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The California Pesticide Use Reports (PUR) were used to
investigate the impact of both regulation and Integrated Pest
Management (IPM) on use of hazardous pesticides. We
conclude that the U.S. Food Quality Protection Act of 1996, as
implemented by the U.S. EPA, was effective in reducing use
of organophosphate and carbamate insecticides in California.
IPM has been broadly embraced in the United States and
internationally as a strategy for achieving least-use and/or
least-risk pesticide use in agriculture. Here we have asked
whether IPM has been successful in reducing pesticide use
and risk in California, and if so, to what extent, and in what
circumstances. Our results suggest that IPM in agriculture
can help to reduce pesticide risk, particularly in cases where
pesticide overuse results in negative agricultural/economic
consequences for growers. However, IPM may not reduce
pesticide use or risk in cases that have no direct benefits
to growers. While the majority of chemicals of regulatory
concern have been reduced in use, most of these pesticides were
replaced with other chemicals rather than with non-chemical
methods. We briefly feature several case studies to illustrate
key issues in pesticide use and IPM in California: 1) the limited
progress in meeting Montreal Protocol guidelines for methyl
bromide phase-out due to critical use exemptions for strawberry
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producers (which didn’t end until 2016); 2) the increase in use
of neonicotinoid insecticides, which may have a role in the
current bee decline and 3) a successful IPM program to decrease
use of dormant-season organophosphates that are important
water pollutants.

1. Introduction

The U.S. had virtually unregulated pesticide use in the 1940°s and 1950’s.
Chlorinated hydrocarbons, such as DDT, were used as insecticides, but their use
declined after 1959 (/) as insects became resistant, and organophosphates and
carbamates became more available. After Rachel Carson’s Silent Spring in 1962,
both the public and some scientists became concerned about negative externalities
associated with the increasing use of broad spectrum pesticides, particularly the
“pesticide treadmill,” i.e., the ever- increasing need to apply increasing quantities
of pesticides because of the development of pesticide resistance, the resurgence
of what had been relatively minor pests, and the poisoning of birds. Also in
the 1960’s, agricultural scientists developed Integrated Pest Management as a
method in which pesticide use could meet agricultural needs for crop protection
with, purportedly, minimal health and environmental consequences. By all
measures, agricultural pesticide use, particularly herbicides, continued to increase
in the U.S. through the 1980’s (2) as agriculture became more mechanized,
more intensive, and larger-scale. In response to public concerns about adverse
health and environmental effects of pesticides, pesticides have been increasingly
regulated nationally, and on the state level in California. By 1993, California
had a high-quality and comprehensive database of agricultural pesticide use, the
Pesticide Use Report database (PUR). Here, we use the PUR (3) as a source of
data on trends in pesticide use in California from 1993 to 2015, and as a way to
inquire about the impact of IPM programs and regulation on agricultural pesticide
use.

2. The Impact of Regulation on Agricultural Pesticide Use in
California, 1993-2015

California agriculture is under two regulatory authorities: the state and
the nation. In 1991, the California Environmental Protection Agency formed a
Department of Pesticide Regulation (DPR). Part of the Mission of the DPR is “to
protect human health and the environment by regulating pesticide sales and use...”
(4). On the national level, the U.S. Environmental Protection Agency (U.S.
EPA) registers pesticides for specific uses largely under the Federal Insecticide,
Fungicide and Rodenticide Act and the Federal Food, Drug and Cosmetic Act. In
1996, the Food Quality Protection Act (FQPA), which was passed unanimously
by Congress, amended the two laws. As part of the FQPA, the U.S. EPA was
mandated to reassess 9,721 tolerances for pesticide residues in food by 2006 so
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that a pesticide poses a “reasonable certainty of no harm” (5, 6). Pesticides of
particular concern with similar modes of action were reassessed for harm as a
group. The two major groups that were reassessed were organophosphates and
carbamates, both of which are mostly insecticides. As a result of the FQPA, U.S.
EPA revoked or modified nearly 4,000 tolerances (6). Although FQPA prohibits
individual states from modifying tolerances, the state of California can, by state
law, impose additional restrictions on pesticide use.

The decline in mass of all agricultural organophosphates and carbamates
applied in California fields between 1993 and 2015 is shown in Figure 1. Before
the FQPA, in the 1993 to 1995 period, there was an average annual use of 3.1
million kg organophosphates (OP) and 2.2 million kg carbamates in California
fields. By the 2013-2015 period, use was 31% and 23% of its previous levels,
respectively.
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Figure 1. Mass of active ingredient (in million kg) used in California fields
between 1993 and 2015 of two groups of pesticides targeted in the 1996 U.S.
Food Quality Protection Act: organophosphates and carbamates. Data are from
the California Department of Pesticide Regulation’s Pesticide Use Reports. Data
processing in this paper are as described in (2) and (7).

2.1. Insecticides

The 24 individual agricultural insecticides of regulatory concern in California
that were applied in quantities of greater than 10,000 kg in either 1993 or 2015
are shown in Table 1. During the 1993-1995 period, fourteen of the compounds
were, individually, used in quantities of greater than 118 thousand kg annually; 983
thousand kg of chlorpyrifos was used annually. Twenty two of the 24 compounds
were ecither OPs or carbamates, and consequently were targeted by the FQPA.
For those 22 OP and carbamate insecticides, use in the post-FQPA era declined
substantially; use in the 2013-2015 period ranged from none (0%) to 73% of the
use in the pre-FQPA period of 1993-1995.
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Table 1. Trends in use of insecticides of regulatory concern in agricultural
fields in California between 1993 to 20152,

Annual average use [IZZZI; 05 OL;S;_ Risk
Compound® from 2013 to 23] 5, kg 2015 coipare d 1o groupse
active ingredient
1993-1995b

Abamectin 1.72E+04 6.86 R
Aldicarb 3.33E+02 0.00 N
Azinphos-methyl 3.79E+02 0.00 N
Carbaryl 5.83E+04 0.18 N
Carbofuran 0 0.00 N
Chlorpyrifos 5.81E+05 0.59 N,R
Diazinon 2.56E+04 0.06 N
Dimethoate 1.34E+05 0.49 N
Disulfoton 6.52E+02 0.01 N
Endosulfan 2.44E+03 0.02 A
Ethephon 1.48E+05 0.36 N
Ethoprop 8.29E+02 0.03 C, N
Fenamiphos 6.51E+02 0.01 N
Formetanate
hydrochloride 1.31E+04 0.20 N
Malathion 1.85E+05 0.67 N
Methidathion 1.54E+03 0.01 N
Methomyl 1.20E+05 0.39 N
Methyl parathion 1.98E+05 0.58 N
Naled 7.82E+04 0.41 N
Oxamyl 2.33E+04 0.73 N
Oxydemeton-methyl 3.76E+03 0.07 N
Phorate 1.18E+04 0.20 N

Continued on next page.
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Table 1. (Continued). Trends in use of insecticides of regulatory concern in
agricultural fields in California between 1993 to 20152,

Annual average use gzt;: 05 Ou]s;_ Risk
Compound® from 2013 to 2015, kg g )
T . 2015 compared to groups¢
active ingredient 1993-1995b
Phosmet 1.81E+04 0.18 N
Propargite 1.13E+05 0.14 C,N,R

a Data are from the California Department of Pesticide Regulation’s (DPR) Pesticide Use
Reports. Only compounds of regulatory interest that were applied in a total quantity greater
than 10,000 kg in either 1993 or 2015 are included. ©° The single compound in which
average annual quantity is greater in the 2013 to 2015 than in the 1993 to 1995 period is
highlighted in bold. ¢ A, listed as a California DPR’s toxic air contaminant; C, listed as
either a U.S. EPA B2 carcinogen or in the California state Proposition 65 (CP65) as causing
cancer; N, organophosphate and carbamates that are cholinesterase-inhibitors, and targeted
by the U.S. Food Quality Protection Act; W, listed in the California DPR groundwater
protection list, part a; and R, listed in CP65 as known to have reproductive toxicity (22).

Of the 24 insecticides of regulatory concern in California, by the 2013-2015
period, eight were only used at 5% or less of the 1993-1995 levels, primarily as
a result of U.S. EPA decisions, ultimately with the manufacturers’ agreement to
phase out production and registration (8). We will first give context to the ecight
that were dramatically reduced. Endosulfan, which was first registered in the
1950s, is a highly-toxic organochlorine, and like other organochlorines such as
DDT, is persistent in the environment and bioaccumulates. After the U.S. EPA
was sued by a coalition of environmental and farm worker advocates in 2008, the
EPA declared that endosulfan was a risk to human health and the environment, and
did not meet then-current standards for registration. As a result, the manufacturer
voluntarily implemented a withdrawal of all registrations (9), with a complete
phase-out by July 2016. We note that, in this context, a manufacturer’s voluntarily
withdrawing registrations is generally a measured response to anticipated future
government action under the authority of the FQPA (5). Endosulfan also is being
phased out internationally as part of the Stockholm Convention on Persistent
Organic Pollutants, as amended in 2011 (/0). Carbofuran and aldicarb are
N-methyl carbamates that inhibit cholinesterase. Aldicarb was first registered in
1970 as a systemic insecticide and nematicide; it has a lethal dose (LDs0) of only
1 mg/kg. In 1980, high levels of aldicarb degradants were found in the ground
water in Long Island, New York. In a separate incident in 1985, approximately
2,000 people were sickened with 17 hospitalizations and probably six deaths and
two stillbirths from consuming aldicarb-contaminated watermelons. At the time,
aldicarb was not registered on watermelons, and its contamination of fruit was
either illegal or accidental (/7). In 2010, the U.S. EPA concluded that aldicarb
did not meet food safety standards and may pose unacceptable dietary risks,
especially to infants and young children. Consequently, U.S. EPA and the aldicarb
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manufacturer reached an agreement to phase out production by 2014 with all use
ending by 2018 (12). The other five insecticides of regulatory concern that have
dramatically decreased in use in California are OPs that inhibit cholinesterase.
As an example, azinophos methyl was first registered for use in the U.S. in 1959.
After FQPA, U.S. EPA completed their interim Reregistration Eligibility Decision
(RED) of azinophos methyl in 2001. Based on concerns about the health of
farmworkers and pesticide applicators and aquatic ecosystems, the RED started
the process of, ultimately, a planned phase-out by 2012 (73).

Although there has been an overall decline in California use of insecticides of
regulatory concern, usage of some of these insecticides is still relatively high, and
consequently controversial. For example, in the 2013-2015 period, agricultural
entities in California applied 581 thousand kg of chlorpyrifos annually, which is
59% of the 1993-1995 quantity. The insecticides malathion, ethephon, dimethoate,
methomyl, and propargite were also used in annual quantities in excess of 100,000
kg apiece. Consequently, although regulation has been effective in reducing use
of some pesticides of concern, one can argue that it has not achieved a regulatory
process that permits a “reasonable certainty of no harm.” Chlorpyrifos is a
cholinesterase inhibitor (/4); while California’s restricted pesticide designation
should help with limiting human exposure to the compound, chlorpyrifos was not
designated as such until July 2015 (5). The current questions about chlorpyrifos
are largely focused on to what extent low doses cause neurodevelopmental
problems in fetuses and in children of either farmworkers or people who live
close to agricultural fields (/5). Rowe et al. concluded that prenatal proximity
to organophosphate/carbamate pesticides was linked to lower childhood 1Q, and
was independent of the effects of neighborhood and household poverty; children
in the highest quartile of proximal pesticide use in utero had average deficits of
three to four points on multiple intelligence scales at the age of ten (/6). Other
studies have linked exposure in utero or as young children to attention deficit
disorder, autism spectrum disorders, hyperactivity disorder, and childhood tremor
(17-21). In 2017, California designated chlorpyrifos as a chemical that is known
to cause reproductive toxicity (22). Chlorpyrifos is also toxic to bees, some birds,
fish, and aquatic invertebrates; some portion of landscape use ultimately becomes
water pollution (e.g. (23)). Because of its risks to humans, chlorpyrifos was
banned for household use by the U.S. EPA in 2000. Over the years, the U.S.EPA
also has limited use on some crops. In 2016, U.S. EPA scientists recommended
banning all agricultural use of chlorpyrifos in the U.S. However, in March 2017,
the Trump administration rejected the proposed ban (24).

Thus, despite legislation such as the FQPA (8), usage of certain OP
insecticides such as chlorpyrifos remains relatively high in California agriculture.
As a group, the compounds are efficacious and relatively inexpensive. Since
1965 when chlorpyrifos was introduced, other insecticides (e.g. pyrethroids
and neonicotinoids) with less human toxicity have been registered. However,
chlorpyrifos’s manufacturer Dow has aggressively lobbied for its continued
registration (24, 25). We note that decreases in agricultural use of chlorpyrifos
vary within California, even in areas with similar cropping patterns. Anderson
et al. (23) showed that, between 2011 and 2014, there was a 86% increase in
agricultural chlorpyrifos use and a 60% increase in malathion use in Imperial
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County, whereas in Monterey County, there was a 68% and 39% decrease in
chlorpyrifos and malathion, respectively (23). They argued that this was a result
of more restrictions on organophosphate applications in Monterey County than in
Imperial County. The two counties are in different regions of the California State
Water Resources Control Board. Currently, Region 3, which includes Monterey
County, has more rigorous monitoring of agricultural discharges than Imperial
County, which has four conditional waivers for agricultural discharges. The data
reflect a regulatory change in Monterey County that took effect largely through
the Agricultural Commissioner’s Office in 2012.

2.2. Herbicides

Table 2 shows trends in use of 19 herbicides of regulatory concern in
California between the 1993-1995 and the 2013-2015 periods. During the
1993-1995 period, of the herbicides with the greatest use during that period, there
was an average of 673 thousand kg of molinate, 577 thousand kg of trifluoralin,
411 thousand kg of the defoliant S,S,S-tributyl phosphorotrithioate (DEF), 317
thousand kg of EPTC, 310 thousand kg of simazine, and 248 thousand kg of
cyanazine applied annually into the California environment. In contrast to the
larger reductions in insecticides of regulatory concern, only three of the 19
herbicides of regulatory concern have been reduced by the 2013-2015 period
to 5% or less of their 1993-1995 use in California. Of those three herbicides
(molinate, DEF, and cyanazine), growers have voluntarily decreased use of DEF
in the 2013-2015 period to 1% of its use in 1993-1995. DEF, which is also known
as Tribufos, is an OP that was used in California as a pre-harvest cotton defoliant.
During harvest of the cotton boles, green leaves stain the fibers and clog the
harvester. There are approximately five chemical alternatives to DEF that are not
DPR restricted materials, whereas DEF is a restricted material (26). The other
two herbicides with substantial reductions in use, molinate and cyanazine, were
banned following U.S. EPA review and subsequent manufacturers’ agreements.
Molinate, a thiocarbamate, was primarily aerially sprayed over rice fields in the
Sacramento Valley in California as a pre-emergence herbicide. It was detected
in surface water in the Sacramento Valley in 1995 (27). After an EPA review
that classified molinate as a suspected endocrine disrupter, reproductive toxin
and neurotoxin, its registration was voluntarily phased out by the manufacturer
between 2007 and 2009. Cyanazine, a triazine herbicide, was first registered in
the U.S. in 1971, and became a highly-used herbicide on corn in the Midwestern
U.S. As a pre-emergence herbicide, cyanazine and its degradants were detected
in larger rivers at concentrations of up to 5 to 11 pg/L and from more than 50
to 100 pg/L in streams (28). In addition to its detection in drinking and ground
water, cyanazine is a teratogen and is classified as having moderate acute toxicity.
Cyanazine has also been classified as a possible carcinogen and a suspected
endocrine disruptor. Following the U.S. EPA review, the manufacturers agreed to
a phase-out during the 1999 to 2003 period (29).
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Table 2. Trends in use of herbicides of regulatory concern in agricultural
fields in California between 1993 to 20152,

Annual average UIZZIZ 05 OL}S;_
Compound® applications from | %5 Risk
, kg groups
active ingredient c]o ;;I;(Z% 5[,70

2,4-Dd 1.53E+05 0.79 A
Acephate 6.23E+04 0.42 N
Atrazine 9.48E+03 0.56 w
Bensulide 1.42E+05 6.32 N
Bromacil 5.72E+03 0.16 w
Bromoxynil oxtanoate 2.16E+04 0.41 R
Cyanazine 2.29E+01 0.00 R
Cycloate 1.58E+04 0.70 N, R
Diuron 9.22E+04 0.37 C, W
EPTC 9.91E+04 0.31 N, R
Linuron 2.33E+04 0.63 R
Molinate 6.26E-02 0.00 N, R
Norflurazon 1.22E+04 0.18 w
Oryzalin 2.30E+05 0.98 C
Propyzamide 1.89E+04 0.38 C
Simazine 1.04E+05 0.34 W
(S&Z’fso-ltil?:;?)t}/l phosphorotrithioate 5 66E-+03 0.01 N
Thiobencarb 1.79E+05 0.98 N
Trifluralin 2.22E+05 0.39 A

a Data are from the California Department of Pesticide Regulation’s (DPR) Pesticide Use
Reports. Only compounds of regulatory interest that were applied in a total quantity greater
than 10,000 kg in either 1993 or 2015 are included. ® Compounds in which the average
annual quantity is essentially equal or greater in the 2013 to 2015 than in the 1993 to 1995
periods are highlighted in bold. ¢ A, listed as a California DPR’s toxic air contaminant; C,
listed as either a U.S. EPA B2 carcinogen or in the California state Proposition 65 (CP65)
as causing cancer; N, organophosphate and carbamates that are cholinesterase-inhibitors,
and targeted by the U.S. Food Quality Protection Act; R, listed in CP65 as known to have
reproductive toxicity; W, listed in the California DPR groundwater protection list, part a;
and R, listed in CP65 as known to have reproductive toxicity (22). d Herbicides that are
likely to increase in use with the next generation of herbicide-tolerant genetically engineered
Crops.
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The fact that there have been fewer reductions in use of herbicides of
regulatory concern compared to insecticides can be attributed to several facts.
First, in contrast to insecticides and fungicides for which there have been new
modes of action with low human toxicity and excellent efficacy, there have
been no new modes of action developed for herbicides in the last 25 years
(30), even though there have been new herbicide products, which often contain
combinations of herbicides. Second, conventional (i.e., non-organic) growers
must use herbicides every season in order to have a profitable crop.

2.3. Fungicides

Table 3 shows trends in use of fungicides of regulatory concern in California
between the 1993-1995 and the 2013-2015 periods; fumigants are covered in the
next section. During the 1993-1995 period, of the fungicides with the greatest
use during that period, there was an average of 420 thousand kg of maneb, 405
thousand kg of chlorothalonil, 275 thousand kg of captan, 218 thousand kg of
iprodione and 212 thousand kg of mancozeb applied annually into the California
environment. Of these fungicides, only maneb has been reduced in the 2013-2015
period to essentially no use (0.11% of its 1993-1995 levels). All the fungicides in
Table 3 are relatively old materials, except for myclobutanil. PCNB was first used
in agriculture as a replacement for mercurials in Germany in the 1930’s. Captan
was registered in the U.S. in 1949. Mancozeb and maneb were registered in 1948
and 1962, respectively. Chlorothalonil was first registered in the U.S. in 1966
and iprodione in 1979. As older fungicides, they are off-patent and relatively
inexpensive. In contrast to the newer fungicides, such as myclobutanil and other
demethylation inhibitors (DMI) and the strobilurins, which have specific sites of
action, the older materials have broader biochemical toxicities. Consequently
fungi do not develop resistance to older fungicides, which has been a problem
with the newer materials. However, the broader biochemical toxicity of the older
materials is often associated with mammalian toxicity, with some exceptions such
as sulfur (31).

2.4. Fumigants Applied Pre-Plant in the Field and Used in Post-Harvest

Soil fumigants are applied to agricultural fields several days or weeks before
planting a crop and form gases that have broad-spectrum pesticidal effects. Figure
2 shows changes in fumigant use between 1993 and 2015. Table 4 shows trends
in use of individual fumigants of regulatory concern in California between the
1993-1995 and the 2013-2015 periods. In the 1993-1995 period, 6.7 million kg
of methyl bromide and 5.2 million kg of metam sodium were used annually, with
a total of 13.1 million kg of agricultural fumigants. In the 2013-2015 period,
approximately the same total of 13.5 million kg of fumigants was used, but
with different compounds: annual 1,3-dichloropropene use had increased to 6.2
million kg; potassium n-methyldithiocarbamate (=metam potassium), which was
first registered in California in 2001, use had increased to 4.2 million kg; and
chloropicrin use had increased to 3.9 million kg. Thus, while methyl bromide use
has declined, it has been replaced by other fumigants of regulatory concern.
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Table 3. Trends in use of fungicides of regulatory concern in agricultural
fields in California between 1993 to 20152,

Annual average Ratio of use
oo | s | drve s | nit
active ingredient 1993-1995b
Captan 1.80E+05 0.65 A,C, R
Chlorothalonil 4.57E+05 1.13 C
Iprodione 1.02E+05 0.47 C
Mancozeb 5.34E+05 2.52 A, C
Maneb 4.75E+02 0.00 A, C, R
Myclobutanil 2.71E+04 0.63 R
PCNB 3.35E+03 0.12 A
Thiophanate methyl 3.94E+04 1.05 R

a Data are from the California Department of Pesticide Regulation’s (DPR) Pesticide Use
Reports. Only compounds of regulatory interest that were applied in a total quantity greater
than 10,000 kg in either 1993 or 2015 are included. ® Compounds in which the average
annual quantity is essentially equal or greater in the 2013 to 2015 than in the 1993 to 1995
periods are highlighted in bold. ¢ A, listed as a California DPR’s toxic air contaminant; C,
listed as either a U.S. EPA B2 carcinogen or in the California state Proposition 65 (CP65)
as causing cancer; N, organophosphate and carbamates that are cholinesterase-inhibitors,
and targeted by the U.S. Food Quality Protection Act; W, listed in the California DPR
groundwater protection list, part a; and R, listed in CP65 as known to have reproductive
toxicity (22).

The use of methyl bromide, generally in combination with chloropicrin, was
started in California as a method to assure maximum strawberry fruit production
in the 1960°s (7, 32, 33). Rates of application were often 256 kg/ha of methyl
bromide with 193 kg/ha chloropicrin. In 2004, approximately 45% of the 2.9
million kg of methyl bromide used in California were applied pre-plant to fields for
a single season of strawberry fruit production. Because methyl bromide depletes
ozone in the upper atmosphere, thereby reducing protection from the sun’s harmful
UV irradiation, the Montreal Protocol and its Subsequent Agreements mandated
an international phase-out of methyl bromide (34, 35). The agreement was that
methyl bromide would be phased out in the U.S. and other developed nations
between 1995 and 2005. However, in an amendment that was promoted by the
U.S., after 2005, nations could request exemptions for cases involving quarantine,
preshipment, or “critical use.” A critical use exemption (CUE) could be granted
if there were “no technically and economically feasible alternatives or substitutes
available to the user that are acceptable ... to the crops and circumstances of the
nomination” and “the specific use is critical because the lack of availability of
methyl bromide for that use would result in a significant market disruption” (36).
The U.S., acting on behalf of the California Strawberry Commission and other
agricultural groups, was repeatedly granted exemptions, based on predicted yield
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reductions without methyl bromide. However, retrospective economic analyses
indicated that the CUE were based on overestimates of the value of methyl bromide
for strawberry production (37, 38).

We use the data on methyl bromide in California from 1995 to 2015 to ponder
the extent to which growers will voluntarily switch from one pesticide, which is
highly efficacious but has health risks to others, including an increased incidence
of skin cancer, to a less efficacious one. The data show that methyl bromide use
in California declined at a rapid average rate of over 0.85 million kg/year from
1997 to 2001. In 2006, in recognition of the reductions in methyl bromide use,
the California Strawberry Commission received a U.S. EPA Stratospheric Ozone
Protection Award (39). However, from 2001 through 2015, methyl bromide use
in California declined at an average rate of only 0.12 million kg/year; in 2015,
California used 1.1 million kg methyl bromide. We note that current yields
for strawberry fruit production in California are the highest in the world with
a statewide average in 2016 of over 48 thousand kg fresh fruit’ha (40). In our
view, the continued use of the critical use exemptions through 2015, particularly
by strawberry fruit producers, is an indication that voluntary decreases are not a
particularly useful mechanism to achieve an environmental and health goal that
has no direct benefits for the growers. To further summarize, largely because of
the FQPA, California has been somewhat successful in reducing many, but not
all, of the OPs and carbamates. Fumigant use remains relatively high in high
value crops, such as strawberry fruit production, in which growers can afford to

use them.
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Figure 2. Mass in millions of kg of agricultural fumigants used in California
between 1993 and 2015. Data include both field and post-harvest applications.
The data show the partial replacement of methyl bromide (X, thickest line) with

1,3-dichloropropene (o), chloropicrin (o), and metam potassium (potassium

n-methyldithiocarbamate) (0); the three are shown as medium weight lines.

Data are from the California Department of Pesticide Regulation’s Pesticide

Use Reports.
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Table 4. Trends in use of fumigants of regulatory concern in California
agriculture between 1993 to 20152,

Annual average Ratio of use
b applications from during 2013-2015 Risk
Compound 2013 to 2015, kg compared to groupse
active ingredient 1993-1995b
1,3-Dichloropropene 6.21E+06 87.61 A, C
Chloropicrin 3.92E+06 3.58 A
Metam-sodium 2.00E+06 0.39 A, C,N,R
Methyl bromide 1.25E+06 0.19 A, R
Potassium
N-methyldithiocarbamate 4.18E+06 (new) A,C, N
(Metam potassium)
Sodium tetrathiocaronate 1.89E+02 0.00 A

a Data are from the California Department of Pesticide Regulation’s (DPR) Pesticide Use
Reports. Only compounds of regulatory interest that were applied in a total quantity greater
than 10,000 kg in either 1993 or 2015 are included. ® Compounds, in which the average
annual quantity is essentially equal or greater in the 2013 to 2015 than in the 1993 to 1995
period, are highlighted in bold. ¢ A, listed as a California DPR’s toxic air contaminant; C,
listed as either a U.S. EPA B2 carcinogen or in the California state Proposition 65 (CP65)
as causing cancer; N, organophosphate and carbamates that are cholinesterase-inhibitors,
and targeted by the U.S. Food Quality Protection Act; W, listed in the California DPR
groundwater protection list, part a; and R, listed in CP65 as known to have reproductive
toxicity (22).

3. The Impact of IPM on Agricultural Pesticide Use in
California

3.1. Theory versus Practice: Replacement of Older Materials with Newer
Ones

Integrated Pest Management is often defined as minimizing pesticide use
and/or risk, and has been selected by the state of California and the federal
government as the policy that will result in reduced pesticide use (4/). The
University of California Statewide Integrated Pest Management (IPM) Program
defines IPM as, “...an ecosystem-based strategy that focuses on long-term
prevention of pests or their damage through a combination of techniques such as
biological control, habitat manipulation, modification of cultural practices, and
use of resistant varietics. Pesticides are used only after monitoring indicates
they are needed according to established guidelines, and treatments are made
with the goal of removing only the target organism. Pest control materials
are selected and applied in a manner that minimizes risks to human health,
beneficial and nontarget organisms, and the environment” (emphasis added)
(42).
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However, a U.S. General Accounting Office (GAO) Report states that
although the goal of implementing IPM on 75% of the nation’s crop acreage was
nearly achieved by 2000, “the implementation rate is a misleading indicator of the
progress made toward the original purpose of IPM — reducing chemical pesticide
use” (43). Recently, Hokkanen argued there is a “reality gap” between the theory
of ideal IPM, as promoted for more than 50 years, and the current reality in
mainstream pest management, which is pesticide intensive (44). In addition to the
gap between theory and practice, there can be a gap between the presentation of
IPM to the public as least pesticide use and to growers as best pest management.
In the U.S. GAO report, “a survey of 50 state IPM coordinators indicated that,
of the 45 respondents, 20 believed that the IPM initiative is primarily intended to
reduce pesticide use, 23 did not, and 2 were undecided” (43).

We argue that the IPM definition stated above ignores that different
“stakeholders” — the grower, the farmworkers, the community that lives near the
agricultural field, and those in the public that consume the food—bear different
costs and risks associated with either use or lack of use of a particular pesticide.
We also note that many standard pest management practices are not in accordance
with the above definition of IPM. For example, in California, fumigation of
strawberry fields is often used prophylactically. Indeed, fumigants have been
used to assure maximum yield (32). Moreover, whereas economic thresholds are
key components in models used to recommend applications for insect control,
economic thresholds are not a component of current models for plant disease.
That is, fungicide use is generally not driven by the presence of disease, but
by the perceived risk of disease or the consequences of disease that occurred
in previous years. Although agricultural scientists prefer to explain pesticide
use as a response to a pest or a pathogen, there are many social factors that can
encourage pesticide use (7, 2).

Here, using the PUR data, we present two examples in which older pesticides
have been replaced with newer pesticides. As indicated above, there have been
reductions in use of OP and carbamate insecticides; these have often been due
to a switch to either neonicotinoids (Figure 3) or pyrethroids. Neonicotinoid
applications in California fields increased from none in 1993 to 646 thousand kg
in 2015, with an average increase of 25 thousand kg per year (linear regression
R2=0.84). We note that the PUR does not include information on neonicotinoids
in seed treatments, which are widely used. (The lack of reporting is because
seed treatments with non-restricted materials are classified as an industrial rather
than an agricultural use.) We further note that prophylactic seed treatments are
not part of a classically-described IPM program (unless there is monitoring and
a demonstrated need); in addition, neonicotinoid seed treatments often do not
improve yield (45). While the causes of the current bee decline are complex,
the increased usage of neonicotinoids and perhaps other pesticides appear to be
involved (46—48).

The declines in the herbicides of regulatory concern that were shown in Table
2 were often accompanied by an increase in the use of glyphosate, with an average
increase in California between 1993 and 2015 of 141 thousand kg per year (linear
regression R2=0.91).
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Figure 3. Mass in thousands kg active ingredient of neonicotinoids, a relatively
new class of insecticides and miticides, applied in California in the field between
1993 and 2015, based on the California Department of Pesticide Regulation’s
Pesticide Use Reports. The mass of applied neonicotinoids does not include
the mass used for seed treatments. The mass shown is the sum of the activie
ingrendients of imidacloprid, acetamiprid, clothianidin, dinotefuran, nithiazine,
thiacloprid, and thiamethoxam; imidacloprid accounts for 8§8-100% of the mass,
depending on the year.

Newer pesticides that replace older materials often have lower application
rates than the older pesticides. This is possible because the newer pesticides are
toxic to the target organism at lower doses. To the extent that there is selective
toxicity, i.e., the newer pesticides at lower dose are less toxic to humans and other
unintended targets, a switch to a material used at a lower dose is advantageous
from a human-health/environmental perspective. We note that while we have
grouped pesticides with a similar mode of action and application rate (e.g.
organophosphates) here, we find it unwise to group all pesticides and examine
total mass applied. For example, sulfur, which has relatively low toxicity and
adverse environmental consequences, is used at relatively high rates. Thus if one
simply monitors mass of all pesticides, a switch from sulfur to say, myclobutanil,
to control powdery mildew of grapes, would result in a reduction in mass of
pesticide used, but not in a clear environmental/health advantage.

3.2. Selected Case Studies

3.2.1. Reductions in Organophosphates

In a 1994 review of IPM studies in the U.S, primarily in the 1970’s and
1980’s with a focus on insect control, Norton & Mullen (49) concluded, “The
picture that emerges from the farm-level evaluation of IPM benefits and costs
is one of generally lower pesticide use, production cost and risk, and higher net
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returns to producers”. This statement is in accordance with reductions shown in
Supplemental Figure 1 in (2).

There are some examples of declines in pesticide use in California that
have been associated with specific IPM outreach programs, particularly for
OP insecticides (50-53). The most pronounced cases involve situations in
which pesticide use had negative externalities for the growers. For example,
in the 1970’s, California pear growers were on a “pesticide treadmill,” with
ever-increasing pest control costs, pesticide resistance and pest resurgence (53).
Since then, a sustained, area-wide [PM program involving growers, the University
of California (UC) and the state government has resulted in better pest control
and reduced pesticide use and risk in pears.

Using PUR records in a way that allowed reconstruction of individual grower
practices between 1992 and 2000, Epstein and Bassein showed that the reductions
in OP use in stone fruit production were primarily due to replacement with
pyrethroids (2). However, in almonds, in which there was a more sustained UC
IPM education and extension program, more of the OP applications were replaced
with either no treatment (presumably due to monitoring and a decision not to treat)
or the use of a sustainable alternative: the biocontrol agent Bacillus thuringiensis
at bloom time, or oil without an insecticide during the dormant season.

3.2.2. Environmentally-Driven Models: Powdery Mildew on Grapes

As alluded to previously, the theory of IPM often fits into a framework for
insect control better than for either weed control, in which there is more constant
weed pressure, or for disease control, in which there may not be a safe threshold
of disease, i.c., treatments may have to be applied prophylactically. Regardless,
“best management practices” particularly for plant pathogens have often
included pesticide applications on a “calendar” basis. Recognizing that calendar
recommendations are typically made for conditions with the greatest disease
pressure, “environmentally driven models” have provided recommendations that
range from the maximum calendar applications during periods of high disease
pressure to a reduced number when conditions are such that there is less disease
pressure (54).

Epstein and Bassein used PUR data to show that grape growers had a diversity
of application programs for powdery mildew control and that on average, growers
were using less fungicide than recommended in the calendar application model (2).
As a result, if all growers started using the environmentally-driven model, there
would have been an overall increase in fungicide use in California, not a decrease.
Lybbert et al. and Sambucci and Lybbert demonstrated that in practice, growers
who were trained in use of the environmentally-driven powdery mildew model
actually increased, rather than decreased, their fungicide use in their vineyards (53,
56). Factors that resulted in increased use were: 1) when the estimate of disease
pressure (=powdery mildew index) increased, growers increased their pesticide
use to a greater extent than recommended, but when the disease pressure decreased,
they maintained their usual fungicide program; and 2) growers were reluctant
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to change frequency of applications, which involves rescheduling workers and
equipment.

In a broader analysis, Gent et al. argued that growers do not follow predictive
systems for disease control for multiple reasons, including that, unless there are
regulatory requirements, growers are not motivated to reduce their pesticide
use (57). Furthermore, pesticides are often used as insurance, and saving
the cost of a few pesticide applications is not worth the risk of diminishing
potential crop market value (58). Beckerman et al. argue that the focus on
funding and developing IPM grants and programs that reduce fungicide use
may have inadvertently contributed to the development of fungicide resistance,
particularly in the case of apple scab (59). In contrast, Jargensen et al. argue that
pesticide label maxima rates and the number of applications are set by fungicide
manufacturers and regulators to effectively control disease under the highest
discase pressure (60). They contend that optimizing the doses and the number of
applications will both reduce the pesticide load on the environment and slow the
evolution of fungicide resistance. In conclusion, the argument that if the public
supports the development of an environmentally-driven model, pesticide use will
be reduced, is not clearly supported by the evidence.

3.2.3. Currently Available Genetically Engineered (GE) Crops

Proponents of GE have emphasized that GE can reduce pesticide use and/or
risk. In theory, we agree. But in practice, the majority of GE crops that are
available now and that are in the biotechnology pipeline were developed for
herbicide tolerance (6/). In the U.S., compared to use pre-GE or on non-GE
cultivars, more herbicides (approximately 28%) were used on herbicide-tolerant
soybean, the same amount on cotton, and slightly (1.2%) less on corn (62, 63).
Consequently, herbicide tolerance is unlikely to decrease pesticide use per se.
In contrast, it can affect what herbicide is used, and it gives growers greater
flexibility in when those herbicides can be applied.

As expected, GE plants engineered to express B. thuringiensis (Bt) toxin
have resulted in decreased insecticide use in corn and cotton (64, 65). Based
on kg insecticide/ha, Perry et al. estmated that adopters of GE insect-resistant
corn applied 11% less insecticide than growers who did not plant GE corn.
Bt-corn controls the European corn borer, the corn rootworm, and the corn
earworm. Interestingly, use of Bf-corn in the U.S. has resulted in declines in
European corn borer populations (66), and in lower concentrations of fungal
mycotoxins produced by Fusarium spp. (67). The fusaria, and some Aspergillus
and Penicillium spp. that also produce toxins, are more likely to infect corn ears
with injuries from insect feeding.

4. Concluding Comments

In summary, the California Pesticide Use Reports are an extremely
valuable database for understanding agricultural pesticide use in our highly
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pesticide-dependent agricultural production areas. Usage of many of the older
pesticides, particularly the OPs and carbamates targeted by the U.S. FQPA, has
been significantly decreased. In theory, IPM and best management practices
could be used to reduce pesticide use and/or risk; and, with less pesticide applied,
farmers could have lower costs. In practice, farmers have more complicated
assessments of their own economic risks, and insufficient incentives to practice
IPM for the social benefit of the local community. This is not an argument to
decrease research into IPM. Indeed, the evidence is that more IPM research is
critical for sustained food production. Nonetheless, we argue that, as currently
practiced in the field, IPM is a better strategy for sustained pest control for
growers than for reduced pesticide use or risk for the public and/or environment.

Could IPM programs be more effective in reducing pesticide use or risk? Of
course! There are a few examples of extended educational efforts (5/-53), of
subsidies for area-wide mating disruption with pheromones (2), etc. We conclude
that if IPM is used as the policy to reduce pesticide use or risk, then more attention
needs to be given to identifying the circumstances that determine whether growers
will or will not adopt practices that will result in the desired reductions.
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