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Abstract
U.S. crop producers derive substantial economic benefits from the chloro-s-triazine
herbicides atrazine, simazine and propazine. These triazine herbicides generate yield
gains for U.S. crop farmers, and in many cases, also reduce total costs for herbicides.
Atrazine, the most widely used triazine herbicide, is the keystone of herbicide-based
weed control in corn and other regionally important crops in the U.S. Corn acreage,
yields and prices have increased over time so that the three-year average value of corn
produced in the U.S. has increased more than 2.7 times, from $18.6 billion in 1990-
1992 to $50.9 billion in 2007-2009. Over this same period, crop production practices
also evolved, including the widespread adoption of transgenic crops and reduced tillage
systems. Given these and other changes since previous economic assessments of the
producer benefits from triazine herbicides, an update assessment seems warranted.

The primary benefit of atrazine and the other triazine herbicides to farmers is
improved weed control that increases harvested yields and usually reduces costs, as
alternative herbicides are less effective and/or more expensive. Based on yield loss
and herbicide cost changes estimated using models, the economic value of the yield
losses prevented by the triazine herbicides are estimated to range between $3.0 and
$3.3 billion per year for U.S. corn, sorghum, sweet corn, and sugarcane farmers. Most

of these benefits accrue to Midwestern field corn farmers using atrazine, but farmers in
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other regions and growing these other crops also derive substantial benefits. The
annual yield benefits and net herbicide cost savings from triazine herbicides are worth
an estimated $2.36 to $2.65 billion for U.S. field corn growers, $341 million for U.S.
sorghum growers, $210 million for U.S. sweet corn growers, and between $60 and $120
million for U.S. sugarcane growers.

Atrazine and the other triazine herbicides generate other types of benefits for
farmers not accounted for in these reported values. Atrazine works well with other
herbicides, often enhancing the value of less efficacious herbicides. Atrazine also
increases the value of crop rotations by reducing weed populations and weed seed
banks in crops commonly rotated with atrazine-treated crops. Atrazine also serves as
an important tool for managing herbicide resistance, helping to preserve future weed
control benefits for other herbicides. Finally, atrazine provides effective weed control
that has aided adoption of conservation tillage and no-till systems in corn and other
crops. Reducing or eliminating tillage reduces soil erosion and associated negative
environmental impacts of agriculture, which improves water quality and further
enhances the sustainability of U.S. crop production. Because specific dollar-
denominated estimates of the value of these benefits to farmers are not included in this
assessment, the estimated $3.0 to $3.3 billion in benefits per year should be considered
a lower bound on the full value of the benefits generated by atrazine and the other
chloro-s-triazine herbicides in U.S. crop production.
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1. Introduction

Atrazine was first commercially available for corn in the U.S. in 1959 (Pike et al.
2008). Since then, atrazine has become the most widely used chloro-s-triazine
herbicide in the U.S. and the most commonly used corn herbicide for many years, only
recently surpassed by glyphosate (Figure 1). Atrazine is the keystone of herbicide-
based weed control in corn and crops such as sorghum, sweet corn and sugarcane,
and by far the most popular triazine herbicide used on corn in the U.S. Propazine is
used on sorghum acres. Simazine is used on corn and sweet corn acres and for weed
control in many specialty crops such as citrus, grapes and other fruits and nuts
(LeBaron et al. 2008).

Economic assessments of the benefits of atrazine have been part of the research
and debate surrounding atrazine. Several studies have examined the farm-level
economics of atrazine or have analyzed benefits at larger scales, holding crop prices
and acres fixed (Hawkins et al. 1977; Martin et al. 1991; Pike et al. 1994; Swinton et al.
1994; Johnson et al. 2000; Ferrell and Witt 2002; Nolte and Young 2002; US EPA
2002). In order to assess the market-level benefits of atrazine and triazine herbicides, a
few studies also included grain supply changes to account for price effects. Carlson
(2008) summarized previous comprehensive national or regional economic
assessments of the benefits of atrazine and triazine herbicides, but these studies are
older, with the most recent published in 1998.

Though more than a decade has passed since these economic assessments
were published, they are still in use, despite large increases in planted corn acreage,

yields and prices. For example, Ackerman (2007) used the 1994 USDA report of
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Ribaudo and Bouzaher (1994) as part of the evidence in an assessment of the
economic impacts of an atrazine ban in the U.S. However, the overall economic size of
the corn market has increased tremendously since the early 1990s. The three-year
average of corn acres planted for 1990-1992 was 76.5 million acres, while the average
was 88.6 million acres for 2007-2009, or an increase of 16% (USDA-NASS 2011).
Yields also increased — the three-year average corn yield per harvested acre was 119.5
bu for 1990-1992 and 156.4 for 2007-2009, or 31% greater (USDA-NASS 2011).
Average prices received by farmers also increased. The three-year average corn price
was $2.24/bu for 1990-1992 and $3.94/bu for 2007-2009, a 76% increase (USDA-NASS
2011). All combined, the three-year average total production of corn in the U.S.
increased from 8.3 billion bushels to 12.7 billion bushels (54%) over the same period,
and the three-year average market value of this production increased 170%, from $18.6
billion to $50.2 billion over the same period. Simply adjusting older estimates of the
benefits of triazine herbicides for inflation ignores this expansion in the size of the corn
market and underestimates their benefits. Thus by itself, the large expansion of the
corn market implies that previous economic assessments of the benefits of triazine
herbicides are likely outdated.

Other trends also imply that previous benefits assessments may no longer be
accurate for current market and production conditions. Genetically engineered crops
were first commercialized in 1995 and have become widely adopted since then. For
example, 86% of U.S. corn acres in 2010 were planted in some type of transgenic seed
(USDA-ERS 2011a). Indeed, glyphosate-tolerant crops have become so popular

among farmers that in 2007 glyphosate surpassed atrazine as the most widely used
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corn herbicide (Figure 1) (USDA-ERS 2011a). However, glyphosate-resistant weeds
now threaten the efficacy of glyphosate, with many farmers aware of the problem and
concerned about herbicide resistant weeds (Johnson et al. 2009; Powles 2008; Hurley
et al. 2009b). In addition, the biofuel industry has become much larger since these
previous studies were completed, causing various adjustments in the agricultural sector
as a result of higher demand for corn (Westcott 2007; Larson et al. 2010; Gehlar et al.
2010).

As a result, previous economic assessments of the benefits of atrazine and
triazine herbicides are outdated. This paper provides an updated economic
assessment of the current benefits of the triazine herbicides to U.S. producers. Similar
to previous studies, a counterfactual approach is used that specifies how crop
production would change if triazine herbicides were not available as a non-triazine
scenario, and then differences between this scenario and a baseline scenario are used

to estimate the economic benefits of triazine herbicides to U.S. producers.

2. Status quo and non-triazine scenarios

The approach used here defines a baseline scenario, called the “status quo”
scenario, and two “non-triazine” scenarios, and then calculates differences between the
non-triazine and the status quo scenarios to estimate how the agricultural economy
would change if either of these non-triazine scenarios were realized. The analysis uses
the three-year average for 2007-2009 for variables such as planted area, yields, and
prices to smooth over annual variation, so that the base period for the status quo
scenario is 2007-2009. For crops, the analysis examines corn, sorghum, sweet corn,

and sugarcane. Under the non-triazine scenarios, atrazine and simazine are not
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available for use on field corn and sweet corn, atrazine and propazine are not available
for use on sorghum, and atrazine is not available for use on sugarcane.

Glyphosate is the most widely used herbicide on corn in the U.S., applied to 75%
of planted acres in 2009 (Figure 1). Thus, if atrazine and simazine were not available
for weed control in corn, an increase in the percentage of corn acres treated with
glyphosate seems likely, but how much is unclear. To bracket the range of likely farmer
responses, two non-triazine scenarios are defined to reflect different assumptions
regarding how much farmers increase glyphosate use on field corn if triazine herbicides
are not available, following the projections of Bridges (2011).

The first non-triazine scenario, “increasing glyphosate use on corn acres,”
assumes that if atrazine and simazine were not available, farmers switch to using
glyphosate as a substitute herbicide. As a result, corn acres treated with glyphosate
increase, actually projected to reach 100% in all but one region. The second non-
triazine scenario, “2009 glyphosate use on corn acres,” assumes that, even if atrazine
and simazine were not available for weed control in corn, farmers switch to non-triazine
herbicides other than glyphosate as substitutes. As a result, the percent of corn acres
treated with glyphosate equals the percent in 2009, but the percent of acres treated with
other non-triazine herbicides increases. These two scenarios are intended to bracket
the likely response of U.S. corn farmers if atrazine and simazine were not available.
Note that for sorghum, sweet corn and sugarcane, only a single non-triazine scenario is
defined, a scenario that assumes atrazine and simazine are not available for sweet
corn, atrazine and propazine are not available for sorghum, and atrazine is not available

for sugarcane.
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3. Widespread use of atrazine as evidence of its value

Atrazine is a low-cost and highly effective herbicide for controlling many
broadleaf and several grass weeds. As a result, atrazine has been a primary
component of herbicide-based weed control tactics in U.S. crop production for about 50
years, particularly for corn. USDA data show that the percentage of U.S. corn acres
receiving some form of atrazine ranged between 62%-75% of planted acres from 1990
to 2005 and only began to decrease with the rising popularity of glyphosate tolerant
corn (Figure 1). At typical single-application rates, atrazine and glyphosate typically
cost less than other relatively popular single-compound grass herbicides such as
acetochlor, S-metolachlor and nicosulfuron , and the broadleaf herbicide mesotrione,
and provide more effective control of many broadleaf weed species (Zollinger et al.
2010; Hager 2010). However, in 2009, even after herbicide-tolerant corn adoption had
reached 68% and glyphosate use had increased so that more than 75% of corn acres
received glyphosate, 57% of corn acres still received an atrazine-containing product
(Figure 1) (USDA-NASS 2010). Even with the widespread adoption of herbicide-
tolerant crops and with low-cost glyphosate available, these adoption rates show that
U.S. corn farmers still find value in atrazine.

This widespread use of atrazine for weed control in corn is evidence that farmers
continue to derive economic benefits from its use. Atrazine is also by far the most
commonly used herbicide for other regionally important crops, such as sorghum, sweet
corn and sugarcane. This reliance on atrazine in these crops is further evidence that

farmers also derive economic benefits from it.
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The Agricultural Chemical Use Database provides herbicide use data for
sorghum and sweet corn, and for both crops, atrazine is the most commonly used
herbicide (USDA-NASS 2010). Sorghum data are reported only for 1991 and 2003,
when 11.1 million and 9.4 million acres of sorghum were planted in the U.S.,
respectively (USDA-NASS 2011). In 1991, 68% of the acres were treated with atrazine;
the second most commonly used herbicide (metolachlor) was used on 20% of acres
(USDA-NASS 2010). In 2003, 70% of sorghum acres were treated with atrazine and
the second most commonly used herbicide was glyphosate used on 27% of sorghum
acres as a burndown treatment. (USDA-NASS 2010).

The database includes separate herbicide use data for fresh and processed
sweet corn, biennially from 1992 to 2006 (USDA-NASS 2010). USDA acreage data are
not available for this whole period, but from 1998 to 2006, planted acres for fresh
market sweet corn remained steady at about 250,000 acres, while acres of sweet corn
for processing (canned and frozen) declined 20%, from almost 500,000 acres in 1998 to
about 400,000 acres in 2006 (USDA-NASS 2011). Figure 2 shows that from 1992 to
2006, the percent of sweet corn acres treated with atrazine generally trended upwards,
rising from around 50% in 1992 to about 60% to 70% in 2006. For both types of sweet
corn, atrazine was by far the most commonly used herbicide, consistent with the survey
findings of Williams et al. (2010). Over these years, on average, sweet corn planted
acres treated with atrazine exceeded acres treated with any other herbicide by at least
27 percentage points (USDA-NASS 2010).

Atrazine is also widely used for weed control in sugarcane, while simazine is

commonly used on other specialty crops such as citrus (Smith et al. 2008; Singh and
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Sharma 2008; Elmore and Lange 2008). Sugarcane harvested acreage has ranged
from about 800,000 acres in 1990 to a peak of more than 1 million acres in 2000 and
2001; in recent years, sugarcane harvested acres have held steady at about 875,000
acres (USDA-NASS 2011). Most (93%) of this acreage is in Florida and Louisiana, with
the remainder in Texas and Hawaii. Herbicide use data for Florida, Louisiana and
Texas show that in 2009, atrazine was used on 57% of harvested sugarcane acres,
making it the most commonly used sugarcane herbicide (GfK Kynetec 2010). However,
regional differences exist, e.g., Florida has a much higher percent use of atrazine in
sugarcane than Louisiana. In these three states, the next most commonly used
herbicides were 2,4-D and metribuzin, each used on substantially fewer acres: 42% and

39% of harvested acres, respectively.

4. Weed control benefits of atrazine

This assessment required estimates of the expected yield and cost effects of
using substitute herbicides if U.S. farmers could not use atrazine or the other chloro-s-
triazine herbicides for weed control. This analysis uses the estimated yield loss and
cost effects reported by Bridges (2011) for both non-triazine scenarios for corn
(increasing glyphosate acres and 2009 glyphosate acres) and for the single non-triazine
scenarios for sorghum and sweet corn. Because comparable estimates do not exist for
sugarcane, this analysis uses estimates of the expected yield and cost effects from local
experts (see footnotes to Table 1).

Bridges’ (2011) estimates for corn, sorghum and sweet corn were developed
based on 2009 regional data on weed infestations, potential yield losses and herbicide

efficacies, all by weed species, and crop yield potential in the production regions.
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Harvested yields and net returns were estimated by region for various herbicide
treatments using 2009 treatment costs and the regional data for weed infestations,
losses and herbicide efficacies. The analysis did not include cost and yield impacts for
acres currently treated with simazine switching to non-triazine substitutes. Regional
average net returns were determined based on the 2009 percent of acres treated by
each herbicide treatment. The impact of atrazine and the other triazine herbicides on
crop yields and costs was estimated by comparing regional average net returns under
2009 treatment practices to the two non-triazine scenarios. The final results reported in
Table 1 are Bridges’ (2011) estimates of how much regional average corn, sorghum,
and sweet corn yields would decrease and weed control costs would change if chloro-s-
triazine herbicides were not available. These yield loss and cost changes are averages,
spread over all acres of each crop, not just those acres treated with a triazine herbicide.
In Table 1, separate results for corn are reported for the four USDA Farm
Resource Regions? that encompassed over 90% of corn production in 2009, with the
remaining regions combined into a single “Rest of Nation” region to simplify the
analysis. For the non-triazine scenario with increasing glyphosate use on corn acres,
Bridges (2011) estimated greater yield losses and cost increases in the Heartland than
the other three regions. For the non-triazine scenario with 2009 glyphosate use on corn
acres, because acres treated with glyphosate do not increase, estimated yield losses

are greater due to farmer reliance on less efficacious herbicides. However, estimated

% The USDA-Economic Research Service defined these Farm Resource Regions by clustering counties
based on a variety of characteristics (USDA-ERS 2000). The resulting regions cut across state lines and
include the Heartland, Northern Crescent, Northern Great Plain, Prairie Gateway as the main corn
producing regions, as well as the Eastern Uplands, Southern Seaboard, Basin and Range, Mississippi
Portal and Fruitful Rim. For more detail, see the map included in the publication (USDA-ERS 2000).
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net herbicide cost effects are negative (i.e., a cost decrease) or smaller than for the
other corn non-triazine scenario.

Bridges’ (2011) estimates for sweet corn in Table 1 show an estimated yield loss
of approximately 20% for the regions examined (Heartland, Northern Crescent, Fruitful
Rim), with the estimate for the Rest of Nation simply the average for the other regions.
Sweet corn yield and quality generally exhibit greater sensitivity to weed interference,
and relatively high weed populations remain in Midwestern sweet corn fields even
though most acres receive herbicide treatments, plus fewer registered herbicides are
available, particularly effective non-triazine alternatives for problematic weed species
(So et al. 2009; Tracy 2001; Williams et al. 2008; EImore and Lange 2008). Estimated
herbicide cost changes are comparable to those for field corn, but negative (i.e., a cost
decrease) in the Northern Crescent because farmers switch to lower cost and/or less
effective herbicides for the non-triazine scenario. As no herbicide cost change was
available for the Rest of Nation region, the analysis assumes no cost change for this
region. Finally, because glyphosate-tolerant sweet corn is commercially unavailable,
only a single non-triazine scenario was developed.

Bridges (2011) developed the results in Table 1 for sorghum based on data for
the Prairie Gateway, the region producing 74% of U.S. sorghum in 2009, and then used
these yield loss and cost impacts for all regions. Results show an estimated yield loss
of more than 20% for sorghum because fewer registered herbicides are available,
particularly effective non-triazine alternatives for problematic weed species. Estimated
cost changes are negative (i.e., a cost decrease) because farmers switch to lower cost

and/or less effective herbicides for the non-triazine scenarios. Finally, because
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glyphosate-tolerant sorghum is unavailable, only a single non-triazine scenario was
developed.

For sugarcane, the necessary data were not available to conduct an analysis and
estimation process comparable to Bridges (2011). Hence, local experts (see footnotes
to Table 1) in the main producing regions were contacted to informally survey major
growers in their regions to ask them to use their experience in sugarcane production to
estimate yield and cost effects if atrazine were not available. Yield loss estimates
ranged from 10% to 25% in the Fruitful Rim (Florida and Texas) and from 20% to 25%
in the Mississippi Portal (Louisiana). The average cost change in the Fruitful Rim was
about a $5/ac cost decrease as growers switched to less costly and/or less effective
alternative herbicides, while in the Mississippi Portal, the average cost increased more
than $4/ac. In Hawalii, the 6% average yield loss is based on grower estimates of 10%
of the acres suffering a 60% yield loss; however, no herbicide cost change estimate was
available, so the analysis assumes no cost change.

Finally, note that the yield losses and cost changes reported in Table 1 are
average changes at the aggregate level that are spread over all planted acres and the
cost changes do not include additional costs for extra passes to apply herbicides, only
the net change in the cost of herbicide active ingredients. When averaging over
producers to determine an aggregate change, the resulting average misses the range of
individual effects. Some farmers would see large cost changes under a non-triazine
scenario as they shift to more costly substitute herbicides to control the problematic
weed species, and even then, they would suffer yield losses larger than average used

for this analysis. Other farmers would be able to use low-cost alternatives and actually
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see a cost decrease and suffer yield losses less than the average assumed for this
analysis because of the weed species prevalent in their area. Furthermore, these
average Yyield loss and cost changes are spread over all acres for each crop, not just
those acres currently treated with triazine herbicides. For example, if the 60% of crop
acres currently using atrazine switched to herbicides that on average cost $10 per acre
more, the average cost change when spread over all crop acres would be $6 per acre.
As a result, the average changes in Table 1 are smaller than the average changes for
farmers currently using triazine herbicides and miss the range of individual yield losses

and cost changes that would occur if triazine herbicides were not available.

5. Value of triazine weed control benefits to producers

Per acre yield losses and cost increases in Table 1 were aggregated over
planted acres to estimate the short-term total losses to U.S. producers under the non-
triazine scenarios relative to the status quo base case. For corn, sorghum, sweet corn
and sugarcane, three-year averages for 2007-2009 were used based on USDA data for
yields, prices and planted acres. Because of the relationship between yields and prices,
three-year averages of per acre crop values (yield multiplied by price) were used, not
the three-year average of yield multiplied by the three-year average of price. Thus, in
these tables, the product of the three-year average yield and the three-year average
price does not exactly equal the three-year average crop value.

For corn and sorghum, yield and price data for 2007-2009 are from the USDA-
ERS Commodity Costs and Returns Data for each Farm Resource Region (USDA-ERS
2011b). For other regions, USDA-ERS (2011b) corn data are only available for the

Eastern Uplands and the Southern Seaboard, so the acreage-weighted average of data
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for these two regions is used for the Rest of Nation. Similarly, for sorghum, the Rest of
Nation uses the acreage-weighted average of USDA-ERS (2011b) data for the
Heartland, Northern Great Plains and Fruitful Rim. The average number of acres of
corn and sorghum per farm is also reported in order to calculate average losses and
cost changes per farm. Total U.S. acreage for corn, sorghum, sweet corn and
sugarcane is from USDA-NASS (2011). The sweet corn and sugarcane analysis only
uses these national acreage data, as detailed data comparable to the USDA-ERS
(2011b) data for corn and sorghum are not available by region for these crops.

Table 2 reports results for corn. The acreage and crop value data show that
more than half of U.S. corn acres and the crop value are in the Heartland, with more
than 52 million acres planted and producing a crop worth almost $31 billion. The
Northern Crescent and Prairie Gateway each have around 11 million acres, but the total
value of the crop is larger in the Prairie Gateway because average yields and prices are
higher. The average number of corn acres planted per farm is also noticeably larger in
the Northern Great Plains and the Prairie Gateway.

As expected, annual average yield losses per acre of corn under the non-triazine
scenarios is larger for the 2009 glyphosate acres scenario than the increasing
glyphosate acres scenario. Revenue losses are generally larger in the Heartland, more
than $31/ac for the increasing glyphosate acres scenario and more than $36/ac for the
2009 glyphosate acres scenario. Revenue losses for the Rest of Nation are large for
the second non-triazine scenario because percentage losses for the region are quite
large in Table 1. Revenue losses in the other regions are relatively lower because of

the lower percentage losses in Table 1 for the non-triazine scenarios. Average revenue
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losses per farm vary across regions because both the average revenue losses per acre
and the average number of corn acres per farm differ across regions. Average annual
revenue losses per farm were largest in the Heartland, at almost $9,000 for the first
non-triazine scenario and at more than $10,000 for the second non-triazine scenario,
based on an average of 281 corn acres per farm in the Heartland (Table 2).
Aggregating these yield losses shows that 70% to 75% of the total losses occur
in the Heartland, where per acre losses are highest and most corn acres are planted.
Losses to U.S. producers total almost $2.2 billion per year for the increasing glyphosate
acres scenario and almost $2.7 billion for the 2009 glyphosate acres scenario, with $1.6
and $1.9 billion of these losses occurring in the Heartland. Aggregate losses for
producers in the other regions are millions of dollars per year and all together account
for about 25% to 30% of total U.S. losses. These results show that atrazine is a key
part of weed control in corn, annually preventing yield losses worth about $2.2-$2.7
billion, and that it is especially valuable in the Heartland where most U.S. corn is grown.
Table 2 also reports both per farm and aggregate U.S. producer costs based on
the herbicide cost changes in Table 1 for the non-triazine scenarios. For the increasing
glyphosate acres scenario, herbicide costs increase in all regions, with the average
annual cost increase per farm as high as $750 in the Heartland. In aggregate, the total
increase in herbicide costs would total about $177 million per year, with almost 80% of
this cost increase born by farmers in the Heartland. For the 2009 glyphosate acres
scenario, farmers in some regions would see an herbicide cost decrease as they
switched to cheaper and/or less effective herbicides to substitute for atrazine, while

costs would increase in other regions. The largest savings in herbicide costs occur in
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the Northern Crescent, while the largest cost increase occurs in the Northern Great
Plains. In aggregate, the total herbicide cost change is a net decrease of $43 million
per year for the whole U.S., with most of this occurring in the Northern Crescent and the
Heartland.

Finally, Table 2 aggregates these yield losses and cost changes by region and
for the whole U.S. to determine the net income effect. The impacts on net income are
largest in the Heartland, where the average net loss per acre is about $34 to $36/ac and
the average net loss per farm is around $10,000. Aggregating losses over all regions
gives a net income loss of $2.36 billion to $2.65 billion per year for U.S. corn producers,
with 70% to 75% of this loss occurring in the Heartland.

The results in Table 2 are calculated using the regional-specific corn yields and
prices reported in Table 2. These yields and prices are the three-year average of yields
and prices for 2007-2009 as reported in USDA-ERS regional crop budgets (USDA-ERS
2011b), while the U.S. average yield and price reported in Table 2 is the average for the
five regions, weighted by the total acres in each region. As a result, the yields and
prices in Table 2 are lower than the USDA-NASS yields and prices. For example, the
three-year (2007-2009) average corn yield for the U.S. is 156.4 bu/ac based on USDA-
NASS (2011) data, but 145.5 bu/ac based on the USDA-ERS (2011b) data and
weighting by acres. Similarly, the three-year (2007-2009) average corn price for the
U.S. is $3.94/bu based on USDA-NASS (2011) data, but $3.76/ac based on the USDA-
ERS (2011b) data and weighting by acres. Based on these results, the per-acre
revenue for corn is 145.5 x $3.76 = $547.08 using the USDA-ERS data and, using the

USDA-NASS data, 156.4 x $3.94 = $616.22, or 12.6% larger. These results imply that
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the USDA-ERS data provide more conservative estimates of the revenue and incomes
changes for the non-triazine scenarios analyzed.

The results in Table 2 would change under different corn yield and price
assumptions. For the non-triazine scenarios in Table 2, higher corn yields and prices
only impact the revenue changes, not the cost changes. As revenue is proportional to
both yield and price, a 33% increase in either yield or price implies a 33% increase in
the revenue changes. However, because the cost changes in Table 2 are relatively
small compared to the revenue changes, a 33% increase in yield or price implies
approximately a 33% increase in the net income changes. Using a specific example to
illustrate, increasing corn prices by 33% gives a U.S. corn price of $5.00/bu. The
associated net income changes for the non-triazine scenarios are a net loss of $3.08 to
$3.54 billion, or 30.5% to 33.5% larger than the $2.36 to $2.65 billion reported in Table
2. Thus, because the 2010 season-average corn price of $5.40 is 44% larger than
$3.76, the results in Table 2 would roughly be 44% larger using a corn price of $5.40/bu
(USDA-NASS 2011).

Table 3 reports results for sorghum, but only with the Prairie Gateway and the
Rest of Nation. The average value of all sorghum grown in the U.S. has averaged
about $1.8 billion per year, with more than 70% of the value originating in the Prairie
Gateway region. Only a single non-triazine scenario is examined for sorghum as
herbicide-tolerant sorghum is not available. Average revenue losses per acre for
sorghum range from $43 to $47 per year if atrazine and propazine were not available.
Per acre losses are larger than for corn because sorghum yield losses are generally

much larger (Table 1). On a per farm basis, average revenue losses range from more
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than $12,500 in the Prairie Gateway to about $26,000 in the Rest of Nation, based on
the average sorghum acres per farm as reported in Table 3. Farm-level losses are
much larger than for corn farmers because per acre losses are larger and the average
number of sorghum acres per farm is much larger in the Rest of Nation. Aggregating
the values of these yield losses, total revenue losses for U.S. sorghum producers is
$364 million annually, with $260 million (71%) occurring in the Prairie Gateway.

Table 3 also reports the resulting herbicide cost changes for the non-triazine
scenario. Herbicide costs decrease for sorghum producers as farmers switch to lower
cost and/or less effective herbicides without atrazine or propazine, so that in aggregate,
total cost savings amount to almost $24 million per year for U.S. sorghum producers.

The final rows of Table 3 combine these revenue losses and cost changes to
estimate the net total effect for U.S. sorghum producers. The annual net income loss is
about $44/ac and almost $12,000 per farm in the Prairie Gateway, based on an average
of 269 sorghum acres per farm in the region. Producers in other regions have smaller
per acre net income losses of about $40/ac, but much larger average losses per farm of
more than $24,000, based on an average of 608 sorghum acres per farm. In
aggregate, total income loss for U.S. sorghum producers is $341 million each year, with
$243 million (71%) of this loss occurring in the Prairie Gateway.

The effect of using a different sorghum price would be the same as for corn —
only the revenue effects would change, not the cost effects, and net income changes
would be approximately the same in percentage terms as the price change. Thus a
33% increase in the sorghum price to give a U.S acreage-weighted average of $4.72/bu

would increase the net income effects to $461 million, or 35.3% larger than in Table 3.
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Table 4 reports regional and total U.S. losses for fresh and processing sweet
corn for the non-triazine scenario based on USDA-ERS (2010b) sweet corn acreage
and price data and yield loss and herbicide cost changes in Table 1. Average yields are
greatest in the Fruitful Rim and the Rest of Nation, where most of the acres are grown,
especially fresh sweet corn, while the Heartland and Northern Crescent have sizeable
production of processing sweet corn. The average value of the fresh crop is almost
$750 million, and about $300 million for the processed sweet corn crop, for a total
annual average crop value of more than $1 billion for all sweet corn grown in the U.S.

Table 4 shows greater losses under the non-triazine scenario for the relatively
higher-valued fresh sweet corn than for processed sweet corn. Losses for fresh sweet
corn range from more than $800/ac in the Fruitful Rim to around $450/ac in the
Heartland, with an acreage-weighted average loss of almost $600/ac for the U.S. For
processed sweet corn, losses range from a high of almost $200/ac in the Fruitful Rim to
around $140/ac in the other regions, with an acreage-weighted average loss of almost
$160/ac for the U.S. In aggregate, total annual losses are $210 million, or 20% of the
value of the annual U.S. crop, with almost three-fourths of these losses occurring for
fresh-market sweet corn growers. Across the regions, almost half of these losses are
born by growers in the Fruitful Rim, where both per acre losses and total planted acres
are greatest. Total annual losses in the Northern Crescent are $54 million, or more than
25% of the total U.S. losses. Changes in average herbicide costs are less than $0.60
per acre when spread over all sweet corn acres.

Table 5 reports regional and total U.S. losses for sugarcane for the non-triazine

scenario based on USDA-ERS (2010a) data on acres and prices and the yield loss and
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herbicide cost changes in Table 1. Hawaii has much larger sugarcane yields than other
producing regions, but far fewer harvested acres. In total, the U.S. annual sugarcane
harvest is worth $918 million on average. More than half of this crop value is produced
in Florida, which dominates the Fruitful Rim crop value of $489 million. Only 5% or $49
million of the crop value is produced in Hawaii, with Louisiana and Texas in the
Mississippi Portal producing the remaining 41% or $380 million.

Based on the low and high estimates of yield losses in Table 1 for sugarcane,
Table 5 reports the resulting per acre value of these yield losses for the non-triazine
scenario. Using the low yield loss estimates, annual losses range from about $110/ac
in the Fruitful Rim to more than $180/ac in the Mississippi Portal. Using the high yield
loss estimates, annual losses range from $130/ac in Hawaii to more than $280/ac in the
Fruitful Rim. Losses are lower in the Fruitful Rim and Hawaii because of generally
lower pressure from weeds that currently are managed with atrazine. Based on
affected acres in each state (acres treated with atrazine), these per acre losses range
from a total of $2.3 million in Hawaii to almost $90 million under the high yield loss case
in the Fruitful Rim. Aggregating across all states, total losses for U.S. producers are
more than $60 million per year for the low yield-loss case and more than $120 million
per year for the high yield-loss case.

Herbicide cost changes for sugarcane ranged from over a $4/ac increase in the
Mississippi Portal to a $5/ac decrease in the Fruitful Rim as a result of using herbicides
other than atrazine. No herbicide cost change information was available for Hawaii.
Aggregating these cost changes to all U.S. treated acres results in a $1.1 million net

decrease in herbicide costs. Combining these herbicide cost changes with the much
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larger yield loss effects results in a net loss to U.S. sugarcane producers of almost $60
million per year for the low yield loss case and almost $120 million per year for the high
yield loss case, with most of these losses occurring in the Fruitful Rim, but with a
substantial portion also occurring in the Mississippi Portal.

Combining results from Tables 2 through 5, Table 6 reports that total income
losses for U.S. corn, sorghum, sweet corn and sugarcane producers would range from
about $3.0 to $3.3 billion per year relative to the status quo baseline, indicating the
magnitude of the weed control benefits U.S. farmers derive from triazine herbicides.
The values of these benefits differ by region and crop. Heartland corn farmers derive
more than 60% of the total benefits from triazine herbicides, or approximately $1.85
billion per year. Farmers in the Rest of Nation derive the next greatest benefit, at about
$610 million annually. Growers in this combined region derive benefits from using
triazine herbicides in corn, but about half of these benefits are derived from using
triazine herbicides in sweet corn, sorghum and sugarcane production. Farmers in the
Prairie Gateway region derive benefits of around $370 million annually from the weed
control provided by triazine herbicides, with about two-thirds of the benefit in sorghum
production and the remainder in corn production. Farmers in the Northern Crescent and
Northern Great Plains regions derive benefits from triazine herbicides primarily in corn
production, with their portions together constituting about 10% of the total economic
benefit for U.S. growers, or around $320 million per year.

These results do not account for a variety of other important benefits the
producers derive from atrazine and the other triazine herbicides. The next sections of

this paper will provide an overview of some of these other benefits, with some
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illustrations of their possible magnitude. Hence, the values reported in Table 6 should
be considered lower bound estimates of the economic benefits that U.S. producers
derive from atrazine and the other triazine herbicides. Thus, the triazine herbicides are
worth at least $3.0 to $3.3 billion per year to these crop producers as the three year
average for 2007-2009. Because corn and other crop prices have recently been
substantially higher than their levels in 2007-2009, we also described the effects of
using different crop prices. Because revenue is proportional to the crop price and
herbicide cost changes are a relatively small part of the overall benefit of triazine
herbicides, assuming higher crop prices would increase these benefits roughly by the
same proportion that prices are increased. Thus, if crop prices were increased by 33%,

the benefits in Table 6 would be about 33% higher.

6.1 Enhancing and/or complementing other herbicides

Atrazine is commonly sold in prepackaged formulations with several other
herbicides, which is partly why such a large proportion of corn acres receive atrazine in
some form (LeBaron et al. 2008; Zollinger et al. 2010). Often these other herbicides are
generally less effective than atrazine on certain problematic weed species, more costly
and may cause more crop injury (Bridges 2008). For example, Hager (2010) reports
efficacy ratings for soil-applied and foliar-applied herbicides for controlling various grass
and broadleaf weed species common in lllinois corn. These efficacy ratings for foliar-
applied atrazine, bromoxynil and bromoxynil + atrazine, or for soil-applied atrazine,
acetochlor and acetochlor + atrazine show how bromoxynil and acetochlor become
more effective and more valuable herbicides with the addition of atrazine (Hager 2010).

Atrazine enhances the broadleaf spectrum of bromoxynil, and it complements the grass
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control of acetochlor, where atrazine provides the broadleaf control. Hager (2008)
provides a summary of herbicide efficacy data from several North Central states to
show that this relationship does not just occur in lllinois. In addition, increased weed
control has been found when atrazine and mesotrione are applied after planting
(Abendroth et al. 2006; Sutton et al. 2002). Atrazine enhances the broadleaf weed
control value of other less efficacious herbicides and complements the efficacy of grass

herbicides, which generates economic benefits for crop farmers.

6.2 Improved weed control in rotated crops

The weed control benefits of atrazine reach beyond its direct use on corn,
sorghum, sweet corn and sugarcane. Improved weed control resulting from atrazine
use in these crops reduces weed problems for crops rotated with them, crops that often
have fewer herbicide options. For example, the corn-soybean rotation is common in the
Midwestern U.S. and the U.S. is a major world producer of both crops, yet there are
noticeably fewer herbicide options for soybeans. The Agricultural Chemical Use
Database (USDA-NASS 2010) shows 46 corn herbicides were used on sufficient acres
to be included in the national data set, but only 25 for soybeans. Atrazine cannot be
used on soybeans, but by providing effective weed control in corn, atrazine reduces the
weed seed bank and subsequent interference pressure from weed species that can be
difficult to control in soybeans (Kruger et al. 2009).

This rotational use of atrazine also occurs in other crops. For example, Williams
et al. (2010) find that farmers growing sweet corn following vegetable crops (peas, lima
beans, snap beans, cabbage) commonly use atrazine to address higher weed

infestations that occur in sweet corn grown after these crops, since fewer effective
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herbicides are available for vegetable crops. Without atrazine for use in sweet corn,
farmers growing these and other vegetable crops would face greater weed pressure
when they rotate to them, which would reduce harvested yields and/or increase weed
control costs. The implication is that by reducing weed populations and resulting weed
seed banks, atrazine increases the value for crops commonly rotated with corn,

sorghum, sweet corn and sugarcane.

6.3 Promotion of herbicide resistance management

Atrazine improves herbicide-resistant weed management by providing a low cost
and effective alternative mode of action to glyphosate and other non-triazine herbicides
in corn (Owen 2011). Herbicide resistance in weed populations is a problem for most
classes of herbicides and has become a serious problem in many areas of the U.S.
where growers have relied heavily on glyphosate and herbicide-tolerant crops (Givens
et al. 2011; Johnson et al. 2009; Heap 2010; Powles 2008). Maintaining the availability
of atrazine as an alternative mode of action is particularly important for herbicide
resistance management since no new herbicide modes of action have been released for
agronomic grain crops since 1990 (Johnson et al. 2009). New incentive programs
sponsored by Monsanto and recent research indicate that herbicide-resistant weeds are
a concern among farmers and companies and impose costs that in aggregate can
become substantial.

For the 2010 season, Monsanto introduced incentive programs to help farmers
manage herbicide resistance. Farmers received rebates to incorporate herbicides
besides glyphosate into their weed control program for Roundup Ready® cotton and

soybeans, including herbicides not sold by Monsanto. Maximum rebates for cotton
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were $12.50/ac in 2010 and increased to $20/ac in 2011; rebates for soybeans will be
as much as $3/ac in 2011." In 2009, 93% of U.S. soybean acres and 78% of U.S.
cotton acres were planted with herbicide-tolerant varieties, mostly Roundup Ready®
(USDA-ERS 2011a). Even if only 10% of farmers using Roundup Ready® cotton and
soybeans qualified for the maximum payments, based on 2010 planted acres and these
adoption rates, total payments for 2011 would be almost $39 million—more than $17
million for cotton and almost $22 million for soybeans. The potential magnitude of these
payments, the large increase for cotton between 2010 and 2011, and the addition of
soybeans in 2011 are indicative of the potential cost of glyphosate resistance to
Monsanto.

The development of herbicide-resistant weeds is also a major concern for U.S.
farmers. In an open-ended and unprompted survey question, about half of corn,
soybean and cotton farmers mentioned herbicide resistance in weeds as their main
concern (Hurley et al. 2009b; Johnson et al. 2009). Furthermore, the analysis of Hurley
et al. (2009b) shows that farmers reporting concern about weed resistance to herbicides
also derived lower value from herbicide-tolerant crops, on average reducing the value
growers placed on herbicide-tolerant corn by $4.85/ac and on herbicide-tolerant
soybeans by $3.13/ac. Using 2010 planted acres and herbicide-tolerant crop adoption
rates (USDA-ERS 2011a), if 5% more corn and soybean farmers became concerned
about weed resistance because triazine herbicides were not available, these average

per acre reductions in value imply an annual average loss of almost $15 million for corn

® For cotton, see the Performance Plus program: http://www.deltaandpine.com/dp-content/files/
PerformancePlusProgram.pdf and http://www.genuity.com/Libraries/PDFs/Genuity Cotton_PFP_Flier.pdf.
For soybean, see the Residual Rewards program:
http://monsanto.mediaroom.com/index.php?s=43&item=888.
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farmers and almost $12 million for soybeans farmers, just from an increase in concern
about herbicide-resistant weeds. This 5% assumption was used for illustration; if the
increase were 10%, these values would double.

The non-triazine scenarios analyzed here assume that, without atrazine and the
other triazine herbicides, the development and spread of glyphosate resistance would
accelerate relative to the status quo scenario. However, the direct costs of accelerated
glyphosate resistance and the resulting increased concern about herbicide-resistant
weeds among growers are not included in the analysis. Because atrazine helps
promote weed resistance management, it reduces these costs to growers, thus
providing an additional benefit not included in this analysis. Simple cost calculations
based on Monsanto’s new incentive programs and the reported effect of concerns about
herbicide-resistant weeds suggest that these costs could be substantial. Unfortunately,
little research exists estimating these costs or the benefits of improved herbicide
stewardship at the aggregate level, though individual case studies exist (Hurley et al.
2009b; Marsh et al. 2006; Mueller et al. 2005; Weersink et al. 2005; Pannel et al. 2004,

Orson 1999; Gorddard et al. 1995, 1996).

6.4 Increased adoption of reduced tillage

Soil erosion is among the most costly environmental impacts of agriculture in the
U.S. Pimentel et al. (1992, 1995) find that soil erosion costs U.S. society $44 billion
annually, with similar costs for pesticides totaling $8 billion annually. Tegtmeier and
Duffy (2004) reach a similar conclusion using more recent data. With passage of the
1985 Farm Bill, conservation compliance became a requirement for farmers receiving

federal commodity support payments. Conservation compliance and the overall
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increased understanding of the benefits of reduced tillage have been a major driver for
the increase in farmer adoption of conservation tillage practices over the last several
years (Esseks and Kraft 1991; Claassen et al. 2004; Knowler and Bradshaw 2007). In
2009, 88 million acres, or almost 36% of U.S. cropland devoted to major crops, used
no-till systems (Horowitz et al. 2010). The impact of conservation tillage and related
practices has been a substantial and continuous decline in aggregate soil erosion, with
soil erosion from U.S. cropland decreasing 43% between 1982 and 2007 (USDA-NRCS
2010).

Because weeds are a major problem in conservation tillage and more so in no-till
crop production, herbicides are a key component of weed control in these production
systems, although total herbicide use is generally no greater than in conventional tillage
systems (Buhler 1991, 1992; Gebhardt et al. 1985; Kroskinen and McWhorter 1986;
Fuglie 1999). Atrazine has been extremely effective for weed control in corn and
sorghum and is a major part of reduced tillage systems for rotations including these
crops. Figure 3 shows the annual percentage of corn acres grown in conventional
tillage, conservation tillage and no-till systems treated with atrazine from 1998 to 2009.
The decreasing use of atrazine evident in Figure 1 is also apparent in Figure 3, as is the
connection between reduced tillage and atrazine use. Every year, conventional tillage
corn had the lowest percentage of acres using atrazine and no-till corn had the highest
percentage, except in 2007 when a greater percentage of conservation tillage corn
acres received atrazine than no-till acres. These data demonstrate that in corn
production, atrazine is consistently used more often in reduced tillage systems than in

conventional tillage systems.
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Commercialization of herbicide-tolerant crops in the mid-1990s made reduced
tillage systems even more economically viable, resulting in increased adoption of no-till
and other reduced tillage systems. The linkage between herbicide-tolerant crops and
reduced tillage has been examined by many (e.qg., Frisvold et al. 2009; Givens et al.
2009; Fulton and Keyowski 1999; Ward et al. 2002; Fernandez-Cornejo and Caswell
2006). However, the connection between atrazine use and no-till corn remains largely
unexplored in the context of widespread adoption of glyphosate-tolerant corn hybrids.
Hence, aggregate tillage and herbicide use data are examined graphically here to
identify trends and connections.

Figure 4 shows the annual percentage of U.S. corn acres under conventional
tillage, conservation tillage and no-till treated with both atrazine and glyphosate from
1998 to 2009. The percentage of corn acres receiving both atrazine and glyphosate
has increased continuously since 1998, following the trend in adoption of glyphosate-
tolerant hybrids and increased glyphosate use illustrated in Figure 1. However, Figure 4
also shows the connection between no-till corn and atrazine, even as glyphosate-
tolerant corn hybrids became widely used. Every year, a noticeably greater percentage
of no-till corn acres received both atrazine and glyphosate, much higher than for
conventional and conservation tillage corn. As Figure 1 shows, the vast majority of corn
acres receiving glyphosate are glyphosate tolerant. Thus, Figure 4 provides evidence
of the strong connection that continues to exist between atrazine and no-till corn, even
in the current era of widespread adoption of glyphosate-tolerant corn.

Figure 5 shows recent national trends in crop tillage for corn, soybeans and

cotton. The data show a general trend for decreasing use of conventional tillage and
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increased adoption of conservation tillage and no-till, which is consistent with USDA
data and analysis (Horowitz et al. 2010). However, the increasing development and
spread of glyphosate-resistant weeds threatens the recent high levels of conservation
tillage and no-till adoption among corn, soybean and cotton farmers (Davis et al. 2009;
Foresman and Glasgow 2008; Scott and VanGessel 2007). This shift toward more
intensive tillage to address problems with herbicide-resistant weeds could potentially
cause total soil erosion from U.S. cropland to increase, thus reversing the trend for
decreasing total soil erosion that has held for almost 30 years (Marsh et al. 2006;
USDA-NRCS 2010). Figure 5 also provides some evidence that a decrease in use of
no-till has already begun to occur in recent years. Beginning in 2006, the percentage of
no-till acres began to decrease in cotton; the same decreased adoption of no-till
occurred in corn beginning in 2008 and in 2009 in soybeans. Whether these trends are
statistically significant and will continue remains unclear, as does an explanation as to
why these shifts are occurring.

The data summarized in Figures 3 through 6 suggest that atrazine plays a key
role in farmer adoption of no-till and conservation tillage, even with the widespread
adoption of glyphosate-tolerant corn hybrids. As the number of farmers contending with
glyphosate-resistant weeds continues to grow, farmers will be under increasing
pressure to use more intensive tillage. Indeed, aggregate tillage data suggests such a
shift may already be occurring. The increase in soil erosion that would result from more
intensive tillage would potentially reverse the trend of continuously declining soil erosion

from U.S. cropland that has persisted for almost 30 years (Marsh et al. 2006; USDA-
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NRCS 2010). Because atrazine supports the adoption of reduced tillage, particularly in

corn, it contributes to reductions in soil erosion from U.S. cropland.

7. Conclusion

Atrazine forms the foundation of weed control in crops such as corn, sorghum,
sweet corn and sugarcane, as demonstrated by its widespread use by U.S. farmers
growing these crops. The primary benefit of atrazine to farmers is improved weed
control that increases harvested yields and often saves costs, as alternative herbicides
are often less effective and more expensive. Based on yield loss and per acre herbicide
cost change estimates, the value of the yield losses prevented by atrazine, simazine
and propazine are estimated to range between $3.0 and $3.3 billion per year for U.S.
crop farmers for a 2007-2009 three-year average baseline. Most of these benefits
accrue to Midwestern corn farmers, but farmers in other regions and growing other
crops also derive substantial benefits. The annual yield benefits and net herbicide cost
savings from triazine herbicides are worth an estimated $341 million annually for U.S.
sorghum growers, $210 million for U.S. sweet corn growers and somewhere between
$60 and $120 million for U.S. sugarcane growers.

The larger value for benefits estimated in this assessment relative to older
assessments occurs primarily because the overall economic size of the corn market has
increased since the early 1990s. Yields, planted acres and prices have increased so
that the average market value of U.S. corn production increased 170% over the past
two decades, from $18.6 billion in 1990-1992 to $50.2 billion in 2007-2009 (USDA-

NASS 2011). These and similar trends for other crops imply that previous estimates of
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the benefits of triazine herbicides are seriously outdated. The economic assessment
reported here has updated the analysis to more recent market conditions.

Atrazine and the other triazine herbicides generate other benefits for farmers not
included in these values. Atrazine works well with other herbicides, often enhancing the
value of less effective herbicides and complementing grass herbicides. Triazine
herbicides also increase the value of crop rotations by reducing weed populations and
seed banks in crops commonly rotated with triazine-treated crops. Atrazine also helps
farmers manage herbicide resistance among weed populations. Finally, atrazine
provides effective weed control that has aided adoption of conservation tillage and no-till
systems in corn and other crops, thus improving water quality by reducing soil erosion
and the environmental impact of agriculture, further enhancing the sustainability of U.S.
crop production. Because specific dollar-denominated estimates of the value of these
benefits are not developed here, the estimated value of $3.0 to $3.3 billion per year
should be considered a lower bound on the full value of the benefits generated by
atrazine and the other triazine herbicides in these U.S. crop production systems.

Several factors are missing from this assessment. For example, this analysis did
not include the benefits simazine use on deciduous fruit and nuts or the use of triazine
herbicides on other high-value minor crops and in non-crop areas. This analysis also
focuses solely on crop producers and does not try to estimate the benefits of triazine
herbicides to consumers and society in general. The increased crop production
generated by triazine herbicides implies lower crop prices that benefit consumers of
these commodities. For corn, and to some extent sorghum, the major uses are for

livestock feed and ethanol, which together use about 75% of the U.S. annual corn
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production (USDA 2011). Thus, atrazine and the other triazine herbicides contribute to
lower retail prices for beef, pork and chicken, as well for dairy products and eggs, which
in aggregate can have tremendous value to consumers. Lower grain prices also benefit
the development of the ethanol industry as the U.S. pursues its alternative energy
goals. Finally, lower grain prices also reduce demand for land for crop production in the
U.S. and around the world.

Atrazine also has environmental benefits not accounted for in this assessment.
In particular, atrazine helps producers reduce soil erosion by increasing adoption of
reduced tillage production systems, which generates benefits for producers and society
in general (Hansen and Ribaudo 2008). Besides reducing soil erosion, less tillage also
implies lower fuel consumption, both of which imply lower net CO, emissions (Fawcett
2007). Furthermore, lower demand for land for crop production around the world has
different effects on net CO, emissions, depending on where in the world land is
converted to crop production (West et al. 2010).

This assessment also does not include market-level effects on the cost or input
side. Specifically, the cost changes in Table 1 for the non-triazine scenarios estimate
the costs for herbicide substitution at 2009 prices, which likely underestimate actual cost
changes. Atrazine and glyphosate currently dominate the corn herbicide market. If
atrazine and the other triazine herbicides were not available, prices for other herbicides
would likely increase, implying larger costs increases than reported in Table 1.

This assessment also does not include costs for transitioning to new weed
management systems if triazine herbicides were not available. Such costs would

include the cost of management time and labor as farmers learned to implement new
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weed control systems and the cost of mistakes from both unnecessary treatments and
failed treatments leading to yield loss. These and similar non-price factors are
important when farmers make herbicide choices and have value (Hurley et al. 2009a;
Marra and Piggott 2006). Furthermore, this assessment does not include yield losses
and costs for switching corn and sweet corn acres currently treated with simazine and
sorghum acres currently treated with propazine to non-triazine substitutes.

Finally, the disruption costs to the crop protection industry if triazine herbicides
were not available for weed control are not accounted for in this assessment. For
example, such costs would include the cost of changing and replacing inventories of
more than 60 products, research costs to develop new non-triazine formulations and
determine their proper use, and education costs to train employees in the proper use of
these new formulations. This assessment does not account for these and similar costs
in the non-triazine scenarios examined, and so it underestimates the benefits of triazine

herbicides.
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Table 1. Regional yield and cost changes for corn, sorghum, sweet corn, and
sugarcane for the non-triazine scenarios.?

Crop and Non-Triazine Scenario: Increasing Non-Triazine Scenario: 2009
Farm Resource Region Glyphosate Use on Corn Acres Glyphosate Use on Corn Acres
Yield Cost Change® Yield Cost Change®
Corn” Change ($/ac) ($/ac)
Heartland -5.26% 2.66 -6.04% -0.29
Northern Crescent -3.45% 1.25 -5.23% -2.56
Northern Great Plains -1.39% 1.13 -2.27% 0.59
Prairie Gateway -1.84% 0.26 -2.39% -0.23
Rest of Nation -6.24% 1.74 -9.61% 0.05

Non-Triazine Scenario

Yield Cost Change®

Sweet Corn® Change ($/ac)
Heartland -20.47% 1.86
Northern Crescent -20.45% -1.10
Fruitful Rim -19.62% 0.66
Rest of Nation® -20.18% 0.47
Sorghum”

All Regions® -20.49% -2.99
Sugarcane

Fruitful Rim' -10% to -25% -5.01
Hawaii® -6%
Mississippi Portal" -20% to -25% 4.28

®Average yield and cost change for acres treated with triazine herbicides, spread across all planted acres
for each crop.

®Source: Bridges (2011).

Cost changes do not include additional application costs, only the cost of alternative single-pass
herbicide products.

dYield change and cost change for Rest of Nation are the averages of changes for the other regions.
°Yield and cost changes estimated for Prairie Gateway and used for all regions.

"Information from major sugarcane producers in Florida.

9Personal communication, M. Nakahata, Hawaiian Commercial and Sugar Company. Aggregate 6% loss
calculated as a 60% vyield loss occurring on 10% of acres currently treated with atrazine. No herbicide
cost change estimate available.

"Personal communication, W. Jackson, Louisiana Sugarcane League.
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Table 2. Estimated value of corn yield losses and herbicide cost changes by region for both non-triazine scenarios

Northern Northern Prairie Rest of U.S. Total
Scenario Item Heartland Crescent  Great Plains Gateway Nation or Average
Average Yield (bu/ac) 160.3 116.0 130.7 140.3 111.6 145.5
Average Price ($/bu) 3.73 3.63 3.66 3.89 4.04 3.76
Observed Three- Average Corn Acres per Farm® 281 128 341 322 122 255
Year Average  Total Acres (millions) 52.027 11.636 6.160 10.988 8.356 89.167
(2007-2009)* Average Crop Value ($/ac) 597.62 421.30 478.23 543.73 446.87 545.59
Average Crop Value ($/farm) 167,930 53,926 163,078 175,080 54,525 142,972
Total Crop Value ($ million) 30,992 4,892 2,917 5,954 3,688 48,443
Revenue Changes
Increasing Average Y!eld Loss ($/ac)* 31.43 14.53 6.65 10.00 27.88 24.54
Glyphosate Averag_e Yield Loss ($/farm) 8,833 1,860 2,267 3,221 3,402 6,269
Total Yield Loss ($ million) 1,630 169 41 110 230 2,179
2009 Average Yield Loss ($/ac)* 36.10 22.03 10.86 13.00 42.94 30.31
Glyphosate Average Yield Loss ($/farm) 10,143 2,820 3,702 4,184 5,240 7,549
Total Yield Loss ($ million) 1,872 256 66 142 354 2,691
Cost Changes
Increasing Herb?c@de Cost ($/ac)° 2.66 1.25 1.13 0.26 1.74 1.99
Glyphosate Herb!c!de Cost ($/fa_rm) 747 160 385 84 212 514
Herbicide Cost ($ million) 138 15 7.0 2.9 15 177
2009 Herbicide Cost ($/ac)® -0.29 -2.56 0.59 -0.23 0.05 -0.49
Glyphosate Herbicide Cost ($/farm) -81 -328 201 -74 6.1 -85
Herbicide Cost ($ million) -15 -30 3.6 -2.5 0.4 -43
Net Income Changes
Increasing Average Total Loss ($/ac) 34.09 15.78 7.78 10.26 29.62 26.53
Glyphosate Average Total Loss ($/farm) 9,581 2,020 2,652 3,305 3,615 6,783
Total Loss ($ million) 1,769 183 48 112 245 2,356
2009 Average Total Loss ($/ac) 35.81 19.47 11.45 12.77 42.99 29.83
Glyphosate Average Total Loss ($/farm) 10,061 2,493 3,903 4,110 5,246 7,464
Total Loss ($ million) 1,857 226 70 140 355 2,647
®Source: USDA-ERS (2011b).
bAverage acres of corn planted for farms that grow corn.
“Based on yield loss or herbicide cost changes in Table 1.
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Table 3. Estimated value of sorghum yield losses and herbicide cost changes by region

for the non-triazine scenario.?

Prairie Rest of U.S. Total
Scenario ltem Gateway Nation or Average
Average Yield (bu/ac) 66.3 56.1 63.2
Average Price ($/bu) 3.47 3.72 3.55
Observed Three-  Average Sorghum Acres per Farm® 269 608 372
Year Average Total Acres (millions) 5.522 2411 7.933
(2007-2009)" Average Crop Value ($/ac) 229.53 209.58 223.46
Average Crop Value ($/farm) 61,743 127,623 81,764
Total Crop Value ($ million) 1,268 510 1,778
Revenue Average Y@eld Loss ($/ac)” 47.03 42.94 45.79
Changes Average Yield Loss ($/farm) 12,651 26,150 16,753
Total Yield Loss ($ million) 260 104 364
Cost Herbicide Cost ($/ac)® -2.99 -2.99 -2.99
Changes Herbicide Cost ($/farm) -804 -1,816 -1,112
Herbicide Cost ($ million) -16.5 -7.2 -23.7
Net Income Average Total Loss ($/ac) 44.04 39.95 42.80
Changes Average Total Loss ($/farm) 11,847 24,334 15,642
Total Loss ($ million) 243 97 341
%Yield and cost changes estimated for Prairie Gateway used for Rest of Nation.
®Source: USDA-ERS (2011b).
“Average acres of sorghum planted for farms that grow sorghum.
YBased on yield loss or herbicide cost changes in Table 1.
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Table 4. Estimated value of yield losses and herbicide cost changes by region for fresh
and processing sweet corn for the non-triazine scenario.

Fruitful Northern Rest of U.S. Total or
Rim Heartland Crescent Nation Average
Fresh Sweet Corn
Observed Three-Year Average (2007-2009)%
Average Yield (cwt/ac) 154 83 85 113 115
Average Price ($/cwt) 26.78 26.99 28.73 20.36 26.00
Acres 86,600 29,700 82,667 50,833 249,800
Average Crop Value ($/ac) 4,123 2,216 2,445 2,318 2,974
Total Crop Value ($ million) 357 66 202 118 743
Revenue Change
Average Yield Loss ($/ac) 809.01 453.66 500.04 467.84 595.09
Average Yield Loss ($ million) 70.1 135 41.3 23.8 148.7
Cost Change
Herbicide Cost ($/ac)” 0.66 1.86 -1.10 0.47 0.18
Herbicide Cost ($ million)® 0.06 0.06 -0.09 0.02 0.0
Net Income Change
Average Total Loss ($/ac) 809.67 455.52 498.94 468.31 595.27
Average Total Loss ($ million) 70.1 13.5 41.2 23.8 148.7
Processing Sweet Corn
Observed Three-Year Average (2007-2009)%
Average Yield (cwt/ac) 9.8 6.9 7.1 7.1 7.8
Average Price ($/cwt) 102.07 100.91 101.69 97.09 100.71
Acres 100,800 127,333 89,233 66,983 384,350
Average Crop Value ($/ac) 1,000.42 700.96 723.64 693.00 782.86
Total Crop Value ($ million) 101 89 65 46 301
Revenue Change
Average Yield Loss ($/ac) 196.28 143.49 147.99 139.85 157.74
Average Yield Loss ($ million) 19.8 18.3 13.2 9.4 60.6
Cost Change
Herbicide Cost ($/ac)” 0.66 1.86 -1.10 0.47 0.62
Herbicide Cost ($ million)” 0.07 0.24 -0.10 0.03 0.2
Net Income Change
Average Total Loss ($/ac) 196.94 145.35 146.89 140.32 158.36
Average Total Loss ($ million) 19.9 18.5 13.1 9.4 60.9
Total Net Income Loss ($ million) 90 32 54 33 210
®Source: USDA-ERS (2010b).
®Based on yield loss or herbicide cost changes in Table 1.
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Table 5. Estimated value of sugarcane yield losses and herbicide cost changes by

region for the non-triazine scenario.

Mississippi Fruitful U.S. Total
Portal Rim Hawaii or Average
Observed Three-Year Average (2007-2009)%
Average Yield (tons/ac) 30.3 35.0 65.4 33.6
Average Price ($/ton) 29.97 32.04 33.23 31.23
Harvested Acres 416,667 434,533 22,633 873,833
Treated Acres” 123,283 318,959 18,000 460,242
Average Crop Value ($/ac) 910.81 1124.98 2167.05 1050.76
Total Crop Value ($ million) 380 489 49 918
Revenue Changes
Average Loss (low) ($/ treated ac) 182.16 112.50 130.02 131.84
Average Loss (high) ($/ treated ac) 227.70 281.24 130.02 260.99
Average Loss (low) ($ million) 22.46 35.88 2.34 60.7
Average Loss (high) ($ million) 28.07 89.71 2.34 120.1
Cost Changes
Herbicide Cost ($/ac)* 4.28 -5.01 0.00 -2.33
Total Herbicide Cost ($ million) 0.53 -1.60 0.00 -1.1
Net Income Changes
Average Total Loss (low) ($ million) 22.99 34.28 2.34 59.6
Average Total Loss (high) ($ million) 28.60 88.11 2.34 119.0
4Source: USDA-ERS (2010a).
®Acres treated with atrazine based on 2009 data from GfK Kynetec (2010).
“Based on herbicide cost changes in Table 1.
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Table 6. Summary of average total annual income losses ($1,000,000) for U.S.
producers by crop and region for the non-triazine scenarios.

Northern Northern Prairie Rest of
Crop Heartland Crescent  Great Plains  Gateway Nation U.S. Total
Corn
Glyphosate Acres?
Increasing 1,769 183 48 112 245 2,356
2009 1,857 226 70 140 355 2,647
Sorghum 243 97 341
Sweet Corn 32 54 123 210
Sugarcane
Yield Loss
Low 60 60
High 119 119
U.S. Total (low) 1,801 238 48 356 525 2,966
U.S. Total (high) 1,889 280 70 383 694 3,316

®Values for the non-triazine scenario with increasing glyphosate use on corn acres (Increasing) and for
the non-triazine scenario with 2009 glyphosate use on corn acres (2009).
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Figure 1. Percent of U.S. corn acres treated with atrazine, with glyphosate, and planted
with an herbicide-tolerant (HT) variety (Sources: USDA-ERS 2011a; USDA-NASS 2010;

GfK Kynetec 2010).
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Figure 2. Percent of U.S. fresh and processed sweet corn planted acres treated with

atrazine (Source: USDA-NASS 2010).
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Figure 3. Percent of conventional tillage, conservation tillage and no-till corn acres
treated with atrazine in the U.S. (Source: GfK Kynetec 2010).
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Figure 4. Percent of conventional tillage, conservation tillage, and no-till corn acres
treated with both atrazine and glyphosate in the U.S. (Source: GfK Kynetec 2010).
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Figure 5. Percent of U.S. corn, soybean, and cotton acres planted using conventional
tillage, conservation tillage and no-till (Source: GfK Kynetec 2010).
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