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Appendix A
Analysis of Critical Loads, Comparing Aquatic and Terrestrial Acidification

Background
Critical load is defined as, “a quantitative estimate of ecosystem 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” (McNulty et al., 2007), and critical
loads can be estimated for aquatic and terrestrial ecosystems. Within the Risk and Exposure
Assessment for Review of the Secondary National Ambient Air Quality Standards for Oxides of
Nitrogen and Sulfur (hereafter referred to as REA Report) (US EPA, 2009), critical loads of
acidification for aquatic systems were determined by relating specific amounts of acidifying
nitrogen and sulfur deposition to selected Acid Neutralizing Capacities (ANC) within freshwater
lakes or streams. The presence and abundance of fish species served as the biological indicator
of the impacts of the exceedance of critical acid loads by nitrogen and sulfur deposition.
Estimation of critical acid loads for terrestrial systems within the REA Report (US EPA, 2009)
related acidifying nitrogen and sulfur deposition to the base cation to aluminum (Bc/Al) ratio in
the soil solution, and the health of sugar maple and red spruce in forest ecosystems served as the
biological indicator of the impacts of critical acid load exceedance. A main distinction between
these two critical loads is that aquatic critical loads are largely an integrated function of the
chemistry of run-off waters that feed the lake or stream within a watershed, while terrestrial
critical acid loads are determined by the rooting zone section of the soil profile in a forest
ecosystem. Therefore, it is possible to have different critical load values for aquatic and
terrestrial ecosystems within the same watershed.

The goal of this Task was to determine the relative degree of protection offered by
aquatic versus terrestrial critical acid loads within a landscape. Critical acid loads for lakes and
streams within watersheds of the Adirondacks and Shenandoah Valley were compared against
terrestrial critical loads calculated for same watersheds to determine which estimate had the

lowest, most protective critical load for acidifying nitrogen and sulfur deposition.



Methods

For the REA Report (US EPA, 2009), critical acid loads were determined for 169 lakes
and 60 streams in the Adirondacks and Shenandoah Case Study Areas, respectively. These
critical loads were calculated using four different ANCs, 0, 20, 50 and 100 peg/L, that ranged in
the level of protection offered to fish species abundance and diversity, and the resulting critical
acid loads were classified into four “current condition of acidity and sensitivity to acidification”
categories. “Highly Sensitive” water bodies had critical loads less than or equal to 50
meqg/m?/yr, “Moderately Sensitive” systems had critical loads ranging from 51 to 100 meg/m?/yr,
“Low Sensitivity” lakes and streams had critical loads that ranged from 101 to 200 meg/m?/yr,
and “Not Sensitive” systems had critical acid loads greater than 201 meq/m?/yr.

For the purposes of this Task, aquatic critical acid loads corresponding to an ANC of 50
meqg/m?/yr were selected, and the locations of the lakes and streams in the Adirondacks and
Shenandoah Case Study Areas were mapped by HUC12 watersheds. Availability of data for
terrestrial acidification estimates was determined for each HUC, and only HUCs that had
sufficient data were mapped. Data from the U.S. Department of Agriculture- Natural Resources
Conservation Service (USDA-NRCS) SSURGO soils database (USDA-NRCS, 2008) had the
poorest coverage. This data restriction limited the number of water bodies that could be included
in the analysis to 62 and 35 for the Adirondacks and Shenandoah Case Study Areas, respectively.

To examine a representative selection of water bodies in each Case Study Area, four
watersheds containing lakes or streams from each of the four “current condition of acidity and
sensitivity to acidification” categories were randomly selected. Therefore, a total of 16
watersheds were chosen for each Case Study Area. All four “current condition of acidity and
sensitivity to acidification” categories were evenly represented for the Adirondacks Case Study
Area (four watersheds for each of the four categories). However, due to the limited number of
watersheds in the Shenandoah Area and a lower proportion of lakes with low sensitivities to
acidifying nitrogen and sulfur deposition (“Low Sensitivity” and “Not Sensitive”), it was not
possible to have equal representation of all “current condition of acidity and sensitivity to
acidification” categories. Therefore, there was a larger representation of streams that were more
sensitive to acidification (“Highly Sensitive” and “Moderately Sensitive”). All water bodies that
were located in each of the selected HUCs were included in the analyses. In many cases, these
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water bodies ranged in sensitivity to acidification. In total, 29 lakes and 20 streams were
analyzed in the Adirondacks and Shenandoah Case Study Areas, respectively (Table A-1 and A-
2).



Table A-1. Watersheds (HUC 12) and fresh water lakesin the Adirondacks Case Study Areathat were used in the
comparison of aquatic and terrestrial critical acid loads. Lake IDs and associated aquatic critical acid loads (CL) in meg/m?/yr,

based on an ANC of 50 peq/L, are indicated in each cell and are from the REA REPORT (US EPA, 2009).

CURRENT CONDITION OF ACIDITY AND
SENSITIVITY TO ACIDIFICATION CATEGORY

HUC
Highly Sensitive (CL < M oder ately Sensitive (CL = L ow Sensitivity Not Sensitive
50 meg/m?/yr) 51-100 meqg/m?/yr) (CL = 101-200 meg/m?/yr) (CL > 201 meg/m?/yr)
020100010103 NY534L (CL = 1043)
1A2-0280 (CL = 106) _
020100040203 NY310L (CL = 147) NY308L (CL = 485)
NY312L (CL = 588) NY313L

020100080304 (CL = 508)
020100081602 NY500L (CL = 610)
020200020101 NYO013L (CL = 64)
020200020704 NY536L (CL = 69)
020200040805 1A2-0780 (CL = 33) NY292L (CL = 117)
041501011001 NY029L (CL = 39)
041503020801 NY783L (CL = 455)

NY284L (CL = 23)
041503040102 NY285L (CL = 42)
041503040204 NY278L (CL = 57)

_ 050215A0 (CL = 74)

041503050103 1A1-0890 (CL = 43) NY793L (CL = 97)

NY290L (CL = 30)
041503050104 NY289L (CL = 50)
041503050302 NYO008L (CL = 146)

NYO007L (CL = 165)




CURRENT CONDITION OF ACIDITY AND
SENSITIVITY TO ACIDIFICATION CATEGORY

HUC
Highly Sensitive (CL < M oder ately Sensitive (CL = L ow Sensitivity Not Sensitive
50 meg/m?/yr) 51-100 meqg/m?/yr) (CL = 101-200 meg/m?/yr) (CL > 201 meg/m?/yr)
NY767L (CL = 51) NY529L
041503050407 (CL=73)NY528L (CL=82) | NY768L (CL = 114)
NY769L (CL = 99)
041503050601 NYO004L (CL = 168)




Table A-2. Watersheds (HUC 12) and streamsin the Shenandoah Case Study Area that were used in the comparison of
aquatic and terrestrial critical acid loads. Stream IDs and associated aquatic critical acid loads (CL) in meg/m?/yr, based on an

ANC of 50 peg/L, are indicated in each cell and are from the REA REPORT (US EPA, 2009).

CURRENT CONDITION OF ACIDITY AND SENSITIVITY TO ACIDIFICATION CATEGORY

HUC
Highly Sensitive (CL | Moderately Sensitive (CL | Low Sensitivity (CL Not Sensitive
< 50 meg/m?/yr) = 51-100 meg/m?/yr) = 101-200 meg/m?/yr) (CL > 201 meg/m?/yr)
020700050401 | VT37 (CL = 26)
020700050502 | VT57 (CL = 39)
020700050703 | VT40 (CL = 13)
VT35 (CL =37
020700050705 | \/ 145 ECL 5 4§
DRO1 (CL =33
020700050801 wom( (CL= 4%)
020700050803 | VT53 (CL = 40)
020700060101 VT54 (CL = 69)
020801030301 VT60 (CL = 198) VT61 (CL = 231)
020801030402 VT62 (CL = 68)
020802010702 | VT10 (CL = 15)
020802010703 | VT11 (CL = 14) VT12 (C =75)
VT14 (CL=14
020802010801 | \/71s ECL _ 133
020802010803 | VT16 (CL = 20)
020802020102 VT38 (CL = 66)
020802020401 | VT41 (CL = 15)
020802030601 VT46 (CL = 52)




Terrestrial critical acid loads were calculated for each of the 16 watersheds using the
simple mass balance method (UNECE, 2004) and data sources outlined in the REA Report (US
EPA, 2009), and Bc/Al soil solution indicator values of 1.2 and 10.0. Briefly, average values for
base cation deposition (calcium, potassium, magnesium and sodium), chloride deposition, and
annual runoff (m*/ha/yr) were determined for each watershed (Table A-3). The Kgibb constant
(m°eg?) was determined by the average percent organic matter in the soil (Table A-4), and N
immobilization in the soil was set to the constant value of 42.86 eqg/ha/yr (McNulty et al., 2007).
It was assumed that active harvesting did not occur in each of the watersheds. Therefore base
cation (calcium, magnesium and potassium) and nitrogen uptake were 0 eq/ha/yr (UNECE,
2004). Similarly, it was assumed that the majority of each watershed consisted of upland sites.
Therefore, denitrification losses were assumed to be 0 eg/ha/yr (McNulty et al., 2007). Base
cation weathering was estimated using the clay substrate model (equations 1-3) (McNulty et al.,
2007).

Acid Substrate: BC, = (56.7 x %clay)— (0.32 X (%clay)z) (1)
Intermediate Substrate: BC, =500 + (53.6 x %clay) - (0.18 X (%clay)z) ()
Basic Substrate: BC, =500 +(59.2 x %clay) 3)

where
BC.

empirical soil base cation (Ca** + K*+ Mg®* + Na") weathering rate
(eg/halyr)
% clay = the percentage of clay within the top 50cm of the soil.

The U.S. Department of Agriculture- Natural Resources Conservation Service (USDA-NRCYS)
SSURGO soils database (USDA-NRCS, 2008)) and state-level geology (U.S. Geological Survey
(USGS) state-level integrated map database for the United States (USGS, 2009)) were used to
determine parent material acidity classification. Parent material acidity was determined for each
SSURGO polygon within each watershed using the criteria outlined in the REA Report (US
EPA, 2009), and the contributions of base cations from the weathering of acid, intermediate and
basic substrates (eg/ha/yr) were determined by a weighted average based on the proportion of
area occupied by each parent material acidity class. Rooting depth was assumed to be 50 cm and
masses of calcium, magnesium, potassium, sodium and nitrogen were converted to eg/ha/yr units

based on molar charge equivalents. Unless indicated otherwise, the units used in the calculation
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of critical acid loads were eg/ha/yr. The estimated terrestrial critical loads for the 16 watersheds
in the Adirondacks and Shenandoah Case Study Areas are presented in Table A-5.

Table A-3. Name, type and source of data used in the smple mass balance estimates of
terrestrial critical acid loads for the watershedsin the Adirondacks and Shenandoah Case

Study Areas.
DATA NAME TYPE SOURCE
Base cation (Ca?*, | CMAQ/ GIS Provided by U.S. Environmental
Mg**, Na*, K" NADP datalayers | Protection Agency (EPA)/NADP,
deposition— wet 2003a,c, d, e
Chloride (CI) NADP GIS NADP, 2003b
deposition— wet datalayer
Runoff Annual run-off | GIS Gebert et al., 1987
(1: 7,500,000 | datalayer
scale)
Soil horizon depth | SSURGO GIS USDA-NRCS, 2008
datalayer
Percentage of clay | SSURGO GIS USDA-NRCS, 2008
by soil horizon datalayer
Percentage of SSURGO GIS USDA-NRCS, 2008
organic matter by datalayer
soil horizon
Soil parent SSURGO GIS USDA-NRCS, 2008
material datalayer
State-level State GIS USGS, 2009
bedrock geology | Geological datalayer
Map
Compilation

Note: CMAQ = Community Multiscale Air Quality Model; NADP = National Atmospheric
Deposition Program; GIS = Geographic Information System; SSURGO = Soil Survey
Geographic Database



Table A-4. Gibbsite equilibrium (Kginh) constant determined by percentage of soil organic

matter (modified from McNulty et al. 2007).

Organic
Soil Type Layer Matter % | Kginp (M%eq?)
Mineral soils: C layer <5 950
Soils with low organic matter: B/C layers 51015 300
Soils with some organic material: A/E
layers 15t0 70 100
Peaty and organic soils: organic layers >70 9.5




Table A-5. Terrestrial critical acid loads (in eg/halyr) for the watershedsin the
Adirondacks and Shenandoah Case Study Areas.

Terrestrial Critical Acid Load

Case Study HUC12 (ea/halyr)

Area Bc/Al=1.2 Bc/Al =10.0
Adirondacks 020100010103 2045 1134
Adirondacks 020100040203 1316 712
Adirondacks 020100080304 1329 731
Adirondacks 020100081602 1670 922
Adirondacks 020200020101 1484 819
Adirondacks 020200020704 1707 935
Adirondacks 020200040805 1770 951
Adirondacks 041501011001 1770 955
Adirondacks 041503020801 1664 912
Adirondacks 041503040102 1627 880
Adirondacks 041503040204 1436 786
Adirondacks 041503050103 1774 957
Adirondacks 041503050104 1794 968
Adirondacks 041503050302 1754 947
Adirondacks 041503050407 1447 789
Adirondacks 041503050601 1203 656
Shenandoah 020700050401 1440 802
Shenandoah 020700050502 1560 871
Shenandoah 020700050703 1762 979
Shenandoah 020700050705 1852 1032
Shenandoah 020700050801 1799 1003
Shenandoah 020700050803 1975 1102
Shenandoah 020700060101 1638 914
Shenandoah 020801030301 1511 843
Shenandoah 020801030402 1393 776
Shenandoah 020802010702 1603 890
Shenandoah 020802010703 1642 912
Shenandoah 020802010801 1635 909
Shenandoah 020802010803 1573 876
Shenandoah 020802020102 1519 845
Shenandoah 020802020401 1264 703
Shenandoah 020802030601 1660 918
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Maps were generated to compare the aquatic and terrestrial critical acid loads in each
watershed to determine which estimate provided the greatest protection against acidifying
nitrogen and sulfur deposition. In each watershed, the terrestrial critical load estimate was
compared against each aquatic critical load, and the load with the lowest value was set to
represent the most sensitive component in the watershed. All critical load estimates were
converted to eg/ha/yr for the comparisons.

Results

Maps indicating and comparing the sensitivities of the terrestrial and aquatic critical loads
to nitrogen and sulfur deposition in each watershed of the Adirondacks and Shenandoah Case
Study Areas are presented in Figures A-1 to A-4 and Tables A-6 to A-9.

In the Adirondacks Case Study Area, 7 of the 16 watersheds had terrestrial critical acid
loads (based on a Bc/Al of 10.0) that were lower and therefore more sensitive to acidification
than all the lakes in the watershed. However, when the terrestrial critical loads were calculated
with a Bc/Al soil solution ratio of 1.2, only 5 of the 16 watersheds were protected by a terrestrial
critical load that was lower than the aquatic critical loads of the lakes. Three watersheds in the
Adriondacks Case Study Area had terrestrial critical loads (based on a B¢/Al of 10.0) that were
lower and higher than the critical loads for the lakes in the watershed, and one watershed had a
similar mixture of aquatic versus terrestrial acid load protections for terrestrial critical loads
estimated with a Bc/Al of 1.2. In general, a main trend in the Adirondacks Case Study Area was
that watersheds with “Highly Sensitive” and “Moderately Sensitive” lakes were more protected
by aquatic than terrestrial critical acid loads, while the watersheds with “Low Sensitivity” and
“Not Sensitive” lakes were more protected by terrestrial critical acid loads.

Similar trends were found in the Shenandoah Case Study Area. However, there was little
distinction between terrestrial acid loads that were calculated with a Bc/Al of 10.0 versus 1.2.
Terrestrial critical acid loads offered a higher level of protection than did the stream aquatic
critical loads in only one watershed. The two streams in this watershed had “Low Sensitivity” or
were “Not Sensitive” to acidifying nitrogen and sulfur deposition. The 15 watersheds that had
streams with aquatic critical loads lower and more protective than the terrestrial critical loads
were all “Highly Sensitive” or “Moderately Sensitive” to acidifying nitrogen and sulfur
deposition.
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In summary, a comparison of the terrestrial and aquatic critical acid loads for watersheds
in the Adirondacks and Shenandoah Case Study Areas indicated that, in general, the aquatic
critical acid loads offered greater protection to the watersheds than did the terrestrial critical
loads. Insituations where the terrestrial loads were more protective, the lakes or streams in the
watershed were rated as having “Low Sensitivity” or “Not Sensitive” to acidifying nitrogen and
sulfur deposition. Conversely, when the water bodies were more sensitive to deposition
(“Highly Sensitive” or “Moderately Sensitive™), the aquatic critical acid loads consistently
provided a greater level of protection against acidifying nitrogen and sulfur deposition in the

watershed.
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Figure A-1. Comparison of aquatic and terrestrial critical loads of acidification (in
eg/halyr) in the 16 water sheds of the Adirondacks Case Study Area, based on an ANC of 50
eg/L for theaquatic loads and a Bc/Al of 10.0 for theterrestrial loads. Colored circles
indicate the locations of the waters bodies within each watershed. Green circles indicate lakes
with critical load values less than the terrestrial critical load for the same watershed. Red circles
indicate a condition where the terrestrial critical load is lower than the lake critical load.
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Figure A-2. Comparison of aquatic and terrestrial critical loads of acidification (in
eg/halyr) in the 16 water sheds of the Adirondacks Case Study Area, based on an ANC of 50
eg/L for theaquatic loads and a Bc/Al of 1.2 for theterrestrial loads. Colored circles
indicate the locations of the waters bodies within each watershed. Green circles indicate lakes
with critical load values less than the terrestrial critical load for the same watershed. Red circles
indicate a condition where the terrestrial critical load is lower than the lake critical load.
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Figure A-3. Comparison of aquatic and terrestrial critical loads of acidification (in
eg/halyr) in the 16 water sheds of the Shenandoah Case Study Area, based on an ANC of 50
eg/L for theaquatic loads and a Bc/Al of 10.0 for theterrestrial loads. Colored circles
indicate the locations of the waters bodies within each watershed. Green circles indicate streams
with critical load values less than the terrestrial critical load for the same watershed. Red circles
indicate a condition where the terrestrial critical load is lower than the stream critical load.
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Figure A-4. Comparison of aquatic and terrestrial critical loads of acidification (in
eg/halyr) in the 16 water sheds of the Shenandoah Case Study Area, based on an ANC of 50
eg/L for theaquatic loads and a Bc/Al of 1.2 for theterrestrial loads. Colored circles
indicate the locations of the waters bodies within each watershed. Green circles indicate streams
with critical load values less than the terrestrial critical load for the same watershed. Red circles
indicate a condition where the terrestrial critical load is lower than the stream critical load.
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Table A-6. Relative sengitivities of aquatic versusterrestrial critical loadsin the 29 lakes and 16 water sheds of the Adirondack
Case Study Area (based on an ANC of 50 peg/L for the aquatic loads and a Bc/Al of 10.0 for theterrestrial critical loads and
common unit of eg/halyr) to acidifying nitrogen and sulfur deposition. Lake IDs are indicated in each cell and are from the REA
REPORT (US EPA, 2009). Green text indicates lakes where the aquatic critical load was less than the terrestrial critical load value for
the watershed. Red text indicates a condition where the terrestrial critical load for the watershed was lower than the aquatic critical
load for the lake within the same watershed.

CURRENT CONDITION OF ACIDITY AND
SENSITIVITY TO ACIDIFICATION CATEGORY
HUC
Highly Sensitive M oderately Sensitive Low Sensitivity Not Sensitive
(CL <50 (CL =51-100 (CL = 101-200 (CL > 201
meg/m?/yr) meg/m?/yr) meg/m?/yr) meg/m?/yr)
020100010103 NY534L
1A2-0280
020100040203 NY310L NY308L
NY312L

020100080304 NY313L
020100081602 NY500L
020200020101 NYO013L
020200020704 NY536L
020200040805 1A2-0780 NY?292L
041501011001 NYO029L
041503020801 NY783L

NY?284L
041503040102 NY 2851
041503040204 NY278L

050215A0

041503050103 1A1-0890 NY793L
041503050104 NY?290L
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CURRENT CONDITION OF ACIDITY AND
SENSITIVITY TO ACIDIFICATION CATEGORY

HUC
Highly Sensitive M oderately Sensitive Low Sensitivity Not Sensitive
(CL <50 (CL =51-100 (CL = 101-200 (CL > 201
meg/m?/yr) meg/m?/yr) meg/m?/yr) meg/m?/yr)
NY?289L
NYO0O08L
041503050302 NYOO7L
NY767L
NY529L
041503050407 NY528L NY768L
NY769L
041503050601 NYO004L
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Table A-7. Relative sengitivities of aquatic versusterrestrial critical loadsin the 29 lakes and 16 water sheds of the Adirondack
Case Study Area (based on an ANC of 50 peg/L for the aquatic loads and a Bc/Al of 1.2 for theterrestrial critical loads and
common unit of eq/halyr) to acidifying nitrogen and sulfur deposition. Lake IDs are indicated in each cell and are from the REA
REPORT (US EPA, 2009). Green text indicates lakes where the aquatic critical load was less than the terrestrial critical load value for
the watershed. Red text indicates a condition where the terrestrial critical load for the watershed was lower than the aquatic critical
load for the lake within the same watershed.

CURRENT CONDITION OF ACIDITY AND
SENSITIVITY TO ACIDIFICATION CATEGORY
HUC Highly Sensitive | Moderately Sensitive L ow Sensitivity Not Sensitive
(CL <50 (CL =51-100 (CL =101-200 (CL >201
meg/m?/yr) meg/m?/yr) meg/m?/yr) meg/m?/yr)
020100010103 NY534L
1A2-0280
020100040203 NY310L NY308L
NY312L

020100080304 NY313L
020100081602 NY500L
020200020101 NYO013L
020200020704 NY536L
020200040805 1A2-0780 NY292L
041501011001 NYO029L
041503020801 NY783L

NY?284L
041503040102 NY 2851
041503040204 NY278L

050215A0

041503050103 1A1-0890 NY793L

A-19



CURRENT CONDITION OF ACIDITY AND
SENSITIVITY TO ACIDIFICATION CATEGORY
HUC Highly Sensitive M oderately Sensitive L ow Sensitivity Not Sensitive
(CL <50 (CL =51-100 (CL =101-200 (CL >201
meg/m?/yr) meg/m?/yr) meg/m?/yr) meg/m?/yr)
NY290L
041503050104 NY289L
NY008L
041503050302 NYO007L
NY767L
NY529L
041503050407 NY528L NY768L
NY769L
041503050601 NYO004L
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Table A-8. Relative sengitivities of aquatic versusterrestrial critical loadsin the 20 streams and 16 water sheds of the
Shenandoah Case Study Area (based on an ANC of 50 peg/L for the aquatic loads and a B¢/Al of 10.0 for theterrestrial
critical loads and common unit of eg/halyr) to acidifying nitrogen and sulfur deposition. Stream IDs are indicated in each cell
and are from the REA REPORT (US EPA, 2009). Green text indicates streams where the aquatic critical load was less than the
terrestrial critical load value for the watershed. Red text indicates a condition where the terrestrial critical load for the watershed was
lower than the aquatic critical load for the stream within the same watershed.

CURRENT CONDITION OF ACIDITY AND
SENSITIVITY TO ACIDIFICATION CATEGORY
ALE Highly Sensitive | Moderately Sensitive L ow Sensitivity Not Sensitive
(CL <50 (CL =51-100 (CL =101-200 (CL >201
meg/m?/yr) meg/m?/yr) meg/m?/yr) meg/m?/yr)

020700050401 VT37
020700050502 VT57
020700050703 VT40

VT35
020700050705 VT36

DRO1
020700050801 WOR1
020700050803 VT53
020700060101 VT54
020801030301 VT60 VT61
020801030402 VT62
020802010702 VT10
020802010703 VT11 VT12

VT14
020802010801 VTI5
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CURRENT CONDITION OF ACIDITY AND
SENSITIVITY TO ACIDIFICATION CATEGORY
e Highly Sensitive | Moderately Sensitive L ow Sensitivity Not Sensitive
(CL <50 (CL =51-100 (CL =101-200 (CL >201
meg/m?/yr) meg/m?/yr) meg/m?/yr) meg/m?/yr)
020802010803 VT16
020802020102 VT38
020802020401 VT41
020802030601 VT46
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Table A-9. Relative sengitivities of aquatic versusterrestrial critical loadsin the 20 streams and 16 water sheds of the
Shenandoah Case Study Area (based on an ANC of 50 peg/L for the aquatic loads and a Bc/Al of 1.2 for theterrestrial critical
loads and common unit of eg/ha/yr) to acidifying nitrogen and sulfur deposition. Stream IDs are indicated in each cell and are
from the REA REPORT (US EPA, 2009). Green text indicates streams where aquatic critical loads were less than the terrestrial
critical load value for the watershed. Red text indicates a condition where the terrestrial critical load for the watershed was lower than
the aquatic critical load for the stream within the same watershed.

CURRENT CONDITION OF ACIDITY AND
SENSITIVITY TO ACIDIFICATION CATEGORY
e Highly Sensitive | Moderately Sensitive L ow Sensitivity Not Sensitive
(CL <50 (CL =51-100 (CL =101-200 (CL >201
meg/m?/yr) meg/m?/yr) meg/m?/yr) meg/m?/yr)

020700050401 VT37
020700050502 VT57
020700050703 VT40

VT35
020700050705 VT36

DRO1
020700050801 WOR1
020700050803 VT53
020700060101 VT54
020801030301 VT60 VT61
020801030402 VT62
020802010702 VT10
020802010703 VT11 VT12

VT14
020802010801 VTI15
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CURRENT CONDITION OF ACIDITY AND
SENSITIVITY TO ACIDIFICATION CATEGORY
e Highly Sensitive | Moderately Sensitive L ow Sensitivity Not Sensitive
(CL <50 (CL =51-100 (CL =101-200 (CL >201
meg/m?/yr) meg/m?/yr) meg/m?/yr) meg/m?/yr)
020802010803 VT16
020802020102 VT38
020802020401 VT41
020802030601 VT46
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Appendix B

Methodologies and assumptions used in steady state ecosystem modeling

Technical summary of critical loads modeling in the REA

The critical load of acidity for lakes or streams was derived from present-day water
chemistry using a combination of steady-state models. Both the Steady-State Water Chemistry
(SSWC) model and First-order Acidity Balance model (FAB) are based on the principle that
excess base-cation production within a catchment area should be equal to or greater than the acid
anion input, thereby maintaining the ANC above a preselected level (Reynolds and Norris, 2001;
Posch et al. 1997). These models assume steady-state conditions and assume that all SO427 in
runoff originates from sea salt spray and anthropogenic deposition. Given a critical ANC
protection level, the critical load of acidity is simply the input flux of acid anions from
atmospheric deposition (i.e., natural and anthropogenic) subtracted from the natural (i.e.,
preindustrial) inputs of base cations in the surface water (REA 2009 Appendix 4).

Atmospheric deposition of NOx and SOx contributes to acidification in aquatic
ecosystems through the input of acid anions, such as NO3- and SO,4”". The acid balance of
headwater lakes and streams is controlled by the level of this acidifying deposition of NO;- and
SO4* and a series of biogeochemical processes that produce and consume acidity in watersheds.
The biotic integrity of freshwater ecosystems is then a function of the acid-base balance, and the
resulting acidity-related stress on the biota that occupy the water. The calculated ANC of the

surface waters is a measure of the acid-base balance:

ANC = [BC]* - [AN]* (1)

where [BC]* and [AN]* are the sum of base cations and acid anions (NO;- and SO4>),
respectively. Equation (1) forms the basis of the linkage between deposition and surface water
acidic condition and the modeling approach used. Given some “target” ANC concentration
[ANClimit] that protects biological integrity, the amount of deposition of acid anions [AN] or
depositional load of acidity CL(A) is simply the input flux of acid anions from atmospheric
deposition that result in a surface water ANC concentration equal to the [ ANClimit] when
balanced by the sustainable flux of base cations input and the sinks of nitrogen and sulfur in the

lake and watershed catchment.
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Critical loads for nitrogen and sulfur (CL(N) + CL(S) ) or critical load of acidity CL(A) were
calculated for each waterbody from the principle that the acid load should not exceed the
nonmarine, nonanthropogenic base cation input and sources and sinks in the catchment minus a

target ANC (ANClim) to protect selected biota from being damaged:

CL(N) + CL(S) or CL(A) = BC*dep + BCw — Beu — AN - ANClimit 2)

Where,

BC*dep = (BC*=Ca*+Mg*+K*+Na*), nonanthropogenic deposition flux of base cations,

BCw = the average weathering flux producing base cations,

Bcu (Be=Ca*+Mg*+K*) = the net long-term average uptake flux of base cations in the biomass
(i.e., the annual average removal of base cations due to harvesting),

AN = the net long-term average uptake, denitrification, and immobilization of nitrogen anions
(e.g. NO*) and uptake of SO4*, and

ANClimit = the lowest ANC-flux that protects the biological communities.

Since the average flux of base cations weathered in a catchment and reaching the lake or
streams is difficult to measure or compute from available information, the average flux of base
cations and the resulting critical load estimation were derived from water quality data (Henriksen
and Posch, 2001; Henriksen et al., 1992; Sverdrup et al., 1990). Weighted annual mean water
chemistry values were used to estimate average base cation fluxes, which were calculated from
water chemistry data collected from the Temporally Integrated Monitoring of Ecosystems
(TIME)/Long-Term Monitoring (LTM) monitoring networks, that include Adirondack Longterm
Monitoring (ALTM), Virginia Trout Stream Sensitivity Study (VTSSS), and the Shenandoah
Watershed Study (SWAS), and Environmental Monitoring and Assessment Program (EMAP)
(see REA Section 4.1.2.1 of Chapter 4).

The preacidification nonmarine flux of base cations for each lake or stream, BC*0, is

BC*0 =BC*dep + BCw - Bcu 3)
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Thus, critical load for acidity can be rewritten as

CL(N) + CL(S) = BC*0 - AN - ANClimit = Q([BC*]0 - [AN] - [ANC]limit),  (4)

where the second identity expresses the critical load for acidity in terms of catchment runoft (Q)
m/yr and concentration ([x] = X/Q). The sink of nitrogen in the watershed is equal to the uptake
(Nupt), immobilization (Nimm), and denitrification (Nden) of nitrogen in the catchment. Thus,

critical load for acidity can be rewritten as

CL(N) + CL(S) = {fNupt + (1 — r)(Nimm + Nden)} + ( [BC]0* — [ANClimit])Q (5)

where f and r are dimensionless parameters that define the fraction of forest cover in the
catchment and the lake/catchment ratio, respectively. The in-lake retention of nitrogen and sulfur
was assumed to be negligible.

Equation (5) described the FAB model that was applied in the REA when sufficient data
was available to estimate the uptake, immobilization, and denitrification of nitrogen and the
neutralization of acid anions (e.g. NO3-) in the catchment. In the case were data were not
available, the contribution of nitrogen anions to acidification was assumed to be equal to the
nitrogen leaching rate (Nleach) into the surface water. The flux of acid anions in the surface
water is assumed to represent the amount of nitrogen that is not retained by the catchment, which
is determined from the sum of measured concentration of NO3- and ammonia in the stream

chemistry. This case describes the SSWC model and the critical load for acidity is

CL(A) = Q([BC*]0 — [ANC]limit) (6)

where the contribution of acid anions is considered as part of the exceedances calculation (see
REA App 4 Section 1.2.5). For the assessment of current condition in both case study areas in
the REA, the critical load calculation described in Equation (6) was used for most lakes and

streams. The lack of sufficient data for quantifying nitrogen denitrification and immobilization

prohibited the wide use of the FAB model. In addition, given the uncertainty in quantifying
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nitrogen denitrification and immobilization, the flux of nitrogen anions in the surface water was
assumed to more accurately reflect the contribution of NO3- to acidification. Several major
assumptions are made: (1) steady-state conditions exist, (2) the effect of nutrient cycling between
plants and soil is negligible, (3) there are no significant nitrogen inputs from sources other than
atmospheric deposition, (4) ammonium leaching is negligible because any inputs are either taken
up by biota or adsorbed onto soils or nitrate compounds, and (5) longterm sinks of sulfate in the

catchment soils are negligible.

Pre-industrial Base Cation Concentration

The pre-industrial concentration of base cations [BC]O*effectively set the long term
capacity of the catchment to neutralize acidic deposition, because it represents the only source of
base cation input that is sustainable over the long-term. Input of cations from weathering is
assumed to be a relatively constant process driven largely by the reaction of CO, with primary
minerals in the soils and bedrock. Base cations are removed by leaching from the soil solution
through surface water runoff. At a steady-state, the leaching rate of base cation occurs at lesser
or greater rates than the weathering supply. However, base cation leaching is not at steady-state
today because anthropogenic acid deposition actually increases the leaching of base cations
through ion-exchange within catchment soils. Soils contain a store of adsorbed base cations, as
measured as base saturation, which are derived from weathering, but have accumulated in the
soil over millennia, until eventually a steady-state is achieved, whereby the supply of base
cations from weathering was in approximate equilibrium with the removal of base cations by
rainwater, itself in equilibrium with the atmosphere. For this reason, [BCJo cannot be derived
from measured data in runoff, but derived from a empirical relationships (i.e., pre-industrial base
cation concentration).

The pre-industrial base cation concentration is the sum of weathering (IBC'wD supply
plus base cation deposition ([BC*dep]), if it is assumed that base cation deposition has not
significantly changed since pre-industrial times, minus long-term average uptake of base cations

in the biomass (i.e., the annual average removal of base cations due to harvesting):

[BClo = [BCy] + [BC ep] — [BCul (7)
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E-factor
An F-factor was used to correct the concentrations and estimate preindustrial base concentrations
for lakes in the Adirondack Case Study Area (REA 2009). In the case of streams in the
Shenandoah Case Study Area, the preindustrial base concentrations were derived from the
MAGIC model as the base cation supply in 1860 (hindcast) because the F-factor approach is
untested in this region. An F-factor is a ratio of the change in nonmarine base cation
concentration due to changes in strong acid anion concentrations (Henriksen, 1984; Brakke et al.,
1990):

F =([BC*]t - [BC*]0)/([|SO4*]t - [SO4*]0 + [NO3*]t - [NO3*]0), (8)

where the subscripts t and 0 refer to present and preacidification conditions, respectively. If F=1,
all incoming protons are neutralized in the catchment (only soil acidification); at F=0, none of
the incoming protons are neutralized in the catchment (only water acidification). The F-factor
was estimated empirically to be in the range 0.2 to 0.4, based on the analysis of historical data
from Norway, Sweden, the United States, and Canada (Henriksen, 1984). Brakke et al. (1990)

later suggested that the F-factor should be a function of the base cation concentration:

F = sin (n/2 Q[BC*]t/[S]) 9)
Where
Q = the annual runoff (m/yr),
[S] = the base cation concentration at which F=1; and

for [BC*]t>[S] F is set to 1.

For Norway [S] has been set to 400 milliequivalents per cubic meter (meq/m3)(circa.8
mg Ca/L) (Brakke et al., 1990). We assumed the steady-state concentration of nitrate ([AA]o)
was zero ([AA]o'= 0). The preacidification SO42- concentration in lakes, [SO4*]0, is assumed
to consist of a constant atmospheric contribution and a geologic contribution proportional to the
concentration of base cations (Brakke et al., 1989; Harriman and Christie, 1995). The
preacidification SO42- concentration in lakes, [SO4*]0 was estimated from the relationship
between [SO42-]o* and [BC]t* based on work completed by Henriksen et al., 2002 as described
by the following equation:
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[SO42-Jo* =15+ 0.16 * [BC]t* (10)
This F value is then used to calculate the pre-industrial base cation concentration according to
the following equation:

[BC]y = [BC' ]~ F([AA] - [AA]y ) (11)

Tables B-1 and B-2 list the factors used in the SSWC and FAB approaches.
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Table B-1 Illustrates SSWC Approach — Environmental Variables

CL(A) = BC"4ep + BCy, — Bey — ANCiimis

CL(A) = Q([BC 1o — [ANClimit)

Variable Description Source
Code

1 BC*dep Sum (Ca*+Mg*+K*+Na*), nonanthropogenic | Wet NADP and Dry
deposition flux of base cations CASTNET

2 |BCy Average weathering flux of base cations Calculated (5-17)

3 | Bey Sum (Ca+Mg+K), the net long-term average USFS-FIA data
uptake flux of base cations in the biomass

4 | ANCjimit | Lowest ANC-flux that protects the biological Set
communities

5 |Cca’ Sea Salt corrected Surface water concentration | Water quality data
(neq/L) growing season average. (Ca— (CL %
0.0213))

6 | Mg Sea Salt corrected Surface water concentration | Water quality data
(neg/L) growing season average. (Mg— (CL
% 0.0669))

7 |Na Sea Salt corrected Surface water concentration | Water quality data
(neq/L) growing season average. (Na— (CL x
0.557))

8 |K Sea Salt corrected Surface water concentration | Water quality data
(neg/L) growing season average. (K — (CL x
0.0.0206))

9 | S0, Sea Salt corrected Surface water concentration | Water quality data
(neq/L) growing season average. (SO4— (CL x
0.14))

10 | CL Surface water concentration (peq/L) growing Water quality data
season average.

11 | SO, Surface water concentration (peq/L) growing Water quality data
season average.

12 [ NO;" Surface water concentration (peq/L) growing Water quality data
season average.

131Q The annual runoff (m/yr) USGS

14 | [BC o Preindustrial flux of base cations in surface Calculated from water
water, corrected for sea salts quality data

15 [SO4*]0 Preindustrial flux of sulfate in surface water, Estimated
corrected for sea salts

16 [NO3*]0 Preindustrial flux of nitrate, corrected for sea Equal to 0
salts

17 | F Calculated factor Fix values
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Table B-2 FAB Approach — Environmental Variables
DL(N) + DL(S - {fNupt + (1 — r)(I\Iimm + Nden) + (Nret + Sret)} + ( [BC]O — [ANClimit])Q

Variable Description Source
Code

1 | Ndepo Total N deposition NADP/CMAQ

2 | ANClimit | Lowest ANC-flux that protects the biological Set
communities

3 | [BC*]p Preindustrial flux of base cations in surface Calculated from
water, corrected for sea salt water quality data

4 |Ca Sea Salt corrected Surface water concentration Water quality data
(neg/L) growing season average. (Ca— (CL x
0.0213))

5 |[Mg Sea Salt corrected Surface water concentration Water quality data
(neq/L) growing season average. (Mg — (CL x
0.0669))

6 |Na’ Sea Salt corrected Surface water concentration Water quality data
(neg/L) growing season average. (Na — (CL x
0.557))

7 | K Sea Salt corrected Surface water concentration Water quality data
(neg/L) growing season average. (K — (CL x
0.0.0206))

8 |SO4 Sea Salt corrected Surface water concentration Water quality data
(neq/L) growing season average. (SO4— (CL x
0.14))

9 |CL Surface water concentration (peq/L) growing Water quality data
season average.

10 | SO, Surface water concentration (peq/L) growing Water quality data
season average.

11 | NOs Surface water concentration (peq/L) growing Water quality data
season average.

12 1Q The annual runoff (m/yr) USGS

13 |f fis a dimensionless parameter that define the
fraction of forest cover in the catchment

14 |r r is a dimensionless parameter that define the
lake/catchment ratio

14 | Niet The in-lake retention of nitrogen Estimated

15 | Sret The in-lake retention of sulfur Estimated

16 | Nypt The net long-term average uptake flux of N in USFS-FIA data
the biomass

17 | Nimm Immobilization of N in the soils Estimated fix value

18 | Ngen Denitrification Estimated fix value

19 | Lake Size | Lake size (ha) DLMs

20 | WSH Watershed area (ha) Calculated
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Data requirements for MAGIC
The MAGIC model (Cosby et al., 1985a; 1985b; 1985¢) is a mathematical model (a

lumped-parameter model) of soil and surface water acidification in response to atmospheric
deposition based on process-level information about acidification. A process model, such as
MAGIC, characterizes acidification into (1) a section in which the concentrations of major ions
are assumed to be governed by simultaneous reactions involving SO4> adsorption, cation
exchange, dissolution-precipitation- speciation of aluminum, and dissolution-speciation of
inorganic carbon; and (2) a mass balance section in which the flux of major ions to and from the
soil is assumed to be controlled by atmospheric inputs, chemical weathering, net uptake and loss
in biomass and losses to runoff. At the heart of MAGIC is the size of the pool of exchangeable
base cations in the soil. As the fluxes to and from this pool change over time owing to changes in
atmospheric deposition, the chemical equilibria between soil and soil solution shift to give
changes in surface water chemistry. The degree and rate of change of surface water acidity thus
depend both on flux factors and the inherent characteristics of the affected soils.

There are numerous input data required to run MAGIC making it rather data intensive.
Atmospheric deposition fluxes for the base cations and strong acid anions are required as inputs
to the model. These inputs are generally assumed to be uniform over the catchment. The volume
discharge for the catchment must also be provided to the model. In general, the model is
implemented using average hydrologic conditions and meteorological conditions in annual
simulations, i.e., mean annual deposition, precipitation and lake discharge are used to drive the
model. Values for soil and surface water temperature, partial pressure of carbon dioxide and
organic acid concentrations must also be provided at the appropriate temporal resolution.

The aggregated nature of the model requires that it be calibrated to observed data from a
system before it can be used to examine potential system response. Calibrations are based on
volume weighted mean annual or seasonal fluxes for a given period of observation. The length of
the period of observation used for calibration is not arbitrary. Model output will be more reliable
if the annual flux estimates used in calibration are based on a number of years rather than just
one year. There is a lot of year-to-year variability in atmospheric deposition and catchment
runoff. Averaging over a number of years reduces the likelihood that an “outlier” year (very dry,

etc.) is used to specify the primary data on which model forecasts are based. On the other hand,
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averaging over too long a period may remove important trends in the data that need to be
simulated by the model.

The calibration procedure requires that stream water quality, soil chemical and physical
characteristics, and atmospheric deposition data be available for each catchment. The water
quality data needed for calibration are the concentrations of the individual base cations (Ca, Mg,
Na, and K) and acid anions (Cl, SO4>, and NO5") and the pH. The soil data used in the model
include soil depth and bulk density, soil pH, soil cation-exchange capacity, and exchangeable
bases in the soil (Ca, Mg, Na, and K). The atmospheric deposition inputs to the model must be
estimates of total deposition, not just wet deposition. In some instances, direct measurements of
either atmospheric deposition or soil properties may not be available for a given site with stream
water data. In these cases, the required data can often be estimated by: (a) assigning soil
properties based on some landscape classification of the catchment; and (b) assigning deposition
using model extrapolations from some national or regional atmospheric deposition monitoring
network. Soil data for model calibration are usually derived as aerially averaged values of soil
parameters within a catchment. If soils data for a given location are vertically stratified, the soils
data for the individual soil horizons at that sampling site can be aggregated based on horizon,
depth, and bulk density to obtain single vertically aggregated values for the site, or the stratified

data can be used directly in the model.

Example of the two ways to calculate Neco

The steady-state critical load model suggested for use in the NAAQS by the PA could be
constrained by a quantity of N which would be taken up, immobilized or denitrified by
ecosystems and used to adjust the quantity of deposition required to meet a specified critical
load. This term is abbreviated by Ne,, and could be derived multiple ways. The first is by taking
the mean value calculated to represent the long-term amount of N an ecosystem can immobilize
and denitrify before leaching (i.e., N saturation) that is derived from the FAB model. This
approach requires the input of multiple ecosystem parameters. Its components are expressed by
equation (13).

Ny, = fNupt+ N, +(1=r)N;, + Ngr) (13)
Where,

Nupi= nitirogen uptake by the catchment,

B-10



Nimm= nitrogen immobilization by the catchment soil,
Ngen=denitrification of nitrogen in the catchment,

Nt = in-lake retention of nitrogen,

f =forest cover in the catchment (dimensionless parameter),

r = fraction lake/catchment ratio (dimensionless parameter),

The second approach for estimating N, is to take the difference between N deposition
and measured N leaching in a catchment as expressed by equation (14).

N, = DL(N) =N, (14)

The site specific values of critical loads can be used to derive such a deposition loading,
here called the deposition metric, which represents a group or percentage of water bodies that
reach a specified ANC (or higher) in a given spatial area. For example, if it is desired that all
water bodies reach a specified ANC, the allowable amount of deposition for all water bodies is
equal to the lowest critical load of the population of water bodies. Because the deposition metric
represents a percentage of individual catchments from a population of water bodies, and not an

individual catchment, the deposition metric is noted by the follow abbreviation DLo,gco.

Two methods to calculate pre-industrial base cation weathering: F factor and MAGIC

The preindustrial concentration of base cations ([BC]O*) is calculated to represent
conditions prior to industrialization (~about 1860). It incorporates the main source of base
cations to an ecosystem including preindustrial weathering from soil and pre-industrial base
cation deposition. It is therefore considered one of the governing factors of critical loads. [BC]o
is commonly calculated using one of two approaches: dynamic modeling (i.e. MAGIC) and
calculation by the F-factor approach (Henriksen and Posch 2001).

In this section, critical load estimates obtained from two steady-state approaches were
compared. The exercise is not intended to provide an assessment of the accuracy of the two
models, but rather to provide a means for evaluating the relative performance of the two different
models. The EPA conducted analysis compared steady-state CL values based on Henriksen and
Posch (2001) F-factor approach and output from the MAGIC model. The primary purpose of the
F-factor is to obtain estimates of preindustrial surface water base cation concentrations ([BCl" )

for equation (3). The MAGIC (Cosby et al., 1985) model can also be used to derive preindustrial
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surface water base cation concentrations. MAGIC is a process-based model designed to mimic
the geochemical effects of mineral weathering, soil cation exchange, and other watershed
processes. Once the model has been calibrated for a watershed, it can be run to simulate how
surface water chemistry changes with time and to predict preindustrial cation concentrations
([BCJo" ) to be used in the steady-state SSWC CL model in equation (6).

The comparison of CLs between the F-factor and MAGIC approached was done for two
regions, streams in Southern Appalachia and lakes in the Adirondack Mountains. For 67 streams
and 99 lakes, [BC]o were determined for both approaches and CLs were calculated using the
same value of Q. The results are show in Figure B-1. For this analysis, the steady-state MAGIC
model yielded critical load values that show the same trend for both regions, but were on average
16 meq S /m?-yr for the Adirondack Lakes and 5 meq S/m*yr for Southern Appalachia streams
higher than those from the SSWC F-factor approach. The two models converge at low critical
loads, but diverge as the buffering potential for watersheds increase. This is particularly the case
for CL values above 80 meq/m’-yr for lakes in the Adirondack Mountains. These results are
consistent with similar comparison of critical loads done by Holdren et al. 1992. Holdren et al
1992 found that the MAGIC model yielded CL values that were on average 29 meq S /m*-yr
higher than those from the SSWC model. Holdren et al 1992 also found that as the buffering
potential for watersheds increased, as indicated by increasing CLs, the results from the two

models gradually diverge.



y =0.9976x - 4.591
R? =0.8453

>

SSWC CL
F-Factor
meq/m 2/yr

-100 4= ‘ ‘ ‘ ‘

-100 0 100 200 300 400
SSWC CL
MAGIC - BCo
meq/m2/yr
B 400
y =0.4996x +19.541 11
300 R? =0.7787
3
002 200-
O o g
785 100/
0w e
LL
0 |
_100 - T T T T
-100 0 100 200 300 400
MAGIC CL
MAGIC BCo
meq/m?3/yr

Figure B-1  Relationship between CLs using pre-industrial base cation weathering
([BClo~ =BC,) calculated by MAGIC versus the F-factor methods: A) 67
streams in the Southern Appalachian and B) 99 lakes in the Adirondacks
Mountains.
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Appendix C
Ecoregions, Level I11: Description and Summary of Environmental Conditions

Introduction

This appendix provides descriptions of each of the level I11 ecoregions as described by Omernik
(U.S. EPA 2010) and used in this Policy Assessment. The level 111 ecoregions are presented
grouped by the level Il ecoregion in which they are located. Figure C-1 illustrates the location of
the level 11 ecoregions across the U.S. The subsequent figures illustrate the level 111 ecoregions
within each level Il ecoregion and present a summary of the raw water quality data. Figure C-2
is a summary of the water quality data at the national level for comparison with the level I11
ecoregion data. These maps also indicate the extent of ANC and critical load values available
for each ecoregion. The general regional descriptions are taken from Omernik (U.S. EPA 2010).

Omernik Ecoregion Il Index Map
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C-1



All Regions

]
(=3 — 1~
S| S &
o _ —
= - 8 |
o
- o «
8 -
— o M
2 24 A 5 3 81
c 5] c — c —
3] [} (]
z g = =
o 37 o 34 g 38
T r © T
Q -
< 8 |
o . — o -
I T T T 1 I T T T 1 I T T T T 1
0 500 1000 1500 2000 0 500 1000 1500 2000 0 10 20 30 40 50
ANC (ueg/L) BCo (ueq/L) DOC (mg/L)
o
S 4 o 8
o S - h 2
o = ) |
i o 1
8- 2l g
> > > =
[S] ] [S] o [S]
c jo o — c —
[} o [} o (]
3 S g g 3
o 2 o | o 84
I L Q- L ®
8 ] -
I 8 | o
K S -
—
o o = e
T T T T T 1 T T T 1 T T T T 1
0 100 200 300 400 500 0 1 2 3 0 50 100 150 200
SO4 (ueq/L) Q (miyr) NO3 (ueq/L)

Figure C-2. National Water Quality Data Summary

C-2



Region 5.2 Mixed Wood Shield
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Region 5.2.1 Northern Lakes and Forests
The Northern Lakes and Forests is a region of relatively nutrient-poor glacial soils, coniferous
and northern hardwood forests, undulating till plains, morainal hills, broad lacustrine basins, and
extensive sandy outwash plains. Soils in this ecoregion are thicker than in those to the north and
generally lack the arability of soils in adjacent ecoregions to the south. The numerous lakes that
dot the landscape are clearer and less productive than those in ecoregions to the south.
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Region 5.2.2 Northern Minnesota Wetlands
Much of the Northern Minnesota Wetlands is a vast and nearly level marsh that is sparsely
inhabited by humans and covered by swamp and boreal forest vegetation. Formerly occupied by
broad glacial lakes, most of the flat terrain in this ecoregion is still covered by standing water.
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Region 5.3 Atlantic Highlands
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Region 5.3.1 Northeastern Highlands

The Northeastern Highlands cover most of the northern and mountainous parts of New England
as well as the Adirondacks and higher Catskills in New York. It is a relatively sparsely populated
region characterized by hills and mountains, a mostly forested land cover, nutrient-poor soils,
and numerous high-gradient streams and glacial lakes. Forest vegetation is somewhat transitional

between the boreal regions to the north in Canada and the broadleaf deciduous forests to the
south. Typical forest types include northern hardwoods (maple-beech-birch), northern
hardwoods/spruce, and northeastern spruce-fir forests. Recreation, tourism, and forestry are

primary land uses. Farm-to-forest conversion began in the 19th century and continues today. In
spite of this trend, alluvial valleys, glacial lake basins, and areas of limestone-derived soils are
still farmed for dairy products, forage crops, apples, and potatoes. Many of the lakes and streams
in this region have been acidified by sulfur depositions originating in industrialized areas upwind

from the ecoregion to the west.
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Region 5.3.3 North Central Appalachians

More forest-covered than most adjacent ecoregions, the North Central Appalachians ecoregion is
part of a vast, elevated plateau composed of horizontally bedded sandstone, shale, siltstone,
conglomerate, and coal. It is made up of plateau surfaces, high hills, and low mountains, which,
unlike the ecoregions to the north and west, were largely unaffected by continental glaciation.
Only a portion of the Poconos section in the east has been glaciated. Land use activities are
generally tied to forestry and recreation, but some coal and natural gas extraction occurs in the
west.
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Region 6.2 Western Cordillera
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Region 6.2.3 Northern Rockies

The Northern Rockies ecoregion is mountainous and rugged. Despite its inland position, climate
and vegetation are, typically, marine-influenced. Douglas-fir, subalpine fir, Englemann spruce,
and ponderosa pine and Pacific indicators such as western red cedar, western hemlock, and grand
fir are found in the ecoregion. The vegetation mosaic is different from that of the Idaho Batholith
(6.2.15) and Middle Rockies (6.2.10) which are not dominated by maritime species. The
Northern Rockies ecoregion is not as high nor as snow- and ice-covered as the Canadian Rockies
(6.2.4) although alpine characteristics occur at highest elevations and include numerous glacial
lakes. Granitics and associated management problems are less extensive than in the Idaho
Batholith.
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Region 6.2.4 Canadian Rockies

As its name indicates, most of this region is located in Canada. It straddles the border between
Alberta and British Columbia in Canada and extends southeastward into northwestern Montana.
The region is generally higher and more ice-covered than the Northern Rockies, and portions are
strongly influenced by moist maritime air masses. Vegetation is mostly Douglas-fir, Engelmann
spruce, subalpine fir, and lodgepole pine in the forested elevations, with treeless alpine
conditions at higher elevations. A large part of the region is in national parks where tourism is
the major land use. Forestry and mining occur on the non-park lands.
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Region 6.2.5 North Cascades

The terrain of the North Cascades is composed of high, rugged mountains. It contains the
greatest concentration of active alpine glaciers in the conterminous United States and has a
variety of climatic zones. A dry continental climate occurs in the east and mild, maritime,
rainforest conditions are found in the west. It is underlain by sedimentary and metamorphic rock
in contrast to the adjoining Cascades (6.2.7) which are composed of volcanics.
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Figure C-12. Region 6.2.5 Water Quality Data Summary
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Region 6.2.7 Cascades
This mountainous ecoregion is underlain by Cenozoic volcanics and much of the region has been
affected by alpine glaciation. It is characterized by steep ridges and river valleys in the west, a
high plateau in the east, and both active and dormant volcanoes. Elevations range upwards to
14,411 feet. Its moist, temperate climate supports an extensive and highly productive coniferous
forest that is intensively managed for logging. Subalpine meadows and rocky alpine zones occur
at high elevations.
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Region 6.2.8 Eastern Cascades Slopes and Foothills

The Eastern Cascade Slopes and Foothills ecoregion is in the rainshadow of the Cascade Range.
It experiences greater temperature extremes and receives less precipitation than ecoregions to the
west. Open forests of ponderosa pine and some lodgepole pine distinguish this region from the
higher ecoregions to the west where fir and hemlock forests are common, and the lower dryer
ecoregions to the east where shrubs and grasslands are predominant. The vegetation is adapted to
the prevailing dry continental climate and is highly susceptible to wildfire. Historically, creeping
ground fires consumed accumulated fuel, and devastating crown fires were less common in dry
forests. Volcanic cones and buttes are common in much of the region.
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Figure C-14. Region 6.2.8 Water Quality Data Summary
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Region 6.2.9 Blue Mountains

The Blue Mountains ecoregion is a complex of mountain ranges that are generally lower and
more open than the neighboring Cascades (6.2.7), Northern Rockies (6.2.3), and the Idaho
Batholith (6.2.15) ecoregions. Like the Cascades, but unlike the Northern Rockies, the region is
mostly volcanic in origin. Only the few higher ranges, particularly the Wallowa and Elkhorn
Mountains, consist of granitic intrusive and metamorphic rocks that rise above the dissected lava
surface of the region. Unlike the bulk of the Cascades, Idaho Batholith, and Northern Rockies,
much of this ecoregion is grazed by cattle.
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Region 6.2.10 Middle Rockies

The climate of the Middle Rockies lacks the strong maritime influence of the Northern Rockies
(6.2.3). Mountains have Douglas-fir, subalpine fir, and Engelmann spruce forests, as well as
some large alpine areas. Pacific tree species are never dominant and forests can have open
canopies. Foothills are partly wooded or shrub- and grass-covered. Intermontane valleys are
grass- and/or shrub-covered and contain a mosaic of terrestrial and aquatic fauna that is distinct
from the nearby mountains. Many mountain-fed, perennial streams occur and differentiate the
intermontane valleys from the Northwestern Great Plains (9.3.3). Granitics and associated
management problems are less extensive than in the Idaho Batholith (6.2.15). Recreation,
logging, mining, and summer livestock grazing are common land uses.
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Figure C-16. Region 6.2.10 Water Quality Data Summary

C-16



Region 6.2.11 Klamath Mountains

This physically and biologically diverse ecoregion covers the highly dissected ridges, foothills,
and valleys of the Klamath and Siskiyou mountains. It also extends south in California to include
the mixed conifer and montane hardwood forests that occur in the North Coast Range mountains.
The region’s mix of granitic, sedimentary, metamorphic, and extrusive rocks contrasts with the
predominantly volcanic rocks of the Cascades (6.2.7) to the east. It was unglaciated during the
Pleistocene epoch, when it served as a refuge for northern plant species. The regions diverse
flora, a mosaic of both northern Californian and Pacific Northwestern conifers and hardwoods, is
rich in endemic and relic species. The mild, subhumid climate of the Klamath Mountains is
characterized by a lengthy summer drought.
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Region 6.2.12 Sierra Nevada

The Sierra Nevada is a deeply dissected fault-block mountain range that rises sharply from the
arid basin and range ecoregions on the east and slopes gently toward the Central California
Valley to the west. The eastern portion has been strongly glaciated and generally contains higher
mountains than are found in the Klamath Mountains (6.2.11) to the northwest. Much of the
central and southern parts of the region is underlain by granite as compared to the mostly
sedimentary and metamorphic formations of the Klamath Mountains and the volcanic rocks of
the Cascades (6.2.7). The higher elevations of this region are largely federally owned and include
several national parks. The vegetation grades from mostly ponderosa pine and Douglas-fir at the
lower elevations on the west side, pines and Sierra juniper on the east side, to fir and other
conifers at the higher elevations. Alpine conditions exist at the highest elevations.
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Figure C-18. Region 6.2.12 Water Quality Data Summary
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Region 6.2.13 Wasatch and Uinta Mountains

This ecoregion is composed of a core area of high, precipitous mountains with narrow crests and
valleys flanked in some areas by dissected plateaus and open high mountains. The elevational
banding pattern of vegetation is similar to that of the Southern Rockies (6.2.14) except that areas
of aspen, interior chaparral, and juniper-pinyon and scrub oak are more common at middle
elevations. This characteristic, along with a far lesser extent of lodgepole pine and greater use of
the region for grazing livestock in the summer months, distinguish the Wasatch and Uinta
Mountains ecoregion from the more northerly Middle Rockies (6.2.10).
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Figure C-19. Region 6.2.13 Water Quality Data Summary
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Region 6.2.14 Southern Rockies

The Southern Rockies are composed of steep, rugged mountains with high elevations. Although
coniferous forests cover much of the region, as in most of the mountainous regions in the
western United States, vegetation, as well as soil and land use, follows a pattern of elevational
banding. The lowest elevations are generally grass or shrub covered and heavily grazed. Low to
middle elevations are also grazed and covered by a variety of vegetation types including
Douglas-fir, ponderosa pine, aspen, and juniper-oak woodlands. Middle to high elevations are
largely covered by coniferous forests and have little grazing activity. The highest elevations have
alpine characteristics.
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Figure C-20. Region 6.2.14 Water Quality Data Summary
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Region 6.2.15 Idaho Batholith

This ecoregion is a dissected, partially glaciated, mountainous plateau. Many perennial streams
originate here and water quality can be high if basins are undisturbed. Deeply weathered, acidic,
intrusive igneous rock is common and is far more extensive than in the Northern Rockies (6.2.3)
or the Middle Rockies (6.2.10). Soils are sensitive to disturbance especially when stabilizing
vegetation is removed. Land uses include logging, grazing, and recreation. Mining and related
damage to aquatic habitat was widespread. Grand fir, Douglas-fir, and, at higher elevations,
Engelmann spruce and subalpine fir occur. Ponderosa pine, shrubs, and grasses grow in very
deep canyons. Maritime influence lessens toward the south and is never as strong as in the
Northern Rockies.
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Figure C-21. Region 6.2.15 Water Quality Data Summary
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Region 7.1 Marine West Coast Forest
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Figure C-22. Region 7.1
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Region 7.1.7 Puget Lowland

This broad rolling lowland is characterized by a mild maritime climate. It occupies a continental
glacial trough and is composed of many islands, peninsulas, and bays in the Puget Sound area.
Coniferous forests originally grew on the ecoregion’s ground moraines, outwash plains,
floodplains, and terraces. The distribution of forest species is affected by the rainshadow from
the Olympic Mountains.
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Figure C-23. Region 7.1.7 Water Quality Data Summary
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Region 7.1.8 Coast Range

The low mountains of the Coast Range are covered by highly productive, rain-drenched
coniferous forests. Sitka spruce forests originally dominated the fog-shrouded coast, while a
mosaic of western redcedar, western hemlock, and seral Douglas-fir blanketed inland areas.
Today, Douglas-fir plantations are prevalent on the intensively logged and managed landscape.
In California, redwood forests are a dominant component in much of the region.
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Figure C-24. Region 7.1.8 Water Quality Data Summary
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Region 7.1.9 Willamette Valley

This ecoregion contains terraces and floodplains of the Willamette River system, along with
scattered hills, buttes, and adjacent foothills. Originally, it was covered by prairies, oak savannas,
coniferous forests, extensive wetlands, and deciduous riparian forests. Elevation and relief are
lower and the vegetation mosaic differs from the coniferous forests of the surrounding Coast
Range (7.1.8), Cascades (6.2.7), and Klamath Mountains (6.2.11). Mean annual rainfall is 37 to
60 inches and summers are generally dry; overall, precipitation is lower than in the surrounding
mountains. Today, the Willamette Valley contains the bulk of Oregon’s population, industry,
commerce, and cropland. Productive soils and a temperate climate make it one of the most
important agricultural areas in Oregon.
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Figure C-25. Region 7.1.9 Water Quality Data Summary
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Region 8.1 Mixed Wood Plains
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Figure C-26. Region 8.1
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Region 8.1.1 Eastern Great Lakes Lowlands

This glaciated region of irregular plains bordered by hills generally contains less surface
irregularity and more agricultural activity and population density than the adjacent Northeastern
Highlands (5.3.1) and Northern Allegheny Plateau (8.1.3). Although orchards, vineyards, and
vegetable farming are important locally, a large percentage of the agriculture is associated with
dairy operations. The portion of this ecoregion that is in close proximity to the Great Lakes
experiences an increased growing season, more winter cloudiness, and greater snowfall.
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Figure C-27. Region 8.1.1 Water Quality Data Summary
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Region 8.1.3 Northern Allegheny Plateau

The Northern Allegheny Plateau is made up of horizontally bedded, erodible shales and
siltstones, and moderately resistant sandstones of Devonian age. It is generally lower and less
forested than the adjacent unglaciated North Central Appalachians (5.3.3). Its rolling hills, open
valleys, and low mountains are covered by till from Wisconsinan Age glaciation and the
landscape is a mosaic of cropland, pastureland, and woodland. Historically, the natural
vegetation was primarily Appalachian oak forest dominated by white oak and red oak, with some
northern hardwood forest at higher elevations. The Northern Allegheny Plateau has more level
topography and more fertile, arable land than the more rugged and forested North Central
Appalachians (5.3.3).
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Figure C-28. Region 8.1.3 Water Quality Data Summary
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Region 8.1.4 North Central Hardwood Forests

The North Central Hardwood Forests ecoregion is transitional between the predominantly
forested Northern Lakes and Forests (5.2.1) to the north and the agricultural ecoregions to the
south. Land use/land cover in this ecoregion consists of a mosaic forests, wetlands and lakes,
cropland agriculture, pasture, and dairy operations. The growing season is generally longer and
warmer than that of the Northern Lakes and Forest and the soils are more arable and fertile,
contributing to the greater agricultural component of land use. Lake trophic states tend to be
higher here than in the Northern Lakes and Forests, with higher percentages in eutrophic and
hypereutrophic classes.
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