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Abstract: The production of synthetic pesticides is energy intensive and can emit even more green-
house gases (GHG) per kg than the production of synthetic fertilizers. However, this aspect is
largely neglected when it comes to agriculture’s contribution to GHG emissions. Using official pes-
ticide sales data from Austria from 2000 to 2019, we analyzed (i) trends in insecticide, fungicide, and
herbicide use and calculated production-related GHG emissions, and (ii) the share of pesticide-re-
lated versus fertilizer-related GHG emissions in three agricultural crops with different pesticide in-
tensities: sugar beets, apples, and grapevines. We found that between 2000 and 2019, insecticide
amounts increased by 58%, fungicide amounts increased by 29%, and herbicide amounts decreased
by 29%; associated GHG emissions showed similar patterns. During the same period, acreage under
conventional arable crops, orchards, and vineyards decreased by an average of 19%, indicating an
increase in management intensity. In intensive apple production, GHG emissions associated with
pesticide production and application accounted for 51% of total GHG emissions, in viticulture 37%,
and in sugar beets 12%. We have shown that GHG emissions due to pesticide production and ap-
plication can be significant, especially for pesticide-intensive crops. We therefore recommend that
these pesticide-derived GHG emissions should also be attributed to the agricultural sector.

Keywords: agrochemicals; climate change; emissions; sustainable agriculture; pesticide reduction

1. Introduction

Human-induced climate change (and the overall decline in biodiversity) are among
the most pressing environmental problems of our time [1]. In terms of climate change,
agriculture plays an important role, contributing about 17% of global greenhouse gas
(GHG) emissions [2]. Looking at the food system as a whole, it accounts for as much as
37% of global annual greenhouse gas emissions. [3]. Moreover, agriculture is significantly
impacted by climate change, as crop performance, biological control in agroecosystems,
occurrence of neobiota, and soil health are altered by climate change [4-9].

A large body of literature addresses the impacts of pesticides on non-target biodiver-
sity [10-15]. However, there are very few studies linking pesticide use to climate change
and GHG emissions [16,17]. This negligence is surprising considering that the production
of pesticides emits on average much more GHG per kg (6.3 kg CO2 kg) than the produc-
tion of synthetic nitrogen-fertilizers (1.3 kg CO2 kg™), which is known to be very energy
intensive [16].
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In Europe, agriculture is responsible for about 10% of total GHG emissions (438,994
MtCO: in the year 2017), after the energy, transport, residential, and commercial sectors
[18]. Therefore, reducing agricultural emissions could play an important role in achieving
GHG reduction targets [4,19]. Indeed, such efforts have already been made, and the EU
agricultural sector has already reduced its GHG emissions by 19% between 1990 and 2017
[18]. Other plans envisage achieving carbon neutrality of the entire economy by 2050 [20]
or even as early as 2040, as formulated by Austria [21]. However, the calculations on which
these targets are based generally do not take into account production-related GHG emis-
sions from pesticides.

It is generally assumed that only a small fraction of CO2 emissions comes directly
from agricultural production. CO2 from agricultural activities such as fuel for machinery
or embedded in inputs such as fertilizer production and transport are rarely accounted
for as agricultural emissions [22]. For example, fuel consumption on agricultural land is
usually considered as energy or transport emissions in the Intergovernmental Panel on
Climate Change (IPCC) accounting framework [4]. In Austria’s national GHG inventory,
where agriculture accounts for 9.2% of total GHG emissions, pesticide-related GHG emis-
sions are not attributed to the agricultural sector [23]. Moreover, not all pesticides used in
Austria were produced domestically, and consumption-related emissions from products
produced abroad are not included in national GHG emission inventories anyway [24]. As
for the chemical industry, total production-related GHG emissions of bulk chemicals, such
as formaldehyde or maleic anhydride, are quantified [25,26], but no emission data are
available that can be attributed to pesticide active ingredients [23].

The objective of this study was to (i) determine long-term trends in insecticide, fun-
gicide and herbicide use and pesticide-production-related GHG emissions, and (ii) deter-
mine the proportion of pesticide-related versus fertilizer-related GHG emissions in differ-
ent agricultural crops: sugar beets, apples, and grapevines. Because pesticide use varies
widely among agricultural crops, we expected differences in associated GHG emissions
among crops with different pesticide intensities. Long-term (2011-2020) pesticide treat-
ment frequencies for Germany show 4.0 pesticide applications per season for sugar beets,
18.1 for grapevines, and 30.8 for apple production [27]. Long-term data (2009-2018) for
Switzerland show pesticide use (based active ingredients) of 5.9 kg ha for sugar beets,
26.4 kg ha™ for grapevines, and 25.7 kg ha™ for apple production [28]. We based our anal-
ysis on official pesticide sales data from Austria for the period 2000-2019, using energy
consumption data from life-cycle assessments for the pesticide production, storage, and
distribution [16].

The results of this research will (i) provide an overview of long-term trends in pesti-
cide use in a country (Austria) where organic farming acreage has increased from 20% in
2010 to 26% in 2019 [29], (ii) contribute to the EU mission on soil health targeting the
reduction of soil pollution [30], and (iii) contribute to the European Green Deal, which
aims to achieve sustainable agriculture, climate resilience, biodiversity and zero-pollution
[31].

2. Materials and Methods

All calculations were based on official sales data of pesticide active ingredients (Al)
in the period 2000-2019 published in the Green Report 2020 of the Austrian Federal
Ministry of Agriculture, Regions, and Tourism [32]. In the absence of data on the actual
pesticide use in the fields, we assumed that the Al sold correspond to the amounts used
in Austria over the years. We are aware that stockpiling may lead to higher sales than use
in certain years, but over the years a balance between sales and actual stockpiling can be
expected [33]. Therefore, in the following chapters the amounts of Al sold will be referred
to as the amounts applied.
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2.1. Calculating Conventional Agricultural Area

The agricultural area was taken from the Austrian INVEKOS data (Integriertes
Verwaltung- und Kontrollsystem/Integrated Administration and Control System) from
2000 to 2019 for arable land, orchards, and viticulture [32]. The conventional area was
calculated by subtracting the organic area of these sectors from the respective total areas.

2.2. Calculating of Greenhouse Gas Emissions from Pesticide Production

All values for GHG emissions in kg CO2-equivalent emissions per kg pesticide Al are
from Lal (2004) [16]. Accordingly, the mean values for herbicides were 6.3 2.7 kg CO2-eq
kg-Al", for insecticides 5.1+ 3.0 kg CO2-eq kg-AI", and for fungicides 3.9+ 2.2 kg COz-eq
kg-AIl. These values were multiplied with the total annual amounts of the respective
pesticide from 2000 to 2019, as provided in the Green Report 2020 [32]. Total insecticide
amounts included seed treatment agents, such as acaricides, molluscicides, nematicides,
and synergists, but did not include inert gases, petroleum, or paraffin oil. The amounts of
sulfur and copper Ais were added to the amounts of the total fungicides and included
seed treatment products and bactericides according to the classification in Annex III of the
EU Regulation on Pesticide Statistics (EC 2009). Total herbicide amounts were taken from
the Green Report 2020 without changes [32].

The calculated emissions for each year were summed to obtain the total cumulative
GHG emissions from 2000 to 2019.

2.3. Carbon Footprint Calculations of Pesticides

The carbon footprint was calculated based on a farm’s pesticide use per ha for sugar
beet, apples, and grapevines. Detailed crop-specific data on pesticide amounts were
derived only for the year 2017 from the pesticide use statistics published by the Austrian
Agency for Food and Public Health AGES [34]. Therefore, the agency collected pesticide
use records from 940 farms (with an area of 28,200 ha) for the cultivation of the selected
crops. The average amount of pesticide per area (kg Al ha™) and the total amount in kg of
Al used for conventional cultivation of sugar beets, apples, and grapevines were divided
by the conventional area of each crop.

For our calculations, the amounts of pesticides used per ha in these crops were
multiplied by the production-related (index PR) GHG emission values derived from Lal
(2004) [16] and summed across all pesticide chemical classes (nCHEM CLASS). These
were added to the application-related (index AP) emissions per ha, multiplied by
treatment frequency, and summed across all applications (nar), to obtain the emissions
per ha and season for each crop (Equation (1):

n chem class n AP

Pest. GHG emiss¢rop x _ Amount nem. ciass , k9 COz eqpr + [Z kg CO, eqp . Treatment frequency

M
ha.season arederop x KGchem.class ha season

Figure 1 provides an overview of the data sources and carbon footprint calculations
used in the current study.
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Figure 1. Overview of data collection and carbon footprint calculations for pesticide and fertilizer
use. Sources are shown in boxes, and the calculated final results are shown in bold.

The data on pesticide emissions were again from Lal (2004) [16], but this time the
more detailed kg CO2-equivalent emissions listed for specific herbicides, insecticides, and
fungicides were also assigned to the respective chemical classes of pesticides used in 2017
for each crop according to the AGES use statistic. The chemical classes of pesticides listed
in the AGES use statistic are listed in Table 1. The group “other insecticides and
acaricides” in these use statistics may also include inert gases and was excluded in the
current analysis. This may underestimate actual GHG emissions from insecticides. In
addition, molluscicides were added to the insecticide group, as was done by AGES [32].

Unfortunately, AGES only provided us with detailed sales data for herbicides.
Therefore, only for herbicides could we more precisely assign GHG emission values to
individual Als rather than chemical classes (Supplementary Table S1). However, in the
per-crop use statistics, herbicide amounts are only reported at a more aggregated level.
Table 1 provides an overview of the assigned emission values and average dosages per
ha for each crop.

Table 1. Overview of greenhouse gas (GHG) emissions of pesticide chemical classes and fertilizers
and assumed average dosages for sugar beet, apple, and grapevine production in Austria in 2017.
Categorization follows the Austrian Federal Agency of Food Safety and Health (AGES).

Dosage
Parameter Chemical Class GHG Sugagr Dosage Dosage
Per Item Apples Grapevines
Beets
kg CO2-eq kg kg kg
kgt ha'yr! ha'yr! ha™! yr!
Pyrethroid 11.70 0.01 0.02 1.67 x 10+

Carbamate + oximcarbamate 6.10 0.00 0.04 0.00
Organophosphate 3.70 0.02 0.23 0.04
Insecticides Neonicotinoid 15.10 0.06 0.06 0.00
Microbiological insect. 5.10 0.00 0.00 0.00
Molluscicides 5.10 1.18 x 1073 0.00 0.00
Total 0.10 0.34 0.04
Benzimidazole 8.00 0.17 0.00 0.00
Carbamate + dithiocarbamates 1.60 1.23 1.89 1.10
Imidazole + trizole 3.90 0.27 0.09 0.22
Fungicides Morpholine 3.90 0.00 0.00 0.14
Other organic fungicides 3.90 0.07 5.87 3.59
Inorganic fungicides 3.90 2.29 11.99 16.74

Microbiol./vegetal origin 3.90 0.00 0.00 0.02
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Total 4.03 19.84 21.82
Amide + anilide 5.63 0.11 0.01 0.00
Carbamate + biscarbamate 3.00 0.35 0.00 0.00
Dinitroanilin 3.00 0.00 0.00 0.00
Urea-, uracil-, sulphonylurea 7.00 0.07 0.00 7.5x10*
Herbicides Organophosphate 9.10 0.59 0.50 0.41
Phenoxy-phytohormones 2.15 0.01 0.14 9.19 x 10
Triazine + triazinone 3.90 2.26 0.00 0.00
Other organic herbicides 6.95 0.48 0.00 493 x103
Total 3.86 0.65 0.42
Mineral N 1.30 125.00 80.00 50.00
Fertilizer Phosphorus (P205) 0.20 85.00 40.00 20.00
Potassium (K20) 0.15 320.00 110.00 80.00
Lime (CaO) 0.16 400.00 341.67 783.30

2.4. Carbon Footprint Calculations of Fertilizers

The production-related GHG emissions ha™ of fertilizers were calculated using crop-
specific amounts ha™ multiplied by the average kg CO:-equivalent emissions per kg
fertilizer [16]. The amounts per ha of nitrogen, phosphorus, potassium, and lime fertilizers
for each of the three crops studied were derived from recommendations for Austrian
farmers (Table 1; Equation (2)).

n fert n AP

Fert. GHG emiss ,op x [ Z Amountgere kg CO; eqpg + Z kg CO, equp Treatment frequency] ?)
= *

ha.season

ha kgsere ha season

For sugar beet cultivation, recommendations for maintenance fertilization were
chosen (supply level C of soil nutrients) and medium yield expectations, with the dosage
for N-fertilization averaging 110-140 kg ha™. The N-, P-, and K-fertilization was taken
from the official guidelines of the Federal Ministry of Agriculture, Forestry, Environment
and Water resources (BMLFUW) [35], while the CaO ha™ recommendation was taken
from an agricultural consultant [36].

For apple production, the recommendations for maintenance fertilization (soil
supply level C to achieve an average yield of 40-50 t ha™') were taken from the BMLFUW
guidelines [37]. For lime, maintenance fertilization is recommended every three years at a
rate of 600-800 kg CaO ha! for light soils and 1000-1500 kg CaO ha™ for heavy soils [37].
For these two soil types, a mean value of 1025 kg CaO ha™ was calculated, which is
recommended every three years, resulting in 341.7 kg CaO ha' year.

For grapevine, recommendations were chosen for topsoil maintenance fertilization
(supply level C, open soil), medium shoot growth, and medium yields [38]. For liming,
there are different recommendations depending on the soil type; the recommendations
for CaO application every three years (for light soil: 1750 kg ha!, medium soil: 1550 kg
ha, heavy soil: 3750 kg ha) [38] were averaged to obtain the mean value of 2350 kg ha™!
for all soil types, giving 783.3 kg CaO ha™'.

The average production-related kg CO2-eq emissions per kg of fertilizer were taken
from Lal (2004) [16] and are also shown in Table 1. Other GHG emissions such as nitrous
oxide (N20) from the applied N fertilizer or from liming (CO: emissions when limestone
is used) were not considered [23].

2.5. Carbon Footprint of Pesticide and Fertilizer Application

The data on average fuel consumption in liters per ha for the application of pesticides
and fertilizers to sugar beets, apples, and grapevines were taken from a publication of the
Austrian Trustees for Agricultural Technology and Rural Development [39] and
converted into kg COz-equivalents using the carbon emission coefficient according to Lal
(2004) [16]. It was assumed that diesel fuel is used for the application.
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According to Lal (2004) [16], one kg of diesel corresponds to 0.94 kg COz-equivalent
emissions. To obtain the kg CO2-equivalent emissions per liter of diesel, one liter of diesel
was converted to kg using the arithmetic mean of the density range of diesel at 15 °C
according to DIN EN 590 (820-845 kg m?). One liter multiplied by an average density of
832.5 kg 1000 L resulted in 0.8325 kg (equivalent to the mass of one liter of diesel). This
kg value was then multiplied by the carbon emission coefficient of 0.94 kg CO2-eq kg™ of
diesel [16], which resulted in 0.78255 kg CO:-eq emissions released from the combustion
of one liter diesel. The kg COz-eq emissions L of diesel were multiplied by the fuel
consumption in L ha for each relevant process step [39] to obtain the kg COz-equivalent
emissions per ha (Table 2).

No fuel consumption data were available for application methods other than
spraying, so we assumed that all pesticides were applied by spraying. Granular
application, seed treatments of fungicides, insecticides, and emissions from possible
mechanical incorporation of herbicides into the soil [40] and foliar fertilization were not
considered.

All these resulting application-related GHG emissions ha™ were finally multiplied
by the respective treatment frequency (number of applications) per season (Table 2) to
obtain the final value of emissions per ha caused by annual application. It was assumed
that all types of pesticides (insecticides, molluscicides, fungicides, and herbicides) were
applied separately and all types of fertilizers were applied separately.

Treatment frequencies for crops in combination with each pesticide type have been
published by the German Julius-Kiihn-Institute based on several years of data collection
in Germany [27]. Treatment frequency is defined as the number of applications of
pesticides to produce a crop in relation to its respective acreage. A treatment frequency of
1 means that the entire cultivated area was treated once, while a treatment frequency <1
means that only parts of the total area were treated with the respective pesticide.

Since such data are not available for Austria, we assumed similar production
conditions and treatment frequencies in Austria. These annual treatment frequencies were
averaged over all years with uniform data collection for each crop and each type of
pesticide.

Table 2. Overview of treatment frequencies (TF) and application-related fuel consumption for
pesticides and fertilizers used in Austria in 2017 [34].

Application Activity Sugar Beet Apple Grapes

Fuel

TF Fuel TF Fuel TF  Consu

Consum. Consum. m

Number Lha!l Number Lhat Number L ha
Insecticides 0.19 2.00 5.46 7.00 0.37 5.00
Molluscicides 0.03 2.00 0.00 0.00 0.00 0.00
Fungicides 0.93 2.00 19.44 7.00 9.25 5.00
Herbicides 3.76 2.00 0.68 7.00 0.40 5.00
N fertilization 2.00 1.50 2.00 7.50 1.50 1.50
P fertilization 1.50 1.50 1.00 7.50 1.00 1.50
K fertilization 1.50 1.50 1.00 7.50 1.00 1.50
Liming 2.50 2.50 1.00 2.50 1.00 2.50
Total application 12.41 1500 3058 46.00 1412 22.00

activity

The treatment frequencies of fertilizers per year was derived from the
recommendations for the individual crops. Sugar beets are fertilized 2 times per season
with N, 1-2 times (mean: 1.5 times) with P- and K- fertilizers and 2-3 times (mean: 2.5
times) with lime (Upper Austrian Sugar Beet Association, personal communication). The
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annual fertilization frequencies for apple cultivation are taken from the guidelines of the
BMLFUW for N [37] and for all other fertilizer types from guidelines of Swiss and German
orcharding institutions [41]. The treatment frequencies for grapevines were taken from
the Austrian Winegrowers’ Association [42]. All treatment frequencies are also listed in
Table 2.

2.6. Statistical Analysis

Simple linear regression models (LM) were run using R-Studio software (R 3.0.1+ and
R-Studio Desktop 1.4.1717; The R Foundation for Statistical Computing; http://www.R-
project.org, accessed on 16 June 2022) to determine if pesticide levels and associated
production-related GHG emissions show significant trends over the years. The
significance level was set at 0.05. For each LM, the homoscedasticity of the residuals was
assessed using the “residuals vs. fitted”-plots, and the normal distribution of the residuals
was checked using qqg-plots.

3. Results
3.1. Trends in Farmland Area and Pesticide Use 2000-2019

Conventional arable, orchard and vineyard area decreased significantly between
2000 and 2019 (Figure 2, Table 3). The largest decreases were observed for orchards
(—22%), followed by arable land (-20%) and viticulture (-16%).

1,600,000

Vineyard area
m Orchard area
m Arable farmland

1,400,000

1,200,000

1,000,000

800,000

Area (ha)

800,000

400,000

200,000

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Years

Figure 2. Trends in conventional arable land, orchard, and vineyard area in Austria from 2000 to
2019 according to the Green Report 2020 [43].

Total pesticide use increased marginally significantly by 2.2%, with insecticide use
increasing by 58%, fungicide use increasing by 29% and herbicide use increasing by 29%
(Figure 3, Table 3).
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Figure 3. Amounts of pesticide Als sold in Austria from 2000 to 2019 according to the Green Report
2020 [43].

Table 3. Percent change of pesticide amounts and conventional farmland area in Austria between
2000 and 2019 relevant to the current analysis. R?, F-values, p-values (in bold if trends are significant)
of the LMs and the slope (1) and intercept (o) of the respective regression lines, the up- or
downward arrows indicate the direction of the change.

Pesticide Amounts  %-Change

2 - -
Sold 2000-2019 R F-Value 81 80 p-Value
Arable farmland, 4 ¢y 097 53100 -1x10¢ 3x107 5107
conv. |
Orchard area, conv. -21.76 0.85 98.89 -135.37 3x105 1x108 |
-11
Viticulture area, conv. -16.15 091 182.50 -397.97 8x10° 7x 10
Insecticide amount +58.23 0.52 19.48 3110.80 —6x10° 3 %1041
Fungicide amount +29.38 0.54 21.29 4x10¢  -7x107 2x10*1
Herbicide amount -28.47 0.33 9.02 -2x10¢+ 4x107 0.008 |
Total pesticide amount  +2.19 0.19 4.34 20.26  -4x10* 0.052

3.2. Production Related Pesticide GHG Emissions between 2000 and 2019

The average production-related GHG emissions of insecticide and fungicide Als
increased significantly from 2000 to 2019, as did their respective amounts, while those of
herbicide Als decreased significantly. Herbicide Als dominated the total production-
related GHG emissions from pesticide production in Austria until 2017 (except 2015),
before being overtaken by fungicide Als (Figure 4).

However, total pesticide GHG emissions did not show significant changes as herbi-
cides, the group with the highest GHG-emissions, declined (Table 4).
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Figure 4. Average production-related GHG emissions of pesticides used in Austria from 2000 to
2019.

Table 4. Percent change of average production-related pesticide GHG emission from 2000 to 2019.
R?, F-values, p-values (in bold if significant and arrow indicating direction of the trend) of the LMs
and the slope (f31) and intercept ((30) of the respective regression lines, the up- or downward arrows
indicate the direction of the change.

.. %-Change p-
HGE R2 F-Val 1
GHG Emissions 2000-2019 alue 3 30 Value
.. 3x10¢
Insecticides +58.23 0.52 19.48 2 x104 -3 x 107 ?
-4
Fungicides +29.38 0.54 21.29 1x10° -3 x 108 2 leo
Herbicides -28.47 0.33 9.02 -1 %105 2x108 0.008 |
Total -4.40 0.03 0.65 4 %104 -6x107 0.432

The cumulative production-related GHG emissions from pesticides between 2000
and 2019 totaled 331,279,525 kg CO:-eq emissions (331.28 kt), of which herbicides
accounted 55.6%, fungicides for 40.0%, and insecticides for 4.4%.

3.3. Carbon Footprint of Pesticide and Fertilizer Usage per ha

Total GHG emissions for 2017 were highest for apple production and lowest for sugar
beet production (Figure 5). The highest average GHG emissions per ha resulting from
fertilizer and pesticide use in apple production were about 428 kg COz-eq ha™ season™
(dominated by fungicide use), followed by sugar beet production with 344 kg COz-eq ha!
season™ (dominated by fertilizers) and grapevine production with 338 kg CO:z-eq ha™
season! (also dominated by fertilizers).

For apple production, total pesticide-related GHG emissions (production +
application) accounted for 51% of the total emissions (including pesticides and fertilizers).
For sugar beet, pesticide-related GHG emissions accounted for 12% of total GHG
emissions, and for grapevines, 37%. Consequently, fertilizer-related emissions dominated
sugar beets with 88% of total GHG emissions, followed by grapevines with 63% and
apples with 49%. Total fertilizer-related emissions were highest in sugar beet production
(about 302 kg COz-eq ha™ season), followed by grapevines (about 212 kg COz-eq ha!
season™) and apples (about 209 kg CO2-eq ha™! season™).



Agriculture 2022, 12, 879

10 of 17

0.5%

Herbicides total
Fungiides total
m Insecticides total

u N-, P-, K-, & lime-fertilizers total 35 1% 37.6%
o N-fertilizer total
' P-fertilizer total

w K-fertilizer total
Lime-fertilizer total
1.6% 3.9%
e grape: Bo%
13.2% 5.2%
b
.2%

44% 0.3%

<l

£

e
&L

s

Crop type

3 _
(Y= ~°

( fl,‘s/ugmbee(

Y

0 50 100 150 200 250 300
kg CO.-equivalent emissions ha™ season™

5.5%

Figure 5. Average total (production- and application-related) GHG emissions of pesticides and
fertilizers per ha for grapevine, apple, and sugar beet production. The pie charts on the right show
the %-share of GHG-emission of different pesticide- and fertilizer types for each of the three
analyzed crops.

In sugar beet production, GHG emissions from insecticide use dominated the
average emissions in 2017, driven by GHG-intensive emissions from neonicotinoids and
pyrethroids (Table 5). For fungicides, production-related emissions from inorganic
fungicides dominated as significantly as their use, while more GHG-intensive classes such
as the benzimidazoles were used to a lesser extent. Triazines and triazinones contributed
the most to GHG emissions from herbicides due to their high use in sugar beets, followed
by emissions from application due to the need for multiple treatments. The energy-
intensive class of organophosphates accounted for the third largest share. In general,
insecticides accounted for a fairly small proportion of total pesticide emissions in sugar
beet, while herbicide emissions clearly dominated, followed by fungicides.

Table 5. Production- and application-related pesticide GHG-emissions per ha for sugar beets,
apples, and grapevines, by pesticide type and chemical classes per pesticide type. The %-share of
the production of each chemical class and fuel consumption for application to total GHG emissions
of each pesticide type is listed to the right of each crop column. The categorization follows the
Austrian Federal Agency of Food Safety and Health (AGES).

GHG Emission during
Pesticide Type Production and Application Sugar Beet Apples Grapes
of Chemical Class
GHG Emission GHG Emission GHG Emission
Emissions Share Emissions Share Emissions Share
kg CO2-eq % kg CO2-eq % kg CO2-eq %
ha'season! ha! season™ ha! season™!
Pyrethroid 0.13 15.14 0.21 0.66 1.96 x 103 0.12
Carbamate + oximcarbam. 0.00 0.00 0.22 0.69 0.00 0.00
Insecticides Organophosphate 0.08 9.76 0.84 2.67 0.15 9.50
Neonicotinoid 0.31 35.56 0.28 0.89 0.00 0.00
Microbiological insect. 0.00 0.00 0.00 0.00 0.00 0.00

Molluscicides 0.01 0.70 0.00 0.00 0.00 0.00
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Fuel consum. for applic. 0.33 38.33 29.90 95.09 1.45 90.38

Total 0.86 31.45 1.60
Benzimidazole 1.38 9.14 0.00 0.00 0.00 0.00
Carbamate + dithiocarbam. 1.96 13.06 3.03 1.69 1.76 1.48
Imidazole + trizole 1.06 7.04 0.34 0.19 0.88 0.74
Morpholine 0.00 0.00 0.00 0.00 0.56 0.47
Fungicides Other organic fungicides 0.26 1.75 22.89 12.75 14.00 11.79
Inorganic fungicides 8.92 59.30 46.77 26.05 65.30 54.98
Microbiological/veg. origin 0.00 0.00 0.00 0.00 0.02 0.00
Fuel consum. for applic. 1.46 9.72 106.49 59.32 36.20 30.48

Total 15.40 179.52 118.76
Amide + anilide 0.60 2.35 3.39 x 1072 0.39 0.00 0.00
Carbamate + biscarbamate 1.06 413 0.00 0.00 0.00 0.00
Dinitroanilin 0.00 0.00 0.00 0.00 0.00 0.00
Urea-, uracil-, sulphonylurea 0.49 1.92 2.34 x103 0.03 0.01 0.10
- Organophosphate 5.39 21.09 4.56 52.99 3.74 69.70
Herbicides

Phenoxy-phytohormones 0.01 0.05 0.31 3.62 1.98 x 103 0.04
Triazine + triazinone 8.81 34.46 1.30 x 108 0.02 0.00 0.00
Other organic herbicides 3.32 12.98 2.32 %103 0.03 0.03 0.64
Fuel consum. for applic. 5.88 23.02 3.70 42.93 1.58 29.53

Total 25.56 8.61 5.36

In apple production, total pesticide-related GHG emissions per ha were dominated
by fungicides, followed by insecticides, while herbicides played only a minor role.
Emissions from insecticides and fungicides were dominated by application-related
emissions due to a high treatment frequency, while organophosphate production led
emissions from herbicides, followed by application-related emissions. Emissions from
inorganic and other organic fungicides ranked second and third, respectively, among
fungicide emissions.

In viticulture, emissions of fungicides were also higher than those of insecticides and
herbicides. Application-related emissions accounted for the largest share of insecticide
emissions because relatively small amounts of organophosphates and pyrethroids were
used. Commonly used inorganic fungicides were the largest contributor to fungicide
GHG emissions, ahead of application-related emissions from other organic fungicides. For
GHG emissions from herbicides, production- and application-related emissions from
organophosphates accounted for the largest share.

4. Discussion

To our knowledge, this is one of the first long-term, nationwide assessments of
pesticide-related GHG emissions for crops with different pesticide intensities. Our results
showed that while GHG emissions per kg are much higher for pesticide production than
for fertilizer production, the higher fertilizer application rates per ha result in higher GHG
for the compared crops. This was also found in some other studies on this topic [16,17].
Nevertheless, the three crops differed significantly in terms of the share of pesticide-
related GHG emissions: 51% of total GHG emissions in apple production resulted from
pesticides, 37% in grapevines, and 12% in sugar beets. Other studies show a share of
production-related pesticide emissions in the total emissions of 1.1% for silage maize and
9.3% for early potatoes [17]. The share of pesticide emissions is particularly high in apple
and wine production, where many pesticides are used and frequently applied.

The highest average herbicide use was found in sugar beet, while fungicides
dominated in viticulture and apple production, and insecticide use was highest in apple
production. This is also consistent with the Swiss agricultural report [28]. Energy
consumption per ha of herbicide production exceeded that for all other pesticide types in
sugar beet production [17]. Reducing pesticide use would have the positive side effect of
reducing toxic exposure not only in the field, but also in ambient air and non-agricultural
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areas [44-49]. We assume that the pesticide-related GHG emissions we reported for sugar
beet are higher for wheat but lower for maize, because the corresponding mean pesticide
treatment frequency indices are higher for wheat (5.3 vs. 4.0 for wheat vs. sugar beet,
respectively) and lower for maize (1.9 vs. 4.0 for maize vs. sugar beet, respectively; mean
values 2011-2020 for Germany [27]).

While average herbicide use and its production-related GHG-emissions decreased
overall, insecticides and fungicides and their GHG emissions continued to increase in
Austria between 2000 and 2019. Since both the agricultural production area for arable
land, apple cultivation, and viticulture decreased and the area of organic farming in-
creased, this indicates an intensification of pesticide use in the remaining areas [44]. Alt-
hough GHG emissions from herbicide use are declining in Austria, the inherent high GHG
intensity should motivate users to further reduce application rates, which may track both
EU GHG emission and pesticide reduction targets under the Green Deal [31].

When it comes to replacing herbicides, weed control methods with low GHG inten-
sity should be preferred. Comparing the carbon footprint of mechanical and chemical
weed control is beyond the scope of this study and therefore an opportunity for future
research. However, energy consumption is somewhat higher for some crops such as po-
tatoes or winter wheat [50]. A life cycle assessment concludes that GHG emissions for
mechanical weed control are slightly higher than chemical weeding [51]. The potentially
increased soil CO: emissions from soil respiration after mechanical weeding at shallow
working depths (e.g., harrowing or hoeing at 2-3 cm depth) in sugar beets [52]), may be
negligible, but this aspect has hardly been studied. Yet, organically managed soils with
mechanical weed control are associated with lower emissions of GHG emissions [53].
Herbicides can alter soil GHG fluxes by affecting soil microorganisms [54], promoting CO:
emissions, and reducing N20 emissions [55]. Emissions from mechanical weed control can
be reduced by choosing less GHG-intensive alternative inputs, shallower working depths,
and more efficient tractor technology [56]. Mechanical lightweight weeding robots instead
of herbicides can also reduce GHG emissions, benefit biodiversity, and prevent herbicide
resistance [57]. There are several non-chemical, preventive weed control measures [58]
such as a diversified crop rotation, which can reduce the need for herbicides [59], while
cover crops and mulching can both suppress weed emergence and promote soil biota [60—
62]. The environmental impacts of mechanical weed control compared to chemical weed
control varies by crop type (mechanical weed control performs best in oilseed rape and
maize) and herbicides used, but in every case it is superior in terms of toxic burden to
humans and the environment [44,63]. In addition to a reduction in herbicide use, large
annual GHG emissions can also be saved, e.g., in soybean production in the USA by bio-
logical pest control instead of insecticides [64].

Limitations to the GHG emission calculations in the present study include that the
GHG-intensities of the extracted Als are based on relatively old studies [16]. There is a
possibility that production processes today are more efficient and less GHG intensive,
which would lead to an overestimation of the calculated GHG emissions. New life-cycle
assessments for current pesticide Al production could provide more up-to-date emissions
data. Underestimation of actual GHG emissions due to pesticide use could result from
considering only Al production, which is often only a small percentage of the formulated
pesticide product [15,65], while neglecting the production of other components of com-
mercial formulations. In any case, all calculated GHG emissions can only be interpreted
as estimated average emissions because only average GHG intensities per pesticide type
were used and average emissions from Als were assigned to chemical classes in the ab-
sence of more accurate Al-specific use data in the carbon footprint calculation.

The carbon footprint calculations were made on the basis on many simplifications
and averaged data. A life cycle assessment based on a real farm, for which all inputs are
known, would provide more accurate results. However, we are not aware that such a
comprehensive life cycle assessment has been conducted. Fertilizer dosages vary depend-
ing on the soil on site and its nutrient situation [35], so the associated emissions also vary
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greatly by site. Pesticide levels also change depending on pest and disease pressure, and
weather conditions [8,9]. Because we assumed that pesticides and fertilizers were applied
separately and not as mixtures [66], we overestimated application-related emissions. GHG
emissions other than production- and application-related emission were not considered,
so the actual proportion of N fertilizer emissions is likely to be higher due to N20 emis-
sions in the field (high global warming potential), which would reduce the proportion of
pesticides in total emissions. If limestone (CaCOs) is used for liming, CO2 emissions in the
field are possible [23]. Potential soil emissions that change with the use of herbicides [55]
were also not considered and need further investigation.

As in many European countries, the data situation and transparency of pesticide use
in Austria is weak due to data and trade security issues of pesticide manufacturers [67].
Publicly available spatial information on pesticides is completely lacking in Austria. This
is in contrast with, e.g., the UK and Ireland, where even the treated area for each applied
Al is available via an online database [68]. Maps of the different toxic loads of pesticides
on treated areas are also available in the USA [69].

Since climate change and warming in Austria have already increased about twice as
much as the global average since 1880 [70], all feasible steps to further reduce GHG emis-
sion seem imperative. Reducing pesticide use would have numerous benefits in addition
to reducing GHG emissions [71], including positive effects on biodiversity above and be-
low ground [12,72,73] and reducing pesticide contamination of ambient air [47,48]. It
should be noted, however, that focusing exclusively on reductions of pesticide amounts
may overlook a shift to lighter but more toxic and more persistent substances [44,47,74—
76].

5. Conclusions

Our analyses show that the total amount of pesticides and the associated GHG emis-
sion for fungicides and insecticides in Austria have increased over the last two decades.
To achieve the European targets of reducing the use of pesticides, further consistent steps
seem inevitable. Further reduction of GHG emissions could be achieved by combining
working steps, by applying fertilizer and pesticide mixtures. However, such combinations
could also lead to synergistic effects between pesticides and increase the toxic risk to non-
target species [77-79]. A simple way to reduce GHG emissions would be to eliminate the
use of herbicides, as organic farming successfully demonstrates that farming without
herbicides is economically feasible [63]. In any case, more accurate production- and use-
related data would be needed to allow for a more accurate calculation of GHG emissions
[67].

Based on our findings, we recommend that production-related GHG emissions from
pesticides also be allocated to the agricultural sector in official statistics and reported sep-
arately alongside other sources of GHG emissions such as manure management and en-
teric fermentation. This would raise public awareness of the often-neglected GHG inten-
sity of pesticide production. In addition, farmers seeking to reduce their GHG emissions
could be encouraged to consider pesticide reduction as a mitigation measure, with the
side benefit of preserving biodiversity.

Although pesticides are a smaller contribution to GHG emissions compared to ferti-
lizers, there is great potential for emissions savings, especially for pesticide intensive
crops. Alternative crop protection measures, especially preventive measures such as di-
verse crop rotations, cover crops, and mixed crops, which benefit both climate change
mitigation and biodiversity and increase soil carbon stocks, should be more widely used
[80]. Climate change and biodiversity loss are interlinked and cannot be considered sepa-
rate problems; solutions must address both issues simultaneously.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/agriculture12060879/s1, Table S1: Assignment of GHG emission
values (GHG-intensity) from Lal (2004) [16] (left four columns) to related chemical classes (fifth
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column) and active ingredients (Al sixth column) of herbicides used in Austria (sales data from
AGES). Only values in bold print were finally assigned; Table S2: Assignment of GHG emission
values (GHG-intensity) from Lal (2004) [16] (left four columns) to related chemical classes of insec-
ticides used in 2017 in Austria for crops of analysis (use statistics 2017, AGES 2020) [34] (fifth col-
umn). Only values in bold print were finally assigned; Table S3: Assignment of GHG emission val-
ues (GHG-intensity) from Lal (2004) [16] (left four columns) to chemical classes of fungicides used
in 2017 in Austria for crops of analysis (use statistics 2017, AGES 2020) [34] (fifth column). Only
values in bold print were finally assigned; Table S4: Chemical classes of herbicides used in 2017 in
Austria for crops of analysis (usage statistics 2017, AGES 2020) [34] (left) and assigned GHG emis-
sion values (GHG-intensity) from Lal (2004) [16].
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