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Executive summary

This report summarizes the market-level benefits of pyrethroid insecticides 
to the U.S. economy, focusing on the following 13 crops: alfalfa, citrus, corn, 
cotton, potato, rice, sorghum, soybean, sugar beet, sunflower, sweet corn, 
tomato and wheat. Supply and demand equations describe the markets for 
each of these crops and serve as the analytical foundation of an equilibrium 
displacement model. AGSIM (a multi-market equilibrium model) is used 
for the commodity crops (alfalfa, corn, cotton, rice, sorghum, soybean and 
wheat) and separate partial equilibrium models are used for the specialty 
crops (citrus, potato, sugar beet, sunflower, sweet corn and tomato). All 
models include exports and imports. 

Main findings

The primary economic benefit from the use of pyrethroids are lower food 
prices for consumers and greater production for farmers. These impacts 
drive the economic results. Aggregating benefits across consumers and 
producers, and over all the crops examined, the net economic benefit of 
pyrethroids to the U.S. economy is almost $1.6 billion per year, split rough-
ly equally between commodity crops and specialty crops. For commodity 
crops, the estimated net economic benefit is $803 million annually, almost 
all captured by consumers as lower prices for meat, dairy and eggs, and 
biofuels. For specialty crops, the estimated net economic benefit is $784 
million annually, with consumer benefits due to lower prices for these food 
crops dominating producer income impacts. 

In terms of crop specific results, the largest total benefits are for corn and 
soybean, which together generate $655 million of the total benefits. Among 
specialty crops, the largest impacts are for sweet corn, potato, tomato and 
citrus, which together generate $703 million in benefits. The results also show 
that the yield advantages of pyrethroids generate most of these economic 
benefits, not the cost savings pyrethroids provide to farmers. 

Farmer use of pyrethroids on commodity crops and specialty crops in total 
generates about the same economic benefit for society. However, the eco-
nomic benefits are much larger on a per acre basis for specialty crops than 
for commodity crops because specialty crops are grown on far fewer acres. 
For specialty crops, the largest economic benefit for society on a cropped 
acre basis is for sweet corn at almost $365/A, followed by $293/A for toma-
to, almost $248/A for potato and citrus at almost $138/A. Among the com-
modity crops, rice has the largest economic benefit on a cropped acre basis 
at more than $11/A. The smallest economic benefit among the specialty 
crops are for sugar beet at more than $13/A and sunflower at $38/A, which 
both exceed the largest values for commodity crops. 

Overall, pyrethroid use generates larger economic benefits for society on 
a per acre basis when used on specialty crops than on commodity crops. 
However, because commodity crops are grown on many more acres than 
specialty crops, the total economic benefits from pyrethroid use are about 
the same for commodity crops as for specialty crops. 
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Methods overview

The analysis uses a counterfactual approach with the equilibrium displace-
ment model to estimate the market level economic benefits of pyrethroid 
insecticides. This approach estimates the benefits of pyrethroids by 
first developing a non-pyrethroid scenario to describe what the market 
would be like if pyrethroids were not available. Differences between this 
non-pyrethroid scenario and the baseline case with pyrethroid use and 
the current availability of other active ingredients is then used to estimate 
the benefits of pyrethroids. For this analysis, the non-pyrethroid scenario 
projects the cost changes (average $ per pyrethroid treated acre) and yield 
changes (average % yield loss per pyrethroid treated acre) if pyrethroids 
were not available. These cost and yield changes shift the supply curve for 
each crop from the baseline equilibrium (the 2012-2014 average) and then 
the market from each crop moves to a new equilibrium price and quantity. 
The differences between the baseline equilibrium case and the projected 
non-pyrethroid scenario are then used to estimate the benefits of pyre-
throids. The analysis here primarily uses differences in consumer surplus 
and producer income between the baseline and the non-pyrethroid scenar-
io as dollar-denominated measures of the benefits of pyrethroids. Changes 
in crop prices and total U.S. production are also examined. 

Cost changes for each crop are from the report Summary of the Use 
of Pyrethroid Insecticides by U.S. Crop Farmers and the Impacts of the 
Non-Pyrethroid Scenario on Insecticide Use and Farmer Costs (Mitchell 2017b). 
Cost impacts are expressed as the average change per cropped acre since 
that is the value used by the supply equation. Cost impacts are larger 
per pyrethroid treated acre since pyrethroids are not used on all cropped 
acres. If pyrethroids were no longer used, projected pest management cost 
changes for commodity crops ranged from a small decrease for cotton to an 
increase as high as $1.50 per cropped acre for rice. For specialty crops, the 
projected cost impacts if pyrethroids were no longer available are notice-
ably larger, ranging from $3 per cropped acre for sunflower to more than 
$28 per cropped acre for sweet corn. 

Yield changes were developed from the report Estimated Yield Benefits and 
Efficacy of Pyrethroid Insecticides for Major U.S. Crops Based on a Meta-Analysis 
of Small Plot Data (Mitchell 2017c), with additional work described in the 
Appendix of this report. Yield impacts are expressed as the average change 
per cropped acre since that is the value used by the supply equation; im-
pacts per pyrethroid treated acre are larger since pyrethroids are not used 
on all cropped acres. Projected yield losses if pyrethroids were no used were 
generally low for commodity crops when expressed on a per cropped acre 
basis, ranging from 0.2% for wheat and sorghum to 1.0% for cotton. For 
specialty crops, the lowest projected yield loss if pyrethroids were not used 
range from 0.6% for sugar beet, 5% for citrus and tomato to 16% for sweet 
corn. This difference between commodity crops and specialty crops occurs 
primarily for two reasons: 1) Pyrethroids are generally used on a smaller 
portion of commodity crop acres compared to specialty crops, and 2) yield 
losses per treated acre if pyrethroids were not available tend to be larger for 
specialty crops since cosmetic damage is more important. 
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1.0  Introduction

This report summarizes the assessment of the market-level benefits of 
pyrethroid insecticides to the U.S. economy. In terms of active ingredients, 
this report focuses on the following pyrethroid insecticides: bifenthrin, 
cyfluthrins, cyhalothrins, cypermethrins, deltamethrin, esfenvalerate, fen-
propathrin, permethrin and tefluthrin. This report first describes the gen-
eral conceptual framework used to estimate the market-level benefits of 
pyrethroid insecticides, then presents the specific data and methods used 
for the crops analyzed, and lastly discusses the results. 

2.0  Conceptual framework

This section provides a brief overview of the conceptual model underlying 
the economic analysis to better allow readers to understand the process 
and results. The key underlying economic concept is “surplus.” Consumer 
surplus is generated when consumers pay less for a good than their max-
imum willingness to pay (e.g., paying $2 when you were willing to pay as 
much as $3, which generates $3 – $2 = $1 of consumer surplus). The same 
concept holds from the producer side — selling for $2 when you were 
willing to sell for $0.50, which generates $2 – $0.50 = $1.50 of producer 
surplus. From a market-level perspective, which integrates and aggregates 
over all consumers and producers and all possible prices and quantities, the 
demand curve traces out the maximum consumer willingness to pay for a 
good, while the supply curve traces out the minimum willingness to accept 
to sell a good. Market equilibrium occurs at the price and quantity at which 
supply and demand are equal, so that the area above this equilibrium price 
and below the demand curve out to the equilibrium quantity is consumer 
surplus, while the area below this equilibrium price and above the supply 
curve out to the equilibrium quantity is producer surplus. Both of these ar-
eas are dollar value measures of the surplus that producers and consumers 
derive in the market at the equilibrium price and quantity (P0 and Q0). These 
areas (PS0 = initial producer surplus and CS0 = initial consumer surplus) 
are illustrated in Panel A of Figure 1, assuming linear supply and demand 
curves (i.e., first-order approximations of the “true” curves). 

Counterfactual approaches are commonly used to estimate the economic 
benefits of specific technologies (Courtois 2010; Cowan and Foray 2002; 
Nowak 2015). The process develops a hypothetical (counterfactual) scenario 
without the technology (such as pyrethroid insecticides) and then exam-
ines the differences between the current situation and this counterfactual 
scenario to determine the benefits of the technology (e.g., Falck-Zepeda et 
al. 2000; Mitchell 2014; Moschini et al. 2000; Price et al. 2003). For a mar-
ket-level economic assessment of the benefits of a technology, the process 
focuses on how the supply and/or demand curves change without the 
technology, then estimates changes in consumer and producer surplus to 
measure the economic benefits of the technology. Other economic ben-
efits are not captured by this process, such as those arising from positive 
and negative externalities (e.g., pest population suppression, non-target 
effects), and temporally dynamic costs and benefits, such as from techno-
logical obsolesce and replacement technologies (e.g., pest resistance, new 
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active ingredients). Nevertheless, the approach is widely used because it 
provides a useful way to aggregate impacts occurring at the consumer and/
or producer level in a way that incorporates market level price adjustments. 

To estimate the economic benefits of pyrethroid insecticides, this coun-
terfactual process focuses on commodity and specialty crops that use 
pyrethroids and the resulting changes in supply curves that would oc-
cur if pyrethroid insecticides were not available. More specifically, a 
non-pyrethroid scenario is developed for each crop that estimates changes 
to farmer costs and yields if pyrethroid insecticides were not available and 
then estimates the implied changes in consumer and producer surplus from 
that crop (Figure 1). 

In Figure 1, Panel A illustrates the current market situation for a crop using 
pyrethroid insecticides, while Panel B illustrates the situation for the same 
market after cost and yield changes have been imposed on farmers as a 
result of the non-pyrethroid scenario. An increase in the cost of production 
under the non-pyrethroid scenario implies a contraction or upward shift of 
the supply curve — meaning farmers would need a higher price to sell a 
given quantity. With a linear supply curve, this cost change implies a parallel 
upward shift in the supply curve, from S0 to S1 in Panel B. Similarly, a de-
crease in per acre yield for the crop under the non-pyrethroid scenario also 
implies a contraction or upward shift of the supply curve — again farmers 
would need a higher price to sell a given quantity. With a linear supply 
curve, this cost change implies an upward twist of the supply curve, from S1 
to S2 in Panel B. This final equilibrium for the non-pyrethroid scenario gener-
ates producer and consumer surplus of PS2 and CS2 in Panel B.  Based on this 
new equilibrium, the benefit of pyrethroid insecticides for consumers of this 
crop is the change in consumer surplus:  CS2 – CS0 (i.e., without pyrethroid 
insecticides), consumer surplus would decrease to CS2 from its initial level 
of CS0. Similarly, the benefit of pyrethroid insecticides for producers of this 
crop is the change in producer surplus:  PS2 – PS0. The net change in social 
welfare is the sum of the net change in producer and consumer surplus: 
PS2 – PS0 + CS2 – CS0 = PS2 + CS2 – (PS0 + CS0). 

The key for empirical analysis is estimating supply and demand functions 
for each crop and the impact of pyrethroid insecticides on farmer produc-
tion costs and yields. An important issue is whether or not the estimated 
supply and demand functions for a crop depend on the prices, acreage 
and similar factors for related crops. A partial equilibrium analysis exam-
ines each crop in isolation, with supply and demand equations that do not 
depend on prices, acreages or similar factors for related crops. Figure 1 
illustrates a single-market partial equilibrium analysis. On the other hand, a 
multi-market equilibrium analysis allows interaction between crops so that 
supply shifts for one crop impact equilibrium prices and quantities for other 
related crops. 

A partial equilibrium analysis of the benefits of pyrethroid insecticides indi-
cates the distribution of these benefits among producers and consumers. 
However, the analysis is limited in that it allows price changes to occur only 
for the crop under consideration. The crop market is analyzed in isolation 
without interactions with crop markets on an intermediate time scale after 
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the market for the crop equilibrates but before the changes have worked 
their way through related crop markets. A multi-market equilibrium analysis 
does not examine each crop in isolation but models simultaneous changes 
in production costs and yields for multiple crops, then shifts crop acreages 
and prices as farmers seek more profitable crop allocations until prices and 
acreages settle on a long-run equilibrium. Multi-market equilibrium models 
provide a more comprehensive assessment but are complex and require 
extensive data and intensive effort to estimate and use; such models are 
less used in practical applications. 

Note that the graphics in Figure 1 do not include import and export markets, 
though the actual analyses do. Developing a figure that incorporates inter-
national trade becomes graphically more complex and makes the essence 
of the non-pyrethroid scenario more difficult to understand — a horizontal 
shift of the U.S. supply curve due to increased costs and a twist of the U.S. 
supply curve due to increased yield losses from pests. International trade is a 
key part of U.S. crop markets; the partial equilibrium and multi-market equi-
librium analyses used here incorporates both imports and exports. 

Partial equilibrium analysis has been used for decades to estimate the 
economic benefits of new agricultural technologies in developing nations 
(e.g., Scobie and Posada 1978, Evanson and Flores 1978, plus Tsakok’s (1990) 
“practioner’s guide”). The method also has been used to examine social 
returns to investment on public research in agriculture, with several techni-
cal improvements or alternatives developed (e.g., see Alston et al.’s (1995) 
widely cited book). Soliman et al. (2012) provide a well-written example of 
how to use partial equilibrium analysis in their examination of the econom-
ic impact of the pine wood nematode in Europe. In addition, the method 
has been used to estimate the economic benefits of various biotech crops 
(Moschini et al. 2000, Falck-Zepeda et al. 2000, Price et al. 2003). 

Multi-market equilibrium models are more difficult because the econo-
metrics to estimate the interrelated supply and demand equations and 
programming the interface and simulations to identify the long-run equilib-
rium can be intensive. However, once such a model is developed, it can be 
used for a variety of analyses. This benefits assessment for pyrethroids uses 
AGSIM, an existing multi-market equilibrium model (Taylor 1993). AGSIM 
has a long history and has been used by both academics and government 
analysts and regulators to analyze a wide variety of agricultural policies, 
including several pertaining to pesticides (e.g., Taylor et al. 1991; Carlson 
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FIGURE 1. Producer and consumer 
surplus in a market (Panel A) and how 
a producer cost increase and yield 
decrease change supply and producer 
and consumer surplus (Panel B)

Panel A Panel B



1998; Ribaudo and Hurley 1997; White et al. 1995; Szmedra 1997; Mitchell 
2014, 2015). AGSIM has been updated specifically for this pyrethroids bene-
fits assessment. 

The analysis reported here uses AGSIM to estimate the benefits of 
pyrethroid insecticides for corn, soybean, wheat, cotton, sorghum, rice and 
alfalfa hay. Because a multi-market model comparable to AGSIM is not avail-
able for key specialty crops, partial equilibrium models are used for citrus, 
potato, sugar beet, sunflower, sweet corn and tomato. The next section of 
this report describes the data and methods used to parameterize and/or to 
estimate supply and demand models for the analysis. 

3.0  Data and methods

Empirical implementation of the analysis to estimate the economic benefits 
of pyrethroids requires supply and demand equations for the crop markets 
examined, plus the yield and cost changes implied by the non-pyrethroid 
scenario. This report uses AGSIM as a multi-market equilibrium model to 
estimate the benefits of pyrethroids for corn, soybean, wheat, cotton, sor-
ghum, rice and alfalfa hay. AGSIM consists of estimated supply and demand 
equations for current crop markets and the description here focuses on 
summarizing AGSIM. In addition, this report summarizes the process used 
to develop supply and demand equations for citrus, potato, sugar beet, sun-
flower, sweet corn and tomato for partial equilibrium analysis. For analysis 
of the non-pyrethroid scenario, AGSIM and these partial equilibrium models 
are parameterized by changes in the average cost of production and aver-
age yield. For the non-pyrethroid scenario, this analysis uses the estimates 
reported by Mitchell (2017a, 2017b) for the cost of production change, 
while yield impact estimates are derived based on the meta-analysis of 
yield and efficacy data by Mitchell (2017c). 

3.1  Model overview

AGSIM is an econometric model of supply and demand for U.S. crop produc-
tion that estimates changes in producer and consumer surplus for different 
policy scenarios. Taylor (1993) provides a detailed description of AGSIM, and 
the model is regularly updated to examine new agricultural issues, with the 
most recent update specifically for this project. AGSIM models supply and 
demand, prices and land allocation for ten major crops:  corn, cotton, alfalfa 
hay, rice, soybean, sorghum and wheat, as well as barley, oats and peanuts 
(crops not specifically modeled for the non-pyrethroid scenario). 

Analyzing policies with AGSIM requires specifying the effect of each policy 
on average yields and costs. Based on these yield and cost effects, AGSIM 
determines the national market price, total production and planted area for 
each crop after markets and planted areas have moved to a new equilibri-
um in response to a policy scenario. Differences between scenarios estimate 
how each policy affects equilibrium prices, production and planted area for 
each crop. Based on these results, AGSIM determines impacts on consumer 
surplus by crop, major end use and on producer income by crop. 
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AGSIM has long been used to analyze a variety of agricultural policies 
by academics and government analysts (Taylor 1993). TECHSIM, an early 
predecessor of AGSIM, was used to examine the economics of the loss of 
pesticides (Osteen and Kuchler 1986; Osteen and Suguiyama 1988). Dinan 
et al. (1988, 1991) and Osteen and Kuchler (1987) used the model to analyze 
the impact of the U.S. Environmental Protection Agency's (EPA) environ-
mental regulations more broadly. AGSIM also has been used to examine 
aggregate economic impacts of federal commodity price supports, Crop Re-
serve Program (CRP) lands returning to crop production, and pesticide use 
reductions (Taylor 1994; Taylor et al. 1991, 1994), as well as to estimate the 
economic benefits of atrazine and other herbicides (Mitchell 2014; Carlson 
1998; Ribaudo and Hurley 1997; Szmedra et al. 1997; White et al. 1995). The 
EPA also has used AGSIM to estimate the costs of air pollution regulation 
and for an atrazine benefits assessment (U.S. EPA 1997, 2002). More recently, 
Mitchell (2015) used AGSIM to estimate the benefits of neonicotinoid insec-
ticides. Given its long history of use by academics and by U.S. Department 
of Agriuclute (USDA) and EPA analysts, AGSIM is well-suited for estimating 
the benefits of pyrethroid insecticides in the U.S.

The modeling approach for the specialty crops was slightly different. Linear 
supply and demand equations were developed for each crop with imports 
and exports. Specifically, the demand equation is DQ Pα β= + , where 

DQ is the quantity demanded, P is the price, and α and β are parameters to 
calibrate. Similarly, the supply equation is SQ a bP= + , where SQ is the 
quantity supplied, and a and b are parameters to calibrate. The model is 
calibrated by using a calibration point 0 S DQ Q Q= =  and 0P , and supply 
and demand elasticities Sη  and Dη . With the linear demand equation, 

DdQ
dP

β= , the implied β calibration parameter value can be solved for by 
substituting the values for the calibration point 0Q  and 0P  and the elastic-

ity Dη  into the definition of the demand elasticity D
D

D

dQ P
dP Q

η = , giving 
0

0
D

Q
P

β η=
. Given β and the calibration point 0Q  and 0P , the calibration 

parameter α can be solved for by reorganizing the linear demand equation: 

0 0Q Pα β= − . The process for the supply side is essentially the same. The 
model is then expanded to incorporate import and export markets based 
on import and export elasticities. The key point to note is that the linear 
supply and demand equations are derived based on elasticities and a cali-
bration point. 

Initial elasticities to parametrize the model were based on a literature search 
and then adjusted based on updated estimates using the available USDA 
data on production and prices (USDA-NASS 2017) and modeler experience 
(Taylor 1993, 1994; Taylor et al. 1991, 1994). Table 1 reports the final elasticity 
estimates used for this analysis. U.S. demand elasticities show that consumer 
demand for some crops (tomato, sunflower) is relatively price sensitive, while 
demand for other crops (potato, citrus) is not. Sugar beet demand and sup-
ply is somewhat insulated from prices due to U.S. sugar policy and so has a 
low supply elasticity and is isolated from imports and exports, so these mar-
kets are not included (USDA-ERS 2016). Given these elasticities, average price 
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and quantity data from the most recent five years were used to calibrate the 
model for each crop for the baseline (USDA-NASS 2017). 

3.2  Cost impacts

Mitchell (2017a, 2017b) describes the data and process used to develop 
estimates of the non-pyrethroid scenario impact on the average cost of 
production for each crop. Table 2 reports these cost impacts as the average 
cost increase in dollars per cropped acre for these crops based on Table 10 
in Mitchell (2017b). Note that these are the costs per cropped acre, not per 
treated acre. For example, if the average cost increase per treated acre was 
$10 and treated acres constituted 20% of planted acres, then the cost per 
cropped acre would be 20% x $10 = $2. Also, for crops treated on average 
more than once with pyrethroids (citrus, sweet corn, tomato), the cost per 
cropped acre actually exceeds the cost per treated acre.

In Table 10 in Mitchell (2017b), the costs per pyrethroid treated acre range 
from a decrease of $0.87 for spring wheat to an increase of $12.67 for 
potato. The cost impacts are positive for all crops except spring wheat and 
cotton, with the largest increases for citrus, potato, sugar beet and tomato. 
However, once spread over all cropped acres, the average cost increases 
range from a negative $0.17 for spring wheat to $28.05 for sweet corn (Ta-
ble 2). As Table 2 shows, on a per cropped acre basis, the largest increases 
are for citrus, tomato and sweet corn. However, once these costs per plant-
ed acre are aggregated to the total cost impact, the greatest cost increase 
by far is for corn due to the large number of acres. Though the per acre cost 
impact for corn is $1.09, the total cost is almost $103 million; the next larg-
est aggregate cost is $16.6 million for soybean, which has a $0.21 cost per 
cropped acre. These results show how the aggregate effects are driven by 
large acreage crops like corn and soybean, while the larger per acre impacts 
occur for specialty crops like sweet corn, tomato and citrus. 

The market level economic analysis based on the multi-market AGSIM mod-
el or single-market partial equilibrium models uses the average cost chang-
es per cropped acre in Table 2. Based on these per acre costs and planted or 

TABLE 1.  Specialty crop elasticities used for partial equilibrium analysis

Crop U.S. Demand Export Demand U.S. Supply Import Supply

Potato -0.25 -0.16 1.63 0.31

Sweet Corn -0.52 -1.47 0.15 0.67

Tomato: Fresh -0.86 -0.90 2.74 0.16

Tomato: Processed -0.86 -1.91 0.17 0.15

Sugar Beet -0.20 --* 0.06 --*

Sunflower -0.79 -0.78 0.78 0.39

Orange -0.19 -0.83 1.90 1.92

Grapefruit -0.26 -0.71 2.74 7.32

*Not used due to U.S. sugar policy (USDA-ERS 2016).
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bearing acres, the total cost increase over all 13 crops is almost $173 million 
annually, with almost 60% of this total cost impact falling on corn (Table 2). 

3.3  Yield impacts

The Appendix at the end of this report provides a description of the deriva-
tion of the yield impacts of the non-pyrethroid scenario. The primary source 
is the estimated yield benefit for pyrethroids based on the meta-analysis of 
the small plot data (Mitchell 2017c). Table 3 reports the estimated pyrethroid 
yield advantage for each crop as derived from these data and described in 
the Appendix. This yield advantage per treated acre is then transformed to 
the estimated yield loss per cropped acre for the non-pyrethroid scenario 
based on the percentage of acres treated with pyrethroids for each crop. 
For example, suppose that the pyrethroid yield advantage per treated acre 
is 5% relative to the non-pyrethroid alternative for a crop and suppose 
that pyrethroids are used on 20% of planted acres for that crop, then for  
non-pyrethroid scenario, this pyrethroid yield advantage would be lost and 
the average loss over all cropped acres would be 5% x 20% = 1%. Table 3 
reports this value for each crop as the loss per cropped acre. 

As explained in the Appendix, for many crops adequate data were not avail-
able to develop data-driven estimates of the pyrethroid yield advantage, so 
a 2% yield advantage is used. As a result, the per acre yield advantage for 

TABLE 2.  Impact of the non-pyrethroid scenario on the average cost per  
cropped acre

Crop

Planted or 
Bearing Acres 

(1,000,000)

Pyrethroid 
Treated Acres 

(1,000,000)
Cost ($ per 

cropped acre) Cost ($1,000,000)

Alfalfa Hay   20.547   2.973  $0.01   $0.205

Corn   94.418 14.237  $1.09   $102.9

Cotton   11.236   5.530 -$0.17  -$1.910

Rice     2.710   1.106  $1.51   $4.092

Sorghum     7.158   0.689  $0.02   $0.143

Soybean   79.246 14.869  $0.21   $16.64

Wheat   54.512   4.253 -$0.01  -$0.545

Sub-Total 269.827 43.656    0.45 $121.54

Citrus     0.778   1.010 $13.19   $10.26

Potato     1.093   0.718   $8.32   $9.097

Sugar Beet     1.197   0.363   $3.55   $4.248

Sunflower     1.686   1.429   $3.09   $5.209

Sweet Corn     0.576   1.943 $28.05   $16.17

Tomato     0.393   0.483 $15.55   $6.110

Sub-Total     5.723   5.946   $8.93   $51.09

Total 275.550 49.602   $0.63 $172.64
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pyrethroids in Table 3 is 2% for cotton, alfalfa hay, rice, sorghum and wheat, 
but 3.4% for corn and 3.7% for soybean. However, once these yield advan-
tages are transformed to average losses per cropped acre, they range from 
0.2% for sorghum and wheat to 1.0% for cotton. For the specialty crops in 
the bottom portion of Table 3, data adequacy is again a problem for citrus, 
sugar beet and tomato but with some data indicating likely higher yield 
advantages for citrus and tomato. As a result, the yield advantage for sugar 
beet is 2%, but 5% for tomato. Because of the tremendous uncertainty 
for citrus due to the citrus greening (Huanglongbing) transmitted by the 
citrus psyllid, three yield advantages are used: 3%, 5% and 10%. For potato, 
sunflower and sweet corn, the yield advantages range from 10% to 16% 
based on the available data. After transformation to yield loses per cropped 
acre for the non-pyrethroid scenario, the yield losses range from 5% to 16%, 
except for sugar beet with a 0.6% loss. 

The market level economic analysis based on the multi-market AGSIM mod-
el or single-market partial equilibrium models uses the average yield losses 
per cropped acre reported in Table 3 for each crop. The analysis combines 
these yield losses with the average cost increase per cropped acre to derive 
the results reported in the next section. 

4.0  Results and discussion

Three tables report key results by crop from the AGSIM and partial equi-
librium analysis. Table 4 reports projected price effects, Table 5 reports 
projected supply effects, and Table 6 reports projected economics surplus 
effects. Table 7 then uses these results to summarize the economic benefits 
of pyrethroid insecticides for the U.S. economy. All of these tables report 
results for three scenarios that vary the cost and yield impacts used for the 

TABLE 3.  Impact of the non-pyrethroid scenario on the average yield per cropped 
acre by crop

Crop Advantage per Treated Acre Loss per Cropped Acre

Alfalfa Hay 2.0% 0.3%

Corn 3.4% 0.5%

Cotton 2.0% 1.0%

Rice 2.0% 0.8%

Sorghum 2.0% 0.2%

Soybean 3.7% 0.7%

Wheat 2.0% 0.2%

Citrus -- 3%, 5%, 10%

Potato 10.0% 6.6%

Sugar Beet 2.0% 0.6%

Sunflower 11.1% 9.4%

Sweet Corn 16.0% 16.0%

Tomato 5.0% 5.0%
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non-pyrethroid scenario:  Cost only uses only the cost impacts from Table 2, 
Yield only uses the yield impacts from Table 3, and Cost and yield uses both 
the cost and yield impacts. 

Table 4 reports the baseline prices for each crop and the projected changes 
from these baseline prices after markets move to a new equilibrium under 
the different cost and yield loss assumptions used. The price effects are 
positive as expected, meaning that crop prices would increase without 
pyrethroids — the only exception is alfalfa hay for the cost only case. In 
general, the price effects for the cost only scenario are relatively small (only 
a few cents) and all less than 0.5% from the baseline, while the yield impacts 
have a larger effect on crop prices and in a few cases, much larger. That yield 
effects dominate is not surprising, as this result often occurs for pest man-

TABLE 4.  Baseline prices by crop and projected changes when using the cost only, 
yield only and both the cost and yield impacts for the non-pyrethroid scenario

Crop Baseline --Cost and Yield-- ----Cost Only---- ----Yield Only----

Alfalfa Hay ($/ton)    $155 $0.36 0.2% -$0.01 0.0% $0.36 0.2%

Corn ($/bu)   $3.75 $0.03 0.8% $0.00 0.1% $0.03 0.7%

Cotton ($/lb)   $0.68 $0.01 0.9% $0.00 0.0% $0.01 0.9%

Rice ($/cwt) $15.80 $0.33 2.1% $0.01 0.0% $0.32 2.0%

Sorghum ($/bu)   $3.50 $0.02 0.5% $0.00 0.0% $0.02 0.5%

Soybean ($/bu)   $9.35 $0.04 0.4% $0.00 0.0% $0.04 0.4%

Wheat ($/bu)   $4.95 $0.01 0.3% $0.00 0.0% $0.02 0.3%

Citrus (3%) ($/box)   $9.67 $0.50   5.2% $0.04 0.4% $0.39   4.0%

Citrus (5%) ($/box)   $9.67 $0.70   7.2% $0.04 0.4% $0.66   6.8%

Citrus (10%) ($/box)   $9.67 $1.44 14.9% $0.04 0.4% $1.40 14.4%

Potato ($/cwt) $11.04 $1.09   9.8% $0.02 0.2% $1.06   9.6%

Sugar Beet ($/ton) $61.51 $1.54   2.5% $0.03 0.0% $1.51   2.5%

Sunflower ($/cwt) $23.68 $2.66 11.2% $0.00 0.0% $2.66 11.2%

Sweet Corn ($/cwt) $13.49 $2.99 22.1% $0.03 0.3% $2.96 21.9%

Tomato ($/cwt) $10.99 $0.49   4.5% $0.01 0.1% $0.48   4.4%

FIGURE 2.  Projected aggregate 
economic benefits ($ million per year) 
of pyrethroids by crop using the cost 
and yield impacts
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agement technologies (e.g., Mitchell 2014, 2015; Price et al. 2003). Focusing 
on the results when both the cost and yield impacts are used, among the 
commodity crop in the top portion of Table 4, the projected price effects 
are all less than 1%, except for rice, which shows a 2.1% increase. However, 
examining the specialty crops in the bottom portion of Table 4, the smallest 
price effect is 2.5% for sugar beet, with sweet corn having the largest price 
effect at 22.1%. Overall, the price effects for specialty crops are much larger, 
especially for sweet corn, sunflower and potato, and for citrus under the 
high yield loss case. 

These market price effects may seem small, especially for commodity crops, 
but these are permanent shifts in the equilibrium prices for each crop and 
are applied to all sales of the crop each year. For example, the 2012-2014 
average U.S. corn production was 12.933 billion bu (USDA-NASS 2017), so 
that the $0.03/bu price increase in Table 4 implies $388 million. Overall 
these price increases imply losses for consumers as they have to pay more 
for food, especially meat, dairy and eggs, with farm income enhancement 
effects that to some extent offset these increased consumer costs. 

Table 5 reports the baseline supply for each crop and the projected changes 
from this baseline after markets move to a new equilibrium under the dif-
ferent cost and yield loss assumptions used. Just as for the price effects, the 
cost impacts on the equilibrium supply are quite small for all crops — the 
largest in magnitude is 0.2% decrease for sweet corn. In many cases, round-
ing numerical results requires reporting a zero for the change but reporting 

TABLE 5.  Baseline aggregate supply by crop and projected changes when using 
the cost only, yield only and both the cost and yield impacts for the non-pyrethroid 
scenario

Crop Baseline --Cost and Yield-- ----Cost Only---- ---Yield Only---

Alfalfa Hay (million tons) 142 0 -0.1% 0 0.0% 0 -0.1%

Corn (million bu) 14,895 -67 -0.4% -5 0.0% -62 -0.4%

Cotton (1,000 bales) 14,545 -151 -1.0% 3 0.0% -155 -1.1%

Rice (million cwt) 232 -1 -0.6% 0 0.0% -1 -0.6%

Sorghum (million bu) 325 0 0.0% 0 0.1% 0 -0.1%

Soybean (million bu) 4,064 -32 -0.8% 0 0.0% -32 -0.8%

Wheat (million bu) 2,142 -4 -0.2% 0 0.0% -4 -0.2%

Citrus (3%) (million boxes) 212 -392 -2.1% -25 -0.1% -258 -1.4%

Citrus (5%) (million boxes) 212 -465 -2.4% -25 -0.1% -439 -2.3%

Citrus (10%) (million boxes) 212 -954 -5.0% -25 -0.1% -927 -4.9%

Potato (million cwt) 372 -1,113 -3.0% -21 -0.1% -1,091 -2.9%

Sugar Beet (million ton) 32.6 0 -0.5% 0 0.0% 0 -0.5%

Sunflower (million cwt) 25.0 -235 -9.4% 0 0.0% -235 -9.4%

Sweet Corn (million cwt) 81.2 -1,287 -15.8% -15 -0.2% -1,274 -15.7%

Tomato (million cwt) 289 -1,575 -5.5% -25 -0.1% -1,551 -5.4%
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a non-zero percentage change from the baseline (e.g., alfalfa hay, sorghum, 
sugar beet). Focusing on the results when the cost and yield changes are 
used, results imply reductions in the overall market supply and farmer 
production at the new equilibrium for the non-pyrethroid scenario. For the 
commodity crops, cotton shows the largest reduction at 1% reduction in 
supply, but the reduction for all specialty crops exceeds this level, except for 
sugar beet. Just as for the price effects, the supply effects for specialty crops 
are noticeably larger, especially for sweet corn. This result is as expected, 
since the yield changes used for specialty crops are also larger (Table 4). 
Again, these market supply effects may seem small, especially for commod-
ity crops, but these are permanent shifts in the equilibrium supply for each 
crop each year and generate the market price effects reported in Table 4. 
These market supply changes are also not the average farm or field-level 
per acre yield effects for pyrethroid treated acres. 

Table 6 reports the changes in economic surplus for each crop – consumer 
and producer surplus and the net surplus change calculated by adding 
them. Just as for the price and supply effects, the yield impacts drive the 
results, so the discussion here focuses on the results when the cost and 
yield impacts are used. Following the price effects in Table 4, consumer 
surplus decreases for all crops under the non-pyrethroid scenario – higher 
crop prices make consumers worse off. On the other hand, higher prices 
increase producer surplus (farm income) for farmers, but these gains are 
offset by income losses due to lower yields and higher costs. As a result, the 

TABLE 6.  Estimated impacts on consumer surplus (cons.), producer surplus (prod.) 
and net social surplus by crop ($ million per year) when using the cost only, yield 
only and both the cost and yield impacts for the non-pyrethroid scenario 

------- Cost and Yield ------- --------- Cost Only --------- --------- Yield Only ---------

Crop Cons. Prod. Net Cons. Prod. Net Cons. Prod. Net

Alfalfa Hay -$51 $0 -$51 $1 $0 $1 -$51 $0 -$51

Corn -$436 $81 -$354 -$32 -$64 -$96 -$403 $145 -$258

Cotton -$43 -$4 -$46 $1 $0 $1 -$44 -$4 -$48

Rice -$86 $56 -$30 -$2 -$3 -$5 -$84 $59 -$26

Sorghum -$4 $4 $0 $0 $1 $0 -$4 $4 $0

Soybean -$151 -$150 -$301 $0 -$17 -$17 -$151 -$133 -$284

Wheat -$33 $13 -$20 $2 -$1 $1 -$35 $14 -$21

Citrus (3%) -$112 $29 -$83 -$8 -$2 -$10 -$84 $27 -$57

Citrus (5%) -$151 $43 -$107 -$8 -$2 -$10 -$142 $45 -$97

Citrus (10%) -$306 $92 -$215 -$8 -$2 -$10 -$298 $93 -$204

Potato -$453 $182 -$271 -$8 -$1 -$9 -$444 $183 -$261

Sugar Beet -$50 $34 -$16 -$1 -$3 -$4 -$49 $37 -$12

Sunflower -$66 $2 -$64 $0 -$5 -$5 -$66 $8 -$59

Sweet Corn -$234 $24 -$210 -$3 -$13 -$16 -$232 $37 -$194

Tomato -$138 $22 -$115 -$2 -$4 -$6 -$135 $26 -$109
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net effect is an empirical question that depends on the specifics of these 
markets, with producer income effects negative for some crops and pos-
itive for others. The results in Table 6 show that the negative cost effects 
on producer income do not overwhelm the positive yield effects on price, 
so that for most crops, producer income generally increases slightly for 
the non-pyrethroid scenario. For the specialty crops examined, this result 
always occurs since the models used do not include interactions with other 
crop markets. However, for the commodity crops, AGSIM incorporates 
interaction among crops, including modeling acreage shifts. Thus, produc-
er surplus (farm income) in Table 6 decreases for cotton and especially for 
soybean as farmers shift more acres to relatively more profitable crops. As 
a result, though the projected soybean price increases slightly ($0.04/bu), 
the projected soybean supply decreases 0.8% due to the 0.7% yield loss and 
acreage shifts so farm income from soybean production decreases by $150 
million. Similar logic explains the farm income decrease for cotton, though 
the magnitude is much smaller (only a $4 million decrease). 

The surplus losses in Table 6 are the economic losses that would occur 
if pyrethroids were no longer available. Based on the counterfactual ap-
proach of the non-pyrethroid scenario, these losses can also be interpreted 
as the market-level benefits of pyrethroid insecticides for each crop (after 
multiplying by minus one). Figure 2 plots the net market-level benefits of 
pyrethroids for each crop based on the results in Table 6 when using both 
the cost and yield impacts, after sorting the values from largest to small-
est. Overall, the availability of pyrethroid insecticides generates the largest 
net market-level benefits for corn and soybean, with $354 million annually 
for corn and $301 million annually for soybean. Together, these two crops 
capture 41% of the total. The next largest benefits are for specialty crops:  
$271 million for potato, $210 million for sweet corn and $115 million for 
tomato. Figure 2 plots the $107 million for citrus, the benefit using the 
middle value of the yield loss without pyrethroids. If the higher yield loss is 
used, the economic benefit of pyrethroids for citrus is $215 million and $83 
million if the lower value is used. Together, potato, sweet corn and tomato 
capture 38% of the total, and 44% of the total if citrus is also included, with 
the other seven crops capturing the remaining 15% share of the total. 

Table 7 aggregates the results in Table 6 by crop type (commodity or spe-
cialty) and converts the results to the market-level benefits of pyrethroids 
(i.e., multiplying by minus to one to convert from losses when switching 
from the baseline to the non-pyrethroid scenario to the gains when switch-
ing from the non-pyrethroid scenario to the baseline). Comparing the 
results for the cost only and yield only cases, the results show that at the 
market level, the yield advantage of pyrethroids generates most of the ag-
gregate economic benefits of pyrethroids, not the cost savings they provide 
to farmers. 

Focusing on the results for the cost and yield case, Table 7 shows that 
consumers rather than farmers derive almost all of the benefits from pyre-
throids, mostly as lower prices for food products. For commodity crops, all 
the changes in farm income for the crops generally offset one another so 
that overall farm income remains essentially unchanged, while consumer 
surplus increase by more than $800 million per year. For specialty crops, 
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consumer surplus increases by almost $1.1 billion annually, while farm 
income decreases by more than $300 million per year as a result of lower 
crop prices for farmers. To provide some context, U.S. net farm income has 
averaged $87.8 billion over the last 10 years (2006-2015), ranging from a 
low of $57.4 billion to a high of $123.7 billion (USDA-ERS 2017). A loss of 
$308 million in farm income as projected in Table 7 is 0.5% of the $57.4 
billion average. 

This projection of a farm income decrease is a common result for mar-
ket-level analyses of yield increasing technologies such as insecticides (e.g., 
Mitchell 2014, 2015; Price et al. 2003; Moschini et al. 2000). At the aggregate 
level, the increased yields shift the supply curve outward and reduce the 
equilibrium price more than increased yield can compensate and so on av-
erage, farmers earn lower income. Farmers that adopt yield-increasing tech-
nologies early get the increased income before the overall supply increase 
lowers the price, while late adopters do not, and so farmers rush to adopt 
new technologies to stay ahead of falling real prices. Cochrane (1958; Levins 
and Cochane 1996) was the first to describe this process and develop the 
economic theory, informally known as “Cochrane’s Treadmill” (e.g., Molinar 
et al. 1990; Larson and Kuchler 1990; Gabre-Madhi et al. 2002).

Table 7 shows that the market-level benefits of pyrethroids are $1.6 billion 
annually, roughly split evenly between commodity crops and specialty 
crops. Note that this benefit is the net economic benefit to society, both 
consumers and producers. The relatively modest per acre benefits of pyre-
throids for large-acreage, large-production crops like corn and soybean in 
aggregate generate significant total benefits of more than $800 million per 
year. On the other hand, the relatively substantial per acre benefits of pyre-

TABLE 7.  Aggregate economic benefits ($ million per year) of pyrethroids by crop 
type when using the cost only, yield only and both cost and yield impacts for the 
non-pyrethroid scenario

Crop Type Cost and Yield Cost Only Yield Only

AGSIM Commodity Crops

    Consumer Surplus $804 $31 $773

    Farm Income -$1 $83 -$84

    Net Economic Benefit $803 $114 $689

Specialty Crops*

    Consumer Surplus $1,091 $23 $1,069

    Farm Income -$307 $28 -$336

    Net Economic Benefit $784 $51 $732

All Modeled Crops*

    Consumer Surplus $1,895 $54 $1,841

    Farm Income -$308 $111 -$420

    Net Economic Benefit $1,587 $165 $1,421

*Using citrus results with a 5% yield loss.
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throids for small-acreage, high-value crops like potato, sweet corn, tomato 
and citrus in aggregate generate total benefits of $784 million per year, 
which is comparable to the benefits for commodity crops. 

These aggregate values do not adequately indicate how large the benefit 
of pyrethroid insecticides are for specialty crops. The aggregate economic 
benefits from using pyrethroids are roughly equivalent, $803 million for 
commodity crops and $784 million for specialty crops, but the benefits 
for specialty crops are generated on far fewer acres. Based on the cropped 
acres and pyrethroid treated acres in Table 2, there were almost 270 million 
cropped acres and 43.7 million pyrethroid treated acres for commodity 
crops but only 5.7 million cropped acres and 5.9 million treated acres for 
specialty crops. These values imply that the average economic benefit to 
society generated by use of pyrethroids on commodity crops is $2.98 per 
cropped acre or $18.39 per pyrethroid treated acre. For specialty crops, the 
average economic benefit to society generated by use of pyrethroids is 
$136.97 per cropped acre or $131.84 per pyrethroid treated acre. To provide 
a better sense of differences among the crops, Table 8 reports these calcu-
lations for each crop separately — the total economic benefits when using 
the cost and yield impacts from Table 7 divided by the cropped acre or 
pyrethroid treated acres from Table 2. 

As expected, the crop specific values in Table 8 for specialty crops are much 
larger than for commodity crops. Among the commodity crops, rice has the 
largest value on a cropped acre basis (more than $11/A), while the value for 
sorghum is essentially zero. However, because many commodity crop acres 

TABLE 8.  Net economic benefit per cropped acre and per pyrethroid treated acre 
by crop when using both the cost and yield impacts for the non-pyrethroid scenario

Crop
Economic Benefit  
($/Cropped Acre)

Economic Benefit  
($/ Pyrethroid Treated Acre)

Alfalfa Hay   $2.46 $17.00

Corn   $3.75 $24.89

Cotton   $4.11   $8.36

Rice $11.16 $27.35

Sorghum   $0.01   $0.10

Soybean   $3.80 $20.24

Wheat   $0.38   $4.81

Citrus* $137.93 $106.21

Potato $247.90 $377.43

Sugar Beet   $13.38   $44.11

Sunflower   $38.03   $44.88

Sweet Corn $364.50 $108.16

Tomato $293.47 $238.61

*Using citrus results with a 5% yield loss.
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are not treated with pyrethroids, the value per pyrethroid treated acre is still 
large for rice at more than $27/A but now is almost $25/A for corn, more 
than $20/A for soybean and $17/A for alfalfa hay. For the specialty crops, the 
smallest values are for sugar beet and sunflower but even these exceed the 
largest values for commodity crops. On a per cropped acre basis, the largest 
value is for sweet corn at almost $365/A, but the value for tomato is more 
than $293/A, almost $248/A for potato and almost $138/A for citrus. On a 
treated acre basis, the relative rankings and values shift. The largest value 
is $377/A for potato, almost $239/A for tomato, $108/A for sweet corn and 
$106/A for citrus. These values show that on a per acre basis, pyrethroids 
are much more beneficial for society when used for specialty crops than 
for commodity crops, but in aggregate they generate about the same total 
economic benefit for society when used on commodity crops and specialty 
crops.

4.0  Conclusion

Overall, this analysis estimates that pyrethroid insecticides generate almost 
$1.6 billion annually in economic benefits for the U.S. economy, primarily 
by lowering food prices for consumers. This economic benefit is roughly 
split evenly between their use on commodity crops and specialty crops. The 
largest aggregate benefits are generated by their use on corn and soy-
bean, followed by potato and sweet corn, then tomato and citrus. Because 
commodity crops are grown on many acres and specialty crops on far fewer 
acres, on a per acre basis, pyrethroids are much more beneficial for society 
when used for specialty crops than for commodity crops, but in aggregate, 
they generate about the same total economic benefit for society when used 
on commodity crops and specialty crops.

These estimates in Tables 4 through 8 depend on the assumed cost and 
yield impacts as reported in Tables 2 and 3. If the cost or yield benefits of 
pyrethroids were larger, the estimated benefits would also increase, with 
the projected benefits more sensitive to changes in the yield benefits. Data 
for the cost benefits of pyrethroids were fairly extensive, but not much 
data was available to estimate the yield benefits of pyrethroids. As a result, 
conservative estimates were used for this analysis, but overall, the results 
reported here have a degree of uncertainty that is difficult to quantify. Final-
ly, note that this market-level analysis abstracts from the farm-level bene-
fits. All impacts of pyrethroids are converted into cost and yield, and then 
these effects work in aggregate through markets to generate an estimated 
economic benefit to society for both consumers and producers. Pyrethroid 
insecticides generate other benefits that are not captured by this analysis, 
but can be estimated using other methods (e.g., Hurley and Mitchell 2016, 
2017; Wyman 2017). 
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5.0  Appendix: Development of crop yield losses for 
the non-pyrethroid scenario

This Appendix describes the data and process used to estimate the 
pyrethroid yield advantage per treated acre, or equivalently, the yield loss 
per treated acre that would occur for the non-pyrethroid scenario, as this 
yield advantage would be lost. For the market level economic analysis, this 
yield advantage per treated acre is converted to the yield loss per cropped 
acre by multiplying it by the percentage of cropped acres that are treated 
with pyrethroids. 

Based on the data assembled for the meta-analysis of small plot data 
(Mitchell 2017c), the process begins with the relative advantage of pyre-
throids compared to non-pyrethroids since these advantages would be 
lost if pyrethroids were not available. However, the process cannot be 
completely data-driven since insufficient data were available from small 
plot studies for many crops. Based on Section 3.0 in Mitchell (2017c), the 
available small plot data for all crops except corn and soybean are summa-
rized in Table A1. 

In Table A1, the relative advantage of pyrethroids compared to 
non-pyrethroids is the additive improvement in the measure for pyrethroid 
insecticides compared to non-pyrethroids. For example, for all of the small 
plot data assembled for alfalfa hay, the reduction in pest abundance for 
any treatment using a pyrethroid insecticide alone or in a mixture was 
75.8% relative to the untreated control, and for any treatment using a 
non-pyrethroid, the average reduction was 61.8%. Based on these results, 
the relative advantage of pyrethroids compared to non-pyrethroids for 
reducing pest abundance is 75.8% – 61.8% = 14.0% as reported in Table A1 
for alfalfa hay. To give some sense of how much credence to assign to the 

TABLE A1. Relative advantage of pyrethroids compared to non-pyrethroids for 
increasing yield (Yield), reducing crop damage (Damage), and reducing pest abun-
dance (Abundance), and the number of observations used for comparison (Obs.)

Crop Yield Obs. Damage Obs. Abundance Obs.

Alfalfa Hay -20.0% 14 -5.9% 4 14.0% 330

Citrus -- -- -- -- 21.3% 16

Cotton -20.1% 63 8.2% 60 3.3% 187

Potato 17.6% 16 9.5% 116 14.4% 280

Rice 7.1% 2 -42.0% 2 18.8% 1

Sorghum -19.3% 8 -- -- 2.9% 25

Sugar Beet -273% 7 28.1% 9 38.0% 12

Sunflower 11.1% 27 18.2% 14 61.3% 2

Sweet Corn 16.0% 72 -18.2% 1 12.5% 89

Tomato -- -- 19.6% 7 5.9% 9

Wheat -3.6% 24 -6.7% 18 -1.9% 93
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reported relative benefit, the next column reports the minimum number 
of observations for the two averages used in the calculation. For example, 
the 75.8% pest abundance reduction was based on 518 observations, while 
the 61.8% was based on 330 observations, and so Table A1 reports 330 
for alfalfa. Note that in Table A1, all small plot data for spring wheat and 
winter wheat are combined, and the table does not include data for corn 
or soybean, which were analyzed using different methods as described in 
Sections 1 and 2 in Mitchell (2017c). 

A quick review of Table A1 shows no data for citrus crop damage and yield 
advantage and none for tomato yield advantage. In addition, many of the 
values reported are based on very few observations — of the 33 possible 
entries in Table A1, 14 (almost half ) are missing or are based on fewer than 
10 observations. For the 11 entries for the yield advantage, 2 are missing, 5 
have fewer than 10 observations, and 7 have fewer than 20 observations; 
only 2 are based on more than 60 observations. Because there is little or 
no pyrethroid yield advantage data for many of these crops, the meth-
od for developing a specific percentage yield loss for each crop for the 
non-pyrethroid scenario must be more subjective. 

Table A2 reports data for each crop to indicate the intensity of insecticide 
and pyrethroid use. First, Table A2 reports the ratio of insecticide treat-
ed acres to planted acres for each crop as a measure of the intensity of 
insecticide use. This ratio also equals the average number of insecticide 
applications per planted acre. Second, Table A2 reports the percentage of 
all insecticides treated acres for each crop that are pyrethroids, which is a 

TABLE A2. Crop specific data on the intensity of insecticide use and pyrethroid use, 
and the use of insecticide classes

Crop

Average Number of 
Insecticide Applications 

per Planted Acre
Pyrethroid Use as a % of 
Insecticide Treated Acres

Number of Insecticide 
Classes Used*

Alfalfa Hay 0.26 56% 5

Citrus 7.76 17% 10

Corn 0.21 74% 5

Cotton 1.84 27% 6

Potato 2.82 28% 11

Rice 0.44 92% 2

Sorghum 0.15 63% 4

Soybean 0.29 65% 5

Sugar Beet 0.71 50% 5

Sunflower 0.99 85% 3

Sweet Corn 5.12 66% 4

Tomato 5.25 23% 13

Wheat 0.12 67% 2

*Only counts those classes with more than 1% share of treated acres.
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measure of the intensity of pyrethroid use. Third, Table A2 reports the num-
ber of insecticide classes used by crop, counting all classes with more than 
a 1% share of insecticide treated acres for that crop. This number includes 
pyrethroids and gives some sense of the practical availability of alternative 
insecticide classes to replace pyrethroids and for rotating modes action for 
insect resistance management. Note that the data for wheat are again com-
bined, using an average weighted by treated acres of spring wheat and win-
ter wheat, and in this case, data for corn and soybean are included. Finally, 
note that the data for corn, cotton, potato and sugar beet are an average 
weighted by treated acres of soil-applied and foliar-applied insecticides. 

The goal here is to use the advantages in Table A1 to develop a specific 
percentage yield loss for each crop that would occur for a non-pyrethroid 
scenario. However, with little yield data to use for most of the crops, the 
method here is more subjective and based on an assessment of the avail-
able data. This section presents the percentage yield loss for each crop indi-
vidually with a description of the logic used to arrive at the value. The first 
principle guiding this process is to use the available yield loss data in Table 
A1 when adequate data are available. The adequacy of the available data 
will be judged based on the number of observations in Table A1. If yield loss 
data are not available for a crop, then the yield loss will be based on the rel-
ative benefit of pyrethroids for reducing crop damage and pest abundance 
in Table A1. The data in Table A2 are then used to make adjustments to the 
yield loss assessment based on how important insect management is for 
the crop and the relative importance of pyrethroids for pest management. 

Table A3 then summarizes the yield advantages developed for each 
crop, but they are described as average yield losses because for the 
non-pyrethroid scenario, these yield advantages would be lost. These aver-

TABLE A3. Yield loss used for the economic analysis for each crop

Crop
Average Yield Loss  

(% per Pyrethroid  Treated Acre)
Average % Planted Acres 
Treated with Pyrethroids

Average Yield Loss  
(% per Planted Acre)

Alfalfa Hay 1% 14.5% 0.15%

Citrus 1%, 3%, 5%, 10% 100% 1%, 3%, 5%, 10%

Corn 1% 15.1% 0.15%

Cotton 2% 49.2% 1.0%

Potato 10% 65.7% 6.6%

Rice 1% 40.8% 0.41%

Sorghum 1% 9.6% 0.10%

Soybean 3.7% 18.8% 0.70%

Sugar Beet 2% 30.3% 0.61%

Sunflower 11.1% 84.7% 9.4%

Sweet Corn 16.0% 100% 16.0%

Tomato 5% 100% 5%

Wheat 1% 7.8% 0.08%
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age yield advantages are for pyrethroids relative to non-pyrethroid alter-
natives, and the average advantages are thus only applied to pyrethroid 
treated acres. These losses are multiplied by the percentage of cropped 
acres treated with pyrethroids to convert from the average impact per 
pyrethroid treated acre to the average impact per cropped acre. Thus Table 
A3 also reports the percentage of cropped acres treated with pyrethroids 
and the resulting average yield loss per cropped acre. 

5.1  Alfalfa hay

In Table A1, the results for the yield advantage and damage control advan-
tage of pyrethroids relative to non-pyrethroids are based on too few obser-
vations to be given much credence; only the 14.0% pyrethroid advantage 
for reducing pest abundance has sufficient observations to be credible. The 
results in Table A2 show that about one fourth of alfalfa hay acres are treat-
ed with insecticides, with pyrethroids the most relied on insecticide class at 
56% of all insecticide treated alfalfa acres, with 4 other classes constituting 
the remaining share. 

The data show that pyrethroids have a clear advantage in reducing pest 
populations that should generate some yield advantage. Even though py-
rethroids are the most used insecticide class, other classes are also available 
and used; furthermore, the low proportion of acres treated suggests that 
pest control is not as crucial in alfalfa as for some crops. Based on this infor-
mation and these considerations, the subjective assessment is that a low 
yield loss of 2% would occur if pyrethroids were not available. 

5.2  Citrus

In Table A1, only data for the relative advantage of pyrethroids for reducing 
pest abundance are available and too few to give much credence to the re-
sults. However, Table A1 does not include the meta-analysis of Qureshi et al. 
(2014) as summarized in Table 3.5 of Mitchell (2017c). Based on 20 studies, 
Qureshi et al. (2014) show a relative advantage for pyrethroids of 15.4% for 
reducing pest abundance for the Asian citrus psyllid (Diaphorina citri). These 
results are consistent with the results in Table A1 for citrus and demonstrate 
that pyrethroids have a clear advantage in reducing pest populations that 
should generate some yield advantage. Table A2 shows that insect control 
is very important for citrus, but since many non-pyrethroid alternatives 
are available and used, pyrethroids only constitute 17% of total insecticide 
treated acres in citrus. 

The above assessment based on the reviewed data seriously misses the cri-
sis that currently exists for citrus production, especially in Florida, as a result 
of the Asian citrus psyllid and the Huanglongbing (HLB) virus it transmits 
(Hodges and Spreen 2012; Qureshi et al. 2014). The project case studies for 
citrus (see Case studies of pyrethroid use patterns and potential impacts of reg-
ulatory changes on production of high value fruits and vegetables in primary 
U.S. production states) summarize the nature of the problem and the crucial 
role that pyrethroids play in the grower response to the crisis, not only as 
part of a rotation of insecticide classes for managing resistance, but also as 
the sole or best option for control at crucial times (Wyman and Knuteson 
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2017). The case studies and the above assessment of the small plot data 
illustrate the benefits of using a data triangulation approach (Nowak 2015) 
and indicate what can be missed by relying solely on historical small plot 
data. The difficulty that remains is how to capture this expected long-term 
impact of HLB on the citrus industry and then how this projected impact 
would differ if pyrethroids were not available. 

The economic model requires a specific numerical value for the expected 
average yield loss that would occur if pyrethroids were not available, but 
given the uncertainty for the future of the citrus industry, a range of values 
is used. Because the partial equilibrium model of the citrus industry does 
not interact with other crops modeled, evaluation of results for a range of 
alternative values is easier to implement and the results easier to summa-
rize. Based on these considerations, specific values used are 3%, 5% and 
10% to give a range of results. 

5.3  Corn

The corn small plot data were analyzed differently than for the other crops 
summarized in Table A1. The meta-analysis focused on the efficacy of 
soil-applied insecticides for managing the root injury due to larval feeding 
by corn rootworm, the most important insect pest of corn in the U.S. (Corn 
Table 4 in Mitchell 2017a). The meta-analysis of small plot data focused on 
the node injury scale (NIS), a standard measure of corn root injury from 
corn rootworm larval feeding. More specifically, the analysis estimated the 
reduction in the NIS that different control methods provided as a measure 
of the efficacy of control, focusing on soil-applied pyrethroid insecticides 
versus other classes of soil-applied insecticides. The estimates of Tinsley et 
al. (2015) were used for the efficacy of other control methods (seed treat-
ments, Bt corn) and yield losses based on changes in the NIS were estimat-
ed based on results published by Tinsley et al. (2013). 

The analysis found that the most effective soil-applied insecticide treatment 
was a pyrethroid-organophosphate premix that reduced the NIS to levels 
comparable to a single toxin Bt corn (before the development of rootworm 
resistance). When used alone, pyrethroids were slightly less effective than 
the premix but provided comparable NIS reduction to organophosphates 
and significantly better than the other insecticide classes examined as 
soil-applied insecticides (diamides, neonicotinoids and phenylpyrazoles). 
The estimated yield gains depend on the average NIS without treatment. 
Based on the available data, the yield gain for pyrethroids relative to no 
control likely ranges from 9% to 14.5% but most likely in the range of 11% 
to 12%. The yield advantage of the pyrethroid-organophosphate premix 
relative to the pyrethroid used alone likely ranges 0.8% to 1.3%, with 1.0% 
the most likely. The yield advantage for a pyrethroid used alone relative 
to the other insecticide classes examined likely ranges 2.8% to 4.5%, with 
3.5% likely near the average. As a result, Table A3 reports 3.5% as the yield 
advantage per treated acre or equivalently, the yield loss that would occur 
on acres treated with pyrethroids if pyrethroids were not available for corn. 
Note that this 3.5% yield advantage does not include benefits from manag-
ing other insect pests that are important targets of pyrethroid insecticides, 
such as wireworm, seed maggots, white grubs and cutworms or foliar pests, 
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such as stink bugs and various lepidopteran species (see Corn Table 4 in 
Mitchell 2017a). 

5.4  Cotton

Table A1 shows that a relatively large number of observations from small 
plot studies were available for cotton — including 180 for the pest abun-
dance advantage of pyrethroids, and 60 and 63 for the damage and yield 
advantages, respectively. The results show a small pyrethroid advantage 
for reducing pest abundance and crop damage but a large negative yield 
advantage. Table A2 shows that insecticides are an important part of cotton 
production, with more than 1.8 insecticide applications per planted acre. In 
Table A2, the fact that pyrethroids constitute 27% of all insecticide treated 
acres seems difficult to reconcile with the 20% negative yield advantage for 
pyrethroids in Table A1 (supported by 63 observations). However, relatively 
few insecticide classes are available (6) and used for cotton, which is fewer 
than for crops such as tomato, potato and citrus. Hence, pyrethroids are 
a relatively low cost insecticide class that farmers use in a rotation with 
other insecticide classes to manage insect resistance. Because pyrethroids 
provide a broad-spectrum of control, they can be rotated with most of the 
different classes used in cotton that are effective but more expensive. 

Pyrethroids have a demonstrated advantage for reducing pest abundance 
and crop damage, but it seems that these advantages do not always result 
in a yield advantage. Also, it seems that longer-term, without pyrethroids, 
insect resistance would become more problematic for farmers. Based on 
these data and considerations, the subjective assessment is that a low yield 
loss of 2% would occur if pyrethroids were not available, largely due to the 
concern that without pyrethroids insect resistance would become more 
problematic. 

5.5  Potato

A relatively large number of observations from small plot studies were 
available for some measures for potato. The pest abundance advantage of 
pyrethroids is 14.4% in Table A1 (based on 280 observations), while the crop 
damage reduction advantage was 9.5% (based on 116 observations). Both 
of these show that pyrethroids have clear advantages for reducing pest 
abundance and crop damage relative to non-pyrethroids. Unfortunately, 
few studies (16) were available for yield, so that the estimate of a 17.6% 
pyrethroid yield advantage has a small level of credibility. Table A2 shows 
that insect control is important for potato, with more than 2.8 applications 
of insecticide on average. Pyrethroids have a 28% share of all insecticide 
treated acres, which is relatively large for a crop in which farmers use 11 
insecticide classes. These values imply that though pyrethroids are popu-
lar among potato growers, alternatives are available. Again, it seems that 
pyrethroids serve as a relatively low cost, broad-spectrum insecticide class 
that farmers use in a rotation with more expensive and more selective 
insecticide classes to manage insect resistance. The resistance management 
benefits of pyrethroids are emphasized by the potato case studies, as well 
as the need for pyrethroids to manage key insect pests at key times of the 
season (Wyman 2017). 
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Pyrethroids have a demonstrated advantage for reducing pest abundance 
and crop damage for potato, with some evidence in Table A1 that these 
generate a sizeable yield advantage. Longer-term, without pyrethroids, it 
seems that insect resistance would become more problematic for farm-
ers, and some key pests would become more difficult to control. Based on 
these data and considerations, particularly resistance management, the 
subjective assessment is that a yield loss of 10% would occur if pyrethroids 
were not available, which gives some weight to the 17.6% yield advantage 
reported in Table A1. 

5.6 Rice

Table A1 essentially has no data for rice for any of the three measures. Table 
A2 indicates that there is generally only moderate demand for pest control 
for rice, with 44% of planted acres treated once on average with insecti-
cides. However, pyrethroid use dominates, having a 92% share of all insec-
ticide treated acres, with organophosphates the only other insecticide class 
used. The heavy reliance on pyrethroids and use of only one non-pyrethroid 
alternative suggest that there is some small yield advantage to pyrethroids, 
at least longer-term to help maintain access to alternative classes for resis-
tance management. Based on these considerations and the lack of available 
yield data, the subjective assessment is that a low relative yield loss of 2% 
would occur if pyrethroids were not available for rice. 

5.7  Sorghum

For sorghum in Table A1, there is some evidence of a small 2.9% pyrethroid 
advantage for reducing pest abundance (based on 25 observations). The 
reported negative yield advantage is based on only 8 observations and so 
has little credibility. In Table A2, the data show a relatively low demand for 
insecticides, with only about 15% of planted acre treated once, and a heavy 
reliance on pyrethroids when insecticides are used since pyrethroids have 
a 63% share of all insecticide treated acres in sorghum. The heavy reliance 
on pyrethroids and the use of few non-pyrethroid alternatives used suggest 
there is some small yield advantage to pyrethroids, at least longer-term 
to help maintain access to alternative classes for resistance management. 
Based on the little available yield data and these considerations, the subjec-
tive assessment is that a low relative yield loss of 2% would occur if pyre-
throids were not available for rice. 

5.8  Soybean

The soybean small plot data were analyzed differently than for the other 
crops summarized in Table A1. A bio-economic model was developed that 
used cumulative aphid days (CAD) to measure the population pressure for 
soybean aphid, the primary insect pest of soybean in the U.S. (Soybean 
Table 4 in Mitchell 2017a). The analysis then estimated the reduction in CAD 
that different soybean aphid control methods provided as a measure of the 
efficacy of control. Control methods evaluated included seed treatments 
and foliar-applied insecticides, with foliar-applied insecticides separated 
into pyrethroids and non-pyrethroids. Next, a yield benefit model was 
estimated that projected the proportional yield increase as a function of the 
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reduction in CAD each control method provided. These benefits were then 
combined with cost information to estimate the impact of each control 
option on farmer net returns. 

For the purposes here, this bio-economic model predicted the proportional 
yield difference between using a pyrethroid and a non-pyrethroid foliar 
insecticide for managing soybean aphid in an integrated pest management 
(IPM) context. Based on the results in Table 5 of Mitchell (2017c), the aver-
age yield advantage for pyrethroids was 0.7%, ranging from 0.3% in low 
pressure regions to a high of 1.1% in high pressure regions. Note that this 
yield difference is for all soybean acres (not just those treated with pyre-
throids), implying that the average does not need to be converted from 
the yield advantage per treated acre to the yield advantage per planted 
acre. The 2012-2014 average proportion of soybean acres treated with 
a foliar-applied pyrethroid insecticide was 18.8%, and so converting the 
0.7% average per soybean planted acre to the average yield advantage per 
pyrethroid treated acre gives 0.7%/18.8% = 3.7%. This value of 3.7% is the 
yield advantage per treated acre, or equivalently, the yield loss that would 
occur on acres treated with pyrethroids if pyrethroids were not available 
for soybean. Note that this 3.7% yield advantage does not include benefits 
from managing other insect pests that are important targets of pyrethroid 
insecticides, such as stink bugs and various beetle, lepidopteran and mite 
species (Soybean Table 4 in Mitchell 2017a). 

5.9  Sugar beet

The results in Table A1 for sugar beet are based on very few observations, 
and so have little credibility. The results in Table A2 show moderate demand 
for insecticides for sugar beet, with an average of 0.71 insecticide applica-
tions per planted acre. Pyrethroids constituted half of the total insecticide 
treated acres in the crop, with four other insecticide classes available and 
used. The target pest data show a wide range of insect pests in sugar beet 
managed with both foliar- and soil-applied insecticides (Mitchell 2017a). 
The insecticide use data also show heavy farmer reliance on insecticide 
classes providing a broad-spectrum of control, with organophosphates 
and pyrethroids capturing 94% of insecticide treated acres and other more 
selective classes capturing the remaining shares (Mitchell 2017a). The more 
expensive selective insecticides are used to target specific pests, while the 
broad-spectrum insecticides are used by most growers to control a wide 
range of pests. In general, the non-pyrethroid scenario projects a large 
increase in the use of organophosphates (Mitchell 2017a). 

Overall, these data suggest that pyrethroids are an important component 
of pest management for sugar beet, but organophosphates are an obvious 
and easy alternative that have many of the same characteristics as pyre-
throids. The longer-term issue is the potential for the development of resis-
tance by relying even more heavily on one insecticide class if pyrethroids 
were not available. Based on the little available yield data and these consid-
erations for insect resistance, the subjective assessment is that a low relative 
yield loss of 2% would occur if pyrethroids were not available for sugar beet. 
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5.10  Sunflower

In Table A1, the results for sunflower show a pyrethroid yield advantage 
of 11.1% (based on 27 observations), which has some level of credibility. 
The results for crop damage and pest abundance also show large positive 
advantages but are based on even fewer observations. The data in Table A2 
show a moderate to high demand for pest control, with one insecticide ap-
plication per planted acre on average, 85% of insecticide treated acres using 
pyrethroids and only two other insecticide classes used for the remaining 
15% of treated acres. These results indicate the key role that pyrethroids 
play in insect management for sunflower and that resistance management 
would be more of a concern if pyrethroids were not available. 

Pyrethroids have some demonstrated yield advantage, with some evidence 
in Table A1 that this is derived from advantages in reducing pest abun-
dance and crop damage by pests. Also, it seems that without pyrethroids 
longer-term, insect resistance could become problematic. Based on these 
data and considerations, the reported yield loss of 11.1% in Table A1 is used 
as the loss that would occur if pyrethroids were not available for sunflower.

5.11  Sweet corn

The results for sweet corn in Table A1 show a positive pyrethroid yield 
advantage of 16.0% (based on 72 observations) and a 12.5% advantage for 
reducing pest abundance (based on 89 observations). With 5.12 as the av-
erage number of insecticide applications per planted acre, the data in Table 
A2 show that sweet corn has a high demand for insect management. How-
ever, pyrethroids have a 66% share of insecticide treated acres for the crop, 
with only three other insecticide classes used. The sweet corn case study 
explains the key role that pyrethroids have for controlling adult stages of 
lepidopteran pests that is the driving factor for their heavy use and con-
sistent with the relatively large yield advantage in Table A1 (Wyman 2017). 
The results in Table A2 also suggest that resistance management is a key 
concern for sweet corn pests, which would become more problematic to 
manage without pyrethroids. Because of the large number of observations 
for the pyrethroid yield advantage and consistency with the case study, the 
yield loss of 16.0% reported in Table A1 is used as the loss that would occur 
if pyrethroids were not available for sweet corn.

5.12  Tomato

Table A1 shows that essentially no data were available for tomato, with the 
5.9% pyrethroid advantage reported for reducing pest abundance based 
on only 9 observations. Regardless, no small plot yield data were available 
for tomato. The data in Table A2 show that pest management is very im-
portant for tomato, with 5.25 as the average number of insecticide applica-
tions per planted acre. There were 13 insecticide classes available and used 
for tomato, yet pyrethroids still constituted 23% of all insecticide treated 
acres, which indicates their importance in insect management for tomato. 
Without small plot data, the case study for fresh market tomato produc-
tion in Florida (Wyman 2017) is used to develop a subjective assessment 
of the yield losses that would occur without pyrethroids. Several selective 
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insecticides are available for use in tomato to manage key insect pests; 
these insecticides are effective but also expensive. The significant benefit 
of pyrethroids is as a lower cost, broad-spectrum class to rotate with the 
more expensive, selective insecticides for managing insect resistance. As an 
effective broad-spectrum insecticide, pyrethroids are useful in tank mixes to 
control a variety of pests. Based on the little available data and these con-
siderations, the subjective assessment is that yield loss of 5% would occur if 
pyrethroids were not available for tomato, largely as a result of the develop-
ment of insecticide resistance among key pests. 

5.13  Wheat

The results for wheat in Table A1 show a small negative advantage for pyre-
throids for reducing pest abundance (based on 93 observations). The results 
for crop damage and yield advantage also show a negative advantage but 
are based on fewer observations, just 24 for the yield advantage and 18 for 
the crop damage advantage. The results for wheat in Table A2 show a rela-
tively low demand for insect control in wheat, with 12% of wheat planted 
acres treated once on average with insecticides. However, when insecticides 
are used, pyrethroids are the predominant choice, with a 67% share of all 
insecticide treated acres in wheat and with organophosphates the only oth-
er insecticide class used. Overall, these results suggest a low relative yield 
advantage for pyrethroids when used in wheat. However, the heavy reliance 
on pyrethroids and the use of few non-pyrethroid alternatives suggest 
there is some small advantage to pyrethroids, at least to maintain access 
to alternative classes for resistance management. Based on these data and 
considerations, the subjective assessment is that a low relative yield loss of 
2% would occur if pyrethroids were not available for wheat. 
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