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Abstract: The climate alters pest populations and in turn, pesticide use and cost as well as use of other
pest treatments. This paper analyzes the effect of the climate on pesticide expenditures by category,
namely: fungicides, herbicides, and insecticides. This is done by econometrically estimating the
effects of climate variables such as mean temperature and precipitation as well as the number of hot
days, cold days, and wet days on the mean and variance of expenditures by category. The estimates
are performed for corn, soybeans, spring and winter wheat, and potatoes. We find that climate factors
influence fungicide, herbicide, and insecticide expenditures and that this influence is heterogeneous,
varying in nature across crops and pesticide categories. Moreover, we find that climate extremes are
more important in determining pesticide expenditures than climate averages in several cases.

Keywords: pesticides; climate; expenditures; herbicides; insecticides; fungicides; climate extremes

1. Introduction

Climate factors have been found to influence pest incidence (pathogens, weeds, fungi, and insects)
along with the effectiveness of chemical treatments [1–3]. In turn, changes in the climate have been
found to alter pest incidence, abundance, and damages [4–6]. Alterations in damages also cause
producers to alter pest control strategies by changing the type, amount, and cost of pesticides as well
as the use of pest treatment alternatives [5]. As climate factors have also been found to alter pesticide
effectiveness, additional applications and/or alternative compounds are often needed [2].

A number of studies have investigated climate influences on pests, pesticide costs and cost
variability [4,6–8]. All review evidence, mainly on insect abundance, showing climate change enhances
populations. Chen and McCarl [9] examined the effects of climate change on pesticide expenditures
finding that pesticide expenditures rise with increased temperatures and precipitation for the majority
of crops. They also found the effects of increased temperature and precipitation on pest treatment
cost variability were dependent on the crop. Reilly et al. [10] projected that climate change induced
alterations in pesticide expenditures worsen the US effects of climate change by USD 100 million.
Additionally, Shakhramanyan, Schneider, and McCarl [11], indicate climate change induced increases
in pesticide usage and that this in turn raises external environmental and health costs.

The climate also influences herbicide, insecticide, and fungicide use through changes in their
effectiveness and persistence. Lichtenstein and Schulz [12]; Walker and Eagle [13]; Nokes and Young [14];
Garcia-Cazorla and Xirau-Vayreda [15]; Ahmad et al. [16]; Bailey [17] find that increases in temperature
can decrease persistence and, in turn, increase the required number of applications. Rainfall amount
and intensity can also impact the need for multiple applications by washing the chemicals away [18–22].
Climate changes can increase pest and crop disease incidence as well as crop susceptibility to disease [1].
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Temperature, precipitation, and humidity are all key factors [1,5,23–25]. Additionally, increased
atmospheric CO2 can enhance weed growth [9,26] and increase weed tolerance to herbicides [8].

Some studies indicate that new chemicals may also need to be developed because the crop
tolerance to chemicals may be reduced by climate change [27]. However, some cropping practices such
as rotating crops and altering cropping dates can lessen the climate change pest effect [28,29].

Warming winter months can also impact pest populations and incidence. Warmer winters can
increase the lifespan of disease-causing pathogens [30]. Shorter winters can reduce pathogen and pest
die off and increase pest incidence [30]. Additionally, the incidence and severity of a number of crop
diseases, fungal infestations, and insects has been found to increase with rising temperatures and
increased humidity [31,32].

Previous studies have looked at the effects of climate change on overall pest treatment costs [9,11,33]
but have not addressed changes in different components like insecticides, herbicides, and fungicides
nor how climate extremes impact these expenditures. This study analyzes the effect of climate variables
on average expenditures and their variance for three pesticide subgroups: fungicides, herbicides,
and insecticides. Additionally, this study examines how climate extremes, not only climate averages,
effect these items in order to have a clearer picture of the future of pesticide use in a changing climate
and the influence of extremes.

Economics commonly asserts that usage of an input like pesticides should continue until the
marginal costs of using an input equals the marginal benefits obtained when the input is used. In the
pesticide case this would mean that the marginal cost of using pesticides should be matched by the
marginal damages reduced when they are used. Furthermore, if one postulates that an increase in pest
incidence and abundance is correlated with increased damages, then one should see on the margin
that as climate change stimulates pests, it should be matched by a corresponding increase in pest
treatment efforts seen through changes in expenditures which we estimate in this study. Expenditures
on pesticides are used in this study instead of application quantities of compounds as many compounds
are substitutes for each other and issues can arise from aggregating compounds of different efficacies.
Finally, since climate change affects pest incidence and abundance, this also influences use and may
shift compounds, so we choose to use cost as a measure.

Finally, we break cost into insecticides, herbicides, and fungicides to see if the insect, weed or
fungus issues are more affected.

2. Methods and Data

Here we turn to the estimation of the relationship between the climate and pesticide use by crop
and major classes of pesticide (herbicides, insecticides, and fungicides). Since shifts in the climate may
cause the need to shift compounds, we estimate the effect in monetary terms. In particular, as argued in
Chen and McCarl [9], standard economic reasoning indicates marginal changes in pesticide cost should
match up with marginal changes in pest damages. Thus, if the cost of pesticides goes up, this indicates
increased pest incidence and associated damages.

In order to estimate the effects of climate variables on pesticide costs by class (fungicides, herbicides,
and insecticides), we will utilize the estimation approach advanced in Just and Pope [34] and used
within Chen and McCarl [9] among others. The basic structure of the function to be estimated is:

yk,i,t = fk
(
Xk,i,t,α

)
+ hk
(
Xk,i.t, β

)
εk,i,t (1)

where yk,i,t represents the observed per acre expenditures on pesticide subgroup k in region i during
year t; Xk,i,t represents the set of independent variables relevant for this pesticide class, location and
time period; fk

(
Xk,i,t,α

)
is a function to be estimated that portrays how the independent variables alter

mean per acre expenditures on pesticide subgroup k; α are the parameters within fk to be estimated;
hk
(
Xk,i.t, β

)
εk,i,t is a function that portrays how the independent variables alter the variance of the per
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acre expenditures on pesticide subgroup k; β are the parameters to be estimated within the h function
and εk,i,t is the error term. For an expanded explanation of this approach see McCarl and Rettig [35].

In the estimating equations we include independent variables related to average climate and
climate extremes while taking into account year and state fixed effects. For average climate and
climate extremes the variables included are: (a) the crop season average temperature; (b) the total
level of cropping season precipitation; (c) the number of days with temperatures at or above 90 ◦F
(about 32.2 ◦C); (d) the number of days with temperatures less than or equal to 32 ◦F (0 ◦C), and (e) the
number of days with at least one inch (2.54 cm) of precipitation. We employ a panel data estimation
approach, following Chen, McCarl and Schimmelpfennig [36] and Blanc and Schlenker [37], to pick up
systematic regional and temporal characteristics that are not included in our independent variables.

The functions in Equation (1) can be estimated via maximum likelihood or three stage feasible least
squares [34]. Both were tried but we had convergence issues with the maximum likelihood approach
so we used the three-stage feasible least squares method in iterative form as developed in Buccola and
McCarl [38].

Thus, we initially estimate:
yk,i,t = fk

(
Xk,i,t, α

1
k

)
+ u1k,i,t (2)

From this estimation, we get an initial set of errors u1k,i,t, which are potentially heteroskedastic
and can be used to estimate the function on variance removing the heteroscedasticity. This is done
as follows: ∣∣∣u1k,i,t

∣∣∣ = hk
(
Xk,i,t, β

1
k

)
ε1k,i,t = β1

0X
β1

1,k
1k,i,tX

β1
2,k

2k,i,t . . . X
β1

n,k
nk,i,tε1k.i,t (3)

where we use the absolute values of u1k,i,t as the dependent variables following Just and Pope [34] and
the following functional form for h.

This h function can be estimated with ordinary least squares (OLS) and the results show how
the variance of pesticide expenditures changes as the independent variables like climate are altered.
The estimates of α1 from the first round of estimations are consistent but asymptotically inefficient
due to the presence of heteroscedasticity (as explained in Just and Pope [34]). In order to obtain
consistent and asymptotically efficient estimates of α, we follow Just and Pope [34] dividing the
terms in Equation (1) through by the h function evaluated at the values of the independent variables(
ĥk
(
Xk,i,t, β1

k

))
as follows:

yk,i,t

ĥk
(
Xk,i,t, β1

k

) = fk
(
Xk,i,t,α2

k

)
ĥk
(
Xk,i,t, β1

k

) + u2k,i,t (4)

where u2k,i,t is now a homoscedastic error term. The resulting parameter values are consistent and
asymptotically efficient except for the constant term. We also iterate over the steps three times following
Buccola and McCarl [38] in all cases excluding estimations for potato insecticides for which two rounds
were done and soybean insecticides and potato fungicides for which one round was completed due to
the deflating factors becoming excessively large.

The pesticide expenditure data used are constructed by combining pesticide use data with
pesticide price information. United States Department of Agriculture (USDA) estimates of application
levels by state and compound were drawn from USDA National Agricultural Statistics Service (NASS)
Quickstats 2.0 database (Washington, D.C., USA) [39] for 1990 to 2017 as were data on national price
indices for fungicides, herbicides, and insecticides relative to 2011 dollars. State level costs per acre
data were then computed by multiplying the average national price index for each pesticide type
for the year by the corresponding compound application rate. Then, the compound expenditures
were added yielding total expenditures within the herbicide, insecticide, and fungicide subgroups.
This aggregation to a total cost measure rather than estimating by compound is intended to avoid issues
with switching between compounds as time and climate, pest resistance, and other factors evolve.

We drew climate data from a National Oceanic and Atmospheric Administration (NOAA) database
(Silver Spring, MD, USA) [40]. These data include monthly precipitation totals (where state level
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data were averaged across all weather stations within that state) over the March through September
cropping season and the average March through September cropping season temperature for all crops,
except winter wheat where we use October to April. The precipitation data were in inches and the
temperatures in degrees Fahrenheit. Additionally, we used daily data to construct growing-season-long
counts of the total number of days with temperatures of at least 90 ◦F (about 32.2 ◦C), the number of
days with temperatures less than or equal to 32 ◦F (0 ◦C), and the number of days with at least one
inch (2.54 cm) of precipitation. Table 1 gives a brief description of the climate variables.

Table 1. Description of climate variables.

Climate
Variable Description

DT90 The number of days with temperatures at or above 90 ◦F (about 32.2 ◦C) during a cropping period

DT32 The number of days where the minimum temperature is at or below 32 ◦F (0 ◦C) during a
cropping period

DP10 The number of days with at least one inch (2.54 cm) of precipitation during a cropping period
PRCP Total precipitation over a cropping period (in inches)
TAVG Average Temperature during the cropping period (in Fahrenheit).

3. Results

Equations were estimated for corn, potatoes, soybeans, spring wheat and winter wheat for each
pesticide subclass (fungicides, herbicides, and insecticides) for which data were available. In particular,
data were available for 12 of the 15 possible cases. For the mean function ( f above) we estimated a
polynomial functional form containing both linear and quadratic effects for the climate variables but
narrowed the forms based on equation fit and parameter significance. For the variance function we use
the log-log model to accommodate the model used. Table 2 shows the results for the 12 cases reflecting
the final functional forms chosen.

Table 2. Estimated forms in final estimation for the mean functions.

Crop Pesticide
Subgroup DT90 DT32 DP10 PRCP TAVG

Corn Herbicides Linear Quadratic Quadratic Quadratic Linear
Corn Insecticides Quadratic Linear Linear Linear Linear

Potatoes Herbicides Linear Quadratic Linear Quadratic Quadratic
Potatoes Insecticides Linear Quadratic Quadratic Linear Linear
Potatoes Fungicides Quadratic Linear Quadratic Linear Linear
Soybeans Herbicides Linear Quadratic Linear Linear Linear
Soybeans Insecticides Quadratic Quadratic Linear Linear Quadratic
Soybeans Fungicides Linear Quadratic Linear Linear Quadratic

Spring Wheat Herbicides Linear Quadratic Linear Quadratic Linear
Winter Wheat Herbicides Linear Quadratic Quadratic Quadratic Linear
Winter Wheat Insecticides Quadratic Linear Quadratic Quadratic Quadratic
Winter Wheat Fungicides Quadratic Linear Linear Quadratic Quadratic

Tables 3 and 4 summarize the effects of the climate variables on the mean and variance of pesticide
expenditures. Our findings show that climate variables significantly alter pesticide expenditures but
not uniformly across crops and pesticide subclasses. Namely, we see some cases where the effects
increase expenditures and other cases where they decrease expenditures. This is also true for the effects
on the variability of expenditures.

One of the most important findings of this study is that in multiple cases the climate extremes
are significant while average temperature and total precipitation are not. This finding implies the
importance for future analysis to also consider climate extremes with regard to pesticide expenditures.
Furthermore, the number of days with temperatures at or below 32 ◦F (0 ◦C) has a quadratic effect
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on mean expenditures (increasing in the linear term and decreasing in the quadratic term) for most
crops. This quadratic effect may occur because only a few days of cold temperatures might signify
optimal conditions for pests, but as extreme cold conditions increase, pest incidence and damages
are reduced (as argued in (Wollenweber, Porter, and Schellberg [41]). Additionally, this may occur
because at the turning point, decreases in yields resulting from the climatic conditions may make
it no longer profitable to continue adding pesticides. The number of hot, 90 ◦F (about 32.2 ◦C) plus,
days has primarily positive effects on mean expenditures potentially due to better conditions for the
pest populations, however this effect is not seen for all crop pesticide subclass combinations. Despite
this, in most significant cases, the average temperature has a negative effect on pesticide expenditures.

Table 3. Summary of climate effects for the mean of pesticide expenditures.

Crop and Pesticide DT90 DT32 DP10 PRCP TAVG

Corn Herbicide − +*Q− +*Q− −Q+ +
Corn Insecticide −Q+* − + − +

Potatoes Herbicide +* +Q− +* −Q+ +Q−
Potatoes Insecticide +* +*Q− +Q− − −*
Potatoes Fungicide +Q− − +Q− + −

Soybeans Herbicide − +Q− − + +
Soybeans Insecticide +Q−* +*Q−* − − −Q+*
Soybeans Fungicide + +*Q−* −* + −Q+

Spring Wheat Herbicide + −Q+ − +Q+ +
Winter Wheat Herbicide +* +*Q−* −Q+ +Q−* −*
Winter Wheat Insecticide −*Q+ + −*Q+* +*Q−* −Q+
Winter Wheat Fungicide −Q+ − − +*Q−* +Q−

Here “−” denotes a negative effect (decrease in expenditures), “+” a positive effect (increase in expenditures),
“− Q +” a quadratic effect that is initially decreasing then increasing, “+ Q −” a quadratic effect that is initially
increasing then decreasing, and “− Q −” a quadratic effect that is decreasing at a decreasing rate. A “*” indicates
findings significant at least at the 10% level.

Table 4. Summary of climate effects for the variance of pesticide expenditures.

Crop and Pesticides DT90 DT32 DP10 PRCP TAVG

Corn Herbicide − − + − +
Corn Insecticide − − + − +

Potatoes Herbicide − − − + +
Potatoes Insecticide + + +* −* +
Potatoes Fungicide −* + − + +
Soybeans Herbicide + + + + −

Soybeans Insecticide − − + − +
Soybeans Fungicide − − + − −

Spring Wheat Herbicide + − − + +
Winter Wheat Herbicide +* +* +* −* −*
Winter Wheat Insecticide − − + + −

Winter Wheat Fungicide − + − + +*

Here “−” denotes a negative effect (decrease in expenditures) and “+” a positive effect (increase in expenditures).
A “*” indicates findings significant at least at the 10% level.

We also find that the number of days with at least one inch (2.54 cm) of precipitation has a mixed
effect on mean expenditures depending on the crop and pesticide subclass while total cumulative
precipitation has a quadratic effect (increasing in the linear term and decreasing in the quadratic term)
in many of the significant cases. This could be due to better habitat conditions for various types of
pests with some rainfall, but large amounts may either cause the main crop to grow and overshadow
the weeds (thus creating less need for herbicides) or flood out undesirable plants and insects also
reducing the need for pesticides.
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The following sections discuss these effects in greater detail by crop and class. The estimated
effects on mean expenditures are provided in Tables 5–7, and the estimated effects on the variance in
expenditures are provided in Tables 8–10.

Table 5. Estimated effects on mean pesticide expenditures for corn and potatoes.

Corn
Herbicide

Corn
Insecticide

Potatoes
Herbicide

Potatoes
Insecticide

Potatoes
Fungicide

Adj. R2 0.625 0.424 0.465 0.397 0.524

DT90 −2.793
(2.328)

−0.614
(0.595)

14.65 **
(5.555)

63.00 ***
(16.02)

57.06
(34.15)

DT902 0.0128 ***
(0.00431)

−1.495
(1.028)

DT32 17.87 **
(6.653)

−0.165
(1.903)

5.272
(15.89)

46.42 *
(23.27)

−7.481
(9.270)

DT322 −0.265
(0.155)

−0.0442
(0.162)

−0.383
(0.260)

DP10 70.30 *
(37.03)

1.874
(4.025)

7.924 *
(3.747)

65.21
(46.97)

83.38
(58.49)

DP102 −0.780
(0.611)

−0.398
(0.532)

−0.789
(0.640)

PRCP −63.99
(72.50)

−1.218
(3.913)

−19.61
(18.89)

−18.58
(23.67)

1.762
(22.39)

PRCP2 1.209
(1.644)

0.176
(0.383)

TAVG 5.204
(7.248)

2.097
(2.371)

28.52
(22.33)

−47.86 **
(21.65)

−41.10
(59.99)

TAVG2 −0.396
(0.281)

Values in parenthesis are standard errors. *** implies p-value ≤ 0.01; ** implies p-value ≤ 0.05; * implies p-value ≤ 0.1.
The estimates were performed using degrees Fahrenheit for TAVG and TAVG2 and inches for PRCP and PRCP2.

Table 6. Estimated effects on mean pesticide expenditures for soybeans and spring wheat.

Soybeans
Herbicide

Soybeans
Insecticide

Soybeans
Fungicide

Spring Wheat
Herbicide

Adj. R2 0.708 0.351 0.566 0.293

DT90 −2.559
(3.266)

0.912
(1.707)

0.174
(0.305)

3.340
(1.876)

DT902 −0.0274 **
(0.0116)

DT32 5.870
(8.211)

6.717 *
(3.264)

3.430 **
(1.592)

−7.407
(27.55)

DT322 −0.0377
(0.115)

−0.0580 **
(0.0241)

−0.0395 **
(0.0176)

0.0134
(0.224)

DP10 −3.649
(5.930)

−0.796
(1.327)

−1.842 *
(0.891)

−19.34
(12.75)

DP102

PRCP 5.273
(6.048)

−1.687
(1.605)

1.215
(1.420)

10.84
(41.57)

PRCP2 1.003
(0.880)

TAVG 6.511
(6.339)

−94.42
(59.33)

−2.201
(3.649)

21.00
(15.90)

TAVG2 0.929 *
(0.493)

0.0417
(0.0495)

Values in parenthesis are standard errors. ** implies p-value ≤ 0.05; * implies p-value ≤ 0.1. The estimates were
performed using degrees Fahrenheit for TAVG and TAVG2 and inches for PRCP and PRCP2.
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Table 7. Estimated effects on mean pesticide expenditures for winter wheat.

Winter Wheat
Herbicide

Winter Wheat
Insecticide

Winter Wheat
Fungicide

Adj. R2 0.655 0.612 0.737

DT90 25.61 ***
(4.144)

−10.55 ***
(3.052)

−0.772
(5.287)

DT902 0.317
(0.320)

0.0282
(0.245)

DT32 53.45 ***
(14.42)

0.444
(0.348)

−0.00917
(0.133)

DT322 −0.538 **
(0.226)

DP10 −168.2
(133.8)

−2.954 ***
(0.762)

−0.420
(0.305)

DP102 3.900
(2.411)

0.0193 ***
(0.00565)

PRCP 206.3
(137.4)

4.032 **
(1.616)

3.174 ***
(0.780)

PRCP2 −6.750 *
(3.372)

−0.0489 **
(0.0185)

−0.0309 ***
(0.0108)

TAVG −17.59 ***
(5.022)

−3.300
(4.439)

0.473
(2.321)

TAVG2 0.0741
(0.0761)

−0.0202
(0.0458)

Values in parenthesis are standard errors. *** implies p-value ≤ 0.01; ** implies p-value ≤ 0.05; * implies p-value ≤ 0.1.
The estimates were performed using degrees Fahrenheit for TAVG and TAVG2 and inches for PRCP and PRCP2.

Table 8. Estimated effects on variance of pesticide expenditures for corn and potatoes.

Corn
Herbicide

Corn
Insecticide

Potatoes
Herbicide

Potatoes
Insecticide

Potatoes
Fungicide

Adj. R2 0.249 0.112 0.031 0.184 0.026

Ln(DT90) −0.0435
(0.922)

−0.147
(1.108)

−0.439
(0.276)

0.209
(0.121)

−0.456 *
(0.209)

Ln(DT32) −0.984
(3.496)

−0.0944
(0.460)

−0.414
(0.489)

0.663
(0.743)

0.755
(1.214)

Ln(DP10) 1.742
(4.295)

0.891
(1.048)

−0.765
(2.370)

3.585 ***
(0.881)

−0.321
(2.106)

Ln(PRCP) −1.785
(1.673)

−0.645
(1.449)

0.00134
(1.556)

−2.683 ***
(0.677)

0.708
(1.097)

Ln(TAVG) 0.745
(3.966)

1.166
(5.971)

1.050
(1.076)

2.737
(5.504)

9.073
(9.366)

Values in parenthesis are standard errors. *** implies p-value ≤ 0.01; * implies p-value ≤ 0.1. The estimates were
performed using degrees Fahrenheit for TAVG and TAVG2 and inches for PRCP and PRCP2.

Table 9. Estimated effects on variance of pesticide expenditures for soybeans and spring wheat.

Soybeans
Herbicide

Soybeans
Insecticide

Soybeans
Fungicide

Spring Wheat
Herbicide

Adj. R2 0.106 Approx. 0 0.007 Approx. 0

Ln(DT90) 250.0
(205.3)

−0.679
(0.600)

−0.283
(1.688)

0.0549
(0.335)

Ln(DT32) 255.4
(209.3)

−0.0154
(0.247)

−0.0280
(1.559)

−2.091
(3.215)

Ln(DP10) 1942
(1589)

2.574
(2.290)

4.105
(4.618)

−5.168
(3.995)

Ln(PRCP) 76.23
(64.66)

−1.920
(1.425)

−4.133
(4.380)

4.642
(3.666)

Ln(TAVG) −3645
(2987)

15.61
(9.184)

−4.290
(7.438)

4.979
(4.987)

Values in parenthesis are standard errors. The estimates were performed using degrees Fahrenheit for TAVG and
TAVG2 and inches for PRCP and PRCP2.
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Table 10. Estimated effects on variance of pesticide expenditures for winter wheat.

Winter Wheat
Herbicide

Winter Wheat
Insecticide

Winter Wheat
Fungicide

Adj. R2 0.419 Approx. 0 Approx. 0

Ln(DT90) 0.0444 *
(0.0230)

−0.0216
(0.0962)

−0.108
(0.0777)

Ln(DT32) 11.65 ***
(3.464)

−0.404
(1.142)

0.983
(0.916)

Ln(DP10) 8.163 ***
(2.138)

0.305
(2.552)

−1.966
(2.454)

Ln(PRCP) −7.750 ***
(2.118)

0.323
(2.508)

0.287
(1.698)

Ln(TAVG) −22.2 ***
(6.457)

−0.771
(1.553)

2.277 *
(1.261)

Values in parenthesis are standard errors. *** implies p-value ≤ 0.01; * implies p-value ≤ 0.1. The estimates were
performed using degrees Fahrenheit for TAVG and TAVG2 and inches for PRCP and PRCP2.

3.1. Effects on Corn Pesticides

Expenditures on pesticides for corn are mainly influenced by climate extremes. The number of
days with temperatures at or below 32 ◦F (0 ◦C) and the number of days with at least one inch (2.54 cm)
of precipitation have significant quadratic relationships with herbicide expenditures. Both increase
expenditures up to thresholds of 33.7 and 45.1 days, respectively, at which point their effect becomes
negative. For heavy rainfall days, the average number of days across the US is below 45 days implying
that in many cases, we should expect a positive marginal relationship. This is likely due to increased
chemical washoff from stronger instances of rainfall. Interestingly, total precipitation is not significantly
related to expenditures in this particular case. The average number of cold days across the US is close
to the turning point for the effect on expenditures, so it is unclear which sign the marginal effect will
take in most cases but it will rather be location specific.

Similarly, the number of days with temperatures of at least 90 ◦F (about 32.2 ◦C) has a significant
quadratic relationship with insecticide expenditures. The marginal effect is negative up to approximately
24 days at which point it becomes positive. On average there are approximately 29 hot days in the
US during the growing season for corn implying positive marginal effects in most cases. Ziska and
McConnell [8] found that rising temperatures lead to the expansion of some insect types which may
account for the relationship found here. No other variables had a significant effect on expenditures in
either subgroup nor on the variance of expenditures.

Data were not available to estimate a function for use of fungicides on corn.

3.2. Potato Pesticide Expenditures

All climate variables have a significant effect on average pesticide expenditures for potatoes.
Herbicide and insecticide expenditures are both positively related to the number of 90 ◦F (about 32.2 ◦C)
plus days with an expected increase of 3.7% per additional day for herbicide and an expected increase
of 9.41% for insecticide expenditures. However, insecticide expenditures are negatively related to the
average temperature with an expected 7.15% decrease in expenditures with a one-degree Fahrenheit
(approximately 0.556 ◦C) increase in average temperature. Therefore, when examining expected effects
from climate change, both measures will need to be examined in the context of each other as they have
competing effects. Additionally, increases in the number of hot days have a negative effect on the
variance of expenditures on fungicides. This is potentially due to an unfavorable climate for fungal
growth at high temperatures [42].

While increases in the number of hot days are expected to increase insecticide expenditures,
increases in the number of cold days are also expected to increase these expenditures in many cases.
The number of 32 ◦F (0 ◦C) or less days has a quadratic relationship with insecticide expenditures and
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are expected to increase expenditures up to about 60.6 days at which point the relationship becomes
negative, potentially due to economic as well as biological reasons. As the mean number of days is
48.06, we expect a positive relationship in most observed cases.

The number of days with at least one inch (2.54 cm) of precipitation has a positive effect on the
variance of insecticide expenditures, while the total precipitation has a negative effect. This difference
in effects could be attributed to increased washoff occurring on the days of heavier rainfall as suggested
by Mayo [43] for the case of corn. Farmers likely make application decisions with forecasts of total
rainfall but are unaware when increased washoff might occur. Additionally, a one day increase in the
number of heavy rainfall days is expected to increase herbicide expenditures by about 2%. Climate
variables not discussed in this section for a given subclass of pesticides did not have significant effects
on expenditures.

3.3. Soybean Pesticide Effects

Average expenditures on soybean insecticides are significantly impacted by the average cropping
year temperature and the number of hot and cold days. Both climate factors associated with extreme
temperatures have initial positive relationships but with quadratic effects. Expenditures on insecticides
increase until the number of hot days reaches 16.64 and until the number of cold days reaches 57.91 and
then decreases thereafter. Given that, on average, the states growing soybeans have approximately
42 hot days and 19 cold days, we can expect that in the majority of cases an increase in the number of hot
days will have a negative effect, and the number of cold days will have a positive effect. This quadratic
relationship for the number of cold days also holds for fungicide expenditures with the relationship
being positive up until there are approximately 43.4 days with temperatures at or below 32 ◦F (0 ◦C).
Expenditures on soybean insecticides also have a quadratic relationship with the mean temperatures.
The effect is expected to be negative up to an average of 50.82◦F (about 10.46 ◦C) at which point the
effect is positive.

Unlike many of the other crops, none of the climate variables have effects on herbicide expenditures
for soybeans. Additionally, the variance in expenditures in all pesticide subclasses for soybean
production are not significantly influenced by the climate variables.

3.4. Spring and Winter Wheat Expenditures

Expenditures on herbicides used for winter wheat are significantly influenced by all climate
variables examined either affecting the mean or variance of expenditures. While a marginal increase in
the number of 90 ◦F (about 32.2 ◦C) plus days is expected to increase mean herbicide expenditures
by 16.81%, a marginal increase in the average temperature (about 0.556 ◦C) is expected to decrease
expenditures on herbicides by 11.55%. Therefore, any estimates when considering climate change
scenarios will need to consider which effect will likely dominate. Additionally, the number of cold 32 ◦F
(0 ◦C) or less days have a quadratic relationship with herbicide expenditures with this climate variable
expected to have a positive marginal effect up to approximately 49.7 cold days and negative thereafter.
This climate variable also has a positive effect on the variance of expenditures for herbicides which
is supported by increases in the average temperature decreasing variability. Like potato insecticide
expenditures, the variance in expenditures is positively related to the number of days with at least
one inch (2.54 cm) of precipitation and negatively related to the total precipitation likely due to
application decisions given uncertainty about chemical washoff. Finally, the total precipitation is
expected to increase herbicide expenditures until the total precipitation is approximately 15.28 inches
(about 38.81 cm).

The number of hot days, the number of days with at least one inch (2.54 cm) of precipitation and
the total precipitation all have quadratic relationships with expenditures on insecticides for winter
wheat. A marginal increase in the number of hot days and the number of rainy days is expected to
decrease expenditures if the number of days is below 15.28 and 76.53, respectively. As the average
number of days for these two variables during the winter wheat cropping season in the states growing
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winter wheat are 1.83 and 34.96, we expect that the majority of the marginal effect will be negative for
the hot days, but it will be highly location dependent for the effects from the number of rainy days.
Additionally, the marginal effect of total precipitation is expected to be negative for total precipitation
below 41.18 inches (about 104.6 cm).

Similarly, the marginal effect of total precipitation for fungicide expenditures is expected to
be negative for total precipitation below 51.36 inches (about 130.45 cm). Moreover, the variance in
fungicide expenditures is expected to increase with higher average temperatures. This could potentially
be due to better conditions for crop diseases occurring in some areas [1].

No climate variables have significant effects on spring wheat herbicide expenditures, nor were
sufficient data available to estimate functions for use of insecticides or fungicides on spring wheat.

4. Discussion and Conclusions

We examine the consequences of changes in climate on pesticide expenditures for fungicides,
herbicides, and insecticides. We find that climate variables have a significant effect on usage although
the exact nature of the impact depends upon crop, pesticide subclass, and in some cases current
climate characteristics.

In terms of climate impacts on mean expenditures, we find that it is climate extremes, not only
the typically thought of total precipitation and average temperature, that have significant effects on
pesticide expenditures. As we see climate extremes increase, we can generally expect increases in
expenditures, though this varies by crop, pesticide subclass, and location. Our findings imply that
future studies should pay close attention to climate extremes and also consider the relative strength
of effects from competing climate variables as we find cases where increases in extreme temperature,
for instance, have a different effect than increases in the average temperature. Additionally, the climate
variables have a crop, pesticide subclass, and location-specific effect on variance in expenditures, but in
many cases the effect is insignificant. However, every climate variable has a significant effect on the
variance for winter wheat herbicide expenditures (with the climate extremes increasing it, the average
temperature and total precipitation decreasing it) implying that planting this crop might become less
desirable if future climate change involves more extremes. However, decision makers will need to
consider the strength of effects for competing variables (such as total precipitation and heavy rainfall
days). It would be beneficial for this body of work if future studies utilize disaggregated data to study
these effects for specific locations.

Alterations in future pesticide expenditures will depend upon the degree to which certain climate
factors change relative to other climate factors. For instance, in the case of herbicide applications for
winter wheat, the average temperature over the cropping year and the number of 90 ◦F (about 32.2 ◦C)
or more days have opposite effects on the mean level of expenditures, so future trends in these
expenditures will be dependent on their relative changes. Future research could evaluate these changes
in expenditures under climate scenarios and other non-chemical pest management practices to obtain
a more holistic view of expected changes in pest management.
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