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ABSTRACT

This study investigates the economc benefits that would accrue from re-
ductions in oxidant/ozone air pollution-induced damages to 14 annual vegetable
and field crops in southern California. Southern California production of
many of these crops constitutes the bulk of national production.

Using the analytical perspective of economics., the study provides an up-
to-date review of the literature on the physical and econom ¢ danages to agri-
cultural crops fromair pollution. In addition, nethodologies are devel oped
permtting estimation of the inpact of air pollution-induced price effects
input and output substitution effects, and risk effects upon producer and con-
sunmer |osses. Estimates of the extent to which price effects contribute to
consurmer |osses are provided. These consumer |osses are estimated to have
anounted to $14.8 nmillion per year from 1972 to 1976. This loss is about
1.48% of the total value of production for the included crops in the area and
0.82% of the value of these crops produced in the State of California. Celery,
fresh tomatoes, and potatoes are the sources of nmost of these |osses
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CHAPTER |
| NTRCDUCTI ON

1.1 The Probl em Setting

Agricultural production, even in the nost advanced countries, is
heavily influenced by factors that are beyond the producer’s control.
Despite a tremendous increase in per unit agricultural yields during the
past three decades due, in part, to successful breeding of high yield and
di sease resistant varieties of plants, favorable weather conditions
substantial uses of fertilizer, insecticides, and modern farm machinery,
aggregate world food production has not kept pace with world popul ation
growh. Further, within the nore industrialized countries yield plateaus
appear to have been reached for specific crops. On a site specific basis,
such a leveling of yields may be partially attributed to man-induced
environnmental factors, such as shifting production to soils of |ower
inherent productivity and the general degradation of environnental quality,
including anbient air quality levels. The existence of such environnental
problems may not be critical in developing or non-industrialized countries
where agricultural production is still largely at a subsistence |evel
However, within industrialized nations, the encroachnment of urban and
industrial growth into regions of agricultural production bring attendant
problenms for agriculture, including those associated with air pollution.
The problem of air quality and agricultural production is partially
pronounced on a regional basis.

Sone agricultural crops, such as vegetables and fruits, tend to dis-
play highly concentrated geographical production patterns due to specific
climatological requirenents. An exanple of such a region is the South
Coast Air Basin of California. Gven the concentration of such production
and the adverse effects of air pollution on vegetables and fruits (which
are highly perishable), one might expect price fluctuations for such
comodities in response to changes in air quality. Any depression of
yields due to the presence of air pollution may affect consuners and
producers of those conmodities differentially, depending on the price
elasticity of demand (or the price flexibility coefficients, if enphasis
is on direct price effects). That is, if the price elasticity of demand
for, say, celery is inelastic, consumers would suffer a net income |oss
while producers on the aggregate will benefit fromthe increase in price
of celery due to the reduction in celery supply.

~ The fact that air pollution poses problems in certain delineated
basins in California is well documented. Such air pollution problens

1




appear nost severe in the South Coastal Air Basin of the state. Injury

to vegetation from photochemical oxidants was first characterized in 1944
in the Los Angel es area [Middleton, Kendrick and Schwalm, 1950], but was
soon recogni zed over a large part of Southern California as well as in the
San Franci sco Bay area [Middleton, Darley and Brewer, 1958]. Moreover,t he
high | evel of such peteatially harnful photochemical oxi dants and particu-
| ate observed in thé& Souch Coast Air Basin are no |onger confined to the
del i neated. area but rather extend east into the Mojave Desert and Inperia
Valley as well as northwest into the Ventura-Oxnard Plain. Areas of
previously low air pollution concentrations, such as the San Joaquin and
Central Coast valleys, are experiencing potentially danmaging |evels of
concentration

The general effects of air pollution on vegetation are also well
documented.l/ Whil e some effects, at the individual |evel, may be primar-
i1y aesthetic, substantial econom c costs to society in ternms of deleter-
ious effects on production relationships are also incurred. These effects
as applied to agricultural crops, may be pronounced in terms of depressed
yields and resultant increases in output prices

Wthin agricultural crops, different species vary owera considerable
range in their susceptibility to injury by air pollution. These differ-
ences appear to be due primarily to differences in the absorption rate of
toxic substances by plant |eaves. Succulent |eaf plants (with the excep-
tion of corn) of high physiological activity are generally sensitive
whereas those with fleshy |eaves and needles are resistant. For these
reasons, it is necessary to find the appropriate air pollution response
function for each crop so that the level of yield reduction, if any, due
to different levels of air quality can be determined within the specified
area.

The physical effects of air pollutants on agricultural crops have
|l ong been recogni zed [Brandt and Heck, 1968]. The adverse effects of air
pol lution were recorded as early as 1874 [Caneron]. However, nost research
in this area has concentrated on physical damages. There have been rela-
tively few research efforts directed at the economic inpacts of air pol-
lution on agricultural crops. Perhaps one reason is that individuals who
traditionally carry out such studies are primarily biologists, biochemsts
pl ant pathol ogi sts, or other scientists nore interested in physical rather
than econom c ononetary |osses to plants and agricultural crops due to
air pollution. Another reasen is that it is nore difficult to adequately
eval uate econom ¢ losses due to a wide range of stochastic factors, such as
possible input and output price fluctuation, for the commodities being
considered. To date, there does not appear to be a theoretically accept-
abl e neans of neasuring such econonmic losses. O those studies directed at
econom ¢ |osses, nost enploy the survey method and cal cul ate the damages
quantitatively by sinply multiplying the estimated reduction of yield by a
fixed_ oprice [see Middleton and Paulus, 197332/ Lacasse, Weidensaul and
Carroll, 1969; Benedict, MIller and Smith, 1973; Thonpson and Tayl or, 1969;
Thonpson, Kats and Hemsel, 1971; Thonpson, 1975].



Gven the inportance of the South Coastal and contiguous regions in
the production of specific crops, increasing (or even constant) |evels of
air pollution such as photochemical oxidants, may portend significant
changes in this regional agricultural production. Such agricultura
adj ust ments may adversely affect consuners, given the general range of
i ncone elasticities and price flexibilities observed for many crops grown
in this area. The.eBfects of air pollution on producers are uncertain, as
some conpensating variation in the form of changes in output prices may
of fset some production effects. Nevertheless, it is likely that resource
owners and input suppliers would experience |ower rates of return

As nentioned above, farmlevel prices of some agricultural crops
fluctuate widely, due in part to changes in production levels. The prices
of some agricultural comodities may rise or drop nmore than 50% within a
certain tine period [see Tomek and Robinson, 1972, p. 2], depending on the
magni tude of the price flexibility coefficient. Therefore, prices, under
such situations, cannot reasonably be taken as given. In addition, nost
studi es do not consider distributional effects due to air pollutiop, such
as welfare gains and |osses across consumers and producers. Such effects
may be of nore interest to policynmakers than just the dollar value of
agricultural |osses

1.2 Scope of the Study Analysis

Vegetabl e production in the United States is domnated by California
in the aggregate and on a seasonal basis. Wthin certain regions of
California, air pollution in the form of oxidants has been a chronic
problem  This is particularly pronounced in parts of the South Coasta
regi on enconpassing Los Angeles and surrounding areas. The South Coasta
region is also an inportant vegetable producing region on a seasonal basis.

In addition, levels of oxidants have been increasing in contiguous
production regions, such as the Inperial Valley, Southern San Joaquin
Valley and Central Coast (Salinas Valley). These regions, when conbined
with the South Coast, constitute the principal fresh vegetable production
region in the US  These regions are included in this analysis in an
attenpt to capture the conparative advantage across regions; i.e., in-
creasing levels of air pollution in one region vis a Vvis contiguous regions
may result in structural changes in the agricultural sector as growers
attenpt to aneliorate for the presence of air pollution. Such nodifica-
tions in behavior may be in the form of changed cropping m xes, increased
costs or shifts in location of production. The net effect may be reduced
market shares for the affected region and altered producer revenues. Thus ,
for the purpose of this study, the delineated study area contains four
production regions identified as the South Coast, Central Coast, Southern
San Joaquin and Southern Desert.3/ These regions appear to0 constitute an
appropriate area in which to analyze the interface between air pollution
and crop production.

At present, the econonic analysis of crop damage is limted to 14
annual vegetable and field crops. Perennials, such as alfalfa, citrus and
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fruits, are excluded due to the conplex tinme horizons associated with such
crops. Also, from the standpoint of substitution possibilities (one aspect
of the analysis), annual crops offer a nore diverse set of opportunity.

The annual crops selected for inclusion represent the mjor vegetable and
field crop cormodities grown within the region. Al had gross values in
excess of $8 million in 1976. The list of vegetable crops includes: beans
(lim), brcccoli,*oantaloupes, carrots, cauliflower, celery, lettuce (head),
onions (fresh and processed), potatoes and tomatoes (fresh and processed).
In addition to the 12 vegetable crops, two field crops aeincluded: cotton
and sugarbeets. Acreage and production figures for the included crops, by
subregion and for the state, may be gleaned from Tables 1.1 through 1.4.

Wi le a nunber of air pollutants are known to cause physical damage to
plants, the enphasis of this study is on one specific type of air pollutant
oxi dants/ozone.  The selection of ozone concentration as the anbient air
quality parameter is based on the magnitude of ozone in terms of total air
pol lutants. Wthin California, oxidants/ozone conprise approximately 50%
of total pollutants. Further, ozone appears to be the nost significant

pol lutant in terms of vegetation damage

The procedures used within this analysis, while specific to the
included set of crops and type of pollutant, should be sufficiently genera
to be applicable to a wide range of crops and pollutants. Further, in
terms of policy inplications, results derived from the enpirical analysis
concerning the included set of variables should fill the nmost pressing
i nformational needs of policymakers.

1.3 The Agricultural Sector: An Overview

The agricultural sector of California has experienced a significant
growh during the past few years. Goss on-farm revenues have Increased
from$5.1 billion in 1972 to $9.1 billion in 1976 (u.S.D.A. Agricultura
Statistics). Wile due partly to higher prices for vegetables in the
period, there are several factors which continue to contribute to the over-
all growth of California agriculture. Among them are favorable environ-
mental and technol ogical conditions. The tenperate Mediterranean type
climate in California, a well-developed system for tapping the water
resource base, relatively productive soils in sone areas, high application
of chemcal fertilizers, pesticides and advanced mechanical aids enable
growers to harvest a diverse high yielding and high value crop mx [Adans].
As a result, 38 of California’s 61 agricultural comodities rank nunber one
in the nation and only five of the 61 fail to rank nationally in the top
ten.4/

Total econom c values of California s principal vegetable crops5/ for
1974, 1975 and 1976 are: $1.24 billionm, $1.38 billion and $1.28 billion,
respectively. These values represent 44.23, 43.42 and 43.02% of tota
national vegetable marketing. Total acreages for the sane period are
808,470 acres (24.36% of the U S.), 865,920 (25.46% and 768, 160 (24.19%).6/
Val ue, acreage and percentages for specific crops are presented in Table 1.1.



United States and California Crop Production:

Table 1.1

Specific Vegetable and Field Crops, 1976

United States® California® b
_ ] California i; | California
Acreage Production Vaue Acreage Product ion Production Vaue Vaue
(1000 acres) | (1000 cwt) ($1000) (1000 acres) (1000 cwt ) as x of U.S. ($1000) as x of U.S.

Vegetable ¢rop

Beans, Green Lima 48.0 55.81 16,007 15.7 25.751 46.15 8,317 51.96
Broceoll 53.8 4,280.0 63,761 50.4 4,133.0 96.56 63,123 99.00
Cantalopes 73.2 10,005.0 108,075 39.0 6,623.0 66.20 70,442 65.18
Carrots 75.5 20,089.0 117,424 33.0 10, 100. 0 ‘ 50.28 58,291 49.64
Cauliflower 338 3,218.0 52,575 26.5 2,558.0 79.49 40,400 76.84
Celery 33.3 16.821,0 137,374 19.8 11,110.0 66.05 78,922 57.45
1 et tuce, Head 222.5 54,047.0 473,837 155.1 39,640, 0 73,34 327,665 69.16
Onion, Fresh 31,7 7,172.0 44,466 5.9 1,652.0 23.03 7,814 17.57
onion, Processing n.a. n.a. n.a. 19.5 7,215.0 n.a. 27,524 n.a.
Potatocs 1,374.1 353,336.0 1,182,816 66.0 24,188, 0 6.85 110,161 9.31
Tomatoes, Fresh 128.9 21,492,0 425,897 29.4 6, 709.0, 31.48 137,904 32.38
Tomatoes, Processing 309.0 6,471.8' 375,401 233.8 5,006.5 78.29 284,734 75.85
Field Crop

Cotton 10,869.1 10,095.9: | 3,267,560 1,120.1 2,382.7° 23.60 835,192 25.56
Sugarbeets 1,480.5 29,427.0 582,655 312.0 8,8921,3 30.22 267,649° | 45.04

2,318,158
1
1000 tons

1000 bales of 500 1bs each

31975 figures since the 1976 figurcs were not available at the time of compiling the table.

4Inform_ation on processing onions not readily available. However, it 1s generally assumed that California produces the bulk of
U.S. processing onion production.

Sources.

%. SD. A. AH((‘H](ul'ulSL.JLlstlcuundb(.'nllfuruln Crop and livestock Reporting,Service




Table 1.2

crop Acreage Harvested, by Rregion
1972-76 and 1976

s
Southern Desert Southern Coast Central Coast Southern San Joaqulnl Scudy ‘Re‘gion
Crop 1972-76 1972-76 1972-76 1972-76 1972-76
Average 1976 Average 1976 Average 1976 | Average 1976 Awsrage 1976
Vegetable Crops
Beans, Green Lima 10,778 6,911 2,847 995 2,281 3,000 15,906 10,906
Broccoli 2,918 3497 | 18712 19,900 21,630 23,397
Cantaloupes 9,330 8,850 2,294 3,067 3,872 2,600 15,496 14,517
Carrots 5,102 5510 | 10,233 11,302 4,803 4,674 9,440 10,000 29,578 31,486
Cauliflower 4,281 5,419 8,676 9,990 12,957 15,409
Celery 10,905 11,852 7,273 8,21,0 18,178 20,092
Let cuce, Head 44,380 43,900 | 17,714 18,939 | 69,206 73,565 4,430 5100 | 135,730 | 141*504
Onloa, Creen 1,678 1,790 1,713 952 1,279 2,090 0 0 4,730 4,832
Unton, Dehydrated 2,007 925 3,79 4,000 1,602 1,250 6,230 6,500 13,713 12,675
Polutous 8,839 9,43a 4.803 4,376 34,907 36,023 48,549 49,837
Tomatoes, Fresh 1,765 1,766 8.882 9,924 3,895 4332 2.342 2,023 17,252 18,045
Tomatoes, Processing 1,110 1,430 9,504 8,776 | 10,094 9* 500 8,226 7,950 30,139 27,6 -
Field Crow
cot too 54,400 71,000 | 18,257 23,562 413320 | 447,000 | 485,977 | 541,562
Sugarbeets 62,600 58,000 9,811 9,015 | 18,258 24,390 27,896 29,891 J 118,565 | 121,296 ,

Sources: County Commissioner's Annual Reports




Table 1.3

Average Annual Crop Production and Market Shares,
by Region, 1972-76

V vy 2 Y
Wiced siaces _ catitemis  _____ tesibec, pmass m,.s,m—’ Y L) Yoite Cudy Ares
(Tetal S of T of T of Y of of T o of. . T of ll-
Crops oduct lom she .8, Preduc fom ghe 0.8, Califormjsy IMroductioa  the U.S. Califernis Production the U.5, aliforais Production she U.3. Colifornis Productfom Culiforsts
- ‘ ‘

Beans, Lina (tems) 86,010 42,930 49.91 - 23,256 27. 04 34.17 6.544 7.3s 14.11 4,144 7.8% 15.76 26.244 44.71
Broccoli (Owe.) 3,959,800 3,597,000 90.s9 225,171 6.02 4. 62 1,012,1s0 23.56 28.1) 1,250.334 54.15
Cantaloupea (Cvt. ) 10,759,400 7,155,800 4450 1,159,400 11.15 16.76 310,123 .9 4.4s . 120,400 1 10. 18 2,248.823 11.42
Caxrots (*C. ) 20,648,200 10.321,200 49,9 1,703,400 1.25 16.50 3.193,959 15.47 30.95 1,402,420 4.79 13.5% 3,220,000 15.59 31.20 9.519.979 92.24
Caulifloves (Owe. ) 1,035.400 2.383.500 71. 33 . - 344,599 18.01 2.9 861,370 28.38 36.13 1,407,969 59.06
Celery (cut. ) 16,385,600 10.5?9, UKI 64.34 4,201,152 3.4 58.61 4.056,550 26 04 38.43 - 10.217,732 92.24
Lettuce® (aN. ) S$1,65S.800 17,079. 800 71.78 11,124,000 21.53 20.00 4,491,817 8.6 12.11 11.14?.544 35.52 49.49 1.151.600 2.23 L 35,116,7s1 94.71
Oaions, Fresh (an. ) 3,994,000 1,788,200 29.8) 440,400 7.9s 25.75 571,562 9.54 3.9 386 960 6.44 21.44 1,419,222 .9
blow, Processiag

(cut.) 21.456.400 1.%61,100 33.67 548,000 2.44 7.25 1.209,004 5.38 15.9% 565,552 ‘2,51 7.45 2,118,400 $.43 28.01 4,438,952 Ss. 70
Potacoes (Cwt.) 322,129.000 22,120,000 7.05 1.s13 ,714 " 12.8) 1.511.160 .49 6.9 9.611,452 1.9s 42.30 34,004.2s6 41.44
Tomatces, Fresh

(cut.) 20.404,400 6,882,000 1nn 384, boo 1.ss 3.59 4,124,195 20.43 40.46 1,195,250 5.07 17.41 674. 168 3.31 9.50 4,431.743 93.44
Tomacoes, Processing

(Tons) 7,160,4s0 5,514,440 77.23 24,040 .s4 44 235,970 5.20 4.11 257,559 3.41 4.67 144,940 1.4 1.03 686,338 12.42

Pieléd Crops

Coccom (b, of

300 1bs.) 10,8 M.811 2,024,640 18.59 124, 368 1.14 6.15 37,212 .24 1.s4 $45.261 1.719 41.90 1.010,061 69.4S
Sugsr beeta (toms) 26,832,600 7.842, 000 19.23 1.59s.400 5.94 20.38 271,305 1.01 3.4 400, 102 2.24 1.65 729.274 .75 $.43 3,211,0s1 40.93

SOURCES: 1/ u.8.D.A. Agriculcwral Statistics.
2/ County Commissioser's Aamual Crop Raport.

3/ cCaliforaia Crop snd Livestock Sarvice, Anaual Japagt.

WO Ragionsl figures shown sbove & not imclude appraximataly 535,998 cur. Joaf
letcuce aad 1,012,882 cwt. Romsina lettuce.
Southern Desert - lsperisl Couaty

South Cosst - Las Angeles Count y, Oraage County, Riveretds County, Sea Bermerdiao Coumty,
Ssata Barbara County, San Diego County, Ventura Couaty

Central Coast - Monterey Couaty, Sam Benito County, San Luis Obispo County, Sents Cruz County

Southera San Joaquin Vail.~ - Kera County, Tulare County




Table 1.4

1976 Reglonal Crop Production

A4
Region i
) Southern Central Southern
Region Unit Desert South Ceast Coast San Joaquin Total X of California

Veget able Crop

Beans, Green Lima (TOSS) 14,087 2,505 9,000 25,592 99.39
Broccoli (CWT) 292,770 1,207,400 1,500,170 36.30
Cantalopes (CWT) 1,128,000 461,332 468,000 2,057,322 31.05
Carrots (CWT) 2,215,000 2,908,021 1,416,800 3,500,000 ‘10, 039,821 99.40
Caullflower (LWT) 617,877 975,850 1,593,727 62.30
Celery (CWT) 6,478,100 4, 529,800 11,007,900 99.08
Let cuce, Head (CWT) 11,720,000 4,950,130 20, S35,170 1,490,000 38,695,300 97.62
Unlon, Fre sh (W) 374,000 277,378 S96,600 1,247,928 75.54
Onfon, Dehydrated (enr) 300,000 1,400,000 393,260 2,580,000 4,673,260 64.77
Pocatoes (CwT) 2,900,200 1,428,600 10,630,900 15,039,700 62.18
Tomatoes, Fresh (cwr) 384,000 5,020,416 872,000 403,480 6,679,896 98.74
Tomatoes, Processing (TONS) 36,000 178,538 188,980 195,000 598,518 11.81
Field crops

Cot ton (BALLYS) 141,500 51,122 972,760 1,165,382 46.95
Sugarbeets (T045) 1,476, 000 256,636 867,020 849,638 3,449,292 38.79

Southern Desert =0

South Coast = 233,320 CWT
Central Coast 965,800 CWT
Southern San Joaquin= O

e Leaf Lettuce: Southern Desert 0 *Romane Lettuce:
South Coast = 428,076 CWT
Central Coast> 526,200 CWT

Southern San Joaquin= O
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These aggregate characteristics of the California agricultural sector
tend to mask SOre rather sharp distinctions observed at the regional level.
Although the Certral Valley and Central Coast (Salinas Valley) are consi-
dered the most significant Production regions in terms of value of pro-
duction, other regions such as the South Coast and Inperial Valley
(identified by the California Crcp and Livestock Reporting Service as Crop
Reporting District 4o~8) are nationally inportant in the production of
many specialty crops, on both a seasonal and annual basis. This is par-
ticularly pronounced in both winter and spring vegetables as well as hor-
ticulture crops such as cut flowers. Mreover, the South Coast and Inperia
Valley areas also produce significant quantities of avocadoes, strawberries
and sugarbeets. Table 1.2 presents a regional breakdown of crop acreages
for the period 1972-1976 and for 1976. Tables 1.3 and 1.4 provide regiona
data on value of production and national market shares for the sanme periods

This regional inportance is primarily attributable to climatological
consi derations concerning the product mx that growers may undertake in
these regions. For instance, crop production in some climatologically
distinct regions, while plagued by higher production costs, remains viable
due to higher output prices normally received for winter and spring season
production or for sonme specialty crops. However, in the presence of
environnmental degradation which results in reduced production (yields) wth-
in the region, one would expect the total. output and cropping mx undertaken
by growers to be affected (if differential effects across crops are assuned)
through substitution effects (e.g., use of lower yielding but nore resistant
crop varieties) or depressed per unit productivity (caused by dimnished air
quality or sub-optimal changes in production location). The resultant
hi gher output prices and/or lower yield for certain seasonal production and
otPFr specialty crops may then significantly affect consuners’ and producers’
vel fare

1.4 Purpose and Objectives

The main purpose of this report is to convey the nethodol ogical and
enpirical results realized to date for the agricultural phase of EPA
Benefits project. The intent of this project phase is to develop a tract-
ible met hodol ogy for the assessment of econom c danages to agricultura
crops associated with air pollution (oxidants) and apply such a methodol -
ogy to an actual production region. The enpirical basis of this study is
derived frem the application of these methodol ogi cal constructs to the
four delineated regions in the study area (South Coast, Desert, Centra
Coast, Southern San Joaquin Valley).

Specific objectives of this report are to

L. Present a current review of literature on physical and economc
damages as they pertain to the devel opment of tractible research
approach

2. Present an overview of the incorporated methodol ogy;




3 Estimate and discuss the results of air pollution yield response
functions and crop price-forecasting equations required for
damage estimation;

4, Present a neasure of econonic damages for consunmers as measured
by the above yield and price paraneters; and
A B

5. Discuss areas in need of further research to fully capture the
effects of air pollution on crop production. These include
production substitution (both input and output effects) and risk
effects associated with crop production in areas of high levels
of oxidant.

1.5 Plan of Presentation

The report contains six mjor chapters, in addition to the intro-
duction. These include: Chapter Il-review of literature; Chapter III-
net hodol ogi cal consi derations; Chapter |V-yield response functions; Chapter
V-price forecasting equations; Chapter Vi-estimates of econom c damages to
consurmers; and Chapter VIl-areas in need of further research. Each chapter
is intended to be independent in content. Thus, readers may skip chapters,
depending upon area or extent of interest. Details concerning itens with-
in the executive summary nay be obtained from appropriate chapters.
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FOOTNOTES:  CHAPTER |

féor nmore details see Chapter Il of this report.

a/
“Barrett and Waddell (1973).

/ . . .
=~ The ccunties included in each region are as follows: South

Coast -- San Diego, Orange, Los Angeles, Riverside, San Bernardino,
Santa Barbara, Ventura; Desert -- Inperial; Southern San Joaquin --
Tulare, Kern: Central Coast -- Monterey, San Benito, San Luis Obispo,
Santa Cruz.

“California County Fact Book 1976-1977, J)p 22-23.  The ranking is
based on quantity produced. These five conmodities are corn, for grain

(ranks 24th nationally), corn, sweet (ilth), oats (16th), red clover seed
(17th) and wheat (13th).

2 For fresh market: artichokes, asparagus, snap beans, broccoli,
brussel sprouts, cabbage, cantal oupes, carrots, cauliflower, celery, sweet
corn, cucunbers, eggplant, escarole, garlic, honeydew nelons, lettuce,
onion, green peppers, spinach, tomatoes and waternelons. For processing:
lim beans, snap beans, beets, cabbage, sweet corn, cucunbers (pickles),
green peas, spinach, and tomatoes.

E/All figures for 1976 are prelimnary.
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CHAPTER 11
AGRICULTURAL CROP DAMAGES BY AIR POLLUTION - A REVIEW OF LI TERATURE

2.1 Introduction

The relationship between plant injury and levels of air pollutants
such as oxidants is a subject of significant research effort. The inpor-
tance of the subject stens from the health and econonic inplications por-
tended by inpacts of air pollution on plants. Aso, the measurenent of
such relationships is controversial because plant injury is due to a wde
range of factors. There does, however, appear to be general agreenent that
plant injury is primarily dependent on the concentration of funmigant and
time of exposure, although environmental factors and neteorol ogical condi-
tions also influence this relationship. Mreover, it has been discovered
that different varieties of each plant specie have different degrees of
susceptibility to air pollution concentration and thus display different
degrees of damages, both physically and econonically.

The purpose of this section is to briefly review sone recent studies
concerning both physical and econom ¢ damages of agricultural crops caused
by air pollution. Concentration will be on those studies dealing wth such
air pollutants as photochemical oxi dant and ozone, within the United States.
This literature review is thus not exhaustive. For a nore detailed review,
the interested reader is urged to pursue the subject by going through the
bi bliography cited in footnote 1. The review in this section will start
with those studies concerning physical danages and then proceed with a
review of literature dealing with econom ¢ danages

2.2 Physical Damages of Crops by Air Pollution

Pl ant pathol ogi sts, biologists and other plant scientists have been
concerned with effects of air pollutants on vegetation for perhaps a cen-
tury or nmore but it was not until the early 1950's that extensive research
on the “physical” damages of air pollution on plants was carried out.
During the last 25 years the nunber of publications on the subject in
various professional journals has increased significantly.l/

Perhaps the first experinental, evidence of effects of air pollutant on
vegetation was that done by Lea in 1864. In his experinent, Lea gerninated
wheat seedlings on gauze under bell jars with and w thout ozone generators.
The seedlings without ozone devel oped normal roots but the roots subse-
quently becanme moldy. The seedlings in ozone, surprisingly, had very short
roots that grew upward and renmained free of nold
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Kni ght and pri estl}l in 1914 damaged seedlings with ozone during their
investigation on the effect of electrical discharges on respiration. Homan
in 1937 investigated the possibility that ionized air and ozone mght be
capable of improving plant growth. ~In 1948, Schemer and McColloch (1948)
attenpted to use the antifungal properties of ozone to prolong the life of
apples in storage. Fram such an experiment, it was determined that one
could deter surface molds for seven nonths jf the apples were kept in 3.25
opn Of ozone. Unfortunately, results obtained showed many of the ozone-
treated appl es devel oped brown sunken areas around the lenticels [Rich,
1964, p. 154].

Mddleton, et. al. (1950) were anong the first to report that photo-
chemical air Pollutants can damage field crops. Their initial concern was
with ozone damage, but later found the primary cause of damage to be PAN.

Wi |l e ozone was not initially thought to be inportant as a crop danagi ng
pol lutant, by 1957 Freebairn had established that crops could be adversely

affected by ozone injury. In 1958, grape stipple caused by ozone was
verified [Richards, et. al., 1958]. This type of injury had been a najor
probl emin California vineyards Since 1954.

The nationwi de distribution of ozone as a potential threat to agri-
cul ture becane apparentin 1959, when ozone was reported to cause damage
omany crcps in New Jersey [Dairies, et. al., 1960]. Through fumigation
experinments, Ledbetter, et. al. (.1959), and Hll, et. al. (1961) extended
the list of plants that can be injured by ozone. Thomas (1961) perforned
a fairly conprehensive review of the available information on the effects
of photochemical oXi dants on plants.

Middleton (1961) gave the first conprehensive coverage of the phyto-
toxic effects of photochemical oxidants. Rich (1964) presented an early
and detailed review of ozone effects on plants. The degree of injury to
susceptible plants is directly related to the concentration of ozone to
which plants are exposed and to the duration of the exposure [Rich].

Al though synptons of ozone injury may vary across species, there are several
synptonms that appear to be typical of the ozone syndrome. One of the first
synptonms of ozone injury is the appearance of “water-soaked” spots found on
tobacco leaves. [If the damage is not severe, the injured cells may ulti-
mately recover. The followi ng phase is usually bleaching. Wth nore severe
injury, the chlorotic or discolored areas may becone necrotic and then

col lapse.  Another synptom of ozone injury in plants is yellowing or pre-
mature senescence of ol der |eaves, acconpanied by abscission.

Once ozone gets inside the leaf, it attacks the palisade parenchyma
first. The synptonms of ozone injury to palisade cells vary. “In grapes,
the injured cells beccme darkly pigmented before they die” [Richards, et.
al., 1958, p. 257]. A simlar type of pignentation acconpanied by thick-
ening Of the cell walls is also found in ozone damaged palisade cells of
avocado and Strawberry [Ledbetter, et. al. , 1959]. In tobacco, sugarbeet,
and occasional |y peanut and sweet potato, the ozone injured palisade cells
col | apse and then becone bleached. The surrounding tissue may be unaf-
fected if the ozone damage is not too severe. (OQtherw se, the adjoining
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mesophyll and upper epidermis may die [Povitailis, 1962]. In tomato and
potato there is conplete collapse of the tissue within the lesion caused by
ozone.

A series of experiments abcut effects of air pollutants on citrus trees
carried out by Thonpson and™Taylor, Thonpson and Taylor and Associates in
the 1960's in the Los Angeles Basin [Thonpson and Ivie, 1965; Thonmpson and
Tayl or, 1966; Thonpson, _et. al. 1967, Thonpson and Taylor, 1969] show that
t he photochemical SMDQ complex present in that area reduced water use and
the apparent photosynthesis of citrus trees. Anbient levels of fluoride
had no significantly neasurable effects.

“The snaller total leaf drop in trees which received filtered air
was conpared to the unfiltered treatnents is somewhat significant but
when nmeasured for long periods tends to become equal in all trees be-
cause all 1leaves becone senescent and fall eventually. The nuch nore
revealing work was the study in which the separate |enon branches with
tagged, dated leaf flushed were counted periodically. These showed,
after 18 nonths that the trees receiving filtered air had |ost 28% of
their leaves while the unfiltered treatnments had |ost 66% [Thonpson
and Taylor, 1969, p. 940].

Effects of ozone (conprising almost all the oxidants in the South
Coast Air Basin) on some crops such as corn, tomato, lettuce and cabbage in
the South Coast area have been studied and reported by Oshima (1973). In
that study, a short-term fumgation study was undertaken in order to deter-
m ne oxi dant effects on young seedlings. A long-term fumgation study was
then used to determne effects on crop quality and yield and to devel op
criteria for field studies. Seedlings of the CGolden Jubilee variety were
exposed to 0.24 ppm ozone concentrations for 1.5% of the grow ng period.
Fum gations were initiated upon energence and discontinued after a 30-day
period. Results from the experiment indicated that ozone injury was
observed on the seedling corn |eaves of the ozone treatment throughout the
fumgation. At harvest, the size and weight of the fum gated plants were
reduced when conpared to controlled plants. In summary, Colden Jubilee
corn was seriously affected by ozone in the 0.20-0.35 ppm concentration
range under greenhouse conditions-. The general effect of the ozone
exposures was a reduction in the size and weight of the corn plants. A
hi gher concentration of ozone, say, 0.35 ppm reduced the dry weight of the
ears by 22.3%which is twice the 12.5Z reduction found in the 0.20 ppm
treatment.  However, ozone does not seemto influence the quality of field
grown CGolden Jubilee corn ears to any great extent. The only quality
criterion possibly associated with anbient oxidant dosages was the extent
of blem shes on harvested ears. This mght be due to the fact that this
variety of corn is sonmewhat resistant to disease and air pollution injury.

The sane procedure described shove was used on tomato, |ettuce and
cabbage; the results obtained are described below.  Ozone exposures at a
moderate | evel (0.24 ppm) reduced the size and weight of Hn variety
tomato seedlings. Reductions in height of plant, weight, and nunber of
| eaves indicate that the fum gated seedlings were not as fully devel oped as
controlled plants. Hi gher levels of ozone concentrations (0.35 ppm)
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. onificantly affected fruit yieId: Although ozone injury was observed on
S%gld_grown tomato plants, no quality reductions attributed toozone were
g:iectable on harvested fruit.

prizehead | ettuce was found to be resistant to ozone and other pol-
cants at all stages of growth. Ozone fum gated seedlings were reduced in
percent solids frém Control|led plants, but only the high concentration
(0.35 ppm) level of ozone over a period of time produced detrimental effects
. the mature stages of growth. Dark green Boston lettuce was selected for
rong-term fum gation studies as a conparison to Prizehead |ettuce. This
variety proved to be far nore susceptible toozone than the Prizehead
variety. The percentage of |eaves affected by oxidants would meke these
plants unacceptable for marketing. Ozone also produced a reduction in the
overall SiZe Of Plants jn poth funmigated treatnents. It should be noted
nowever, that lettuce is regarded aS a cool weather crop and is thus gen-
erally grown in the spring or fail, a period when it would not be subjected
to the high exposures of ozone which affect summer grown crcps [Oshima,

1973, - 80].

Long-term fum gations indicated that ozone does not affect the quality
of Copenhagen Market cabbage heads. G eenhouse grown Copenhagen Market
cabbage was found to be sensitive to ozone leaf injury at allstages of
growth. However, injury to wapper |eaves by ozone ddnot always reflect
reduced yields or quality. Plants exposed to a |ower |evel of ozone (say,
0.20. ppm displayed considerable [eaf injury but no reduction in either the
size or the weight of harvested heads. Leaf injury was also observed in the
0.35 ppmlevel of ozone concentration but there were no significant yield
reductions. This variety apparently tolerates a degree of ozone leaf injury
without any significant effect on size or weight of the head. Jet Pack
cabbage, a commercial hybrid, was then introduced in the long-term fum -
gation studies as a conparison with Copenhagen Market cabbage. Effects of
ozone injury were essentially the same as Copenhagen Market.

lu

Brewer and Ferry (1974) carried out a study on effects of photo-
chemcal air pollution (snog) on cotton in the San Joaquin Valley in 1972-
73.  The experiment consisted of placing pairs of filtered and non-filtered
plastic covered greenhouse shelters over established plots of cotton in
some selected locations in the valley. Al greenhouses were equipped with
electric motor driven blowers which changed the air in each house twce
every mnute. One of each pair of biowers was equi pped with activated
carbon filters which effectively removed oxidants, ozone and nitrcgen
dioxide. Plant height, squares, bloom and boll set were then recorded for
each plant at about two-week intervals. The experinment shows that one
obvious effect of the carbon-filtered air on cotton plant growth at all
| ocations was the retention of vigor and color during |ate sunmer and
early fall. Moreover, plants in the filtered air were green and continued
to bl oomand mature bells weeks after those in the outdoor plot and non-
filtered greenhouse had colored and becone senescent.

Plant injury by air pollution not only depends on the level of concen-
tration of each pollutant and enviremmental factors but al so depends on
differential variety of each crop. Mny plant pathol ogists and vegetable
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crop specialists and other plant scientists have conducted studies in order
to test the degree of susceptibility of each variety of crop to air pollu-
tants at certain locations. Results from such experinents have then served
as suggestions to farmefs as to which variety of crop should be used for

the next grow ng season.”” &n experinent of this type was conducted on sweet
corn hybrids by Cameron, et. al. (1970) in Riverside and Los Angeles, Cali-
fornia. The study showed a marked differential in injury fromair pollution
in different sweet corn hybrids; e.g., at Riverside, |eaf danage by oxidants
ranged from nearly zero in 11 hybrids to slight to severe in 23 others.

This was also true in the Los Angeles area

“Thus, it appears that anong the cultivars there were great
differences in injury which cannot be attributed to cultural factors
such as fertilization or irrigation, or to high tenperature alone
CGenetic resistance to air pollution damage is apparently present in
SONE cultivars, but not in others.” [Cameron, et. al., 1970, p. 219]

Experinents by Thonpson, et. al. (1976) on two varieties of sweet corn
in the Los Angel es Basin al so showed different degrees of susceptibility to
ozone injury. Studies by Reinart, et. al. (1969), clayberg (1971, 1972) and
Oshima, et. al. (1975) on different varieties Oof tomato found both resistant
and susceptible cultivars t0 ozone concentration. These varieties were then
ranked in order of degree of susceptibility. Finally, Davis and Kress (1974)
sel ected six varieties of bean fromthose recommended for commercial produc-
tion in Pennsylvania in their study concerning the relative susceptibility
of each variety to ozone. Plants were exposed to 0.25 ppm ozone for 4 hours
at a tenperature of 21°c, 75% relative humdity, and a light intensity of
25,000 1ux. In each variety, five plants were exposed from 8:00 amto
12:00 noon, and the remaining five from 1:00 pmto 5:00 pmon the sane day.
Such exposures were conducted on three different days, each 30 days from
the respective planting date. Results showed that ozone synptons differed
slightly across varieties, but were generally a dark stipple or a light tan
fleck on the upper surface of the |eaf.

Fromthe literature reviewed, one can conclude that air pollutants
such as oxidants or ozone cause damages to various plants and crops. The
degree of injury to susceptible plants depends directly on the concentra-
tion of ozone and the duration of the exposure. Mnor injury may result
only in yellowing or premature senescence of ol der |eaves and the injured
cells may ultimately recover. If, however, the damage is severe, the
chlorotic or discolored areas may becone necrotic and col |l apse, followed
by |eaf-drops, fruit-drops, reduction in growth and yield and may finally
result in :he death of the plant.

Enpirical studies indicate that various types of agriculturally
i nportant vegetables such as beans, cabbage, corn, lettuce and tonatoes
and sone field crops such as cotton are susceptible to ozone concentrations
Sel ected exposures reduced the size and weight of fruit, the height of
plant and the nunber of |eaves. Hgher levels of ozone concentrations
significantly affected fruit yield. However, effects of ozone on the
quality of fruit is not well established. Finally, it is evident that
varieties of each crop respond differently in terns of degrees of
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tibility SpeCifi c type of air p0| | ution. Far ners, .based mai n|y
ggsgg‘;t experietn‘éef" usual Iy choose the variety that has the highest degree

».3 Econom ¢ Damages of Crops by Air Pollution

ssteported ifithie preceding section, the effects of oxidant on
vegetation have been intensively studied over the past 25 years. xidant
or SNDQ type symptoms were identified with the reaction product of ozone
and reactive hydrocarbons (autonobile exhaustion). Generally speaking, the
:dversary effects of air pollution on agricultural plants are reductions in
the quantity of output (yields] and/or degradation of the quality (nutri-
tional content) of the product.ln terms of measurement of economic damages,
the scope and content of research efforts are sonewhat nmore limted, parti-
cularly with respect to nmethodol ogies. Waddell (1974) identified sone
general approaches for such neasurenent purposes. One approach is to
actual |y survey the damage loss on a statewi de basis. This approach has
been used in studies by Middleton and Paulus (1956), Weidensaul and Lacasse
(1970), Millecan (1971), Feliciano (1972), Naegele, et. al. (1972), Pen
(1973), and Millecan (2976). Another approach is to construct predictive
nmodel s relating data on crop losses to crop values, pollution emssion and
net eorol ogi cal parameters. The nost conprehensive attenpts using such an
approach are studies done by Benedict and Associates (1970, 1971, 1973) at
the Stanford Research Institute (.SRI). A third approach to assessing
econonmi ¢ damage of crops by air pollution is to estimate the “dose-response
function” and then relate it to the calculation of |osses for each crop.
This approach has been attenpted by 0'Gara (1922), Cuderian, Van Haut and
Stratmann (1960), Stratmann (1963), Zahn (1963), Larsen and Heck (1976),
Oshima (1975), Oshima, et. al. (1976. 1977), and Liu and Yu (1976). This
method wil|l be described in the Section on air pollution response function
estimation presented later.

Econom ¢ assessment of air pollution damages by investigators on a
site-specific basis was first done in a California survey conducted in 1949.
A sonewhat simlar survey in 1955, reported by Middleton and Paulus (1956),
was designed to show the location of injury, the crops injured, and the
toxicant responsible for the damage. Agricultural specialists throughout
the state were trained as crop survey reporters with the survey covering
four categories of crops: field, flower, fruit, and vegetable.

A program simlar to that in California was established in Pennsylvania
In 1969 [Weidensaul and Lacasse, 1970]. The objectives of that survey were:
(1) to estimate the total cost of agricultural |osses caused by air pollu-
tion in Pennsylvania; (2) to determne the relative inportance of the
variouspollutants in Pennsylvania; (3) tO survey the extentof the air
pollution problem in Pennsylvania; (4) tO0 provide a basis for estimating
the nationw de inpact of air pollution on vegetation; and (5) to provide a
basis for guiding research efforts.

The Pennsylvania study included both commerical and non-comer ci al
plants. Past air pollution episodes were investigated for purposes of
detecting possible trends. Estinates of losses obtained were based on
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crop value and production costs incurred by harvest tinme. Direct |osses
to producers and growers included only production costs, whereas indirect
| osses included profit |osses, costs of reforestation, grower relocation
costs, and the cost of substituting lewer value (highly resistant) crops
for higher value (but very sensitive) crops. Qther costs such as those
associ ated with destruetien of aesthetic values, erosion and resultant
stream silting, damage to watershed retention capacity, and farm aban-
donment were not considered

O the 92 field investigations made within the Pennsylvania study, 60
reveal ed damages that were attributable to air pollution. Damage resulting
from pollution was observed in 23 counties, primarily located in south-
eastern and western Pennsylvania. Direct |osses estimated in the survey
exceeded $3.5 nillion. The air pollutants responsible for the damage, in
order of decreasing inportance were oxidants, sulfur oxide, l|ead, hydrogen
chloride, particulate, herbicides, and ethylene. The vegetation nost
affected (also in | awns, shrubs, woody ornanental, tinber, and commrercia
flowers. Indirect losses were estimated at $8 million of which $7 mllion
reflects profit losses, $0.5 mllion reflects reforestation costs, and the
remai nder reflects costs for grower relocation.

The approach used in the Pennsylvania study may be criticized on
several aspects. First, the nethod used in assessing |osses is somewhat
questionabl e because grower profit |osses are not included as direct costs
(since profit is normally the main objective of producers, such |osses my
be direct). Second, nethods of translating physical damage into economc
| oss have not been standardized. Third, not much is known of the extent to
whi ch hone garden plantings and flowers are being affected by air pollution
and, if they are affected, then what value should be assigned to these
| osses.

There are certain advantages, however, of this procedure, such as
(1) existing manpower used in the initial survey can be used to achieve
continual coverage over an area; (2) |local agents have rapport with growers
in that area, are famliar with crop peculiarities, and are probably
know edgeabl e about local sources of pollution in the area; and (3) a field
coordinator supplies expertise to the reporting personnel and also provides
some degree of standardization in reporting |osses

A simlar study was carried out for Pennsylvania in 1970 [ Lacasse].
Using the sane concepts of cost (direct and indirect) as in the previous
year's survey, Lacasse estinmated direct |osses to be $218,630 and indirect
| osses of $4,000. The relatively |ow damage figure for that year was due
to:

“fewer inversions and to no unfavorable growi ng conditions when
air stagnation did occur.” [Lacasse, 1971]

Simlar surveys have al so been carried out by Feliciano in New Jersey
and in the New England States in 1971. Feliciano (1972) estimated that
agricultural losses due to air pollution in New Jersey were $1.19 million
However, as in the Pennsylvania surveys profit |osses were not included
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theccurse Of the New Jersey surveys a total of 315 air pollution

I nci dence were investigated and documented. A "rule of thunb” eval uation
method devel oped by Millecan (1971) was used for estimating |osses, i.e.,

i f visual inspection OF the overall leaf surface of the plants indicates
1-5Z injury a 1% loss was applied for that crop. A |eaf surface injury of
6-10%2 Was assigned,a 2% | oss; 11-15% injury, a 4% loss; and 16-20% injury,
an 8% loss. Estimates of total |osses were then based on the crop value of
the acreage affected.

Naegele, et. al. (1972) reported on a field surve?/ of agricultural
losses in the New England region resulting fromair pollution. The survey
contains 83 investigations in 40 counties covering the six New England
states. Direct economc losses for the 1971-72 season were estimated at
approximately $1.1 nillion. Economc loss estimtes were based on grower
costs, crop value at the tinme of harvest and the possibility of crop re-
covery following the pollution incident. The direct losses in this study,
in contrast to the Pennsylvania and New Jersey cases, include grower profit
losses. Among the crops studied, fruit, vegetables, and agrononic crops
suffered the greatest |osses, with over 90% of the damage being attributed
to oxidant air pollution.

An approach similar to that used in Pennsylvania, New Jersey and New
Engl and was used by Millecan (1971) to survey and assess the danage of air
pollution to California vegetation in 1970, Prior know edge about the dis-
tribution of air pollution problems placed concentration of the study in
the Los Angeles Basin, San Joaquin Valley, and the San Francisco Bay area.
Estimates of losses were confined to 15 of the 58 counties in the State,
even though plant injury fromair pollution was observed in 22 counties.
Ventura County, on a county-w de basis, suffered the greatest economc crop
|l oss (approxinmately $11 million). Losses of citrus production in the Los
Angeles Air Basin accounted for over $19 nillion of a total nonetary |oss
of alnost $26 nmillion. Such a nonetary |oss estinmate does not include
| osses attributed to reduction in crop yield or growth (except for |osses
of citrus and grapes) nor losses to native vegetation including forests,
nor to |andscape (horticultural) plantings. Photochemical snmpg accounted
for most of the economic |losses. Specifically, the percentages of plant
injury caused by each type of air pollutant are as follows: ozone, 50%
Pan, 18% fluorides, 15% ethylene, 14% sulfur dioxide, 2% and particu-
lates, 1%

In order to obtain a better understanding of the year-to-year variation
in plant losses caused by air pollution, Pen (1973) continued the research
initiated by Feliciamo in 1971. The direct |osses of agronomc crops and
ornanental plantings estinmated by Pen for the 1972-73 grow ng season were
approxi mately $130,000. As in the study by Feliciano, COSts associated wth
crop substitution and yield reductions were not considered. In decreasing
order of inportance the damaging pollutants were: oxidants, 47% of crop
| osses; hydrogen fluoride, 18% ethylene, 16% sulfur dioxide, 4% and
anhydrous anmonia, 1% The damage reported in this sruvey, surprisingly,
was only 11% of that reported by Feliciano in the 1971-72 New Jersey survey.
Perhaps one explanation is that the significant year-to-year variation
observed may be attributed to altered environmental conditions rather than
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to decreased air pollution concentrations. As an exanple, it is believed
that the unusual rainfall patterns in 1972 placed the plants under water
stress and thus protected them from air pollution injury.

A detailed survey and assessnent of air pollution damages for Califor-
nia vegetation covering the period 1970-74 was again conducted by Millecan
(1976).  The survey wa¥ dbne in 10 counties2/ and covered four types of
crops: fruit and nut, field crops, vegetable, and nursery and cut flowers
Wthin the framework of this study, a nethod known as the crop-dose conver-
sion scale was devel oped to neasure nonetary losses to alfalfa. This nethod
is asserted to represent an inprovement in determning nonetary |oss val ues
related to the effects of air pollution on agricultural crops. The conver-
sion scale nethod is viewed as providing accuracy since it utilizes actua
pol lution doses within the growing areas in a county and does not have to
apply averaging techniques as are needed in the general survey nethod. In
addition, the conversion scale method is able to produce standardized annual
crop loss estimates, i.e., yearly estimates of crop |osses taken from the
conversion scale would differ only from variations in anbient ozone dose and
woul d therefore provide a uniform basis of annual conparisons. [In deriving
the loss figures three factors were considered: (1) the value of the crop
taken from the respective County Agricultural Comm ssioner’s annual crop
production reports or crop production reports of the California Department
of Food and Agriculture; (2) the pollution index, which represents a neasure
of oxidant readings observed throughout the year, differences in air pollu-
tion levels anmong individual counties can then be conpared by neans of this
index; (3) the percenta?e of crop damage using the 1970 |oss figures
Dhllecan,197l] as a reference point, as related to the increase or de-
crease in the air pollution index.

The overall nonetary losses in the ten counties caused by air pollution
have increased from 1970 to 1974. Such losses are reported as about $16. 1,
$19.1, $17.4, $35.2, and $55.1 mllion respectively. Such increases may be
due partly to the increased per unit value of agricultural crops in each
year, i.e., the physical damages to individual crops may not necessarily
have increased. The large increase in losses in 1973 and 1974 was attri-
buted to an increased |level of air pollution, a larger crop and an increase
in crop value [Millecan, 1976, p. 7]. Alnost half of the nonetary loss in
1974 was in cotton in the San Joaquin Valley. In conclusion the author
noted that:

“Monetary loss from air pollution damage to agricultural crops
will generally increase yearly because of several factors such as: an
increase in know edge of plant susceptibility, an increase in the
ability to assess nmore correctly the effects of air pollution, an in-
crease in population and possibly an increase in air pollution |evels.”

(p. 22)

Perhaps the nost conprehensive research effort on econom ¢ damages was
performed by the Stanford Research Institute.3/ The objectives of the SR
Nationwi de Survey were to develop a nodel for estimating dollar |osses to
vegetation resulting fromthe effects of pollutants, and to make such esti-
mates. The procedures and results of the study were as follows:
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1. Sel ection of trose counties in the United States where major air
ollutants -- oOxidants (ozone, PAN, and oxides of nitrogen), sulfur dioxide,
and fluorides -- were likely to reach plant-damaging concentrations. The
counties selected were those in the Standard Metropolitan Statistical Areas,
under the assumption that damaging concentrations of oxidants and sul fur
di oxi de were more,likely to occur in the nost populous areas.

2. The potential relative severity of pollution in each county was
then estimated. The severity of oxidant pollution was then derived by
first estimting, fromfuel consunption data, the enissions per square Kil-

ometer per day of tons of hydrocarbons and oxides of nitrogen Jthe precur -
sors of oxidants). These enissions values were then nultiplied by a con-

centration rate factor and a factor related to area of the county or SMSA.
The results obtai ned yielded a value indicative of the relative concentra-
tion of oxidant that might be reached in a single pollution episode. These
values were then nultiplied by the nunber of days involved in pollution
eFisodes to obtain a value indicative of the overall plant-damging poten-
tial for oxidant pollution in the various counties.

The same procedures were used for estimating the plant-damaging
potential for sulfur dioxide. In the case of fluorides, the relative
pl ant - damagi ng potential was based on the nunber, type, and size of large
single source entters present.

The counties were then arranged and grouped into classes in order
of the severity of the plant-damaging pollution potential.

3. The dol lar values of commercial crops, forests, and ornanental
plantings were then determned or calculated by the follow ng procedures

a. Commercial crop values for 1964 and 1969 were taken from data
in the Census of Agriculture and supplenented, for 1969, by yearly re-
ports of the states or individual counties involved

b. Val ues of forests were calculated from Federal and State
records.

C. For ornamental plantings, maintenance and replacenent costs
werethe representative values. The dollar values for the states were
first determned and these values were then prorated to the polluted
counties based on their proportionate area, population, or conbination
of area and popul ation of the state.

4, To arrive at the loss to each plant that mght occur in each class
of plant-damaging pollution potential, the follow ng nethods were used

a. Each group of ornamental were classified, based on litera-
ture reviews, as sensitive, intermediate or resistant to each pollutant.
They were also classified as to whether the part of the plant directly
affected by the pollutant (i.e., leaves, roots, fruit) had high,
medi um or no econom c use.
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b. The next step was to obtain the percentage |o0ss occurring to
the nost sensitive plants in the high-use category in the nost severely
pol luted counties.

C. Using the above two types of information, tables were pre-
pared showi ng the percentage econonmic |oss that would occur to plants
In each sensitivifyuse category in each pollution potential class for
each pollutant associated with those described in (2).

5 These factors were then applied to value of the crops, forests,
and ornamental grown in the polluted counties, and recorded the dollar
| oss value for each crop in each county. These values were added to arrive
at the state, regional, and national val ues.

6. In obtaining the 1969 estimates, 687 of the 3,078 counties in the
United States (excluding Alaska) were selected as having exposure to poten-
tially plant-damaging |evels of oxidants, sulfur dioxide, and fluorides.

O these counties, 493 would be exposed to oxidants, 410 to sulfur dioxide,
and 87 to fluorides (some counties would be exposed to damaging |evels of
two or nore pollutants). On the basis of area and popul ation, about 14.6%
of the area and 68.9% of the population were likely to have plant-damaging
oxi dant pollution. For sulfur dioxide, the respective values were 16.2%
and 53.0% and 4.2% and 6.8% for fluorides. For the 1964 estimates, these
values were: 11% and 62% for oxidants, 13% and 54% for sul fur dioxide, and
4% and 9% for fluorides.

The analysis used in the 1969 estimates indicates that 40% of the gross
val ues of agricultural crcps, 36% of the value of forests, and over 50% of
ornanental value lies within polluted areas of the United States. The study
al so indicated that as nmuch as 40% of the crops in a county could be |ost
due to oxidants, 12%due to sul fur dioxide, and 12% due to fluorides.

Wen the loss factors for the various pollution intensities were applied
to the values of crops and ornanental, the total annual dollar loss to
crops in the United States in 1969 was calculated to be about $87.5 million,
of which $77.3 million was due to oxidants, $4.97 million to sul fur dioxide,
and $5.25 nillion to fluorides. The value of loss to ornanental was esti-
mated to be about $47.1 nmillion, of which $42.8 mllion was attributable to
oxi dants, $2.7 million to sulfur dioxide, and $1.7 mllion to fluorides.
These estimated values are not greatly different from those found for the
1964 estimates (total |oss was $85.4 million, of which $78.0 nmllion was due
to oxidants, $3.2 nillion to sulfur dioxide, and $4.2 nillion to fluorides).

For 1971, it was estimated that the | osses to vegetation for the United
States were $123.3 million due to oxidants and $8.2 million to sul fur dioxide.
No attenpt was made to calculate losses due to fluorides in 1971.

In summary, the dollar loss as estimated for the 1969 and 1964 crop

val ues represented, respectively, 0.44 and 0.46% of the total crop value of
the United States in those years.4/
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“On a regional basis, the greatest percentage of crop |osses
occurred in the heavily populated and industrialized areas of south-
western anti nmiddle Atlantic and Mdwestern states. The |owest percen-
tage loss occurred in the plains and nmountain states.” [Benedict,
Mller and Smith, 1975, p. 8]

2.4 Measurement of+air Pollution Dammges: Air Pollution Response Functions

The approaches and estimates of air pollution crop damage outlined
above are representative of earlier research in this area. A nore genera
set of literature exists which deals with all types of air pollution damages.
This section briefly discusses the nore inportant contributions in the area
and introduces explicitly the concept of an air pollution response function.
Such functions serve to quantify the relationship between a particular var-
iable and levels of air pollution. These relationships are extrenely inpor-
tant in the assessnent of crop damages

The literature on air pollution contains six general nethods for esti-
mating damages from air pollution. These nethods are: (1) technical coef-
ficients of production and consunption; (2) market studies; (3) opinion
surveys of air pollution sufferers; (4) litigation surveys; (5) politica
expressions of social choice; and (6) the Del phi method. These nethods have
been used with different degrees of success and are not necessarily nutually
excl usi ve [Waddell, 1974, p. 22]. Anong these nethods, the technical coef-
ficients of production and consunption and the Del phi nethods have been used
substantially in agricultural studies in forecasting crop production |evels
at different levels of air pollution. The market studies method is used
widely in determning the adverse effect of air pollution on human activity
and behavior such as the relationship between air quality and consumner
behavior or the consunption of recreation-related activities [Vars and
Sorenson, 1972]. Another type of market study is the use of the concept of
property values to estimate air pollution damages [Ridker and Henning, 1967;
Anderson and Crocker, 1970; Peckham 1970; Crocker, 1971; and Spore, 1972].
The method incorporating opinion surveys of air pollution sufferers is per-
haps closest to the classical econonmic approach in that it focuses on esti-
mating utility and demand functions for such individuals, but it also suffers
fromat least two problens, i.e., the “free-rider” aspect and the possibility
that a respondent mght not understand fully the consequences of air pollu-
tion on his health [Waddell, 1974, p. 30]. The litigation surveys and the
political expressions of social choice methods are rather subjective and
limted, since the information gathered represents opinions of special groups
of people such as lawers, court clerks, state and local control officials,
politicians, and representatives. Their opinions mght be quite different
from people who actually suffer fromair pollution.

In general, the estimation of technical coefficients concerning pro-
duction and consunption is facilitated by: (1) the use of experinental data
on subjects under conditions sinulating their natural environnent; (2) esti-
mation of the physical or biological damage-function which relates damage to
different levels of air pollution;, (3) translation of the physical damge
function into econonic terms via “damage functions;" and (4) extrapolation
of the function to the population if an aggregate damage estimate is required
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Because of a lack of adequate dose-response functions, a variation of the
basic method outlined above is typically followed. The researcher uses a
“damage factor approach” to estimate what proportion of a damage category
can be identified as being related to or caused by air pollution. Such a
proportionality factor will then be used to estimate the required air poll-
ution damage. Howeverg.ome problemof this nethod is that, while the nmag-
nitude of the physical and biological damages can be predicted with some
degree of accuracy, in many cases the attenpts to translate these damages
into neaningful economic relationships are not very accurate. Perhaps one
reason is that controlled |aboratory conditions are not usually represen-
tative of the real world. To solve such a problem the normal practice is
tohol d everything constant except one factor - a single pollutant or mx
of pollutants. OQher problens are those of aggregation and substitution.

It 1s veryunlikely that the aggregation process involves a straight arith-
metic sunmation over, all individuals [Anderson and Crocker, 1971, p. 147].
Besi des, the substitution of one factor of production by an individual wll
not nornmally affect relative prices; but if the same substitution is carried
out by all receptors, relative factors prices will often be changed

The Del phi nethod is a nethod of conbining the know edge and abilities
of a diverse group of experts for the purpose of quantifying variables
which are either intangible or display a high level of uncertainty [Pill
1971, p. 58]. Essentially, the method is a type of subjective decision-
making. It is an efficient wayto arrive at “best judgnents,” where both
the know edge and opinion of experts are extracted, i.e., those who are
consi dered experts in the relevant area are asked to give their best solu-
tion to any given problem This method is one that has been used by the
U S. Departnent of Agriculture in forecasting crop production |evels [Wad-
dell, 1974, p. 34]. The Del phi nethod appears to be an approach that can
provide answers in a short period of time. However, due to the subjective
nature of this methcd, many of the air pollution damages created in this
manner have been questioned [Waddell, 1974, p. 35].

2.5 Air Pollution Response Functions and Crop Loss Equations

Several variants of air pollution response functions have been devel oped
for the purpose of neasuring physical and econom ¢ danages of crops due to
air pollution. Perhaps the earliest one is that fornulated by 0'Gara (1922)
for alfalfa, taking the general form of:

(c - 0.33t) = 0.92 (2.1)

where ¢ is the estimted concentration level and t is time in hours. The
constant 0.33 ppmis the concentration level (or the threshold l|evel) that

a plant i S presumably able to endure indefinitely.

In order to generalize 0'Gara's equation, Thomas and Hi Il (1935) pro-

posed the followi ng equation for neasuring any degree of |eaf destruction at
any degree of susceptibility:

t(c —a) =b (2.2)

where t = tinme in hours, ¢ = pollution concentration |evel in ppm exceeding
a, a is the threshold concentration bel ow which no injury occurs, and b is
t he constant.
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The levels of leaf destruction are then given as foll ows:

if t(c - 0.24) 0.94, only traces of leaf destruction are

observed

2.10, there is a 50% chance of |eaf destruction

if t(c o l_‘.40)

if t(c :'2.60) 3.20, there is a 100% chance of |eaf destruction.

zahn (1963) nodified the 0'Garaequationand devel oped a new equation which
provides a better fit for a longer tine period. This equation takes the
follow ng form
1 + 0.5C
= =% v } ,

t C(C—a)x (2.3)
where be is the dinmensional resistance factor which includes effects of
environmental conditions.

An alternative experinental fornmula was proposed by Cuderian, Van Haut
(1960) and Stratmann (1963). This formula provided a “best” fit to a set
of observations over both short or |ong periods of exposures. The proposed
formula is:
t =Kke (€ - ) (2.4)
where K ~ vegetation life time, in hours; t is time; and a b, and C are the
same as in the Zahn equation. These paranmeters may vary with plant species,
environnmental conditions, and degree of injury.

Benedict, et. al. (1973) derived crop loss estimtes by the follow ng
formul ation: ~

Crop Loss = crop value x crop sensitivity to the pollutant
X regional pollution potential (2.5)

where the relative sensitivity of various plant species to the pollutant was
determined by using information provided in secondary sources. The regiona
pol lution potential is defined as a relative severity index of pollution
estimated for each county, arising from fuel consunption.

Larsen and Heck (1976) analyzed data on the foliar response of 14
pl ant species (two cultivars of corn) to ozone concentration. They used a
mat hematical nmodel with two characteristics: a constant percentage of |eaf
surface injury caused by air pollution concentration level, that is, the
inverse proportion of exposure duration raised to an exponent and, for a
given length of exposure, the percentage leaf injury as a function of pol-
lution concentration level fit to a log-normal frequency distribution.
This relationship takes the following form

c=mg hr S; tp (26)

where ¢ is pollutant concentration, in partspermillion,my p; I's geonetric
mean concentration for a one-hour exposure, Sy is the standard geometric
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deviation, t is time (hour), pis the slope of the line (logarithnic), and
z is the nunber of standard deviations that the percentage of leaf injury
is fromthe median.

I'n equation (2.6Y; T hr sg and p are known constants. They vary

according to type of crop. Thus c is the function of two exogenous varia-
bles, z and t. By substituting different values of z and t into equation
(2.6), different values of ¢ will then be obtained. Larsen and Heck (1976),
Table 2, p. 329, calculated injury threshold for exposure of 1, ,3, and 8
hours of 14 plant species (two cultivars of corn).

Liu and Yu (1976) proposed a stepwise linear multivariate regression
nodel for determning the economi ¢ damage functions for selected crops and
plants as follows:

CROPL, = a + b(CROPVi) + c(TEMB) + d(TEMA) + e(SUN) + f(RHM)
+ g(DIS) + h(soz) + j(OXID) (2.7)

wher e CROPL, denotes the econonmic loss (in $1000) of the ith type of crops
by a county; CROPV is the crop value (in $1000) of the ith type of <reps;

TEMB and TEMA are, respectively, the number of days in a year with tenper-
ature bel ow 33°F and above 89°F; SUN denotes possible annual sunshine days;
RHM is the relative hunidity; DTS represents the nunber of days with thun-

derstorm SO2 is the level of sulfur dioxide concentration and OXID is the

relative severity index of oxidant.

Oshima (1975) and oOshima, et. al. (1976, 1977) calculated percentage
of yield reduction of alfalfa, tomatoes and cotton due to air pollution by
using the ozone dosage-crop |oss conversion functions. These functions are
presented bel ow.

Alfalfa
i. Yield function 3
percent reduction = 0 + (9.258 x 10 ° x dose) (2.8)
ii. Defoliation function -3
percent reduction ~O + (3.030 x 10 ~ x dose) (2.9)
Tomat o
Percent reduction =~ O + (0.0232 x dose) (2.10)
Cotton
Uniformty Index 3
Percent reduction = 0+ (1.90 x 10 * x dose) (2.11)

ii. Nunber of harvested bolls -3
Percent reduction = @ + (6.947 x 10 = X dose) (2.12)
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The GZOne dose is derived from oxidant, data neasured by various. types
of instrumentation. Hourly averages exceeding 10 pphm the” California

standard for oxidantair pollutants, were used in calculating the average

weeklv, dosage in PPhm hours for any specified season. Since plants are
typically less Sensitive to oxi daits ‘at night, only the hourly averages for

the daylight hours were, used.

-

2,6 Concl usion

For policymakers, econom ¢ damage functions maybe nore relevant than

physical damage functions. An econom c¢ damage function, or a nonetary
damage function, relates levels of pollution to the anount of conpensation

which woul d be needed in order that society (i.e., consumers and producers)

not be worse off than before the deterioration of the air quality. The

econom ¢ damage function iS useful t0 decisionmakers Since the nultiple
di nensions of the decision problem are reduced into one dimension only, i.e.,

money. It should be noted, however, that transformation of a physical
damage function into an econom c damage function as has been tried by some
researchers, often involves value judgment on the part of the policymaker
or researcher. A related question as to the degree of conformty of the
val ues of the policymaker With those of the consumer is largely unresolved

(LivadYu 1976, p. 34].
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FOOTNOTES:  CHAPTER 11

l/mdmmsee the bibliography at the end of Chapter 11 in
Conmittee on Medical and Biologic-Effects of Environmental Pollutants
Dzone and QX her Photochemical Oxidants, Washington, D.C.: National
Acadeny of Sciences (1977)

2Alarreda, Los Angel es, Marin, orange, Riverside, San Bernardino
San Joaquin Valley, San Mateo, Santa Clara, and Ventura

2 prior to this study, two previous reports have appeared. The
first one [Benedict, 1970] was mainly devoted to description of the nethod
or modelt hat was devel oped and the background information that led to
its devel opment. The second report [Benedict, et. al., 1971] described
inprovenents in the model and gave vegetation loss estimates for 1964 crops
as related to 1963 em ssion data.

Ll :
This loss is expressed as a percentage of the total crop value
in both polluted and unpolluted areas. The percentage of crop value |ost
in the pollution threatened counties for the US is 0.99 and 1.84% in 1969
and 1964 respectively.
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