposition of S can
affect plant protein synthesis by affecting S availability for S containing amino acids,
which in turn will affect N uptake. The 2008 ISA documented the effects of sulfate
toxicity on plant development and reproduction at very high S loads. There is no new
evidence of S deposition effects upon plant S nutrition or sulfate toxicity. The product of
microbial sulfate reduction, sulfide, is an important plant toxin, and the 2008 ISA
documented sulfide phytotoxicity in European systems. Together with new research
showing sulfide phytotoxicity in North American wetlands, the body of evidence is
sufficient to infer a causal relationship between S deposition and changes in biota
due to sulfide phytotoxicity including alteration of growth and productivity, species
physiology, species richness, community composition, and biodiversity in wetland
and freshwater ecosystems.

The 2008 ISA showed that sulfide toxicity decreased biomass of wetland plants and
aquatic macrophytes in mesocosms under aquatic S concentrations higher than current
U.S. concentrations. In Europe, research showed that a threshold value of <48 mg
SO4Z/L in surface water would protect the sensitive aquatic species Stratiotes aloides and
Potamogeton acutifolius (not native to CONUS), as well as to protect Potamogeton
zosteriformis and Utricularia vulgaris, which are both native and widely distributed in
CONUS. New research has demonstrated sulfide phytotoxicity effects at current ambient
sulfide concentrations in multiple ecosystems within the U.S. (Appendix 12.2.3). Sulfide
decreased total plant cover and cover of dominant species in a New York fen, and
decreased the growth rate of Cladium jamaicense (sawgrass), a keystone species in the
Florida Everglades. Zizania palustris (wild rice) is an economically and culturally
important species sensitive to sulfide, and the Minnesota Pollution Control Agency has
developed a model for this species that calculates protective levels of water SO,
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concentrations, given iron and DOC concentrations in water bodies. A recent review
identifies sulfide thresholds between 0.3—29.5 mg S?7/L for altered growth, productivity,
physiology, or mortality of 16 freshwater wetland emergent plant and aquatic submerged
macrophyte species native to North America (see Table 12-2).

1.9.2.2

June 2018

Sulfur Effects on Mercury Methylation

In the 2008 ISA, evidence was sufficient to infer a causal relationship between S
deposition and increased methylation of Hg, in aquatic environments where the value of
other factors is within adequate range for methylation. In the 2008 ISA, sulfur-reducing
bacteria (SRB) were identified as the organisms responsible for Hg methylation. New
evidence shows the ability to methylate Hg is more broadly distributed phylogenetically,
including both bacteria and archaea, which is why this document refers to
sulfate-reducing mercury methylators as SRPs rather than SRB (Appendix 12.3.2). In the
2008 ISA, wetland and lake-bottom sediments were identified as habitat for mercury
methylating SRPs. Recent research documents microbial mercury methylation in lakes, in
wetland sediments and moss, within periphyton, in marine ecosystems, and within
disturbed terrestrial forest soils (Appendix 12.3.2 and Appendix 12.3.3). Microbial
mercury methylation responsive to SOx deposition occurs in freshwater lakes, freshwater
wetlands, freshwater reservoirs, and freshwater agricultural areas (Appendix 12.3.4).
Between the 2008 ISA and new research, the body of evidence is sufficient to infer a
causal relationship between S deposition and the alteration of Hg methylation in
surface water, sediment, and soils in wetland and freshwater ecosystems.

Hg methylation is determined in part by surface water sulfate, as many strains of SRPs
possess the recently identified gene pair hgcAB, and pair their metabolism of C with both
dissimilatory sulfate reduction and mercury methylation (see Appendix 12.3.2 and

Figure 12-5). Microbial methylation rates are determined by other environmental
requirements of SRPs, including seasonality and temperature, pH, organic matter in water
and sediments, iron, nitrate, and salinity (Appendix 12.3.3). New research demonstrates
that Hg methylation occurs at ambient sulfate concentrations within U.S. water bodies.
Multiple lines of evidence support a relationship between sulfate surface water
concentrations and MeHg concentration or production in various freshwater systems.
Linear relationships between sulfate concentrations and MeHg concentrations were
observed in sediments of the South River, VA, across peat bogs in Minnesota and
Ontario; and across prairie pothole lakes in Saskatchewan (Figure 12-17). In addition to
the studies of lake and wetland sediments reviewed in the 2008 ISA, studies employing
lab incubations show that sulfate increases Hg methylation in samples from Adirondack
peat bogs, from South River, VA sediments, from periphyton growing in North American
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lakes and wetlands, and from leaf packs in Minnesota river water (Appendix 12.3.3.1).
Experimental addition of S to field mesocosms or whole ecosystems has shown that S
enrichment as wet S deposition increases MeHg in water, sediment, or biota, in Little
Rock Lake, W1; Bog Lake Fen, MN; the Experimental Lakes Area, Ontario; and the bog
experiment at Degerd Stormyr, Sweden (Appendix 12.3.4.1). In observational studies of
S and Hg deposition, fish Hg concentrations decline with temporal declines in SOx
deposition in Isle Royale (a Class | area), fish Hg concentrations correlate positively with
Hg and S deposition across Texas ecoregions, and a 12-year study found fish Hg in
Voyageurs National Park (a Class | area) declined in lakes with decreasing S deposition
only when lake DOC remained constant (Appendix 12.3.5.1). New research is consistent
and coherent with the research presented in the ISA in demonstrating that sulfur
enrichment from SOx deposition stimulates mercury methylation in North American
ecosystems. Current research suggests that mercury methylation generally peaks between
10 and 100 mg SO.*/L in surface water, and quantitative relationships between S and Hg
such as target values or thresholds are reported in Table 12-12.

1.9.2.3

June 2018

Sulfur, Mercury, and Animal Species

Mercury is a developmental, neurological, endocrine, and reproductive toxin across
animal species. The 2008 ISA documented Hg accumulation in fish, songbirds, four turtle
species, insectivorous passerine birds, and the common loon (Gavia immer). Recent
research also documented Hg accumulation in insectivore songbirds, bats, and fish in
agricultural wetlands. The 2008 ISA reported that 23 states had issued fish advisories by
2007 in response to the U.S. EPA’s fish tissue criterion of 0.3 pug MeHg/g fish (0.3 ppm),
set to protect human health. The 2008 ISA reported on the negative impacts of Hg on the
development, morphology, survival, or reproduction in the following fish species:
walleye (Stizostedion vitreum), grayling (Thymallus thymallus), mummichog (Fundulus
heteroclitus), rainbow trout (Oncorhynchus mykiss), fathead minnows (Pimephales
promelas), and zebrafish (Danio rerio). However, a recent report on Hg in streams of the
U.S. by the USGS summarizes current research indicating that birds, fish, and fish-eating
wildlife experience negative effects of Hg at lower concentrations than the 0.3 ppm
criterion set to protect human health on the basis of fish consumption.

The 2008 ISA documented a link between decreased S deposition and decreased fish
MeHg concentrations. Recent research in VVoyageurs National Park (a Class | Area)
supports this finding. There is also supporting evidence from fish surveys of Texas
reservoirs across regions with different S deposition loads, and from an S addition
experiment in a peat bog in the Marcell Experimental Forest in northern Minnesota,
where increased S loading increased Hg concentrations in larval Culex spp. (mosquitoes),

94 DRAFT: Do Not Cite or Quote



o N oo oA WDN P

10
11
12
13
14
15
16
17
18
19
20

21
22
23
24
25
26

27
28
29
30

which are an important food source for both aquatic and terrestrial species

(Appendix 12.4 and Figure 12-18). In addition to the studies that consider S deposition,
there are recent studies that consider sulfate concentrations in water in relation to fish Hg
concentrations in six lakes in South Dakota, and in the marshes of the Everglades
(Appendix 12.4). In the freshwater marshes of the Everglades, recent work indicates a
concentration of 1 mg/L sulfate to keep water MeHg low (Appendix 12.3.4.3), which is
also a sulfate concentration that will protect fish from elevated Hg burdens in that system

(Figure 12-14).

1.9.3

National-Scale Sensitivity and Critical Loads

The 2008 ISA identified ecosystems in the Northeast as particularly sensitive to Hg
methylation in response to S deposition, as many watersheds in this region have abundant
wetlands and freshwater water bodies with high DOC and low pH. The U.S. EPA
national stream surveys found that MeHg in predator fish exceeded the Hg criterion in a
quarter of stream miles and half the lakes surveyed. Fish MeHg levels were highest in
streams in watersheds with considerable wetland area, and surveys showed highest fish
MeHg concentrations in the southeastern U.S., suggesting that ecosystems sensitive to
SOx deposition effects upon Hg methylation extend beyond the Northeast (Figure 12-15).
Recent studies confirm that Hg methylation is more widespread than was documented at
the time of the 2008 ISA. New research conducted in agricultural wetlands in California
suggests Hg methylation in these systems may provide a route to animal and human Hg
exposure through food, specifically MeHg concentrations in rice seeds.

There are no CLs for S to prevent sulfide phytotoxicity or Hg methylation, although there
are sulfate and sulfide water quality values that represent protective levels against toxic
effects of sulfide and Hg to biota (see Table 12-12). There are European CLs for Hg
concentrations in soil and fish tissue targeted to protect human health, drinking water
quality, and terrestrial soils, but these CLs are not framed in terms of SOx, Hg, or PM
deposition (see Appendix 12.6).

1.10

June 2018

Ecological Effects of Particulate Matter other than N and S
Deposition

Since publication of the 2009 PM ISA, new literature builds upon the existing knowledge
of ecological effects associated with PM components other than those associated with N
and S deposition, especially metals and organics. In some instances, new techniques have
enabled further characterization of the mechanisms of PM on soil processes, vegetation,
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and effects on fauna. New studies provide additional evidence for community-level
responses to PM deposition, especially in soil microbial communities. However,
uncertainties remain due to the difficulty in quantifying relationships between ambient
concentrations of PM and ecosystem response. Overall, the body of evidence is
sufficient to infer a likely causal relationship between deposition of PM and a
variety of effects on individual organisms and ecosystems, based on information from
the previous review and new findings in this review.

PM deposition comprises a heterogeneous mixture of particles differing in origin, size,
and chemical composition. Exposure to a given concentration of PM may, depending on
the mix of deposited particles, lead to a variety of toxic responses and ecosystem effects.
Effects of PM on ecological receptors can be both chemical and physical (U.S. EPA
2009a, 2004). As described in the 2009 Integrated Science Assessment for Particulate
Matter (2009 PM ISA), particulates that elicit direct and indirect effects on ecological
receptors vary in terms of size, origin, and chemical composition. Particle composition is
attributed to ecological outcomes to a greater extent than particle size (Grantz et al.
2003). PM associated metals and organics are linked to responses in biota; however, the
heterogeneous nature of PM composition and distribution coupled with variability
inherent in natural environments confound assessment of the ecological effects of
particulates. Although most effects are from chemical composition of PM, there are some
effects of particle size generally limited to flux of solar radiation and soiling of leaves by
large coarse particles in areas near industrial facilities.

In general, new studies on PM deposition to vegetation support findings in previous PM
reviews on altered photosynthesis, transpiration, and reduced growth. Additional
characterization of PM effects at the leaf surface since the 2009 PM ISA has led to a
greater understanding of PM foliar uptake. Alterations in leaf fatty acid composition are
associated with metals transferred to plant tissues from PM deposition on foliar surfaces
(Appendix 15.4.2).

An important characteristic of fine particles (0.1 to 1.0 um) is their ability to affect the
flux of solar radiation passing through the atmosphere, which can be considered in both
its direct and diffuse components. A newly available research method links changes in
expression of proteins involved in photosynthesis to changes in radiation associated with
aerosols and PM. Although this method has not been widely applied, it may represent an
important way to study mechanistic changes to photosynthesis in response to more
diffuse radiation resulting from PM in the air column (Appendix 15.2).

Several studies published since the 2009 PM ISA show PM chemical constituent effects
on soil physical properties and nutrient cycling. Previous findings in the PM ISA of
changes to microbial respiration and biomass are further supported by new studies.
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Microbial community responses to PM vary in tolerance to heavy metals and organics
(Appendix 15.5.3).

In fauna, results from ecotoxicity assays with PM extracts using bacteria, rotifers,
nematodes, zebrafish, and earthworms support findings in the 2009 PM ISA that toxicity
is not related to the total mass of PM in the extract, but to the chemical components of the
PM. In nematodes exposed to PM from air filters, the insulin-signaling pathway was
identified as a possible molecular target. Use of wildlife as PM biomonitors has been
expanded to new taxa since the last PM review. Several studies in invertebrates and birds
report physiological responses to air pollutants, including PM (Appendix 15.6).

For ecosystem level effects, a gradient of response with increasing distance from PM
source was reported in the 2009 PM ISA. Newly available studies from long-term
ecological monitoring sites provide limited evidence for recovery in areas such as those
around former smelters due to the continued presence of metals in soils after operations
ceased. A novel experimental microecosystem using microbial communities living in
terrestrial mosses indicates that PM deposition alters responses of primary producers,
decomposers, and predators (Appendix 15.3).

1.11

Recovery of Ecosystems from Nitrogen (N) and Sulfur (S)
Deposition in the U.S.

Evidence from across the U.S. of ecosystem recovery from N nutrient enrichment and
acidification corresponding to long-term trends in N and S emissions is variable. Most
studies of recovery focus on ecosystem acidification recovery due to decreases in S
emissions and deposition. Overall N emissions and deposition have been increasing or
relatively steady; consequently, there has been little reported on N enrichment recovery.

1.111

June 2018

Overarching Concepts of Ecological Recovery from Acidification

Both chemical and biological indicators are used to assess the degree of ecological
degradation associated with environmental stressors and document responses in
ecosystems where improved conditions allow for recovery. Recovery can be documented
by measurement of indicators and projected/modeled recovery trajectories.

For acidification caused by N and S deposition, chemical recovery of aquatic and
terrestrial ecosystems are characterized by trends in water quality indicators (NOs",
S04%, pH, ANC, inorganic monomeric Al, MeHg) towards inferred preindustrial values
or, in the case of inorganic Al and MeHg, below water quality threshold values protective
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of biota and human health. Preindustrial conditions varied across the U.S. in response to
variation in climate, geology, and biological communities, and preindustrial chemical
indicator values are currently inferred from models, paleolimnology samples, or historical
samples. When evaluating ecosystem recovery to acidification, it is important to note that
different chemical pools within the soil may recover at different rates with the same
decreases in declining atmospheric deposition at different rates. For example, soil
solution Ca:Al ratio or SO4>~ or NOs™ respond more quickly than will total N. Indicators
of slowly recovering pools (such as the percentage of base saturation in the soil or soil C
to N ratio) will have long response times with regard to changes in atmospheric
deposition. An indicator such as acid-neutralizing capacity (ANC), which is influenced
by both fast (solution) and slow (soil) pools, has an intermediate response time. Chemical
indicators such as ANC or pH may not necessarily follow a recovery path that mirrors the
reverse of the acidification path due to dynamic relationships among ANC, pH, DOC,
and inorganic Al; depletion of soil base cation pools; and/or pH-dependent S adsorption
on soils. In addition, the ANC level that reflects recovery of pH or Al; may differ between
the acidification and recovery phases (Hesthagen et al., 2008).

Biological recovery may follow chemical recovery of such water and soil quality
constituents; however, there may be a lag of decades between the onset of chemical
recovery and biological recovery [(U.S. EPA, 2008a); Appendix 8]. As observed in some
of the early studies on formerly acidified systems, the biological recovery trajectory may
exhibit hysteresis, where a system does not follow the same path from acidification to
recovery (Frost et al., 2006). Complete biological recovery would entail a return to the
same species make-up, richness, and abundance as existed in the ecosystem in question
prior to the advent of human-caused acidic deposition (around the Year 1860 in North
American ecosystems). In a practical sense, complete biological recovery is probably not
attainable at most acidified locations within a reasonable management time frame
(perhaps 100 years) because soil reserves of base cations at many locations have been
depleted in response to many decades of acidic deposition and because other stressors, in
addition to acidic deposition, have also altered ecosystem structure and/or function or
will do so in the coming decades. Such stressors include changes in climate, land use, and
other perturbations. More commonly, only partial biological recovery may be possible.
Ecosystems deemed to be on a recovery trajectory are those found to be moving towards
a mix of species presence and abundance that approximates the undisturbed state. There
is substantial evidence that recovery rates from acidification differ between taxonomic
groups (e.g., rotifers vs. crustaceans) (Frost et al., 2006; Malley and Chang, 1994). In
general, recovery in freshwater ecosystems is characterized by populations of plankton
and benthic invertebrates prior to the recovery of fish populations, although most
biological communities studied to date have not returned to preacidification conditions,
even after recovery of chemical parameters.
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1.11.2

June 2018

Acidification Recovery in the U.S.

Long-term monitoring has been very important in tracking the ecological response to N
and acidifying deposition (Appendix 7 and Appendix 4.4). Experimental liming studies
have also provided some evidence for biological recovery, although these types of studies
are limited in the U.S. (Appendix 4.3.4 and Appendix 8.4.6). The historical focus on
aquatic acidification has resulted in more data to evaluate recovery in aquatic than
terrestrial ecosystems (Appendix 7.1.3). Fewer studies have tracked the potential
recovery of terrestrial ecosystems; however, since the early 1990s, evidence has grown,
which indicates that soils in some areas are beginning to recover, yet most sensitive
regions continue to acidify in response to deposition (Appendix 4.6.1). In areas where N
and S deposition has decreased, chemical recovery must first create physical and
chemical conditions favorable for growth, survival, and reproduction in order for
biological recovery to occur.

The northeastern U.S. and southern Appalachians are two regions of the U.S. where a
large body of research has evaluated recovery. In the Northeast, evidence for chemical
recovery is primarily from soils (Appendix 4.6.1) and freshwater lakes and streams
(Appendix 7.1.5.1). In regards to biological recovery (Appendix 8.4), newer studies have
documented some evidence for zooplankton recovery and the successful reintroduction of
brook trout in previously acidified Adirondack water bodies or recolonization of
previously acidic lakes from refugia (Appendix 8.6.6). In addition to decreased
acidification, a few studies report declines in methylmercury concentrations in biota or
water in response to decreasing S, which is suggestive of ecosystem recovery

(Appendix 12.5).

In contrast to the northeastern U.S., there is little evidence for recovery in the southern
Appalachian Mountain region (Appendix 4.6.1 and Appendix 16.3). This area is
characterized by an abundance of low-ANC streams situated on acidic, highly weathered
soils. Streams in this region are strongly affected by SO4> adsorption on soils, and
long-term monitoring studies suggest that soil base cation depletion has prevented
chemical recovery (Appendix 7.1.5.1.4). Biogeochemistry modeling scenarios suggest
that even with large decreases in SO4>~ deposition, it may take decades for soil base
cation levels to recover in this region.

New studies continue to support findings in the 2008 ISA that biological response to
water chemistry recovery varies among taxa and among water bodies, and that most
biological communities studied have not returned to preacidification conditions, even
after recovery of chemical parameters (Appendix 8.4). Since the 2008 ISA, research has
described the DOC of many lakes and streams has risen, with the source of the DOC
likely from the soils in the adjacent terrestrial watershed (Chapter 1, Table 1-2;
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Appendix 4.3.9 and Appendix 7.1.2.9). The mechanism causing the observed increase in
DOC is unclear, and may be due to a combination of soil recovery from acidification,
changes in climate (e.g., temperature and precipitation), and N deposition, among other
mechanisms. DOC interacts like a weak acid; therefore, DOC content may affect pH and
ANC levels and constrain the extent of recovery from acidification. At the same time, the
acidic properties of DOC make it a host for binding trace metals such as toxic inorganic
Al (for additional discussion on inorganic Al and DOM see Appendix 4.3.5) and
decreases the toxicity of dissolved Al to aquatic organisms. Overall, current research
indicates DOC increases are inconsistent across surface waters in the U.S. with large
increases in DOC with acidification recovery in some locations while other recovering
sites have not shown increasing trends in DOC.

1.11.3

Nitrogen (N) Driven Nutrient Enrichment Recovery in the U.S.

In most freshwater systems sensitive to nutrient effects of atmospheric deposition of N,
there is no evidence for biological recovery although decreases in NOs~ concentrations
consistent with declines in N deposition have been reported in some regions of the U.S.,
notably the Appalachian, Adirondack, and Rocky Mountains (Appendix 7.1.5). Some
estuaries have shown improvements in biological indicators, such as increases in the
extent of SAV, in response to decreases in N inputs from atmospheric deposition and in
wastewater and agricultural runoff. For an example, see the Tampa Bay case study
(Appendix 16). In other coastal areas of the U.S., biological indicators of nutrient
enrichment have remained relatively unchanged or declined. In the well-studied
Chesapeake Bay watershed where extensive restoration efforts have been implemented,
water quality and measures of ecological condition have shown little improvement during
a 23-year period (Williams et al., 2010). The one exception to the pattern of no
improvement in water quality was an observed increase in the amount of SAV
(Appendix 10.2.5).

1.12

June 2018

Climate Modification of Ecosystem Response to Nitrogen (N)
and Sulfur (S) Addition

Nitrogen and S loading occurs in many ecosystems concurrently experiencing multiple
stressors, including human-driven climate change. Climate change effects on U.S.
ecosystems were recently summarized in the U.S. National Climate Assessment
(Galloway et al., 2014; Groffman et al., 2014). Each appendix of the ISA evaluating N
enrichment or acidification includes a section on how climate modifies the ecosystem

response. Additionally, to serve as a foundation for the discussion, text in Appendix 13 is
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excerpted from Greaver et al. (2016), a current review of how climate (e.g., temperature
and precipitation) modifies ecosystem response to N that focuses on empirical
observations.

Anthropogenic emissions of greenhouse gases are likely to cause a global-average
temperature increase of 1.5 to 4.0°C and a significant shift in the amount and distribution
of precipitation by the end of the 21st century (Collins et al., 2014). Recent work has
focused on the effects of anthropogenic N on the Earth’s radiative forcing (Pinder et al.
2012) and how temperature and precipitation alter ecological responses to N exposure
(Greaver et al., 2016). Most work is conducted on the effects of climate and N or
acidifying deposition (N + S); relatively little work is conducted on how climate modifies
ecosystem response to S.

Climate effects on ecosystems is a rapidly expanding field; however, for some processes,
we are beginning to understand how temperature and precipitation may interact to alter
ecosystem response to N and S addition. Although, for many biogeochemical pools and
processes data is insufficient to quantify either the direction or magnitude of how climate
may alter ecosystem response with certainty.

1.13

June 2018

Key Scientific Uncertainties

Evaluation of uncertainty is an important part of ecosystem assessment. Uncertainty
refers to the absence of information and is a way to describe how certain we are in
scientific knowledge. As described by Curry and Webster (2011), the nature of
uncertainty can be expressed by the distinction between ontic uncertainty and epistemic
uncertainty. Ontic uncertainty is associated with inherent variability or randomness, and
is an irreducible form of uncertainty. Epistemic uncertainty is associated with
imperfections of knowledge, which may be reduced by further research and empirical
investigation. Walker et al. (2003) [as summarized in Curry and Webster (2011)]
characterized uncertainty as a progression from deterministic understanding to total
ignorance:

“Statistical uncertainty is the aspect of uncertainty that is described in
statistical terms. An example of statistical uncertainty is measurement
uncertainty, which can be due to sampling error or inaccuracy or
imprecision in measurements.

Scenario uncertainty implies that it is not possible to formulate the
probability of occurrence of one particular outcome. A scenario is a
plausible but unverifiable description of how the system and/or its
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driving forces may develop over time. Scenarios may be regarded as a
range of discrete possibilities with no a priori allocation of likelihood.

Recognized ignorance refers to fundamental uncertainty in the
mechanisms being studied and a weak scientific basis for developing
scenarios. Reducible ignorance may be resolved by conducting further
research, whereas irreducible ignorance implies that research cannot
improve knowledge.”

The understanding and reporting of uncertainty is not consistent across scientific
disciplines, and uncertainty may be quantified by various methods. Csavina et al. (2017)
provided an overview of terminology and definitions of 41 different terms used to
describe uncertainty. Here we provide a brief summary of some of the key methods that
may be used to evaluate the uncertainty of the relationship between NOx, SOx, and PM
pollutants and ecological effects. Quantified estimates of uncertainty vary according and
number of decision points (Chapter 1.13.2.3) including the method used and the input
parameters under consideration; therefore, the analyses and discussion of quantified
uncertainty values will occur in the Risk and Exposure Assessment as scoped in the 2017
IRP (U.S. EPA, 2017b).

1.13.1

Atmospheric Science

Estimating atmospheric deposition involves quantification of emissions, atmospheric
concentrations, and deposition fluxes of the various species that make up atmospheric
SOx, NOv, and NHx. This is accomplished with environmental measurements, model
predictions, or hybrid approaches that combine measurements and modeling methods.
There are a wide range of uncertainties across the environmental measurements and
model parameters used to estimate atmospheric deposition fluxes. The largest
uncertainties are those for dry deposition and ammonia emissions, whether measured or
modeled. The smallest uncertainties are associated with ambient concentration
measurements and continuously monitored stationary emissions like electric power
plants.

1.13.1.1 Emissions Uncertainty

June 2018

Quantitative uncertainty estimates are not documented in the NEI, but uncertainties are
often evaluated through separate efforts by comparing inventory predictions with

measured long-term trends, statistical source apportionment methods, inverse chemical
transport modeling, and comparison with satellite data (Appendix 2.2.2). SO, and NOx
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emission uncertainties for electric power generating units, the major source of SO, and an
important source of NOx, are in the 10—15% range because emissions are usually
continuously monitored (Appendix 2.2.3). NOx emission uncertainties for mobile
sources, the largest source of NOx, arise from differences in engine type, size, age, and
maintenance, as well as fuel composition and emission control equipment.
Over-estimation of NOx emissions from mobile sources was proposed as an explanation
for modeled NOx concentration bias in several studies. However, mixed results have
been observed across several studies when modeled concentrations were compared to
measurements. Estimates of NOx emissions uncertainties are in the 10—20% range for
on-road gasoline and diesel vehicles, and up to 30% for off-road vehicles like ships,
airplanes, and locomotives (Appendix 2.2.3). In contrast, total NH3; emissions
uncertainties appear to be greater, underestimated by as much as a factor of two or more
according to several recent studies (Appendix 2.2.3). The predominant sources, livestock
operations and fertilizer application, exhibit large temporal and regional variability due to
differences in climate conditions and farming practices. As a result, detailed models are
required for estimating NHs; emissions (Appendix 2.2.2), but data on local environmental
conditions and farming practices necessary for good model performance are often not
available. Large discrepancies between modeled and measured N concentrations and
deposition rates have been attributed to uncertainties in ammonia emissions

(Appendix 2.2.3).

1.13.1.2 Atmospheric Measurement Uncertainty

June 2018

Uncertainties in concentration and deposition measurements from network-based
measurements are generally under 20%, and surface concentration uncertainties from
satellite-based measurements typically somewhat higher. Concentration and deposition
data are derived from several specialized national monitoring networks, including the
national SO, monitoring network, the NCore network for multipollutant concentration
monitoring including NOy, the Ammonia Monitoring Network, CASTNet for estimating
dry deposition, and the National Trends Network for wet deposition (Appendix 2.4.1).
Uncertainties are estimated from reports of precision in data quality reports where
available, and otherwise from network data quality objectives.

For air concentration measurements used for estimating dry deposition, CASTNet,
measured precision was 2—5% for sulfate, 5—13% for nitrate, and 2—6% for ammonium in
2016 (Appendix 2.4.5). Additional uncertainty is associated with for estimating dry
deposition from NTN concentration data. Uncertainties of 30% for SO, and 40% for
HNOs have been reported using a simple inferential approach (Clarke et al., 1997).
However, single site determinations are of limited use because of dry deposition fluxes
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are determined by a number of factors and can vary considerably over small spatial
scales. In most recent efforts, dry and total deposition on a regional or national scale is
usually modeled with CTMs (Chapter 1.13.1.3).

Precipitation concentration measurement precision and estimated wet deposition
precision in the National Trends Network were less than 7% for sulfate and nitrate and
less than 20% for ammonium. Ammonia air concentration measurement methods used in
AMOoN evaluated a precision of 10% (Appendix 2.4.6). Minimum performance
specifications for SO, monitoring from the national SO, monitoring network include a
precision of 2.0% (Appendix 2.4.4). Data quality objectives for NOy in the NCore
network include a precision of 15% (Appendix 2.4.2). Uncertainty in satellite-based
measurements depend on vertical profile, cloud fraction, cloud pressure, surface
reflectivity, and extent of aerosol scattering. Estimates of 20% for NO, (Appendix 2.4.2)
and 10—45% for SO, (Appendix 2.4.4) have been reported for cloud free conditions.

1.13.1.3 Atmospheric Modeling Uncertainty

June 2018

The Community Multiscale Air Quality modeling system is probably the most widely
used model in the U.S. for estimating atmospheric deposition. In a recent CMAQ
evaluation, atmospheric nitrate concentrations were overestimated by 22 to 26%, sulfur
dioxide concentrations were overestimated by 39 to 47%, and sulfate concentrations were
underestimated by 9 to 17%, as annual averages over a range of 4 years compared to
surface-based measurements (Appendix 2.5.3). Mixed results have been observed in
several recent comparisons of CMAQ wet deposition estimates to network-based
measurements, with average differences in modeled results and measurements ranging
from 15% or less to 99% for nitrate, sulfate, and 15% or less to 60 % for ammonium
(Appendix 2.5.3). Modeling methods for estimating dry and total deposition are still
under development, and uncertainties have not been extensively evaluated or quantified.
Recent sensitivity analysis results found less than 5% differences in total deposition
estimates because of compensation of competing model processes, but extensive
comparison of model results and measurements are not available (Appendix 2.5.3).

In addition to measurable uncertainties associated with measurement precision or
comparisons between models and measurements, there are also structural uncertainties
due to incomplete understanding of the underlying science related to atmospheric
deposition that are not possible to quantify. The main structural uncertainties associated
with deposition estimates are canopy effects of NOx (including both bidirectional gas
exchange and canopy reactions), bidirectional exchange of NHs with biota and soils, and
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processes determining transference ratios that relate average concentration to deposition
(Appendix 2.5).

1.13.2

Ecological Effects

Evaluation of ecological effects caused by acidification or eutrophication involves a suite
of parameters and dose-response functions, both empirical and modeled. The quantitative
uncertainty of empirically observed variables in ecology is determined by the use of
statistics. A suite of mathematical statistical models are available to describe the
variability among empirical observations and the strength of a cause and ecological effect
relationship, the appropriate method to apply depends on the experimental design.
Statistics for empirical data include calculation of probability, distributions, standard
deviation, variance, t-tests, ANOVA, linear regression, spatial statistics, Bayesian
analysis, and multivariate analysis, among others. In general, ecological endpoints
determined by empirical studies to be affected by deposition were reported in the ISA if
they were statistically significant; this means the magnitude of effect was larger than the
estimated uncertainty.

Models of chemical and ecological processes, including biogeochemistry, provide
representations of biological and geochemical interactions through mathematical
expressions. The models used to characterize aquatic and terrestrial biogeochemistry
response to N and S deposition can be complex, including many interacting variables.
Model results are often compared to empirically collected data to confirm the model.
Each of the input variables used in a biogeochemical model entails uncertainty. Model
uncertainty is governed, in part, by how close the model predictions are to actual
observations. Uncertainty in modeled results may arise from limitations in input data or
from limitations in model assumptions. Statistical inference methodologies enable
uncertainty analysis and determine the strength of the relation between a given uncertain
input and the output (i.e., sensitivity analysis). For biogeochemistry models these
methods include first-order sensitivity index, Monte Carlo technique, extended Fourier
amplitude sensitivity test, Morris one-factor-at-a-time, and Bayesian analysis.

1.13.2.1 Empirical Critical Loads

June 2018

Empirical N CLs for terrestrial and aquatic ecosystems reported in this ISA have been
estimated using empirical data sets. The exact effects threshold may be determined using
expert judgement. For example, if three levels of N addition are applied to a study site
(10, 20, and 30 kg N/ha/yr) and an effect is noticed at 20 kg N/ha/yr, then the CL is
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estimated at <20 kg N/ha/yr. Another approach would be to fit a mathematical function to
the observations, and a scientific judgement made to identify the level of deposition
and/or N addition, or threshold, at which the ecological effect is considered to occur and
which is likely to be biologically adverse.

There are some challenges associated with developing CLs that can result in uncertainty.
First, because biological responses are often continuous, there can be a lack of an obvious
cut off between adverse and nonadverse effects. As a result, individual author groups
have selected different response thresholds. For example, N CLs for lichens have been
calculated for (1) deposition values associated with thallus N concentrations above the
97% distribution quantile observed for clean sites (Fenn et al., 2008), (2) community
composition shifts from oligotroph to eutroph dominance (Fenn et al., 2008), (3) low
probability of detecting regionally distributed sensitive species (Root et al., 2015; Geiser
et al., 2010), or (4) extirpation of oligotrophs (Fenn et al., 2008). Secondly, clean site data
can be lacking in some ecoregions. For instance, few empirical data are available for sites
in the eastern U.S. with deposition rates <4 kg N/ha/yr. This makes it difficult to quantify
physiological or community compositional that may have occurred in this region at
deposition rates of 1-4 kg N/ha/yr.

The Pardo et al. (2011a) study provided a compilation of terrestrial and aquatic N CLs
reported since the 2008 ISA. Uncertainty in derivation of empirical CLs for N input as
presented by Pardo et al. (2011a) arises in estimation of the ambient (and perhaps
historical) deposition loads and in estimation of the biological effects caused by those
deposition levels. According to Pardo et al. (2011a), sources of uncertainty in N
deposition estimates for N CLs at the Ecoregion Level 1 scale include: “(1) the difficulty
of quantifying dry deposition of nitrogenous gases and particles to complex surfaces;

(2) sparse data, particularly for arid, highly heterogeneous terrain (e.g., mountains); and
(3) sites with high snowfall or high cloud water/fog deposition, where N deposition tends
to be underestimated.” Examples of high uncertainty include high-elevation sites in the
Rockies and Sierra Nevada mountains, due in part to highly uncertain estimates of dry
deposition (Appendix 2). For sensitive receptors such as phytoplankton shifts in high
altitude lakes, N deposition model bias may be close to, or exceed, predicted CL values
(Williams et al., 2017a).

Physical, chemical, and ecological variability across lakes affect their response to N
deposition and contribute to uncertainty of CL estimates (Appendix 9.1.1.2). A review by
Bowman et al. (2014) noted that current N CLs for sensitive alpine systems may not be
protective under future climate scenarios of warmer summer temperatures and a shorter
duration of snow cover.
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Between the publication of Pardo et al. (2011a) and the cutoff date for literature in this
ISA (May 2017), some additional aquatic and terrestrial N CLs have been published
(Appendix 4; Appendix 6.5). Simkin et al. (2016) was not based on field addition or N
gradient of deposition studies, instead the methods were a spatial analysis of plant

diversity using a large data set of over 15,000 forest, shrubland, and herbaceous sites
across the U.S. Atmospheric N deposition varied nearly 20-fold across the site gradient.
They found that N deposition was negatively correlated with plant species richness at
many locations, but positively correlated at others. In one large empirical data set used to
describe N CLs for U.S. grassland biodiversity, Simkin et al. (2016) estimated the
uncertainty surrounding the mean CL estimates. For open canopy ecosystems, for

example, they estimated a mean of 8.7 kg N ha/yr and provided 95% confidence
intervals, which can be used as estimates of uncertainty, of 6.4 to 11.3 kg N ha/yr. For
closed canopy systems, the mean of 13.4 kg N ha/yr was surrounded by a 95%
confidence interval of 6.8 to 22.2 kg N ha/yr.

The majority of studies that evaluate terrestrial N CLs for N enrichment effects are based
on observed response of a biological receptor to N deposition (or N addition as a proxy
for deposition), without a known soil chemistry threshold that causes the biological
effect. In contrast, critical loads for acidification are typically based on the deposition
amount that causes a value of a soil chemical indicator which is known to cause adverse
biological effect. The link between soil chemical indicator and biological effect is based
on empirical evidence (Appendix 5). The relationship between deposition and the
biogeochemistry that causes effects on soil chemistry is typically modeled (Appendix 4,

Chapter 1.13.2).

1.13.2.2 Modeled Critical Loads

1.13.2.2.1

June 2018

Terrestrial and Aquatic Acidification: Biogeochemistry

A variety of process models have been used to estimate past and future resource
conditions under scenarios of acidification/recovery responses and critical and target
loads, both aquatic and terrestrial. Models include simple approaches such as the simple
mass-balance equation (SMBE), and dynamic models, such as PnET-BGC and ForSAFE,
MAGIC, VSD, and VSD+ (Appendix 4.5). Critical loads for terrestrial and aquatic
acidification are calculated by the model to determine the amount of deposition that alters
soil or water chemistry to a threshold value known to have detrimental effects on a
biological receptor.
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Of the several well-established models of terrestrial biogeochemistry used to evaluate soil
acidification (Appendix 4.5), each relies heavily on input or simulated values for base
cation weathering (BCw) rate, one of the most influential yet difficult to estimate
parameters in the calculation of critical acid loads of N and S deposition for protection
against terrestrial acidification (Appendix 4.5.1.1). Obtaining accurate estimates of
weathering rates is difficult because weathering is a process that occurs over very long
periods of time, and estimates on an ecosystem’s ability to buffer acid deposition rely on
accurate estimates of weathering. Various approaches can be used to estimate BCw,
including the empirical soil clay approach, the PROFILE model (e.g., Phelan et al.

2014), the F-factor approach (U.S. EPA, 2009c¢), and calibration of a dynamic model such
as MAGIC (e.g., McDonnell et al., 2014b; Povak et al., 2014). There are new studies on
estimating BCw, including evaluation of uncertainty (Whitfield, 2018; Futter et al.,
2012). When applying PROFILE to upland forests in the U.S., Whitfield (2018) found
the greatest uncertainty in BCw estimate was due to the particle size class-based method
used to estimate the total specific surface area upon which weathering reactions can take
place.

The uncertainty of forest soil CLs for acidification in U.S. calculated using simple
mass-balance equations (SMBE) was investigated by Li and McNulty (2007). The results
included a quantification of how the 17 of the model’s parameters contributed to the
uncertainty and indicated that uncertainty in the CLs came primarily from components of
base cation weathering and acid-neutralizing capacity, whereas the most critical
parameters were BCw, base rate, soil depth, and soil temperature. The authors concluded
that improvements in estimates of these factors are crucial to reducing uncertainty and
successfully scaling up SMBE for national assessments (see Appendix 4.6).

Several dynamic models are commonly used to model terrestrial soil acidification
(Appendix 4.5). Tominaga et al. (2009) conducted a Monte Carlo multiple-model
evaluation of the dynamic models MAGIC, SAFE, and VSD and found that given the
same deposition scenario, the three models (without calibration) simulate changes in soil
and soil solution chemistry differently, but the basic patterns were similar. The authors
also found the greatest differences in model outputs were attributed to the cation
exchange submodel. Bonten et al. (2015) compared how well the common types of
dynamic models used to evaluate terrestrial soils (VSD, MAGIC, ForSAFE, and
SMARTmMI). quantified several variables including soil S, soil pH, soil ANC, BC, base
saturation, and Al (Appendix 4.5.3).

Uncertainty analysis of a dynamic model (VSD) used for CL based on soil chemistry
chemical limits showed that the main drivers of uncertainty were largely dependent on
the chemical criterion selected [Appendix 5.5.3.3; (Reinds and de Vries, 2010)]. For
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example, base cation weathering, deposition, and the parameters describing the H-Al
equilibrium in the soil solution were the main sources of uncertainty in the estimates of
maximum critical loads for S (CLmax[S]) based on the Al:Bc criterion of 1.0, and
uncertainty in CLmax(S) based on ANC was completely determined by base cation
inputs. The denitrification fraction was the most important source of uncertainty for the
maximum critical loads of N (CLmax[N]). Calibration of VSD reduced the levels of
uncertainty for all critical loads and criteria.

Fakhraei et al. (2017b) reviewed sensitivity and uncertainty analysis techniques

(e.g., first-order sensitivity index, Monte Carlo technique, extended Fourier amplitude
sensitivity test, Morris one-factor-at-a-time, and Bayesian analysis) in the context of a
biogeochemistry model. The authors apply these techniques to determine the uncertainty
and sensitivity of the PNET-BGC model calculation of TMDLs of acidifying deposition
that occur in high-elevation, acid-impaired streams in GSMNP (Fakhraei et al., 2017a).
Sensitivity analyses showed that modeled estimates of maximum allowable acidifying
deposition loads were most sensitive to uncertainty in model input parameters of air
temperature, precipitation quantity, and rate of calcium weathering. Importantly, as more
uncertainty was incorporated into model input parameters (5 to +10 to £20%
uncertainty), estimates of allowable deposition loads to protect aquatic ecosystem
recovery decreased in magnitude (Fakhraei et al., 2017a).

Biogeochemistry and Plant Biodiversity Linked Modeling

Plant biodiversity models, such as VEG and PROPS, have been coupled to dynamic
biogeochemical models, such as ForSAFE and VSD+ (Mcdonnell et al., 2018b;
Mcdonnell et al., 2018a; Phelan et al., 2016). ForSAFE-Veg is an older and more broadly
applied model than VSD + PROPS. There are some key differences between Veg and
PROPS. Plant species in the VEG component of ForSAFE-VEG are defined by
mathematical equations based on expert opinion regarding such parameters as plant needs
for moisture, sunlight, and N supply to represent unobservable fundamental niches. In the
PROPS statistical relationships based on empirical data are used to characterize plant
species, which is likely more approximate of real world niches influenced by competition
among species. These model chains are subject to the same constraints and uncertainties
as the biogeochemical models on their own, plus those of the plant response modules.

Aquatic Eutrophication Modeling

Many of the models that estimate N loads to the coastal zone from the landscape and
freshwater inflow have been compared, and there is a good deal of knowledge about their
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limitations and uncertainties (McCrackin et al., 2013; Alexander et al., 2008). In a 2000
National Research Council review, it was determined that these models are
hydrodynamically complex and tend to be specific to particular sites. Thus, they are
difficult to apply broadly (NRC, 2000).

This SPARROW model application used only wet deposition as the measure of N
deposition. A large amount of N from nonpoint source urban influences (this is most
likely primarily the dry deposition of exhaust N gases) often approximately doubles the
importance of N deposition as an N source to higher order river systems (Howarth
20084, b).

1.13.2.3 Key Considerations

The choice of model for CL estimation, or for scenario projection, depends largely on the
availability of time, data, and resources. Major decisions inherent in the modeling efforts
include:

o Empirical observation or application of a model

e Steady state or dynamic model

e Statistical or process-based model

e Protection against acidification or nutrient N enrichment

e Site-specific, regional, or national spatial scale

e Resources to be protected (i.e., stream, lake, soil, vegetation, aquatic biota)

e Chemical indicator(s) of adverse effects (e.g., water ANC, water NO3, soil BS)

o Critical level(s) for selected indicator(s)

o Time frame of evaluation (i.e., ambient, 2050, long-term steady state)
Each of these decision points introduces additional uncertainties, data needs, and
potential assessment errors. U.S. EPA (2008a) summarized CL research and monitoring

needs identified by U.S. EPA (2006b) at the time of the previous (2009) U.S. EPA Risk
and Exposure Assessment.

1.14

June 2018

Ecosystem Services

For acidification, the ecosystem service literature since the 2008 ISA includes studies that
better characterize ecosystem service valuation by pairing biogeochemical modeling and
benefit transfer equations informed by willingness-to-pay surveys, especially for the
Adirondacks and Shenandoah regions (Appendix 14). Aside from valuation, the total

110 DRAFT: Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=2099826
http://hero.epa.gov/index.cfm?action=search.view&reference_id=2481530
http://hero.epa.gov/index.cfm?action=search.view&reference_id=92209
http://hero.epa.gov/index.cfm?action=search.view&reference_id=2336714
http://hero.epa.gov/index.cfm?action=search.view&reference_id=2336714
http://hero.epa.gov/index.cfm?action=search.view&reference_id=2036459
http://hero.epa.gov/index.cfm?action=search.view&reference_id=157074
http://hero.epa.gov/index.cfm?action=search.view&reference_id=92704

o O A W DN P

~

10
11
12
13
14
15
16
17
18
19
20

21
22
23
24
25
26
27

June 2018

number of ecosystem services affected by N and S deposition is better quantified by the
new studies that use the final ecosystem goods and services classification system
(FEG-CS). However, for many regions and specific services, poorly characterized
dose-response between deposition, ecological effect, and services are the greatest
challenge in developing specific data on the economic benefits of emission reductions
(NAPAP, 2011).

In the 2008 ISA there were no publications that specifically evaluated the effects of N
deposition on ecosystem services associated with N driven eutrophication. Since the 2008
ISA, several comprehensive studies have been published on the ecosystems services
related to N pollution in the U.S. (Appendix 14). These include an evaluation of services
affected by multiple N inputs (including N deposition) to the Chesapeake, a synthesis of
the cost-benefits on N loading across the nation, and analysis of the amount of N that
leaked out of its application causing effects on adjacent ecosystems and ecosystem
services. In their work (this work specifically identified the costs of the atmospheric
portion of total N loading), the estimate of the total number of ecosystem services
affected by N is better quantified by the new studies that use FEG-CS (Bell et al., 2017;
Clark etal., 2017; Irvine et al., 2017; O'Dea et al., 2017; Rhodes et al., 2017). In these
analyses, critical load exceedances for N related air pollution were used as a model
stressor from which a total of 1,104 unique chains linking stressor to beneficiary were
identified.

The conclusions considering the full body of literature are that (1) there is evidence that
N and S emissions/deposition have a range of effects on U.S. ecosystem services and
their social value; (2) there are some economic studies that demonstrate such effects in
broad terms; however, it remains methodologically difficult to derive economic costs and
benefits associated with specific regulatory decisions/standards; and (3) thousands of
causal relationships are now documented between N and S air pollution and changes in
Final Ecosystem Goods and Services.
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APPENDIX 1. INTRODUCTION TO APPENDICES

The appendices and Chapter 1 serve different purposes in this ISA. Chapter 1 is meant to
summarize the key messages derived from assessment of the policy relevant science of
NOy, SOx and PM in this review of the secondary National Ambient Air Quality
Standards. It provides a general introduction to the purpose, process, development, and
organization of the ISA as well as highlights connections, concepts, and changes based
on new evidence and causality. In addition, Chapter 1 provides a discussion of
uncertainty and a synthesis of information on the recovery of ecosystems from N and S
deposition.

While the purpose of Chapter 1 is to synthesize, integrate, and provide key messages, the
purpose of the appendices is to provide a more detailed description of the state of science
for specific topic areas. Appendix 1 is an introduction to the purpose and organization of
Appendix 2—Appendix 16. Appendix 2 characterizes the sources, atmospheric processes,
and the trends in ambient concentrations and deposition of NOy, SOx, and PM.
Appendix 3 describes the direct effects of NOy and SOx gases on plants and lichens.
Appendix 4—Appendix 6 describe the effects of N and S deposition on biogeochemistry
and the biological effects of acidification and N enrichment in terrestrial environments.
Appendix 7 describes the effects of N and S deposition on aquatic biogeochemistry.
Appendix 8—Appendix 10 characterize the biological effects of freshwater acidification,
freshwater N enrichment, and N enrichment in estuaries and near-coastal systems.
Appendix 11 describes the effects of N deposition on wetlands, and Appendix 12
characterizes the ecological effects of S as a nutrient. Appendix 13 presents information
on climate modification of ecosystem response to N and S, while Appendix 14 discusses
ecosystem services. Appendix 15 is a review of the ecological effects of forms of PM, not
related to N or S deposition. Finally, Appendix 16 presents case studies for six locations
in the U.S. (southern California, northeastern U.S., Rocky Mountain National Park,
southeastern Appalachia, Tampa Bay, and the Adirondacks) where data are sufficient to
well characterize the ecological effects of N and S deposition. These sites would
therefore make good candidates to better assess risk and exposure by exploring linkages
across various effects and ecosystems-types in a specific location.location.
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APPENDIX 2. SOURCE TO DEPOSITION

2.1.

Introduction

In this appendix, emphasis is placed on those species subject to atmospheric processes
relevant for review of the air quality criteria and associated welfare-based secondary
National Ambient Air Quality Standards (NAAQS) for oxides of nitrogen, oxides of
sulfur, and/or particulate matter (PM). As such, this appendix largely focuses on
examining the fundamental and applied science of atmospheric processes relevant to
assessing environmental exposures and effects associated with atmospheric deposition of
nitrogen (N) and sulfur (S) species, including those present in PM.% Together this
information serves as a prologue to the detailed descriptions of the evidence of ecological
effects from oxidized and reduced N and oxidized S, including those present in PM, that
follow in later appendices.

Recent advances in research on N and S emissions sources, atmospheric transformation
and transport, measurement and modeling techniques, atmospheric loadings, and
deposition processes relevant to this review of the NAAQS are evaluated in this
appendix. N and S species of interest are generally classified into three groups: oxidized
nitrogen, reduced nitrogen, and oxidized sulfur. While NO; and SO- are the most well
known as air pollutants, research on the entire range of oxides of nitrogen and sulfur is
considered for review of the air quality criteria. Reduced nitrogen is also discussed
because it strongly influences the atmospheric deposition of NOy and SOx as well as the
chemistry of PM formation. Oxidized nitrogen, reduced nitrogen, and oxidized sulfur all
have particulate forms (NOz~, NH4*, SO4%"), which together account for a large fraction
of PM mass (U.S. EPA, 2009a), as well as gas-phase components that act as major
precursors to PM. Thus, a consideration of the combined effects of oxides of nitrogen,
oxides of sulfur, and PM requires an understanding of the atmospheric processes
involving oxidized nitrogen, reduced nitrogen, and oxidized sulfur.

Oxidized nitrogen species considered here range from nitric oxide (NO) and nitrogen
dioxide (NOy), collectively referred to as NOx, to higher order organic and inorganic
oxidation products, collectively referred to as NOz (e.g., pNOs, HNOs;, HONO, PAN,
other organic nitrates). NO;z is especially relevant when considering nutrient addition to
ecosystems and the acidification of surface waters. NOx and NOz together are referred to

% Since ecological effects of PM are governed mainly by PM composition, the most relevant PM species (nitrate
and sulfate) are also species that are derived from sulfur and nitrogen oxide precursors, and there is a high degree of
overlap in the discussion of the impacts of NOy and SOx, and the impacts of PM,s. The PM ISA (U.S. EPA, 2009a)
provides more extensive information about the atmospheric processes for total PM mass.

June 2018

2-1 DRAFT: Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=179916
http://hero.epa.gov/index.cfm?action=search.view&reference_id=179916

A 0N -

© 00 N o o

10
11
12
13
14
15

16
17
18
19
20
21
22

23
24
25
26
27
28
29
30
31
32
33
34
35
36

June 2018

as NOy (i.e., NOx + NOz = NOv). Nitrous oxide (N0) is an oxide of nitrogen, but it is
not included as a component of NOy. N>O contributes to stratospheric ozone depletion
and climate forcing [AR5; (IPCC, 2013)], but it contributes little to N deposition, and is
not included in this appendix.

Reduced nitrogen species are NH3z and NH4* as well as reduced organic nitrogen
compounds. NHs; and NH4* together are referred to as NHx (i.e., NHz + NHs* = NHx).
Reduced nitrogen contributes to acidification and N enrichment, and it also has a key role
in neutralizing acidity in cloud, fog, and rain water as well as aqueous aerosol particles
formed from atmospheric oxidation of SO, and NOx. Additionally, NHs is a precursor for
atmospheric particulate matter, reacting with gas-phase nitric acid (HNO3) to form
ammonium nitrate (NH4NO3), a major component of N deposition in many areas of the
U.S. For this assessment, NOy and NHx are grouped together as total reactive nitrogen,
N (i.e., NOy + NHx = N;). N, does not include nitrous oxide and reduced organic
nitrogen compounds. However, to the extent it is available, information on the sources,
abundances, and fate of reduced organic nitrogen is included in the sections that follow.

Gaseous oxides of sulfur (SOx) is defined to include sulfur monoxide (SO), sulfur
dioxide (SO2), sulfur trioxide (SOs3), and disulfur monoxide (S20). Of these only SO is
present in the lower troposphere at concentrations relevant for environmental
considerations. However, SO interacts with particles and cloud drops and is oxidized to
sulfate. SO, and sulfate (SO42") account for much of the acidification of surface water in
the U.S. and together these make up total oxides of sulfur discussed in this appendix
(SOx).

Particulate matter (PM) impacts discussed in this document are also mainly focused on N
and S containing species, which together usually make up most of the fine PM mass in
many areas of the U.S. PM is usually classified into two size fractions which differ in
their physical and chemical characteristics, atmospheric behavior, and health and
environmental effects. These are PM s, particles smaller than 2.5 um in diameter, and
PMio-25, particles with diameter between 2.5 and 10 um. Ecological impacts of PM
depend largely on its composition (U.S. EPA, 2009a, 2004). Together PM,5 and PMig25
make up PM1o. PM contains numerous individual components representing a wide range
of chemical and physical properties. However, in most areas of the U.S. PM2s mass is
composed almost entirely of sulfate, nitrate, and organic materials. In contrast, PM1g 5 is

composed of crustal material similar in composition to soil in the area where the PM1g25
is found, as well as sea salt in coastal areas. There is little discussion of PMyo., 5 effects in
this document because in most rural and remote areas PMio 5 is largely due to natural
sources like soil and sea salt.
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There are several other reasons for focusing on the sulfate and nitrate fraction of PMas
mass in this document in addition to the observation that they often account for most
PM2smass. Together they also usually account for an even greater fraction of PMzsin
rural and remote areas that make up most of the U.S. land mass over which effects in this
document are relevant. While organic matter can also account for a large fraction of
PM:s, it is composed of a wide variety of individual compounds that cannot be identified
at a molecular level, making it difficult to assess ecological impacts. Also, there is little
information on organic PM impacts, except for individual compounds that make minor
contributions to mass. As a result, the main contributors to PM.s mass for which
ecological impacts can be readily assessed are limited to sulfate and nitrate, which are
also components of total oxides of sulfur and oxides of nitrogen, respectively. Since
ecological effects of PM are governed mainly by PM composition, the most relevant PM
species (nitrate and sulfate) are also species that are derived from sulfur and nitrogen
oxide precursors, and there is a high degree of overlap in the discussion of the impacts of
NOvy and SOx, and the impacts of PM.s.

In addition to nitrogen (N) and sulfur (S) and their transformation products, other PM
components such as trace metals and organics are deposited to ecosystems and may
subsequently impact biota. Evidence for effects of PM on ecological receptors include
direct effects of airborne PM on radiative flux and both direct and indirect effects of
deposited particles. Direct effects include alteration of leaf processes from deposition of
PM (“dust”) to vegetative surfaces (U.S. EPA, 2009a). Indirect effects encompass
physiological responses associated with uptake of PM components and alterations to
ecosystem structure and function (see Appendix 15).

Much of the discussion in sections dealing with chemistry, measurement, and deposition
(both wet and dry) focus on sulfuric acid (H.SO.) and HNOs, which have been long
established as the major species contributing to acid rain. Other N and S species that
either hydrolyze to form acids are also included, along with organic acids, to the extent
that they contribute substantively to acidification of terrestrial (see Appendix 5) and
aquatic environments (see Appendix 8) and/or N enrichment (see Appendix 6,
Appendix 9, Appendix 10, and Appendix 11).

Major sources of the precursors (NOx, SO;) to the formation of HNO; and H,SO4 include
on- and off-highway vehicles and electricity-generating units (EGUS). SO, is oxidized to
H>SO; either in the gas phase or cloud water by several well-known mechanisms. NO; is
oxidized to HNOgz, which can either deposit as HNO; or interact with NH3 to form
particulate NHsNO3s. NH4NOs can exhibit semivolatile behavior that can substantially
alter the distance over which NH3z; and HNO; can travel. Reduced organic nitrogen
species, which could have large agricultural sources, can constitute a substantial fraction
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of N delivered to ecosystems by precipitation. In areas where the rainwater pH is greater
than about 4.5, pH is not exclusively controlled by N and S species, as organic acids such
as formic, acetic, and oxalic acids can be major contributors to the acidity of rainwater.

A wide variety of N containing compounds, consisting of oxidized and reduced organic
and inorganic species contribute to wet and dry deposition. In general, deposition of
reduced (organic + inorganic) N exceeds that of oxidized N across the continental U.S.
(CONUS). Nationwide, deposition of N species occurs mainly by dry deposition of
HNOs and NHs. The pattern is more complex for S in that for large areas, mainly in the
central U.S., wet deposition tends to dominate over dry deposition. Dry deposition of
particulate SO4> is a minor source of S to the surface, largely due to the low deposition
velocities of fine-mode particles.

Precipitation chemistry has been monitored at a large number of sites across the U.S. for
several decades as part of the National Acid Deposition Program (NADP).
Concentrations of inorganic gas and particulate phase N and S species have been
monitored across the U.S. since 1990 by the Clean Air Status and Trends Network
(CASTNET). These concentrations are then used to infer dry deposition (i.e., the transfer
of gaseous and particulate pollutants from the atmosphere to the surface by impaction
through turbulent motions and gravitational settling). Estimates of dry deposition over the
CONUS are inferred by atmospheric models. Starting in 2007, monitoring of NHz was
initiated at a subset of CASTNET sites. Cloud deposition, which can account for the bulk
of deposition at high elevations in mountainous areas, is monitored at two locations on a
regular basis, but has been the subject of shorter term field studies in various locations in
the U.S.

Although the pH of rainwater has increased noticeably across the U.S., coincident with
notable decreases in the wet deposition of nitrate and sulfate since 1990, there are still
widespread areas, mainly in the eastern U.S., affected by acid precipitation. Deposition of
total nitrogen has not reflected the continuing decrease in NOx emissions, largely because
emissions and concentrations of NHs have increased in many areas. Large areas, at least
one-third of the continental U.S. (CONUS), are estimated to receive at least 10 kg/ha/yr
wet + dry deposition of reactive nitrogen species. This estimate is likely too low because
reduced organic nitrogen species are not measured by the routine monitoring networks or
considered in air quality models such as U.S. EPA’s Community Multiscale Air Quality
(CMAQ) modeling system.

Three of the four major contributors to inorganic N deposition are included in the
definitions of either oxides of nitrogen or particulate matter: HNOs is an oxide of
nitrogen, NH4* is a PM component, particulate NO3™ is both a PM component and an
oxide of nitrogen. The fourth major contributor, NHs, is neither an oxide of nitrogen nor a
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component of particulate matter. In a recent comparison, the contribution of NHjs to total
inorganic N deposition ranged from 19% in locations in the Northwest U.S. to 63% in
locations in the Southwest U.S., and was generally higher in summer than in winter (Li et
al., 2016d). In general, the majority of inorganic N deposition was accounted for by
oxides of nitrogen and particulate matter in the Northwest, Northeast, Southeast, and
Rocky Mountains, but the contribution of oxides of nitrogen and particulate matter was
roughly equivalent to contributions from NHjs in the Upper Midwest, Florida, and smaller
in the Southwest (Li et al., 2016d). However, since NHs is a PM precursor, it can also be
definitively stated that inorganic N deposition is entirely accounted for by oxides of
nitrogen, PM components, and PM precursors.

Since the 2008 Integrated Science Assessment for Oxides of Nitrogen and
Sulfur—Ecological Criteria (hereafter referred to as the 2008 ISA) (U.S. EPA, 2008a),
there have been a number of new developments. These apply to methods, such as
data-model fusion to integrate information for deposition across the U.S.; the use of
chemistry-transport models linking deposition to ambient air quality; the expansion of
CASTNET monitoring to include NH3; and NOy at selected sites and intercomparisons of
monitoring methods with research grade instruments; and advances being made in
satellite-based measurements in conjunction with chemistry-transport model simulations
of tropospheric NO, SO, and NHj that will allow mapping of dry deposition over
remote areas with spatial resolution of ~10 km x 10 km. These new developments are
described in the following sections of this appendix. Appendix 2.2 considers sources and
emissions of N, S, and PM to the atmosphere. Appendix 2.3 summarizes the atmospheric
chemical transformations of N and S compounds and formation of PM that occur during
transport from sources to deposition to the surface. Appendix 2.4 describes measurement
of relevant atmospheric species, including national monitoring networks and methods.
Appendix 2.5 discusses the use of chemical transport models to estimate deposition.
Appendix 2.6 shows the geographic distributions of atmospheric concentrations and
deposition of N, S, and PM.

2.2.

June 2018

Sources of Nitrogen and Sulfur Compounds and Particulate
Matter to the Atmosphere

This section describers advances in our understanding of NOx, NHs, and SO, emissions.
Appendix 2.2.1 describes annual national emissions of each species based mainly on the
2014 National Emissions Inventory (NEI). Appendix 2.2.2 describes methods of
estimating emissions. Methods for major sources of SO, and NOx are reliable and have
remained largely the same since the last review. The same is true to an extent for direct
PM emissions. However, there have been fundamental changes in methods for estimating
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NH; emissions, and these are described in some detail. Appendix 2.2.3 describes
emission uncertainties, including recent comparisons between NEI data and alternative
methods of estimating emissions. Geographic distributions of emissions are presented in
Appendix 2.5, where they can be more directly compared with concentration and
deposition data.

2.2.1.

June 2018

National Emissions by Source

N and S containing compounds contributing to deposition can be either primary
(i.e., directly emitted from sources) or secondary (i.e., produced from atmospheric
reactions involving precursor species directly emitted from sources). Major primary
species include NOx, SO,, NHs, and reduced organic nitrogen (RON).

Table 2-1 shows nationwide emissions of NOx, SO, and NH;3 by source category
compiled from the 2014 National Emissions Inventory (NEI) and other sources.
Emissions estimates are not available for RON. For the most part, NOx, SO, and NHs
are each emitted by different sources. NOx emissions come from several important
sources. Highway vehicles are the largest source category of NOx emissions nationwide,
but off-highway vehicles, EGU’s, other stationary fuel combustion, industrial processes,
fires, and biogenic emissions from soil are all substantial contributors to total NOx
emissions. Lightning is not included in the NEI, but can also contribute substantially to
total NOx emissions. Although lightning is shown as a relatively modest source of NOx,
most production by lightning occurs during the summer and is highest in the
south-central and southwestern U.S. (Zhang et al., 2012a).

NH; originates mainly from agriculture, which accounts for ~80% of its emissions
nationwide. Agriculturally related sources consist of livestock, including confined animal
feeding operations, and soils after addition of N containing fertilizers. Fertilizer
application occurs mainly during spring and summer. In addition to NHs, reduced organic
compounds such as urea and a wide range of proteins and other biological components
are also emitted as the result of agricultural activity. Xing et al. (2013) observed that in
contrast to SO,, NOx, and other pollutants, total national emissions of NH3 increased
from 1990 to 2010. The authors attributed this to agricultural emissions, including
livestock, which they also identified as the dominant source of NHs emissions in the
continental U.S. However, regionally the relative importance of agricultural and vehicle
emissions is likely to be variable. The deposition of reduced nitrogen can be three times
higher near roads (Bettez et al., 2013), and motor vehicles can be a substantial contributor
to total NHs emissions in urban areas (Baum et al., 2001).
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Table 2-1

Emissions of NOx (nitric oxide + nitrogen dioxide), sulfur dioxide,
and ammonia by source category for 2014 (Teragrams? N, S/yr).

NOx SOz NH3
Highway vehicles 1 0 0.08
Off-highway 0.7 0.05 <0.01
Utilities (fuel combustion) 0.5 2 0.02
Other stationary (fuel combustion) 0.5 0.4 0.06
Industrial and other processes 0.4 0.3 0.08
Agriculture 0 0 2
Fires: wild, prescribed and agricultural 0.5 0.09 0.2
Biogenic 0.3 --b 0.08°¢
Total 4.0 23 23

N = nitrogen; NHz =

ammonia; NOx = the sum of nitric oxide and nitrogen dioxide; S = sulfur; SO, = sulfur dioxide; yr = year.

@1 Teragram = 1 x 10° kg.

ENot applicable.

‘Bouwman et al. (1997).

Source: https://www.epa.gov/air-emissions-inventories/air-pollutant-emissions-trends-data update except as noted.

June 2018

SO, emissions are dominated by stationary sources burning fossil fuels, particularly
EGUSs, which contribute about 70% of total nationwide SO, emissions. SO, emissions
densities in most counties east of the Mississippi River are larger than in most counties in
the West (see Appendix 2.6.5).

Emissions of NOx and SO have decreased appreciably in recent years. National
emissions of NOx have decreased by 48%, and national SO, emissions between 2002 and
2014 decreased by 68% (OAQPS-Emissions Inventory and Analysis Group, 2016).
Further details of declining emissions for these species can be found in the ISA’s for
health effects for NOx and SO, (U.S. EPA, 2008b, c). In contrast, nationwide primary
PM2s and PM;o emissions estimates have changed little between the 2002 NEI (U.S.
EPA, 2009a) and the 2014 NEI, with national PM.s emissions estimates decreasing from
5.4 to 5.3 MMT, and PM1o emissions estimates decreasing from 19.9 to 17.0 MMT.

Not included in Table 2-1 are primary emissions of PM2s and PM1o. Nationwide PMgo
emissions according to the 2014 NEI totaled 17.0 MMT. This is somewhat higher than
the SO, NOx and NHsz emissions in Table 2-1, but 85% of these were from dust and
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fires, dominated by soil and organic matter. By comparison, total nationwide PMz s
primary emissions totaled 5.3 MMT based on the 2014 NEI. This is comparable to the
totals for NOx, SO in Table 2-1 when it is considered that emissions in Table 2-1 are
given in terms of mass of N and S and does not include oxygen, while PM2 s emissions
are based on total mass. However, primary PM..s emissions are also dominated by dust
(i.e., agricultural dust and road dust) and fires (i.e., wildfires, prescribed fires, and
agricultural fires), which together account for two-thirds of total nationwide PMs
primary emissions. PM, s from these source categories are mainly crustal material (dust)
and organic matter (fires).

As described in Appendix 2.1, in rural and remote areas secondary PMs formed from
NOx and SO, account for a greater fraction of PM. s than primary PM2s. The fraction of
PM2s accounted for by NOs~ and SO4? formed from SO, and NOx in various U.S.
locations is discussed in Appendix 2.3. The NOx, SO,, and NHx emissions listed in
Table 2-1 cannot be used to quantitatively estimate the amount of secondary PM formed
because the precursors are not completely converted to PM. However, they provide not
only an estimate of emissions that lead to total NOy and SOx, but also provide an
estimate of the emissions that can be used in conjunction with atmospheric models to
estimate PM, s concentrations (See Appendix 2.5). The emissions estimated in Table 2-1
are ultimately responsible for the majority of PM.s in many areas, and of the fraction of
PM mass (i.e., SO*", NOs~, NH4*) for which ecosystem impacts are best understood.

2.2.2.

June 2018

Methods of Estimating Emissions

The source categories used in Table 2-1 represent groups of similar NEI source sectors.
Highway Vehicles comprise all on-road vehicles, including light-duty as well as
heavy-duty vehicles, both gasoline and diesel powered. Off-Highway vehicles and
engines include aircraft, commercial marine vessels, locomotives, and nonroad
equipment. Utilities (Fuel Combustion), also identified as electric power generating units
(EGUEs), are mostly coal burning, but some facilities burn natural gas and other fuels.
Other Stationary (Fuel Combustion) includes commercial/institutional, industrial, and
residential combustion of biomass, coal, natural gas, oil, and other fuels. Industrial and
Other Processes include a variety of different industries, including chemical
manufacturing, cement manufacturing, and oil and gas production. The other processes
included in this category include gasoline stations and terminals, commercial cooking,
road and construction dust, solvent use, and waste disposal. Agriculture includes both
fertilizer application and livestock waste emissions. Fires include wildfires, prescribed
fires, and agricultural field burning. The biogenic category includes emissions from
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vegetation and soil. Both nitrifying and denitrifying organisms in the soil can produce
NOx, mainly in the form of NO.

Emissions data for each source category listed in Table 2-1 are from the 2014 National
Emissions Inventory (NEI), Version 1. The NEI is a national compilation of criteria air
pollutant and hazardous air pollutant emissions. The process of estimating emissions is
explained for each source in a detailed technical support document for the inventory
(U.S. EPA, 2016b). The NEI is maintained to support the NAAQS, and the Clean Air Act
requires states to submit emissions to the U.S. EPA as part of their State Implementation
Plans (SIPs). The Air Emissions Reporting Rule (AERR) requires agencies to report all
sources of emissions, except fires and biogenic sources. Reporting of open fire sources,
such as wildfires, is encouraged, but not required. Data in the NEI come from a variety of
sources. The emission values are predominantly from state, local, and tribal agencies and
are used wherever they are available, unless there are gaps or problems with submitted
data. U.S. EPA quality assures and augments the data provided by states to assist with
data completeness using separate augmentation procedures for each source as described
in detail in a technical support document to fill in gaps for sources and/or pollutants that
are often not reported by state, local, and tribal agencies. The intent is to create the most
complete inventory for use in air quality modeling, national rule assessments,
international reporting, and other reports. QA procedures and acceptance criteria are
detailed in the NEI technical support document (U.S. EPA, 2016b).

For nonpoint sources, U.S. EPA provides tools that state, local, and tribal agency staff
can use to generate emission estimates. For the 2014 NEI, the U.S. EPA developed
emission estimates for many nonpoint sectors in collaboration with a consortium of
inventory developers from various state agencies regional planning organizations called
the Nonpoint Method Advisory (NOMAD) Committee. More detailed NOMAD
subcommittees were established to collaborate on methods and emission factors for key
nonpoint source categories/sectors, including oil and gas exploration and production,
residential wood combustion, agricultural NHs sources (including fertilizer and
livestock), and industrial and commercial/institutional fuel combustion, among other
sources. The U.S. EPA also generates emission estimates as stand-alone data sets
covering biogenics, agricultural livestock, fertilizer application, nonroad mobile sources,
rail emissions, and commercial marine vessel ports and in-transit (underway) sources.
U.S. EPA data sets for sources and pollutants are used only for sources not provided by
state, local, and tribal data. Tools and methods for estimating emissions from a given
source, including EGU’s, agricultural livestock, fertilizer application, mobile sources,
agricultural and wildland fires (wildfires + prescribed fires), and wood combustion, were
described in the 2014 NEI technical support document (U.S. EPA, 2016b).
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The 2014 NEI technical support document provides considerable detail on emission
factors and emission estimation methods by source used to generate the data in Table 2-1
(U.S. EPA, 2016b). Methods for estimating PM.s and PMio emissions from dust and fire,
the two largest national sources, are derived from experimental emission factors along
with source specific information (e.g., crop type and tilling frequency for agricultural
dust, vehicle weight and miles traveled for unpaved road dust) using source specific
equations available in the NEI technical support document. These methods are largely
well-established, although they have been updated to accommodate satellite data and
emissions modeling improvements, particularly in the case of fire emissions.

Methods for estimating emissions from electric power generating units and mobile
sources, the largest sources of SO, and NOx, are also well established, and emissions
from these sources are decreasing. In contrast, ammonia emissions in the U.S. are
increasing (Butler et al., 2016), and significant uncertainties in the magnitude as well as
spatial and temporal variability of NHs; emissions estimates were reported in the 2008
ISA (U.S. EPA, 2008a). Two new methods for estimating ammonia emissions from
fertilizer applications and livestock waste are highly relevant to understanding NHx
sources and deposition are provided here as examples, but a similar level of detail is
given in the NEI technical support document for other sources of NHs, SO,, and NOx,
and a thorough reading of that document is necessary for a full description of emissions
estimation methods used to construct Table 2-1 (U.S. EPA, 2016b).

Soil and fertilizer emissions are treated differently in the NEI for NH3; and NOx. For NHs,
fertilizer application is recognized as a major source for which emissions are specifically
estimated, and emissions from fertilizer application are estimated only for NHs. The
approach to calculating emissions from fertilizer application in the 2014 NEl is a
completely new methodology to estimate ammonia (NHs) emissions from agricultural
soils. The approach to estimate 2014 fertilizer emissions consists of these steps: (1) run
the Fertilizer Emissions Scenario Tool for CMAQ FEST-C (v1.2)
(https://www.cmascenter.org/fest-c/) and the bidirectional version of CMAQ (v5.0.2)
(https://www.cmascenter.org/) to produce Year 2011 nitrate (NOs), ammonium (NH,4*,
including urea), and organic (manure) nitrogen (N) fertilizer usage estimates, and gaseous
ammonia NH3 emission estimates respectively; (2) calculate county-level emission
factors for 2011 as the ratio of bidirectional CMAQ NHs fertilizer emissions to FEST-C
total N fertilizer application; (3) run FEST-C to produce Year 2014 NOs, NH4* (including
Urea), and organic (manure) nitrogen fertilizer usage estimates; and (4) multiply
county-level 2014 FEST-C total fertilizer estimates by the 2011 emission factors to
estimate 2014 NHsemissions. FEST-C reads land use data from the Biogenic Emissions
Land Use Dataset (BELD) Version 4, meteorological variables from the Weather
Research and Forecasting (WRF v3.7.1) model (http://www.wrf-model.org/index.php)
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and nitrogen deposition data from a previous or historical average CMAQ simulation.
The Environmental Policy Integrated Climate (EPIC) modeling system
(http://epicapex.tamu.edu/) provides information regarding fertilizer timing, composition,
application method, and amount. Figure 2-1 provides a comprehensive flowchart of the
complete EPIC/FEST-C/WRF modeling system.

areNEIl emis
The Fertilizer Emission Scenario Tool for CMAQ
(FEST-C)
e e e e e e e e BELD4
: :ﬂ (NLCDIMODIS, |—
Trees, Crops)
| | Environmental |
| | Policy Integrated : l
Climate (EPIC) Meteorol
: Java-based oot WRF
| Fertilizer Tool | |
| Interface | l
| Spatial Allocator | N
| -
| | Fertilizer N
L I
The system works for: 1- Non-Fertilizer
+ Any domains covering the CONUS, NEI Emission
southem Canada and northern Mexico. Agri, Ecosystem Inventories
*» Four WRF projections (longitude/latitude, Assessment
Lambert conformal conic, Universal polar | (vield, soil erosion, water
stereographic, and Mercator). quantity/quality)
Source: U.S. EPA (2016b).
Figure 2-1 Modeling system used to compute 2014 Fertilizer Application

June 2018

Emissions.

Fertilizer application can also lead to NOx emissions, but it does not dominate soil
emissions of NO. Biogenic emissions of NO are computed based on 2014 meteorology
data from the Weather Research and Forecasting (WRF) model version 3.8 (WRFv3.8)
and using the Biogenic Emission Inventory System, Version 3.61 (BEIS3.61) model,
based on land use and vegetation data (U.S. EPA, 2016b). The contribution of fertilizers
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to soil NOx emissions is not estimated in the NEI, but it has been estimated as 10%
globally (Hudman et al., 2012). Biogenic emissions of NHs are not estimated in the NEI,
but aside from fertilizer application it is a minor contributor, as shown in Table 2-1.
Further details on estimating biogenic NOx emissions are given in the NEI Technical
Support Document (U.S. EPA, 2016b).

Livestock waste is another important source of ammonia in the U.S. In the 2014 NEI, the
U.S. EPA has updated the methodology for ammonia emissions from the
housing/grazing, storage and application of manure from beef cattle, dairy cattle, swine,
broiler chicken, and layer chicken production. Cows, swine, and chickens account for
95% of national NH3; emissions from livestock waste in 2014. The approach to estimate
2014 livestock NHs emissions from these animals consists of these general steps:

(1) estimate 2014 county-level animal populations using 2012 and 2014 USDA
agricultural census data; (2) use a model developed by Carnegie-Mellon University
(Mcquilling and Adams, 2015; Pinder et al., 2004a; Pinder et al., 2004b) to produce daily
resolved, climate-level emission factors for a particular distribution of management
practices for each county and animal type, as expressed as emissions/animal; and

(3) multiply the county animal populations by the daily emission factor for each county
and animal type to estimate emissions per day and sum daily emissions across the entire
year for each county and SCC to produce annual emissions for use in the NEI. The model
inputs and outputs are shown in Figure 2-2.

’
Meteorology:

Daily Avg T
Daily Avg windspeed

Daily Total precipitation 365 daily EFs for

Farm Emission Model a particular

Animal Type:

[z =1 location and set
of practices

Housing Practice
Storage Practice
Application Practice

Source: U.S. EPA (2016b).

Figure 2-2 Process to produce specific location and practice specific daily
emission factors for livestock waste.
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Similar details are given for estimating emissions for major sources of NOx and SO; in
the NEI technical support document (U.S. EPA, 2016b), including EGU’s, on-road
mobile sources, marine vessels, locomotives, other nonroad sources, airports, rail yards,
landfills, agricultural and wildland fires, wood combustion, other fuel residential and

industrial fuel combustion, charcoal grilling, waste disposal, vegetation and soil, and
other sources. Air emissions data from the 2014 Toxic Release Inventory (TRI) were also
used in the 2014 NEI to supplement point source NH; emissions provided to the U.S.
EPA by state, local, and tribal agencies. The TRI is a U.S. EPA database containing data
on disposal or other releases including air emissions of over 650 toxic chemicals from
approximately 21,000 facilities. Data are submitted annually by U.S. facilities that meet
TRI reporting criteria.

2.2.3.

June 2018

Evaluation and Uncertainty

As described in the 2008 ISA (U.S. EPA, 2008a), emissions from different sources in the
NEI are estimated with a wide range of methods that include direct measurements,

indirect measurements, model predictions, and assumptions. Because there are unknown,
incomplete, and variable emission rates, as well as unknown sources that are not
represented, the NEI reflects an on-going process of updating increasing or declining
emissions, improving estimation methods, and filling data gaps as measurements become
available or understanding of emissions changes. Often, steps are taken to reduce errors
in estimation as they are discovered, resulting in improved estimates as uncertainties are
found. For example, the estimate of Gilliland et al. (2003) that annual NEI NH3 was 37%
higher than estimates based on modeled NH,4 * deposition led to the development of lower
emission factors for nondairy cows and swine (U.S. EPA, 2008a). Because of these
unknowns and limitations, quantitative uncertainty estimates based on probability density

functions or other statistical methods are not provided with NEI data. Instead, emission
factors receive a rating based on the reliability of methods used for determining the
emission factor. The rating is based on both the number of representative sources and the
characteristics of the data used to determine the emission factor, but it does not imply
statistical error bounds or confidence intervals for the emission factor (U.S. EPA, 1996).

As an alternative, uncertainties are often evaluated through separate efforts using a
variety of technigues. These techniques include comparing inventory predictions with
measured long-term trends, comparing emission estimates derived from principle
component analysis or other statistical methods, comparing emissions estimated by
inverse modeling of chemical transport models, and comparison with satellite data (U.S.
EPA, 2008a). The distinction between the inventory compilations like the NEI and
alternative satellite- and model-based methods of estimating emissions is generally
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described in terms of bottom-up and top-down estimates. The entries in emissions
inventories are obtained using a bottom-up approach, in which entries are based on
emissions factors, activity rates, and control device efficiency for various source types.
This contrasts to a top-down approach in which measurements of pollutant concentrations
from satellites, aircraft, or surface monitors are used to constrain a priori estimates of
emissions using a chemistry-transport model (CTM).

Because of this variety of top-down approaches and the number of separate studies
resulting in a wide range of estimated uncertainties, there is no single estimate of
uncertainty that applies to either total emissions or emissions from individual sources in
Table 2-1. However, reports from numerous publications on emissions inventory
evaluation have resulted in a wide range of uncertainty estimates for application to NEI
data, and these were summarized in the 2008 ISA (U.S. EPA, 2008a). Across all sources,
total NOx emissions estimates from satellite data ranged from “highly consistent” with
NEI estimates (Martin et al., 2006) to 68% higher than NEI estimates (Jaegle et al.,
2005). Fewer estimates of individual source emissions were evaluated, with NOx
emissions both higher and lower than estimates using other methods.

Some recent work has shown summertime over-prediction of model NOx estimates using
recent U.S. EPA inventories (e.g., 2008 and 2011) when compared against monitored
ambient concentrations (Canty et al., 2015; Anderson et al., 2014a). Appel et al. (2017)
found in their simulations that NOx model over-estimates in summer were greatly
diminished or reversed in other seasons. Anderson et al. (2014a) and Travis et al. (2016)
concluded that emissions of NOx from mobile sources are being overestimated and are
the source of this bias. Studies over Texas (Souri et al., 2016; Tang et al., 2015)
suggested a smaller or no bias in on road NOx emissions compared to Anderson et al.
(2014a) and Travis et al. (2016), and suggested that both high and low biases in other
NOx source categories (e.g., area sources, point sources, soil NO) impact
model/measurement discrepancies. Marr et al. (2013) used near-road measurements to
also conclude that mobile source NOx emissions in U.S. EPA’s 2008 NEI agreed well
with measurements (i.e., within 3%). The cause of discrepancies between measured and
modeled concentrations are difficult to diagnose because the emission modeling process
and associated photochemical modeling is complex. Researchers are continuing to
investigate this question.

There can be higher uncertainties for specific sources. For example, about 60% of the
total NOx emitted by soils nationwide is estimated to occur in the central Corn Belt of the
U.S. Spatial and temporal variability in soil NOx emissions can lead to uncertainty in
emissions estimates. Soil emissions occur mainly during summer and across the entire
country, including areas where anthropogenic emissions are low. Emission rates depend
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primarily on fertilization amount, soil temperature, and moisture. Models of NOx
emissions from soils (e.g., (Hudman et al., 2012) include these dependencies, but most
measurements on which they are based are made at temperatures <30°C. However, in
agricultural areas subjected to very high temperatures (>40°C) like the Imperial Valley,
CA, emissions factors for NO following fertilizer application ranged from 1.8 to 6.6%, as
compared to estimates of typically ~1 to 2% (Oikawa et al., 2015). Oikawa et al. (2015)
also suggest that in many areas of the Southwest, the NEI overestimates anthropogenic
emissions at the expense of soil emissions and that these soil emissions have a noticeable
effect on ozone formation. Travis et al. (2016) estimate that combustion accounts for
68% of NOx emissions in the Southeast in summer, with the remainder from soils. These
results indicate that soil emissions need to be better understood. Estimating emissions
from highway vehicles can also be challenging because there is a wide variation in
emissions between different vehicles.

Activity rates and uncertainties for NHs are difficult to quantify, and estimates have yet
to be made for reduced organic nitrogen. NHz emission estimates are generally more
uncertain than NOx and SO, emission estimates because of the variety of agricultural
practices used, re-emission after deposition, and the dispersed nature of agricultural
processes, as well as the complex influences of meteorology on processes controlling
transformation and removal of nitrogen species on spatial and temporal emission patterns.
As described in Appendix 2.5.2, NO, and NH3 can be both emitted from and deposited to
soils, water, or vegetation depending on their atmospheric concentrations and
characteristics of the underlying surface.

Mixed results were reported in evaluating the total NHs emissions estimates in the 2008
ISA (U.S. EPA, 2008a). However, as described above, there have been major changes in
estimation methods for the most important ammonia sources since that report, and more
recently Paulot et al. (2014) showed that a range of published bottom-up and top-down
estimates of annual total U.S. ammonia emissions agreed within 10%. The NEI national
estimate of 2.3 Tg NHs from Table 2-1 was within 20% of the average across all
estimates of 2.8 + 0.2 Tg NHjs reported by Paulot et al. (2014). However, in the same
comparison there was a divergence in the timing of the seasonal maximum, and
agreement varied considerably temporally and spatially (Paulot et al., 2014).

Most SO, emissions originate from point sources having well-known locations and
identifiable fuel streams. Uncertainties in annual emissions were estimated to range from
4 to 9% for SO, and slightly larger for NOx from the same point sources identified in the
1985 NAPAP inventories for the U.S. (Placet et al., 1990).
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2.3.

Atmospheric Chemistry of Nitrogen and Sulfur Species and
Particulate Matter (PM)

The atmospheric chemistry of N and S species relevant for the production of ecosystem
nutrients and acidic species was extensively reviewed in the 2008 ISA (U.S. EPA
2008a). The main findings from that review and key findings from more recent studies
and reviews are included here. Appendix 2.3.1 describes atmospheric NOx chemistry and
the formation of HNO3. Appendix 2.3.2 describes atmospheric sulfur oxide chemistry and
the formation of H,SO.. Appendix 2.3.3 reviews the role of ammonia as the most
important atmospheric base for neutralizing atmospheric nitric and sulfuric acids and
forming PM. The chemistry of all of these species largely controls the extent of acid
deposition as well as the fraction of nitrogen in particulate matter, which in turn
determines deposition rate and transport distance. The remaining sections review
atmospheric organic sulfur and nitrogen compounds (Appendix 2.3.4), atmospheric
organic acids (Appendix 2.3.5), and formation of PM»s (Appendix 2.3.6).

2.3.1.

June 2018

Nitrogen Oxides

NOx (NO + NO») is the precursor for oxidized nitrogen species that contribute to acidic
deposition. More specific details on the chemistry and transformation of NOx can be
found in the 2016 ISA for Oxides of Nitrogen—Health Criteria (U.S. EPA, 2016f) and
for SOx in the 2008 ISA for Sulfur Oxides (U.S. EPA, 2008c). Hence, those topics are
only briefly recounted here with special reference to the secondary NOx and SOx
NAAQS. Oxidized nitrogen species (NOv) are introduced into the atmosphere as NOx,
mainly from fossil fuel combustion as described in Appendix 2.2. Figure 2-3 summarizes
the atmospheric reactions of NOx, showing rapid inter-conversion of NO and NO; in
sunlight, with slower formation of more oxidized organic and inorganic products (NOz).

A large number of oxidized nitrogen species in the atmosphere are formed from the
oxidation of NO and NO; (shown in the inner box). These include nitrate radicals (NOs3),
nitrous acid (HONO), nitric acid (HNOs), dinitrogen pentoxide (N2Os), nitryl chloride
(CINOy), peroxynitric acid (HNO4), peroxyacetyl nitrate (PAN) and its homologues
(PANS), other organic nitrates, such as isoprene- and monoterpene-derived nitrates, and
particulate nitrate (pNOs"). These species (and NHs) are characterized by large
differences in their solubilities (Table 2-2), which determine their ability to be taken up
by cloud droplets, airborne particles, and moist surfaces.
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Source: NCEA.

Figure 2-3

June 2018

Schematic diagram showing pathways for reactive nitrogen

species in ambient air.
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Table 2-2

Henry’s law coefficients for selected reactive nitrogen species at
25°C in water.

Compound Coefficient (mol/kg/bar)
HNOs3 2.6 x 10°
HONO 49
NO 0.0019
NO2 0.012
PAN 4.1
NHs 61

1 bar = 10° Pa; C = Celsius; HNO; = nitric acid; HONO = nitrous acid; NHz = ammonia; NO = nitric oxide; NO, = nitrogen dioxide;
PAN = peroxyacetyl nitrate.

Source: adapted from Sutton et al. (2011).

June 2018

Reactions producing more oxidized forms of nitrogen (NOz) involve mainly Oz, OH, and
organic radicals with NO and NO,. The reaction of NO, with OH leads directly to HNOs:

NOz + OH + M 2 HNO3
Equation 2-1

The reaction of NO with O3 produces nitrate radical (NO3), which reacts further to form
dinitrogen pentoxide (N-Os), and ultimately also produces HNO3:

NO2 + 03 2 NO3 + 0>

Equation 2-2
NOz + NOs3 €2 N205 (equilibrium)

Equation 2-3
Nz0s5 + H20 2 2ZHNO3

Equation 2-4

The relative importance of these two paths for producing HNOs is strongly location and
seasonally dependent, with the first path dominating when OH radicals are abundant
(during the day) and the second during the night and under cold conditions. Warneck
(1999) estimated that most HNOs is formed in the sunlit portions of clouds by the
reaction of NO2 with OH, with much smaller amounts from the pathway involving N»,Os
hydrolysis. Because it is highly soluble, HNOs is taken up by particles or cloud droplets
to form NOs™ and is also deposited onto moist surfaces, such as on vegetation. HNOj3 also
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recycles back to NO; in the gas phase by photolysis and reaction with OH radicals, but on
timescales longer than that for uptake by cloud droplets, particles, and the surface.
Whereas photolysis of HNOs is slow (t ~ 108 s) in the gas phase, it can be two orders of
magnitude faster on moist surfaces (Ye et al., 2016), releasing NO and/or HONO back to
the atmosphere.

NO; reacts with organic peroxy radicals to form organic nitrates such as peroxyacetyl
nitrate (PAN) and its homologues as shown on the right side of Figure 2-3; other RO;NO;
compounds are much less stable than PANs. NO and NO; radicals also react with organic
radicals produced by the oxidation of isoprene and monoterpenes to form a wide range of
organic nitrates. Considering the troposphere as a whole, most of the mass of NOz shown
in Figure 2-3 is in the form of PAN and HNOs. However, organic nitrates such as
isoprene- and monoterpene-derived nitrates increase in importance in the planetary
boundary layer (PBL), and are likely to be dominant in vegetated areas (Kim et al.

2015a; Min et al., 2014).

In forested areas, the initial step in the production of isoprene nitrates (INs) is most often
the reaction of isoprene with OH radicals to produce isoprene peroxy radicals. These can
react with HO; radicals, other RO- radicals, or isomerize to produce a variety of organic
compounds. They can also react with NO to produce multifunctional organic nitrates.
Lifetimes on the order of one to a few hours can be estimated for these first generation
INs based on their reactions with OH radicals and Oz (Lockwood et al., 2010; Paulot et
al., 2009). The reaction products can further react with NO (after internal rearrangement)
to form secondary organic nitrates such as ethanal nitrate, methacrolein nitrate,
propanone nitrate, and methyl vinyl ketone nitrate. The second-generation organic
nitrates are more stable than the first-generation INs because they lack a double carbon
(C =C) bond. Obviously, the relative importance of pathways forming nitrates or other
products depends on the ambient concentrations of NO and other oxides of nitrogen for
which many key experimental details are still lacking. During the SEAC*RS
measurement campaign, which took place in the summer of 2013 in the southeastern
U.S., Travis et al. (2016) found that these two pathways were of comparable importance.

In addition to oxidation initiated by OH radicals, isoprene is also oxidized by NO3
radicals. Rollins et al. (2009) determined a yield of first-generation carbonyl nitrates of
70% based on experiments in large reaction chambers. These first-generation nitrates can
further react with NO, leading to the production of second-generation organic (alkyl)
nitrates. Mao et al. (2013) estimated that the global mean lifetime is ~5 days for these
second-generation organic nitrates. Mao et al. (2013) also suggested that the export of
INs and other organic nitrates followed by their decomposition is potentially a larger
source of NOx to the boundary layer of the western North Atlantic Ocean than the export
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of PANs. Some INs are low enough in volatility that they can partition to the particle
phase [e.g., (Rollins et al., 2009)]. Once in the particle phase, the INs hydrolyze to form
HNOs and an alcohol, with a rate constant that correlates strongly with the acidity of the
particles (Rindelaub et al., 2015; Jacabs et al., 2014).

In addition to considering the chemistry of isoprene-derived nitrates during SEAC*RS,
Fisher et al. (2016) considered the formation of organic nitrates derived from the
oxidation of monoterpenes with either one or two double bonds. Their modeling results
suggest that isoprene- and monoterpene-derived nitrates account for 25 to 50% and ~10%
of total organic nitrates and that production of isoprene- and monoterpene-derived
nitrates account for ~20% of the net loss of NOx emitted in the Southeast during summer.
Fisher et al. (2016) also noted that production of organic nitrates involving biogenic
VOCs is the dominant NOx sink only in areas where elevated levels of biogenic VOCs
coincide with low NOx levels (otherwise the major sink would be formation of HNO3).
As a result, these processes will represent only a minor pathway for NOx loss. In any
event, as with isoprene-derived nitrates, monoterpene-derived nitrates are also mainly
taken up by particles with formation of HNOs. Uptake by particles was estimated by
Fisher et al. (2016) to account for ~60% of the removal of gas-phase organic nitrates,
with ~20% recycled back to NOx and another 15% deposited to the surface.

2.3.2.

June 2018

Sulfur Oxides

S0; is the only gas phase form of SOx (SO + SO4>") emitted in the tropospheric
boundary layer at concentrations of concern for environmental exposures (U.S. EPA
2008c). It reacts in both the gas phase and in aqueous solution in clouds and particles to
form SO4>". As described in the 2008 ISA (U.S. EPA, 2008a), the steps involved in
aqueous-phase oxidation of SO, begins with dissolution of SO, following Jacobson

(2002):

S02(g) €2 50z(aq)
Equation 2-5

and is followed by formation and dissociation of H,SOs:

S0z(aq) + H20 €2 H2503(aq) €2 H* + HSOs~ €2 ZH* + S0~
Equation 2-6

Dissolved SO; thus rapidly partitions into four forms with the same oxidation state, with
their relative concentrations dependent on pH:
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S(IV) = 50z2(aq) + H2503(aq) + HSO3~(aq) + SO~ (aq)
Equation 2-7
S(IV) is then oxidized to SO4* in cloud water primarily by either H,02, O3, and O; in the
presence of dissolved Fe(l11). Reaction with H,O; is most important at pH less than about
5.3, and reaction with either dissolved Oz or with O, catalyzed by Fe(l1l) becomes most
important at pH greater than about 5.3, as shown in Figure 2-4 (Seinfeld and Pandis,
1998).

106

108

1010

10712 -

-d[S(IV)] / dt, M s~

10714

10—16

10718

aq = aqueous; Fe(lll) = iron (oxidation number Il1); H,O, = hydrogen peroxide; Mn(ll) = mangnanese (oxidation number I1);
NO; = nitrogen dioxide; O; = ozone; S(IV) = sulfur (oxidation number IV); SO, = sulfur dioxide.

Concentrations assumed are: [SO,(g)] = 5 ppb; [NO2(g)] = 1 ppb; [H202(g)] = 1 ppb; [Os(g)] = 50 ppb; [Fe(lll)(aqg)] = 0. 3 uM;
[Mn(Il)(aqg)] = 0.03 uM.
Source:Seinfeld and Pandis (1998).

Figure 2-4 Rate of conversion of sulfur (V) to sulfur (VI) by different
oxidation paths as a function of pH.

The remaining SO- is oxidized to H.SO. in the gas phase with a characteristic timescale
of ~10 days [based on OH = 10%/cm? and rate coefficient = 1.3 x 107*%/cm®molec/s;
(Sander et al., 2011)] following a multistep process:

June 2018 2-21 DRAFT: Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=18352
http://hero.epa.gov/index.cfm?action=search.view&reference_id=18352
http://hero.epa.gov/index.cfm?action=search.view&reference_id=18352
http://hero.epa.gov/index.cfm?action=search.view&reference_id=2325085

o N oo O B~ W DN

10

11
12
13
14
15
16
17
18
19

20
21
22
23
24

S0z + OH + M 2 HSO3 + M

Equation 2-8
HSO3 + 02 2 S03 + HO2
Equation 2-9
and/or by
502 + sCI - S0z + products

Equation 2-10

where sCl is a stabilized Criegee intermediate (Berndt et al., 2012; Mauldin et al., 2012;
Welz et al., 2012) and products refer to other organic radicals. Criegee radicals are
produced by the reaction of alkenes with Os during both night and day. The relative
importance of the OH and sCI pathways depends in large measure on the local
concentration of alkenes, in particular biogenic alkenes. Welz et al. (2012) also raised the
possibility that Criegee radicals might be important for the oxidation of NO, to form
nitrate radicals. SOz produced by either path further reacts to form gas-phase H.SO4 via

SO0z + H20 2 H2504
Equation 2-11

Because H,SOs is extremely soluble, it is removed rapidly by transfer to the aqueous
phase of particles and cloud droplets.

2.3.3.

June 2018

Acid Neutralization by Ammonia

As the most common soluble base in the atmosphere, NH3 plays a key role in neutralizing
the acidity in ambient particles and in cloud, fog, and rainwater resulting from dissolution
of H2SO4 and HNOs3, and the weak acidity due to organic acids. The atmospheric lifetime
of NH;z with respect to oxidation by OH radicals is ~2 months [based on

OH = 10° molec/cm? and rate coefficient = 1.6 x 10"3/cm*molec/s; (Sander et al.,
2011)]. As aresult, uptake by cloud droplets, particles, and the surface is favored over
reaction with OH radicals. Xu and Penner (2012) estimate a globally averaged lifetime
for NHs of ~11 hours as a result of these processes, implying strong spatial and temporal
variability of NH; concentrations.

Sulfuric acid can be partly or totally neutralized by NHs. Seinfeld and Pandis (1998)
define two regimes: (1) ammonia poor [TA] <2 [TS] and (2) ammonia rich [TA] >2 [TS],
where TA and TS refer to total ammonia, ammonium and sulfate concentrations in gas,
aqueous, and solid forms. In the first regime, there is partial neutralization; sulfate is in
the form of (NH4)HSQ,, the vapor pressure of NHs is very low, equilibrium favors
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formation of ammonium sulfate over ammonium nitrate, any nitrate is driven to the gas
phase, and ammonium nitrate levels are low (or even zero). In the second regime, sulfate
is in the form of (NH.).SOa, and any NH3 left over could react with HNO3 to form
NH:NO;. However, this conceptual model neglects interactions with organic compounds.
Analysis of data by Kim et al. (2015a) from the SEAC*RS field study and the Chemical
Speciation Network (CSN) during August—September of 2013 indicates that the extent of
neutralization of sulfuric acid and acidic sulfate by ammonium was incomplete in the
Southeast despite an excess of atmospheric NH3. Kim et al. (2015a) suggested that uptake

of NHs is inhibited by organic compounds in particles. This suggestion is in accord with
laboratory studies of Liggio et al. (2011) who found that organic compounds, especially

terpenes and n-alkanes on particle surfaces are effective in inhibiting NH; uptake by
particles.

NH4NOj; is in thermodynamic equilibrium with gas-phase NHs and HNOs. The
equilibrium constant is extremely sensitive to variations in relative humidity and
temperature such that it varies over several orders of magnitude depending on
atmospheric conditions, but in general, lower temperature and higher relative humidity
(e.g., during winter) shifts the equilibrium towards condensed phase NH4NOs. The effects
on phase partitioning are pronounced because of the large variation in the equilibrium
constant, K, (~10—10° ppb?) between summer and winter conditions in many locations.
Also, as noted by Malm et al. (2016), NH4NOs can volatilize and reform multiple times
during transport away from sources of NHz; and HNOjs. Because the atmospheric lifetimes
of NHs, HNOs3, and NH4NO; differ substantially from each other, local conditions of
temperature and relative humidity, by implication, control how far these species can

travel.

Although the above considerations apply to particles in general, it should be remembered
that the mass of airborne particles is present in two distinct size fractions, each with its
own characteristic composition [see U.S. EPA (2009a)]. These differences determine the
size fraction in which pNO3~ will be found. Because SO4?" is found mainly in the fine
particle mode these considerations tend to apply more to the atmospheric fine mode.

Displacement of HCI (and other hydrohalic acids) from marine aerosol (found typically
in the coarse mode) by gas-phase HNOs has long been known to occur, resulting in
particulate nitrate (pbNOs") being associated with sodium in the coarse mode in many
coastal areas. Brimblecombe and Clegg (1988) provided a detailed evaluation of the
thermodynamic data and a discussion of this process. Wolff (1984) found that
coarse-mode pNOs™ is formed by adsorption of HNO;3 on basic soil particles (i.e., those
containing Ca?* and Mg?*). These distinctions between the behavior of pNOs~ in the fine
and coarse modes are important as deposition rates for these two size modes can differ
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appreciably and there can be large differences in the ratio of fine to coarse pNOs™ as
shown in Appendix 2.5.2.1.

The composition of rainwater and of particles is strongly affected by pH. As described
above, pH determines the distribution of S(IV) species in cloud water, rainwater and the
aqueous phase of particles. This in turn impacts their oxidation processes

(Appendix 2.3.2), the solubility of trace metals, and the partitioning of weak acids among
other factors. As the most abundant base in the atmosphere, NH; has a strong influence
on pH of cloud water. However, the role of NHs as a base is limited to atmospheric
processes. Once deposited in soil, oxidation of NHs; and NH4" to NOs™ (during
nitrification) produces an amount of H* equivalent to HNO3 deposition [Scheffe et al.
(2014) and references therein].

2.3.4.

June 2018

Organic Nitrogen and Sulfur

In addition to deposition of NOy and NHyx, the deposition of other nitrogen compounds,
in particular dissolved organic nitrogen (DON) also occurs. Proteins, amino acids, urea,
amines, and other DON compounds can contribute to acidification in soils and be an
important source of nutrients to terrestrial and aquatic environments (Jickells et al., 2013;
Cape et al., 2011; Cornell, 2011b; Sutton et al., 2011). The content of organic nitrogen in
particles and rainwater can be characterized in two ways. First, it can be calculated as the
difference between total N as measured by total elemental analysis [see e.g., Bronk et al.
(2000)] minus NO3s~ and NH.*. In the second way, the content of organic nitrogen in
particles and rainwater can be characterized by measuring the concentrations of
individual species. However, the number of species constituting DON at a particular
location can be quite large. For example, Altieri et al. (2009a) detected several thousand
organic N containing species in precipitation samples collected in New Jersey and found
the overall composition was consistent with oligomerization of amino acids; in most
compounds, N was in reduced form.

Cornell (2011a) estimated based on measurements reported in 58 published studies that
organic N constitutes 35% of total N in rainwater in North America. Jickells et al. (2013)
estimated based on data from a number of measurement sites (n = 115 globally), that
average DON in rainwater contributes ~25% of the flux of total nitrogen. They also
reasoned that because it is correlated with total nitrogen in rainwater (R? = 0.57), which
has a large anthropogenic component, DON might also have a large anthropogenic
component. Further description of DON measured at sites in the CONUS are deferred to
Appendix 2.6.2.
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A large number of organosulfates (R-O-SOsH) have been detected in rainwater samples
(Altieri et al., 2009b). However, their abundances could not be determined. Tolocka and
Turpin (2012) estimated that organic sulfates could contribute up to 5 to 10% of organic
mass on average to particle mass based on measurements taken at 12 sites across the U.S.
Liao et al. (2015) found that organic sulfates accounted a few percent of particulate
sulfate, mainly from the two most abundant forms, isoprene epoxydiol sulfate and
glycolic acid sulfate. Organic sulfates such as these have high acid dissociation constants
and are expected to act as singly charged species.

Phytoplankton emit copious amounts of dimethyl sulfide, which can be oxidized to sulfur
dioxide and to methanesulfonic acid. The SO; that is formed can then be a source of
H,S0O, in coastal areas.

2.3.5.

June 2018

Organic Acids

The effects of deposition of acidic sulfur and nitrogen should be considered in the context
of a more complete description of the composition of rainwater, including organic acids.
However, organic acids are not routinely measured by monitoring networks because they
are unstable with respect to microbial degradation following collection. As a result, data
for organic acids in rainwater are sparse. Formic and acetic acids are typically the most
abundant organic acids found in rainwater in the U.S. (Willey et al., 2011; Avery et al.,
2006; Talbot et al., 1990). They are largely secondary in origin (i.e., produced in the
atmosphere by the photochemical oxidation of biogenic and anthropogenic
hydrocarbons). Paulot et al. (2011) suggested that isoprene oxidation is the largest global
source of formic and acetic acids. These acids are also produced by the oxidation of
ethane and propylene emitted in automobile exhaust. Their abundances in rainwater and
their effects on pH are not negligible. For example, Willey et al. (2011) found that formic
acid (pKa = 3.75) and acetic acid (pKa = 4.76) were the major organic acids present and
contributed ~22 and 5%, respectively, of free acidity (mean pH = 4.65) in rainwater
samples collected at Wilmington, NC in 2008. In addition, other organic acids

(e.g., oxalic acid, lactic acid) have been found to be present at much lower levels at this
site (Avery et al., 2006). Vet et al. (2014) noted that organic acids should be monitored in
areas where the concentration of H* is <5 peq/L (or pH > 5.3). As will be seen in
Appendix 2.6, this condition is met in areas like the Northwest where concentrations of
NOs™ and SO.*" in rainwater are low. Even in areas where the effects of organic acid

neutralization by NH.* might be small, the vapor pressures of some organic acids

(e.g., oxalic acid) would be reduced by orders of magnitude, resulting in increased uptake
of the organic acid from the gas phase and growth of particles (Ortiz-Montalvo et al.,
2014; Paciga et al., 2014).
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2.3.6.

June 2018

Particulate Matter (PM)

The chemistry of NOx and SO- described in Appendix 2.3.1 and Appendix 2.3.2, and the
neutralization reactions of NHs described in Appendix 2.3.3 are relevant not only to
understanding the distribution of NOy and SOx species, but also in explaining a large
fraction of PM_ in most of the U.S. Figure 2-5 shows PM;s composition in numerous
U.S. locations. In all locations SO4?~ and NOs~ account for a substantial fraction, and in
many cases the majority, of PMys. In general, SO4?~ accounts for an increasing fraction of
PM2s moving east or south, and NO3™ for a greater fraction moving west or north.

Figure 2-5 also shows that PM,.s concentrations are lower and SO4*" accounts for a much
greater fraction of PM2s mass in 2003—2005 than in 2013—2015. This reflects the steep
decline in SO, emissions over this period (Appendix 2.2.1) and demonstrates that it has
greatly impacted PM, s composition and concentration in the U.S.

The decrease in SO,2~ contribution is so large that in many locations where SO4*~ was the
greatest contributor to PM.s mass in 2003—2005, organic carbon was more abundant in
2013-2015. However, as described in Appendix 2.1, organic matter does not contribute
as much to acidification or nutrient enrichment as SO+*” and NOs ", and SO.* and NO3~
still account for the majority of PM2s mass in many locations. The remaining mass of
PM:s is composed of elemental carbon, sea salt (mostly Na and CI), and crustal material
(Si and Al are most abundant elements). Monitoring methods are described and spatial
and temporal trends for PM, s species are further developed in the 2009 PM ISA (U.S.
EPA, 2009a). There is much less information on PMio or PM1o-25 composition because of
the lack of routine monitoring on the scale that has been implemented for PM. s species.
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Figure 2-5 Contributions of organic carbon (OC), elemental carbon (EC),

sulfate, nitrate, sea salt, and crustal components to PMzs at
selected sites (A) 2003-2005 (B) 2013-2015.
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2.4.

Concentration and Deposition Measurements

An extensive review of techniques for measuring NOx, NOz, NOv, NHx, and SOx
appeared in the 2008 ISA (U.S. EPA, 2008a). Updates to techniques for measuring NOx,
NOy, and SOx species can be found in the latest ISA for Oxides of Nitrogen (U.S. EPA
2016f), Sulfur Oxides (U.S. EPA, 2008c), and PM, including PMzs, PM1g, and PM1g-25
(U.S. EPA, 2009a) Health Effects, to which the reader is referred for details. In the
following sections, measurements of NOx, SO, and PM in national networks are only

briefly discussed and the measurement of species most relevant to acid and nutrient
deposition and measurement methods for wet and dry deposition are the main focus.
Appendix 2.4.1 explains the roles of various national and regional monitoring networks
in place to support the NAAQS or to collect data used for estimating acid and nutrient
deposition. Appendix 2.4.2, Appendix 2.4.3, and Appendix 2.4.4 describe methods used
to measure gas-phase oxides of nitrogen, reduced nitrogen, and sulfur oxides that are not
based on filter collection. Each of these sections is divided into separate discussions of
the methods used in monitoring networks, remote sensing methods, and recent advances
in research methods and other methods that are effective for intensive field studies but
impractical for routine monitoring. Satellite-based remote sensing methods are useful
because network coverage is often sparse and satellite-based measurements are becoming
a more widely used alternative to ground-based measurements. Appendix 2.4.5 describes
filter-based methods used in CASTNET and other networks for mainly particulate
species, but also for some gases, including HNOs and SO.. Appendix 2.4.6 describes wet
and dry deposition measurement and recent advances.

2.4.1.

June 2018

Monitoring Networks

Federal Reference Methods (FRMSs) have been established and national monitoring
networks put in place for NO- as the indicator of oxides of nitrogen, SO, as the indicator
of sulfur oxides, and PM,sand PMyo as indicators for PM. These methods and networks
are described in detail in recent Integrated Science Assessments for Health Effects of
Oxides of Nitrogen (U.S. EPA, 2016f), Sulfur Oxides (U.S. EPA, 2008c), and Particulate
Matter (U.S. EPA, 2009a). However, in general the large fractions of N and S deposition
accounted for by species other than NO, and SO, make measurements of these indicator
species alone inadequate for estimating deposition amounts of total oxides of nitrogen
and total sulfur oxides. Similarly, it has long been established that wet deposition of S is
usually dominated by SO,? rather than SO, (Dana, 1980). In this respect, PM2s
monitoring is potentially useful because it efficiently collects the range of PM species
involved in acidification and N deposition. However, variability of SO~ and NO;™ as a
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fraction of total PM. s presents a challenge for relating PM..s mass to these effects. An
additional challenge is the estimate of deposition from PM. s concentrations, because of
the strong dependence of deposition flux on particle size (see Appendix 2.5.2) and
general unavailability of size distribution measurements.

In principle, a multipurpose, multipollutant monitoring network could efficiently meet the
needs of estimating N and S deposition and air monitoring for ecosystem protection,
while at the same time addressing other national air monitoring priorities. Such a network
could include measurements of other N and S species besides NO; and SO, as well as
other species that are otherwise not routinely monitored to better understand a variety of
air pollution processes. This is the overall concept behind the National Core Network
(NCore), a newly developed multipollutant monitoring network, and measurements of
NOy and NHs were included as NCore monitoring in part because of their relevance to
atmospheric deposition (Scheffe et al., 2009). NCore has been operating since January 1,
2011 and has 80 monitoring sites designed for measuring multiple pollutants (Weinstock
2012). The network provides a core of sites that measure SO, NO2, NOv, and PM
components including ammonium, nitrate, and sulfate, but with sparser coverage than the
FRM networks for SO, or NOx. Because NOy is measured rather than NOx, and because
of collocated SO, and SO~ measurements, ambient concentrations of both NOy and SOx
can be determined from NCore data, so that these data can be used to estimate total
deposition of oxides of nitrogen and sulfur. However, because of the wide range of
deposition velocities for different species, NOy measurements alone are not sufficient for
estimating deposition and species concentrations are also necessary. A further
disadvantage is that most NCore sites are located in urban areas.

Instead of using NCore or the national NO,, SO, and PM monitoring networks, national
scale N and S deposition have relied on monitoring networks specifically designed for
estimating deposition. Table 2-3 lists monitoring networks that have been used for recent
estimates of atmospheric N and S deposition for the National Acid Deposition Program
(Schwede and Lear, 2014a).
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Table 2-3  Summary of monitoring networks used by Schwede and Lear
(2014a).
Network Chemical Species  Period of Record Website
CASTNET Concentration: HNOs, 2000-2012 http://epa.gov/castnet/javaweb/index.html
SOz, pS04273, pNO373,
pNH4*@
AMoN Concentration: NHs 2008-2012 http://nadp.sws.uiuc.edu/AMon/
SEARCH Concentration: HNOs, 2005-2011 http://www.atmospheric-
SO2, NH3 research.com/studies/SEARCH/
NTN Wet deposition: 2000-2012 http://nadp.sws.uiuc.edu/NTN/

S04%7, NO3™, NH4*

apS0,* is particulate sulfate concentration, pNOs™ is particulate nitrate concentration, pNH,* is particulate ammonium concentration.
Note: summary of data from monitoring networks used in the methodology.
Source: Schwede and Lear (2014a).

June 2018

Wet deposition is estimated as the product of pollutant concentration in precipitation and
precipitation depth (e.g., in rain or snow). Concentration in precipitation is currently
measured as a weekly average by the National Atmospheric Deposition Program/National
Trends Network (NADP/NTN) across a national network of 250 sites using a standard
precipitation collector described in the 2008 ISA (U.S. EPA, 2008a). The NADP
precipitation network was initiated in 1978 to collect data on amounts, trends, and

distributions of acids, nutrients, and cations in precipitation. It expanded to meet the
needs of the National Acid Precipitation Assessment Program established in 1981 to
understand causes and effects of acid precipitation. The NTN is the only network
providing a long-term record of precipitation chemistry across the U.S. Sites are mainly
located away from urban areas and pollution sources. An automated collector ensures that
the sample is exposed only during precipitation (wet-only sampling). Species measured
are free acidity (H* as pH), conductance, calcium (Ca?*), magnesium (Mg?"), sodium
(Na*), potassium (K*), sulfate (SO4?), nitrate (NOs"), chloride (CI7), and ammonium
(NH4"). Relatively high confidence has been assigned to wet deposition estimates because
of established capabilities for measuring relevant chemical components in precipitation
samples (U.S. EPA, 2011a). The Atmospheric Integrated Research Monitoring Network
(AIRMOoN) started in 1992 and measures the same species as the NTN, but on a daily
rather than weekly basis.

In contrast, direct measurements of dry deposition flux are rare and difficult, and dry
deposition fluxes of gases and particles are estimated from concentration measurements
by an inferential technique described in the 2008 ISA (U.S. EPA, 2008a). In the
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June 2018

inferential model approach, the deposition of a pollutant is accomplished by introducing a
resistance component to account for the individual chemical and biological processes that
control pollutant adsorption and capture at natural surfaces (Hicks et al., 1987).
Concentrations are measured in the Clean Air Status and Trends Network (CASTNET),
which was established under the 1991 Clean Air Act Amendments to assess trends in
acidic deposition. CASTNET is a long-term environmental monitoring network with

95 sites located throughout the U.S. and Canada, managed and operated by the U.S. EPA
in cooperation with other federal, state, and local partners (www.epa.gov/castnet)
including six Native American tribes. CASTNET is the only network in the U.S. that
provides a consistent, long-term data record of acidic dry deposition fluxes. It
complements the NTN, and nearly all CASTNET sites are collocated with or near an
NTN site. Together, these two monitoring programs are designed to provide data
necessary to estimate long-term temporal and spatial trends in total deposition (dry and
wet) as well as ecosystem health. Species measured in CASTNET include: Oz, SO,
HNOgz in the gas phase and SO4*~, NOs;~, NH4*, Ca?*, Mg#", K*, Na*, and CI" in particles.

While CASTNET data are more useful for estimating dry deposition than data from FRM
networks, monitors are generally sparse and deposition is only determined for discrete
locations. Also, not all of the species that contribute to total sulfur and nitrogen
deposition are measured in CASTNET (Schwede et al., 2011). Despite these
disadvantages, CASTNET data still be very useful if used in combination with modeled
data (Schwede et al., 2011). NHs is not measured in CASTNET, but the National
Atmospheric Deposition Program (NADP) deployed a separate NHz monitoring network
(AMOoN) using Radiello® passive samplers starting in the fall of 2007 at 16 sites;
currently there are more than 60 active AMoN sites, two-thirds of which are located at
CASTNET sites.

A limitation of dry deposition derived from CASTNET and other dry deposition
networks is that results cannot be spatially interpolated because of the complexity of the
deposition field (Schwede and Lear, 2014a; Baumgardner et al., 2002). Combined with
the sparse coverage of the network, this complexity restricts the capability of routine
monitoring networks to provide data on dry deposition. To some extent, this limitation
can be addressed by considering data from other networks.

The remaining network in Table 2-3 is the Southeastern Aerosol Research and
Characterization network (SEARCH), which is a highly instrumented network of four
urban and four rural stations in Alabama, Florida, Georgia, and Mississippi (Hansen et
al., 2003). The four rural SEARCH sites have been used for dry deposition estimates.
SEARCH began as a public-private collaboration in early 1998 and has continued
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operation with several objectives, including understanding processes governing PM. and
copollutants emissions, transport, and deposition in the southeastern U.S.

One additional network that has been identified as potentially suitable for use in future
deposition estimates (Schwede et al., 2011) is the Interagency Monitoring of Protected
Visual Environments (IMPROVE) network. The IMPROVE network consists of more
than 100 monitoring sites in national parks and other remote locations and is primarily
focused on visibility impairment, but has also provided a reliable, long-term record of
particulate mass and species components. Several other monitoring networks are operated
either by the U.S. EPA or jointly with other federal agencies; species measured and other
details for networks making measurements relevant for deposition are shown in Naess
(2016). Even if concentration data from other networks are combined with CASTNET
data, large areas of the U.S. are still relatively far away from, or in a different
environment than, the nearest monitor.

Another deficiency of both the NTN and CASTNET is that not all species that contribute
to total sulfur and nitrogen deposition are measured. Reliable measurements of NOy and
NO; concentrations, especially at the low concentrations observed in many areas far from
sources, are crucial for evaluating the performance of three-dimensional, chemical
transport models of oxidant and acid production in the atmosphere. To meet this need,
NOv monitors have been installed at six sites in CASTNET as part of the NCore
program. At most sites, however, NO; is not currently monitored in CASTNET. The
same is true for HNO; and peroxyacyl nitrates, which can also contribute significantly to
total gas-phase reactive nitrogen. These species can be important contributors to N
deposition locally, especially near populated areas. Neither the NTN nor CASTNET
monitor reduced organic nitrogen compounds, which can also contribute significantly to
N deposition (see Appendix 2.3.4). The sparse geographic coverage and lack of
measurements for key species in these networks along with the awareness of modeling
uncertainties led to the initiation of the Total Deposition Science Committee (TDEP)
(NADP, 2016) to develop hybrid approaches to improve estimates of atmospheric
deposition. The TDEP approach is described in Appendix 2.6.

2.4.2. NO2, NOx, and NOv

2.4.2.1. Network Monitoring

As described in Appendix 2.4.1, a nationwide monitoring network is in place for routine
monitoring of NO-, and NOy is measured in the nationwide NCore network. NO; is
routinely measured using the FRM chemiluminescence method based on the catalytic
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reduction of NO; to NO, followed by reaction NO with Os. However, the reduction of
NO; to NO on the MoOx catalyst substrate also reduces other oxidized nitrogen
compounds (i.e., NOz compounds shown in the outer box of Figure 2-3) to NO. This
interference by NOz compounds has long been recognized following Winer et al. (1974)
who found NO was also produced by catalytic reduction of HNO3, PAN, and organic
nitrates using this method. As a result of their experiments, Winer et al. (1974) concluded
that, “the NOx mode of commercial chemiluminescent analyzers must be viewed to a
good approximation as measuring total gas-phase ‘oxides of nitrogen,” not simply the
sum of NO and NO-.” Numerous later studies, as noted in the ISA for Oxides of Nitrogen
(U.S. EPA, 2016f), have confirmed this conclusion. Further details were also described in
the 2008 ISA (U.S. EPA, 2008a).

Commercially available NOx monitors have been converted to NOy monitors by moving
the molybdenum oxide catalyst substrate to interface directly with the sample inlet to
improve the efficiency of reduction of NOz compounds susceptible to loss on inlet
surfaces. NOx concentrations cannot be considered as a universal surrogate for NOy.
However, near sources of fresh combustion emissions, such as highways, most of the
NOy is present as NOx. To the extent that all the major oxidized nitrogen species can be
reduced quantitatively to NO, measurements of NOy concentrations should be more
reliable than those for NOx concentrations, particularly at typical ambient levels of NO-.
Exceptions might apply in locations near NOx sources, where NOx measurements are
likely to be less biased and confidence in measurement accuracy increases.

2.4.2.2.

June 2018

Remote Sensing

Satellite-based methods have also been used to measure NO,. Remote sensing by
satellites is especially useful in areas where surface monitors are sparse. Retrieving NO;
column abundances from satellite data typically involves three steps: (1) determining the
total NO- integrated line-of-sight (slant) abundance by spectral fitting of measurements
of backscattered solar radiation, (2) removing the stratospheric contribution by using data
from remote regions where the tropospheric column abundance is small, and (3) applying
an air mass factor to convert tropospheric slant columns into vertical columns. The
retrieval uncertainty is largely determined by steps 1 and 2 over remote regions where
there is little tropospheric NO,, and by step 3, over regions of elevated tropospheric NO;
(Boersma et al., 2004; Martin et al., 2002). Satellite retrievals are largely limited to cloud
fractions <20%. A hybrid approach using data for NO, tropospheric column abundances
obtained by the Ozone Monitoring Instrument (OMI) on the Aura satellite coupled with
results from the GEOS-Chem, global-scale, three-dimensional, chemistry-transport model
has been developed by Lamsal et al. (2008) with updates by Lamsal et al. (2010). In this
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approach, the surface mixing ratio divided by the column abundances calculated by the
GEOS-Chem model are used as the scaling factors to derive surface mixing ratios from
satellite-measured column abundances. This method provides estimates of surface NO-
concentrations that are especially useful in data-sparse regions. The algorithm used to
derive the tropospheric columns of NO; is given in Bucsela et al. (2013). Note that this
algorithm was recently shown to produce NO; column abundances that are too high by
~20% (Marchenko et al., 2015).

2.4.2.3.

Research and Nonroutine Methods

Alternatively, multiple methods for observing components of NOy have been developed
and evaluated in some detail. As a result of these methods, as applied in the field and the
laboratory, knowledge of the chemistry of odd-N species has evolved rapidly. Recent
evaluations of methods can be found in Arnold et al. (2007) for HNOs; Wooldridge et al.
(2010) for speciated PANSs; and Pinto et al. (2014) for HONO. However, it is worth
reiterating that the direct measurements of NO are still the most reliable of all.

2.4.3.

2.4.3.1.

June 2018

Ammonia

Network Monitoring

The recently implemented AMoN for monitoring ammonia was described in

Appendix 2.4.1. The passive sampling method relies on diffusion across a membrane
onto an absorbing substrate, which for NH; is HsPOs. The sampling period in AMoN is
2 weeks. Puchalski et al. (2011) compared the results from three passive samplers with
annular denuder systems (taken to be the reference method). The median relative
percentage difference between the Radiello passive samplers and the denuder systems

was —37% and the coefficient of variation among triplicate Radiello samplers was 10%.
Puchalski et al. (2015) further compared 2-week samples collected at five sites over the
course of a year by Radiello passive samplers with collocated annular denuder systems
(ADS) with different configurations. The mean relative percentage difference between
the ADS and AMoN samplers was —9% to be compared to a precision of 5% for both the
ADS and AMoN samplers.
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June 2018

Remote Sensing

In addition to these in situ techniques, remote sensing techniques have also been used to
measure NHs. The Tropospheric Emission Spectrometer (TES) on the Aura satellite
[Shephard et al. (2011), and references therein; (Beer et al., 2008)] and the Infrared
Atmospheric Sounding Interferometer (IASI) on the MetOp-A satellite (Van Damme et
al., 2014) measured spectral features in the v2 vibrational band centered at around
950/cm (the so-called atmospheric window in the infrared). Operating specifications for
TES (spectral resolution, 0.06/cm; footprint 5.3 x 8.3 km; 0.15-0.20 K noise) are
generally better than for IASI (spectral resolution, 0.50/cm; footprint 12 x 12 km?;
0.15-0.20 K noise). Although TES has higher spectral resolution, it has less dense spatial
coverage. Unlike satellite detection of atmospheric molecules by backscattered solar
radiation (e.g., NO. and SO), NH3 is detected in the thermal infrared spectral range, so
data for both day and night can be obtained (satellite overpasses at the Equator at
approximately 1:30 a.m. and 1:30 p.m. for TES and 9:30 a.m. and 9:30 p.m. for 1ASI).
The sensitivity of the IR sounding technique for NHs increases with the thermal contrast
between the surface and the temperature of the air in the lower troposphere, and thus the
daytime crossing allows for increased detectability of NH; (Clarisse et al., 2010). NHs is
confined largely to the planetary boundary layer (PBL), with much lower concentrations
aloft in the free troposphere. TES retrievals are most sensitive to NHs at atmospheric
pressures between 700 and 900 hPa. The TES level of detectability for NHz is given by a
profile with a peak concentration of 1 ppbv, or equivalently a constant mixing ratio of
0.4 ppbv distributed over the pressure range of maximum sensitivity, provided there is

substantial thermal contrast.

Pinder et al. (2011) found that TES retrievals of NH3 in the PBL captured the spatial and
seasonal variability of NH; over eastern North Carolina measured by surface
observations. Similarly, Sun et al. (2015a) found that column abundances measured by
TES over the San Joaquin Valley agreed with those measured by upward looking
instruments at the surface to within 2% and to within 6% for aircraft measurements. TES
columns were also shown to be reasonably well correlated (R? = 0.67) with median NH;
measured at the surface by quantum cascade laser, thereby demonstrating the ability of
the satellite-based measurements to capture spatial variability in NH3; between individual
pixels.

Alvarado et al. (2011) derived emissions factors for NHs in biomass burning plumes over
Canada using data from TES. Using data from IASI R'Honi et al. (2013) found total
column abundances for NHs in the plumes of Russian wildfires during the summer of
2010 that were two orders of magnitude larger than background values.
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2.4.3.3.

June 2018

Research and Nonroutine Methods

Ambient instruments with much higher time resolution were compared by Schwab et al.
(2007) and von Bobrutzki et al. (2010). Schwab et al. (2007) conducted a
laboratory-based intercomparison of ambient NH3 instruments with seven instruments

using six methods sampling from a common manifold, including tunable diode laser
(TDLAS) absorption spectrometer, wet scrubbing long-path absorption photometer
(LOPAP), wet effusive diffusion denuder (WEDD), ion mobility spectrometer (IMS),
Nitrolux laser acousto-optical absorption analyzer, and a modified CL analyzer. Schwab
et al. (2007) reported that all instruments agreed to within ~25% of the expected
calibration value, with the exception of the CL analyzer which suffered from problems
related to its MoOx conversion of NOz to NO.

von Bobrutzki et al. (2010) conducted a field intercomparison of ambient NH3
measurements with 11 instruments using 8 methods including: 3 wet techniques (annular
rotating batch denuders, 1 with offline analysis and 2 with online analysis [AMANDA,
AiRRmonia]), 2 Quantum Cascade Laser Absorption Spectrometers (c-QCLAS,
DUAL-QCLAS), 2 photo-acoustic spectrometers, a cavity ring down spectrometer, a
chemical ionization mass spectrometer, an ion mobility spectrometer, and an open-path

Fourier transform infrared spectrometer. This study was unique in that the surrounding
field was fertilized with urea halfway through the campaign to increase average
concentrations of NHz from 10 to 100 ppb. Overall, R? was >0.84 with respect to the
ensemble mean for all instruments over the entire range of concentrations (<120 ppb),
with slopes ranging from 0.67 to 1.13. Higher variability was found at lower
concentrations (<10 ppb) with R? > 0.52 and slopes ranging from 0.42 to 1.15. Perhaps
the most consistent agreement between two instruments was found for the c-QCLAS and
AiRRmonia (R? = 0.91, slope = 0.86, intercept = 0.84 ppb for NH; <10 ppb; and

R? =0.91, slope = 0.83, intercept = 0.34 ppb over the entire range of NHz concentrations).

Nitrolux-100 denuders were used both in the intercomparison study of von Bobrutzki et
al. (2010) and in the one by Puchalski et al. (2011). Compared to the ensemble mean, the
slope was 0.97, the intercept was 1.86 ppb, and R? = 0.98 over the entire concentration

range. As noted by von Bobrutzki et al. (2010), comparisons of this sort only show
relative performance of the instruments and not a functional relationship to a standard.
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24.4.

24.4.1.

Sulfur Dioxide

Network Monitoring

In the nationwide monitoring network for SO,, SO- is routinely measured by pulsed UV
fluorescence. This technique is a Federal Equivalence Method (FEM). The method’s
principles and potential inteferences have been described in detail in the 2008 ISA (U.S.
EPA, 2008a). However, measurements using this method are not as widely used as
measurements from the CASTNET. In the CASTNET, SO is collected by capturing it on
filters and measured as sulfate following procedures described in Appendix 2.4.5.

24.4.2.

June 2018

Remote Sensing

In addition to the above in situ methods, satellite-based measurements have also been
used to measure tropospheric SO, and to infer surface SO, concentrations with the aid of
the GEOS-Chem chemistry-transport model (Nowlan et al., 2014; Lee et al., 2011).
Tropospheric column abundances of SO; are obtained by the Ozone Monitoring
Instrument (OMI) on the Aura satellite or the Scanning Imaging Absorption Spectrometer
for Atmospheric Cartography (SCIAMACHY) on Envisat and are combined with results
from the GEOS-Chem, global-scale, three-dimensional, chemistry-transport model to
derive surface concentrations of SO- (as they are for NO,). Lee et al. (2011) associated
annual mean surface mixing ratios of SO derived from the hybrid satellite/model
technique with ambient measurements of SO,, (R? = 0.66 and 0.74, slope = 0.70 and 0.93,
n =121 and 115, for OMI and SCIAMACHY, respectively).

The algorithms used to derive vertically integrated SO abundances in the troposphere
undergo continuing refinement. For example, Theys et al. (2015) applied an algorithm
based on differential optical absorption spectroscopy (Platt and Stutz, 2008) combined
with a radiative transfer model. Li et al. (2013) developed an algorithm based on
principal components analysis, which has replaced the earlier standard algorithm
developed by Krotkov et al. (2008). The methods applied by Theys et al. (2015) and Li et
al. (2013) are designed to be operational for retrieving SO in the PBL with an estimated
detection limit of ~0.5 Dobson units (1 DU = 2.69 x 10® molec/cm? corresponding to a
concentration of ~3 ppb if SO is well mixed in a 2-km-deep mixed layer), or about half
that in the older standard method. Table 2-4 summarizes sources of uncertainty for
individual OMI measurements of NO; and SO..
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Table 2-4  Sources of uncertainty for individual Ozone Monitoring Instrument
measurements in the study of Nowlan et al. (2014).

Source NO:2 SO2
OMI fitting error ~10% molec/cm? ~10%6 molec/cm?
Air mass factor 20% 15-45%
Stratospheric correction 2 x 10 molec/cm? N/A
SO: offset correction N/A 2 x 10 molec/cm?
Profile shape 30% 10%

molec = molecules; N/A = not applicable; NO, = nitrogen dioxide; OMI = Ozone Monitoring Instrument; SO, = sulfur dioxide.
Source:Nowlan et al. (2014).

The errors in the column measurements result mainly from uncertainties in the vertical
profiles of NO, and SO, cloud fraction, cloud pressure, surface reflectivity, and particles
used in the calculation of air mass factor. A correction is required to account for NO; in
the stratosphere (produced from N-O oxidation and cosmic ray interactions dissociating
with Ny). The SO offset correction refers to a global background correction arising from
issues in spectral fitting, such as spectral correlations with O3 and stray light within the
instrument.

2.45. Filter-Based Concentration Measurements

As described in Appendix 2.4.1, most measurements used for estimating deposition are
from CASTNET, rather than from monitoring networks based on FRM and FEM
methods. The CASTNET filter pack is shown in Figure 2-6. Particulate matter is
collected on the open-face Teflon filter, extracted in deionized water, and analyzed by ion
chromatography (IC) for sulfate, nitrate, ammonium, and other species identified in
Figure 2-6. In the CASTNET filter pack, gases are collected downstream of the
particulate species, with nitric acid collected on nylon filters and analyzed as NO3™ by ion
chromatography, and SO, on carbonate impregnated cellulose filters and analyzed as
SO4? by ion chromatography. Extensive intercomparisons of CASTNET methods with
other measurement methods were described in the 2008 ISA (U.S. EPA, 2008a).
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Figure 2-6

June 2018

Clean Air Status and Trends Network filter pack.

As can be seen in Figure 2-6, SO is measured by the CASTNET filter pack by IC
analysis of extracts from the cellulose filters. Because the nylon filter adsorbs some of the
SO, (Sickles et al., 1999; Sickles and Hodson, 1999), SO4* is also measured on nylon
and added to the SO, (expressed as SO4>") collected on the backup cellulose-fiber filters.

Uncertainties in CASTNET data are reported quarterly in a quality assurance report (U.S.
EPA, 2016c). Precision is determined as the absolute value of quarterly or annually
aggregated relative percentage difference for duplicate sample pairs collected with
collocated samplers at two sites. Data quality objectives for ammonium, nitrate, and
sulfate are within 20%, but reported precision for 2016 was well under this target, 2-5%
for sulfate, 5-13% for nitrate, and 2—6% for ammonium, where the range reflects that
there are two sites. Analytical accuracy was reported within 2% based on spiked
calibration verification samples. Further detail on uncertainty and data quality can be
found in (U.S. EPA, 2016c). Additional unknown uncertainty is associated with
volatilization of NH4* from collected PM. Substantial loss during sampling can occur
because collected NH:sNOs in PM is in a temperature dependent equilibrium with NH3
and HNOs (see Appendix 2.3.3), leading to volatilization of both species after PM
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collection. Loss of NH4* during sampling was thoroughly reviewed in the 2008 ISA (U.S.
EPA, 2008a).

Results of an intercomparison of weekly average SO, data (ppbv) collected by the
CASTNET filter pack and trace level SO, monitors during all of 2014 at Bondville, IL
and Beltsville, MD are shown in Figure 2-7 (AMEC Environment & Infrastructure,
2015).

In addition to CASTNET, pSO42, pNOs~ are monitored in the Chemical Speciation
Network (CSN), and the Interagency Monitoring of Protected Visual Environments
(IMPROVE) network. Sampling and measurement methods for these networks were
described in detail by Solomon et al. (2014). In the CSN network, pNH," is also
measured, but as for CASTNet, it may be subject to volatilization error (volatilization of
NO;™ is corrected).
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Figure 2-7 Comparison between weekly average measurements of sulfur
dioxide using the Clean Air Status and Trends Network filter pack
and the trace ultraviolet pulsed fluorescence monitor in 2014.
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2.4.6.

June 2018

Deposition Measurements

Wet deposition is estimated as the product of pollutant concentration in precipitation and
precipitation depth (e.g., in rain or snow; see Appendix 2.4.1). Concentration in
precipitation is currently measured by the National Atmospheric Deposition
Program/National Trends Network (NADP/NTN) across a national network of sites using
a standard precipitation collector described in the 2008 ISA (U.S. EPA, 2008a).

Relatively high confidence has been assigned to wet deposition estimates because of
established capabilities for measuring relevant chemical components in precipitation
samples (U.S. EPA, 2011a). Measurement precision determined as the average absolute
percentage differences of replicate samples in the 2016 annual quality assurance report
was 1% or less for sulfate, nitrate, and ammonium, and absolute percentage difference
was no greater than 5% for sulfate and ammonium or 7% for nitrate for any single sample
pair (U.S. EPA, 2016c). Bias determined from internal blind samples was 2% or less for
sulfate and nitrate, and 6% or less for ammonium (U.S. EPA, 2016c).

In contrast, direct measurements of dry deposition flux are rare and difficult. Methods for
estimating dry deposition from field measurements fall into two major categories: surface
analysis methods, which include all types of estimates of contaminant accumulation on
surfaces of interest, and atmospheric deposition rate methods, which use measurements
of contaminant concentrations in the atmosphere and micrometeorological measurements
of atmospheric turbulence (U.S. EPA, 2008a). Emphasis here is placed on the latter class
of methods, which are more widely applicable because the accumulation methods are
subject to limitations such as the site specificity of the measurements and the restriction
to elements that are largely conserved within the vegetative system. Dry deposition
estimates using atmospheric deposition rate methods are based on field measurements of
a species or particle concentration gradient along with a measurement or estimate of its
turbulent diffusivity under the field conditions of the measurement (Myles et al., 2012;
Businger, 1986). Examples include eddy covariance and aerodynamic gradient
techniques (U.S. EPA, 2008a). In the eddy covariance method, flux is calculated from the
covariance between fluctuations in wind velocity and concentration. Historically,
empirical estimates of deposition for wind tunnel and field conditions often have not
agreed well with theoretical predictions, probably because transport phenomena and
turbulence structure near surfaces are not well characterized (U.S. EPA, 2004). However,
improvement of dry deposition measurements is an active research area, both to reduce
measurement uncertainties and to improve modeling capabilities by better understanding
deposition processes and their parameterization in chemical transport models.

Progress in improving measurement capabilities has been triggered by the development
of continuous air sampling measurement techniques with higher sensitivity and temporal
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resolution, with the objective of improving costs and measurement guality using
atmospheric deposition rate measurement methods. Concluding that the main reason for
the shortage of dry deposition measurements is the expense and complexity of
measurement methods, (Almand-Hunter et al., 2015) tested a dynamic flux chamber
using automated, inexpensive multispecies gas flux monitoring system for measurement
of a variety of pollutants, including NOx, that would be needed to contend with the large
spatial and temporal variability in air-surface exchange rates of reactive compounds. A
dynamic chamber system was also developed to allow measurements of NO, NO,, and O3
measurements so that compensation points and deposition velocities (see Appendix 2.5.2)
could be estimated (Breuninger et al., 2012).

As part of a series of measurements to be tested at several CASTNET sites, Rumsey and
Walker (2016) evaluated the ability of the MARGA 2S (Monitoring for AeRosols and
GAses) system to simultaneously measure fluxes of NHz-HNOs-NH4NO; using the
aerodynamic gradient method to allow for an assessment of the errors due to the
instability of the particle phase, as well as SO, and SO4*", to allow for the investigation of
ammonium sulfate neutralization and codeposition between SO, and NHs. Over a range
of meteorological conditions, median flux uncertainty was found to range from ~31% for
NHs to ~120% for NH4*. The flux gradient technique was also applied to a forest clearing
as an example of a complex ecosystem with the objectives of improving deposition rate
accuracy and model parameterization for SO, (Myles et al., 2012). Deposition velocities
fluctuated considerably with a mean of 1.00 + 0.48 cm/s, and the large variation was not
fully captured by estimates from widely used models (Myles et al., 2012). Uncertainties
in canopy resistance, including stomatal and nonstomatal processes were identified as
probable sources of uncertainty (Myles et al., 2012).

This approach has been successfully applied to measurements of a wide variety of
species. However, it is less suitable for HNO3; and NH; because they are subject to
interactions with inlet surfaces of measuring devices. For example, in one study a
correction factor of 1.62 was reported for inlet surface interactions (Breuninger et al.,
2012). To address the problem of loss of HNOs, NHs, and other substances that interact
with sampling inlet surfaces during measurement, Roscioli et al. (2016) developed a
method to passivate inlet surfaces and thereby overcome this difficulty by allowing for
more rapid response measurements. Min et al. (2014) determined the net flux of NO and
NO; (at a frequency of 5 Hz) over a forest with estimated total systematic uncertainties of
<8 and <6%, and random errors of <25 and <21%, respectively.

Measurement methods are well developed for ideal conditions of flat, homogeneous, and
extensive landscapes and for chemical species for which accurate and rapid sensors are
available (U.S. EPA, 2008a). However, the strong dependence of dry deposition on
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surface characteristics, which are highly spatially variable, causes in situ measurements
to be limited in applicability, especially in areas of high topographic relief

[e.g., (Weathers et al., 2006)]. The lifetime in the boundary layer (~1 km depth) for
rapidly depositing species is ~1 day, implying that distances from source to deposition
are relatively short and that the deposition flux depends strongly on the nature and
strength of nearby sources. Deposition also shows strong temporal variability on
timescales ranging from diurnal to seasonal, as do wind regimes affecting a particular
site. In addition, cost and logistics make the eddy covariance and aerodynamic gradient
techniques impractical for monitoring networks.

Instead, dry deposition fluxes of gases and particles are estimated in CASTNET and by
chemistry-transport models, such as CMAQ, by an inferential technique described in the
2008 ISA (U.S. EPA, 2008a). In the inferential model approach, the deposition of a
pollutant is estimated by introducing a resistance component to account for the individual
chemical and biological processes that control pollutant adsorption and capture at natural
surfaces (Hicks et al., 1987). Ambient pollutant concentrations of O3, SO4*", NO3~, NH.",
S0O,, and HNQs are routinely collected at CASTNET dry deposition sites. Deposition
velocities based on local meteorological measurements were calculated using the
Multi-Layer Model (MLM) at U.S. EPA-sponsored CASTNET sites until 2010, when
meteorological measurements were discontinued at all but five U.S. EPA CASTNET
sites. Dry deposition fluxes are still reported at sites with discontinued meteorological
measurements using historical data. A disadvantage to this approach is that relevant
atmospheric species are not routinely measured. For example, NO, and peroxyacetyl
nitrate, which together consistently contribute 15 to 25% of estimated oxidized nitrogen
dry deposition, are not measured at CASTNET sites. Even for those species that are
routinely measured, network spatial coverage is sparse (U.S. EPA, 2011a).

Satellite-based measurements offer a potential means of greater coverage, but only a
limited number of deposition related applications have been described. (Nowlan et al.
2014) combined satellite data with modeled NO, and SO, surfaces and vertically
integrated concentrations and deposition velocities to estimate deposition fluxes. SO dry
deposition fluxes compared well with surface network based deposition fluxes.
Uncertainties in depositional flux estimates in this approach result from the combined
uncertainties in the satellite-derived surface concentrations and model-derived deposition
velocities and were estimated to be ~30% on average for both NO, and SO, over land. In
the absence of routine measurements, dry deposition is often modeled with CMAQ or
other modeling tools using relevant emissions, meteorological, and land use data, rather
than estimated from measured concentration measurements (U.S. EPA, 2011a).
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Modeling dry deposition is particularly challenging over varying terrain and under
extremely stable conditions such as those occurring at night. Under optimal conditions
over a relatively small area where dry deposition measurements have been made,
uncertainties on the order of £30% have been reported and larger uncertainties are likely
when the surface features in the built environment are not well known or when the
surface comprises a patchwork of different surface types, as is common in the eastern
U.S. (U.S. EPA, 2008a). For this reason, dry deposition is routinely estimated from
concentration measurements, usually from CASTNET data (Appendix 2.4.5) using a
hybrid approach based on both measured and modeled data (Appendix 2.6).

2.5.

Modeling Chemistry, Transport, and Deposition

In this section, advances in modeling transport and deposition of species relevant to acid
and nutrient deposition are discussed, along with research progress on understanding
underlying transport and deposition processes. The use of chemical transport models
(CTMs) to model deposition was discussed extensively in the 2008 ISA (U.S. EPA
2008a). Relevant new research and improvements in CTM modeling in general are

described in Appendix 2.5.1. Appendix 2.5.2 discusses environmental processes relevant
to understanding and modeling acid and nutrient deposition. Appendix 2.5.2.1 begins
with an overview of fundamental processes of atmospheric deposition of gases and
particles, along with deposition velocities for some key gas-phase species. It also contains
discussions of research advances in three key processes that serve as major structural
uncertainties (lack of knowledge of the underlying science) in modeling deposition: NOx
canopy processes, which involve both bidirectional gas exchange and NOx chemistry
(Appendix 2.5.2.2); bidirectional exchange of ammonia (Appendix 2.5.2.3); and
transference ratios relating average ambient concentration to deposition flux

(Appendix 2.5.2.4). Appendix 2.5.3 discusses model evaluation and uncertainty,
including comparisons between CTM and network-based wet deposition results.

2.5.1.

June 2018

Advances in Chemistry-Transport Model (CTM) Modeling

To understand the lifetime and fate of the varied forms of atmospheric sulfur and nitrogen
from emission to deposition, it is necessary to account for both atmospheric transport and
chemical transformations. CTMs simulate the relevant atmospheric transport processes
(e.g., horizontal and vertical advection and diffusion), as well as chemistry, aerosol
physics, deposition, and cloud processes. The 2008 ISA (U.S. EPA, 2008a) provided a
detailed description of the CTM models and their application to estimating deposition.
Continental-scale CTMs include CMAQ (Appel et al., 2017) and CAMXx (Koo et al.
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2015), while GEOS-Chem (Zhang et al., 2012a) is an example of a global-scale model.
Most major regional-scale, air-related modeling efforts at U.S. EPA use the Community
Multiscale Air Quality (CMAQ) modeling system (Byun and Schere, 2006; Byun and
Ching, 1999). Recent updates to CTM model design, and in particular to CMAQ, are
described here.

A number of complex atmospheric processes influence pollutant behavior between
emission and deposition and must be taken into account to achieve good model
performance. A variety of mechanisms operating over a wide range of spatial and
temporal scales transport heat, water, and pollutants horizontally and vertically through
the atmosphere. These mechanisms range from local-scale circulations (e.g., urban heat
islands) to hemispheric-scale transport by the jet stream. Long-range transport of
pollutants in the lower free troposphere associated with large-scale synoptic systems is
possible because flows are largely uncoupled from surface friction. Flows in the upper
planetary boundary layer (PBL), especially during the day, might not be as effective for
transporting pollutants over long distances because air can be mixed down to the surface
by turbulence. If these pollutants react with surface material or are taken up by
vegetation, they can be removed within a relatively short distance from their sources.

In addition to wind velocity, the distance scale for transport of a pollutant that is
relatively stable in the troposphere with respect to gas-phase reactions (i.e., chemical
lifetime > a few days) depends strongly on the pollutant’s interactions with solid and
liquid surfaces and subsequent chemical transformations. Because NO and NO, are only
slightly soluble, they can be transported over longer distances in the gas phase than can
more soluble species like HNOs3 (and its anhydride, N2Os) and NHjs that are depleted by
deposition to moist surfaces or taken up more readily on aqueous surfaces of particles or
on cloud drops. For example, measurements of the ratio of NHs to CH, in the San
Joaquin Valley indicate substantial loss of NHj3 to the surface within a few km of sources
of these gases (Miller et al., 2015), consistent with an NHs lifetime of minutes to a few
hours in this environment. On the other hand, a combination of models, remote sensing,
and in situ measurements over the eastern U.S. indicate an atmospheric lifetime for SO;
of 19 = 7 hours in summer increasing to 58 + 20 hours in winter (Lee et al., 2011), which
indicates the potential for much longer-range transport of SO5.

Numerous advances in atmospheric science have been codified in CTMs, including
gas-phase oxidant chemistry relevant for the formation of aerosol precursors and dry
deposition by gravitational settling (Nolte et al., 2015), improved representation of
meteorological processes in CTMs and interactions with aerosols (Tuccella et al., 2015),
and improved algorithms for understanding the influence of weather on emissions of
ammonia from agricultural lands (Flechard et al., 2013). Over the U.S. and Europe,

2-46 DRAFT: Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=3017989
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1575430
http://hero.epa.gov/index.cfm?action=search.view&reference_id=90560
http://hero.epa.gov/index.cfm?action=search.view&reference_id=156314
http://hero.epa.gov/index.cfm?action=search.view&reference_id=156314
http://hero.epa.gov/index.cfm?action=search.view&reference_id=3068024
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1553394
http://hero.epa.gov/index.cfm?action=search.view&reference_id=3068244
http://hero.epa.gov/index.cfm?action=search.view&reference_id=3065128
http://hero.epa.gov/index.cfm?action=search.view&reference_id=2083612

~N o o~ W N P

10
11
12

13
14
15
16
17
18
19
20
21
22
23
24
25

26
27
28

substantial reductions in sulfur dioxide and nitrogen oxides have created an opportunity
to compare the model results with the trends in ambient observations (Banzhaf et al.
2015; Xing et al., 2015; Civerolo et al., 2010). Studies have shown that CMAQ is skilled
at capturing the seasonal and long-term changes in sulfate PM» s and nitrate PM; s as well
as total PM2s mass; however, the model performs less well for seasonal variability in
nitrate PM.s, owing to uncertainties in ammonia emission trends (Banzhaf et al., 2015;
Xing et al., 2015).

2.5.2.

25.2.1.

June 2018

Modeling Deposition

Wet and Dry Deposition of Gases and Particles

Considerable advances in both our understanding of atmospheric deposition and
modeling approaches to characterize it have taken place recently. Deposition is a
complicated process influenced by numerous atmospheric and deposition surface
properties, as well as chemical reactions and other processes that take place within
canopies of vegetation.

In Figure 2-8, Mdller (2014) illustrates the pathways that transfer gaseous and particulate
pollutants from the atmosphere to the surface by deposition. Wet deposition occurs when
particulate and gaseous species are removed by cloud drops or by falling precipitation
(washout). Dry deposition occurs when they are removed without precipitation by
processes like turbulence and gravitational settling. In mountainous areas, a third
important type of deposition occurs, referred to as occult deposition (Dollard et al.
1983), which is not shown in Figure 2-8, and results from the impaction of droplets in
fogs or clouds on vegetation. Wet deposition is determined as the simple product of
concentration in precipitation and precipitation rate. Receptor (i.e., vegetation) surface
properties have little effect on wet deposition. Dry deposition is more difficult to
determine. It can be described as a flux Fq, the mass of pollutant deposited per unit area
of the Earth’s surfaces where it deposits, or a deposition velocity that relates the dry
deposition flux Fq to a pollutant’s ambient concentration:

Fa=vaC
Equation 2-12

where C is the pollutant’s concentration in mass in per unit volume, and vq is the
deposition velocity, which relates a pollutant’s deposition flux to its ambient
concentration.
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Dry deposition of gases depends on leaf area, surface resistance to gas uptake,
interactions with biota through both stomatal and plant surface pathways, and
atmospheric reactivity, which can vary among depositing gases. Measurements of
average dry deposition velocities for gases over land surfaces are shown in Table 2-5, and
an indication of the seasonal variability of deposition velocities over different land
surface types can be seen in Table 2-6, which shows the variability in vq for SO..
Deposition velocities of other species are also expected to be spatially and temporally

variable.
,’/ . scavenging
| particles _;l heterogeneous
scavenging
cloud\
homogeneous :' (in-cloud :
scavengin
‘,/ venging , precipitat&z
, gases | » (sub-cloud |
“\ / scavenging \\%avengimy
sedimentation  dry deposition wet deposition

Source: Mdller (2014).

Figure 2-8 Schematic diagram showing mechanisms for transferring
pollutants from the atmosphere to the surface.
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Table 2-5  Average dry deposition velocities (cm/s) for several gases over land

surfaces.
Substance SO2 NO NO2 HNO3 O3 H202 CcO NH3
Vd 0.8 <0.02 0.02 3 0.6 2 <0.02 1

CO = carbon monoxide; H,O, = hydrogen peroxide; HNO3 = nitric acid; NH; = ammonia; NO = nitric oxide; NO, = nitrogen dioxide;
O3 = ozone; s = second; SO, = sulfur dioxide; V4 = deposition velocities.

Source: Mdller (2014).

Table 2-6  Deposition velocity (cm/s) for sulfur dioxide averaged over different
land use types for summer and winter.

Farmland Grassland Dec. Forest  Con. Forest Urban Water
Su Wi Su Wi Su Wi Su Wi Su Wi Su Wi
Wet 1.0 1.0 1.0 1.0 3.0 15 2.0 20 10 10 05 05
Dry 0.7 0.5 0.6 0.4 1.5 0.5 0.7 0.5 01 01 05 0.5
Snow -- 0. -- 0.1 -- 0.2 -- 0.2 - 01 - 0.1

Con. = coniferous; Dec. = deciduous; Su = summer; Wi = winter.

Source: Mdller (2014).

A wide range of deposition velocities is observed among different atmospheric gas-phase
species. HNOs is an example of gas with straightforward deposition behavior. It sticks
easily to vegetative surfaces, i.e., there is a negligible surface resistance to HNO; uptake
by vegetation, and its deposition rates are independent of leaf area or stomatal
conductance, implying that deposition occurs to branches, soil, and the leaf cuticle as
well as leaf surfaces. The HNOs vq typically exceeds 1 cm/s and exhibits a diel pattern
controlled by turbulence characteristics of midday maxima and lower values at night in
the more stable boundary layer (U.S. EPA, 2008a, 2004). In contrast, NO; interaction
with vegetation is more complicated. The uptake rate by foliage is related to stomatal
conductance and is more variable. It may also be associated with concentrations of
reactive species such as ascorbate in the plant tissue that react with NO.. At very low
NO; concentrations, emission from foliage is observed. Internal NO, appears to derive
from plant N metabolism, and there is evidence for a compensation point, typically near
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~1 ppb, at which uptake and emission rates are equal and net flux is zero (U.S. EPA
2008a).

Dry deposition of PM is influenced by a number of variables, including particle diameter,
atmospheric stability, deposition surface roughness, and the shape, stickiness, roughness,
and cross-sectional area of leaves. Greater roughness and leaf shape complexity increase
deposition. The diversity of particle sizes, atmospheric conditions, and surface
characteristics makes it difficult to estimate dry deposition (U.S. EPA, 2008a, 2004). The
appreciable effects of particle size, local micrometeorological conditions and surface
characteristics on deposition velocity can be seen in Figure 2-9. The key to measurements
of vq over surfaces covered by low vegetation is given in the left column and over forest
in the right column. These measurements are compared to six model formulations which
are shown as lines in the center column.

For particles >10 pum, Vq varies between 0.5 and 1.1 cm/s, and a minimum particle Vq of
0.03 cm/s exists for particles in the size range 0.1 to 1.0 um, while deposition of particles
from the atmosphere to a forest canopy has been estimated as 2 to 16 times greater than
deposition in adjacent open terrain like grasslands or other low vegetation (U.S. EPA
2004).
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Closed symbols correspond to wet or sticky surfaces or liquid particles; open symbols to dry surfaces or solid particles.
Source: Petroff et al. (2008).

Figure 2-9 Modeled and measured deposition velocities over grass (left
figure) and coniferous forest canopies (right figure) for particles
of density 1 gm/cm?3 depositing under similar friction velocity (u*)
(35 <u* <56 cm/s).

2.5.2.2. NOx Canopy Processes

There are a number of ways that landscape characteristics influence the deposition
process (U.S. EPA, 2008a, 2004). In terrain containing extensive vegetative canopies,
any material deposited via precipitation to the upper stratum of foliage is likely to be
intercepted by several foliar surfaces before reaching the soil. Vq is usually greater for a
forest than for a nonforested area and greater for a field than for a water surface. The
upwind leading edges of forests, hedgerows, and individual plants are primary sites of
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coarse particle deposition, and upper canopy foliage tends to receive maximum exposure
to coarse and fine particles, but foliage within the canopy tends to receive primarily fine
particles. (U.S. EPA, 2008a, 2004). Several N, species are deposited to vegetation, among
them HNOs, NO», PAN (and other RONO>), and NHs.

Wet, dry, and occult deposition all contribute N and S species to the forest canopy in
varying proportions. Deposited species can react on surfaces within the canopy, be taken
up by vegetation through stomata, be resuspended during stormy weather, or simply pass
through the canopy to the forest floor. Surface characteristics can influence foliar uptake,
chemical transformation, and resuspension. Landscape characteristics can affect wet
deposition via orographic effects and by the closer aerodynamic coupling to the
atmosphere of tall forest canopies as compared to the shorter shrub and herbaceous
canopies. The rainwater that passes directly through a canopy or is initially intercepted by
aboveground vegetative surfaces and subsequently drips from the canopy is measured as
throughfall. The fraction of the precipitation that drains from outlying leaves and
branches and is channeled to the stem of plants is classified as stemflow. Throughfall and
stemflow inputs constitute the majority of incident precipitation in forests and can
account for 70 to 90% of incoming precipitation in most cases, with the remainder lost to
interception within the canopy (Levia and Frost, 2003). Compared to wet deposition
measurements in the open, the magnitude of deposition from throughfall and stemflow
can either be smaller (e.g., from evaporation from canopy surfaces) or larger (e.g., from
resuspension of previously deposited material). The type of vegetation is important for
characterizing throughfall. For example, Templer et al. (2015a) found that the cycling of
N, particularly the rate of throughfall for NH.", is significantly different in conifer
compared to deciduous forest sites. Rainfall introduces new wet deposition and also
redistributes previously dry-deposited particles throughout the canopy. Intense rainfall
may contribute substantial total particulate inputs to the soil, but it also removes
bioavailable or injurious pollutants from foliar surfaces, while low-intensity events may
enhance foliar uptake through the hydrating of some previously dry-deposited particles
(U.S. EPA, 2004).

Chemistry within the canopy can also be important. Very fast measurements of NO; flux
are confounded by the rapid interconversion of NO and NO; with Oz, and the biosphere
also interacts with NOx through hydrocarbon emissions and their subsequent reactions to
form multifunctional RONO, including isoprene nitrates, which can account for a
substantial fraction of total N deposition. NO, emissions also show UV dependence, and
both photo-induced and dark production of HNO, from NO; have been observed on leaf
surfaces, especially wet surfaces, although there is no consensus concerning chemical
mechanisms (U.S. EPA, 2008a). It was recently reported that NO- deposition velocities
would have been overestimated by up to 80% if NO, photolysis had not been considered
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(Breuninger et al., 2012). Both biotic interactions and reaction chemistry further
complicate our understanding of N deposition and our ability to estimate deposition
velocity.

Some species, most prominently HNOs, can be characterized by unidirectional exchange,
whereas bidirectional exchange is more appropriate for most other species. Bidirectional
exchange is often described in terms of a compensation point, defined as the ambient
concentration above which a net uptake of the trace gas occurs and below which the trace
gas is released (Ganzeveld et al., 2002). A two-pathway process description can be used
to describe bidirectional exchange in a forest canopy [see e.g., (Fowler et al., 2009;
Loubet et al., 2001)]: (1) a stomatal pathway, which is bidirectional and modeled using a
stomatal compensation point and (2) a plant surface pathway, which denotes exchange
with water or waxes on the plant surface.

Understanding the exchange of reactive nitrogen species in the forest canopy has always
been challenging. One of the most comprehensive studies focusing on this question has
been the Biosphere Effects on AeRosols and Photochemistry Experiment (BEARPEX)
conducted in 2009 (Min et al., 2014) that examined fluxes and transformations of NOx
within a forest canopy on the western slope of the Sierra Madre Range in 2009. The

study’s results, shown schematically in Figure 2-10, indicate the existence of active
chemical interactions within the forest canopy in which NO emitted from soil or
transported from elsewhere is oxidized to NO; and then to peroxy and alkyl nitrates and
HNOs. These pathways represent alternative mechanisms to plant uptake that have the
net effect of reducing the soil NO that escapes the forest canopy as NOx is converted to
peroxy nitrates and alkyl nitrates that can be transported to the atmosphere above the
canopy on very short time scales (~100s of seconds). The fraction of NO emitted by soil
that can be lost to the atmosphere above the canopy depends on the relative time scales
for transport through the canopy versus chemical transformation and foliar uptake.
Likewise, NO or NO; transported form elsewhere can also be oxidized to organic nitrates
within the canopy. The organic nitrates formed can either be taken up within the canopy
or transported upward through the forest canopy to act as reservoirs of NOx that can
reform downwind.
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Source: Min et al. (2014).

Figure 2-10

Schematic of the interactions involved in the exchange of
nitrogen oxides between the atmosphere and the forest canopy
as identified by Min et al. (2014).

The organic nitrates consist in large measure of isoprene- and monoterpene-derived
nitrates. Nguyen et al. (2015) measured fluxes of organic nitrates on a tall tower in the
Talladega National Forest (AL) in June 2013 as part of the Southern Oxidant and Aerosol
Study (SOAS). They found that fluxes of organic nitrogen formed by reactions of
nitrogen oxides (NO, NO2, NOs) with isoprene and monoterpene oxidation products
constituted ~15% of the flux of oxidized N to the forest canopy, with most of the rest
from HNO:s.

2.5.2.3.

June 2018

Bidirectional Exchange of NHs

NH; can also be both emitted and deposited from plants and soils in a bidirectional
exchange. Farquhar et al. (1980) observed the existence of a compensation point for

ammonia due to gas exchange through the stomata of leaves. NHjs in the stomata results
from dissociation equilibria of NH4* produced physiologically in the leaves, followed by
equilibrium partitioning into air in the stomata (Sutton et al., 1998). Further research
indicated that NHs deposition rates to leaf surfaces were often faster than stomatal uptake
(Sutton et al., 1993) and that NH3 can both react to form particulate NH4* and evaporate
from deposited PM within the canopy (Nemitz et al., 2004; Brost et al., 1988). Moisture
and plant type are strong influences, because deposition is more efficient on wet surfaces
(Sutton et al., 1995), evaporation occurs under drying conditions (Fowler et al., 2009),
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and plant emissions are controlled by the physiological importance of NH." in
intercellular fluids of plants (Sutton et al., 1998). Copollutants also play a role because
NH; deposition is enhanced by the presence of atmospheric acids like SO, (Sutton et al.
1995; Mcleod et al., 1990).

The complex pattern of NHs sources and sinks with strong horizontal gradients of NHs
concentration (Fowler et al., 2009) presents problems for simple bidirectional exchange
models (Sutton et al., 1998). These problems have been addressed through the concept of
a canopy compensation point to include exchange with leaf surfaces (Flechard et al.
1999; Sutton et al., 1998), as well as decomposing leaf litter and soil surfaces (Nemitz
2000) in addition to stomatal exchange to describe bidirectional exchange (Burkhardt et
al., 2008; Sutton et al., 1998). Emission flux is particularly high from recently fertilized
soils (Fowler et al., 2009; Sutton et al., 1998) and after leaf-cutting events (Nemitz et al.
2009).

According to the 2008 ISA (U.S. EPA, 2008a), large areas of the U.S. are very near the
NH; compensation point for most of the year, resulting in a highly dynamic air-surface
flux, which is prone to shifts in magnitude and direction. Bidirectional NH3 fluxes with
some periods of deposition and some periods of emission are typical for fertilized and
grazed agricultural ecosystems, while forests and other unfertilized ecosystems are
usually sinks for NHs (Fowler et al., 2009). Smaller emissions can also occur in semi
natural ecosystems (Fowler et al., 2009).

Recently, regional scale modeling studies began to include canopy compensation points
and parameterize bidirectional exchange (Dennis et al., 2010; Kruit et al., 2010), and a
bidirectional exchange model for NH; based on observations from North Carolina field
sites (Walker et al., 2013) was developed for the CMAQ modeling system and an
agroecosystem model was included in CMAQ Version 5.0 to estimate NH3z emissions,
transport, and deposition from agricultural practices (Bash et al., 2013). Including
bidirectional exchange in deposition modeling substantially improves agreement between
modeling results and ambient observations. A large bias of —19% has been observed in
annual wet deposition of NH4s* when modeling results were compared with ambient
measurements without bidirectional exchange included in the model (Appel et al., 2011).
NH.* was underestimated throughout the year, but the largest underestimations were for
winter and spring in the Eastern U.S. (Appel et al., 2011). The NH.* wet deposition bias
was reduced by a factor 3, from —19 to —6%, by including bidirectional exchange in
CMAQ (Appel et al., 2011).

Poor temporal and spatial representation of NH3z emissions in areas with fertilizer
application was also identified as a source of bias (Appel et al., 2011). When CMAQ was
coupled with the U.S. Department of Agriculture’s (USDA) Environmental Policy
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Integrated Climate (EPIC) agroecosystem model to improve characterization of fertilizer
emissions in annual simulations, NHs dry deposition decreased by 45%, total NHx
deposition decreased by 15%, and total N deposition decreased by 5% compared to
modeling without bidirectional exchange (Bash et al., 2013). In sensitivity tests of key

parameters in dry deposition modeling, the largest uncertainty was observed for the
change of unidirectional to bidirectional flux, but uncertainties of 5% or less in total
nitrogen deposition were reported (Dennis et al., 2013). Although this is a small
difference nationwide, changes can locally be up to 50%, and only 66% of the 12 x 12
grid cells modeled showed changes of less than 10% (Dennis et al., 2013).

Recent modeling studies have also improved insight into local areas and conditions under
which bidirectional flux most strongly affects deposition estimates. For example,
accounting for bidirectional flux resulted in a 17% increase in NH3z emissions from
agricultural operations (Massad et al., 2010) compared with a 5% increase in

domain-wide NHs; emissions (Dennis et al., 2013). Increases in NHz emissions from
including bidirectional flux in semi natural ecosystems mostly occurred in areas of the

western U.S. with low emissions, where emissions were not included in existing
inventories. Seminatural ecoystems in the eastern U.S. isolated from agricultural
emissions exhibited changes of less than 1%. Seasonal differences were also observed,
with greater NHz emissions observed in summer and winter, but emissions up to 45%
lower in fall and in spring when bidirectional exchange was included (Bash et al., 2013).

25.2.4.

June 2018

Transference Ratios

Ratios of modeled or measured concentrations of SOx and NOv to their deposition, or
transference ratios (TRsoy, TRnoy) Were proposed by Scheffe et al. (2011) as a means to

link ambient air quality to deposition, and can be extended to NHx Transference ratios for
NOy, SOx, and NHx are given by:

¢ TRnoy = (annual wet + dry deposition of NOv)/annual average ambient
concentration of NOy

e TRsoy = (annual wet + dry deposition of SOx)/annual average ambient
concentration of SOx

e  TRnhy = (annual wet + dry deposition of NHx)/annual average ambient
concentration of NHx

These ratios are expressed in units of distance/time (as a velocity). In the 2011 Policy
Analysis for the NOx/SOx NAAQS review (U.S. EPA, 20114a), the transference ratios
were multiplied by measured ambient concentrations of NOy and SOx to estimate a flux.
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The transference ratio is an aggregate of multiple forms of nitrogen or sulfur. For
example, the transference ratio for NOv includes NO; and HNO3s, which have very
different deposition rates, chemical reaction rates, and atmospheric lifetimes. Close to
emission sources where fresh NOx emissions have had little time to react, the ratio of
HNOs to NO- is smaller than farther from emission sources. Accordingly, there is
considerable spatial and temporal variability (Sickles et al., 2013) in transference ratios,
in part governed by the relative abundance of compounds with short and relatively longer
atmospheric lifetimes.

In practice, a regional modeling approach using a modeling system such as CMAQ or
CAMX is used in the calculation of transference ratios by simulating the relevant
transport processes discussed in Appendix 2.5.1. Sickles and Shadwick (2013) estimated
that TRsoy and TRnoy could be given to within 25-35% of observed values using

observations of atmospheric concentration and deposition at some monitoring sites in the
eastern U.S. The study noted that accounting for year-to-year variability in precipitation
could lower the uncertainty. The transport processes described in Appendix 2.5.1 imply
that wet deposition should not necessarily be well correlated with surface concentrations
due to differences in the direction or spatial extent of transport in the boundary layer
compared to cloud levels. Dry deposition fluxes are more directly related to surface
concentrations. In a follow-on study, Sickles et al. (2013) calculated transference ratios
using measurements from CASTNET and NADP monitoring networks with CMAQ
model results and found the relative difference ranged from —37 to 64%. The authors
caution that this range should not be considered a definitive assessment of uncertainty
because relative differences do not reflect the extent to which the monitor is
representative of the grid-cell average modeled by CMAQ.

Koo et al. (2012) and Koo et al. (2015) raised the issue of model dependence on the
calculation of depositing species and transference ratios. Koo et al. (2012) compared
model results for concentrations of SO,, SO4*-, HNOs, and NO3~ and corresponding dry
deposition fluxes from CMAQ and CAMX to those measured at CASTNET sites. They
also compared model results for wet deposition to NADP/NTN measurements. On an
annualized basis, mean normalized errors (MNES) in gas-phase concentrations ranged
from ~25 to ~100%. MNEs in dry deposition were much larger and ranged from ~50 to
>300% and MNE in wet deposition ranged from ~40 to ~100% with no clear preference
for one model over another. MNE for NH4* in dry and wet deposition ranged from ~35 to
70%. Koo et al. (2012) also found evidence for spatial variability in TRso, and TRnoy

across the U.S. and within selected ecosystems (roughly a few hundred km across).

Koo et al. (2015) compared simulations of transference ratios computed using CMAQ
and CAMx for two model years, 2005 and 2014, (see Figure 2-11) and found that TRsox
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was much higher in CMAQ than in CAMXx: however, differences were much smaller for
TRoy- R? values for TRyo, between the two models was 0.37 for 2005 and 0.33 for

2014. For TRsoy, R? was 0.073 for 2005 and 0.072 for 2014. Note that each point shown

in Figure 2-11 represents the average over 365 x 24 model entries and are dissimilar to
measurement artifacts. The outlying point (in the lower right) is from the Weminuche
Wilderness IMPROVE site (WEMI) in the Rockies and likely is the result of the
difficulty mesoscale models have in simulating precipitation and flow patterns in areas of
high relief and indicates further work is needed in this regard. Note that the disagreement
in TRsoy by CMAQ is mostly due to an error in CMAQ emissions of SO that has since

been corrected. There is no consistent geographic pattern of agreement or disagreement
between the two simulations.

A more complete understanding of the causes of differences between model simulations
requires understanding the differences in how major chemical and physical processes
have been parameterized, thus underscoring the importance of accurately representing
emissions, transport, chemistry, and deposition. Both models used different modules to
represent these processes. In addition, these results might imply that the metrics used
need further scrutiny. Note again that the results shown in Koo et al. (2012) and Koo et
al. (2015) were obtained using older versions of CMAQ and CAMXx and that CTMs are
continually undergoing improvement. In this regard, detailed comparisons with
observations and intercomparisons between the most current versions of these models
might help explain these findings.

Koo et al. (2015) also found very small differences between simulations for model years
2005 and 2014 from either CMAQ or CAMx for both NOv and SOx, indicating the ratios
are relatively invariant at least over an annual time scale. This result is not surprising,
because with the long averaging time, concentrations and deposition rates can better track
emissions changes.
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Source: Adapted from Koo et al. (2015).

Figure 2-11

June 2018

Scatterplots showing transference ratios for oxidized nitrogen
and sulfur oxides comparing the Community Multiscale Air
Quality model to the Comprehensive Air Quality Model with
Extensions in (a) and (c) and comparing 2005 to 2014 in (b) and

(d).

To summarize, recent studies have found that using transference ratios for estimating the
deposition flux from atmospheric measurements has lower uncertainty when applied at an
annual timescale. The transference ratio can vary spatially, and an estimate of uncertainty
and variability depends on the spatial scale of interest. Finally, previous studies have
highlighted some of the uncertainties when using models to calculate the transference
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ratio, but a comprehensive assessment of uncertainty is not available. When the
transference ratio is calculated using observations of atmospheric concentrations from
monitoring networks, the deposition flux for oxidized sulfur and oxidized nitrogen can be
estimated to within 25 to 35%.

2.5.3.

June 2018

Model Evaluation and Uncertainty

CMAQ model estimates were recently compared to monitoring network observations and
results were reported as normalized mean bias statistics (U.S. EPA, 2011a, 2009¢). Total
nitrate concentrations were overestimated by CMAQ, with predictions averaged over
each of 4 years ranging from 22 to 26% higher than observed concentrations (U.S. EPA
2011a). Model performance was described as good for total SOx, but the ability to
partition SOx into sulfate and SO, was identified as an area that needed improvement
(U.S. EPA, 2011a). SO, concentrations were overestimated, with CMAQ predictions
ranging from 39 to 47% higher than observed concentrations. Sulfate concentrations were
underestimated, with CMAQ predictions ranging from 9 to 17% lower than observed
concentrations (U.S. EPA, 2011a). A disadvantage of this type of comparison is that
modeled concentrations are outputted for a 12 x 12 km grid, while measured
concentrations are from a single point within that grid.

Wet deposition estimates from CTMs were extensively evaluated using wet deposition
data collected over the U.S. as part of the National Atmospheric Deposition Program’s
National Trends Network. Simon et al. (2012) have summarized model evaluation studies
published before 2010, and Table 2-7 summarizes the studies since 2010.

While measurements comparing model outputs to observations provide one perspective
on the uncertainty in the fate and transport of atmospheric N and S, another approach to
guantifying uncertainty is to estimate the sensitivity of the model results with respect to
the uncertain range of parameters relevant to deposition calculations. A study by Dennis
et al. (2013) examined a range of uncertainties relevant to dry deposition using the
CMAQ model. This study found little change (<5%) in total deposition, despite changes
in dry deposition parameters because competing processes in the model tended to
rebalance and compensate. Changes in a single grid cell were as large as 20%.

There are also structural uncertainties that are difficult to assess in applying CTM models
to estimate deposition. The main structural uncertainties are associated with canopy
effects of NOx, bidirectional exchange of NHs, and transference ratios that relate average
concentration to deposition. These factors are discussed in Appendix 2.5.2.
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Table 2-7

Reported comparisons of chemical transport models and

observations of nitrogen and sulfur wet deposition

Model Metric
Appel et al. (2011) 7.9% normalized mean bias CMAQ Annual, wet deposition, sulfate,
continental U.S.
Appel et al. (2011) -12.8% normalized mean bias CMAQ Annual, wet deposition,
ammonium, continental U.S.
Appel et al. (2011) -12.8% normalized mean bias CMAQ Annual, wet deposition,
ammonium, continental U.S.
Appel et al. (2011) -15% normalized mean bias CMAQ Annual, wet deposition, nitrate,
continental U.S.
Appel et al. (2011) 0.5 kg/ha median bias CMAQ Annual, wet deposition, nitrate,
continental U.S.
Zhang et al. 6.5% mean normalized bias GEOS-Chem  Annual, wet deposition, sulfate,
(2012a) continental U.S.
Zhang et al. 10% mean normalized bias GEOS-Chem  Annual, wet deposition, nitrate,
(2012a) continental U.S.
Zhang et al. 7.4% mean normalized bias GEOS-Chem  Annual, wet deposition,
(2012a) ammonium, continental U.S.
Koo et al. (2012 45 to 99% normalized mean error CMAQ Annual, wet deposition, sulfate,
continental U.S.
Koo et al. (2012 38 to 99% normalized mean error CMAQ Annual, wet deposition, nitrate,
continental U.S.
Koo et al. (2012 45 to 66% normalized mean error CMAQ Annual, wet deposition,
ammonium, continental U.S.
Williams et al. 0.34 kg ha™* mean error CMAQ Annual, wet deposition, inorganic
(2017a) nitrogen, Pacific Northwest
2.6. Geographic Distribution of Concentration and Deposition
Maps of national distributions of emissions, atmospheric concentrations, and deposition
fluxes of relevant species are presented in this section. The first two sections are limited
to deposition maps and are intended provide a broad overview of the extent and recent
trends for acid deposition (Appendix 2.6.1) and total nitrogen deposition, including
relative contributions of reduced and oxidized nitrogen (Appendix 2.6.2). The subsequent
three sections contain data on geographic distributions of emissions, ambient
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concentrations and deposition of oxidized nitrogen (Appendix 2.6.3), reduced nitrogen
(Appendix 2.6.4), and sulfur oxides (Appendix 2.6.5), including key species in each of
these classes.

Emission maps in Appendix 2.6.3, Appendix 2.6.4, and Appendix 2.6.5 are from an
earlier version of U.S. EPA’s National Emissions Inventory than described in
Appendix 2.2. Ambient concentration maps in these sections are from a variety of
sources, depending on the availability of data.

Deposition maps in Appendix 2.6.1, Appendix 2.6.2, Appendix 2.6.3, Appendix 2.6.4,
and Appendix 2.6.5 are based on the approach of Schwede and Lear (2014a) which
combines measured and modeled values to produce spatially aggregated maps of wet,
dry, and total (wet plus dry) deposition of nitrogen and sulfur species across the U.S. Wet
deposition is based on concentrations measured in rainwater collected at NADP/NTN
monitoring sites combined with precipitation estimates interpolated by PRISM
(Parameter-elevation Regression Slopes Model) using inverse distance weighting (IDW).
In their approach to dry deposition, Schwede and Lear (2014a) measured values of
species concentrations in air at monitoring site locations and used bias-corrected
modeling results from CMAQ (currently at 12-km horizontal resolution) to fill in gaps
between sites and provide composition and deposition information for species not
measured (PANs, NO,, and HONO) in the routine monitoring networks. Distributions of
species that undergo dry deposition are derived mainly by fusion of data from the Clean
Air Status and Trends Network (CASTNET), the National Atmospheric Deposition
Program (NADP), Ammonia Monitoring Network (AMoN), and the Southeastern
Aerosol Research and Characterization (SEARCH) network. Parameterizations in CMAQ
are used to calculate deposition velocities for gases and particles (Pleim and Ran, 2011).
Note that CMAQ includes bidirectional exchange for NH3 (Bash et al., 2012), but not for
other species such as NO2. Dry deposition fluxes are then combined with wet fluxes to
estimate total deposition. Details on interpolation, special treatment for particulate
species calculations, and procedures to correct for bias are described in detail by Schwede
and Lear (2014a).

Efforts have also been made to achieve greater consistency by relying more heavily on
WRF/CMAQ simulations for estimating wet deposition. Effects of biases in CMAQ wet
deposition are corrected by adjusting the modeled wet deposition by the ratio of observed
precipitation interpolated by PRISM to WRF precipitation. In this approach, it is assumed
that the ratio of observed to modeled precipitation is well correlated with the ratio of
observed to modeled wet deposition, but not (necessarily) that wet deposition scales
linearly with precipitation (Appel et al., 2011). Likewise, estimates of dry deposition
could be obtained using CMAQ evaluated by comparison with monitoring results.
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This approach resulted from efforts to improve estimates of atmospheric deposition by
advancing the science of measuring and modeling atmospheric wet, dry, and total
deposition of atmospheric species. Recognizing that the thin geographic coverage and the
lack of species measurements described in Appendix 2.4.6 are not ideal for estimating
dry deposition on a national scale, the National Acid Deposition Program established the
Total Deposition Science Committee (TDEP) with this mission in 2011, with an initial
goal of providing estimates of total S and N deposition across the U.S. for use in
estimating critical loads and other assessments, where loading results in the acidification
and eutrophication of ecosystems (NADP, 2016). Following this hybrid approach to
mapping total deposition that combines measured and modeled values, measured values
are given more weight at the monitoring locations, and modeled data are used to fill in
spatial gaps and provide information on chemical species that are not measured by
routine monitoring networks. This effort provides continuous spatial and temporal
coverage of total deposition estimates in the U.S., something previously unavailable
(NADP, 2016)}.

Limitations to the TDEP approach are: (1) interpolation leads to a minimization of
extreme values and a lower than actual variability, (2) data are limited to sites that meet
network completion criteria, (3) discontinuities in trends can occur for intermittent
monitoring data, (4) characterization of wet and dry organic nitrogen components is
uncertain and likely incomplete, (5) deposition in urban areas is not well represented
because the monitoring sites used are primarily in rural areas, and (6) occult deposition is
not well understood and might not be characterized accurately. An additional potential
drawback is that a mass balance is not maintained, although the mass balance error was
small in a similar effort combining measured wet deposition and bias corrected modeled
deposition (Schwede and Lear, 2014a).

Differences in wet deposition of NHs*, NOs~, and SO4*>~ and N + S expressed as H*
equivalents between the two, 3-year periods 1989—1991 and 2012—-2014 across the U.S.
are shown in Figure 2-13, Figure 2-25, Figure 2-31, and Figure 2-38. These figures are
based on data obtained by the NADP/NTN. The maps were constructed by summing
gridded values and then taking the difference between the two, 3-year averages using data
from the NADP website. Although instructive, these results should be viewed with some
caution, as errors are incurred because development of a map spanning the CONUS
requires extensive interpolation between monitoring sites, which are often distant from
each other. The TDEP values shown on the maps are derived from NADP/NTN wet
deposition measurements at 4-km resolution coupled with CMAQ results for dry
deposition at 12 km. Weathers et al. (2006) found evidence for substantial spatial
variability in deposition with altitude, generally at smaller scales than used for TDEP. In
particular, they found evidence for factors of 4—6 variability in N and S deposition
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throughout Acadia National Park (121 km?) and Great Smoky Mountains National Park
(2,074 km?); deposition rates averaged over the two parks were ~70% higher than
inferred using only in situ point measurements. As might be expected, deposition
increased with elevation because of the increased importance of cloud deposition and dry
deposition (due to higher winds and hence increased turbulence). As noted by the NADP,
uncertainty within maps of wet deposition varies geographically and has not been
guantified. These maps are meant to provide a general indication of large-scale features
in the patterns and long-term changes in deposition.

Appendix 2.6.6 and Appendix 2.6.7 summarize concentration and deposition data from
other approaches. Appendix 2.6.6 describes distributions of dry deposition of NO; and
SO, from satellite-based measurements of tropospheric vertical column abundance and
model input derived by Nowlan et al. (2014). Appendix 2.6.7 describes recent estimates
of background concentrations, deposition fluxes, and sources and methods used to obtain
them.

Additional maps on the portion of the NADP website dedicated to the Total Deposition
(TDEP) program (http://nadp.sws.uiuc.edu/committees/tdep/tdepmaps/) are shown in
Appendix 2.7. They present a comprehensive overview of changes in various parameters
related to deposition from 2000—2013. Each map shows two 3-year periods, 2000—2002
and 2011-2113. Although uncertainty has not been fully characterized using the TDEP
approach, they are instructive because they give an indication of how various estimates
carried out with the same approach have changed over the past decade.

2.6.1.

June 2018

pH and H* Equivalents

Long-term trends in rainwater pH over the CONUS between the two periods 1989 to
1991 and 2012 to 2014 are shown in Figure 2-12. Substantial improvement in the quality
of rainwater in terms of pH has occurred from the earlier to the later period. Figure 2-12
is a remarkable demonstration of the effectiveness of the Clean Air Act Amendments,
showing that the steep reductions of NOx and SO, emissions described in Appendix 2.2
coincide with a sharp decline in pH.
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Figure 2-12

June 2018

(Left) pH of rainwater, 1989-1991; (Right) pH of rainwater,
2012-2014.

However, there are areas, especially in the eastern U.S. near the upper Ohio River Valley,
where the pH of rainwater is still much lower than the reference pH of ~5.65 (for
equilibrium with CO») that has often been used as a benchmark when characterizing the
excess acidity of rainwater. (Note that the reference CO, concentration used to determine
this value is 316 ppm, atmospheric CO; concentrations are now over 400 ppm, resulting
in a lowering of pH by ~0.05 units.) As noted by Galloway et al. (1976), the major
contributors to free acidity in rainwater for pH <5.6 are the strong mineral acids HNO3;
and H2SO4. However, weak acids (e.g., organic acids) can contribute substantively to free
acidity at pH levels seen throughout much of the U.S. (see Appendix 2.3.5). For example,
concentrations of formic acid and acetic acid (pKa = 3.75, 4.76) measured in rainwater at

pH ~5 by Avery et al. (2006) are on the order of 10 uM, which is comparable to
concentrations of NOs;~ and SO4>" measured in rainwater. Additionally, in areas like the

Northwest where the pH of stream water can be around or even larger than 5.6,
acidification of streams by CO, might also need to be considered (Ou et al., 2015).

The change in acid loading (H* equivalents) due to wet deposition of NO3~, NH,", and
SO4% ions in precipitation expressed as H* equivalents between the two, 3-year periods
1989—1991 and 2012—2014 across the U.S. based on data obtained by the NADP/NTN is
shown in Figure 2-13. Substantial decreases in acid loading are seen in the eastern U.S.,
with areas in the central and western U.S. showing smaller positive or negative changes
or essentially no change.
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Change in Nitrogen and Sulfur Wet Deposition from Nitrate, Ammonium,
and Sulfate in the U.S. between 1989 to 2014

Change in N and S Deposition (Eq. H'/ha) for 3-Yr. Avgs. Between 1989-1991 and 2012-2014
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H* = hydrogen ion; eq = H* equivalent.

Figure 2-13 Difference in wet deposition of nitrate, ammonium, and sulfate
expressed as hydrogen ion equivalents (eg/halyr) over the
contiguous U.S. between 1989 to 1991 and 2012 to 2014.

This map was constructed by summing gridded values and then taking the difference
between the two, 3-year averages using data from the NADP website. Although
instructive, these results should be viewed with some caution, as errors are incurred
because development of a map spanning the CONUS requires extensive interpolation
between monitoring sites, which are often distant from each other. As noted by the
NADP, uncertainty within maps of wet deposition varies geographically and has not been
quantified. These maps are meant to provide a general indication of large-scale features
in the patterns and long-term changes in deposition. In viewing maps such as these one
should bear in mind that the rates and patterns of deposition are continually changing due
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to ongoing implementation of control measures and shifting patterns of population
growth, and industrial and agricultural activities.

2.6.2.

June 2018

Total Nitrogen

Figure 2-14 shows total deposition of N, which is given by the sum of all NOv and NHx
species considered by CMAQ. Fluxes are based on the method developed by Schwede
and Lear (2014a) as outlined above and are given in terms of kg N/ha/yr.

As can be seen from Figure 2-14, the highest deposition of nitrogen occurs in a broad
swath across the Midwest, and in more localized patches across the U.S. Total N
deposition can be put in context by comparing the deposition amounts in Figure 2-14 to
estimates of critical load, which is the N deposition amount below which no significant
harmful effects on sensitive elements of the environment occur. These are typically
below 10 kg N/ha/yr and can be as low as 2—3 kg N/ha/yr in both eastern and western
locations (Lee et al., 2016; Ellis et al., 2013), amounts which are firmly below the

estimated deposition amounts in Figure 2-14 over wide areas of the U.S. Ellis et al.
(2013) observed that critical loads were exceeded in 24 of 45 parks, and Lee et al. (2016)
observed that critical loads were exceeded at more locations in the western U.S., but by
larger amounts in the eastern U.S.

Inspection of Figure 2-15a and b shows that many of these areas are dominated either by
deposition of NHx emitted mainly by agriculture (e.g., California’s Central Valley, Upper
Midwest), or NOv resulting from oxidation of nitrogen oxides emitted mainly by
combustion sources (e.g., the Northeast, Southwest). As might be expected when
considering all forms of NOy, total deposition tends to be much higher near urban and
suburban areas. Note also that deposition of N, based on the hybrid
measurements/modeling approach, is dominated by reduced forms across the CONUS as
a whole.
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Figure 2-14

June 2018

Total (wet + dry) deposition of nitrogen (kg N/halyr) over the
contiguous U.S. 2011-2013.

Dry deposition of gas-phase N (as HNO3z and NHs) exceeds dry deposition of particulate
forms (pNOs~, NH.") over most of the CONUS according to the hybrid method. Overall,
deposition of N is mainly as reduced forms, with a maximum over the north-central U.S.
The Central Valley of California, northern Utah, and eastern North Carolina are among
other areas of high deposition of reduced N. In general, dry deposition of N, in either
oxidized or reduced form, exceeds wet deposition across the CONUS. However, based on
discussions in earlier sections, uncertainties for dry deposition are likely much larger than
for wet deposition.

As mentioned earlier, several species potentially important for deposition are not
measured in CASTNET. Figure 2-16 shows dry deposition for oxidized nitrogen species
(e.g., PAN, other organic nitrates, HONO) calculated by CMAQ.
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Figure 2-15 (A) Percentage of total nitrogen deposition as reduced inorganic
nitrogen over the contiguous U.S. 2011-2013. (B) Percentage of
total nitrogen deposition as oxidized nitrogen over the
contiguous U.S. 2011-2013.
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Figure 2-16

June 2018

Three-year average percentage of total nitrogen deposition by
species (i.e., those species that are not measured in the
networks) simulated by the Community Multiscale Air Quality
modeling system.

As seen in Figure 2-16, deposition of these species can contribute substantially to N
deposition, especially near strong sources, in particular large urban areas. Turnipseed et
al. (2006) also indicated that not accounting for these species can result in significant
underestimates of N deposition.

Figure 2-17 shows long-term trends in total wet deposition of N (NH4* + NO3") binned in
increments of 2 kg N/ha/yr for comparison to critical loads estimates. Although it is
apparent that N wet deposition has decreased overall across the U.S., there are areas
showing increases. Also shown are NTN sites active during either period.
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Figure 2-17 Wet deposition of ammonium + nitrate (kg N/halyr) over the
contiguous U.S. in two, 3-year periods, 2012 to 2014 and 1989 to
1991. Also shown are active National Trends Network sites in
either period.
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Studies at individual sites (e.g., on the coast of North Carolina) have shown that about
30% of wet deposition of N consisted of organic N, 20—30% of which was then available
to primary producers on timescales of hours to days (Peierls and Paerl, 1997). In addition,
Benedict et al. (2013) found that wet deposition of organic nitrogen contributed 18% of
total quantified reactive nitrogen deposition and 25% of wet nitrogen deposition at Rocky
Mountain National Park between November 2008 and November 2009. Trends in total
(wet + dry) deposition of total (NOy + NHx) nitrogen between 2000 and 2013 are
described with maps in Appendix 2.7.

2.6.3.

June 2018

Oxidized Nitrogen

County level NOx emissions are shown in Figure 2-18. The emission map is currently
being updated and Figure 2-18 shows estimated emissions from 2001. At present, areas
of high emissions that stretch over numerous counties are in the Northeast, Southern
Great Lakes region, and Florida. The distribution of ambient NOy concentrations is
shown in Figure 2-19. However, because NOv is only measured at a small number of
sites, this map is based solely on CMAQ model output. The distribution of NO; (shown
in Figure 2-20) is derived from satellite data (OMI) and output from the GEOS-Chem
model using the method outlined in Appendix 2.6.3. Distributions of HNOs, pNOs™,
pNH4*, SO, and pSO4* are based on data from the CASTNET. Note, however, that
because of artifacts relating to measurement of HNOs and pNOs~ (Appendix 2.4.5), the
measurement of total nitrate (TN = HNOs + pNOs") is judged to be more reliable than
measurements of its components.
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Figure 2-18 Distribution of annual NOx emissions in 2001.
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Figure 2-19 Distribution of annual average total oxidized nitrogen species
concentrations for 2011 simulated by Community Multiscale Air
Quality modeling system.
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Note: Images shown were constructed by Dr. Lok Lamsal of Universities Space Research Association from data obtained by the
OMI on the Aura satellite (http://aura.gsfc.nasa.gov/scinst/omi.html) using the algorithm described in Bucsela et al. (2013). Output
from the GEOS-Chem, global-scale, three-dimensional, chemistry-transport model to derive surface concentration fields from the
satellite data as described in Lamsal et al. (2008) and Lamsal et al. (2010).

Top panel (winter; December, January, February). Lower panel (summer; June, July, August).

Figure 2-20 Seasonal average surface nitrogen dioxide mixing ratios in parts
per billion for winter (upper panel) and summer (lower panel)
derived by the Ozone Monitoring Instrument/GEOS-Chem model
for 2009-2011. The Ozone Monitoring Instrument has an overpass
at approximately 1:30 p.m. local standard time.
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As seen in the figure, highest values are found in and around urban areas. In general,
much broader areas of high concentrations (>~5 ppb) are found in the eastern U.S., with
many areas in the western U.S. subjected to concentrations <1 ppb, which implies that
concentrations of components that might pose a hazard are also lower than 1 ppb because
NOy refers to the sum of oxidized N species.

Figure 2-20 through Figure 2-22 describe geographic concentration patterns for three
major oxidized nitrogen species, NOy, HNOs, and pNOs™. Figure 2-20 shows seasonal
average NO- concentrations derived using the hybrid (OMI-satellite/GEOS-Chem-model)
approach described in Appendix 2.4.2.2. Large variability in NO, concentrations is
apparent in Figure 2-20. As expected, the highest NO, concentrations are seen in large
urban regions, such as in the Northeast Corridor, and lowest values are found in sparsely
populated regions located mainly in the West. Minimum hourly values can be less than
~10 ppt, leading to a large range between maximum and minimum concentrations.
Although overall patterns of spatial variability are consistent with the current
understanding of the behavior of NO., not much confidence should be placed on values
<~100 ppt due to limitations in the satellite retrievals. Surface NO; concentrations tend to
be higher in January than in July, largely reflecting lower planetary boundary layer
heights in winter. Such seasonal variability is also evident on a local scale, as measured
by surface monitors. For example, in Atlanta, GA, NOx measurements also exhibited
higher concentrations in winter and lower concentrations in summer, when NOx is more
rapidly removed by photochemical reactions. For example, see U.S. EPA (2008b).

Figure 2-21 shows ambient concentrations of HNOs. Elevated concentrations of HNO;
are notable in southern California, the Midwest, the south-central U.S., and the
Mid-Atlantic states. Conversion of NO, to HNO; takes place over a timescale of 1 to
several hours, during which time appreciable transport can occur.

Figure 2-22 shows 3-year average concentrations of particulate nitrate (pNO3~) across the
CONUS. Average pNO;~ concentrations were highest in the Upper Midwest with a
notable maximum at the junction of lowa, Wisconsin, Missouri, and Illinois. The high
values in the Upper Midwest are expected to be found during winter for reasons noted in
Appendix 2.3.3. Elevated levels were also observed in central California in the San
Joaquin Valley, central Pennsylvania, central Florida, and through much of the Midwest.
Based on IMPROVE and CSN monitoring network data, ammonium nitrate
concentrations are highest in California and the Midwest (Hand et al., 2012c). It is worth
noting that at several monitoring sites in the central and northern Great Plains, NOs™ and

SO.% are increasing at a rate of over 5% per year (Hand et al., 2012a). Hand et al.
(2012a) suggested that this increase might be related to oil and gas exploration and
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production in the region, transport from oil and gas fields in Alberta, and also to
expansion of EGUs to meet the demands of population growth.
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Figure 2-21 Three-year average (2011-2013) surface concentrations of nitric
acid based on monitoring data obtained at Clear Air Status and

Trends Network sites (black dots).
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Figure 2-22

June 2018

Three-year average (2011-2013) surface concentrations of
particulate nitrate based on monitoring data obtained at Clear Air
Status and Trends Network sites (black dots).

Figure 2-23 shows the depositional flux of NOy over the CONUS 2011-2013. In
constructing Figure 2-23 and maps that include pNOs~ deposition estimates, the
assumption was made that 80% of pNOj3™ is in the fine mode and 20% is in the coarse
mode. Note also, the monitors in CASTNET do not use size-selected inlets. As shown in
Figure 2-9 (Appendix 2.5.2.1), the deposition velocity of particles increases dramatically
with particle size due to gravitational settling, resulting in higher deposition rates than
calculated if pNO3z~ were found mainly in the fine mode. However, to the extent there is
displacement of HNOs by acid S species in fine particles as occurs in the eastern U.S. due
to much higher emissions of SO- than in the western U.S. [e.g., (Wolff, 1984); especially
in coastal areas where displacement of CI~ in marine aerosol occurs], higher levels of
pNOs~ would be found in coarse mode particles (see Appendix 2.3.3. During the Tampa
Bay Study, measured and modeled (using CMAQ) concentrations of HNO3z; and pNOs~ in
PMio-2.s were much higher than pNO3™ in PM2s. Wolff (1984) found that most pNOs™ (as
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NH4NQOs) is found in the fine mode in Denver but in the coarse mode (associated with
Ca?" and Mg?*) in measurements made in Detroit and rural South Dakota, Louisiana, and
Virginia. Blanchard et al. (2013) found a range of 32 to 63% for the fraction of pNOs7in
PMo-2.5 versus PM: s particles in the Southeast. Lee et al. (2008) found that most pNO3™
was in the coarse mode at Grand Canyon and Great Smoky Mountains, corroborating
earlier findings at Yosemite and Big Bend national parks. They also found that both
coarse and fine mode pNOs~ were important at Brigantine National Wildlife Refuge, NJ
and San Gorgonio Wilderness Area, CA. Lefer and Talbot (2001) also found that NO3z™
sampled at Harvard Forest, MA between March and October was mainly found in the
coarse mode with a mass median diameter of 4.8 + 1.5 um. These results indicate
considerable regional variability in the ratio of pNO3™ in the fine and coarse modes and
consequently additional uncertainty in estimates of pNOs~ deposition.

Total deposition of oxidized N 1113
Source: CASTNETCMAQINTNAMONSEARCH USEPA 10V16/14

oxN = oxidized nitrogen.
Source: CASTNET/CMAQ/NTN/AMON/SEARCH.

Figure 2-23
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Total oxidized nitrogen deposition over the contiguous U.S.
2011-2013.

Figure 2-24 and Figure 2-25 show that most locations in the U.S. show decreases in wet
deposition of NOs~, which are associated with NOx emissions control measures since the
passage of the 1990 Clean Air Act amendments. However, some areas, located mainly in

2-79 DRAFT: Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=1640405
http://hero.epa.gov/index.cfm?action=search.view&reference_id=156686
http://hero.epa.gov/index.cfm?action=search.view&reference_id=1059299

~N OO O B W DN P

the West show increases. As noted earlier, Hand et al. (2012a) suggested that this
increase might be related to oil and gas exploration and production in the region,
transport from oil and gas fields in Alberta, and also to expansion of motor vehicles and
EGUs to meet the demands of population growth. The large area with the strongest
increases in the north-central U.S. corresponds to oil and gas operations in the Bakken
Shale. Trends in total (wet + dry) deposition of oxidized nitrogen between 2000 and 2013
are described with maps in Appendix 2.7.
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Figure 2-24

June 2018

(Left) nitrate wet deposition, 1989-1991; (Right) nitrate wet
deposition, 2012-2014.

2-80 DRAFT: Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=1508634

~N OO O A W DN P

Change in NO; Wet Deposition in the U.S.
between (1989-1991) and (2012-2014)

S

il
iy

N N
“VQ '\9 'Q(? '& > 00' o&y oQ?, 10‘) ) N
& © ) <0 O N N Eh Kilometers A
q? R Q?-‘ Q'.l’ Q- L\ O 0 400 500
. . . . ‘ Source: NADP NTN Annual Gradients

N = nitrogen; NO3™ = nitrate.

Figure 2-25 Difference in wet deposition of nitrate (kg N/ha/yr) over the
contiguous U.S. between 1989 to 1991 and 2012 to 2014. The
range of positive values is smaller than that for negative values.

2.6.4. Reduced Nitrogen

Figure 2-26 shows county-level annual total NHz emissions. The emissions map is in the
process of being updated, but geographic features are similar between the present day and
the 2001 data in Figure 2-26. The pattern of geographic distribution is somewhat different
than for NOx emissions (Appendix 2.6.3), reflecting the widely distributed and rural
nature of NHs emissions, compared to NOx emissions, which are largely urban or from
large point sources. Widespread areas of high emissions are in the Midwest and
California.
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Figure 2-27 and Figure 2-28 show maps for the reduced inorganic nitrogen species, NHs;
and pNH4*. The distribution of NH3; was obtained from the Ammonia Monitoring
Network (AMoN). Highest concentrations of NH;z were measured in Salt Lake City, UT
at 15 pg/m®. All other annual average concentrations for 2012 were lower than 5 pg/m?®.
The Salt Lake City site is located near feed lots, perhaps explaining in large part why
levels were much higher there than at other sites. In general, areas of highest NH3
concentration correspond well with areas of highest NH3; emissions, as shown in the 2008
ISA for Oxides of Nitrogen (U.S. EPA, 2008b). Note that confidence in the magnitude
and inter-monitor precision of NH; measurements has increased since the 2008 ISA (U.S.
EPA, 2008a), also see Appendix 2.4.3.1. However, sparseness of the monitoring network
still presents uncertainty in describing the nationwide distribution of NH3 concentrations.

Particulate NH.* concentrations were obtained from CASTNET, and were highest in
Illinois-Indiana-western Ohio, along with high values in central Pennsylvania and central
California. These locations correspond generally to highest concentrations of pNOs~ and
moderate-to-high concentration locations for NHs. In addition, some of the areas with
high NHj3 concentrations, such as southern Wisconsin or Salt Lake City, do not appear to
have elevated pNH,4*.

Figure 2-29 shows the depositional flux of NHx over the CONUS 2011-2013.
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Source: U.S. EPA (2008a).

Figure 2-26 Distribution of annual ammonia (NHs3) emissions by county in
2001.
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Figure 2-27 Average (2012) surface concentration of ammonia obtained by the
Ambient Ammonia Monitoring Network at select Clear Air Status
and Trends Network sites. Concentrations of ammonia (ug/m3)
can be converted to mixing ratios (parts per billion) to rough
approximation at normal temperature and pressure by multiplying
by 1.4.
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Figure 2-28 Three-year average (2011-2013) surface concentrations of
particulate ammonium (ug/m?®) based on monitoring data obtained
at Clear Air Status and Trends Network sites (black dots).
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‘Total deposition of reduced N 1113
Source: CASTNET/CMAQINTN/AMONSEARCH USEPA 10/16514

reN = reduced nitrogen.
Source: CASTNET/CMAQ/NTN/AMON/SEARCH.

Figure 2-29 Total reduced inorganic nitrogen deposition over the contiguous
U.S. 2011-2013.

Figure 2-30 and Figure 2-31 shows large increases in wet deposition of NH4* centered in
eastern North Carolina and throughout the north-central U.S. and decreases in the Gulf
States. The situation is more nuanced than shown in that some sites show small increases
and others small decreases. In general, large-scale increases in wet deposition of NH.",
rather than decreases, are seen across the U.S. in agreement with the analysis of Li et al.
(2016d). Trends in total (wet + dry) deposition of reduced nitrogen between 2000 and
2013 are described with maps in Appendix 2.7.
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Figure 2-30 (Left) ammonium wet deposition, 1989-1991; (Right) ammonium
wet deposition, 2012-2014.
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Figure 2-31 Difference in wet deposition of ammonium (kg N/ha/yr) over the

contiguous U.S. between 1989 to 1991 and 2012 to 2014.

2.6.5. Sulfur Oxides

Figure 2-32 shows the west-to-east increasing gradient in SO, emissions, with greater
emissions in most counties east of the Mississippi than in most counties in the West. The
emissions map is being updated, but geographic patterns have changed little. Widespread
areas of high emissions that encompass numerous counties are in the Northeast, the Ohio
Valley, and parts of the South and West.
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Figure 2-32 Distribution of annual sulfur dioxide (SO2) emissions by county

from the 2014 National Emissions Inventory.

Figure 2-33 and Figure 2-34 show the distribution of atmospheric concentrations of
gas-phase SO and particulate phase SO4*". Elevated SO, concentrations persist along the
Ohio River Valley and western Virginia, but concentrations have decreased substantially
over the last decade throughout the eastern U.S. Comparison between the national SO,
distributions (Figure 2-33) for 2011-2013 and the ones for 1989-1991 and 2003—2005
presented in the 2008 ISA (U.S. EPA, 2008a) demonstrated continual decreases in SO;
concentrations across the nation.

Both concentrations and seasonal variability of sulfate are substantially higher in the
eastern U.S. than in the West (Hand et al., 2012c). Based on air pollution monitoring
network data (IMPROVE and CSN), sulfate concentrations on a national scale are
steadily decreasing across the U.S. Between 1992 and 2010, annual mean sulfate

concentrations at rural sites decreased fairly consistently at a rate of —2.7% per year. This
decline has become even steeper more recently, with annual mean concentrations
decreasing by an average of —4.6% per year from 2002 to 2010. The decrease appears to
be due to decreasing SO, emissions from power plants (Hand et al., 2012b). While the
nationwide trend is for a reduction in sulfate concentrations, there are seasonal and
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regional increasing trends, specifically in the central and northern Great Plains in winter,
and in the western U.S. in spring (Hand et al., 2012a). Both sulfate and nitrate are
increasing at a rate of over 5% per year at several monitoring sites in the central and
northern Great Plains (Hand et al., 2012c).

Source: CASTNET USEPA/CAMD 10/09/14
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SO, =sulfur dioxide.

Source: CASTNET/U.S. EPA-CAMD 10/09/14.

Figure 2-33

June 2018

Three-year average (2011-2013) surface concentrations of sulfur
dioxide obtained by fusion of monitoring data obtained at Clear
Air Status and Trends Network sites (black dots) and Community
Multiscale Air Quality model system results. Concentrations
(Mg/m?) can be converted to mixing ratios (parts per billion) at
normal temperature and pressure) to rough approximation by
multiplying by 0.37.
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Figure 2-34 Three-year average (2011-2013) surface concentrations of
particulate sulfate based on monitoring data obtained at Clean Air
Status and Trends Network sites (black dots).

Figure 2-35 shows wet plus dry deposition of SOx (SO2 + SO4>") over the CONUS.
Maximum deposition occurs over the Ohio River Valley (southeastern Ohio, West
Virginia, and western Pennsylvania). Figure 2-36 shows a good deal of spatial variability
in the percentage of dry deposition across the CONUS. In the area of highest total
deposition in the Mid-Atlantic states, dry deposition of SO, is dominant and dry
deposition of pSO4* is very minor component of dry deposition of SOx. Wet deposition
dominates in the Pacific Northwest, northern New England and in general in the central
U.S. Note that deposition of organic sulfur species (e.g., methane sulfonic acid) or SO,
and/or SO4*~ produced by the oxidation of organic S species is not included.
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Figure 2-35 Total deposition of sulfur (kg S/halyr) over the contiguous U.S.
2011-2013.

June 2018 2-92 DRAFT: Do Not Cite or Quote



A w0 N e

Petol tolal 8 us dhy deposition 1113
Bowee: CANITMELCKAN LA DS SEARCTH UsERA Ivlrld

S = sulfur.
Source: CASTNET/CMAQ/NTN/AMON/SEARCH.

Figure 2-36 Percentage of deposition of total sulfur as dry deposition over the
contiguous U.S. 2011-2013.

Figure 2-37 and Figure 2-38 show that the pattern for changes in wet deposition of SO,
is similar to that for NOs;~ with strongest decreases in the East, but with many areas in the
western U.S. showing some increase. Reasons for this increase are similar to those for
NO;™ as noted by Hand et al. (2012a).
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Figure 2-37 (Left) sulfate wet deposition, 1989-1991; (Right) sulfate wet
deposition, 2012-2014.

Change in SO,* Wet Deposition in the U.S.
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Figure 2-38 Difference in wet deposition of sulfate (kg S/hal/yr) over the
contiguous U.S. between 1989 to 1991 and 2012 to 2014. The
range of positive values is much smaller than for negative values.

June 2018
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The increases in wet deposition of SO4* in the north-central U.S. correspond to those for
NOs™ and are in the immediate vicinity of the Bakken Shale. There is a high degree of
interannual variability in deposition in some areas, especially those showing increases
(e.g., Logan, UT/ldaho), making source attribution difficult. Trends in total (wet + dry)
deposition of sulfur between 2000 and 2013 are described with maps in Appendix 2.7.

2.6.6.

June 2018

Particulate Matter (PM)

Figure 2-39 shows the 3 year mean of the 24-hour PM2 5 concentrations for PMas
network monitoring sites across the U.S. from 2013-2015. Emissions are not shown
because the majority of PM2s mass is often produced by atmospheric reactions (see
Appendix 2.3). Some of the highest PM. s concentrations are in the San Joaquin Valley
and the Los Angeles-South Coast Air Basin of California. However, in general 3-year
average 24-hour PM, s concentrations are higher in the Eastern U.S. than in the Western
U.S. An area of the highest concentrations in the Eastern U.S. can be seen in the Ohio
Valley. From Appendix 2.3.6 is the same area where SO4* and NO;~ account for the
greatest fraction of PM.s, indicating that at least in the Eastern U.S., the highest PM;s
concentrations also correspond to PM with greatest fraction mass account for by SO42-
and NOs".
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Figure 2-39 3-year average concentrations of particulate matter smaller than
2.5 um diameter (PMzs) 2013-2015.

A further indication that the fraction of mass contributed by SO,* and NO;~ may increase
with increasing PM2s concentration is demonstrated by Figure 2-40. Figure 2-40 shows
that a decrease in national average PM2 s between 2000 and 2015 is paralleled by a
similar decrease in SO42". Since SO4? has been the most abundant component of PM;s,
the steep decline in SO, emissions (Appendix 2.2) has led to a sharper decrease in SO4>
concentrations than in concentrations of other PM. s components. As indicated by

Figure 2-39, in those areas where SO4?~ concentrations remain high, the SO,? fraction of
PM2smass is also still high in the Eastern U.S.
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Figure 2-40 National monthly average concentrations of particulate matter
smaller than 2.5 ym diameter (PMzs; top) and sulfate in PMzs
(bottom) from 2000-2015 (concentrations in pg/m?).

For completeness, Figure 2-41 shows PMuo-25 concentrations. The highest concentrations
are observed in Southwest and Great Plains. These are the same areas where crustal
material accounts for the greatest fraction of PM2s as described in Appendix 2.3.6, and
PM1o-25is also largely composed of crustal material, which has little impact on acid or
nutrient deposition.
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Figure 2-41 98th percentile concentrations for PMio-25 between 2013-2015.

2.6.7. Distributions of Dry Deposition of Nitrogen Dioxide and Sulfur Dioxide
Derived Using Satellite-Based Measurements and Chemistry Transport
Models

g B~ W N

©O© 0 N o

10
11
12
13
14
15

June 2018

Figure 2-42 shows the annual average dry deposition velocities and fluxes of NO, and
SO, for 2005 to 2007 and their estimated uncertainties derived by Nowlan et al. (2014)
using data derived from the Ozone Monitoring Instrument (OMI) on board the Aura
satellite and model parameters from the GEOS-Chem three-dimensional,
chemistry-transport model.

As shown in Figure 2-42, higher fluxes for both NO; and SO, occur in the East than in
the West. In particular, there is a band of high dry deposition for NO; and SO, along the
Ohio River. High depositional fluxes for NO; are also seen along the Northeast Corridor
and in scattered locations throughout the East. In addition, there is a noticeable plume of
SO, over the western Atlantic Ocean. Average, relative uncertainty in the flux estimates
for both NO; and SO; are ~30% over land and are not much higher over the Atlantic
Ocean south of Massachusetts and Nova Scotia. Increased SO, deposition, especially
near shore, is expected based on the likelihood of off-shore transport of SO, and NO-
along with other pollutants by synoptic weather systems. Note that bidirectional exchange
for NO; (and a number of other gases) has not been implemented yet in GEOS-Chem or
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in CMAQ. Note also that in this study, the algorithms used to derive NO, and SO,
columns are older than more recent ones with lower detection limits. These results,
however, do illustrate the potential of the hybrid, satellite/model approach for mapping
deposition at the continental scale.
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Figure 2-42 Top panel: modeled deposition velocities for nitrogen dioxide and
sulfur dioxide for 2005 to 2007; middle panel Satellite-model
estimates of annual mean dry deposition fluxes of nitrogen
dioxide and sulfur dioxide; bottom panel: uncertainties in
estimates.
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Background Concentrations and Deposition

Background refers here to those concentrations or fluxes that do not result from U.S.
anthropogenic emissions. Background sources of N include natural sources like lightning,
wildfires, and emission from soils. Background sources of SOx include natural sources,
such as volcanos or oxidation of reduced sulfur species (HzS, [CH3].S) emitted in
anaerobic environments, and anthropogenic sources from outside the U.S. Background
levels so defined facilitate separation of pollution levels that can be controlled by U.S.
regulations (or through international agreements with neighboring countries) from levels
that are generally uncontrollable by the U.S.

Kim et al. (2014a) found increases in nitrate concentrations in the mixed layer of the
North Pacific Ocean, extending to near-shore areas off the west coast of the U.S., with

attendant changes in the status of N limitation. Because NHs; and NH4* are so highly
soluble, they are likely to be removed in rain during ascent before trans-Pacific transport.
Because SO; is much less soluble than NHg, it can be transported to the free troposphere
by the warm conveyor belt system before it is oxidized to SO4>~ in cloud droplets or on
the surfaces of mineral dust particles. The survivability of nitrate is intermediate,
depending on the form the nitrate takes.

Zhang et al. (2012a) computed N deposition rates from background sources and from

domestic anthropogenic sources using GEOS-Chem. According to their estimates, most
of the eastern U.S. and parts of states along the Pacific Coast received >10 kg/ha/yr N
deposition. The version of GEOS-Chem used (8.2.3) is the same as described in Zhang et
al. (2011a) and used in the 2013 ISA for Ozone and Other Photochemical Oxidants (U.S.
EPA, 2013c). Figure 2-43 shows contributions from domestic anthropogenic, foreign
anthropogenic, and natural emissions to total (wet + dry) annual nitrogen deposition over
the CONUS for 2006 calculated by Zhang et al. (2012a) using the GEOS-Chem global
scale CTM with a horizontal resolution of 1/2° by 2/3°.
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Figure 2-43 Contributions to oxidized and reduced nitrogen deposition from
U.S.: anthropogenic (top), foreign anthropogenic (middle), and
natural sources (bottom).

The upper panel of Figure 2-43 shows that highest values from U.S. anthropogenic
sources are found in the eastern U.S., in and downwind of the Ohio River Valley, and in
and around urban areas. The middle panel of Figure 2-43 shows highest contributions
from foreign anthropogenic sources in regions of the CONUS bordering Canada and
Mexico. Note the band of highest contribution in upper New York State as a result of
emissions in southern Canada. There is also some indication in the Pacific Northwest of
smaller contributions due to transport from Eurasia. The pattern of N deposition in the
simulation for natural sources in Figure 2-43 (bottom panel), however, shows maximum
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deposition throughout the central U.S., with the highest values over the Midwest,
reflecting a combination of NOy emissions from lightning in the south-central U.S., from
biomass burning throughout the Southeast, and from soils, mainly in the Midwest. The
background contribution to N deposition is typically <30% over the eastern U.S. and
typically 30 to 50% in the western U.S. where N deposition is already lower. Overall,
according to these simulations, U.S. anthropogenic emissions account for 78% of N,
deposition over the CONUS. Foreign anthropogenic emissions and natural emissions
account for 6 and 16% respectively of total N deposition in this model simulation.

Background concentrations of SO, were calculated using the MOZART-2 global model
of tropospheric chemistry (Horowitz et al., 2003) and were presented in the 2008 ISA for
Sulfur Oxides (U.S. EPA, 2008c). Background SO concentrations are estimated to be
below 10 parts per trillion (ppt) over much of the U.S. Maximum background
concentrations of SO, of ~30 ppt are found in the western U.S. In the Northwest, where
there are large geothermal sources of SO, the contribution of background sources to total
SO is 70 to 80%; however, absolute SO, concentrations are still on the order of ~2 ppb
or less. With the exception of the West Coast, where volcanic SO, emissions cause high
background concentrations, background sources contribute <1% to present-day SO>
concentrations in surface air in the CONUS. Over the eastern U.S., the predicted
background contribution to SOx deposition was <10% and even smaller (<1%) where
present-day SOx deposition is highest. The predicted contribution of background sources
to S deposition was highest in the western U.S. at >20% because of the geothermal
sources of SO, and oxidation of DMS in surface water of the eastern Pacific. In
comparison, values observed at several relatively remote sites cited in the 2008 ISA for
Sulfur Oxides (U.S. EPA, 2008c) ranged from 20 to 40 ppt.

As noted earlier, volcanic sources of SO; in the U.S. are found in the Pacific Northwest,
Alaska, and Hawaii. The greatest potential domestic effects from volcanic SO occur on
the island of Hawaii. Nearly continuous venting of SO, from Mauna Loa and Kilauea
produces SO; in high concentrations of ~5 ppm lasting for periods of up to 1 hour [see
Figure 2-34 and Figure 2-35 in the 2008 ISA for Sulfur Oxides; (U.S. EPA, 2008c)] at
two national park sites near the Kilauea caldera and the nearby east rift zone. The latter
emits several times as much SO as the Kilauea caldera. The two measurement sites
within the national park are <3 km from the summit emission source and ~10 km from
the east rift source and are affected by the two sources during southerly and easterly

winds. A number of communities and population centers are within the same distance
from the east rift gas source that affects these two monitoring sites. When the normal
trade wind flows are disrupted, emissions from the sources can be brought directly to
these various communities. Because these communities are located at a similar distance
from the large east rift emission source as the national nark monitoring stations, it is
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probable that these communities are subjected to SO, concentrations as high as those
measured within Hawaii VVolcanoes National Park.

When considering emission sources further afield, intercontinental transport of Os and
PM has been the focus of efforts by the Task Force on Hemispheric Transport of Air
Pollution (HTAP). To the extent that N and S species are transported along with Os and
PM, they also contribute to deposition following subsidence to the surface. Modeling
studies estimate that only a small fraction of nitrogen and sulfur emissions are transported
to and deposited within a continent different than the source of the emissions (Stock et
al., 2013; Roy et al., 2012; Sanderson et al., 2008). Global scale modeling results
reported in the 2008 ISA (U.S. EPA, 2008a) and in the latest ISAs for Oxides of Nitrogen
Health Criteria (U.S. EPA, 2016f) and Sulfur Oxides Health Criteria (U.S. EPA, 2017¢)
also indicate that intercontinental transport of oxidized and reduced nitrogen, SO, and
SO4* are likely minor background sources of these species. Of greater importance are
localized emissions from natural sources. These include emissions of NO from soils and
lightning and emissions of SO, from geothermal and biogenic sources.

Background PM. s concentrations that would occur in the U.S. in the absence of
anthropogenic emissions in continental North America were reported in the 2009 PM ISA
(U.S. EPA, 2009a). They include contributions from natural sources throughout the world
and from anthropogenic sources outside continental North America. These are both
primary and secondary natural and anthropogenic components. Estimated PM. s were
estimated to be less than 1 ug/m® on an annual basis, with maximum daily average values
in a range from 3 to 20 pg/m?® and a peak of 63 pg/m? at the nine national park sites
across the U.S. (U.S. EPA, 2009a).

Just as pollutants can be transported into the U.S., they can also be transported outward.
For example, wet deposition of pollutants emitted in eastern North America occurs over
the North Atlantic Ocean. Deposition of N species is an important source of nutrients to
the western North Atlantic (Zamora et al., 2011). Dennis et al. (2013), based on CMAQ
modeling results, estimated that ~1/3 of oxidized N emissions and slightly less than 1/3
of NH3 emissions in the U.S. are transported out over the North Atlantic Ocean. Although
the average pH of rainwater at Bermuda is ~5, reflecting deposition of acidic species
emitted in North America, this additional source of acidity is at most only ~2% of that
due to anthropogenic CO- (Bates and Peters, 2007).

With well-validated models, it is possible to compare the relative role of different
emission and removal processes. Adj oint models (Henze et al., 2009) are particularly
useful for understanding the relative contribution of emission sources to dry and wet
deposition of different nitrogen and sulfur containing compounds. For example, Lee et al.
(2016) found that half of nitrogen deposition at Federal Class | areas, such as national
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parks, can be attributed to emission sources within 500 km and 90% of nitrogen
deposition is due to emission sources within 1,500 km. (Malm et al., 2013) simulated
conservative tracer transport from ammonia source regions with the GEOS-Chem model
to estimate that roughly equal amounts of ammonia deposition in Rocky Mountain
National Park (RMNP), CO was from within or outside Colorado, with most of the
transport into Colorado coming from the West. Thompson et al. (2015) reported that 40%
reduced nitrogen deposition in RNMP was from outside Colorado.

Background rainwater pH and background deposition in remote areas worldwide has
considerably lower H* and N deposition levels than in more populated areas, as described
in Appendix 2.6. Galloway et al. (1982) measured the pH of rainwater at five remote sites
worldwide and measured pH values ranging from 4.8 to 5.0. At some sites acidity was
attributed to long range transport of acid sulfate, while at others a mixture of strong and
weak acids attributed to both anthropogenic and natural sources was observed. They
concluded that a pH of 5 was a good lower limit estimate for natural contributions. Curtis
et al. (2018) estimated nitrogen and sulfur deposition in remote inland areas of Greenland
and reported 0.13 to 0.19 kg N/ha/yr for total nitrogen, 0.8 to 0.11 kg N/ha/yr for NOs™,
0.05 to 0.09 kg N/ha/yr for NH,*, and 0.08 to 0.13 kg S/ha yr for SO

2.7.
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Supplemental Material on Changes in Deposition since 2000

Maps on the portion of the NADP website dedicated to the Total Deposition (TDEP)
program (http://nadp.sws.uiuc.edu/committees/tdep/tdepmaps/) and shown in this section
present a comprehensive overview of changes in various parameters related to deposition
over 2000—2013. Changes between two, 3-year periods, 2000 through 2002 and 2011
through 2013 are summarized in this section. The most notable changes in the
geographical distribution of total (wet + dry) deposition of NOy + NHx between these
two time periods are found in areas with extensive agriculture (e.g., the San Joaquin
Valley, southern ldaho/northern Utah, and the Midwest), which show large increases in
total deposition of N (see Figure 2-44). There are also shifts in the distribution of wet and
dry deposition towards a greater predominance of dry deposition in these areas (see
Figure 2-45, Figure 2-46, and Figure 2-47). Deposition of oxidized nitrogen has declined
markedly throughout the eastern U.S. and southern California between the periods
2000—2002 and 20112013 (see Figure 2-48, Figure 2-49, Figure 2-50, and Figure 2-51)
due mainly to large decreases in dry deposition of total nitrate (TNOs; = HNOs + pNOs~;
see Figure 2-52). The decreases in total nitrate across the CONUS are generally due to
decreases in HNOs (see Figure 2-53). Decreases in dry deposition of pNO3z— have
generally been smaller, reflecting the smaller contribution of pNOs— to TNOs. Exceptions
include areas such as Florida, Texas, and southern California where dry deposition of
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PNOs— has been much greater than HNOs in the earlier period and has decreased
substantially (see Figure 2-54). Other N species, mainly NO; also show large decreases
(see Figure 2-55 and Figure 2-56), especially near urban source areas. Using OMI data,
Krotkov et al. (2016) found decreases in column (vertically integrated) abundances of
NO. of ~40% from 2005 to 2014 over the U.S.

In contrast to deposition of oxidized N, deposition of reduced inorganic N has seen large
increases (see Figure 2-57 and Figure 2-58). Several hotspots (the San Joaquin Valley,

southern Idaho, and several areas in the central and eastern U.S.) have increased
markedly in size (see Figure 2-57) between the two periods. Dry deposition of NHs has
been the major contributor to the increase (see Figure 2-59), while dry deposition of
pNH4* has largely decreased between the two periods (see Figure 2-60). Between the two
periods, emissions of NOx have decreased resulting in lower formation rates of HNO3;
that could react with NHs; to form pNH4NO:s.

Deposition of oxidized and reduced N have undergone geographic shifts with
corresponding shifts in the contributions of each to total N deposition on regional and
smaller scales (compare Figure 2-48 and Figure 2-49 to Figure 2-57 and Figure 2-58).

For example, deposition of oxidized N in the Northeast has decreased substantially, but
deposition of reduced N has increased substantially in the central U.S. Sizable shifts are
also seen in the fractional contributions of total N deposition as dry deposition of both
oxidized and reduced forms (compare Figure 2-47 and Figure 2-62).

Substantial declines in the deposition of S have occurred over the past 15 years,
particularly in the Ohio River Valley (see Figure 2-63), with generally much smaller
declines in wet deposition (see Figure 2-64) than for dry deposition (see Figure 2-65).
Despite these declines, S deposition is still highest in the Ohio River Valley. Except for
small shifts in several areas, the proportion of S dry deposited has been rather similar (see
Figure 2-66). Dry deposition of SO; is still dominant over pSO4*—in eastern Ohio and
central Pennsylvania (compare Figure 2-66 and Figure 2-67 to Figure 2-68). These
decreases are consistent with those derived by Krotkov et al. (2016) who detected

decreases in the column (vertically integrated) abundance of SO of ~75 % for the period
2005 to 2014 over the Ohio River Valley and southwestern Pennsylvania. These
decreases reflect reductions in emissions mandated by the Clean Air Act Amendments
and other regulatory requirements.

As noted earlier, these estimates of change in deposition were derived from CMAQ
output and data from measurement networks. Each of these components has its own set
of uncertainties, and the estimates of deposition and the changes over time should be
viewed in this light.
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R e e Total deposition of nitrogen 0002
Source: CASTNET/CMAQNTN/AMON/SEARCL USEPA 10/16/14

Total deposition of nitrogen 1113
Sourca: CASTNET/CMAQNTN/AMONSEARCH USEPA 10/16/14

N = nitrogen.
Source: CASTNET/CMAQ/NTN/AMON/SEARCH.

Figure 2-44 Wet plus dry deposition of total nitrogen over 3-year periods. Top:
2000-2002; Bottom: 2011-2013.
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Figure 2-45 Wet deposition of total nitrogen over 3-year periods. Top:
2000-2002; Bottom: 2011-2013.
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Figure 2-46 Dry deposition of total nitrogen over 3-year periods. Top:
2000-2002; Bottom: 2011-2013.
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Figure 2-47 Percent of total nitrogen as dry deposition over 3-year periods.
Top: 2000-2002; Bottom: 2011-2013.

June 2018 2-110 DRAFT: Do Not Cite or Quote



:;E’J_‘\—? e
5

. Total deposition of oxidized N 0002
Sourca: CASTNET/CMAQNTN/AMON/SEARCH USEPA 10/16/14

>12

Total deposition of oxidized N 1113
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Figure 2-48 Wet plus dry deposition of oxidized nitrogen over 3-year periods.
Top: 2000-2002; Bottom: 2011-2013.
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Figure 2-49 Percent of total nitrogen as oxidized nitrogen over 3-year periods.
Top: 2000-2002; Bottom: 2011-2013.
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Figure 2-50 Dry deposition of oxidized nitrogen over 3-year periods. Top:
2000-2002; Bottom: 2011-2013.
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Figure 2-51 Percent of total nitrogen dry deposited as oxidized nitrogen over
3-year periods. Top: 2000-2002; Bottom: 2011-2013.
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Dry deposition of HNO3 + pNO3 0002
Source: CASTNET/CMAQINTN/AMON/SEARCH USEPA 10416/14

5.0

>6.0

Dry deposition of HNO3 4+ pNO3 1113
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TNOs = nitric acid and particulate nitrate.
Source: CASTNET/CMAQ/NTN/AMON/SEARCH.

Figure 2-52 Combined dry deposition of nitric acid and particulate nitrate over
3-year periods. Top: 2000-2002; Bottom: 2011-2013.
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Figure 2-53 Dry deposition of nitric acid over 3-year periods. Top: 2000-2002;
Bottom: 2011-2013.
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Figure 2-54 Dry deposition of particulate nitrate over 3-year periods. Top:
2000-2002; Bottom: 2011-2013.
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Figure 2-55 Dry deposition of modeled (unmeasured) nitrogen species over
3-year periods. Top: 2000-2002; Bottom: 2011-2013.
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Figure 2-56

Percent of total nitrogen as modeled (unmeasured) species over
3-year periods. Top: 2000-2002; Bottom: 2011-2013.
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Figure 2-57 Wet plus dry deposition of reduced (inorganic) nitrogen over
3-year periods. Top: 2000-2002; Bottom: 2011-2013.
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Figure 2-58

Percent of total nitrogen deposition by reduced (inorganic)

nitrogen over 3-year periods. Top: 2000-2002; Bottom:
2011-2013.
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Figure 2-59 Dry deposition of ammonia over 3-year periods. Top: 2000-2002;
Bottom: 2011-2013.
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Figure 2-60 Dry deposition of particulate ammonium over 3-year periods. Top:
2000-2002; Bottom: 2011-2013.
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Figure 2-61 Dry deposition of reduced (inorganic) nitrogen over 3-year
periods. Top: 2000-2002; Bottom: 2011-2013.
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Figure 2-62 Percent of total nitrogen deposition by dry reduced (inorganic)
nitrogen over 3-year periods. Top: 2000-2002; Bottom:
2011-2013.
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Figure 2-63 Wet plus dry deposition of total sulfur over 3-year periods. Top:
2000-2002; Bottom: 2011-2013.
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Figure 2-64 Wet deposition of total sulfur over 3-year periods. Top:
2000-2002; Bottom: 2011-2013.
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Figure 2-65 Dry deposition of total sulfur over 3-year periods. Top:
2000-2002; Bottom: 2011-2013.
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Figure 2-66 Percent of total sulfur deposition by dry deposition over 3-year
periods. Top: 2000-2002; Bottom: 2011-2013.
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Figure 2-67 Dry deposition of sulfur dioxide over 3-year periods. Top:
2000-2002; Bottom: 2011-2013.
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Figure 2-68 Dry deposition of particulate sulfate over 3-year periods. Top:
2000-2002; Bottom: 2011-2013.
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APPENDIX 3. DIRECT PHYTOTOXIC EFFECTS OF

GASEOUS OXIDIZED NITROGEN
AND SULFUR ON VEGETATION

This appendix provides a brief overview of the exposure and phytotoxic effects of
gaseous forms of oxidized nitrogen (N) and sulfur (S) compounds on vegetation. The
main focus of this ISA is understanding the ecological impact of oxidized N and S and
that the major effects of these compounds on ecosystems are through acidifying
deposition and N enrichment deposition. However, direct effects of gaseous oxidized N
and S could augment the effects of deposition on vegetation, and direct effects of gaseous
N and S may be apparent in some areas. The effect of sulfur dioxide (SO-) gas on
vegetation is discussed in Appendix 3.2. Appendix 3.3 discusses the effects of nitric
oxide (NO), nitrogen dioxide (NO-), and peroxyacetyl nitrate (PAN) on vegetation.
Appendix 3.4. presents information on the direct effects of nitric acid (HNO3) vapor on
vegetation, including lichens. A summary section with causal determinations based on a
synthesis of the body of information on the biological effects of exposure to these gases
is presented in Appendix 3.5.

3.1.

June 2018

Introduction

The effects of gaseous pollutants such as SO,, NO2, NO, HNOg3, and ozone (Os) on
vegetation have been studied since at least the early 19" century (Holmes et al., 1915;
Haywood, 1905). Methodologies have been developed to study the effects of gaseous
exposures to these pollutants in the laboratory, greenhouse, and in the field. The
methodologies to study the effects of gaseous pollutants on vegetation have been recently
reviewed in the 2013 Ozone ISA and 2006 Ozone AQCD [Air Quality Criteria
Document; (U.S. EPA, 2013c, 2006a)]. A thorough description of the methodologies
used to expose vegetation to gaseous pollutants can be found in Section 9.2 of the 2013
Ozone ISA (U.S. EPA, 2013c), AX9.1 of the 2006 Ozone AQCD (U.S. EPA, 2006a), and
Section 9.2 in the 1993 Oxides of Nitrogen AQCD (U.S. EPA, 1993).

Uptake of gaseous pollutants in a vascular plant canopy is a complex process involving
adsorption to surfaces (leaves, stems, and soil) and absorption into leaves. These
pollutants penetrate into leaves primarily in gaseous forms through the stomata. The
surface cuticle provides a protective barrier to gaseous pollutant exposure, although there
is evidence for limited uptake across the cuticle (Zhang et al., 2003; Kerstiens et al.,
1992). Pollutants must be transported from the bulk air to the leaf boundary layer to reach
the stomata. The transport of pollutants through a boundary layer into the stomatal region
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is by diffusion. Studies of transport through the boundary layer are based on aerodynamic
concepts and usually relate to smooth surfaces that are not typical of leaf-surface
morphology (Gates, 1968). Once through the boundary layer, the gas enters the leaf
through the stomata. The entry of gases into a leaf is dependent upon gas-phase chemical

processes and physical characteristics of surfaces, including stomatal aperture. The
aperture of the stomata is controlled largely by the prevailing environmental conditions,
such as humidity, temperature, light intensity, and water availability. When the stomata
are closed, as occurs under dark or drought conditions, resistance to gas uptake is very
high and the plant has a very low degree of susceptibility to injury (Figure 3-1). The
stomatal control of uptake of gaseous pollutants is described in more detail in AX9.2 of
the 2006 Ozone AQCD (U.S. EPA, 2006a) and Section 9.3.1.5 of the 1993 Oxides of
Nitrogen AQCD (U.S. EPA, 1993). Note that unlike vascular plants, mosses and lichens
do not have a protective cuticle barrier to gaseous pollutants, which is a major reason for
their sensitivity to gaseous S and N.
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Abbreviations: C; = internal CO;, in leaf; C, = CO, of the atmospheric air; CO, = carbon dioxide; H,O = water; SOx = sulfur oxides;
NOx = oxides of nitrogen; O; = ozone.

Figure 3-1 The microarchitecture of a dicot leaf. While details among species
vary, the general overview remains the same. Light that drives
photosynthesis generally falls upon the upper (adaxial) leaf
surface. Carbon dioxide, oxides of sulfur, oxides of nitrogen, and
ozone gases generally enter by diffusion through the guard cells
(or stomata) on the lower (abaxial) leaf surface, while water vapor
exits through the stomata (transpiration).

3.2. Direct Phytotoxic Effects of Sulfur Dioxide on Vegetation

It has been known since the early 1900s that exposure to SO, can cause plant damage and
death (Wislicenus, 1914). The large sources of historic SO, emissions were ore smelters.
Sulfides in the ore were oxidized during smelting and resulted in large releases of SO5.
Emissions from large ore smelters in the U.S. and Canada resulted in large areas denuded
of vegetation surrounding these facilities (Thomas, 1951; Swain, 1949). Much of the
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damage to the vegetation was due to acute effects of high concentrations of SO,.
However, as early as 1923, researchers recognized that SO, might decrease plant growth
without producing acute symptoms of foliar injury (Stoklasa, 1923). In the 1950s through
the early 1980s, there was much research on the effects of SO, on vegetation, as well as
the interaction with pollutants such as O; and NO,. Since then, there has been much less
research on the effects of SO, on vegetation, especially in the U.S., due to the decreasing
ambient concentrations of SO, (U.S. EPA, 2012a) (see Figure 3-2 for max 3-hour SO;
concentrations for 2016). The effects of SO, on vegetation are summarized below.

Currently, SO: is the only criteria pollutant with a secondary NAAQS distinct from the
primary standard. This standard is to protect acute foliar injury resulting from SO;
exposure. The standard is a 3-hour average of 0.50 ppm and was promulgated in 1971 to
protect against the adverse effects of acute foliar injury in vegetation. The 1982 AQCD
for Particulate Matter and Sulfur Oxides concluded that controlled experiments and field
observations of vegetation supported retaining this secondary standard (U.S. EPA, 1982b,
d, 1971).

Acute foliar injury usually occurs within hours of exposure, involves a rapid absorption
of a toxic dose, and involves a collapse or necrosis of plant tissues. Another type of
visible injury is termed chronic injury and is usually a result of variable SO, exposures
over the growing season. After entering the leaf, SO; is converted to sulfite (SOs?") and
bisulfite (HSO3") ions, which may be oxidized to sulfate (SO4>"). Sulfate is about

30 times less toxic than sulfite and bisulfite. The conversion of sulfite and bisulfite to
sulfate results in net H* production in the cells. Kropff (1991) proposed that the
appearance of SO-induced leaf injury was likely due to a disturbance of intracellular pH
regulation. Kropff (1991) listed several studies in which the pH of homogenates of leaf
cells only shifted towards greater acidity when plants were lethally damaged from
long-term SO, exposures (Jager and Klein, 1977; Grill, 1971; Thomas et al., 1944). The
appearance of foliar injury can vary significantly among species and growth conditions
(which affect stomatal conductance). Currently, there is no regular monitoring for SO,
foliar injury effects in the U.S.
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Map of maximum 3-hour daily max average sulfur dioxide
concentration reported at Air Quality System monitoring sites for
2016.

Besides foliar injury, long-term lower SO, concentrations can result in decreased
photosynthesis, growth, and yield of plants. These effects are cumulative over the
growing season and are often not associated with visible foliar injury. As with foliar
injury, the effects of these injuries vary among species and growing environment. The
1982 Particulate Matter and Oxides of Sulfur (PM-SOx) AQCD summarized the
concentration-response information available at the time (U.S. EPA, 1982b). Effects on
growth and yield of vegetation were associated with increased SO exposure
concentration and time of exposure. However, that document concluded that more
definitive concentration-response studies were needed before useable exposure metrics
could be identified. Because ambient SO, concentrations declined and focus on Os
vegetation effects research increased, relatively few studies have emerged to better
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inform a metric and levels of concern for effects of SO, on growth and productivity of
vegetation.

SO is considered to be the primary factor causing the death of lichens in many urban and
industrial areas, with fruticose lichens being more susceptible to SO, than many foliose
and crustose species (Hutchinson et al., 1996). Damage to lichens in response to SO>

exposure includes reduced photosynthesis and respiration, damage to the algal
component of the lichen, leakage of electrolytes, inhibition of N fixation, reduced K*
absorption, and structural changes (Hutchinson et al., 1996; Belnap et al., 1993; Farmer et
al., 1992). Significant reductions in lichen photosynthesis have been measured at
concentrations as low as 91 ppb over 2—4 hours (Sanz et al., 1992; Huebert et al., 1985).
Damage to the algal component of the thallus is evidenced by its discoloration. The entire
thallus dies soon after algal cells are damaged (Hutchinson et al., 1996). At higher
concentrations, SO deactivates enzymes by chemical modification, leading to reduced
metabolic activity and loss of membrane integrity (Nieboer et al., 1976; Ziegler, 1973). In
addition, SO binds to the central metal atoms of enzymes, adversely affecting membrane
function and cell osmolality. SO, also competitively inhibits bicarbonate (HCOs") and
dihydrogen phosphate (H.PO.") interactions with enzymes (Hutchinson et al., 1996).
Low pH increases the toxicity of SO, action (Farmer et al., 1992). The toxic effects of
atmospheric deposition of SO, are lessened when lichens are attached to a substrate,
typically bark or rock, that has high pH or superior buffering capacity (Richardson and
Cameron, 2004). van Herk (2001) evaluated relationships between bark pH and air
pollution levels as two significant variables affecting epiphytic lichen composition and
concluded that bark pH was the primary factor regulating the distribution of acidophilic
species in the Netherlands. In studies of unpolluted areas, differences in bark chemistry
also affect the presence and distribution of epiphytes (Farmer et al., 1992). Indirect
changes to bark pH, caused by acidification and high SO, concentrations, also affect
lichen distribution (Farmer et al., 1992). In a more recent, Geiser and Neitlich (2007)
reported that direct SO, damage to lichens in the Pacific Northwest may have been
confined to major urban areas such as Seattle, Portland, and Belingham. However, lichen
monitoring plots were not colocated with SO, monitors and the authors were not able to
guantify SO exposure. More information on the N effects reported in this study is found
in Appendix 6.3.7 and Appendix 6.5.2.

More recent research has been performed in areas of Europe where ambient SO,
concentrations are generally higher than in the U.S. Since the 2008 ISA, several studies
in Germany and some eastern European countries have indicated that direct effects of
SO, caused growth reductions in trees during the last century (Cavlovic et al., 2015;
Hauck et al., 2012; Rydval and Wilson, 2012; Elling et al., 2009). Elling et al. (2009)
evaluated a large database providing long-term growth records of 1,010 silver firs (Abies
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alba), long-term climate records, and long-term air pollution data from 51 sites in
southern Germany. In this analysis, silver fir growth was influenced by SO, pollution
more than any other factor in the second half of the last century. The study authors also
reported an almost immediate increase in growth in response to falling SO, emissions in
the 1980s. This rapid response indicates a direct effect of gaseous SO, rather than an
indirect effect of soil acidification, which would have a longer response time. Annual
average concentrations above 10 pg SO./m? (approximately 4 ppb) appeared to reduce
growth of silver fir. (See Figure 2-15 for recent concentrations in the continental U.S.). In
a later publication, Bo3ela et al. (2014) argued a combination of SO, and NOx gas
emissions has historically reduced growth in silver fir in the western Carpathian
Mountains of the Czech Republic.

A similar gaseous SO; effect on tree growth may have been occurring in the eastern U.S.
Using tree ring analysis, Thomas et al. (2013) reported significant growth increases in
old-growth eastern red cedar (Juniperus virginiana) in West Virginia following decreases
in SO, emissions since 1980. Growth continued to increase as SO, emissions further
declined in the 1990s and 2000s. Thomas et al. (2013) also found evidence of
physiological changes in response to SO, emissions. The authors attributed the growth
response to an indirect effect of decreasing acidifying deposition, and thus, recovery from
soil acidification. However, a historical record of acidifying deposition was not available.
As in Europe, the trees studied in West Virginia also had a relatively rapid recovery in

response to declining SO, emissions that could indicate the effects were from direct
exposure to gases in the atmosphere rather than soil acidification. Further, a response to
this study from other researchers suggested that the eastern red cedars in the West
Virginia study were found on a limestone outcrop that could be well buffered from soil
acidification (Schaberg et al., 2014). This study may indicate that gaseous SO, alone or in
combination with other gases may have inhibited red cedar growth. See Appendix 5.2.1.3
for further discussion of this study.

3.3. Direct Phytotoxic Effects of Nitric Oxide, Nitrogen Dioxide,

and Peroxyacetyl Nitrate

In sufficient concentrations, nitric oxide (NO) and nitrogen dioxide (NO>) can have
phytotoxic effects on plants by decreasing photosynthesis and inducing visible foliar
injury (U.S. EPA, 1993). The current secondary (welfare) and primary (human health)
standard for oxides of nitrogen is a NO, annual mean of 0.053 ppm. See Figure 3-3 for
recent concentrations of NO,. The 1993 Oxides of Nitrogen AQCD concluded that
concentrations of NO, or NO in the atmosphere are rarely high enough to have
phytotoxic effects on vegetation (U.S. EPA, 1993). Since the 1993 Oxides of Nitrogen
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AQCD, very little new research has been done on these phytotoxic effects to alter this
conclusion (Bender and Weigel, 2011). However, it is known that these gases alter the N
cycle in some ecosystems, especially in the western U.S., and contribute to N saturation
(Sparks, 2009; Fenn et al., 2003a; Bytnerowicz and Fenn, 1996). See Appendix 6.1 for a
discussion of the nutrient effects of N.
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Note: NO; = nitrogen dioxide. Concentrations indicated are the highest concentration in the county and do not represent countywide
concentrations.

Source: U.S. Environmental Protection Agency 2014 analysis of data from state and local air monitoring stations (U.S. EPA, 2016f).

Figure 3-3 Map of U.S. annual average nitrogen dioxide concentrations for
2013.

In general, NO and NO; enters leaves through the stomata (Saxe, 1986). However, the
leaf cuticle could be an important receptor for NO., and there is evidence of transport of
NO and NO across isolated cuticles (Lendzian and Kerstiens, 1988). Several studies
have demonstrated that plant canopies can directly assimilate N in the form of NO,, but
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canopy uptake of NO is generally small relative to total plant uptake (Vallano and
Sparks, 2008; Ammann et al., 1995; Nussbaum et al., 1993; Segschneider et al., 1993;
von Ballmoos et al., 1993; Hanson et al., 1989). After entering the leaves, NO- dissolves
in the extracellular water of the substomatal cavity to form HNO;, and HNOs, which then
dissociate to form NO2, NOs~, and H* (Bytnerowicz et al., 1998). Both cell and tonoplast
membranes contain ATP-dependent H* pumps, and the tonoplast pumps are strongly
inhibited by NOs~ (Bytnerowicz et al., 1998). If extra protons are deposited in vacuoles of
the plant cells during normal cellular regulation, then additional acidity will occur in
combination with additional NOs™. This combination can cause disruptions in cellular
control (Taylor and MacL ean, 1970). NOs™ and nitrite (NO,") are metabolized to amino
acids and proteins through a series of enzymatic reactions mainly involving NO3s™ and
nitrite reductases (Amundson and MacL ean, 1982). The ability of plants to reduce NOs™
and NO,™ to amino acids and proteins determines the potential of the plant to detoxify
NO and NO; (Wellburn, 1990). Reduction of NO3™ takes place outside of the chloroplast
while the reduction of NO2 ™ is coupled with the light reactions of photosynthesis.
Therefore, when leaves are exposed to NO and NO- in the dark, highly phytotoxic levels
of NO,™ accumulate and may lead to greater toxicity to NO and NO- at night (Amundson
and MacL ean, 1982). Exposure to NO produces both NOs;™ and NO; in the leaves, but
the rate of NO3~ accumulation is much slower than NO,™. Thus, plants exposed to high
NO could be at risk to elevated concentrations of NO,~ (Wellburn, 1990). More detailed
information on the cellular effects of NO and NO- can be found in the 1993 Oxides of
Nitrogen AQCD.

The functional relationship between ambient concentrations of NO or NO- and a specific
plant response, such as foliar injury or growth, is complex. Factors such as inherent rates
of stomatal conductance and detoxification mechanisms and external factors, including
plant water status, light, temperature, humidity, and the particular pollutant exposure
regime, all affect the amount of a pollutant needed to cause symptoms of foliar injury.
Plant age and growing conditions and experimental exposure techniques also vary widely
among studies quantifying the response of plants to NO,. An analysis conducted in the
1993 Oxides of Nitrogen AQCD of over 50 peer-reviewed reports on the effects of NO,
on foliar injury indicated that plants are relatively resistant to NO,, especially compared
to foliar injury caused by exposure to Os (U.S. EPA, 1993). With few exceptions, visible
injury has not been reported at concentrations below 0.20 ppm, and these exceptions
occurred when the cumulative duration of exposures extended to 100 hours or longer. At
0.25 ppm, increased leaf abscission was reported on navel orange trees (Citrus sinensis),
but only after exposures in excess of 1,000 hours (Thompson et al., 1970). Green bean
(Phaseolus vulgaris) plants used as bioindicators of NO- injury in Israel developed foliar
injury symptoms when ambient concentrations exceeded 0.5 ppm (Donagi and Goren,
1979). In most plants, injury occurred in less than 1 day only when concentrations
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exceeded 1 ppm (U.S. EPA, 1993). In recent years (2011-2013), ambient hourly NO;
concentrations in the U.S. have been well below the exposures in the above studies with
maximum highest 1-hour daily concentrations less than 0.075 ppm [see Section 2.5.2 of
U.S. EPA (2016f)].

Decreased rates of photosynthesis have been recorded in experimental exposures of
plants to both NO and NO, but usually at concentrations significantly higher than would
normally be encountered in ambient air. For example, Sabaratnam et al. (1988) reported
that soybeans (Glycine max) exposed 7 hours/day for 5 days showed an increase in
photosynthesis at a concentration of 0.2 ppm but a decrease in net photosynthesis at a
concentration of 0.5 ppm. Short-term exposures of soybean to 0.6 ppm NO; for 2 to

3 hours also had no effect on net photosynthesis (Carlson, 1983). Most plants appear to
be more susceptible to NO than to NO2, as shown by Saxe (1986), who exposed a variety
of horticultural plants raised in greenhouses (species of Hedera, Ficus, Hibiscus,
Nephrolepis, and Dieffenbachia) to both NO and NO.. Saxe (1986) reported that
decreases in net photosynthesis occurred at doses of NO that were 22 times less than that
for NO,. However, these decreases in net photosynthesis required concentrations as high
as 1 ppm NO for 12 hours to elicit a response in these plants.

In the 1970s and 1980s, hundreds of studies were conducted on the effects of NO; on
growth and yield of plants. These studies varied widely in plant species, growing
conditions, exposure equipment, concentrations, durations, exposure regimes, and
environmental conditions during exposures. No clear dose-response relationships for
exposure to NO; and reductions in growth and/or yield of plants emerged from these
experiments. Readers are referred to the analysis of over 100 studies conducted in the
1993 Oxides of Nitrogen AQCD. A few key studies are highlighted in this section. The
growth of several plant species appears to be susceptible to concentrations of NO; less
than 0.2 ppm, particularly when exposure occurs during low-light conditions. For
example, nearly continuous exposure to 0.1 ppm NO; for 8 weeks significantly reduced
growth of Kentucky blue grass [Poa pratensis; (Whitmore and Mansfield, 1983;
Ashenden, 1979)]. Eight species of tree seedlings were exposed to 0.1 ppm NO; for

6 hours/day for 28 days, resulting in reduced shoot or root growth in two species, white
ash (Fraxinus americana) and sweetgum (Liquidambar styraciflua), reduced height
growth in two clones of loblolly pine (Pinus taeda), and no effects on the other species
(Kress and Skelly, 1982). No effects of NO at 0.1 ppm or lower were observed on
numerous other species, including potato (Solanum tuberosum), black poplar (Populus
nigra), radish (Raphanus sativus), soybean, or peas (Pisum sativum) (U.S. EPA, 1993).
No effects of NO, were observed on soybeans grown in field plots subjected to a series of
10 episodic exposures averaging 0.4 ppm for 2.5 or 3 hours (Irving et al., 1982).
Numerous studies have reported negative effects on growth of a variety of plants exposed
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to 0.5 ppm NO- and above (U.S. EPA, 1993), but these concentrations are very high
relative to current ambient levels of NO- (see Appendix 2.6.1).

The 1993 Oxides of Nitrogen AQCD reviewed the extensive literature on the effects of
NO; in combination with other gaseous air pollutants, particularly SO, and Os, and
concluded that combinations of pollutants can cause foliar injury or decreases in
photosynthesis at concentrations lower than those associated with NO; acting alone.
However, the plant responses occur at concentrations much higher than typically found in
ambient air in the U.S. (U.S. EPA, 1993). In addition, the presence of NO; in studies
combining other gases did not produce symptoms different from those caused by the
dominant pollutant, either SO, or Os, such that a plant response produced by
combinations of NO, with other air pollutants in the field would be difficult, if not
impossible, to distinguish from those of the other single pollutants (U.S. EPA, 1993).

Since the 1993 Oxides of Nitrogen AQCD was completed, most new research on NO-
exposure to vegetation has taken place in Europe and other areas outside the U.S. For
example, foliar NOs reductase activity was increased in Norway spruce (Picea abies)
growing near a highway in Switzerland with average exposures of about 0.027 ppm
compared to trees growing 1,300 m away from the highway with NO; exposures less than
0.005 ppm (Ammann et al., 1995). This result was consistent with other studies on
Norway spruce in the field and laboratory (von Ballmoos et al., 1993; Thoene et al.,
1991). Muller et al. (1996) found that the uptake rate of NOs™ by roots of Norway spruce
seedlings was decreased by exposure to 0.1 ppm of NO> for 48 hours. Similarly, soybean
plants grown in Australia had decreased NO; uptake by roots and reduced growth of
plants exposed to 1.1 ppm of NO- for 7 days (Qiao and Murray, 1998). In a Swiss study,
poplar (Populus xeuramericana) cuttings exposed to 0.1 ppm of NO- for approximately
12 weeks resulted in decreased stomatal density and increased specific leaf weight, but
did not result in other effects such as leaf injury or a change in growth (Gunthardtgoerg et
al., 1996). However, NO. enhanced negative effects of ozone on poplars, including leaf
injury, when the pollutants were applied in combination (Glnthardtgoerg et al., 1996).

Since the 2008 ISA for Oxides of Nitrogen and Oxides of Sulfur-Ecological Criteria
[hereafter referred to as the 2008 ISA (U.S. EPA, 2008a)], very few studies have been
published on the direct effects of NO and NO; on vegetation. Hu et al. (2015b) exposed
clonal hybrid poplar (Populus alba x Populus berolinensis) saplings to 4 ppm of NO-.
The authors reported significant declines in photosynthesis and dark respiration with
exposures of 48 hours. They also reported stomatal dysfunction at this level of exposure
resulting in partial stomatal closure and a decline in stomatal conductance. However,

4 ppm of NO; is very high relative to current ambient levels of NO; in the U.S. (see
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Appendix 2.6.1). These results are consistent with past studies of plants with relatively
high NO; exposure.

As part of a broad study of N deposition of a native serpentine grassland in California,
Vallano et al. (2012) exposed five native grasses and forbs (Plantago erecta, Layia
gaillardioides, Lasthenia californica, Vulpia microstachys, and Cryptantha flaccida) and
the most common invasive grass Lolium multiflorum to NO; and soil N addition. The
plants were exposed in a growth chamber to very low levels of NO; (0.03 ppm) to
simulate recent ambient air concentrations for this ecosystem. At this relatively low NO;
exposure, no significant effects were found on shoot biomass, root biomass,
photosynthesis, or stomatal conductance. The authors reported that despite not finding
species responses to NO; exposure, the additive effects of NO, combined with soil N on
plant performance indicate that uptake of NO2 may play a role in species responses to
increasing N deposition. The authors found that the combined NO- and N addition
resulted in a strong positive growth and competitive response in the invasive Lolium. This
result is consistent with previous findings that low levels of NO- that are not phytotoxic

to plants can add to the N load to an ecosystem from uptake through leaves (Sparks,
2009).

In a study in the Grand Canyon National Park, AZ, Kenkel et al. (2016) found that NOx
concentrations measured by Ogawa passive samplers were about 52% higher along
roadsides than 30 m away from the road. The pattern of the amount of *N in pinyon pine
(Pinus edulis) mirrored the concentration gradient of NOx concentrations from the road,
indicating that the vegetation is taking up N from the vehicle traffic in the park. The
authors reported that sustained chronic N deposition on this arid environment could result
in deleterious effects for these ecosystems.

Peroxyacetyl nitrate (PAN) is a well-known photochemical oxidant that often co-occurs
with Oz during high photochemical episodes and that has been shown to cause injury to
vegetation (See reviews by, Cape, 2003; Kleindienst, 1994; Temple and Taylor, 1983).
Acute foliar injury symptoms resulting from exposure to PAN are generally characterized

as a glazing, bronzing, or silvering of the underside of the leaf surface; some sensitive
plant species include spinach, Swiss chard, lettuces, and tomatoes (Temple and Taylor,
1983). Petunias (Petunia hybrida) have also been characterized as sensitive to PAN
exposures and have been used as bioindicators in areas of Japan (Nouchi et al., 1984).
Controlled experiments have also shown significant negative effects on the net
photosynthesis and growth of petunias and kidney beans (Phaseolus vulgaris) after
exposure of 30 ppb of PAN for 4 hours on each of 3 alternate days (Cape, 2003; Izuta et
al., 1993). As mentioned previously, it is known that oxides of N, including PAN, could
be altering the N cycle in some ecosystems, especially in the western U.S., and
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contributing to N saturation (Fenn et al., 2003a; Bytnerowicz and Fenn, 1996). Although
PAN continues to persist as an important component of photochemical pollutant
episodes, there is little evidence in recent years to suggest that PAN poses a significant
risk to vegetation in the U.S.

3.4.

June 2018

Direct Phytotoxic Effects of Nitric Acid

Relatively little is known about the direct effects of HNO3 vapor on vegetation. Recent
information on HNO; concentrations are given in Appendix 2.6.3 The deposition velocity
of HNO;s is very high compared to other pollutants (see Table 2-2) and HNOs; may be an
important source of N for plants (Hanson and Garten, 1992; Hanson and Lindberg, 1991;
Vose and Swank, 1990). This deposition could contribute to N saturation of some
ecosystems close to sources of photochemical smog (Fenn et al., 1998). For example, in
mixed conifer forests of the Los Angeles basin mountain ranges, HNOj3 has been
estimated to provide 60% of all dry deposited N (Bytnerowicz et al., 1998). Since the
2008 ISA, a controlled exposure study (Padgett et al., 2009a) reported that 10 to 60% of
the HNOs retained by foliage was incorporated into the biologically active N pool. The
remainder of the HNO3; was bound to foliar surfaces. This new study provides further
evidence for HNOs as a contributor of biologically available N to southern California
forests.

Norby et al. (1989) reported that exposure of 75 ppb of HNOs for 1 day increased nitrate
reductase activity in red spruce (Picea rubens) foliage. In another study, foliar nitrate
reductase activity was also increased in California black oak (Quercus kelloggi), canyon
live oak (Quercus chrysolepis), and ponderosa pine (Pinus ponderosa) seedlings with
exposure to 65 to 80 ppb of HNOs for 24 hours (Krywult and Bytnerowicz, 1997).
Because the induction of nitrate reductase activity is a step in a process leading to the
formation of organic N compounds (amino acids), the nitrate from HNO;3 could function
as an alternative source of N for vegetation (Calanni et al., 1999). However, in plants
under stress, the reduction of nitrate to amino acids consumes energy needed for other
metabolic processes.

At high ambient concentrations, HNO; can cause vegetation damage. Seedlings of
ponderosa pine and California black oak subjected to short-term exposures from
50—250 ppb of HNO; vapor for 12 hours showed deterioration of pine needle cuticle at
50 ppb in light (Bytnerowicz et al., 1998). Oak leaves, however, appeared to be more
resistant to HNOs vapor, with 12-hour exposures in the dark at 200 ppb producing
damage to the epicuticular wax structure (Bytnerowicz et al., 1998). The observed
changes in wax chemistry caused by HNO3; and accompanying injury to the leaf cuticle
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(Bytnerowicz et al., 1998) may predispose plants to various environmental stresses such
as drought, pathogens, and other air pollutants. Because elevated concentrations of HNOs
and ozone co-occur in photochemical smog (Solomon et al., 1988), synergistic
interactions between the two pollutants are possible (Bytnerowicz et al., 1998). Note,
however, that the experiments described above were observed at relatively short-term
exposures at above ambient concentrations of HNOs. Studies of long-term effects of
lower air concentrations that more closely approximate ambient HNOs are needed.

Since the 2008 ISA, Padgett et al. (2009b) investigated dry deposition of HNOs on the
foliage of ponderosa pine, white fir (Abies concolor), California black oak, and canyon
live oak in southern California. Using a chamber system within a greenhouse, leaves and
needles were exposed to control (0 pg/m* HNO3), moderate (30 to 60 pg/m? peak HNO3),
and high (95 to 160 pg/m? peak HNO3) concentrations. The high concentrations
represented a high ambient concentration that occurs periodically in California. The
experimental exposures resulted in a suite of damage symptoms that intensified with
increasing exposure. The exposures caused substantial perturbations to the epicuticular
surfaces of foliage of all four tree species studied. The damage caused by dry deposition
may leave foliage more vulnerable to other copollutants such as ozone.

It has been suspected that HNO3; may have caused a dramatic decline in lichen species in
the Los Angeles basin (Nash and Sigal, 1999). The suggestion was strengthened by
transplant of Ramalina lichen species from clean air habitats (Mount Palomar and San
Nicolas Island) to analogous polluted habitats in the Los Angeles basin and observing
death of the lichens over a few weeks in the summer (Boonpragob and Nash, 1991).
Associated with this death was a massive accumulation of H* and NOs™ in the lichen
thalli (Boonpragob et al., 1989). Riddell et al. (2008) exposed healthy R. menziesii thalli
to moderate (8—10 ppb) and high (10-14 ppb) HNOs in month-long fumigations and
reported a significant decline in chlorophyll content and carbon exchange capacity
compared to thalli in control chambers. Thalli treated with HNOj3; showed visual signs of
bleaching and by Day 28 were clearly damaged and dead. The damage may have
occurred through several mechanisms, including acidification of pigments and cell
membrane damage (Riddell et al., 2008). The authors concluded that R. menziesii has an
unequivocally negative response to HNO; concentrations common to ambient summer
conditions in the Los Angeles air basin. They believed it was very likely that HNO3
contributed to the disappearance of this sensitive lichen species from the Los Angeles air
basin, as well as other locations with arid conditions with high HNO; deposition loads
(Riddell et al., 2008).

Since the 2008 ISA, there have been more studies published on HNO; effects on lichen in
the Los Angeles basin. Riddell et al. (2012) studied six lichen species with differing
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morphology and physiology that were collected near the Los Angeles basin. All were
found to be sensitive to HNO; exposures (daily peak levels near 50 ppb) in controlled
chambers. Measurements of effects included decreased chlorophyll content and
chlorophyll fluorescence, decreased photosynthesis and respiration, and increased
electrolyte leakage. The species showed differential sensitivity to the HNO3; exposures
(Riddell et al., 2012). In the same study, lichens were not reported to be sensitive to
ozone exposure. This study adds to evidence that the main agent of decline of lichen in
the Los Angeles basin is HNOs exposure.

In another study, Riddell et al. (2011) resampled 18 plots from a 1976—1977 study in the
Los Angeles basin. The 1976—1977 study (Sigal and Nash, 1983) had documented an air
pollution-related 50% decline of lichens described and collected in the same region in the
early 1900s (Hasse, 1913). In the 2008 resampling, Riddell et al. (2011) found
community shifts, declines in the most pollutant-sensitive lichen species, and increases in
abundance of nitrogen-tolerant lichen species compared to 1976—1977. The authors also
reported that these lichen communities have not recovered from the damaged state of the
late 1970s, and the 2008 survey data suggest that lichen communities are further
degrading. This recent observational field study further supports the evidence air
pollutants such as HNOs; may be causing declines in lichens in the Los Angeles basin.

3.5.

3.5.1.

June 2018

Summary

Sulfur Dioxide

The current secondary standard for SO is a 3-hour average of 0.50 ppm, which is
designed to protect against acute foliar injury in vegetation. There has been limited
research on acute foliar injury since the 1982 PM-SOx AQCD, and there is no clear
evidence of acute foliar injury below the level of the current standard. The limited
research since 2008 adds more evidence on acute effects of SO, on vegetation, but does
not change conclusions from the 2008 ISA on the levels producing the effects.

Effects on growth and yield of vegetation are associated with increased SO exposure
concentration and time of exposure. The 1982 PM-SOx AQCD concluded that more
definitive concentration-response studies were needed before useable exposure metrics
could be identified. Very few studies have been reported on the effects of SO, on growth
of U.S. vegetation since the 1982 PM-SOx AQCD. Recent studies from eastern Europe
indicate recovery of tree growth correlated to falling SO concentrations since the 1980s.
Elling et al. (2009) reported that annual SO, concentrations of 4 ppb appeared to reduce
silver fir (Abies alba) growth. There may be similar effects of SO, emissions on trees in
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West Virginia (Thomas et al., 2013), but more research is needed to further investigate
the mechanisms of the apparent recovery of tree growth to link this phenomenon with
declines in ambient SO, that have occurred since the 1980s.

Limited new evidence from 2008 to the present continue to support the causal findings of
the 2008 ISA. As a whole, the body of evidence is sufficient to infer a causal
relationship between gas-phase SO and injury to vegetation.

3.5.2.

Nitrogen Oxide, Nitrogen Dioxide, and Peroxyacetyl Nitrate

It is well known that in sufficient concentrations, NO, NO,, and PAN can have
phytotoxic effects on plants through decreasing photosynthesis and induction of visible
foliar injury (U.S. EPA, 1993). However, the 1993 Oxides of Nitrogen AQCD concluded
that concentrations of NO, NO-, and PAN in the atmosphere are rarely high enough to
have phytotoxic effects on vegetation (U.S. EPA, 1993). Since the 1993 Oxides of
Nitrogen AQCD, very little new research has been performed on these phytotoxic effects
at concentrations currently observed in the U.S.

Since the 2008 ISA (U.S. EPA, 2008a), very few studies have been published on the
direct effects of NO, NO, and PAN on vegetation; thus, the body of evidence is
sufficient to infer a causal relationship between gas-phase NO, NO2, and PAN and
injury to vegetation.

3.5.3.

June 2018

Nitric Acid

The 2008 ISA reported experimental exposure of HNOs resulted in damage to the leaf
cuticle of pine and oak seedlings, which could predispose those plants to other stressors
such as drought, pathogens, and other air pollutants (U.S. EPA, 2008a). Since the 2008
ISA, Padgett et al. (2009b) investigated dry deposition of HNOj3 on the foliage, with
findings that supported the earlier research. The 2008 ISA also reported several lines of
evidence in lichen studies, including transplant and controlled exposure studies,
indicating that past and current HNOj3 concentrations contributed to the decline in lichen
species in the Los Angeles basin (U.S. EPA, 2008a). Since the 2008 ISA, there have been
more exposure and field survey studies published on the effects of HNOs on lichen in the
Los Angeles basin (Riddell et al., 2012; Riddell et al., 2011). These new studies continue
to support the causal findings of the 2008 ISA. As a whole, the body of evidence is
sufficient to infer a causal relationship between gas-phase HNO3 and changes to
vegetation.
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APPENDIX 4. SOIL BIOGEOCHEMISTRY

This appendix characterizes how nitrogen (N) and sulfur (S) deposition contribute to total
loading of N and S in the soils of nonagricultural terrestrial ecosystems (Appendix 4.2)
and how this loading causes soil acidification and eutrophication by altering soil chemical
pools and processes (Appendix 4.3). Additional topics are discussed, including soil
monitoring and databases (Appendix 4.4), soil biogeochemistry models (Appendix 4.5),
national-scale soil sensitivity to N and S deposition (Appendix 4.6), climate modification
of soil response to N (Appendix 4.7), and a summary (Appendix 4.8). The effects of
altered soil biogeochemistry on terrestrial biota due to soil acidification and
eutrophication are discussed in Appendix 5 and Appendix 6, respectively. Soil
biogeochemistry that has been altered by N may also be linked to aquatic
biogeochemistry, which is discussed in Appendix 7.

4.1.

June 2018

Introduction

The 2008 ISA for Oxides of Nitrogen and Oxides of Sulfur—Ecological Criteria
(hereafter referred to as the 2008 ISA) documented that the main effects of N and S
deposition on terrestrial soils were N enrichment and acidification. Since the 2008 ISA,
there is new evidence on how deposition contributes to total N and S loading in terrestrial
ecosystems, as well as the effects of deposition on soil chemical pools and processes.
This evidence is from addition, gradient, and time-series studies. Many of the new studies
focus on the effects of N deposition, with relatively little work focusing on S deposition.
There are improved models to evaluate ecosystem responses to deposition, most of which
are applicable at watershed scales. Some may be applied regionally. Soil N enrichment
and soil acidification occur in sensitive ecosystems across the U.S. at recent levels of
deposition. Decreasing emissions of S have led to early signs of recovery from soil
acidification in some northeastern watersheds; however, areas in the Southeast do not
show any appreciable recovery of soils. There are no signs of recovery of N enrichment
effects in soils. Critical loads (CL) determinations for soils have been made at the
ecoregion scale for NO3~ leaching and some soil acidification indicators. The body of
evidence is sufficient to infer a causal relationship between N and S deposition and
alteration of soil biogeochemistry in terrestrial ecosystems, which is consistent with
the conclusions of the 2008 ISA.
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4.2.

June 2018

Nitrogen and Sulfur Sources to Soil

The 2008 ISA documented that atmospheric deposition is the main source of
anthropogenic N to nonagricultural and nonurban terrestrial ecosystems and headwater
streams. In 2008 it was well known that the global pool of reactive N (N;) had increased
over the previous century, largely due to three main causes: (1) widespread cultivation of
legumes, rice, and other crops that support bacteria capable of converting diatomic
nitrogen gas (N.) to organic N through biological N fixation; (2) fossil fuel combustion
converting atmospheric N2 and fossil N to total oxidized N (NOy); and (3) the
Haber-Bosch process, which converts nonreactive N» to N, for N fertilizer production and
some industrial activities (Galloway et al., 2003; Galloway and Cowling, 2002). Food
production was known to account for much of the conversion of N» to N,. N was shown
to be geographically redistributed through food shipment to meet human needs and often
returned to the environment via wastewater. N, was known to accumulate in the
environment on local, regional, and global scales (Galloway et al., 2003; Galloway and
Cowling, 2002; Galloway, 1998) in the atmosphere, soil, and water (Galloway and
Cowling, 2002), with a multitude of effects on humans and ecosystems (Townsend et al.,
2003; Rabalais, 2002; van Egmond et al., 2002; Galloway, 1998). The term the “N
cascade” was coined to refer to the sequence of transfers, transformations, and
environmental effects (Galloway et al., 2003; Galloway and Cowling, 2002).

Since 2008, a number of estimates have been made of the relative contribution of sulfate,
oxidized N, and reduced N from atmospheric deposition. The most recent estimates are
summarized in Appendix 2. Maps showing the geographic distribution of deposition are
presented for total acidifying (N + S) deposition (Figure 2-12), total N deposition
(Figure 2-13), and total S deposition (Figure 2-31). Maps depicting how the relative
contribution of oxidized and reduced N species varies across the U.S. are presented in

Figure 2-14.

Several new studies have been published since the 2008 ISA on the source of N inputs to
ecosystems; however, no new studies on S sources to ecosystems have been identified.
Sobota et al. (2013) quantified sources and fluxes of reactive N inputs to U.S. lands and
waterways and found human-mediated N inputs are spatially heterogeneous across the
country, ranging up to 34.6-fold the background N input across all of the 8-digit
hydrologic unit codes (HUC-8s). Across the contiguous U.S. (CONUS), synthetic N
fertilizer and atmospheric N deposition are the largest and second-largest overall
human-mediated N inputs to ecosystems, and the single largest sources in 41 and 33% of
HUC-8s, respectively (Figure 4-1 and Figure 4-2).
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‘ \ 8-digit USGS Hydrologic I nit Codes

USGS = U.S. Geologic Survey; HUC-8 = 8-digit hydrologic unit code; N = nitrogen; BNF = biological nitrogen fixation.
Source: map presented in Sobota et al. (2013).

Figure 4-1 Dominant sources of nitrogen across the U.S. at 8-digit
hydrologic unit codes.

Atmospheric N deposition, circa 2000

Proportion of total N input ) .
. 0 500 1,000 km
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N = nitrogen.
Source: modified from data presented in Sobota et al. (2013).

Figure 4-2 Percentage of nitrogen input from nitrogen deposition at 8-digit

hydrologic unit codes.
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At the global scale, (Fowler et al., 2013) estimated the relative contributions of five
sources of N that contribute to emissions and deposition, all of which are predicted to

change through the end of this century. Two new studies, both in the western U.S., have
confirmed that N from the weathering of sedimentary and metasedimentary rock can be a
source of N to some ecosystems (Montross et al., 2013; Morford et al., 2011), although
Sobota et al. (2013) suggest that anthropogenic sources of N are more significant at the
landscape scale.

4.3.

June 2018

Soil Pools and Processes

Eutrophication and acidification are two biogeochemical processes that can occur in
response to the inputs of N and S deposition. These processes can alter the
biogeochemistry in terrestrial ecosystems and they may occur either in sequence or
simultaneously in a given geographic area. N driven eutrophication is typically indicated
by N accumulation (e.g., increased soil N concentrations or decreased C:N ratios). These
indicators of N accumulation are directly linked to biological effects in the soil, including
changes in microbial-mediated decomposition and nitrification. N added to terrestrial
ecosystems can also be lost through leaching from the soil, typically as nitrate (NO3"), or
through emissions to the atmosphere, primarily via denitrification (Galloway et al., 2003;

Galloway and Cowling, 2002). Denitrification is a microbial process that reduces NOs™ to

either unreactive N gas, nitrogen oxide (NO), or the potent greenhouse gas nitrous oxide
(N20). S addition to an ecosystem typically causes S accumulation and variable amounts
of leaching from the soil, which in turn leads to acidification because demand for S as a
nutrient is low compared to human-caused soil stores of organic and inorganic S.

Soil acidification results from the accumulation of hydrogen ions (H*). This occurs
naturally through the production of carbonic acid and organic acids, as well as through
plant cation uptake (Charles and Christie, 1991; Turner et al., 1991). The rate of soil
acidification can increase as a result of soil acidification caused by the deposition of the
inorganic acids HNO3 and H.SOs. In addition, NHx deposition contributes to soil
acidification by stimulating nitrifying bacteria that derive energy by oxidizing the NH,*
to NOs™. A byproduct of nitrification is the production of an H* ion, but whether there is a
net effect on soil acidity depends upon the fate of the NOs™. If the NO;™ is leached with a
base cation, then the H* is left behind and the soil become more acidic. If, however, the
NO;™ is denitrified, then the H* from nitrification is neutralized by OH™ generated by
denitrification. Likewise, if NO3™ is taken up by a plant root, the root will exude an OH~
in exchange.
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Decreases in soil pH attributable to acid deposition have been documented throughout the
U.S. (Sullivan et al., 2006b; Bailey et al., 2005; Johnson et al., 1994b; Johnson et al.,
1994a). Inorganic and organic acids can be neutralized by soil weathering or base cation
exchange, in addition to denification. However, because soils vary in their capacity to

neutralize incoming acidity, the effects of acidification have been heterogeneous across
the U.S. In addition, pollutant loadings vary across the U.S. The primary chemical effects
of acidification in soils that have biological effects include the loss of important base
cation nutrients such as Ca and Mg, as well as the mobilization of aluminum (Al) cations,
several of which are toxic to many organisms. The quantities of precipitation and runoff
are important determinant of base cation leaching and acidification. (Van Breemen et al.,
1984). The loss of base cations through leaching, decrease in base saturation, and
decreased in soil solution Ca:Al ratio all serve as indicators of soil acidification.

Studies published since the 2008 ISA augment our knowledge of previously identified
effects of N addition on soils. The following sections document the empirical evidence of
N effects on multiple pools, processes, and indicators associated with the general effects
of N enrichment and eutrophication (Table 4-1). These sections summarize the empirical
effects of N and S addition on soil biogeochemistry, often based on results of from
addition or gradient studies. The publications summarized here present information on
multiple processes and indicators; therefore individual papers are often discussed in more
than one section.
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Table 4-1

Summary of key soil geochemical processes and indicators

associated with eutrophication and acidification.

N-Driven Nutrient

Section of ISA that Discusses

Endpoint Enrichment Acidification Each Endpoint
PROCESS
N saturation X X 4.3.2
Soil N accumulation X X 4.3.2
NOs™ leaching X X 4.3.2
S accumulation and adsorption X 4.3.3
S04?"leaching X 4.3.3
Base cation release/depletion X 4.3.4
Al mobilization X 4.3.5
Nitrification X X 4.3.6
Denitrification X 4.3.6
Decomposition/mineralization X X 4.3.7 and 4.3.8
DOC leaching X X 439
INDICATOR
Soail [N] X X 4.3.2
Soil C:N ratio X X 4.3.6 and 4.3.7
Soil base saturation X 4.3.4
Soil Bc:Al ratio X 4.3.5
Fungi:bacteria ratio X 4.3.11

Al = aluminum; Bc = base cation; C = carbon; DOC = dissolved organic carbon; ISA = Integrated Science Assessment;
N = nitrogen; NO;™ = nitrate; S = sulfur; SO, = sulfate.

4.3.1.

Nitrogen Pathways and Pools

The 2008 ISA documented that N is stored primarily in the soil in forest ecosystems, and
soil N often exceeds 85% of the total ecosystem N (Cole and Rapp, 1981; Bormann et al.,
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1977). Experimental **N addition studies showed that trees typically take up only a small
fraction of added **N; most is retained in the soil N pool (Providoli et al., 2005; Templer
et al., 2005; Nadelhoffer et al., 1999a; Tietema et al., 1998). However, these experiments
were criticized for applying *°N directly to the soil surface, thereby precluding direct
canopy uptake of N from wet or dry deposition and limiting inference for N deposition
effects (Sievering et al., 2000; Sievering, 1999). Forest canopies take up an average of
16% of total atmospheric N input (Lovett, 1992), but this uptake could be considerably
higher (up to 90%) in some N limited forests with large epiphyte loads (Klopatek et al.,
2006). It is unclear how much of the N from deposition retained by vegetation was used
in photosynthetic enzymes and would thus contribute to increased productivity (Bauer et
al., 2004).

Most soil N is contained in organic matter, typically bound in organo-mineral complexes
or large-molecular-weight organic compounds (Schmidt et al., 2011; Schimel and
Bennett, 2004) These pools of N are not directly available for uptake by plants or
microbes, and the relative immobility of these compounds means they contribute little to
the leaching loss of N into ground or surface waters. To enter the actively cycling portion
of the ecosystem N pool, recalcitrant organic N must be converted into inorganic forms
(e.g., NOs~, NH4*) or small-molecular-weight organic compounds (e.g., amino acids,
amino sugars), typically through the activity of extracellular enzymes produced by soil
microorganisms. The size of this N pool often controls net primary productivity (NPP;
see Appendix 6), but plants compete with microorganisms for available N.

Since 2008 there is new research using *°N to trace pathways and pools in ecosystems
(Table 4-2), including a new paper confirming the previous conclusion that ecosystem N
is primarily stored in forest mineral soil (Perakis et al., 2011). There is also new evidence
that litter is the largest sink for added N in grasslands, shrublands, and wetlands (Templer
etal., 2012).

New studies have also been conducted tracing pathways of N in ecosystems through time.
In Swiss grasslands, N addition increased ecosystem N storage in plant biomass, both in
living plant biomass as well as litter, but did not affect soil N (Bassin et al., 2015). In a
temperate forest ecosystem in Switzerland, application of N tracer in a solution to
simulate wet deposition showed increased dissolved organic N and enrichment of soil
microbes and plant roots within the first day. When plots were resampled a year later,
litter and soil pools, particularly soil organic matter, were enriched with the N tracer
(Morier et al., 2008). These results confirm that deposited N is incorporated rapidly into
ecosystem pools and is stored primarily in litter and recalcitrant organic matter in the soil.
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Table 4-2

Pathways and pools.

Type of Deposition Addition Reference
Process/Indicator Ecosystem Region (kg/halyr) (kg/halyr) Effect of Deposition HERO ID
Mineralization Semiarid Southern Upto 35-45 Two N fertilizer additions resulted in faster gross N cycling Sirulnik et al.
California for N applications rates. Greater net release or greater net (2007b)
per yr of immobilization of N was observed at different
30 kg N sampling times and likely related to seasonality of C
availability.
N pools Temperate Swiss Prealps 16 The litter layer retained approximately 19-28% of the Morier et al.

hardwood forest

15N tracer after 1 day. The authors concluded that the (2008)
processes relevant for the fate of atmospherically

deposited N take place rapidly and that N recycling

within the microbe-plant-soil organic matter system

prevents further losses in the long term.

N turnover times Semiarid Not specified Not specified 5 as NH4sNO3z Model for N cycling was developed using Dijkstra (2009)
grassland observations of 1°N. The temporal dynamics of >N
fractions (labeled-N fractions) in plant and microbial
biomass are closely tied to the turnover time of these
N pools
N pathway Spruce plantation Hoglwald, 45 After two to three decades of high loads of N Kreutzer et al.
Bavaria, deposition, a new equilibrium was reached, (2009)
Germany characterized by substantial losses of N to the
groundwater (approximately 20 kg NOs™) and to the
atmosphere (16 kg N in form of N2O, NO, and Nz2).
Ecosystem N retention is dominated by microbial
immobilization, which was about a factor of three
higher than plant N uptake.

N pathway Simulated Michigan, Great 7 to 12 30 Tracing >NOs™ revealed that N accumulated in soil Zak et al.
northern Lakes region organic matter by first flowing through soil (2008)
hardwood forest microorganisms and plants, and that the shedding of

15N-labeled leaf litter enriched soil organic matter.
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Table 4-2 (Continued): Pathways and pools.

Type of Deposition Addition Reference
Process/Indicator Ecosystem Region (kg/halyr) (kg/halyr) Effect of Deposition HERO ID
N pools Temperate forest Oregon coast 2.0 None Mineral soil accounted for 96-98% of total ecosystem Perakis et al.
range N. Soil water °NOs™ patterns suggested a shift in (2011)
relative N losses from denitrification to NOs™ leaching
as N accumulated, and simulations identified NOs~
leaching as the primary N loss pathway that
constrains maximum N accumulation.
N pools Soil 15N Global Varied Varied A meta-analysis of studies at 48 sites across four Templer et al.
across across continents shows the largest sinks for 1°N tracers (2012)
48 studies 48 studies among ecosystem types were organic soil in forests
(35.5%, n = 31) and foliage in tundra (12.1%, n = 3).
Litter was the largest sink in grasslands (25.5%,
n = 9), shrublands (33.8%, n = 6), and wetlands
(34.1%, n = 2).

N pools Common garden  Denmark 13 to 19 for Tree species influenced N cycling and °N patterns Callesen et al.
experiment, five broadleaf through multiple species-specific traits. The type of (2013)
broadleaved tree forest mycorrhiza association, light regime, and ground
species 18 to 26 for vegetation differed between ash and sycamore and

Norway beech, lime, oak, and Norway spruce.
Spruce

Pools and pathway  Subalpine Alp Flix, ahigh 4 0, 5, 10, 25, Plant N pools increased by 30-40% after N addition, Bassin et al.

N uptake (seminatural) plateau near Sur, and 50 as while soil pools remained unaffected. (2015)
pasture Grosons, NH4NO3

Switzerland
N cycling All Global Not specified None Synthesis of recent literature that did not include new Niu et al.
guantitative analysis. (2016)
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Table 4-2 (Continued): Pathways and pools.

Type of Deposition Addition Reference
Process/Indicator Ecosystem Region (kg/halyr) (kg/halyr) Effect of Deposition HERO ID
Throughfall Quercus ilex Not specified None Rainfall and net NH4* throughfall were negatively Aquillaume et
NHa", forests ranging correlated at all sites. Rainfall and net NOs™-N al. (2017
_ . from throughfall correlation varied between negative and
NOs", and SO« Mediterranean positive. Rainfall and net SO4?~ throughfall were
Base cations climate to a drier, positively correlated at wet sites and negatively
Dry N deposition more seasonal correlated at the drier site.
climate

15N = Nitrogen-15; N = nitrogen; NO = nitric oxide; N,O = nitrous oxide; NO, = nitrogen dioxide; NO;™ = nitrate; ®NO3~ = Nitrogen-15-labeled nitrate; NHs;NO3z; = ammonium nitrate;
yr = year.
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Nitrogen Accumulation, Saturation, and Leaching

In the 2008 ISA, a documented indicator of terrestrial N driven eutrophication was the
accumulation of N in soil. Atmospherically deposited N can accumulate in soil as
inorganic N or by incorporating N into organic matter. The ability of atmospheric N
pollution to cause an accumulation of N in soil is indicated by a positive correlation
between the atmospheric deposition rate and total N concentration in the Oa horizon
observed at sites in New York, Vermont, New Hampshire, and Maine (Driscoll et al.
2001b). Accumulation of soil N as a result of N deposition has been either documented or
suggested to occur across large areas of the U.S. (Aber et al., 2003) including semiarid
ecosystems (Padgett et al., 1999). There is also evidence for soil N accumulation from
mass-balance studies of experimental N additions (Campbell et al., 2004b). Further
evidence that atmospheric deposition increased the availability of N in soil is provided by
the strong negative correlation between atmospheric N deposition and the decreasing C:N
ratio of the Oa soil horizon across the northeastern U.S. (Aber et al., 2003). Soil N
accumulation is linked to increased N leaching.

New studies (Table 4-3) confirm that, across terrestrial ecosystem types, N addition
increases soil N concentrations. In semiarid shrublands in southern California, VVourlitis
and Fernandez (2012) observed that N additions increased soil N. Lu et al. (2011a)
conducted a meta-analysis of N cycle responses to N additions using data from

206 peer-reviewed studies. They observed mean increases in N leaching, soil inorganic
N, soil total N pool, as well as increases in the litter N, organic horizon N, and mineral
soil N; the only pool that decreased was microbial N (Figure 4-3).

Thresholds of N deposition associated with the onset of elevated NOs™ leaching have
been previously identified. Atmospheric deposition of 8 to 10 kg N/ha/yr resulted in the
onset of NO;™ leaching to surface waters throughout the eastern U.S. Slightly lower N
deposition levels (5—10 kg N/ha/yr) led to NO3™ leaching in the Rocky Mountains, and
this was attributable to colder temperatures, shorter growing season, slow soil
development, extensive exposed bedrock, and rapid melting of large snowpacks
(Williams and Tonnessen, 2000; Williams et al., 1996¢; Baron et al., 1994). Lastly,
deposition loads of 17 kg N/ha/yr led to the onset of NOs™ leaching in the Sierra Nevada
and San Bernardino mountains (Fenn et al., 2008).
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Figure 4-3
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A conceptual framework for the responses of the ecosystem
nitrogen (N) cycle to nitrogen (N) addition.

The 2008 ISA documented that N saturation occurred when the input of N to the
terrestrial ecosystem exceeded the uptake capacity of the soils and biota, causing a large
fraction of the incoming N to leach from soils to surface waters (Stoddard, 1994; Aber et
al., 1989). N saturation had been observed or suggested to occur across large areas of the
U.S. (Adams et al., 2000; Aber et al., 1998; Adams et al., 1997; Peterjohn et al., 1996;
Cook et al., 1994; Edwards and Helvey, 1991; Aber et al., 1989).

New evidence (Table 4-3) from an N tracer study confirms that N retention varies across
ecosystem types and is highest in shrublands (89.5%) and wetlands (84.8%), followed by
forests (74.9%), and grasslands [51.8%; (Templer et al., 2012)]. Other significant factors
affecting long-term N recovery (a proxy for N retention in N tracer studies) were

mycorrhizal association (ericoid > ecto > arbuscular), plant growth form, and site history
(less retention on former agricultural sites). The influence of biotic processes on N
retention is evident at smaller scales. Among nine forested sites along an urban-to-rural
landscape gradient in the Boston, MA area, throughfall inorganic N deposition increased
with proximity to the urban core, with inorganic N deposition rates positively correlated
with rates of soil inorganic N leaching across the sites (Rao et al., 2014). Measurements
of 8'°N and 50 in soil NOs~ leachate indicated no clear relationship between microbial
nitrification and proximity to the urban core—evidence that factors other than N
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availability influenced N processing. Overall, it is clear from recent research that N
retention is strongly influenced by biotic factors (e.g., mycorrhizae, plant growth form)
and environmental conditions (e.g., precipitation).

Leaching of N tends to increase with increasing N addition. Where *°N tracer studies
were conducted as part of N addition experiments, the N additions decreased **N
retention. In N studies with multiple N addition treatments, a negative correlation
between retention and the rate of N additions was observed (Templer et al., 2012). In
Europe, Dise et al. (2009) documented approximately 95% of forests receiving less than
8 kg N/ha/yr still had leaching, typically less than 1 kg N/ha/yr. Additional work on
monitoring data in Sweden by Khalili et al. (2010) showed a clear sudden increase in
NOs™ leaching in regions where N deposition exceeded 7.5 kg/ha/yr (Appendix 4.4). In
the U.S. there are new studies modeling N leaching in eastern U.S. forests (Fakhraei et
al., 2016; Phelan et al., 2016).

N leaching is an indicator of ecosystem N saturation. New studies (Table 4-3) suggest the
N saturation concept (Aber et al., 1998) may need revision in response to observations of
N cycling in temperate forests (Lovett and Goodale, 2011) and chaparral (Homyak et al.,
2014). Lovett and Goodale (2011) proposed a new model of N saturation that
distinguished capacity N saturation, in which the vegetation and soil sinks for N have
been filled, from kinetic N saturation, in which the plant and soil sinks are accumulating
N, but the rate of N accumulation is slower than the N input rate. One implication of this
new model is that NOs™ leaching can occur even if the ecosystem N retention capacity
has not yet been saturated, as is observed at many sites (e.g., Homyak et al., 2014;
Talhelm et al., 2012; Lovett and Goodale, 2011). New information confirms the
applicability of the capacity N saturation concept in northwest forests (Perakis and
Sinkhorn, 2011), although the new idea of kinetic N saturation is particularly useful in
describing N cycling processes in California chaparral (Homyak et al., 2014). At
chaparral sites, N added during the dry season is lost from the ecosystem, while N added
during the growing season is retained in plant biomass (Vourlitis and Pasquini, 2009;
Grulke et al., 2005). In these systems, water scarcity limits plant productivity, microbial
C availability, and denitrification, all of which cause NO;™ to be flushed from surface
soils during large precipitation events (Menon et al., 2010). Large leaching losses of N in
arid ecosystems—where N demand is not indicated by biota—are evidence for kinetic
saturation.

New research highlights the importance of deposition of N from mobile sources along
roadsides (Bettez et al., 2013). The higher deposition along roadsides in Cape Cod, MA
was associated with a two to four-fold greater rate of nitrate leaching from the soils.
Approximately 15% less N from deposition was retained 10 m from the road than sites
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more distant removed from the road. N deposition contribution to N in the watershed may
be underestimated by 13—25% when roadside deposition and the associated leaching are
not included.

New research highlights the role of the microbial community in N saturation. Kopadek et
al. (2013) developed a conceptual model in which N saturation is associated with shifts in
the microbial community, namely a decrease in the fungi-to-bacteria ratio, and a
transition from N to C limitation. In N enriched systems, three mechanisms could lead to
lower amounts of bioavailable dissolved organic C (DOC) for the microbial community
and to C limitation: (1) lower plant allocation of nutrients to roots in response to
increased nutrient availability, leading to a decrease in plant exudates; (2) chemical
suppression of DOC solubility by soil acidification; and (3) enhanced bacterial
mineralization of DOC due to increased abundance of electron acceptors in the form of
NO;™ in anoxic soil. In support of this model, recent studies indicate that N retention in
semiarid shrublands is driven more by spatial and temporal variations in labile C
availability than exceedance of N storage capacity (\VVourlitis and Fernandez, 2015).
Furthermore, Hogberg et al. (2013) found that forest soils with low concentrations of
NO;™ and Al had a higher fungi:bacteria ratio compared with stands having with higher

concentrations of NOs and Al (negative correlation, r = —0.857). Fungi:bacteria ratio, and
a second indicator, stem growth, explained 70% of the variation in N and Al leaching
(see broader discussion of N effects on microbial community composition in

Appendix 6).

Hogberg et al. (2013) proposed a hypothetical model to account for the effects of N
supply on plant N uptake and belowground C allocation, microbial production of

inorganic N, and N leaching (Figure 4-4). Shifts in N mineralization, nitrification, and
leaching from forests might occur in response to N loading as a result of decreasing tree
allocation of C to belowground roots, and ultimately, to ectomycorrhizal fungi and other
C limited soil microbes. When N supply increases, ectomycorrhizal fungi and other
rhizosphere microbes become progressively more C limited, and their abundance and
activity decline. Microbial assimilation of N diminishes, and N mineralization increases,
whereas the fungi:bacteria ratio decreases. Increasing NH4* levels and decreasing organic
C supply stimulate leaching, and denitrification. Increasing N loading can alter plant C
allocation, causing shifts in microbial activity and community composition that in turn
increase NOs™ leaching from the ecosystem (Figure 4-4).
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N supply to plants and microbes
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itrification
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C = carbon; N = nitrogen.

Thick arrows indicate an increasing rate whereas thin arrows mean decreasing rate. Nitrogen supply increases are indicated by
black arrows.

Source: Hogberg et al. (2013).

Figure 4-4 A hypothetical model to account for the effects of nitrogen supply
on plant nitrogen uptake and belowground carbon allocation,
microbial production of inorganic nitrogen, and nitrogen leaching.
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Table 4-3

Nitrogen accumulation, saturation, and leaching.

Type of Deposition Addition Reference
Process/Indicator Ecosystem Region (kg/halyr) (kg/halyr) Effect of Deposition HERO ID
N leaching Forest 248 sites (plot and Varied Not reported  Gradient: The most consistent indicators of N Dise et al.
catchment scale) leaching were throughfall N deposition, organic (2009)
from 15 countries in horizon C:N ratio, and mean annual temperature.
Europe Sites receiving low levels of N deposition
(8 kg N/ha/yr) showed very low output fluxes of N.
In general, the models successfully predicted N
leaching (mean of + 5 kg N/ha/yr between
observed and predicted) from forests at early to
intermediate stages of N saturation but not from N
saturated sites.
N accumulation Mesic desert Spanish Spring Not specified None Field Experiment: Concluded that vadose soil Menon et al.
N leaching Valley, NV resources (water and organic C) are rare. Unused (2010)
NOs™ from low biological demand is transported
and accumulated in the deeper vadose zone with
occasional deep leaching events.
N saturation Oak forest Southeastern New 9 100 NHsNOz Conceptual Model: New N saturation model Lovett and
York State (1996-1999) based on an N addition study of an oak forestin ~ Goodale (2011)
50 NHaNOs southeastern New York State.
(2000-2006)
N accumulation meta-analysis Varied Varied Meta-Analysis: N cycle responses to N additions Lu et al. (2011a)
using data from 206 peer-reviewed studies and
observed a mean increase in N soil pools except
microbial biomass N (Figure 4-12).
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Table 4-3 (Continued): Nitrogen accumulation, saturation, and leaching.

Type of Deposition Addition Reference
Process/Indicator Ecosystem Region (kg/halyr) (kg/halyr) Effect of Deposition HERO ID
N saturation Douglas-fir Oregon coast range 2.0 None Gradient: This is a test of the N saturation theory Perakis and
N accumulation forest along a natural N gradient. Higher N content of Sinkhorn (2011)
. o surface (0—-10 cm) soil was linearly related to
N. m!nergllzatlon higher net N mineralization. Lower pH was related
nitrification to lower nitrification. The ratio of net:gross N
mineralization to higher nitrification increased
along the gradient, indicating progressive
saturation of microbial N demand.
N leaching Douglas-fir Oregon coastrange 2.0 None Gradient: Hydrologic N losses were dominated by Perakis and
forest dissolved organic N at low N sites, with increased Sinkhorn (2011)
nitrate loss causing a shift to dominance by nitrate
at high N sites, particularly where net nitrification
exceeded plant N demands.
N leaching 48 sites across Global Varied across Varied across Meta-Analysis: The greatest recoveries of Templer et al.
four continents 48 studies 48 studies ecosystem N tracer occurred in shrublands (2012)
Grassland, (mean, 89.5%) and wetlands (84.8%) followed by
forest, wetland, forests (74.9%) and grasslands (51.8%).
shrubland
Soil N, C:N Chaparral and  Southern California  6-8.1 56 to 58 Addition: In this 6-yr field experiment, chaparral  Vourlitis and
coastal sage and CSS vegetation communities were found to Fernandez
scrub (CSS) have the capacity to immobilize 6.2 and 11.9 g (2012)
N/m?/yr, respectively. Soil extractable N increased
significantly after 7-10 g/m? of cumulative N
exposure, resulting in a simultaneous increase in
the N concentration and a decline in the C:N ratio
of shrub tissue. Similar results were observed for
the surface litter pool and litter production but at a
higher cumulative N exposure.
June 2018 4-17 DRAFT: Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=2452200
http://hero.epa.gov/index.cfm?action=search.view&reference_id=2452200
http://hero.epa.gov/index.cfm?action=search.view&reference_id=2013438
http://hero.epa.gov/index.cfm?action=search.view&reference_id=2456244

Table 4-3 (Continued): Nitrogen accumulation, saturation, and leaching.

Type of Deposition Addition Reference
Process/Indicator Ecosystem Region (kg/halyr) (kg/halyr) Effect of Deposition HERO ID
NO3~ leaching Forest Cape Cod, MA Annual None Roadside Gradient: 25 to 30% higher N Bettez et al.
throughfall deposition to forests 10 m away from roads on (2013)
deposition was Cape Cod, compared to hundreds of meters away
8.7 (£0.4) and from the road; the higher deposition was
6.8 (+0.5) TDN associated with a two to four-fold greater rate of
at sites 10 and nitrate leaching from the soils. 73% of the
150 m away deposition was retained in the forest away from
from the road roads, compared to 58% retention at 10 from the
road. Results scaled to the entire watershed
indicate an underestimate of the amount of N
deposition to the watershed by 13-25% by not
including roadside deposition and leaching.
Soil [NO37] 19 Picea abies South Sweden Throughfall N Ammonium Addition: Microbial community composition in the Hogberg et al.
Soil [Al] (L.) Karst. includes wet NOs™ at 20 organic horizon and soil solution chemistry below (2013)
. . . Stands and dry inputs the rooting zone were highly correlated. Stands
Fungi:bacteria ratio and ranged from with low concentrations of NOs™ and Al had higher
2.7t019 fungi:bacteria ratio compared with stands with
higher concentrations of NO3™ and Al. Microbial
community composition in the soil was more
closely related to the soil solution than to the soll
chemistry. The study found a significant negative
correlation between the fungi:bacteria ratio in the
soil and NOs™ and Al in soil solution (r = -0.533
and -0.857, respectively).
N saturation None None (theoretical) Not specified None Conceptual Model: N addition alleviates N Kopacek et al.
(theoretical) limitation, and together with SO42~ deposition, (2013)
causes soil acidification and increases availability
of electron acceptors for soil microbial processes.
Increasing N and SO4?~ decreases fungal
biomass, increases bacterial DOC mineralization,
and decreases DOC leaching.
Decomposition Deciduous Catskills Mountains 9.0 50 (NH4sNO3) Addition: NOs™ leaching increased markedly in Lovett et al.
forests of southeastern New response to the N addition in all species, (2013)
York indicating that the addition rate of N exceeded the
N retention capacity of vegetation and soils in
these plots.
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Table 4-3 (Continued): Nitrogen accumulation, saturation, and leaching.

Type of Deposition Addition Reference
Process/Indicator Ecosystem Region (kg/halyr) (kg/halyr) Effect of Deposition HERO ID
NOs™ leaching Alpine Rocky Mountain Not specified Variable Review: Nitrate leaching increases above 10 kg  Bowman et al.
National Park (Niwot N/halyr deposition. (2014)
Ridge)
Rate of soil N cycling Alpine Rocky Mountain Not specified Variable Review: the rate of soil N cycling increases above Bowman et al.
National Park (Niwot 15 kg/halyr deposition. (2014)
Ridge)
Soil acidification and  Alpine Rocky Mountain Not specified Variable Review: soil acidification and soluble aluminum Bowman et al.
soluble Al National Park (Niwot increases above 25 kg/hal/yr deposition. (2014)
Ridge)
N export Forest Ontario, Canada Not reported Not applicable Isotope: Rain on snow, as it passes through the  Casson et al.

ecosystem, has a higher concentration of NOs~ (2014b)
(throughfall/snowmelt average = 498 pg/L)

compared with baseflow (average = 7.3 ug/L;

average = 41 pg/L) and as a result, throughfall

and snowmelt contribute the majority of NOs™

export (average = 62%) during rain on snow

events.
NO3™ leaching Urban gradient Urban sites 12.3 Gradient: The source of N leaching from five of Rao et al. (2014
and nonurban nine sites was almost entirely from nitrification,
5.7 indicating that the NO3~in leachate came from

biological processes rather than directly passing
through the soil. A significant proportion
(17-100%) of NOs"leached from the other four
sites came directly from the atmosphere.

N saturation/NH4*, Forest White Mountains 6.6t06.7 N Not applicable Isotope: There was no significant biological Templer et al.
NOs7, total inorganic National Forest, 8.1t0 8.5 S04 production of NO3™ via nitrification in the canopy.  (2015b)
N, and SO42™-S Crawford Notch, NH; NO3~ concentrations in streams were low and had

Lye Brook, VT in natural 80 abundances consistent with microbial

southern Green production, demonstrating that atmospheric N is

Mountain National being biologically transformed while moving

Forest through these watersheds and that these forested

watersheds are unlikely to be N saturated.
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Table 4-3 (Continued): Nitrogen accumulation, saturation, and leaching.

Type of Deposition Addition Reference
Process/Indicator Ecosystem Region (kg/halyr) (kg/halyr) Effect of Deposition HERO ID
N accumulation Semiarid Santa Margarita 6t08 50 Addition: N enrichment significantly increased N Vourlitis and
chaparral and  Ecological Reserve accumulation but not microbial respiration. Fernandez
CSS and the Sky Oaks (2015)
Field Station
N retention Beech and Solling, Germany Direct total None Field Time Series: Two study plots observed that Meesenburg et
Norway spruce deposition not N retention decreased from 40 to 0-20 kg/ha/yr al. (2016)
forests specified (from 1970s to current), indicating increasing N
saturation.
NOs™ leaching, and N Eastern U.S. Hubbard Brook Four modeling  28.8 kg/hr/lyr  Model: Modeled scenarios at Hubbard Brook, NH Phelan et al.
availability forests Experimental Forest, scenarios S and received twice the N and S at Bear Brook, ME (2016)
NH, and Bear Brook ranging from 7.4 25.2 kg/ha/yr and resulted in the largest changes in soil base
Watershed, ME to 103.9 keg/ha  (NH4)2SO4 saturation, ANC, NOs™ leaching and N availability.
N and 7.8 to Modeled recovery of soil chemistry and
149.1 keg/ha S understory plant communities at both forests only
from 1850-2100 occurred when N and S deposition were modeled
with 0-95% at preindustrial levels.

decrease from
2010 to 2100

NO3™ leaching Mixed Neuglobsow Total N wet None Field Observation: Seepage water (120 cm) is Schulte-Bisping
beech-pine Integrated deposition: estimated to contain at 2.38 kg N/halyr (96% as  and Beese
forest Monitoring (IM) site, 13.26 + 2.01 kg NO3"). (2016)
Germany N/halyr
(1998-2013)
N immobilization Restored Prairie invasion and ~1/3 of N added 5 g N/m?/yr N Addition: Nitrogen addition during plant growth Schuster (2016)
tallgrass prairie Climate Experiment urea. accelerated subsequent mass loss of
(PRICLE) Loveland, “Seasonal Schizachyriumscoparium litter and litter produced
CO maximum with N addition had a 65% greater N loss than
5-day ambient N litter in Solidago Canadensis plots,
cumulative indicating N addition accelerates N cycling.
rainfall”

increased by
33% (2012)
and 9%
(2013)
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Table 4-3 (Continued): Nitrogen accumulation, saturation, and leaching.

Type of Deposition Addition Reference
Process/Indicator Ecosystem Region (kg/halyr) (kg/halyr) Effect of Deposition HERO ID
N soil retention Forest Great Smoky 5.1 kg N/ha/yr ~ None Model: PnET-BGC was used to model 30 stream Fakhraei et al.
Mountains National  (36.5 mmolc watersheds characterized by decreased SO~ (2016)
Park /m?2/yr), and NOs™ deposition during 1981-2014 (81 and
respectively. 53%) and predict stream recovery. Spruce-fir

forests at higher elevations have limited N
retention and exhibit N saturation due to elevated
N deposition.

Al = aluminum; C = carbon; cm = centimeter; CSS = coastal sage scrub; DOC = dissolved organic carbon; g = gram; ha = hectare; kg = kilogram; L = liter; m = meter; N = nitrogen;
NH,* = ammonium; NOs™ = nitrate; P = phosphorus; NH;NO3z; = ammonium nitrate; r = correlation coefficient;; SO,2 = sulfate; yr = year.
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Sulfate Accumulation, Adsorption, and Leaching

The 2008 ISA showed that SOx deposition may be assimilated by vegetation or microbes,
accumulate in the soil, or act as a mobile ion and leach out of the soil to aquatic
ecosystems. Plant demand for S is typically low, particularly in comparison to the large
pools of S stored in the soil in recalcitrant organic compounds; consequently almost all S
deposited in terrestrial ecosystems enters soil rather than plant pools. At many locations
in the U.S. that receive high levels of S deposition, notably the glaciated Northeast and
upper Midwest, much of the deposited S leaches through soils into streams and lakes. The
physical process of charge balance pairs sulfate (SO4*") leaching with leaching of
countercharged cations from the soil matrix, and this process contributes to acidification
of soil, soil water, and surface water. As the base cations become depleted in the soil
matrix, charge balance in the soil is maintained by an increase in acidic cations (H* and
inorganic Al), sometimes resulting in toxic conditions for plant roots and aquatic
organisms (Charles and Christie, 1991; Turner et al., 1991).

In the 2008 ISA, regional trends of SO4* soil accumulation and leaching were identified
in the U.S. In the Southeast, accumulation of atmospherically deposited S in soil resulted
from SO4>~ adsorption to soil particles as well as incorporation of S into soil organic
matter through biological assimilation. Accumulated S is slowly released from soil pools
into drainage water, and this process can temporarily delay ecosystem recovery in
response to decreases in S deposition (Sullivan et al., 2004; Elwood et al., 1991; Turner
et al., 1991). In the Northeast, there was a demonstrated accumulation of S in soil
(Driscoll et al., 2001a). Two new studies on SO4* accumulation, leaching, and
adsorption are described below (Table 4-4).

The net loss of S from soils is occurring in a number of northeastern watersheds in
response to decreased levels of atmospheric S deposition. In a new study evaluating
watersheds in the Northeast, Mitchell and Likens (2011) calculated that annual
discrepancies in the watershed S budgets (SO42 flux in drainage waters minus total
atmospheric S deposition) have become more negative, indicating the increasing
importance of the release of S from internal ecosystem sources. The release of S from
forest soils is controlled (57%) by water flux and soil moisture(Mitchell and Likens,
2011).

In the southeastern U.S., Rice et al. (2014) calculated SO4* mass balances for

27 forested, unglaciated watersheds from Pennsylvania to Georgia by using total
atmospheric deposition (wet plus dry) as input. Unlike their counterparts in the
northeastern U.S. and southern Canada, many of these watersheds still retain SO,*. Rice
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et al. (2014) predicted that many of the watersheds in the study will begin releasing SOs*
over the next two decades. The specific years when the watersheds cross over from
retaining to releasing SO42~ correspond to a general geographical pattern from north to
south of later net watershed release. For instance, the three watersheds in West Virginia
have crossover years that ranged from 2006 to 2011, and crossover years for five of the
watersheds in Virginia range from 2012 to 2021. The runoff ratio, computed as the ratio
of annual mean discharge to annual mean precipitation, was the single best
watershed-scale predictor of the crossover year (r? = 0.72). Watersheds with higher
runoff ratios tend to convert sooner from net retention to net release of SO4? (Rice et al.
2014). More recently, Fakhraei et al. (2016) used PnET-BGC to model 30 stream
watersheds during 1981-2014 in the Great Smoky Mountains National Park. Hindcast
modeling (beginning ca. 1850) to 2014 showed that the soil SO4>" pools increased from
20.2 g/m? (preindustrial) to 145.6 g/m? (ambient median). Soils with high SOs*
adsorption capacity also had a faster rate of base cation depletion.
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Table 4-4

Sulfate adsorption, accumulation and leaching.

Process/Indicator Type of Ecosystem

Addition
kg/halyr

Deposition

Region kg/halyr

Effect of Deposition

Reference
HERO ID

Sulfate adsorption
and cation
leaching

Upland forests,
low-lying areas and
wetlands

Athabasca oil sands Not specified None
region (AOSR) in

Alberta, Canada

Field Comparison: SO4%
adsorption capacity was relatively
low (50 to 500 mg SO4%7/kg) in both
watersheds as compared to other
acid-sensitive soils in eastern North
America.

Jung et al. (2011

S budget Varied

15 sites
southeastern
Canada and
northeastern U.S.

~0.1t0 14

Long-Term Deposition: The net
annual fluxes of SO42~ showed a
strong relationship with hydrology;
the sensitivity of S budgets is likely
greatest in watersheds with the
greatest wetland area, which are
particularly sensitive to drying and
wetting cycles.

Mitchell et al. (2011)

Sulfate Forest
accumulation and

leaching

HBEF in the White
Mountains of New
Hampshire

~71t0 20 None

Long-term Deposition: S released
from internal sources is increasing
over time. Watershed wetness, as a
function of logio annual water flux
explained 57% (n = 157) of the
annual variation for four
watersheds. The biogeochemical
control of annual SO4%~ export in
streamwater draining from forested
watersheds has shifted from control
by atmospheric S deposition to soil
moisture driven by climate.

Mitchell and Likens
(2011)
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Table 4-4 (Continued): Sulfate adsorption, accumulation and leaching.

Deposition Addition Reference
Process/Indicator Type of Ecosystem Region kg/halyr kg/halyr Effect of Deposition HERO ID
S04%" leaching Watersheds ranging 27 forested, Not specified None Long-term Deposition: Calculated Rice et al. (2014)
from Pennsylvania to unglaciated S042"mass balances for
Georgia watersheds 27 watersheds showed that over

the next two decades, many of the
study’s watersheds will begin
releasing SO42". The single most
important variable that explained
the crossover year was the runoff
ratio, defined as the ratio of annual
mean stream discharge to
precipitation.

Soil SO4% Forest Great Smoky 3.1 kg S/halyr None Model: PNET-BGC used to model  Fakhraei et al. (2016)
Mountains National (19.3 mmolc/m?/yr) 30 stream watersheds during
Park 1981-2014 when SO4?~ and NOz~

deposition decreased (81 and 53%,
resp.). Hindcast modeling
(beginning ca. 1850) increased soil
pools of S04~ from 20.2 g/m?
(preindustrial) to 145.6 g/m?
(current median).

Base saturation Forest Great Smoky 5.1 kg N/halyr None Model: PNET-BGC used to model  Fakhraei et al. (2016)
Mountains National (36.5 mmolc/ 30 stream watersheds during
Park, U.S. m2/yr) 1981-2014 when S04~ and NO3~

deposition decreased (81 and 53%,
resp.). High capacity SO42
adsorbing soils depleted base
saturation faster.

Soil SO4% Boreal forest Sweden Not specified None Time Series: In an analysis of 10 yr Ledesma et al. (2016)
of data, riparian zone soil SO+
was observed to decrease from
2003-2012.

June 2018 4-25 DRAFT: Do Not Cite or Quote


http://hero.epa.gov/index.cfm?action=search.view&reference_id=2348945
http://hero.epa.gov/index.cfm?action=search.view&reference_id=3444905
http://hero.epa.gov/index.cfm?action=search.view&reference_id=3444905
http://hero.epa.gov/index.cfm?action=search.view&reference_id=3286458

Table 4-4 (Continued): Sulfate adsorption, accumulation and leaching.

Deposition Addition Reference
Process/Indicator Type of Ecosystem Region kg/halyr kg/halyr Effect of Deposition HERO ID
Soil SO4% Maritime pine forest ~ Northwest Spain Not specified None Field Experiment: The soil parent Eimil-Fraga et al.
plantation material (slate, biotitic schist, mica  (2016)

schist, and granite) did not
significantly affect soil solution
SO42(p = 0.39).

AOSR = Athabasca oil sands region; SO,% = sulfate; kg = kilogram; HBEF = Hubbard Brook Experimental Forest; S = sulfur; yr = year.
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Base Cation Leaching and Exchange

In the 2008 ISA, it was known that acidifying deposition changes concentrations of
exchangeable base cations in soil by accelerating natural rates of base cation leaching
until stores become depleted (Lawrence et al., 1999; Cronan et al., 1978). Base cations
include the essential plant nutrients (e.g., Ca, Mg, and K), and the loss of exchangeable

base cations from the soil may have adverse effects on flora. When SO4?~ and NO3~
leaching occur in equal magnitude to base cation leaching, the drainage water is not
acidified. However, in the process of neutralizing the acidity of drainage water, base
cation release from soil eventually can cause decrease of the base saturation of the soil.
Soil base saturation expresses the concentration of exchangeable bases (Ca, Mg,
potassium [K], sodium [Na]) as a percentage of the total cation exchange capacity (which
includes exchangeable H* and inorganic Al).

Under conditions of low soil base saturation (approximately <20%) and elevated
concentrations of strong acid anions, Al is mobilized from soil to drainage water (Cronan
and Schofield, 1990; Reuss, 1983), with potentially harmful consequences for sensitive
terrestrial plants and aquatic organisms (Appendix 7) throughout the food web
(Appendix 4.3.6).

Leaching of base cations by acidifying deposition has been documented in sensitive
regions in the U.S., including the Adirondack Mountains, New England, the Catskill
Mountains, and northwestern Pennsylvania (U.S. EPA, 2008a). Base cation loss increases
the sensitivity of the watershed to further acidifying deposition. Watersheds that were
capable of fully neutralizing a particular level of acidifying deposition in the past may no
longer be capable of fully neutralizing that level today or in the future due to the
cumulative effect of acidifying deposition on soil base saturation.

Base saturation values less than 10% predominate in the soil B-horizon in the areas in the
U.S. where soil and surface water acidification from acidifying deposition have been
most pronounced, including conifer and hardwood forests in the Adirondack Mountains
(Sullivan et al., 2006b), red spruce forests throughout the Northeast (David and
Lawrence, 1996), hardwood forests in the Allegheny Plateau (Bailey et al., 2004), and
conifer and hardwood forests in the southern Appalachian Mountains (Sullivan et al.
2003). In a study of sugar maple decline throughout the Northeast, Bailey et al. (2004)
found threshold relationships between base cation availability in the upper B soil horizon
and sugar maple mortality at Ca saturation less than 2%, and Mg saturation less than
0.5% (Bailey et al., 2004). The authors concluded that base saturation varied as a function
of topography, geologic parent material, and acidifying deposition.
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New publications further support findings from the 2008 ISA that N and S deposition
cause base cation depletion from soils (Table 4-5). In the Rocky Mountains, Lieb et al.
(2011) observed that soil acid buffering capacity decreased as N inputs increased (40%
decrease at highest N input). An acidification threshold was calculated for significant loss
of soil acid buffering capacity of around 28 kg N/ha/yr. In another U.S. study, long-term
trends in base cation depletion at Bear Brook watershed, ME, showed N and S addition
over a 17-year time period (while ambient S deposition was simultaneously decreasing)
resulted in little evidence of continued soil exchangeable base cation depletion or
recovery [expected because of decreasing S deposition (SanClements et al., 2010)]. A
study of the forest understory herb community in West Virginia found that N addition
lowered plant-available Ca and, to a lesser degree, Mg, but not K, illustrating how
biogeochemical cycling of forest ecosystems is altered (Gilliam et al., 2016a).

A meta-analysis of 107 studies found N addition alters the availability of base cations in
terrestrial and aquatic ecosystems (Lucas et al., 2011): although short-term N and S
deposition cause base cation depletion, long-term trends across all studies are unclear and
may be affected by confounding disturbances. Evaluating the strength of these results is
difficult because they are based on averages from various biome types and there are few
long-term studies.

Field studies in forests in Europe confirm that N deposition and N addition lower soil pH
and decreases base cations (Chen et al., 2015; Ferretti et al., 2014). As acidifying
deposition decreased, base cation concentration in the soil increased (Berger et al., 2016).
Two studies from grasslands in Asia report mixed results, with N addition causing Bc
levels to decrease in one study (Chen et al., 2015) and increase in another (Tian et al.
2016b). A study of European grasslands found that base cation depletion increased with
N addition over a 10-year period, leading to a loss of 23 to 35% of total available bases
(Ca?*, Mg?*, K*, and Na*) from the soil and acidifying it by 0.2 to 0.4 pH units (Horswill
et al., 2008).

Base cation weathering rates are uncertain, but substantial advancements have been made
in this field since the 2008 ISA (Appendix 4.5.1.1). New model estimates have been
published to two forested areas in Canada (Williston et al., 2016; Watmough et al., 2014).

Major sources of sources of Bc to ecosystems are either from atmospheric deposition or
weathering from soils. Two additional studies from Spain considered the sources of Bc in
ecosystems from deposition (Aguillaume et al., 2017) or as compared with sources from
different types of soil parent material(Eimil-Fraga et al., 2016).

Additional literature that evaluates how base cation depletion from acidification may
recover in response to the addition of base cations to the soil is also noted here; however,
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this literature does not describe the effects of N and S deposition, but rather a method for
recovering ecosystems to a more natural state. This literature includes several
publications from a 15-year Ca addition study at Hubbard Brook Experimental Forest,
NH (Shao et al., 2016; Johnson et al., 2014; Green et al., 2013; Nezat et al., 2010).
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Table 4-5

Base cation leaching and exchange.

Process/ Type of Deposition Addition Reference
Indicator Ecosystem Region kg/halyr kg/halyr Effect of Deposition HERO ID
Base cation Grasslands Peak District Not specified Plots treated for Addition: Treatments caused grassland soils to lose 23 to 35% of Horswill et
depletion National Park, 8 to 10 yr with 0, their total available bases (Ca?*, Mg?*, K*, and Na*), and they al. (2008
Soil pH England 35,0r 140 Nas became acidified by 0.2 to 0.4 pH units. Al, Fe, and Mn were
. NH4NOs3 mobilized and taken up by limestone grassland forbs and were
Soil [Al], [Fe], translocated down the acid grassland soil. Mineral N availability
[Md] increased in both grasslands and many species showed foliar N
enrichment. N deposition depletes base cations from grassland
soils.
Base cation Hardwood Eastern U.S., 28.8 Sand 25.2 Addition: Compared treated and untreated watersheds after N SanCleme
depletion forest Bear Book N as (NH4)2SO4 and S manipulation over a 17-yr time period. Found little evidence nts et al.
watershed, ME of continued soil exchangeable base cation concentration (2010)
depletion or recovery, possibly because a 1998 ice storm
increased litterfall and accelerated mineralization, obscuring
temporal trends in soil chemistry.
Base cation Forest stands  Niwot Ridge in 8 20, 40, 60 N Addition: Soil acid buffering capacity decreased with increasing N Lieb et al.
depletion with mature southern inputs (40% decrease at highest input), and was associated with a (2011)
Critical load white ash Rocky decrease in pH, loss of extractable Mg?* and increases in Mn and
Mountains AlI%*, The threshold at which acidification occurred was around
28 kg N//halyr.
Base cation Boreal forest, 107 sites Not specified Median N Meta-analysis: Evaluation of 107 independent studies to Lucas et al.
depletion temperate globally addition across determine whether N fertilization alters the availability of base (2011)
forest, tropical the studies was cations (Bc) in terrestrial and stream ecosystems. Results suggest
forest, and 38, and 71% of N fertilization may accelerate Bc loss from terrestrial ecosystems
grassland the studies over time periods less than 5 yr.
added 70 or
less
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Table 4-5 (Continued): Base cation leaching and exchange.

Process/ Type of Deposition Addition Reference
Indicator Ecosystem Region kg/halyr kg/halyr Effect of Deposition HERO ID
Base cation Jack pine Athabasca oil  Not specified 30N, 30 S Addition: No evidence of N saturation in the studied forest Jung and
leaching (Pinus sands region  for AOSR (2006 through  ecosystem after 4 yr of N and S additions. No long-term increase  Chang
banksiana) and (AOSR), 2009) of inorganic N concentrations in the soil; leaching of N beyond the (2012)
aspen Alberta, main rooting zone in the soil profile was minimal, and tree growth
(Populus Canada was increased by N addition, all indications of N limitation in the
tremuloides) in studied forest stand. However, exchangeable Ca?* and Mg?*
upland forests concentrations in the surface mineral soil layer were reduced by N
and black and S additions because of increased cation leaching associated
spruce (Picea with increased SO4?~ leaching caused by S addition and
mariana) in increased nutrient uptake associated with increased tree growth
low-lying areas resulting from N addition.

and wetlands.

Hydrologic Forest Hubbard Brook Not specified 41 metrictons  Addition: The flow path of the added Ca was followed through (Nezat et
flowpath Experimental of the mineral time. The deepest flowpaths to the streams were penetrated by al. (2010)
Forest, NH wollastonite 3-9 yr after application. It was estimated that only ~360 kg out of

(CasSiOs) was 19 metric tons of Ca applied as wollastonite had been exported
applied to an from the watershed in stream flow 9 yr after its application and it
11.8 hectare would take 1,000 yr for all of the added Ca to be transported from

watershed the watershed.
Evapotran- Forest Hubbard Brook Not specified 1,028 kg Ca/ha Field Observation: 25, 18, and 19%, evapotranspiration, Green et
spiration Experimental (as wallastonite) increased in Years 1-3 after addition and then returned to al. (2013)
Forest, NH in 1999 pretreatment levels. Watershed soil retained Ca from the

wollastonite, indicating a watershed-scale fertilization effect on
transpiration. That response is unique in being a measured
manipulation of watershed runoff attributable to fertilization.
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Table 4-5 (Continued): Base cation leaching and exchange.

Process/ Type of Deposition Addition Reference
Indicator Ecosystem Region kg/halyr kg/halyr Effect of Deposition HERO ID
Total Ca, Forest Hubbard Brook Not specified 1,028 kg Ca/ha Field observation: Compared to conditions before the 1999 Ca Johnson et
exchangeable Experimental (as wallastonite) addition, total Ca increased 596% in the Oie-horizon in 2000, 81% al. (2014
Ca, cation Forest, NH in 1999 in the Oa-horizon in 2002, and 146% in the 0—10 cm mineral soil
exchange in 2006.
capacity, base Oie-horizon exchangeable Ca tripled in 2000 and remained
saturation significantly higher through 2010. Significant increases occurred in
2002 in Oa; modest increases measured in upper mineral soil in
2006 and 2010. Total Ca pool in O-horizon and mineral soils was
250 kg/ha greater than pretreatment. In total, 92.4% of Ca added
was estimated to dissolve and enter the ecosystem as labile Ca.
Cation exchange capacity CEC increased by 106% in the
Oie-horizon in 2010 but decreased 52 and 32% in the Oa and
mineral soil. Oie, Oa, and mineral soil base saturation rose 69, 84,
and 58%, resp. by 2010.
pH Forest soils Italy 4.51t028.8 Notapplicable Gradient: Exchangeable base cations and pH decreased with Ferretti et
Base cations throughfall N increasing N deposition, and foliar nutrient N ratios (especially N:P al. (2014)
(NOs™ + and N:K) increased. Comparison between bulk openfield and
NH4") throughfall data suggested possible canopy uptake of N, levelling
out for bulk deposition >4-6 kg/ha/yr.
Bc weathering Boreal plains  NE Alberta, S =118, Not applicable  Modeling: base cation weathering rate estimated for 63 sites Watmough
rate Canada NH4* = 93, using PROFILE was 17 mmolc m?/yr, however acidification was etal.
NOs™ =49in not expected because base cations from fugitive dust sources (2014)
units of were a comparatively high 250 mmolc m?/yr, offsetting much of
mmolc m2/yr the acidifying input of N and S deposition.
pH Semiarid Mongolia Not specified 0, 17.5, 52.5, Addition: Soil pH decreased across the N addition gradient by Chen et al.
Soil N grassland 105.0, 175, and  0.3-1.8 units in 2010 and by 0.1-1.7 units in 2011. Decreased (2015)
. 280 NH4NOs3 concentrations of mineral cations Ca?*, Mg?*, and Na* were
Base_.catlons_ fertilizer observed. The observed increases in above- and belowground
Fu_ngl.bacterla biomass and changes in plant community structure were mainly
ratio (57-69%) attributed to the increase in soil N availability and
Belowground changes in soil base cations. N addition increased the
biomass fungi:bacteria ratio by 5-18% in 2010 and by 2-10% in 2011.
Microbial
community
Structure
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Table 4-5 (Continued): Base cation leaching and exchange.

Process/ Type of Deposition Addition Reference
Indicator Ecosystem Region kg/halyr kg/halyr Effect of Deposition HERO ID
Base Adirondack S04 = None Model: PNET-BGC was used to evaluate biophysical factors that  Zhou et al.
saturation Mtns. region,  290.3-365.7 affect CLs of acidity. Model simulations included a range of future (2015c)
NY eg/halyr; scenarios of decreases in atmospheric nitrate, ammonium, and
NOs =172.5 sulfate deposition from the present to 2,200; historical forest
_2335 harvesting; supply of naturally occurring organic acids; and
eqg/halyr variations in lake hydraulic residence time.
Assuming the current soil base saturation of 6.4%, a decrease in
S04?” deposition from 0 to 100% resulted in a soil percentage BS
range of 6.2 to 15.3%, respectively, after 200 yr. (Preindustrial soil
percentage BS ~22%).
Bc Predominantly Vienna Woods, Not specified None Time Series: In 1984 and 2012, soil samples were taken from Berger et
beech Austria locally 20 cm downhill and 3 m away from the base of a beech tree stem. al. (2016)
Exchangeable Ca?*, Mg?*, and pH increased in 0-5 cm soil from
1984 to 2012. Recovery appeared delayed in deeper soils. Foliar
base cations Ca, Mg, and K decreased. (Foliar K declined the
most at 48%).
Bc Maritime pine  Northwest Not specified None Field observation: The soil parent material (slate, biotitic schist,  Eimil-Fraga
forest Spain mica schist, and granite) significantly affected base cation etal.
concentrations. (2016)
Foliar base Eastern U.S. Fernow ~10 kg 35 kg N/halyr N Addition: Foliar measurements were used as a proxy for soil Gilliam et
cation temperate, Experimental  N/halyr (wet) (NH4)2SOa4 micronutrient availability under N addition. Excess N lowered al. (2016a)
hardwood Forest, WV plant-available Ca and, to a lesser degree, Mg, but not K. N
forest addition significantly affected Ca:Al ratios in Viola sp and Rubrus
herbaceous sp.
layer (Viola
rotundifolia,
Rubus
allegheniensis)
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Table 4-5 (Continued): Base cation leaching and exchange.

Process/ Type of Deposition Addition Reference
Indicator Ecosystem Region kg/halyr kg/halyr Effect of Deposition HERO ID
Soil solution Bc Forest Hubbard Brook Not specified 1,028 kg Ca/ha Field Observation: Significant increase in soil Ca concentrations. Shao et al.
Experimental (as wallastonite) Increases in pH and ANC and decreases in inorganic Al in the Oa, (2016)
Forest, NH in 1999 Bh, and Bs soil horizons. Ca:Al ratios ranging from 1 to 5.3 in the
Oa-, Bh-, and Bs-horizons before treatment increased significantly
after Ca addition, with the greatest increase occurring in the
Oa-horizon. Average 2000-2011 Ca fluxes in soil solution across
the study area’s three subwatersheds ranged from
26.4 + 3.2 mmol/m?/yr to 29.9 + 4.2 mmol/m?/yr. The weighted
average percentage increase in Ca fluxes for the three
subwatersheds from 1999-2011 were 139, 91, and 97% for Oa-,
Bh-, and Bs-horizons, respectively.
Soil Bc Temperate Mongpolia, 1.6 mg 1,2, 4,8, 16, N Addition: Soil exchangeable Mn?*, Fe®*, and Al3* Tian et al.
grassland China N/m?/yr (not 32, 64 g N/m?/yr concentrations increased linearly with N addition. (2016b)
specified if  (urea)
wet or total)
Bc weathering Forest NW British 0-80 meq None Model: Weathering rates were modeled by PROFILE and A2M Williston et
Columbia, S04~ /m2/yr solver using empirical soil data to parameterize the models. Rates al. (2016
CAN (Kitmat and ranged between 19 and 393 meg/m?/yr (average: 76) in the top
and Prince 0-30 meq 50 cm of soil in Prince Rupert and between 24 and 118 meg/m?/yr
Rupert N/m?2/yr (average: 57 meg/m?/yr) in Kitimat.

Bc deposition  Mediterranean Spain
holm-oak
(Quercus ilex)
forests ranging
from the typical
Mediterranean
climate to a
drier, more
seasonal
climate

Not specified None

Field Observation: In wetter forest sites, 55-65% of total base Aquillaume
cation deposition was wet deposition. Rainfall and net throughfall et al.

were positively correlated for leaching for K* and uptake for NH4*  (2017)

at all sites. Variable response between sites was found for Na*,

Ca?*, SO4?” and CI". The authors suggest that the interplay of dry

deposition, leaching, and uptake at the canopy was different

depending on site climate and air quality characteristics.

Al = aluminum; AOSR = Athabasca oil sands region; Bc = base cations; BCE = exchangeable base cations; Ca?" = calcium ion; Fe = iron; g = gram; ha = hectare; K* = potassium ion;
kg = kilogram; m = meter; Mg?* = magnesium ion; N = nitrogen; Na* = sodium ion; NH;* = ammonium; NH;NOs = ammonium nitrate; (NH4),SO, = ammonium sulfate; NOs™ = nitrate;

S = sulfur; S04 = sulfate; yr = year.
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Aluminum Mobilization

The 2008 ISA documented that when soil base saturation is 15 to 20% or lower,
acidifying deposition can mobilize inorganic Al, which can lead to its leaching into soil
solution and into surface waters (Cronan and Schofield, 1990; Reuss and Johnson, 1985;
Reuss, 1983). Leaching of inorganic Al is an extremely important effect of acidifying
deposition because some forms of inorganic monomeric Al, including AIP* and various
hydroxide species, are toxic to tree roots, fish, algae, and aquatic invertebrates
(Appendix 5 and Appendix 8). Increased concentrations of exchangeable inorganic Al in
the soil have been identified through repeated sampling in the U.S. and Europe over
periods ranging from 17 to 41 years in studies by Billett et al. (1990), Falkengren-Grerup
and Eriksson (1990), Bailey et al. (2005), and Lawrence et al. (1995).

The negative biological effects of Al mobilization are discussed in Appendix 5; in
general, Al disrupts Ca uptake by tree roots (Shortle and Smith, 1988). Substantial
evidence of this relationship has been provided through field studies (Kobe et al., 2002;
Minocha et al., 1997; Shortle et al., 1997; McLaughlin and Tjoelker, 1992; Schlegel et
al., 1992) and laboratory studies (Cronan and Grigal, 1995; Sverdrup and Warfvinge,
1993). These studies make clear that high inorganic Al concentration in soil water can be
toxic to plant roots. The toxic response is often related to the concentration of inorganic
Al relative to the concentration of Ca, expressed as the molar ratio of Ca to inorganic Al
in soil solution. From an exhaustive literature review, Cronan and Grigal (1995)
estimated a 50% risk of adverse effects on tree growth if the molar ratio of Ca to Al in
soil solution was as low as 1.0. They estimated a 100% risk for adverse effects on growth
at a molar ratio value Ca:Al <0.2 in soil solution and minimal to no risk is thought to
occur at Ca:Al >10.

New studies on Al in soils are summarized in Table 4-6 and include an investigation of
long-term soil solution chemistry trends in Hubbard Brook Experimental Forest (Fuss et
al., 2015), an investigation of the influence of increasing dissolved dissolved organic
matter (DOM) on toxic inorganic Al (Al;) concentration in 52 Adirondack and Hubbard
Brook watersheds (Fakhraei and Driscoll, 2015), an investigation of the effects of soil
parent material on Al (Eimil-Fraga et al., 2016), a model comparison of three models’
predictions of soil solution Al concentrations in three monitored Swiss and German
forests (Bonten et al., 2015), and a study showing that N addition increased Al
mobilization on grasslands in England (Horswill et al., 2008).

Fakhraei and Driscoll (2015) evaluated the influence of increasing DOM on Al
concentration in the Adirondacks and Hubbard Brook. The authors linked a PnET-BGC
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model chemical equilibrium subroutine with an optimization algorithm. They determined
that accounting for the increasing concentration of DOM (as acid deposition decreases
and ANC increases) and its binding capacity for Al; is necessary in the model to avoid
substantial overestimation of available toxic Al; in waters. In an empirical study, Fuss et
al. (2015) found that Al; in soil water solution in the mineral horizon decreased over the
period of 1984—2011 (also discussed in the recovery Appendix 4.6.1).
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Table 4-6

Aluminum mobilization.

Process/ Type of Deposition Addition Reference
Indicator Ecosystem Region kg/halyr kg/halyr Effect of Deposition HERO ID
Base cation depletion Grasslands Peak District Not specified Plots treated for 8 Addition: Treatments caused the Horswill et al.
Soil pH National Park, to 10 yr with 0, 35, grassland soils to lose 23 to 35% of their (2008)
. England, or 140 N as total available bases and acidify by 0.2
Soil [Al], [Fe], [Md] NHsNO3 to 0.4 pH units. Al, Fe, and Mn were
mobilized and taken up by limestone
grassland forbs and were translocated
down the acid grassland soil.
Ali, DOM, DOC Lakes Adirondack Variable None Model: A PNET-BGC chemical Fakhraei and
Long-Term equilibrium subroutine was linked with Driscoll (2015
Monitoring an optimization algorithm. Accounting for
(ATLM) Program the increasing concentration of dissolved
lakes organic matter (DOM) as acid deposition
decreases and ANC increases, DOM’s
binding capacity for Al is necessary to
avoid substantial overestimation of toxic
Al in waters.
Al Forest and Hubbard Brook  Variable None Field observation/elevation gradient:  Fuss et al.
streams Experimental Ali in soil solution in the mineral horizon  (2015)
Forest, NH decreased over the period of
1984-2011.
Al Forest Three Swiss Not specified None Model: VSD modeled soil solution Al Bonten et al.
forest monitoring concentrations are substantially smaller (2015)
sites than measured ones. However, VSD
only calculates free AIF*, whereas
measurements also include other Al
species as Al hydroxides, Al fluorides,
and Al complexed by DOM.
Al Spruce forest Bechtel, Not specified None Model: ForSAFE-modeled AI** was in Bonten et al.
Switzerland the range of the measured soil solution  (2015)
values at 20 cm depth (1990-2005)
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Table 4-6 (Continued): Aluminum mobilization.

Process/ Type of Deposition Addition Reference
Indicator Ecosystem Region kg/halyr kg/halyr Effect of Deposition HERO ID
Al, Ca and protons Norway spruce Long-term Not specified None Model: SMARTmI results showed that Bonten et al.
forest monitoring site in modeled AI**, Ca?*, and H* agree with (2015)
Germany measured values in soil solution
(1990-2005).
Total Al, reactive Al Maritime pine Northwest Spain  Not specified None Field Observation: The soil parent Eimil-Fraga et
forest material (slate, biotitic schist, mica al. (2016)

schist, and granite) significantly affected
total and reactive Al in soil solution.
Total Al ranged from 17.2 to

64.2 umol/L. (p = 0.0006). The
concentration was significantly higher for
soil developed from mica schist
developed soil than granite and biotitic
schist.

Al = aluminum; Al; = toxic inorganic Al; AOSR = Athabasca oil sands region; B¢ = base cations; BCE = exchangeable base cations; Ca?" = calcium ion; Fe = iron; g = gram;
H* = hydrogen ion; ha = hectare; K* = potassium ion; kg = kilogram; m = meter; Mg?* = magnesium; N = nitrogen; Na* = sodium ion; NH,;* = ammonium; NH4;NO3 = ammonium

nitrate; (NH4).SO4 = ammonium sulfate; NOs™ = nitrate; S = sulfur; SO,%" = sulfate; yr = year.
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Nitrification and Denitrification

Nitrification is the microbial oxidation of ammonia or ammonium to form nitrite
fo