
Final reports on research conducted at LIHREC, Cornell University for 
USDA CSREES Cooperative Multi-State Research Project: 

Characterization and Mechanisms of Plant Responses 
to Ozone in the Northeastern United States  
Goal of research conducted on Long Island:  Determine impact of ambient ozone on plant 
productivity. 

General procedure:  Genetically similar plants of white clover and snap bean differing in their 
sensitivity to ozone were grown outdoors where they were exposed to ambient ozone occurring 
during the summer growing season.  The plants were developed for use in quantifying ozone 
impact.  They grow and yield similarly under low concentrations of ozone.   

Overall research impact:  Results document that every year ozone is high enough to significantly 
reduce growth and yield of sensitive plants in an important agricultural county (Suffolk) in New 
York. 

Report on Research Conducted in 2010 

There were 3 successive field plantings of beans sown on 26 May, 9 June, and 14 July in 2010 to 
be able to assess the impact of ambient ozone (O3) occurring throughout the growing season. As 
they developed, bean pods were harvested repeatedly from some plants when immature and at a 
size typical for fresh-market consumption. Pods were harvested from the other plants when mature 
and dry. Severity of injury due to O3 exposure and degree of consequent defoliation were assessed 
weekly. Hourly data on ozone concentration was obtained from a monitor maintained by NYS 
DEC Air Quality Division at LIHREC.  

As in previous years at the NY location, O3 reached sufficiently high levels in 2010 to cause acute, 
visible injury to bean leaves and to affect yield substantially. From plant emergence (about 7 days 
after planting) until the last fresh-market pod harvest, bean plants in the three plantings were 
exposed to O3 during daytime (0800-2000) that was at least 40 ppb for 529, 727, and 449 hours, 
respectively. During these growth periods of 59, 84, and 70 days, O3 exposure expressed as 
AOT40 (Accumulated Ozone exposure over a Threshold of 40 ppb) was 7,692 ppb.h, 11,400 
ppb.h, and 6,308 ppb.h, respectively. These values greatly exceed the long-term critical level of 
ozone exposure for crops of 3,000 ppb.h accumulated over three months. The O3-sensitive snap 
bean line S156 yielded numerically less than the tolerant line R331 when grown under ambient 
O3 conditions on Long Island in 2010. However, yield was not always significantly less. Total 
weight and number of bean pods harvested for fresh-market consumption from planting 1 (26 May) 
plants was 14% and 5% lower (not significant), respectively, for S156 compared to R331 (pods 
were harvested from 15 July through 4 Aug). There was a 29% reduction in both yield variables 
for planting 2 (9 June) plants (harvested 9 Aug to 7 Sept), and a 32% and 51% reduction in these 
variables, respectively, for planting 3 (14 July) plants (harvested 13-28 Sept).  Exposure to ozone 
had a greater impact on mature bean yield. Weight of pods was 40% and 42% lower for S156 
compared to R331 in planting 1 and 2, respectively. Weight of seeds removed from the pods was 
36% and 24% lower, respectively. Exposure to ozone caused acute foliar injury in all three 



plantings. The visible symptom was bronzing. The sensitive line was more severely affected than 
the tolerant one. Severely affected leaves eventually died and dropped. At the time of the third 
fresh-market harvest, S156 plants exhibited more severe injury in planting 2 than in planting 1, 
which reflects the greater impact detected on yield and higher O3 exposure.  Severity of O3 injury 
was 35% on planting 1 S156 plants for mature bean harvest, versus 1% for R331, on 26 July, while 
it was 86% and 27%, respectively, on 31 Aug for planting 2 plants. Defoliation at those times was 
31% for S156 and 1% for R331 in planting 1 and 86% and 9%, respectively, for planting 2 plants. 
Planting 3 plants were the most severely affected by O3. On 21 Sep, 1 day after the second harvest, 
O3 injury severity was 96% for S156 and 11% for R331. This finding is in agreement with the 
impact on yield but not the O3 exposure, which was lower than the other plantings. 

Report on Research Conducted in 2009 

There were 3 successive field plantings of beans sown on 22 May, 22 June, and 16 July in 2009 to 
be able to assess the impact of ambient O3 occurring throughout the growing season. As they 
developed, bean pods were harvested repeatedly from some plants when immature and at a size 
typical for fresh-market consumption. Pods were harvested from the other plants when mature and 
dry. Severity of injury due to O3 exposure and degree of consequent defoliation were assessed 
weekly.  

The clover system for assessing impact of O3 on plant productivity entails growing O3-sensitive 
and O3-tolerant clones of the commercial white clover line Regal that were developed for this 
purpose. They have similar growth rates in the absence of ozone stress. This system is being used 
in other locations throughout the world. Cuttings were planted in pots on 26 March and kept in the 
greenhouse until 20 May when plants were established and risk of frost was over, then they were 
put outdoors where they would be exposed to ambient ozone. Leaves and flowers were cut off and 
weighed every 4-5 weeks for a total of four harvests. As with the bean system, biomass produced 
by the two clones was compared to determine the impact of ambient O3 on plant productivity.  

The O3-sensitive snap bean line S156 yielded less than the tolerant line R331 when grown under 
ambient O3 conditions on Long Island in 2009. Total weight and number of bean pods harvested 
for fresh-market consumption from planting 1 (22 May) plants was 28% and 19% lower, 
respectively, for S156 compared to R331 (pods were harvested from 17 July through 21 Aug).  
There was a 55% and 46% reduction in these yield variables, respectively, for planting 2 (22 June) 
plants (harvested 10 Aug through 9 Sept). Reduction was 33% and 16%, respectively, for planting 
3 (16 July) plants (harvested 4 Sept through 6 Oct). These differences were similar to greater than 
in previous years. Mature yield data has not yet been collected. Exposure to ozone caused acute 
foliar injury in all three plantings. The visible symptom was bronzing. The sensitive line was more 
severely affected than the tolerant one. Severely affected leaves eventually died and dropped. 
Injury was first observed on Planting 1 plants on 19 June. Average percentage of leaf tissue with 
bronzing (determined by estimating the incidence or proportion of leaflets with symptoms and the 
average severity on affected leaves) was 0.04% and 5.6% for R331 and S156, respectively, on 11 
July, which was 6 days before the first pods were ready for harvest. Average percentage of leaf 
tissue with bronzing had increased to 0.5% and 64% by 27 July and 2.4% and 70% by 1 Aug. On 
17 July in Planting 2, average percentage of leaf tissue with bronzing was 0.09% and 7.3% for 
R331 and S156, respectively.  



Report on Research Conducted in 2007 

There were 3 successive field plantings of beans sown on 14 May, 12 June, and 11 July in 2007 to 
be able to assess the impact of ambient O3 occurring throughout the growing season. As they 
developed, bean pods were harvested repeatedly from some plants when immature and at a size 
typical for fresh-market consumption. Pods were harvested from the other plants when mature and 
dry. Severity of injury due to O3 exposure and degree of consequent defoliation were assessed 
weekly.  

The O3-sensitive snap bean line S156 yielded less than the tolerant line R331 when grown under 
ambient O3 conditions on Long Island in 2007. Total weight and number of bean pods harvested 
for fresh-market consumption from planting 1 (14 May) plants was 23% and 11% lower, 
respectively, for S156 compared to R331 (pods were harvested from 9 July through 30 July).  There 
was a 30% and 18% reduction in these yield variables, respectively, for planting 2 (12 June) plants 
(30 July through 5 Sept). Reduction was 29% and 10%, respectively, for planting 3 (11 July) plants 
(29 Aug through 3 Oct). These differences were not always significant. Mature yield was also 
reduced for S156 compared to R331. For plants in planting 1, number of pods produced by S156 
was reduced 10% compared to R331, number of seeds was reduced 22% and average seed weight 
was reduced 20%. There was a 17%, 24%, and 32% reduction in these yield variables, respectively, 
for planting 2 plants; and a 30%, 38%, and 28% reduction in these yield variables, respectively, 
for planting 3 plants. From emergence until the last fresh-market pod harvest, plants in the three 
plantings were exposed to O3 that was at least 40 ppb for 627, 791, and 605 hours, respectively. 
During these growth periods of 63, 79, and 78 days, O3 exposure expressed as AOT40 was 7,643 
ppb.h, 10,451 ppb.h, and 6,827 ppb.h, respectively. These values greatly exceed the long-term 
critical level of ozone exposure for crops of 3000 ppb.h accumulated over three months. These 
AOT40 values for the 3 bean plantings are not closely related to the level of yield reduction in the 
sensitive bean line compared to the tolerant line, which documents the need for a more detailed 
examination of ozone exposure, which will be possible with the data set being developed through 
this project. 

Following an episode of high O3 during 30 July through 4 Aug, Halloween pumpkin crops, which 
are a very important commodity on LI, were examined to assess the extent of injury. Injury was 
substantially more severe than had been observed previously on this crop in this region. Affected 
leaves died prematurely, which was likely a factor in early vine decline and consequent reduced 
fruit quality, in particular poor handles (peduncles). O3 was at least 70 ppm for 3, 2, 5, 11, 0, and 
10 hours on those days. By 4 Aug, O3 exposure for these pumpkin crops had already greatly 
exceeded the long-term critical level of O3 exposure for crops during a 3-month period of 3000 
ppb.h for daytime AOT40 (accumulated dose over a threshold of 40 ppb, calculated as the sum of 
the differences between the hourly mean ozone concentration and 40 ppb for each hour when the 
concentration exceeds 40 ppb). By 4 Aug the AOT40 value for 7am through 7pm had reached 
7106 ppb.h for pumpkins emerged by 25 Jun and 5862 ppb.h for those emerged by 30 Jun.  The 
3-month values were 10,698 and 9,722 ppb.h, respectively, for these starting dates. 

 

 



Report on Research Conducted in 2005 

There were 3 successive field plantings of beans seeded on 17 May, 17 Jun, and 13 Jul to be able 
to assess the impact of ambient O3 occurring throughout the growing season. As they developed, 
bean pods were harvested repeatedly from some plants when immature and at a size typical for 
fresh-market consumption. Harvest began on 18 Jul, 6 Aug, and 17 Sep, respectively, for the 3 
plantings. Mature bean pods were harvested for seed from the rest of the plants after they had 
senesced. O3 concentration in 2005 reached levels on Long Island that caused acute, visible injury 
to leaves of these beans as well as other sensitive crops. Ozone was at least 50 ppb for 656 hrs on 
94 days, at least 60 ppb for 322 hrs on 50 days, and at least 80 ppb for 95 hrs on 25 days. The 
highest concentration (126 ppb) was reached on 5 Aug. In the first planting, O3 was at least 40 
ppb for 174 hrs between emergence and 21 Jun when injury was first seen; exposure index AOT40 
(accumulated exposure over the threshold of 40 ppb) during daytime (7am to 7pm) was 1814 
ppb.h. Proportion of leaflets with O3 injury was 16% in O3-S on 18 Jul when the first fresh-market 
pods were harvested, From emergence to 27 Jul, when O3 injury severity was 75% and defoliation 
was 66% in O3-S, these plants had been exposed to O3 > 40 ppb for 446 hrs and AOT40 was 5536. 
From emergence to 18 Aug when mature beans were harvested, these plants had been exposed to 
O3 > 40 ppb for 707 hrs and AOT40 was 9501. In the second planting, O3 was at least 40 ppb for 
212 hrs between emergence and 26 Jul when injury was first seen; AOT40 was 2859 ppb.h. 
Proportion of leaflets with O3 injury was 17% in O3-S on 1 Aug, 5 days before the first fresh-
market pods were harvested, From emergence to 17 Aug, when O3 injury severity was 80% and 
defoliation was 72% in O3-S, these plants had been exposed to O3 > 40 ppb for 475 hrs and AOT40 
was 6984. From emergence to 26 Sep when mature bean pods were harvested, these plants had 
been exposed to O3 > 40 ppb for 800 hrs and AOT40 was 10,451. In the third planting, O3 was at 
least 40 ppb for 250 hrs between emergence and 5 Aug when injury was first seen; AOT40 was 
3953 ppb.h. Proportion of leaflets with O3 injury was 44% and defoliation was 30% in O3-S on 7 
Sep. From emergence to the first harvest on 17 Sep, when defoliation was 90% in O3-S, these 
plants had been exposed to O3 > 40 ppb for 601 hrs and AOT40 was 8548. From emergence to the 
last harvest on 27 Oct, these plants had been exposed to O3 > 40 ppb for 743 hrs and AOT40 was 
9563. The clover system was not as successful as in previous years because the O3-T clone did 
not grow well. Growth of the O3-S clone did decline over the summer relative to the O3-T clone. 
During the first 4-wk growth period the O3-S clone produced 36% more biomass than the O3-T 
clone whereas during the fourth growth period the O3-S clone produced 14% less biomass. 

Ambient concentration of ozone, the most important air pollutant, on Long Island throughout the 
summer growing season in 2005 was sufficiently high to cause acute injury that was followed by 
premature defoliation and to greatly reduce yield of sensitive snap bean plants in one of the most 
important agricultural counties in New York. Based on a comparison of yield from ozone-tolerant 
and ozone-sensitive snap bean lines, which were developed to quantify impact of ambient ozone, 
total weight of bean pods harvested for fresh-market consumption was 17%, 49% and 56% lower 
for the ozone-sensitive line in the 3 plantings, respectively, which were seeded on 17 May, 17 Jun, 
and 13 Jul. Total number of bean pods harvested was 14%, 39% and 46% lower for the ozone-
sensitive line. Dry weight of mature pods was 43%, 44%, and 64% lower. Average seed weight 
was reduced 17%, 24%, and 22%. Yield reduction can be expected to also occur in crops grown 
in this area, including some that do not develop acute injury. Ozone is also known to cause 
premature senescence of leaves 



Report on Research Conducted in 2004 

There were 3 successive field plantings seeded on 19 May, 16 Jun, and 22 Jul to be able to assess 
the impact of ambient O3 occurring throughout the growing season. As they developed, bean pods 
were harvested repeatedly from some plants when immature and at a size typical for fresh-market 
consumption. Harvest began on 12 Jul, 4 Aug, and 9 Sep, respectively, for the 3 plantings. Mature 
bean pods were harvested for seed from the rest of the plants after they had senesced. Although 
O3 concentration in 2004 was lower than during the previous 8 years, levels reached on Long 
Island caused acute, visible injury to leaves of these beans as well as other sensitive crops. 
Concentration was at least 80 ppb for at least 10 hours on 4 days: 11-12 May and 9-10 Jun. The 
highest concentration in 2004 (104 ppb) was reached on 9 Jun, which was earlier than most 
previous years. O3 monitoring equipment malfunctioned from 1 Aug through 23 Aug when high 
levels also may have occurred. Typically high concentrations occurred between 1200 and 2200, as 
in previous years. The first planting was at the first trifoliate stage on 9 Jun, however symptoms 
of O3 injury were not observed until 12 Jul, suggesting plants were not transpiring during the worst 
episode in 2004. Considering injury was not observed until the first harvest, it was not surprising 
that the 2 lines initially yielded similarly. This documents they grow similarly when O3 is at a 
level not causing visible injury. Yield also was similar from the third planting when little injury 
was seen.  O3 injury became severe in O3-S and its yield was reduced compared to O3-T in both 
the first and second plantings. Severity of O3 injury for O3-S and O3-T was 69 and 19 percent, 
respectively, on 6 Aug in the first planting and 45 and 24 percent, respectively, on 27 Aug for the 
second planting. Percent defoliation due to O3 injury was 78 and 8 on 12 Aug and 42 and 8 on Sep 
10, respectively. Compared to O3-T, total weight of pods harvested for fresh-market consumption 
from O3-S over the 4 or 5 harvest dates was reduced 46 and 44.5 percent for the first and second 
plantings, respectively; while number of pods was reduced 32 and 31 percent, respectively. During 
day hours (7am-7pm), O3 was at least 40 ppb for 192 hours and at least 156 hours between 
emergence and first harvest for first and second plantings, respectively. Exposure index AOT40 
(accumulated exposure over the threshold of 40 ppb) during daytime was 2195 and at least 1601 
ppb.h, respectively.  Equipment failure precluded more thorough examination of O3 exposure 
relative to injury and yield. O3 injury was more severe on plants grown in pots seeded at the same 
time as field planting 2. However, there was substantial variation in growth of plants in pots, which 
affected ability to detect significant differences in yield. Therefore field-grown bean plants are 
better for assessing impact of ambient O3 on plant productivity. 

Although ambient concentration of ozone was lower in 2004 than during the previous 8 years on 
Long Island, it was sufficiently high to cause acute injury that was followed by premature 
defoliation and to greatly reduce yield of sensitive plants in one of the most important agricultural 
counties in New York. Based on a comparison of yield from ozone-tolerant and ozone-sensitive 
snap bean lines, total weight of pods harvested for fresh-market consumption was reduced 46 and 
44 percent for plants seeded on 19 May and 16 Jun, respectively, while number of pods was 
reduced 32 and 31 percent. Plants of the tolerant and sensitive lines seeded on 22 Jul developed 
only minor injury and yielded similarly, reflecting lower ozone concentrations late in the growing 
season. 

 



Report on Research Conducted in 2003 

Research conducted in 2003 was undertaken to test experimental protocols developed for the NE-
1013 collaborative field project on ozone sensitive and tolerant cultivars of bean and to obtain 
additional information on the impact of ozone on plants growing on Long Island, NY. From 1 May 
to 30 Oct, ozone concentration was >80 ppb for 40 hrs on 8 days: 24-27 June; 2, 4-5 July; and 16 
Aug. The highest concentration (118 ppb) was reached on 27 June. This was the lowest level in 8 
years.  Ozone was >80 ppb for 60, 124, 121, 184, 77, at least 67, and 94 hrs in 1996, 1997, 1998, 
1999, 2000, 2001, and 2002, respectively. Ozone caused acute, visible injury to leaves of the 
sensitive crops studied. Ozone-sensitive and ozone-resistant snap bean lines, S156 and R331, were 
grown in pots (seeded on 19 Jun) and in the field (27 Jun). In the field, weeds were managed by 
applying herbicides, Eptam and Treflan, on 17 Jun, mechanically cultivating and hand-weeding.  
Leafhoppers were managed by applying Di-Syston in furrow with the seed and Orthene to foliage 
on 15 Jul.  Bean pods were harvested when immature for fresh-market consumption from some 
plants and when mature and dry from the rest of the plants. Ozone injury was first observed on 4 
Aug when plants were flowering. Incidence of affected leaflets and severity of injury were similar 
for pot- and field-grown plants. Average incidence and severity on 18 Aug were 0.5% and 1% for 
pot-grown R331, 9% and 10% for field-grown R331, 34% and 30% for pot-grown S156, and 41% 
and 44% for field-grown S156. Fresh-market yield and dry bean yield were lower for S156 than 
R331 indicating that ambient ozone affected plant productivity. Weight of fresh-market pods was 
39% lower for pot-grown S156 than R331 (P-value=0.035) and 35% lower for field-grown S156 
(P-value=0.18). Number of fresh-market pods was 20% lower for both pot- and field-grown S156 
compared to R331, but these differences were not statistically significant.  Weight of mature seed 
was 31% lower (P-value=0.0007) for pot-grown S156 than R331 and 29% lower for field-grown 
S156 (P-value=0.067). Number of seeds was reduced only for field-grown S156 (48%, P-
value=0.039).  Ozone-sensitive and ozone-resistant clones of the commercial white clover line 
‘Regal’ were rooted from cuttings on 17 April, then moved outdoors and transplanted to 15-liter 
pots on 21 May. In contrast with previous years, the sensitive clone grew better after planting than 
the resistant clone, thus these plants were larger when transplanted yielded 44% more forage dry 
weight than the resistant clone on 23 Jun. Ozone injury was first observed on clover on 6 Jun. The 
sensitive clone was more severely injured, with 9.8% of leaves having symptoms and average 
severity on these leaves of 30.5% on 23 Jun, compared to 0.1% and 0.6%, respectively, for the 
resistant clone. Animal feeding subsequently prevented harvesting every 28 days. The forage dry 
weight ratio (sensitive/resistant) was 0.81 for tissue harvested on 4 Sep. This value is similar to 
that obtained in previous years when ozone concentrations have been high. In conclusion, although 
ambient ozone concentrations were lower than during the previous 8 years, ozone reached 
sufficiently high concentrations on Long Island in 2003 to affect productivity of sensitive snap 
bean and clover lines. 

 

 

 

 



Final Report for Project NYC-153441 Research conducted 1996 - 2002 

Plant response to ambient ozone on Long Island, NY, was examined by using a white clover 
bioindicator system and by growing ozone-sensitive and ozone-tolerant snap bean cultivars and 
lines. From 1 May to 30 September, ozone was >80 ppb for 60, 124, 121, 184, 77, >67, and 94 hrs 
in 1996, 1997, 1998, 1999, 2000, 2001, and 2002, respectively. Data is incomplete for 2001 due 
to equipment malfunction. Typically high concentrations occurred between 1200 and 2200. The 
highest concentration was 121 ppb in 1996, 146 ppb in 1997, 129 ppb in 1998, 123 ppb in 1999, 
145 ppb in 2000, 122 ppb in 2001, and 129 ppb in 2002. This occurred as early as 7 June in 1999 
and as late as 9 August in 2001. Ozone caused acute, visible injury to leaves of the sensitive crops 
studied. Ozone also causes sensitive plants to senesce prematurely. The ozone-sensitive and ozone-
resistant clover clones were grown outdoors in pots. Every 28 days foliage was cut, dried and 
weighed. Growth of the sensitive clone was similar to that of the resistant clone when ozone levels 
were low. Some years this was during June, other years during September. When ozone 
concentrations were highest (1999), growth was reduced as much as 30%. Maximum growth 
reduction was 26% in 1997, 28% in 1998, 14% in 2000, and 26% in 2001. Ozone-sensitive and 
ozone-tolerant snap bean cultivars and lines were grown in open-top chambers or under field 
conditions. Open-top chambers are cylindrical structures, 10-ft in diameter, with clear plastic sides 
and fans to blow air in. Impact of ozone was assessed by using charcoal filters to remove some 
ozone from ambient air entering half of the chambers. Pods were harvested when immature (for 
fresh-market consumption) from some plants and when mature from others. Dry weight of 
immature pods from an ozone-sensitive cultivar was shown to have been reduced 8% in 1996 when 
ozone levels were relatively low by using the chambers. In 1998 research was initiated with 14 
cultivars and lines selected by researchers in NC based on their sensitivity to ozone and similar 
growth characteristics in the absence of high ozone concentrations. Dry weight of immature pods 
averaged 20% lower for ozone-sensitive plants compared to tolerant ones in 1998, 24% in 1999, 
and 23% in 2000. Number of mature seeds was 14% lower in 1998, 29% in 1999, and 35% in 
2000. Dry weight of mature seed was 42% lower in 1998, 45% lower in 1999, and 55% lower in 
2000. The goal of research conducted in 2001 was to determine if pesticides used for crop 
management affect plant response to ozone using a pair of snap bean lines. Average number of 
pods and of seeds harvested per plant at maturity was greater for pesticide-treated plants probably 
due to control of leafhoppers. Plots not treated with herbicide were hand-weeded. Consequently, 
the impact of ozone was greater for treated plants. Dry weight of immature pods was 34% lower 
for pesticide-treated, ozone-sensitive plants than ozone-resistant plants. Number of mature seeds 
was 52% lower. Dry weight of mature seed was 66% lower. 


