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ABSTRACT 

t r a t i o n s  over  b road  geograph ic  areas, 03 i s  cons idered t h e  most c r i t i c a l  a i r  
p o l l u t a n t  a f f e c t i n g  v e g e t a t i o n  i n  t h e  U n i t e d  S ta tes ,  
methods have been used t o  assess t h e  impacts o f  03 on t h e  c r o p  y i e l d .  Compari- 
sons o f  p l a n t  g rowth  and y i e l d  i n  c h a r c o a l - f i l t e r e d  o r  u n f i l t e r e d  a i r  and t h e  
use o f  chemical  p r o t e c t a n t s  show t h a t  ambient 03 l e v e l s  w i l l  reduce t h e  growth 
and y i e l d  o f  numerous p l a n t  species.  Ozone s t u d i e s  i n  open-top f i e l d - e x p o s u r e  
chambers have p rov ided  exposure-response f u n c t i o n s  needed t o  eva lua te  t h e  
economic impacts  o f  03  on a g r i c u l t u r e .  Exposure-response f u n c t i o n s  have been 
developed f o r  a range of ’ legume, g r a i n ,  f i b e r  and h o r t i c u l t u r a l  c rops .  Y i e l d  
r e d u c t i o n s  (10%) were p r e d i c t e d  f o r  seve ra l  c r o p  spec ies  when t h e  7-hr seasonal 
mean c o n c e n t r a t i o n  exceeded 0.04 t o  0.05 ppm. 
wheat, k idney  bean and soybean, 10% y i e l d  r e d u c t i o n s  occur red  a t  7 -hr  mean 
c o n c e n t r a t i o n s  o f  0.028 t o  0.033 ppm. 
f u n c t i o n s  developed i n  open-top chambers, have a t tempted t o  assess t h e  n a t i o n a l  
economic consequences o f  03 e f f e c t s  on a g r i c u l t u r e .  These s t u d i e s  i n d i c a t e  
t h a t  e l e v a t e d  03 c o n c e n t r a t i o n s  a r e  c o s t i n g  U.S. a g r i c u l t u r a l  producers and 
consumers between 1.2 and 2.4 b i l l i o n  d o l l a r s  annua l l y .  

Given i t s  h i g h  l e v e l  o f  p h y t o t o x i c i t y  and d i s t r i b u t i o n  o f  e l e v a t e d  concen- 

D ive rse  exper imenta l  

For  some s e n s i t i v e  c u l t i v a r s  o f  

Recent s t u d i e s ,  u s i n g  exposure-response 

INTRODUCTION 

Ozone e x e r t s  a p h y t o t o x i c  e f f e c t  on v e g e t a t i o n  o n l y  i f  enough d i f f u s e s  f rom 

t h e  ambient a i r  i n t o  t h e  l e a f ’ s  s e n s i t i v e  c e l l u l a r  s i t e s  t o  cause an impact,  

F o l i a r  i n j u r y  i s  one o f  t h e  e a r l i e s t  and most obv ious  m a n i f e s t a t i o n s  o f  an 03 

e f f e c t ,  b u t  impacts  can a l s o  occur  on o t h e r  p l a n t  organs, caus ing  e f f e c t s  

rang ing  f rom reduced p l a n t  growth and decreased y i e l d  t o  changes i n  c rop  

q u a l i t y  and a l t e r a t i o n s  i n  s u s c e p t i b i l i t y  t o  a b i o t i c  and b i o t i c  s t resses .  

Y i e l d  Loss -- D e f i n i t i o n -  

Y i e l d  l o s s  i s  d e f i n e d  as an impairment o r  decrease i n  t h e  in tended use o f  

t h e  p l a n t  o r  i t s  p roduc t .  T h i s  concept o f  y i e l d  loss i nc ludes  reduc t i ons  i n  

a e s t h e t i c  va lues ,  t h e  occur rence o f  f o . l i a r  i n j u r y  (changes i n  p l a n t  appear- 

ance),  and l o s s e s  i n  we igh t ,  number, o r  s i z e  o f  t h e  p l a n t  organ t h a t  i s  

n o r m a l l y  harves ted .  Y i e l d  loss may a l s o  i n c l u d e  changes i n  c r o p  q u a l i t y .  
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Y i e l d  Loss -- Methods 

To assess t h e  impact o f  03 on p l a n t  y i e l d ,  d i v e r s e  exper imenta l  methods have 

been used, rang ing  f rom s tud ies  under h i g h l y  c o n t r o l l e d  c o n d i t i o n s  t o  exposures 

us ing  f i e ld -exposure  systems and chamberless systems, i n c l u d i n g  chemical 

p r o t e c t a n t s .  

p r o v i d e  da ta  f o r  economic assessments, t h e  exper imenta l  c o n d i t i o n s  must m i n i -  

mize d e v i a t i o n s  f rom t h e  t y p i c a l  environment i n  which t h e  c r o p ( s )  i s  grown. It 

i s  a l s o  i m p o r t a n t  t o  i n s u r e  t h a t  t h e  exper iment  exposure regimes a r e  represen- 

t a t i v e  o f  t h e  p o l l u t a n t  c o n c e n t r a t i o n  range and frequency f o r  t h e  area i n  which 

t h e  c rop  i s  grown o r  f o r  which i n fe rences  a r e  t o  be made. 

Open-top f i e l d  exposure chambers ( r e f .  1, 2 )  a r e  used most f r e q u e n t l y  t o  

es t ima te  y i e l d  l osses  because t h e y  pe rm i t  c r e a t i o n  o f  a range o f  03 exposures 

and can approximate t y p i c a l  c u l t u r a l  cond i t i ons .  The open-top des ign  p e r m i t s  

p l a n t s  t o  be grown i n  s o i l  under env i ronmenta l  c o n d i t i o n s  comparable t o  t h e  

ambient. 

p o l l u t a n t  burden on p l a n t  y i e l d  by comparing t h e  d i f f e r e n c e s  i n  p l a n t  y i e l d  

between f i l t e r e d  and u n f i l t e r e d  chambers. 

f i l t e r e d  a i r  and a range o f  03 concen t ra t i ons  above and below t h e  c u r r e n t  

ambient l e v e l  so t h a t  exposure-response f u n c t i o n s  can be developed ( r e f .  3 ,  4).  

Chemical p r o t e c t a n t s  have been used t o  avo id  p o s s i b l e  chamber i n f l u e n c e s  on 

y i e l d  loss es t ima tes  ( r e f .  5 ) .  The c rops  a r e  grown under t y p i c a l  f i e l d  cond i -  

t i o n s ,  t r e a t e d  w i t h  p r o t e c t a n t  and exposed t o  ambient p o l l u t i o n .  Y i e l d  l o s s  i s  

ob ta ined  by  comparing p l a n t  y i e l d  f rom p l o t s  t r e a t e d  w i t h  t h e  03 p r o t e c t a n t  t o  

t h e  y i e l d  f rom u n t r e a t e d  p l o t s .  However, us ing  t h e  p r o t e c t a n t ,  o n l y  a s i n g l e  

p o l l u t a n t  t rea tmen t  i s  p o s s i b l e  a t  a g i ven  l o c a t i o n ;  consequent ly  exposure- 

response f u n c t i o n s  cannot be developed. A lso ,  t h e  da ta  must be i n t e r p r e t e d  

c a r e f u l l y  because t h e  chemical  p r o t e c t a n t  may a l t e r  p l a n t  performance. 

To de termine t h e  impact of  03 on p l a n t  growth and y i e l d  and t o  

The des ign  pe rm i t s  t h e  de te rm ina t ion  o f  t h e  e f f e c t s  o f  t h e  ambient 

P l a n t s  can be exposed t o  cha rcoa l -  

ESTIMATES OF YIELD LOSS 

Ambient A i  r 

E a r l y  research  comparing c rop  y i e l d s  between c h a r c o a l - f i l t e r e d  and u n f i l -  

t e r e d  a i r  documented t h a t  t h e  ambient l e v e l  o f  photochemical  ox idan ts  reduced 

y i e l d  o f  c i t r u s ,  yrape, tobacco, c o t t o n ,  and p o t a t o  ( r e f .  6 ) .  Subsequent 

s t u d i e s  conf i rmed t h a t  ambient l e v e l s  o f  03 were h i g h  enough t o  i m p a i r  p l a n t  

y i e l d .  

bean -- +1 t o  26% ( r e f .  7 -9) ,  soybeans -- 20% ( r e f .  10, 11) and two sweet co rn  

c u l t i v a r s  -- 9 and 28% ( r e f .  12).  

For example, ambient 03 reduced t h e  y i e l d s  o f  tomato -- 33% ( r e f .  7 ) ,  

Chemical P r o t e c t a n t s  

Chemical p r o t e c t a n t s  have been used t o  es t ima te  t h e  impact o f  ambient 03 on 

t h e  y i e l d  o f  severa l  c rop  spec ies  (Tab le  1). Using t h i s  approach, y i e l d s  were 
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reduced 18 t o  41% when t h e  ambient o x i d a n t  c o n c e n t r a t i o n  exceeded 0.08 ppm f o r  

5 t o  18 days over  t h e  c r o p ' s  growing season. 

s ions  f rom s t u d i e s  comparing y i e l d  i n  c h a r c o a l - f i l t e r e d  and u n f i l t e r e d  a i r ,  

i.e., ambient l e v e l s  o f  03 can be h i g h  enough t o  i m p a i r  c rop  p roduc t i on .  

These da ta  suppor t  t h e  conc lu -  

TABLE 1 

The e f f e c t s  of  ambient 03 on c r o p  y i e l d  as determined by t h e  use o f  chemical 

p r o t e c t a n t s  .a 

Y i e l d  r e d u c t i o n  
Species % o f  c o n t r o l  03 exposure Reference 

Beans (q reen)  41 > 0.08 f o r  t o t a l  o f  27 h r  over  13 . _  
3.5 months 

Onion 38 > 0.08 on 5 days ou t  o f  48 14 

Tomato 30 > 0.08 on 15 days over  3 months 15 

Bean ( d r y )  24 > 0.08 on 11 days ( t o t a l  o f  34 h r )  16 
over  3 months 

summer 
Tobacco 18 > 0.08 on 14 days d u r i n g  t h e  17 

Pota to  

Pota to  

36 > 0.08 ppm on 18 days ( t o t a l  o f  68 18 
h r )  over  3 months 

25 ---b 19 

A l l  t h e  spec ies  were t r e a t e d  w i t h  t h e  a n t i o x i d a n t  EDU except t h e  bean s tudy  
( r e f .  13)  which used t h e  sys temic  f u n g i c i d e  benomyl. 
determined by comparing t h e  y i e l d s  o f  p l a n t s  t r e a t e d  w i t h  chemical p r o t e c t -  
an ts  ( c o n t r o l )  t o  those  t h a t  were n o t  t r e a t e d .  
Th is  s tudy  was run  over  2 yea rs  when t h e  O3 doses were 65 and 110 ppm/hr. 
r e s p e c t i v e l y ,  b u t  t h e  y i e l d  loss was s i m i l a r  b o t h  years .  

Y i e l d  r e d u c t i o n  was 

Con t ro l  l e d  Exposures 

Most exper imenta l  techn iques  t h a t  assess y i e l d  loss  f rom c o n t r o l l e d  expo- 

sures have used a range o f  03 concen t ra t i ons  and reg ress ion  approaches t o  

develop exposure-response f u n c t i o n s  which r e l a t e  c rop  y i e l d  loss  t o  03 exposure. 

The reg ress ion  approaches pe rm i t  t h e  e s t i m a t i o n  o f  t h e  03 impact on p l a n t  y i e l d  

over t h e  range o f  concen t ra t i ons  and i t  i s  p o s s i b l e  t o  i n t e r p o l a t e  between 

t rea tmen t  means; t h i s  i s  n o t  p o s s i b l e  w i t h  a n a l y s i s  o f  va r iance  methods. Most 

o f  t h e  c u r r e n t l y  a v a i l a b l e  y i e l d  loss f u n c t i o n s  ( r e f .  3, 20) have expressed t h e  

03 exposure as t h e  7-hr  (9:UO AM u n t i l  3:59 PM) seasonal mean concen t ra t i on .  

A Weibu l l  

f u n c t i o n  ( r e f .  21) was used t o  model t h e  change i n  c rop  y i e l d  i n  r e l a t i o n  t o  

t h e  03 concen t ra t i on .  

determine t h e  concen t ra t i ons  p r e d i c t e d  t o  cause a s p e c i f i c  y i e l d  l o s s  o r  t o  

es t ima te  t h e  p r e d i c t e d  y i e l d  loss t h a t  would r e s u l t  f rom a s p e c i f i c  03 concen- 

t r a t i o n .  

responses t o  03 u s i n g  a Weibu l l  f u n c t i o n .  

Examples o f  exposure-response f u n c t i o n s  a r e  shown i n  F i g u r e  1. 

The d e r i v e d  exposure-response f u n c t i o n s  can be used t o  

Both  approaches have been used t o  summarize t h e  d a t a  on c rop  

As an example, t h e  03 concen t ra t i ons  
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F i g u r e  1. 
c u l t i v a r s  over  two years .  
mean concen t ra t i ons .  The c u l t i v a r s  were s e l e c t e d  t o  i l l u s t r a t e  year - to -year  
v a r i a t i o n  i n  p l a n t  response t o  03. 
20) and t h e  wheat da ta  a r e  f rom Kress e t  a1 . ( r e f .  22). 

Examples o f  t h e  e f f e c t s  o f  03 on t h e  y i e l d  o f  soybean and wheat 
The 03 concen t ra t i ons  a r e  expressed a s  7-hr  seasonal 

The soybean d a t a  a r e  f rom Heck e t  a l .  ( r e f .  

p r e d i c t e d  t o  cause a 10 o r  30% y i e l d  loss have been es t ima ted  (Tab le  2). For  

approx imate ly  56% o f  t h e  s p e c i e s / c u l t i v a r s  l i s t e d ,  mean y i e l d  reduc t i ons  were 

p r e d i c t e d  t o  exceed 10% when t h e  7-hr seasonal mean 03 c o n c e n t r a t i o n  exceeded 

0.05 ppm. I n  s e n s i t i v e  c rops ,  7 -hr  seasonal mean c o n c e n t r a t i o n s  o f  0.028 t o  

0.033 ppm were p r e d i c t e d  t o  cause a 10% y i e l d  loss i n  Vona wheat, k idney  bean, 

and Hodgson soybean. 

mean y i e l d  r e d u c t i o n s  ranged f rom 0 i n  sorghum, b a r l e y ,  and a c o r n  c u l t i v a r  t o  

a h i g h  o f  28.8% i n  Vona wheat. 

The g r a i n  c rops  were g e n e r a l l y  l e s s  s e n s i t i v e  t o  03 t han  were t h e  o t h e r  

spec ies  (Tab le  2).  For  a l l  g r a i n  c rops ,  mean y i e l d  r e d u c t i o n s  a t  7-hr seasonal 

mean concen t ra t i ons  o f  0.04 ppm were p r e d i c t e d  t o  be l e s s  than  5% except f o r  

t h e  Roland and Vona wheat c u l t i v a r s .  The d a t a  a l s o  demonstrate t h a t  sens i -  

t i v i t y  d i f f e r e n c e s  w i t h i n  a spec ies  may be as l a r g e  as d i f f e r e n c e s  between 

species.  

15% i n  soybean and f rom 0 t o  28% i n  wheat. 

A t  a 7 -h r  seasonal mean 03 c o n c e n t r a t i o n  o f  0.04 ppm, 

For  example, a t  0.04 ppm 03, es t ima ted  y i e l d  l osses  ranged f rom 2 t o  
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TABLE 2 

Comp i la t i on  o f  03 concen t ra t i ons  p r e d i c t e d  t o  cause 10% and 30% y i e l d  losses  as 

w e l l  as y i e l d  l osses  p r e d i c t e d  t o  occu r  a t  7 -h r  seasonal mean 03 concen t ra t i ons  

of  0.04 and 0.06 ppm.a 

7-hr seasonal mean Percent y i e l d  losses 

p r e d i c t e d  t o  cause a t  7-hr seasonal mean 
03 c o n c e n t r a t i o n  o f :  

10% 30% 0.04 ppm 0.06 ppm 

Species 03 concen t ra t i ons ,  ppm p r e d i c t e d  t o  occur  

y i e l d  l osses  o f :  

Legume Crops 
Soybean, Corsoy 0.048 0.082 
Soybean, Dav is -  (81) 
Soybean, Davis (CA-82) 
Soybean, Davis (PA-82) 
Soybean, Essex 
Soybean, F o r r e s t  
Soybean, W i  11 i ams 
Soybean, Hodgson 
Bean, Kidney 
Peanut, NC-6 
Gra in  Crops 
Wheat, Abe 
Wheat. A r t h u r  71  
Wheat, Roland 
Wheat, Vona 
Wheat, Blueboy I 1  
Wheat, Coker 47-27 
Wheat, Hol l y  
Wheat, Oasis 
Corn, PAG 397 
Corn, P ioneer  3780 
Corn, Coker 16 
Sorghum, DeKal b-28 
Bar ley ,  Poco 
F i b e r  Crops 
Cot ton ,  Aca la  SJ-2 (81 )  
Cotton: Acala SJ-2 (82j 
Cot ton ,  S tonev i  11 e 
H o r t i c u l t u r a l  Crops 
Tomato, M u r r i e t a  (81) 
Tomato, M u r r i e t a  (82 )  
Le t tuce ,  Empi r e  
Spinach, America 
Spinach, Hybr id  
S p i n ach , V i rof 1 ay 
Spinach, Whi te r  Bloom 
Turn ip ,  J u s t  R i g h t  
Turn ip ,  Pur Top W.G. 
TurniD. Shocloin 

0.038 
0.048 
0.059 
0.048 
0.076 
0.039 
0.032 
0.033 
0.046 

0.059 
0.056 
0.039 
0.028 
0.088 
0.064 
0.099 
0.093 
0.095 
0.075 
0.133 
0.108 
0.121 

0.044 
0.032 
0.047 

0.079 
0.040 
0.053 
0.046 
0.043 
0.048 
0.049 
0.043 
0.040 
0.036 

0.071 
0.081 
0.081 
0.099 
0.118 
0.093 
0.066 
0.063 
0.073 

0.095 
0.094 
0.067 
0.041 
0.127 
0.107 
0.127 
0.135 
0.126 
0.111 
0.175 
0.186 
0.161 

0.096 
0.055 
0.075 

0.108 
0.059 
0.075 
0.082 
0.082 
0.080 
0 A80 
0.064 
0.064 
0.060 

6.4 16.6 
11.5 24.1 

6.4 16.5 
2.0 10.4 
7.2 14.3 
1 .7  5.3 

10.4 18.1 
15.4 18.4 
14.9 28.0 
6.4 19.4 

3.3 10.4 
4.1 11.7 

10.3 24.5 
28.8 51.2 

0.5 2.0 
2.2 8.4 
0.0 0.9 
0.4 2.4 
0.3 1.5 
1.4 5.1 
0.0 0.3 
0.0 2.7 
0.0 0.5 

8.3 16.2 
16.1 35.1 
4.6 16.2 

0.8 3.7 
10.3 31.2 

0.0 16.8 
6.8 17.2 
2.6 9.2 
6.0 16.7 
5.8 16.5 
7.7 24.9 

10.1 26.5 
13.0 29.7 . _  

Tu rn ip ,  Tokyo Cross 0.053 0.072 3.3 15.6 
a The y i e l d  l o s s e s  a r e  d e r i v e d  f rom We ibu l l  equat ions  and a r e  based on t h e  

c o n t r o l  y i e l d s  i n  c h a r c o a l - f i l t e r e d  a i r .  Data a r e  d e r i v e d  from exposure- 
response f u n c t i o n s  ( r e f .  20).  

Ambient A i r  Q u a l i t y  -- R e l a t i o n s h i p  t o  Y i e l d  Loss 

c o n c e n t r a t i o n s  p r e d i c t e d  t o  cause 10 and 30% y i e l d  l osses  i n  perspec t ive .  

An unders tand ing  o f  ambient concen t ra t i ons  o f  03 i s  needed t o  p l a c e  t h e  

For  
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example, a i r  m o n i t o r i n g  da ta  f o r  a s i n g l e  03 season were ob ta ined  from r u r a l  o r  

remote m o n i t o r i n g  s i t e s  th roughout  t h e  Un i ted  S ta tes  (Tab le  3 ) .  

s i t e s ,  t h e  7-hr  seasonal mean 03 c o n c e n t r a t i o n  averaged 0.044 ppm w i t h  a range 

o f  0.019 t o  0.057 ppm. 

p r e d i c t e d  t o  cause a 10% y i e l d  loss i n  numerous c rop  s p e c i e s / c u l t i v a r s  (Tab le  

2 ) .  The 12-hr seasonal mean a t  most s i t e s  i s  approx imate ly  equal  t o  t h e  7 -h r  

seasonal mean. 

ppm was s i m i l a r  t o  o r  g r e a t e r  t han  t h e  exceedances assoc ia ted  w i t h  c rop  y i e l d  

l o s s  (Tab le  1 ) .  

Fo r  these  

Th is  range encompasses t h e  same c o n c e n t r a t i o n  range 

A t  most m o n i t o r i n g  s i t e s ,  t h e  number o f  hours  g r e a t e r  than 0.08 

TABLE 3 

Examples o f  ambient ozone concen t ra t i ons  a t  r u r a l  and remote m o n i t o r i n g  s i tes .a  

S t .  
A i r  Q u a l i t y  S t a t i s t i c  Mean Dev. Max. Min. 

7-hr Seasonal Mean 0.043 0.007 0.057 0.019 

12-hr Seasonal Mean 0.041 0.006 0.055 0.021 

Hours Above 0.08 ppm 106 104 474 0 

Hours Above 0.10 ppm 19 34 195 0 

Hours Above 0.12 ppm 4 12 74 0 

a Data cou r tesy  of Ted Johnson, P E I  Assoc ia tes ,  Durham, Nor th  Caro l i na .  Mean 
concen t ra t i ons  a r e  expressed i n  ppm. The da ta  a r e  f rom 82 r u r a l  and remote 
m o n i t o r i n g  s i t e s  f rom 32 s t a t e s  across  t h e  U.S. f o r  a s i n g l e  yea r  (ozone 
season) between 1982 and 1984. 

Y i e l d  Loss - -  P h y s i o l o g i c a l  Bas is  

l osses  b u t  seve ra l  f a c t o r s  s i n g l y  o r  i n  combina t ion  p robab ly  c o n t r i b u t e .  Ozone 

can reduce f l o w e r i n g ,  seed s e t ,  and f e r t i l i z a t i o n  processes i n  p l a n t s  ( r e f .  

23-27). 

f rom a s i m u l a t i o n  of l e a f  d rop  and senescence ( r e f .  28-31). 

measured by gas-exchange, i s  i n h i b i t e d  by 03 (0.05 ppm and h i g h e r )  ( r e f .  6, 

32-34). 

i n h i b i t s  an enzyme which c a t a l y z e s  t h e  a s s i m i l a t i o n  o f  C02 ( r e f .  35).  

a l s o  a l t e r s  t h e  p a t t e r n  by which p h o t o a s s i m i l a t e  i s  p a r t i t i o n e d  th rough  t h e  

S p e c i f i c  s t u d i e s  have n o t  c l e a r l y  e s t a b l i s h e d  t h e  cause(s)  o f  t h e  y i e l d  

Exper iments have suggested t h a t  p a r t  o f  t h e  03 impact  on y i e l d  r e s u l t s  

Photosynthes is ,  as 

Biochemical  s t u d i e s  have a l s o  shown t h a t  03 (0.12 ppm f o r  2 h r )  

Ozone 

p l a n t  w i t h  l e s s  o f  i t  be ing  t r a n s l o c a t e d  t o  t h e  r o o t s  and rep roduc t  

( r e f .  36-40). 

Y i e l d  Loss -- Fac to rs  A f f e c t i n g  

Numerous f a c t o r s ,  rang ing  f rom a b i o t i c  and b i o t i c  f a c t o r s  t o  t h e  

o t h e r  p o l l u t a n t s  and t h e  temporal  dynamics o f  t h e  exposure, can mod 

ve organs 

presence o f  

f y  p l a n t  
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response t o  03. However, f a c t o r s  i n f l u e n c i n g  p l a n t  water r e l a t i o n s  ( r e l a t i v e  

h u m i d i t y  and s o i l  mo is tu re  s t r e s s )  and t h e  presence o f  o t h e r  p o l l u t a n t s  a r e  

thought  t o  be t h e  most impor tan t .  

( r e f .  6 ) .  

ape r tu re ,  wh ich  tends  t o  i nc rease  w i t h  i n c r e a s i n g  r e l a t i v e  humid i t y .  

McLaughl in and Tay lo r  ( r e f .  41) demonstrated t h a t  p l a n t s  absorb s i g n i f i c a n t l y  

more 03 a t  h i g h  h u m i d i t y  t h a n  a t  low humid i t y .  

r e d u c t i o n  i n  p l a n t  s e n s i t i v i t y  t o  03 (e.g., r e f .  6, 42). 

s e n s i t i v i t y  i s  apparen t l y  r e l a t e d  t o  s tomata l  c losu re ,  which reduces 03 uptake 

( r e f .  6, 43, 44) .  

once t h e  water  s t r e s s  has been a l l e v i a t e d ,  t h e  p l a n t s  r e g a i n  t h e i r  s e n s i t i v i t y  

t o  03 ( r e f .  44).  

Menser and Heggestad ( r e f .  45) p rov ided  t h e  i n i t i a l  impetus t o  s tudy  t h e  

i n t e r a c t i o n  o f  03 w i t h  S02. 

03 (0.03 ppm) o r  SO2 (0.24 t o  0.28 ppm) were u n i n j u r e d  b u t  t h a t  s u b s t a n t i a l  

f o l i a r  i n ju ry  r e s u l t e d  when t h e  p l a n t s  were exposed t o  b o t h  gases s imu l tane-  

ous l y .  Subsequent s t u d i e s  have conf i rmed and extended t h e  obse rva t i on  t h a t  

combina t ions  o f  03 and SO2 may cause more v i s i b l e  i n j u r y  on many spec ies  than 

expected, based on t h e  i n j u r y  caused by t h e  i n d i v i d u a l  gases (e.g., r e f .  43, 

46, 47).  T h i s  i n j u r y  enhancement i s  most common a t  low concen t ra t i ons  o f  each 

gas and a l s o  when t h e  amount o f  f o l i a r  i n j u r y  induced by each gas, i n d i v i -  

d u a l l y ,  i s  smal l .  A t  h i g h e r  c o n c e n t r a t i o n s  o r  when e x t e n s i v e  i n j u r y  occurs, 

t h e  e f f e c t s  o f  t h e  i n d i v i d u a l  gases tend  t o  be l ess  t han  a d d i t i v e .  

P l a n t  response t o  03 tends t o  i nc rease  w i t h  i n c r e a s i n g  r e l a t i v e  humid i t y  

The r e l a t i v e  h u m i d i t y  e f f e c t  appears t o  be r e l a t e d  t o  stomatal  

As s o i l  m o i s t u r e  decreases, p l a n t  water  s t r e s s  i nc reases  and t h e r e  i s  a 

The reduced 03 

Water s t r e s s  does n o t  c o n f e r  a permanent t o l e r a n c e  t o  03; 

They showed t h a t  Be1 W-3 tobacco p l a n t s  exposed t o  

F i e l d  s t u d i e s  have been conducted t o  de termine t h e  i n f l u e n c e  of SO2 on p l a n t  

soybean ( r e f .  48, 49),  beans ( r e f .  9, response t o  03 on severa l  p l a n t  spec ies :  

50),  and po ta toes  ( r e f .  51). 

had no s i g n i f i c a n t  e f f e c t  and d i d  n o t  i n t e r a c t  w i t h  03 t o  reduce y i e l d  un less  

t h e  SO2 exposure concen t ra t i ons  and f requency  o f  occurrence were much g r e a t e r  

t h a n  those  t y p i c a l l y  found i n  t h e  ambient a i r  i n  t h e  Un i ted  S ta tes .  

p l a n t  growth and y i e l d  have used exper imenta l  exposures more i n t e n s e  than those 

found i n  t h e  ambient a i r ;  consequent ly  t h e  a p p l i c a b i l i t y  o f  t h e  y i e l d  r e s u l t s  

f rom most p o l l u t a n t  combina t ion  s t u d i e s  t o  ambient c o n d i t i o n s  i s  n o t  known. 

a n a l y s i s  o f  ambient a i r  m o n i t o r i n g  d a t a  i n d i c a t e d  t h a t  t h e  j o i n t  co-occurrence 

o f  p o l l u t a n t s  tended t o  be i n f r e q u e n t  ( r e f .  52). 

I n  these s t u d i e s ,  03 reduced p l a n t  y i e l d  bu t  SO2 

Many o f  t h e  s t u d i e s  t o  de termine t h e  i n f l u e n c e  o f  p o l l u t a n t  combinat ions on 

An 

ECONOMIC CONSEQUENCES OF OZONE EXPOSURE 

Var ious  methods have been used f o r  e s t i m a t i n g  economic losses,  f rom s imp le  

The monetary c a l c u l a t i o n s  t o  more complex economic assessment methodologies.  
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s imp le  procedures c a l c u l a t e d  monetary e f f e c t s  by  m u l t i p l y i n g  p r e d i c t e d  y i e l d  o r  

p r o d u c t i o n  changes r e s u l t i n g  f rom exposure t o  03 by an assumed cons tan t  c r o p  

p r i c e .  Th is  p rocedure  f a i l s  t o  account f o r  p o s s i b l e  p r i c e  changes r e s u l t i n g  

f rom y i e l d  changes and does n o t  account f o r  t h e  processes u n d e r l y i n g  economic 

response. 

To conduct a r e l i a b l e  economic assessment, seve ra l  t ypes  o f  i n f o r m a t i o n  a r e  

needed -- d a t a  t o  r e l a t e  c r o p  response t o  03 concen t ra t i ons  under a c t u a l  f i e l d  

c o n d i t i o n s  and a i r  q u a l i t y  da ta  t o  d e s c r i b e  c u r r e n t  o r  h y p o t h e t i c a l  03 expo- 

sures t o  c rops  i n  each p roduc t i on  area. The assessment methodology shou ld  

rep resen t  t h e  economic behav io r  o f  p roducers  and consumers as t h e y  a d j u s t  t o  

changes i n  c r o p  y i e l d s  and p r i c e s  t h a t  may accompany changes i n  03 a i r  q u a l i t y .  

( i n c l u d i n g  b o t h  p roducer  and consumers) range f rom 1.2 t o  2.4 b i l l i o n  d o l l a r s  

annua l l y  (Tab le  4) .  

p r i m a r i l y  as i n d i c a t o r s  o f  t h e  magnitudes o f  impact.  A f u l l  accoun t ing  o f  t h e  

economic mechanisms u n d e r l y i n g  a g r i c u l t u r a l  p r o d u c t i o n  i s  r e q u i r e d  t o  p r o v i d e  

d e f i n i t i v e  es t ima tes  o f  a g r i c u l t u r a l  l osses .  Such an assessment shou ld  i n c l u d e  

bo th  annual and pe renn ia l  c rops  and t h e  assoc ia ted  dynamics o f  a g r i c u l t u r a l  

p roduc t ion .  The assessment shou ld  a l s o  i n c l u d e  f a c t o r s  t h a t  a f f e c t  p l a n t  

response t o  03 such as t h e  temporal  n a t u r e  o f  t h e  exposure and t h e  i n f l u e n c e  o f  

p l a n t  water  s t r e s s  on exposure-response f u n c t i o n s .  

N a t i o n a l - l e v e l  es t ima tes  o f  t h e  economic impact  o f  03 on a g r i c u l t u r e  

The c u r r e n t  d o l l a r  es t ima tes  of c r o p  loss a r e  u s e f u l  

SUMMARY 

Several  l i n e s  o f  ev idence l e a d  t o  t h e  conc lus ion  t h a t  03 i s  t h e  most impor -  

t a n t  a i r  p o l l u t a n t  a f f e c t i n g  v e g e t a t i o n  i n  t h e  Un i ted  Sta tes .  A i r  m o n i t o r i n g  

s t u d i e s  have found e l e v a t e d  03 l e v e l s  i n  many areas and vege ta t i on  s t u d i e s  have 

conf i rmed t h a t  t hese  l e v e l s  a r e  h i g h  enough t o  impact c rop  y i e l d .  

f i e l d  exposures t o  03 have s u b s t a n t i a t e d  t h e  impact  o f  03 on c rop  y i e l d  and 

p e r m i t t e d  t h e  development o f  exposure response f u n c t i o n s  f o r  economic assess- 

ments. 

impacts  on bo th  p roducers  and consumers. 

C o n t r o l l e d  

U e t a i l e d  economic ana lyses  have found t h a t  03 causes s i g n i f i c a n t  



TABLE 4 

Es t imates  o f  n a t i o n a l  economic consequences o f  ozone exposure. 

Annual b e n e f i t s  
o f  c o n t r o l ,  

Crops $ m i l l i o n  A d d i t i o n a l  Comments Reference 

3 crops: corn,  soybeans, and co t ton .  
Two co rn  c u l  t i  vars ,  t h r e e  soybean, two 
co t ton .  

4 c rops :  corn ,  soybeans, wheat, and 
co t ton .  Two c u l t i v a r s  f o r  co rn  and 
co t ton ,  t h r e e  f o r  soybeans and wheat. 

5 crops: corn,  soybeans, wheat, c o t t o n ,  
and peanuts. M u l t i p l e  c u l t i v a r s  o f  
each c rop  except peanuts. 

6 c rops  : b a r l e y ,  corn ,  soybeans, c o t t o n ,  
wheat, and sorghum. M u l t i p l e  c u l t i v a r s  
used f o r  each c rop  except b a r l e y  and 
g r a i n  sorghum; two f o r  c o t t o n ,  t h r e e  f o r  
wheat, two f o r  corn ,  and n i n e  f o r  
soybeans. 

$2.2 i n  1980 
do1 1 a rs .  

$2.4 i n  1980 
do1 1 ars .  

$1.2 i n  1978 
do1 1 a r s  . 

$1.7 i n  1980 
do1 1 a rs  . 

Economic es t ima te  measured i n  terms o f  changes i n  
consumer and producer surp luses  assoc ia ted  w i t h  t h e  
change i n  03. 

Same as Adams and Crocker ( r e f .  53). L i n e a r  func-  
t i o n s  r e s u l t  i n  h ighe r  y i e l d  l osses  and hence 
h i g h e r  economic l o s s  es t imates .  Reported es t ima te  
($2.4 b i l l i o n )  i s  f o r  quadra t i c  response f u n c t i o n .  

I n  a d d i t i o n  t o  measur ing t h e  change i n  economic 
su rp lus  f o r  va r ious  assumed 03 l e v e l s ,  t h e  a n a l y s i s  
a l s o  i nc ludes  an examinat ion  o f  t h e  s e n s i t i v i t y  o f  
t h e  es t imates  o f  t h e  na tu re  o f  t h e  demand r e l a t i o n -  
sh ips  used i n  t h e  model. 

Consumer s u r p l u s  es t imated  f o r  bo th  domest ic and 
f o r e i g n  markets;  producer su rp lus  n a t i o n a l l y  by 
reg ion .  ,The a n a l y s i s  i nc ludes  a range o f  economic 
es t imates  r e f l e c t i n g  changes i n  response and 03 
da ta  and assumptions. 

53 

54 

55 

56 
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