
Pesticides contribute to climate change throughout their 
lifecycle via manufacturing, packaging, transportation, 
application, and even through environmental degra-
dation and disposal. Importantly, 99% of all synthetic 
chemicals —including pesticides — are derived from 
fossil fuels, and several oil and gas companies play major 
roles in developing pesticide ingredients.1 Other chemi-
cal inputs in agriculture, such as nitrogen fertilizer, have 

rightly received significant attention due to their con-
tributions to greenhouse gas emissions. Yet research has 
shown that the manufacture of one kilogram of pesticide 
requires, on average, about 10 times more energy than 
one kilogram of nitrogen fertilizer.2, 3 Like nitrogen fertil-
izers, pesticides can also release greenhouse gas emissions 
after their application, with fumigant pesticides shown 
to increase nitrous oxide production in soils seven to 
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eight-fold.4, 5 Many pesticides also lead to the production 
of ground-level ozone, a greenhouse gas harmful to both 
humans and plants.6, 7, 8 Some pesticides, such as sulfuryl 
fluoride, are themselves powerful greenhouse gases, hav-
ing nearly 5,000 times the potency of carbon dioxide.9

Meanwhile, climate change impacts are expected to 
lead to increases in pesticide use, creating a vicious cycle 
between chemical dependency and intensifying climate 
change (see Figure 1). Research shows that declining 
efficacy of pesticides, coupled with increases in pest 
pressures associated with a changing climate, will likely 
increase synthetic pesticide use in conventional agricul-
ture.10 An increase in pesticide use will lead to greater 
resistance to herbicides and insecticides in weeds and 
insect pests, while also harming public health and the 
environment. The effects of higher synthetic pesticide 
use will disproportionately impact populations already 
under stress from a wide range of climate change effects, 
such as extreme heat and wildfire smoke. The com-
pounded effects of climate change and pesticide use 
primarily fall on the shoulders of people of color— a 
climate and racial injustice.11, 12, 13, 14, 15

Adoption of alternative agricultural systems such as 
agroecological farming minimizes or eliminates syn-
thetic pesticide use while increasing the resilience of our 
agricultural systems to better withstand climate change 
impacts.16, 17, 18 Agroecology is a way of farming rooted 
in social justice that focuses on working with nature 
rather than against it. It relies on ecological principles 
for pest management, minimizing the use of synthetic 
pesticides, while prioritizing the decision-making power 
of farmers and agricultural workers. Agroecology and 
diversified organic agriculture, when paired with social 
justice principles, have been shown to have significant 
climate benefits, while supporting the health and rights 
of agricultural workers, Indigenous Peoples and rural 
communities.

Decisive action is required to reduce agrochemicals’ 
contribution to greenhouse gas emissions and improve 
the climate resilience of food and farming systems. To 
accomplish this, policymakers should:

•	 Establish measurable goals in climate policies to reduce 
synthetic pesticide use in agriculture;

•	 Promote the transition to biodiverse, agroecological 
food and farming systems, such as by establishing and 
funding programs that provide increased technical 
assistance and incentives to farmers to adopt or con-
tinue these farming practices; and

•	 In line with international law, adopt regulations 
that uphold and promote the rights of groups most 
impacted by synthetic pesticide use.

Transitioning our agricultural systems to those that uplift 
ecological and social justice principles will not only help 
mitigate climate change, but also reduce the negative 
health impacts of industrial agriculture. While the work 
toward future policy and practice change continues, we 
can collectively support the advocacy work of impacted 
communities and organizations fighting for more equita-
ble and sustainable food and farming systems right now.

Figure 1. 
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Geographic Geographic 
AreaArea PesticidePesticide 2005 tonnes2005 tonnes 2020 tonnes2020 tonnes

% % 
increased increased 

changechange

USAUSA Pesticides (total)Pesticides (total) 388,275388,275 407,779407,779 5.05.0

USAUSA HerbicidesHerbicides 190,509190,509 255,826255,826 34.334.3

USAUSA InsecticidesInsecticides 61,68961,689 65,77165,771 6.66.6

USAUSA
Fungicides and Fungicides and 

BactericidesBactericides 22,68022,680 24,04024,040 6.06.0

WorldWorld Pesticides (total)Pesticides (total) 2,280,6262,280,626 2,661,1242,661,124 16.716.7

WorldWorld HerbicidesHerbicides 1,043,2231,043,223 1,397,4651,397,465 34.034.0

WorldWorld InsecticidesInsecticides 470,360470,360 471,238471,238 0.20.2

WorldWorld
Fungicides and Fungicides and 

BactericidesBactericides 529,860529,860 605,986605,986 14.414.4

Introduction 
Agricultural policies and export-focused agriculture 
continue to aggressively promote the production of 
chemical-intensive commodity crops. Commodity 
crops are those produced primarily for trade in large-
scale international markets, such as corn, rice, soybeans, 
wheat and cotton. These crops are among those with 
the greatest use of pesticides and fertilizers in the U.S. 
and globally.24, 25 The United Nations Food and Agri-
culture Organization reported global pesticide use in 
2020 at about 2.7 million tonnes (5.9 billion pounds) of 
pesticide active ingredients, with herbicide use at about 
1.4 million tonnes (3.1 billion pounds), fungicides and 
bactericides at 0.6 million tonnes (1.3 billion pounds), 
and insecticides at 0.5 million tonnes (1 billion pounds) 
(see Table 1). Pesticide active ingredients are the chem-
icals in a pesticide formulation meant to control the 
target pest, while pesticide inert ingredients help the 
overall performance of the pesticide. Only pesticide 
active ingredients must legally be publicly disclosed 

Pesticides: The foundation  
of industrial agriculture
In modern industrial agriculture, farm operations are 
viewed as ecologically simplified systems with highly 
controlled and monetized inputs (pesticides, fertilizers 
and seeds) and outputs (crops). In the absence of highly 
diverse and vigorous plant and soil ecosystems that 
provide necessary crop nutrients and natural controls 
of pests and diseases, these “conventional” agricultural 
systems rely on regular inputs of synthetic pesticides and 
fertilizers.19, 20 The primary objective of conventional 
agriculture is to maximize short-term profits through 
increased yields and sales while minimizing internal costs 
(e.g. labor) and ignoring external costs.21, 22 The most 
obvious external costs ignored by industrial agriculture 
are associated with human health impacts15, 16 and the 
degradation of ecosystem services such as clean air, water 
and healthy soil.23 

Table 1. Pesticide use in 2005 and 2020. Source: Food and Agriculture Organization of the United 
Nations. FAOSTAT Online Database. https://www.fao.org/faostat/en/#data/RP. Accessed on Sept. 7, 2022.  

Note: The totals also include pesticide groups not listed, such as mineral oils and rodenticides. Not all 
countries provide data for all pesticide groups in the FAO database. 
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on pesticide labels. Inert ingredients are considered 
company proprietary information, even though many 
are toxic chemicals.26 As Table 1 displays, while the use 
of pesticides overall increased 17% between 2005 and 
2020, herbicide use increased 34%,27 with China, the 
U.S., Argentina, Thailand and Brazil as the top pesticide 
consumers.25 These pesticide use estimates likely underes-
timate actual use significantly because pesticides applied 
as seed treatments are commonly used in the U.S. but are 
not regulated or included in the UN Food and Agricul-
ture database.28, 29, 30, 31

California uses over 200 million pounds (almost 
91 thousand tonnes) per year of pesticide active ingre-
dients, or 18% of the pesticides used in the United 
States.32 While the state produces relatively few com-
modity crops, it produces over a third of the country’s 
vegetables and two-thirds of the country’s fruits and 
nuts.33 The top crops for pesticide use include almonds, 
grapes, tomatoes, strawberries and oranges.32 The pesti-
cide application rate on California cropland is about 4.5 
times the national average.12 Higher application rates are 
driven primarily by the higher value of fruits and vegeta-
bles (compared to major U.S. commodity crops), which 
could result in significant profit losses if crop damage 
from pests were to occur.34 The synthetic pesticides used 
in the greatest volume in California are fumigants and 
the herbicide glyphosate.32 Fumigant pesticides are gas-
eous pesticides applied to soil to control soil-borne pests 
and diseases. Despite high rates of agricultural produc-
tion (and synthetic pesticide use), many agricultural 
counties in California report the highest rates of food 
insecurity and poverty in the state, which particularly 
affects Latinx children.35

While the use of genetically-engineered (GE) crops is 
often touted as a tool for pesticide reduction,36 scien-
tific research shows the opposite to be true.37 GE crops 
are often crops that have been genetically modified to 
be resistant to a specific pesticide, so that farmers may 
apply the pesticide and kill or control surrounding pests 
without damaging their crop. However, the widespread 
adoption of GE crops has led to the emergence of her-
bicide-resistant weeds, causing farmers to apply more 
herbicides.37 For instance, in the United States, the intro-
duction and widespread planting of herbicide-resistant 
crops led to an increase of 527 million pounds (239,000 
tonnes) of herbicide use from 1996–2011, and caused an 
overall 7% increase of herbicides and insecticides.37 The 
use of glyphosate (the active ingredient in Roundup —

often applied to genetically engineered Roundup-tol-
erant crops) in the U.S. increased 300-fold between 
1974 and 2014 to 250 million pounds (113,400 tonnes) 
accounting for about 19% of global sales.38 Despite 
decades-long use of GE cotton designed explicitly to 
reduce insecticide use, cotton is one of the world’s most 
pesticide-intensive crops.39 Cotton production occupies 
2.4% of the world’s agricultural land but uses 4.7% of 
the world’s pesticides, and specifically 10% of the world’s 
insecticides.40 This increasingly high use of pesticides 
negatively impacts both the environment and human 
health.

The human and biodiversity 
impacts of pesticides use
Health impacts from exposure to hazardous pesticides 
include both acute illnesses such as skin rashes, gastro-in-
testinal and respiratory illnesses, and central nervous 
system problems.41, 42 In addition, pesticide exposure is 
associated with many chronic diseases including cancers, 
reproductive and developmental disorders and long-term 
neurological dysfunction.43 A recent review of acute 
pesticide poisoning cases in 141 countries estimated that 
about 385 million cases of unintentional, acute pesticide 

Research shows that intentional diversity in cropping systems can provide natural 
pest control, improve soil health, decrease weed biomass, attract beneficial 
organisms, and improve overall production.
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poisoning occur annually worldwide, including around 
11,000 fatalities.15 Based on a global farming population 
of approximately 860 million, this means that about 44% 
of farmers are poisoned by pesticides every year.15 

In addition to farmers, those most directly affected by 
the use of hazardous pesticides in agriculture include 
agricultural workers, residents of rural communities, and 
residents in communities where pesticides are produced 
and where pesticide wastes are dumped.11, 44, 45, 46 In the 
U.S., people living in these pesticide-impacted commu-
nities are disproportionately low-income and people of 
color.11 These communities experience acute pesticide 
poisonings, chronic health effects like cancer, and devel-
opmental harms, including serious learning disabilities 
among children.15, 47, 48 In these communities, the primary 
routes of exposure are contaminated air and water.49, 50 
For people not living and working in high-risk commu-
nities, the primary routes of exposure to hazardous pesti-
cides are the food they eat and the water they drink.51, 52 
Because children eat, drink and breathe more per pound 
than adults, and because their bodies are actively devel-
oping, they are particularly vulnerable to pesticides in 
their environments and in their food.48, 53 

For farmworkers, primary routes of exposure are from 
pesticides in the air, contact with pesticide residues on 
crops, or when mixing, loading or applying pesticides.54 
The effects of exposure are exacerbated by effects of 
climate change such as high heat, which leads to heat 
stress and makes the human body more susceptible to 
pesticides, increasing the risk of long and short-term 
health effects.12 In hot weather, agricultural workers are 
faced with the tradeoff between increased heat stress 
from wearing gear to protect themselves from pesticides 
and not using protective gear to lower their body tem-
perature.55 In addition to harsh working conditions, 
farmworkers also routinely experience inadequate access 
to healthcare.56 Because of their residence in agricultural 
communities, together with their enhanced susceptibil-
ity, farmworker children suffer some of the most severe 
health impacts from agricultural pesticide use.48 

Pesticides also harm the biodiversity that our agricultural 
systems and natural world depend upon. They have been 
long known to directly poison or lead to population 
declines of birds, mammals, amphibians and beneficial 
plant and insect species.57 They are now widely recog-
nized to be among the top drivers of biodiversity losses 
worldwide.58, 59 Neonicotinoids, a type of insecticide, 

have received public attention due to their significant 
harm to pollinators, like honey bees.60, 61 Honey bees play 
essential roles in pollinating agricultural crops, and are 
responsible for about $15 billion in added crop value in 
the U.S. per year.62 Pesticides also have profound effects 
on soil macro- and micro- fauna, which in turn impact 
the long-term structure and function of agricultural 
soil.63 For example, the use of insecticides and other 
pesticides can result in the death of soil invertebrates like 
earthworms.64 Soil invertebrates are crucial in creating 
structure and aeration in soils and in preventing soil 
compaction, roles that help soil retain water and perform 
other desirable functions.64 

Climate policy ignores synthetic 
pesticides
Globally, food systems account for over one-third of 
all greenhouse gas (GHG) emissions, with 31% of that 
from agricultural production, including the production 
of associated inputs like pesticides.65 While agriculture’s 
contributions to climate change are increasingly recog-
nized in public policy, there are two glaring issues with 
current approaches to the problem. First, the role of pes-
ticides in GHG emissions is infrequently addressed, and 
farming solutions like agroecology that would reduce 
their impact are rarely considered. For example, certain 
practices labeled climate-smart, such as no-till, often rely 
heavily on synthetic herbicides to control weeds on con-
ventional farms and can lead to increased weed resistance 
to herbicides.66 Second, many proposed solutions would 
not result in meaningful GHG emission reductions, or 
would further exacerbate inequities in food and farming.

An example of a false solution is precision agriculture, 
which promises to reduce the use of petroleum-de-
rived pesticides and fertilizers by using computer-aided 
technologies to more accurately determine need (pest 
presence) and then more accurately apply pesticides 
to intended targets.67 However, precision agriculture 
maintains a system dependent upon chemical and 
energy-intensive technologies and materials, while 
diverting attention from and investment in more effec-
tive climate-friendly strategies in agriculture that have 
additional social and public health co-benefits, such 
as agroecology. Precision agriculture also increases the 
power and control of agrochemical companies, many of 
which own the precision agriculture platforms and the 
data inputted by farmers.68 
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Another flawed solution, carbon markets, allows 
agribusinesses or farmers to sell carbon credits to cor-
porations to “offset” continued greenhouse gas emis-
sions —perpetuating reliance on fossil fuels. Carbon 
markets have a poor track record in terms of long-term 
climate mitigation, and have been shown to worsen eco-
nomic and racial disparities.69 

In contrast, farming systems that do not rely on use of 
synthetic pesticides, such as those based on agroecologi-
cal principles or diversified organic farming, can reduce 
GHG emissions and increase carbon sequestration.70, 71, 72 
They also increase farm resilience to climate change and 
pests by enhancing many ecosystem services such as 
water quality and water availability to crops, soil health, 
crop resilience to pests and disease, and greater pollina-

tor and natural pest control resources.73 Utilizing eco-
logical pest and crop management practices reduces the 
need for petroleum-derived pesticides and fertilizers,74 

and therefore reduces associated emissions of greenhouse 
gases. Public policy should support demonstrably effec-
tive, ecologically based practices that mitigate climate 
change while also making farms and rural communities 
more resilient as climate conditions change.69 Beyond 
practice change, ultimately a societal transformation of 
agricultural systems is urgently needed to avert further 
exacerbation of today’s climate, food and biodiversity 
crises. International experts agree that, unlike incremen-
talist tweaks that leave a fundamentally fossil-fuel depen-
dent system in place, agroecology offers a transformative 
approach.17 

Impacts of Climate Change on Pests and Pesticide Use
Scientists expect climate change to dramatically alter 
how toxic chemicals like synthetic pesticides are used, 
adversely impacting the environment and public health. 
Research detailed below shows that the effects of our 
changing climate will likely lead farmers to increase the 
use of synthetic pesticides unless we begin to transition 
toward safer forms of agriculture that use smaller-scale, 
diversified agroecological practices.

How agricultural pests will respond 
to climate change
Climate change is expected to have variable effects 
on agricultural pests, depending on regional climatic 
changes, type of cropping systems and type of pest.75 
Pressure from agricultural pests —including insects, 
other animals, weeds and diseases that impact crop 
productivity— can increase or decrease depending on 
regional climatic shifts, such as changes in precipitation 
and temperature. 

The latest science demonstrates that in the era of rising 
temperatures, crop resilience (the crops’ ability to with-
stand external forces, such as climate impacts or pests) 
is decreasing on farms, making crops more vulnerable to 
pests generally. Heat stress and changing rainfall patterns 
both decrease crop resilience to pests.76 Drought condi-
tions in particular, which are expected to worsen in many 
regions, can weaken plants’ natural defenses against pests, 

and changes in plant biology due to drought may attract 
pests.77 Insects can sense changes that indicate plants are 
more vulnerable, such as higher plant surface tempera-
tures, leaf yellowing, biochemical changes, and possibly 
even the sound waves produced when water columns in 
plant tissue break apart due to water stress.78 Given that 
80% of the world’s cropland is rainfed, global crop yield 
is highly susceptible to changes in rain patterns79 and the 
increased pest pressures that can accompany changes in 
precipitation.  

In addition to decreasing crop resilience, higher global 
temperatures will likely stimulate a general increase in 
the rate of insect development and population growth 
in certain regions, such as the U.S. Midwest.76 Rising 
temperatures and shifts in moisture levels can increase or 
shift insect pests’ geographic range and their ability to 
survive through the winter.77 Researchers have predicted 
that rising CO2 and temperature will accelerate insect 
pests’ metabolism and consumption, ultimately leading 
to declining crop yields.80 

Scientists predict climate change will negatively affect 
certain natural enemies of insect pests (also referred to 
as beneficials), further increasing crops’ susceptibility to 
insect pest damage. For instance, climate change could 
cause insect pests to migrate to new areas where their 
natural enemies may be unable to follow, or the synchro-
nization between the life cycles of pests and their natural 
enemies may be disrupted.81, 82 Pesticide applications are 
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known to be harmful to beneficial organisms that con-
trol pest populations, and predicted increases in pesti-
cide applications would further reduce these beneficial 
populations. Specific impacts of a changing climate on 
these interactions between pests and beneficials are often 
regional- and cropping system-dependent.

Researchers have also predicted that changing envi-
ronmental conditions, such as CO2 and temperature 
increases, will likely increase weed pressures in cultivated 
crops. Weeds are more likely to be resilient and better 
adapted to climate change effects than cultivated crops 
because they have more diversity in their gene pool and 
greater ability to physiologically acclimate to different 
environmental conditions.83 Climate change is also antic-
ipated to introduce weeds to new regions and shift the 
composition of regional weed species, particularly favor-
ing invasive species.84 Expected increases in herbicide 
applications would also increase the prevalence of herbi-
cide-resistant weeds.84 These factors suggest that weeds 
will have an increased ability to outcompete agricultural 
crops in many regions, leading to declining yields.85

Researchers find certain climatic changes affect different 
pests in different ways. For instance, smaller pests, such 
as aphids, mites or whiteflies, can be washed away during 
intense precipitation.86 In areas that might experience 
more periods of prolonged precipitation, plant fungal 
and bacterial diseases are likely to become more com-
mon.75 Therefore, specific regional climatic impacts will 
have a significant influence on which pests become more 
prevalent, and more comprehensive research is needed to 
predict effects for each specific region, 
crop and pests. However, certain agri-
cultural system shifts, like diversifying 
our agricultural systems, could serve as 
universal solutions since they increase 
ecosystem resilience and therefore 
agricultural resilience to climate 
change, regardless of region.87

What does this mean 
for pesticide use under 
climate change?
The latest science reveals that cli-
mate change will likely increase the 
movement of pesticides away from 
their intended targets, polluting the 

environment and endangering public health. Increased 
temperatures are anticipated to result in more pesti-
cide volatilization (when pesticides transform into a 
gas)—meaning more pesticides will end up in our air, 
rather than on their application target.88 Volatilization 
is a key source of pesticide drift, which can cause pesti-
cide poisoning for anyone exposed to the toxic vapor.89 
An increase in severe rain events is expected to increase 
pesticide loss to our waterways, with one study show-
ing concentrations of pesticides in waterways to be 
84–2100% higher after 100-year storms as compared to 
two-year storms.90

Climate change is also expected to affect pesticide deg-
radation, or the process by which pesticides break down 
in the environment. The breakdown products of the 
pesticide degradation process can either be less toxic 
or at times more toxic than the original product.91, 92 
Researchers anticipate that certain climate change effects 
will cause faster pesticide degradation, meaning pesti-
cides will break down faster and become less effective 
over time. For instance, increasing soil temperatures 
have been linked to reduced duration of weed control 
by herbicides because of faster degradation. In contrast, 
low soil moisture has been linked to slower degrada-
tion of herbicides.93 However, overall, faster pesticide 
degradation is expected, likely leading to more frequent 
pesticide applications at higher application rates.10 These 
combined factors are expected to contribute to a likely 
increase (both in volume and frequency) of pesticide use 
across a variety of products.94 
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Greenhouse Gas Emissions of Pesticides 
In recent decades, the greenhouse gas emissions and 
other negative environmental impacts of synthetic nitro-
gen fertilizers have garnered a great deal of attention.95, 96 

Although more nitrogen fertilizers are used in agricul-
ture than pesticides, comparatively little attention has 
been directed toward the greenhouse gas emissions that 
result from pesticide production and use. This is despite 
evidence that manufacturing one kilogram of pesticide 
active ingredient requires, on average, about 10 times 
more energy than one kilogram of nitrogen fertilizer.2, 3 

As nations seek to mitigate climate change and develop 
more sustainable agricultural systems, it is crucial to 
measure and reduce the GHG emissions associated with 
pesticide use. 

Current scientific literature is divided into two focus 
areas for GHG emissions of pesticides. Some studies 
focus on the emissions that result from the production, 
transportation, and field application of pesticides, and 
other studies focus on the short- and long-term GHG 
emissions that result from pesticides’ interactions with 
the environment after application. Virtually no stud-
ies calculate the GHG emissions of pesticide use over 
the full life cycle of the chemicals, which likely causes 
underestimates of true emissions. Research to date also 
omits the emissions associated with pesticide waste, 
such as obsolete stockpiles (stockpiles of pesticides that 
have expired, been made illegal to use or are otherwise 
unwanted) and their disposal through burning and other 
methods —practices common in parts of the Global 
South.

GHG emissions associated 
with pesticide production, 
transportation, and field application
The greenhouse gas emissions associated with the pro-
duction, transportation, and application of pesticides are 
linked to fossil fuel consumption during these processes. 
Importantly, 99% of all synthetic chemicals —including 
pesticides — are derived from fossil fuels, and several oil 
and gas companies play major roles in developing pes-
ticide ingredients.1 Since World War II, pesticides have 
typically been synthesized from petroleum or petroleum 
by-products.97 ExxonMobil, ChevronPhillips Chemical 
and Shell all produce pesticides or their chemical pre-
cursors.1 Many pesticides are also coated in microplas-

tics, which are derived from fossil fuels, to ensure more 
controlled release of the product.98 Multiple pesticide 
corporations self-report high CO2 equivalent emissions 
(CO2e) related to their operations. For instance, 9.8 mil-
lion tonnes of CO2e directly or indirectly resulted from 
Syngenta’s operations in 2021.99 This is equivalent to the 
annual carbon dioxide emissions of more than 2 million 
passenger vehicles.100 Bayer’s Crop Science Division, 
responsible for their pesticide operations, reported that 
their direct emissions totaled about 2.7 million tonnes of 
CO2e in 2021.101 The company also stated that 8.94 mil-
lion tonnes of CO2e emissions were linked indirectly to 
the company’s value chain in 2021, though it did not 
specify how much of those emissions were related to 
their Crop Science division.101 

Although more updated research is needed, researchers 
have calculated the energy use associated with the pro-
duction of specific pesticides, which can then be used to 
estimate CO2e emissions. The production of herbicides 
creates between 18.22 and 26.63 kilograms of CO2e 
per kilogram produced on average.2 The production of 
insecticides creates between 14.79 and 18.91 kilograms 
CO2e per kilogram and the production of fungicides 
creates between 11.94 and 29.19 kilograms CO2e per 
kilogram on average.2 The GHG emissions of glypho-
sate, the world’s most popular herbicide, produces 31.29 
kilograms of CO2e per kilogram while other pesticides 
produce greater than 40 kilograms CO2e per kilogram.2 
To put this in perspective, the energy used to produce 
the amount of glyphosate used globally in 2014 equals 
the energy needed to fuel about 6.25 million cars for one 
year.102 
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These estimates of GHG emissions by pesticides only fac-
tor in the energy used to produce the active ingredients. 
A true estimate must also include the energy needed to 
formulate the pesticide products and manufacture the 
inert ingredients, which can make up the majority of 
a product. For instance, inert ingredients make up as 
much as 50–75% of glyphosate products.103 More than 
500 of these so-called inert ingredients have been or are 
currently used as active ingredients, yet due to propri-
etary protections, the identification and volume of these 
ingredients are kept secret from the public,26 making it 
impossible to calculate energy requirements for the man-
ufacture of pesticide products in their entirety.  

The transportation and application processes add to the 
GHG emissions associated with pesticide use. The far-
ther a pesticide must travel to reach its application site 
and the more times per season that a pesticide is applied, 
the greater the pesticide use emissions. Pesticide trans-
portation and application produce fewer emissions than 
pesticide manufacturing, but research shows these emis-
sions are still significant.104 

Short- and long-term GHG emissions 
post-pesticide application
GHG emissions that result from pesticide use are not 
limited to the emissions involved in pesticide manu-
facturing, transportation and application. Additional 
emissions result from the release of the pesticide into the 
environment and the pesticide’s subsequent interactions 
with organisms in the soil and with the atmosphere, both 
in the short- and long-term.

Some pesticides are themselves greenhouse gases. The 
fumigant sulfuryl fluoride (used to fumigate commod-
ities during transport and storage), is a powerful green-
house gas. Emitting just one ton (0.91 tonnes) of sulfuryl 
fluoride is the equivalent of emitting 4,780 tons (4,336 
tonnes) of CO2.9, 105 Meanwhile, other pesticides interact 
with the environment to produce greenhouse gases in 
a variety of ways. Since often less than 0.1% of applied 
pesticides reach their target,106 with the rest ending up 
on plant leaves, in the soil, in water, or in the air,107 the 
implications for GHG emissions of these pesticides’ fate 
(their off-target movement) in the environment is signif-
icant.

Pesticide application can produce greenhouse gases by 
emitting volatile organic compounds (VOCs). VOCs 

are compounds that easily volatilize into gases that react 
with nitrogen oxides (NOx) and UV rays to produce 
ground-level ozone.108, 109 Ground-level, or tropospheric 
ozone is a significant greenhouse gas that causes respi-
ratory problems in people7 and, according to the U.S. 
Department of Agriculture, causes more damage to 
plants than all other air pollutants combined.8 Studies 
have found that as much as 80 to 90% of applied pesti-
cides may volatilize within a few days of application.110, 111 
Fumigant pesticides are typically associated with the 
most VOC emissions.6 However, many other pesticides 
produce VOCs as well. Monitoring in California’s San 
Joaquin Valley has shown that 76% of pesticide VOC 
emissions are from non-fumigant pesticides.112 

While the adverse effects of physical soil disturbances 
such as intensive tillage on soil micro- and macro-organ-
isms has been widely researched and documented, far 
fewer studies have focused on the impacts of chemical 
disturbances such as pesticides and herbicides on soil life.  
However, studies to date indicate that long-term pesti-
cide use has serious impacts on soil health. Many differ-
ent pesticides have negative effects on beneficial bacteria 
and fungi in the soil.113 These soil microbial and fungal 
communities play a crucial role in soil carbon sequestra-
tion.114 Research indicates soil microbes are responsible 
for producing the most stable forms of soil organic car-
bon that will remain in the soil for long periods of time.69 
Soil microorganisms serve a number of other important 
functions, such as building healthy soil and by extension 
healthy crops, and increasing crop resilience.115 They 
also regulate carbon and nitrogen cycles that control 
emissions of carbon dioxide, methane and nitrous oxide 
(N2O).116

When researchers studied the effects of soil fumigants 
on N2O emissions, they found that the use of chloro-
picrin— a commonly used fumigant— could increase 
N2O production seven to eight fold.5 Nitrous oxide is 
a greenhouse gas 300 times more potent than carbon 
dioxide. Similar effects on nitrous oxide production 
have been documented after application of other pesti-
cides and these effects were evident even after 48 days 
for some applications.117, 118 Researchers have suggested 
that the large N2O emissions associated with certain 
pesticide applications may be a result of impacts on soil 
microbes.117, 118 Thus, pesticide use can increase GHG 
emissions, while negatively impacting soil microbial 
activity and soil health.



10	 Pesticides and Climate Change: A Vicious Cycle	 PAN North America

Solutions: From Vicious to Vivacious Cycle
Current conventional agricultural systems reliant on 
synthetic chemicals compromise the integrity and func-
tion of the agroecosystem and its ability to support 
vigorous, pest-resistant crops. These systems necessitate 
continual soil disturbance and frequent application of 
pesticides and fertilizers — a vicious cycle of ecosystem 
destruction.

In contrast, highly diverse, agroecological cropping sys-
tems can build healthy soil and above-ground ecosystems 
that supply nutrients and natural pest control without 
added synthetic chemicals16— a vivacious cycle of 
nutrients and pest prevention. 

We’ve seen growing and widespread high-level support 
for replacing the currently dominant chemical-input 
approach to agriculture with a biological approach. 
A number of United Nations agencies and high-level 
expert reports have recognized the need for agroecol-
ogy.17, 119, 120, 121 These evolving perspectives have been 
informed by decades of research and millennia of Indige-
nous Peoples’ and farmers’ practices using agroecological 
approaches that have shown multiple benefits. Bene-
fits include improved yields, greater profitability and 
increased gender equity.16 Agroecological farming is also 
more resilient to climate change effects122, 123 and miti-
gates climate change.124 Additional benefits of agroeco-
logical farming include better public health, improved 
food security and sovereignty, and enhanced biodiversity 
and social benefits, such as better cooperation between 
farmers and communities.16, 125, 126

However, many structural barriers exist that prevent 
farmers from transitioning to agroecological, diversi-
fied farming practices. These barriers must be addressed 
through government policies that support more secure 
land tenure, better access to capital during transition, 
and market incentives.127, 128 A full list of policy recom-
mendations can be found below.

Call to Action
Governmental and collective action must be taken in 
order to avoid the worst effects of today’s climate cri-
sis on our food and farming systems. Decisive action 
is urgently required to mitigate climate change and 
strengthen climate resilience. Significant reductions in 
use of and reliance on synthetic pesticides, combined 
with transitions to least-toxic, diversified agroecological 
farming can help us reach these necessary goals.

We recommend the following priority actions: 

1.	 Governmental policies addressing climate change 
must include synthetic pesticide use reduction targets 

as a key strategy in order to mitigate and adapt to 
climate change as well as achieve climate justice.

	 These targets should include meaningful, measurable, 
and legally binding commitments to:

a.	 Reduce synthetic pesticide use by 50% by 2030 
(in line with the European Union’s Farm to Fork 
Strategy) and by 90% by 2050; 

b.	 Reduce pesticide toxicity by 50% by 2030 and by 
90% by 2050. Reducing pesticides’ level of toxicity 
to the human body and environment is a critical 
goal to avoid incentivizing pesticides that can be 
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applied at lower rates, but pose higher levels of 
toxicity; 129 

c.	 Phase out highly hazardous pesticide (HHP) use 
by 2030. 130 The use of HHPs result in dispropor-
tionately higher harm to public health and the 
environment, and therefore must be phased out on 
an expedited timeline; and

d.	 Transition 30% of total agricultural acreage to 
agroecology or diversified organic agriculture by 
2030, similar to the EU’s Farm to Fork Strategy.

Without measurable targets as guideposts to governmen-
tal action, policies could result in government spending 
without achieving meaningful reductions in use of 
synthetic pesticides generally, and highly hazardous 
pesticides in particular. We also recognize that countries 
around the world have a range of agricultural systems 
and pest management practices, and recommend that 
these goals be tailored to regional considerations in ways 
that prioritize the health and wellbeing of rural commu-
nities, Indigenous Peoples, workers, and other histori-
cally oppressed populations.

2.	 Governments must significantly increase public 
investment in farmer-centered participatory research 
and technical assistance, and direct financial support 
to enable farmers to transition to agroecological 
approaches. Public investments should:

a.	 Increase knowledge-sharing opportunities for 
farmers and agricultural workers to share their 
expertise and learn more about agroecological 
farm management practices;

b.	 Expand the capacity and quality of technical assis-
tance providers in providing relevant support to 
farmers —both those practicing ecological farm-
ing, as well as those seeking to transition to an 
agroecological approach;

c.	 Direct financial assistance, especially to small-scale 
farmers and farmers of color, to adopt or continue 
agroecological farm management practices; and

d.	 Increase government procurement programs that 
incentivize the market growth of products grown 
on agroecological or diversified organic farms.

3.	 Governments must adopt policies that support the 
rights of agricultural workers and other historically 
oppressed groups.

	 Policies should support alternative agricultural sys-
tems like agroecology or diversified organic agricul-
ture where decision-making power is held by those 
most affected by synthetic pesticide use and exploit-
ative farming practices, such as farmers of color, 
small-scale farmers, farmworkers, environmental 
justice communities and Indigenous Peoples. If these 
communities’ rights to land, clean air and water, safe 
working conditions and healthy food were respected 
by decision-makers, we would not have the chemi-
cal-laden, industrial agricultural system we see today. 
Recommended policies to ensure fulfillment of the 
rights of these groups include policies that:

a.	 Protect workers’ rights to health, safety and a living 
wage; outlaw and prevent abusive and harmful 
working conditions; grant an immediate pathway 
to citizenship for agricultural workers; and protect 
their right to freedom of association (the ability to 
unionize and vote anonymously);

b.	 Ensure secure land access and ownership for the 
groups mentioned above, all of whom have histori-
cally been denied land ownership rights, including 
through reparations or land back*; and that 

c.	 Support the leadership and agency of those most 
impacted by synthetic pesticide use to define and 
build solutions.

Collective Action
History has shown us how much more power we have 
when we act collectively rather than individually. We rec-
ommend that individuals join collective movements that 
support the rights of small-scale farmers, farmworkers, 
Indigenous Peoples and environmental justice communi-
ties to make decisions about the land that they steward. 

Individuals can participate in collective action with PAN 
and other organizations and social movements fighting 
to support these rights and pass agricultural policies 
that minimize synthetic pesticide use and its associated 
harms. 

Together, we have the power to transform agriculture 
and achieve social, environmental and climate justice.

*	Land back is a movement led by Indigenous Peoples to uphold their sovereignty 
and return land back to the people who occupied it before colonization.



12	 Pesticides and Climate Change: A Vicious Cycle	 PAN North America

1	 Drugmand, D., Feit, S., Fuhr, L., & 
Muffett, C. (2022). Fossils, Fertilizers, 
and False Solutions: How Laundering 
Fossil Fuels in Agrochemicals Puts 
the Climate and the Planet at Risk. 
The Center for International Law. 
https://www.ciel.org/wp-content/
uploads/2022/10/Fossils-Fertilizers-
and-False-Solutions.pdf. 

2	 Audsley, E., Stacey, K. F., Parsons, D. J., 
& Williams, A. G. (2009). Estimation 
of the greenhouse gas emissions from 
agricultural pesticide manufacture and 
use. Cranfield University.

3	 Ahlgren, S., Baky, A., Bernesson, 
S., Nordberg, Å., Norén, O., & 
Hansson, P. A. (2008). Ammonium 
nitrate fertiliser production based on 
biomass–environmental effects from 
a life cycle perspective. Bioresource 
Technology, 99(17), 8034-8041. 
Note: Calculation is based on 
comparing Audsley et al. 2009 
calculation in Table 1 of 370 MJ/kg 
pesticide active ingredient to Ahlgren 
et al. 2008’s 35.14 MJ/kg nitrogen for 
commonly used fertilizers produced 
conventionally using natural gas.

4	 U.S. Environmental Protection Agency. 
(2022). Overview of Greenhouse Gases. 
https://www.epa.gov/ghgemissions/
overview-greenhouse-gases - nitrous-
oxide. 

5	 Spokas, K., & Wang, D. (2003). 
Stimulation of nitrous oxide production 
resulted from soil fumigation 
with chloropicrin. Atmospheric 
Environment, 37(25), 3501-3507.

6	 Marty, M., Spurlock, F., & Barry, T. 
(2010). Volatile organic compounds 
from pesticide application and 
contribution to tropospheric ozone. In 
Hayes’ Handbook of Pesticide Toxicology 
(pp. 571-585). Academic Press.

7	 U.S. Environmental Protection Agency. 
(2022). Health Effects of Ozone 
Pollution. https://www.epa.gov/
ground-level-ozone-pollution/health-
effects-ozone-pollution. 

8	 Agricultural Research Service, U.S. 
Department of Agriculture. (2016). 
Effects of Ozone Air Pollution 
on Plants. https://www.ars.usda.
gov/southeast-area/raleigh-nc/
plant-science-research/docs/climate-
changeair-quality-laboratory/ozone-
effects-on-plants/.

9	 Mühle, J., Huang, J., Weiss, R. F., Prinn, 
R. G., Miller, B. R., Salameh, P. K., ... 
& Simmonds, P. G. (2009). Sulfuryl 
fluoride in the global atmosphere. 
Journal of Geophysical Research: 
Atmospheres, 114(D5). 

10	 Choudhury, P. P., & Saha, S. (2020). 
Dynamics of pesticides under changing 
climatic scenario. Environmental 
Monitoring and Assessment, 192(1), 1-3.

11	 Donley, N., Bullard, R. D., Economos, 
J., Figueroa, I., Lee, J., Liebman, A. 
K., ... & Shafiei, F. (2022). Pesticides 
and environmental injustice in 
the USA: root causes, current 
regulatory reinforcement and a path 
forward. BMC public health, 22(1), 
1-23.

12	 Ferguson, R., Dahl, K., & DeLonge, 
M. (2019). Farmworkers at Risk: The 
Growing Dangers of Pesticides and 

Heat. Union of Concerned Scientists. 
https://www.ucsusa.org/resources/
farmworkers-at-risk. 

13	 Williams, B. (2018). “That we may 
live”: Pesticides, plantations, and 
environmental racism in the United 
States South. Environment and 
Planning E: Nature and Space, 1(1-2), 
243-267.

14	 Pörtner, H. O., Roberts, D. C., 
Poloczanska, E. S., Mintenbeck, K., 
Tignor, M., Alegría, A., ... & Möller, 
V. (2022). IPCC, 2022: Summary for 
Policymakers. Climate Change.

15	 Boedeker, W., Watts, M., Clausing, 
P., & Marquez, E. (2020). The global 
distribution of acute unintentional 
pesticide poisoning: estimations based 
on a systematic review. BMC public 
health, 20(1), 1-19.

16	 Watts, M., & Williamson, S. (2015). 
Replacing Chemicals with Biology: 
Phasing out highly hazardous pesticides 
with agroecology. Pesticide Action 
Network Asia and the Pacific, Penang, 
Malaysia. https://www.panna.org/sites/
default/files/Phasing-Out-HHPs-with-
Agroecology.pdf.

17	 HLPE. (2019). Agroecological and 
other innovative approaches for 
sustainable agriculture and food 
systems that enhance food security and 
nutrition. High Level Panel of Experts 
on Food Security and Nutrition of the 
Committee on World Food Security. 
https://www.fao.org/3/ca5602en/
ca5602en.pdf. 

18	 UN Environment Programme. 
Agroecology – a contribution to food 
security? https://www.unep.org/
news-and-stories/story/agroecology-
contribution-food-security. 

19	 Nicholson, C. C., & Williams, N. 
M. (2021). Cropland heterogeneity 
drives frequency and intensity of 
pesticide use. Environmental Research 
Letters, 16(7), 074008.

20	 Gomiero, T., Paoletti, M. G., & 
Pimentel, D. (2008). Energy and 
environmental issues in organic and 
conventional agriculture. Critical 
Reviews in Plant Sciences, 27(4), 239-
254.	

21	 Tegtmeier, E. M., & Duffy, M. 
D. (2004). External costs of 
agricultural production in the United 
States. International Journal of 
Agricultural Sustainability, 2(1), 1-20. 

22	 Buttel, F. H. (2003). Internalizing 
the societal costs of agricultural 
production. Plant Physiology, 133(4), 
1656-1665.

23	 Power, A. G. (2010). Ecosystem 
services and agriculture: tradeoffs and 
synergies. Philosophical Transactions 
of the Royal Society B: Biological 
Sciences, 365(1554), 2959-2971.

24	 Fernandez-Cornejo, J., Nehring, R. 
F., Osteen, C., Wechsler, S., Martin, 
A., & Vialou, A. (2014). Pesticide use 
in US agriculture: 21 selected crops, 
1960-2008. USDA-ERS Economic 
Information Bulletin, (124).

25	 Sharma, A., Kumar, V., Shahzad, B., 
Tanveer, M., Sidhu, G. P. S., Handa, N., 
... & Thukral, A. K. (2019). Worldwide 
pesticide usage and its impacts on 

ecosystem. SN Applied Sciences, 1(11), 
1-16.	

26	 Cox, C., & Surgan, M. (2006). 
Unidentified inert ingredients in 
pesticides: implications for human and 
environmental health. Environmental 
Health Perspectives, 114(12), 1803-
1806.

27	 Food and Agriculture Organization of 
the United Nations. FAOSTAT Online 
Database. https://www.fao.org/faostat/
en/#home, Accessed on September 7, 
2022. 

28	 Douglas, M. R., & Tooker, J. F. (2015). 
Large-scale deployment of seed 
treatments has driven rapid increase in 
use of neonicotinoid insecticides and 
preemptive pest management in US 
field crops. Environmental Science & 
Technology, 49(8), 5088-5097.

29	 Allington, A. (2020). When Is a 
Pesticide Not a Pesticide? When It 
Coats a Seed. Bloomberg Law Online. 
https://news.bloomberglaw.com/
environment-and-energy/when-is-a-
pesticide-not-a-pesticide-when-it-coats-
a-seed.

30	 Clayton, C. (2022). Treated Seeds a 
Focus of Consent Decree: EPA to Act 
on Regulatory Oversight of Pesticide-
Treated Seeds. Progressive Farmer. 
https://www.dtnpf.com/agriculture/
web/ag/crops/article/2022/07/06/epa-
act-regulatory-oversight-treated.

31	 Maggi, F., Tang, F. H., la Cecilia, D., 
& McBratney, A. (2019). PEST-
CHEMGRIDS, global gridded maps 
of the top 20 crop-specific pesticide 
application rates from 2015 to 
2025. Scientific Data, 6(1), 1-20.

32	 California Department of Pesticide 
Regulation. (2020). Summary of 
Pesticide Use Report Data 2018. 
https://www.cdpr.ca.gov/docs/pur/
pur18rep/pur_data_summary_2018.
pdf. 

33	 California Department of Food and 
Agriculture. California Agricultural 
Production Statistics. https://www.
cdfa.ca.gov/Statistics/. 

34	 Rosenheim, J. A., Cass, B. N., Kahl, 
H., & Steinmann, K. P. (2020). 
Variation in pesticide use across crops in 
California agriculture: Economic and 
ecological drivers. Science of The Total 
Environment, 733, 138683.

35	 Hartzog, C., Abrams, C., Erbstein, N., 
London, J.K., & Watterson, S. (2016). 
California’s San Joaquin Valley: A 
Region and Its Children Under Stress. 
Sierra Health Foundation and UC 
Davis Center for Regional Change. 
https://regionalchange.ucdavis.edu/
report/region-and-its-children-under-
stress. 

36	 Conrow, J. (2020). New study: GMO 
crops reduce pesticide use, greenhouse 
gas emissions. Alliance for Science. 
https://allianceforscience.cornell.edu/
blog/2020/07/new-study-gmo-crops-
reduce-pesticide-use-greenhouse-gas-
emissions/. 

37	 Benbrook, C. M. (2012). Impacts 
of genetically engineered crops on 
pesticide use in the US--the first 
sixteen years. Environmental Sciences 
Europe, 24(1), 1-13.

38	 Benbrook, C. M. (2016). Trends in 
glyphosate herbicide use in the United 
States and globally. Environmental 
Sciences Europe, 28(1), 1-15.

39	 Compson, S. (2017). Failed promises: 
The rise and fall of GM cotton in 
India. Soil Association. https://www.
soilassociation.org/media/13510/
failed-promises-e-version.pdf. 

40	 Pesticide Action Network UK. 
(2018). Is cotton conquering its 
chemical addiction? A review 
of pesticide use in global cotton 
production. https://www.pan-uk.
org/cotton/#:~:text=Pesticide%20
concerns%20in%20
cotton&text=Globally%2C%20
this%20crop%20covers%20
just,world%27s%20most%20
pesticide%20intensive%20crops.

41	 Thundiyil, J. G., Stober, J., Besbelli, N., 
& Pronczuk, J. (2008). Acute pesticide 
poisoning: a proposed classification 
tool. Bulletin of the World Health 
Organization, 86, 205-209.

42	 Starks, S. E., Gerr, F., Kamel, F., Lynch, 
C. F., Alavanja, M. C., Sandler, D. 
P., & Hoppin, J. A. (2012). High 
pesticide exposure events and central 
nervous system function among 
pesticide applicators in the Agricultural 
Health Study. International Archives 
of Occupational and Environmental 
Health, 85(5), 505-515.

43	 U.S. Environmental Protection Agency. 
(2022). Recognition and Management 
of Pesticide Poisonings. https://www.
epa.gov/pesticide-worker-safety/
recognition-and-management-
pesticide-poisonings. 

44	 Farmworker Justice. (2013). Exposed 
and Ignored: How pesticides are 
endangering our nation’s farmworkers. 
Farmworker Justice. https://www.
farmworkerjustice.org/resource/
exposed-and-ignored-how-pesticides-
are-endangering-our-nations-
farmworkers/. 	

45	 Calvert, G. M. (2016). Acute 
occupational pesticide-related 
illness and injury—United States, 
2007–2011. MMWR. Morbidity and 
Mortality Weekly Report, 63.

46	 Gillam, C. (2021). ‘There’s a red 
flag here’: how an ethanol plant is 
dangerously polluting a US village. The 
Guardian. https://www.theguardian.
com/us-news/2021/jan/10/mead-
nebraska-ethanol-plant-pollution-
danger.

47	 Pedroso, T. M. A., Benvindo-
Souza, M., de Araújo Nascimento, 
F., Woch, J., Dos Reis, F. G., & de 
Melo e Silva, D. (2022). Cancer and 
occupational exposure to pesticides: 
a bibliometric study of the past 10 
years. Environmental Science and 
Pollution Research, 29(12), 17464-
17475.

48	 Schafer, K.S., & Marquez, E.C. 
(2012). A Generation in Jeopardy: 
How pesticides are undermining 
our children’s health & intelligence. 
Pesticide Action Network North 
America, Oakland, CA. https://
www.panna.org/sites/default/files/
KidsHealthReportOct2012.pdf. 

Notes



PAN North America	 Pesticides and Climate Change: A Vicious Cycle	 13

49	 Dereumeaux, C., Fillol, C., Quénel, P., 
& Denys, S. (2020). Pesticide exposures 
for residents living close to agricultural 
lands: A review. Environment 
International, 134, 105210.

50	 U.S. Geological Survey. (2018). 
Pesticide in Groundwater. https://
www.usgs.gov/special-topics/water-
science-school/science/pesticides-
groundwater. 

51	 Benbrook, C. M., & Davis, D. R. 
(2020). The dietary risk index system: 
a tool to track pesticide dietary 
risks. Environmental Health, 19(1), 
1-18.

52	 Syafrudin, M., Kristanti, R. A., 
Yuniarto, A., Hadibarata, T., Rhee, J., 
Al-Onazi, W. A., ... & Al-Mohaimeed, 
A. M. (2021). Pesticides in drinking 
water—a review. International Journal 
of Environmental Research and Public 
Health, 18(2), 468.

53	 Roberts, J. R., Karr, C. J., Council on 
Environmental Health, Paulson, J. A., 
Brock-Utne, A. C., Brumberg, H. L., 
... & Wright, R. O. (2012). Pesticide 
exposure in children. Pediatrics, 130(6), 
e1765-e1788.

54	 Reeves, M., Katten, A., & Guzman, 
M. (2002). Fields of Poison 2002: 
California Farmworkers and 
Pesticides. Pesticide Action Network, 
San Francisco, CA. https://www.
panna.org/sites/default/files/
FieldsofPoison2002Eng.pdf. 

55	 Guarna, O.N. (2022). Exposed and 
at Risk: Opportunities to Strengthen 
Enforcement of Pesticide Regulations 
for Farmworker Safety. Center for 
Agriculture and Food Systems and 
Farmworker Justice. https://www.
vermontlaw.edu/sites/default/
files/2022-09/Exposed-and-At-Risk.
pdf. 

56	 Curl, C. L., Spivak, M., Phinney, 
R., & Montrose, L. (2020). 
Synthetic pesticides and health in 
vulnerable populations: agricultural 
workers. Current Environmental Health 
Reports, 7(1), 13-29. 

57	 Isenring, R. (2010). Pesticides and the 
loss of biodiversity. Pesticide Action 
Network Europe. https://www.pan-
europe.info/issues/pesticides-and-loss-
biodiversity. 

58	 Sánchez-Bayo, F., & Wyckhuys, K. 
A. (2019). Worldwide decline of the 
entomofauna: A review of its drivers. 
Biological Conservation, 232, 8-27.

59	 Hallmann, C. A., Sorg, M., Jongejans, 
E., Siepel, H., Hofland, N., Schwan, H., 
... & de Kroon, H. (2017). More than 
75 percent decline over 27 years in total 
flying insect biomass in protected areas. 
PloS One, 12(10), e0185809.

60	 Christen, V., Schirrmann, M., 
Frey, J. E., & Fent, K. (2018). 
Global transcriptomic effects 
of environmentally relevant 
concentrations of the neonicotinoids 
clothianidin, imidacloprid, and 
thiamethoxam in the brain of honey 
bees (Apis mellifera). Environmental 
Science & Technology, 52(13), 7534-
7544.

61	 Colin, T., Meikle, W. G., Wu, X., 
& Barron, A. B. (2019). Traces of 
a neonicotinoid induce precocious 
foraging and reduce foraging 

performance in honey bees. 
Environmental Science & Technology, 
53(14), 8252-8261.

62	 U.S. Food and Drug Administration. 
(2018). Helping Agriculture’s Helpful 
Honey Bees. https://www.fda.gov/
animal-veterinary/animal-health-
literacy/helping-agricultures-helpful-
honey-bees#:~:text=These%20
plants%20rely%20on%20
other,carries%20it%20to%20the%20
stigma.

63	 Pesticide Action Network. (2020). 
Pesticides and Soil Health: State of 
the Science and Viable Alternatives. 
Pesticide Action Network, Berkeley, 
CA.

64	 Gunstone, T., Cornelisse, T., Klein, 
K., Dubey, A., & Donley, N. (2021). 
Pesticides and soil invertebrates: 
A hazard assessment. Frontiers in 
Environmental Science, 122.

65	 Tubiello, F. N., Karl, K., Flammini, 
A., Gütschow, J., Conchedda, G., Pan, 
X., ... & Torero, M. (2022). Pre-and 
post-production processes increasingly 
dominate greenhouse gas emissions 
from agri-food systems. Earth System 
Science Data, 14(4), 1795-1809.

66	 Huggins, D. R., & Reganold, J. P. 
(2008). No-till: the quiet revolution. 
Scientific American, 299(1), 70-77.

67	 Oliver, M. A., Bishop, T. F., 
& Marchant, B. P. (Eds.). 
(2013). Precision agriculture for 
sustainability and environmental 
protection. Abingdon: Routledge.

68	 Schimpf, M. (2020). Digital Farming: 
Can digital farming really address the 
systemic causes of agriculture’s impact 
on the environment and society, or will 
it entrench them?. Friends of the Earth 
Europe. http://www.foeeurope.org/
sites/default/files/gmos/2020/foee-
digital-farming-paper-feb-2020.pdf. 

69	 National Sustainable Agriculture 
Coalition. (2012). Climate Solutions 
for Farmers: Invest in proven federal 
programs, not carbon markets. 
National Sustainable Agriculture 
Coalition, Washington, D.C. 
https://sustainableagriculture.net/
wp-content/uploads/2021/06/
Climate-Solutions-for-Farmers_-Invest-
in-Proven-Conservation-Programs-
Not-Carbon-Markets-1.pdf. 

70	 Scialabba, N. E. H., & Müller-
Lindenlauf, M. (2010). 
Organic agriculture and climate 
change. Renewable Agriculture and Food 
Systems, 25(2), 158-169.

71	 Gattinger, A., Muller, A., Haeni, M., 
Skinner, C., Fliessbach, A., Buchmann, 
N., ... & Niggli, U. (2012). Enhanced 
top soil carbon stocks under organic 
farming. Proceedings of the National 
Academy of Sciences, 109(44), 18226-
18231.

72	 Lori, M., Symnaczik, S., Mäder, P., 
De Deyn, G., & Gattinger, A. (2017). 
Organic farming enhances soil 
microbial abundance and activity—A 
meta-analysis and meta-regression. PloS 
one, 12(7), e0180442.

73	 Palomo-Campesino, S., González, 
J. A., & García-Llorente, M. (2018). 
Exploring the connections between 
agroecological practices and ecosystem 

services: A systematic literature 
review. Sustainability, 10(12), 4339.

74	 Wezel, A., Casagrande, M., Celette, 
F., Vian, J. F., Ferrer, A., & Peigné, 
J. (2014). Agroecological practices 
for sustainable agriculture. A 
review. Agronomy for Sustainable 
Development, 34(1), 1-20.

75	 Sutherst, R. W., Constable, F., Finlay, K. 
J., Harrington, R., Luck, J., & Zalucki, 
M. P. (2011). Adapting to crop pest 
and pathogen risks under a changing 
climate. Wiley Interdisciplinary Reviews: 
Climate Change, 2(2), 220-237.

76	 Taylor, R. A. J., Herms, D. A., Cardina, 
J., & Moore, R. H. (2018). Climate 
change and pest management: 
Unanticipated consequences of trophic 
dislocation. Agronomy, 8(1), 7.

77	 Skendžić, S., Zovko, M., Živković, 
I. P., Lešić, V., & Lemić, D. (2021). 
The impact of climate change on 
agricultural insect pests. Insects, 12(5), 
440.

78	 Dunn, D., & Crutchfield, J. P. (2006). 
Insects, trees, and climate: The 
bioacoustic ecology of deforestation 
and entomogenic climate change. arXiv 
preprint q-bio/0612019.

79	 UN World Water Assessment 
Programme. (2009). The United 
Nations World Water Development 
Report 3: Water in a Changing World 
(Two-Volume Set). Earthscan.

80	 Tonnang, H. E., Sokame, B. M., Abdel-
Rahman, E. M., & Dubois, T. (2022). 
Measuring and modelling crop yield 
losses due to invasive insect pests under 
climate change. Current Opinion in 
Insect Science, 100873.

81	 Thomson, L. J., Macfadyen, S., & 
Hoffmann, A. A. (2010). Predicting 
the effects of climate change on natural 
enemies of agricultural pests. Biological 
Control, 52(3), 296-306.

82	 Cho, C & Ishii M. (2021). Climate 
Change and Pests. Pesticide Action 
Network North America. https://
www.panna.org/sites/default/
files/202107Climate%26Pests%20
FINAL.pdf. 

83	 Varanasi, A., Prasad, P. V., & Jugulam, 
M. (2016). Impact of climate change 
factors on weeds and herbicide efficacy. 
Advances in Agronomy, 135, 107-146.

84	 Peters, K., Breitsameter, L., & Gerowitt, 
B. (2014). Impact of climate change 
on weeds in agriculture: a review. 
Agronomy for Sustainable Development, 
34(4), 707-721.

85	 Anwar, M. P., Islam, A. M., Yeasmin, S., 
Rashid, M. H., Juraimi, A. S., Ahmed, 
S., & Shrestha, A. (2021). Weeds 
and Their Responses to Management 
Efforts in A Changing Climate. 
Agronomy, 11(10), 1921.

86	 Pathak, H., Aggarwal, P. K., & 
Singh, S. D. (2012). Climate change 
impact, adaptation and mitigation 
in agriculture: methodology for 
assessment and applications. Indian 
Agricultural Research Institute, New 
Delhi, 302.

87	 Lin, B. B. (2011). Resilience 
in agriculture through crop 
diversification: adaptive management 
for environmental change. BioScience, 
61(3), 183-193.

88	 Noyes, P. D., McElwee, M. K., Miller, 
H. D., Clark, B. W., Van Tiem, L. 
A., Walcott, K. C., ... & Levin, E. D. 
(2009). The toxicology of climate 
change: environmental contaminants 
in a warming world. Environment 
International, 35(6), 971-986.

89	 Lee, S. J., Mehler, L., Beckman, J., 
Diebolt-Brown, B., Prado, J., Lackovic, 
M., ... & Calvert, G. M. (2011). Acute 
pesticide illnesses associated with off-
target pesticide drift from agricultural 
applications: 11 States, 1998–2006. 
Environmental Health Perspectives, 
119(8), 1162-1169.

90	 Chiovarou, E. D., & Siewicki, T. C. 
(2008). Comparison of storm intensity 
and application timing on modeled 
transport and fate of six contaminants. 
Science of the Total Environment, 
389(1), 87-100.

91	 Pathak, V. M., Verma, V. K., Rawat, B. 
S., Kaur, B., Babu, N., Sharma, A., ... 
& Cunill, J. M. (2022). Current status 
of pesticide effects on environment, 
human health and it’s eco-friendly 
management as bioremediation: A 
comprehensive review. Frontiers in 
Microbiology, 2833.

92	 Ji, C., Song, Q., Chen, Y., Zhou, Z., 
Wang, P., Liu, J., ... & Zhao, M. (2020). 
The potential endocrine disruption 
of pesticide transformation products 
(TPs): The blind spot of pesticide risk 
assessment. Environment International, 
137, 105490.

93	 Bailey, SW. (2004). Climate change and 
decreasing herbicide persistence. Pest 
Management Science: formerly Pesticide 
Science, 60(2), 158-162.

94	 Delcour, I., Spanoghe, P., & 
Uyttendaele, M. (2015). Literature 
review: Impact of climate change 
on pesticide use. Food Research 
International, 68, 7-15.

95	 Tesfaye, K., Takele, R., Sapkota, T. 
B., Khatri-Chhetri, A., Solomon, D., 
Stirling, C., & Albanito, F. (2021). 
Model comparison and quantification 
of nitrous oxide emission and 
mitigation potential from maize and 
wheat fields at a global scale. Science of 
the Total Environment, 782, 146696.

96	 Good, A. G., & Beatty, P. H. (2011). 
Fertilizing nature: a tragedy of excess 
in the commons. PLoS Biology, 9(8), 
e1001124.

97	 Jungers, G., Portet-Koltalo, F., Cosme, 
J., & Seralini, G. E. (2022). Petroleum 
in Pesticides: A Need to Change 
Regulatory Toxicology. Toxics, 10(11), 
670.

98	 Center for International Environmental 
Law. (2022). Sowing a Plastic Planet: 
How Microplastics in Agrochemicals 
Are Affecting Our Soils, Our Food, 
and Our Future. https://www.
ciel.org/reports/microplastics-in-
agrochemicals/. 

99	 Syngenta. (2021). ESG Report 2021. 
https://www.syngenta.com/sites/
syngenta/files/2022-03/Syngenta-AG-
ESG-Report-2021.pdf. 

100	 U.S. Environmental Protection Agency. 
(2022). Greenhouse Gas Emissions 
from a Typical Passenger Vehicle. 
https://www.epa.gov/greenvehicles/
greenhouse-gas-emissions-typical-
passenger-vehicle#:~:text=typical%20



Pesticide Action Network • 2029 University Ave #200, Berkeley, CA 94704 • Tel (510) 788-9020 • www.panna.org

passenger%20vehicle%3F-,A%20
typical%20passenger%20vehicle%20
emits%20about%204.6%20metric%20
tons%20of,8%2C887%20grams%20
of%20CO2. 

101	 Bayer. (2021). Sustainability Report 
2021. https://www.bayer.com/
sites/default/files/2022-03/Bayer-
Sustainability-Report-2021.pdf. 

102	 Note: Approximately 454 MJ/
kg are used to produce, formulate, 
package and transport glyphosate 
(Audsley 2009). Using the 2014 global 
glyphosate use estimate of 825.8 million 
kg (Benbrook 2016), the energy used 
to make 825.8 million kg of glyphosate 
is about 359.6 billion MJ. There are 
121.3 MJ in a gallon of gas. The average 
annual fuel use by cars is 474 gas gallon 
equivalents (https://afdc.energy.gov/
data/10308) therefore the energy used 
to produce global glyphosate use per 
year equals the fueling of about 6.25 
million cars per year.

103	 Iowa State University Extension and 
Outreach. Glyphosate - A Review. 
https://crops.extension.iastate.edu/
encyclopedia/glyphosate-review. 

104	 Heimpel, G. E., Yang, Y., Hill, J. D., & 
Ragsdale, D. W. (2013). Environmental 
consequences of invasive species: 
greenhouse gas emissions of insecticide 
use and the role of biological control 
in reducing emissions. PLoS One, 8(8), 
e72293.

105	 U.S. Environmental Protection 
Agency. Understanding Global 
Warming Potentials. https://
www.epa.gov/ghgemissions/
understanding-global-warming-
potentials#:~:text=Methane%20
(CH4)%20is%20estimated,uses%20
a%20different%20value. 

106	 Pimentel, D., & Levitan, L. (1986). 
Pesticides: amounts applied and 
amounts reaching pests. Bioscience, 
36(2), 86-91.

107	 Margni, M., Rossier, D., Crettaz, P., 
& Jolliet, O. (2002). Life cycle impact 
assessment of pesticides on human 
health and ecosystems. Agriculture, 
Ecosystems & Environment, 93(1-3), 
379-392.

108	 U.S. Environmental Protection Agency. 
What are Volatile Organic Compounds 
(VOCs)?. https://www.epa.gov/
indoor-air-quality-iaq/what-are-
volatile-organic-compounds-vocs. 

109	 Martin, T. (2013). Volatile Organic 
Compound (VOC) Emissions from 
Pesticides. University of California, 
Agriculture and Natural Resources. 
https://ucanr.edu/blogs/blogcore/
postdetail.cfm?postnum=11273. 

110	 Jiang, J., Chen, L., Sun, Q., Sang, M., 
& Huang, Y. (2015). Application of 
herbicides is likely to reduce greenhouse 
gas (N2O and CH4) emissions 
from rice–wheat cropping systems. 
Atmospheric Environment, 107, 62-69.

111	 Das, S., Ghosh, A., & Adhya, T. K. 
(2011). Nitrous oxide and methane 
emission from a flooded rice field as 
influenced by separate and combined 
application of herbicides bensulfuron 
methyl and pretilachlor. Chemosphere, 
84(1), 54-62.

112	 Department of Pesticide Regulation. 
Preliminary Estimates of Volatile 
Organic Compound Emissions from 
Pesticides in the San Joaquin Valley: 
Emissions for 2018. https://www.
cdpr.ca.gov/docs/emon/vocs/vocproj/
voc_emissions_2018.pdf. 

113	 Chowdhury, A., Pradhan, S., Saha, 
M., & Sanyal, N. (2008). Impact of 
pesticides on soil microbiological 
parameters and possible bioremediation 
strategies. Indian Journal of 
Microbiology, 48(1), 114-127.

114	 Crowther, T. W., Sokol, N. W., 
Oldfield, E. E., Maynard, D. S., Thomas, 
S. M., & Bradford, M. A. (2015). 
Environmental stress response limits 
microbial necromass contributions to 
soil organic carbon. Soil Biology and 
Biochemistry, 85, 153-161.

115	 Sahu, P. K., Singh, D. P., Prabha, R., 
Meena, K. K., & Abhilash, P. C. (2019). 
Connecting microbial capabilities with 
the soil and plant health: Options for 
agricultural sustainability. Ecological 
Indicators, 105, 601-612.

116	 Oertel, C., Matschullat, J., Zurba, 
K., Zimmermann, F., & Erasmi, S. 
(2016). Greenhouse gas emissions from 

soils—A review. Geochemistry, 76(3), 
327-352.

117	 Spokas, K., Wang, D., & Venterea, R. 
(2005). Greenhouse gas production 
and emission from a forest nursery soil 
following fumigation with chloropicrin 
and methyl isothiocyanate. Soil Biology 
and Biochemistry, 37(3), 475-485.

118	 Jezierska-Tys, S., Joniec, J., 
Bednarz, J., & Kwiatkowska, E. 
(2021). Microbiological Nitrogen 
Transformations in Soil Treated with 
Pesticides and Their Impact on Soil 
Greenhouse Gas Emissions. Agriculture, 
11(8), 787.

119	 UN Environment Programme. 
Agroecology – a contribution to food 
security? https://www.unep.org/
news-and-stories/story/agroecology-
contribution-food-security. 

120	 IPBES. (2019). Summary for 
policymakers of the global assessment 
report on biodiversity and ecosystem 
services of the Intergovernmental 
Science-Policy Platform on Biodiversity 
and Ecosystem Services. https://ipbes.
net/global-assessment. 

121	 IPES-Food. (2016). From uniformity 
to diversity: a paradigm shift from 
industrial agriculture to diversified 
agroecological systems. International 
Panel of Experts on Sustainable 
Food systems. https://www.
ipes-food.org/_img/upload/files/
UniformityToDiversity_FULL.pdf. 

122	 Leippert, F., Darmaun, M., Bernoux, M. 
& Mpheshea, M. (2020). The potential 
of agroecology to build climate-resilient 
livelihoods and food systems. FAO and 
Biovision. https://orgprints.org/id/
eprint/38492/1/darmaun-etal-2020-
rural21-Vol54-Issue3-p42-43.pdf. 

123	 Altieri, M. A., Nicholls, C. I., Henao, 
A., & Lana, M. A. (2015). Agroecology 
and the design of climate change-
resilient farming systems. Agronomy for 
Sustainable Development, 35(3), 869-
890.

124	 Snapp, S., Kebede, Y., Wollenberg, E., 
Dittmer, K.M., Brickman S., Egler, C., 
& Shelton, S. (2021). Agroecology 
and climate change rapid evidence 
review: Performance of agroecological 

approaches in low- and middle- income 
countries. CGIAR Research Program 
on Climate Change, Agriculture 
and Food Security (CCAFS). 
https://cgspace.cgiar.org/bitstream/
handle/10568/113487/CCAFS%20
FCDO%20AE%20Review%202021.
pdf. 

125	 Biovision Foundation for Ecological 
Development and Global Alliance for 
the Future of Food. (2019). Beacons of 
Hope: Accelerating Transformations 
to Sustainable Food Systems. Global 
Alliance for the Future of Food. 
https://foodsystemstransformations.
org/wp-content/uploads/2019/08/
BeaconsOfHope_Report_082019.pdf. 

126	 Anderson, C. R., Pimbert, M. P., 
Chappell, M. J., Brem-Wilson, J., 
Claeys, P., Kiss, C., ... & Singh, J. 
(2020). Agroecology now-connecting 
the dots to enable agroecology 
transformations. Agroecology and 
Sustainable Food Systems, 44(5), 561-
565.

127	 Esquivel, K. E., Carlisle, L., Ke, A., 
Olimpi, E. M., Baur, P., Ory, J., ... & 
Bowles, T. M. (2021). The “Sweet Spot” 
in the Middle: Why Do Mid-Scale 
Farms Adopt Diversification Practices 
at Higher Rates?. Front. Sustain. Food 
Syst. 5: 734088. doi: 10.3389/fsufs. 

128	 Carlisle, L., Esquivel, K., Baur, P., 
Ichikawa, N. F., Olimpi, E. M., Ory, 
J., ... & Bowles, T. M. (2022). Organic 
farmers face persistent barriers to 
adopting diversification practices in 
California’s Central Coast. Agroecology 
and Sustainable Food Systems, 46(8), 
1145-1172.

129	 Pesticide Action Network UK. (2018). 
Introducing a UK pesticide reduction 
target. https://www.pan-uk.org/
pesticide-reduction-target/.

130	 Pesticide Action Network 
International. (2021). No more excuses: 
Global network demands phase out 
of highly hazardous pesticides by 
2030. https://pan-international.
org/release/no-more-excuses-global-
network-demands-phase-out-of-highly-
hazardous-pesticides-by-2030/. 

Acknowledgements
The authors would like to thank reviewers Sarah Aird, Californians for Pesticide Reform; Janaki Anagha, California Farmer Justice Collaborative; Rajan Bhopal, Pesticide 
Action Network UK; Dr. Hannah Waterhouse, University of California, Berkeley; and Mark Schonbeck, Virginia Association for Biological Farming and the Organic 
Farming Research Foundation. Their time and contributions were critical to the quality of this report. Our thanks also go to Emeline Mourocq of Giving Life to Data 
for her assistance with the initial research, Marie Husseini and Fanny Hennebo for producing the French translation, and Brenda 
Cervantes for producing the Spanish translation. At Pesticide Action Network North America, the authors thank staff members 
Marcia Ishii, Emily Summerlin, Rob Faux, and Brenda J. Willoughby for their review and contributions to this report.

Authors: Asha Sharma, PAN organizing co-director; Margaret Reeves PAN senior scientist; Calista Washburn former PAN policy fellow


