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ABSTRACT

Agriculture and the entire food production system play a
critical role in sustaining the human species. However, as
we strive to secure our means of subsistence, our exten-
sive use of land and water has led to the depletion of the
environment and biodiversity. This raises the pressing ques-
tion of whether we can sufficiently produce food to support
a growing population while simultaneously mitigating the
inevitable environmental impacts. This article presents a
comprehensive review of the significant effects of agriculture
on the environment including contributions to greenhouse
emissions, land use and land-use change, and forests, impact
on biodiversity, impact on water quality and quantity, and
the impact of pesticide use. The article also offers a list
of approaches used to measure and evaluate the impact of
agriculture. The primary aim of this article is to comprehen-
sively review the latest insights in the field and to stimulate
further research in this area.
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1 Introduction

Agricultural activity1 impacts the environment, and environmental
disruptions affect agriculture activities. Over time, it has been noted
that agriculture plays a crucial role in initiating economic development,
but as a country attains a certain level of development, agriculture
tends to diminish in significance within the national economy (Byerlee
et al., 2009). Although, agriculture accounts for a small share of the
global economy; it is central to the livelihood of many people (Alston
and Pardey, 2014). In 2019, 27% of the total employment in the world
was in agriculture, and only 4% of the world’s gross domestic product
(GDP) was in the agriculture (World Bank, 2021). The contribution
of agriculture to countries’ GDP varies. For middle- and low-income
countries, as classified by the World Bank (2022),2 there is a larger
share of employment in agriculture, and agriculture contributes a larger
share to the country’s GDP, than high-income countries (Alston and
Pardey, 2014).

In the late twentieth century, large-scale and well-financed agri-
cultural practices became associated with environmental issues such
as the deterioration of traditional landscapes, the pollution of water-
ways through eutrophication, and soil erosion. These issues have a
notable impact on ecosystems and biodiversity (Bryant et al., 2020;
Rosegrant et al., 2009). Scientists highlight that in the nineteenth and
early twentieth centuries, the primary objective of agriculture was to
boost productivity rather than focusing on sustainability. Currently,
the emphasis has shifted toward improving agricultural practices to
address the growing global population’s food needs while also meeting
sustainability objectives (Lamichhane, 2017). However, the controversy

1The scope of the word “Agriculture” is varied. Agriculture refers to the farming
practice itself, including crops and livestock. Agriculture could also include land use
and land-use change which has forestry associations. Finally, agriculture could include
the entire food system, the food supply chain, input supply, farming, processing,
shipping, storage, and retailing. In the manuscript, we will make clear what dimension
of agriculture we are referring to.

2The designation of middle- and low-income countries are after the World Bank
classification. In 2022, low-income countries exhibited an annual per capita income
of less than $1,085; lower-middle income ranged between $1,086–4,255; upper-middle-
income ranged between $4,256 and $13,205; and high income was greater than
$13,205.
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arises as some scientists also argue that the issue of food security is
more related to food distribution and efficient use, more than increasing
the total amounts of food to be produced. In fact, the U.N. Food and
Agriculture Organization, reports that in 2021 approximately one-third
of the globally produced food was wasted (U.N. Food and Agriculture
Organization, 2021).

The relationship agriculture environment is bidirectional, while agri-
cultural practices impact the environment, changes in climate patterns
also impact agriculture. According to the Intergovernmental Panel on
Climate Change (IPCC, 2019), the increasing temperatures and shifting
rainfall patterns, coupled with a higher frequency of extreme weather
events, are projected to have adverse impacts on the production of
essential food staples like maize, wheat, livestock, and fish/seafood.
The well-being of crop cultivation and livestock farming is closely inter-
twined with the health of ecosystems. The current and future status of
natural resource, requirements, and limitations in the agriculture sector
are profoundly influenced by environmental conditions (U.N. Food
and Agriculture Organization, 2018). Elevated atmospheric carbon
dioxide levels are expected to result in reductions in the zinc, iron, and
protein concentrations found in fundamental foodstuffs like wheat, rice,
peas, and soybeans (U.N. Food and Agriculture Organization, 2016).
Rising temperatures are influencing various aspects of the marine envi-
ronment, including sea-surface temperatures, ocean circulation, wave
patterns, storm systems, salinity levels, oxygen concentrations, and
acidity. These changes are having an impact on fish populations and
marine life (U.N. Food and Agriculture Organization, 2018). Elevated
temperatures will also contribute to a less dependable freshwater supply,
which will pose challenges for small-scale livestock farming, particu-
larly in arid and semi-arid grassland and rangeland ecosystems. The
combination of higher temperatures and diminished water availability
will have adverse effects on animal well-being, that some scientists
believe will ultimately reduce the quality and quantity of available
feed and fodder resources (U.N. Food and Agriculture Organization,
2018).

The impacts of climate change vary among nations and different
social segments within a nation, leading to shifts in income distribu-
tion, the availability of natural resources, and income-earning prospects.
Typically, it is the most economically disadvantaged segments of the
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population, often reliant on ecosystem services, that bear the conse-
quences from the degradation of ecosystems (Rosegrant et al., 2009).
Regions characterized by elevated temperatures, degraded landscapes,
and limited adaptation capabilities, often found in middle- and low-
income countries, are likely to experience more pronounced impacts
(Mendelsohn and Dinar, 2009). The susceptibility of livelihoods to
climate change, as measured by factors like the proportion of income
of GDP derived from agriculture, forestry, and fishing, as well as the
capacity for adaptation, will play a crucial role in determining the
impact of climate change on different regions and communities (Van
Vuuren et al., 2011).

In view of the critical role agriculture and food production play in
sustaining humanity and the environmental challenges current practices
pose, one questions if it is possible to balance food production and envi-
ronmental preservation. Literature reviewed concludes that to achieve
this balance, it is important to explore alternative approaches, inte-
grating new technologies, and implementing effective policies, especially
in developing countries. This article offers a comprehensive review of
how agricultural practices affect the environment and presents various
methodologies for assessing this impact. By doing so, the aim is to
contribute to the identification of effective adaptation and mitigation
strategies, technologies, and policies. The article is organized as follows:
the next sections include agricultural impacts to greenhouse gasses
(GHG) emissions, land use and land-use change and forests, agricul-
ture’s impact on biodiversity and wild/nondomesticated species, impact
on water quantity and quality, and pesticides impact on the environ-
ment. Considering the importance of providing accurate estimates
to implement effective measures the review also includes a discussion
of selected approaches to assess agriculture’s environmental impacts.
Finally, the review includes a discussion on agricultural adaptation and
conclusions.

2 Agricultural Contributions to GHG Emissions

One of the significant impacts of agriculture is the alteration of the
atmosphere’s composition by increasing GHG such as methane, carbon
dioxide, nitrous oxide, and fluorinated gases (Kross et al., 2022; Turcotte
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et al., 2017; U.N. Food and Agriculture Organization, 2020). This
atmosphere’s alteration increased the average global temperatures and
is predicted to rise by 2◦C by 2100 (Malhi et al., 2021). In 2018,
more than half of total nitrogen emissions came from food systems
(encompasses food production, processing, packaging, transport, retail,
consumption, and disposal) (Crippa et al., 2022). This section offers
a review of GHG emissions from crop and livestock farming including
agricultural soil management, livestock enteric fermentation, manure
management, and rice cultivation.

In 2015, the top six emitting countries absorbed 51% of all the
global food system emissions: China (13.5%), Indonesia (8.8%), the
United States (8.2%), Brazil (7.4%), EU-28 (6.7%), and India (6.3%).
The total share of the food systems to total GHG emissions decreased
over time in developing countries from 68% in 1990 to 39% in 2015,
except for China, where emissions grew by 41%. Industrialized countries
have maintained a stable 24% of emissions (Crippa et al., 2021). The
decrease in the share of food system GHG emissions over the years
is attributed to the increases in nonfood emissions and reductions in
the deforestation (Crippa et al., 2021; Tubiello et al., 2015). Further,
the share of the specific agricultural activities (crop and livestock) to
the total GHG emissions varies across countries. The accurate assess-
ment of the contributions of agriculture to GHG emissions is of critical
importance for countries were agriculture represents a larger share of
the economy, so climate change strategies can be implemented through
effective policies and sufficient funding (U.N. Food and Agriculture
Organization, 2014).

Globally, Asia is the largest contributor to agricultural GHG emis-
sions absorbing 44% of total global emissions. The Americas is in the
second place with 26%, followed by Africa (15%), and Europe (12%)
(U.N. Food and Agriculture Organization, 2014). Worldwide, enteric
fermentation is the largest contributor to agricultural GHG emissions
with 40%, followed by manure left on pasture (16%), synthetic fertilizers
(13%), rice cultivation (10%), manure management (7%) and burning of
savannas (5%) (U.N. Food and Agriculture Organization, 2014). Just
for comparison purposes, the U.S. Environmental Protection Agency
(2022) reports that in 2021 in the United States, agricultural soil man-
agement (nitrogen applied to soils) represented 49% of the total GHG
emissions, followed by enteric fermentation (33%), manure management
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(14%), rice cultivation (3%), urea and liming application (1.4%), and
the field burning of residues (0.12%).3

Among the volume of gases, methane accounts for 35% of all food-
system GHG emissions in both developing and industrialized countries.
Livestock production, farming, and waste treatment are the primary
sources of methane. At the same time, rice leads the food crops’ methane
emissions. The nitrous oxide emissions are comparable between devel-
oping and industrialized countries. The increase in food supply-chain
emissions is more prevalent in industrialized countries. For example,
fluorinated gas emissions are more prevalent in industrialized countries,
as they are linked to refrigeration at food retailing. Also, the share of
carbon dioxide for energy is more prominent in developing countries.
This reflects that agriculture in these developing countries has become
more mechanized, along with higher uses of fertilizers and pesticides
(Crippa et al., 2021).

The accurate measurement of the GHG emission of the different
stages of the food supply chain is essential to identify impactful policy
actions to mitigate GHG from the food system. For example, it is
reported that food packaging contributes more to GHG emissions than
food distribution in the different food supply-chain stages. It is clear that
agriculture and, in general, the food system has increased its energy use
in industrialized and is increasing it in developing countries. Therefore,
policies directed to increase energy efficiency and decarbonization are
warranted (Crippa et al., 2021).

2.1 Soil Management

Applying synthetic nitrogen fertilizers and cultivating nitrogen-fixing
crops are essential for global agriculture’s economic sustainability

3The U.S. Environmental Protection Agency (2021) reports that the emissions
are calculated using internationally accepted methods provided by the Intergov-
ernmental Panel on Climate Change (IPCC) following the 2006 IPCC Guidelines
for National Greenhouse Gas Inventories. Source: https://www.ipcc.ch/report/
2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/.

The reporting format is consistent with the United Nations Framework Convention
on Climate Change (UNFCC) guidelines. Source: https://unfccc.int/process-and-
meetings/transparency-and-reporting/reporting-and-review-under-the-convention/
greenhouse-gas-inventories-annex-i-parties/reporting-requirements?gclid=CjwKCA
jw6eWnBhAKEiwADpnw9pChL6h9ErUFm0Qpf0q0bDDI__J0l6j9pxMDz39VlAS
3piillqK_KhoCffMQAvD_BwE.

https://www.ipcc.ch/report/2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/
https://www.ipcc.ch/report/2006-ipcc-guidelines-for-national-greenhouse-gas-inventories/
https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/reporting-requirements?gclid=CjwKCAjw6eWnBhAKEiwADpnw9pChL6h9ErUFm0Qpf0q0bDDI__J0l6j9pxMDz39VlAS3piillqK_KhoCffMQAvD_BwE
https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/reporting-requirements?gclid=CjwKCAjw6eWnBhAKEiwADpnw9pChL6h9ErUFm0Qpf0q0bDDI__J0l6j9pxMDz39VlAS3piillqK_KhoCffMQAvD_BwE
https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/reporting-requirements?gclid=CjwKCAjw6eWnBhAKEiwADpnw9pChL6h9ErUFm0Qpf0q0bDDI__J0l6j9pxMDz39VlAS3piillqK_KhoCffMQAvD_BwE
https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/reporting-requirements?gclid=CjwKCAjw6eWnBhAKEiwADpnw9pChL6h9ErUFm0Qpf0q0bDDI__J0l6j9pxMDz39VlAS3piillqK_KhoCffMQAvD_BwE
https://unfccc.int/process-and-meetings/transparency-and-reporting/reporting-and-review-under-the-convention/greenhouse-gas-inventories-annex-i-parties/reporting-requirements?gclid=CjwKCAjw6eWnBhAKEiwADpnw9pChL6h9ErUFm0Qpf0q0bDDI__J0l6j9pxMDz39VlAS3piillqK_KhoCffMQAvD_BwE
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(Cassman and Dobermann, 2022; Fowler et al., 2013; Sobota et al.,
2015). The increased use of nitrogen fertilizer is critical for grain
production (Zhao et al., 2021). The Food and Agriculture Organiza-
tion (FAO) projects that by 2050, the human population will reach
10 billion (in 2022, it reached 8 billion), and an additional 52 million
tons of nitrogen fertilizer in conjunction with 165 million hectares of
new arable land will be required to meet the demand for food, feed,
fiber, and biofuel (U.N. Food and Agriculture Organization, 2018).
Scientists coincide in that the application of synthetic fertilizers must
be evaluated to be prepared for the unprecedented demand for food
and mitigate negative impacts on society and the environment (Rauh,
2021).

The overuse and unintended nitrogen leakage pose significant health
and environmental concerns. The most widespread, costly, and challeng-
ing environmental problems caused by excess nitrogen in water and air
include increased mortality and morbidity due to nitrous oxide contam-
ination in both the air and drinking water. Additionally, environmental
hazards include water and soil acidification, pollution of groundwater
and other mineral water resources, as well as the acceleration of the
ozone layer degradation (Bashir et al., 2013). Another effect of nitrogen
leaching and run-off from agricultural soils is the increased frequency
and severity of toxic algae blooms and hypoxia (death) in freshwater
and coastal marine ecosystems (Sobota et al., 2015).

The issue of excessive usage is particularly critical, especially when
considering that, the majority of cereal crops only need about half
of the nitrogen fertilizer that is typically applied (Zhao et al., 2021).
Although, other studies noted that it is difficult to precisely estimate
the amount of nitrogen to be applied to meet the crop’s physiological
need (Cassman and Dobermann, 2022).

Scientists have observed a complex relationship between climate,
nitrogen pollution, and the emergence of hypoxic zones. On one side,
rising temperatures adversely affect crop yields. In response to reduced
yields, farmers compensate by increasing fertilizer application, or alter-
natively the plant might absorb less nitrogen, resulting in a surplus
remaining in the soil that subsequently leaches into nearby watersheds
(Metaxoglou and Aaron, 2022). In large parts of the world, especially in
sub-Saharan Africa, soils experience nitrogen deficiency and low yields
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due to insufficient applications of nitrogen and other nutrients (Cassman
and Dobermann, 2022).

In the United States nitrogen leakage intensity is near twice the
global average (Sobota et al., 2015). The application of synthetic nitro-
gen fertilizers cultivated biological nitrogen fixation by soybeans and
alfalfa and confined animal feeding operations manure are prevalent
in the nitrogen loading and leakage. The areas with the most consid-
erable nitrogen inputs had the highest damage costs: upper Midwest
and Central California (Sobota et al., 2015). Nitrogen from row crops,
large farms, and concentrated animal feeding operations run off the
Mississippi River Basin. The nitrogen exported from the Mississippi
River Basin to the Gulf of Mexico has created a zone with very low
oxygen levels, jeopardizing fish and other marine life. This zone is the
second largest hypoxic in the world, only behind the dead zone of the
Arabian sea (Metaxoglou and Aaron, 2022). On top, nutrient pollution
increases turf and macroalgal cover, killing coral reefs in marine systems
(Zhao et al., 2021).

Quantifying the social cost of nitrogen leakage is challenging because
there are multiple loss pathways and endpoints at which damages occur
(Metaxoglou and Aaron, 2022). Studies estimated that nearly 71% of the
anthropogenic nitrogen leaked to the environment is in water resources.
The costs associated with nitrogen leakage to the environment in the
United States added to $210 billion ($81–441 billion) annually in the
early 2000s. Similar ranges were estimated for the European Union
at $97–625 billion (Sobota et al., 2015). In China, these costs were
estimated at about $91 billion (Yu et al., 2019).

Alternative strategies to improve nutrient management to reduce
nitrogen leakage include the breeding of new varieties of crops that
would require less nitrogen (Sobota et al., 2015). Because the problem
is the excessive use of nitrogen, scientists suggest careful management
in nitrogen application, applying practices like the 4Rs in nutrient
management: right source, rate, time, and place for nutrient application
(Metaxoglou and Aaron, 2022). On-site control of nitrogen application,
besides controlling application rates and timing of nitrogen application,
includes better management of manure spreading, nitrification inhibitors,
change of tillage methods, and increasing drainage tile spacing. Another
approach is constructing and restoring riparian zones and wetlands
that could act as buffer systems between the agricultural land and
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the watershed (Metaxoglou and Aaron, 2022). A study conducted
in China revealed that combining synthetic fertilizers with livestock
manure could improve soil quality and boost crop productivity to a
greater extent compared to the use of the synthetic fertilizer alone (Yu
et al., 2019). Nutrient recycling shows promise in reducing the need for
synthetic nitrogen applications. The study identified three recycling
strategies: traditional wet manure recycling, dry compost recycling, and
direct wastewater recycling. The associated costs included an initial
investment of approximately US $104 billion and annual operational
costs, at US $29 billion (Yu et al., 2019).

2.2 Livestock Enteric Fermentation

Ruminant livestock enteric fermentation and manure management sig-
nificantly contribute to GHG emissions. Cattle animals experience
rumen microbial fermentation, also known as enteric fermentation,
which generates a series of gases, such as carbon dioxide and methane,
exhaled or eructated by the animal. Enteric methane is produced in
the anaerobic conditions of the animal’s rumen. The process involves
the methanogenic Archaea microorganisms that utilizes carbon dioxide
and hydrogen to produce methane (Eckard et al., 2010). The eructation
of gases prevents the animal’s bloating and is the primary route for
methane emission to the atmosphere. Greater feed consumption volumes
and diminished feed quality are directly linked to increased methane
emissions. The size of the animal, its growth rate, activity levels, and its
ultimate purpose (whether for milk or meat production), along with its
growth stage, and pregnancy conditions, all have an impact on methane
emissions. Researchers have noted that enteric fermentation decreases
the intake of digestible energy, which could otherwise be allocated to
functions such as growth or milk production. Consequently, reducing
methane emissions from enteric fermentation benefits the environment
and enhances the economic viability of cattle operations (Min et al.,
2022).

There are several mitigation strategies for cattle emission of methane,
mostly applied in North America and Europe. These strategies include
dietary/nutritional, reproductive, genetic, and management interven-
tions (Eckard et al., 2010). Dietary interventions influence the rumen
microbiome affecting the rumen fermentation profiles and microbiota
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community to reduce GHG emissions (Min et al., 2022). In the United
States, the use of feed additives such as 3-nitroxypropanol (3-NOP) for
methane inhibition shows promise and to be more effective with dairy
than with beef cattle (Dillon et al., 2021). Studies in Europe confirmed
that this additive is critical for reductions in enteric fermentation (Aan
den Toorn et al., 2021). Other studies advocate using plant-based
products such as condensed tannins and saponins as methane inhibitors.
Others recommend the use of phytochemicals with anthelmintic and
antioxidant properties. Further, essential oils such as oregano and
thyme have successfully reduced methane in vitro experiments, but
the in vivo trials still need to be completed. In addition, seaweed
(Asparagopsis taxiformis) was proven to reduce emissions (Dillon et al.,
2021).

Genetic selection also shows as a promising alternative. Scientists
found that methane emissions from livestock are moderately heritable.
Therefore, a choice for trait improvement is possible. Scientists recom-
mend a combination of practices like genetic selection and management
decisions, such as forage characteristics. Moreover, selection programs to
improve cattle feed efficiency are balanced with other outcomes, such as
longevity. And finally, the use of gene editing shows promise. Scientists
highlight the importance of considering genetic selection in the animal’s
living environment to achieve optimal productivity (Dillon et al., 2021).
Yet more research is needed to identify the optimal strategy to reduce
GHG emissions and increase ruminant production efficiency.

There is the need to enhance the accuracy of methane emission mea-
surement Worldwide: China (Tang et al., 2019), South Korea (Ibidhi
et al., 2021), Nepal (Thakuri et al., 2020), South Africa (Tongwane
and Moeletsi, 2020), Turkey (Kumas̨ and Akyüz, 2023), and Mexico
(Rivera-Huerta et al., 2022). In many countries GHG measurements are
inaccurate or inexistent. Enhancements in the accuracy of these mea-
surements are important for evaluating and assessing the effectiveness
of mitigation actions to reduce methane emissions. In China, methane
emissions resulting from enteric fermentation from grassland cattle have
not been adequately evaluated. Research indicates that transition-
ing from intensive to sustainable grazing practices enhance grassland
and livestock production, while offering potential to reduce methane
emissions from grazing cattle (Tang et al., 2019). In South Korea,
initiatives aimed to enhance the precision of methane measurement for
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dairy cattle revealed correlations with factors such as feed digestibility,
milk production levels, and methane conversion rates (Ibidhi et al.,
2021). In Nepal, improvements in feeding composition, technological
improvements, and carbon offset mechanisms contribute to efforts to
balance GHG emissions (Thakuri et al., 2020). In South Africa, dairy
cattle exhibit the most significant emissions, followed by subsistence
cattle and commercial beef cattle. Emission factors for commercial
beef and dairy cattle in this country surpass those in other African
regions but align with figures observed in Europe and North America
(Tongwane and Moeletsi, 2020). In Turkey, a study carried in the Lakes
region found that livestock complements other agricultural activities.
Therefore, policies aimed to mitigate GHG emissions should consider
the structure of the entire industry (Kumas̨ and Akyüz, 2023). In
Mexico, efforts to reduce GHG emissions from livestock include man-
agement of livestock feed. This implies regulating the quality and
composition of animal diets, which directly impact how efficiently the
animals digest their feed. Grazing livestock is prevalent in Mexico,
therefore studies on digestibility particularly for livestock that primar-
ily consume native vegetation could provide insights into improving
feed management practices to reduce emissions (Rivera-Huerta et al.,
2022).

2.3 Manure Management

Manure management involves the handling, disposal, and storage of
livestock waste (feces and urine) with the aim of conserving and reutiliz-
ing valuable nutrients. Animal manure contains a rich set of nutrients
required for plant growth and could represent a significant source for
nitrogen for intensive and subsistence crop systems (Montes et al.,
2013).

In the United States, the shift from smaller, pasture-based farming
operations to large, concentrated animal feeding operations has resulted
in the concentrated accumulation of excessive volumes of manure in
a particular location. This concentration of manure has become an
environmental issue (Malomo et al., 2018; Rauh, 2021). The manure
contains microorganisms that could harm humans and animals, caus-
ing food contamination and threatening public health (Malomo et al.,
2018).
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As previously described, the manure also contains useful organic
materials that could be recycled under careful management. The uses
include soil nutrients, compost, fertilizer, organic matter as soil amend-
ments/structuring and soils such as bedding. Moreover, manure can
be used as a source of energy, such as biogas and bio-oil, and fiber
as a peat substitute, paper, and to build materials (Malomo et al.,
2018).

Studies proved that the beneficial reuse of these organic materials,
under careful management, could increase soil organic content and
water holding capacity over time. However, this reuse is subject to
management cost, access to a viable market, variable nutrient com-
position, risk, public acceptance, and regulation compliance (Rauh,
2021). Due to the interconnections among the animal care, storage,
and land application stages of manure management, it is imperative
to approach manure management as an integrated part of the overall
livestock production system rather than as an isolated practice (Montes
et al., 2013).

Research conducted in Europe showed that the separation of slurry
has led to a reduction in GHG emissions, and that the combination
of slurry separation with incineration has proven even more effective
in decreasing these emissions (Sommer et al., 2009). Research in the
United States identified significative differences in manure handling
between large- and small-scale dairy farms. Small farms handle solid
manure and apply to the land daily resulting in lower GHG emissions
than large farms. In contrast, large farms can handle liquid manure,
implement long-term storage, and invest in mitigating practices such as
sand separation, solid–liquid separation, and anaerobic digestion. The
storage of liquid manure without undergoing processing can contribute
the most to GHG emissions, whereas the implementation of manure
processing through anaerobic digestion significantly reduces these emis-
sions (Aguirre-Villegas and Larson, 2017). Studies in China indicates
that approaches to reduce GHG emissions must efficiently combine
crop and animal production. For example, during the manure storage
phase, the use of dry collection technologies, acidification, compaction,
mulching, as well as the utilization of biosolids and biochar, have proven
to be efficient in reducing GHG emissions (Zhang et al., 2023). Studies
conducted in Australia support the notion that it is essential to com-
prehensively grasp the entire context of agricultural practices before



The Environmental Impacts of Agriculture: A Review 177

advocating abatement strategies to stakeholders. Many of these abate-
ment options are better suited for intensive animal production systems,
with fewer viable choices available for extensive grazing systems (Eckard
et al., 2010).

Anticipated technological advancements are poised to play a pivotal
role in enhancing manure management practices. The absence of sustain-
able strategies, both environmentally and economically, will inevitably
lead to environmental pollution (Malomo et al., 2018). In this context,
it is crucial to develop more accurate models for estimating emissions
at various scales, from individual farms to national levels. Research
indicates that GHG emissions from manure management exhibit vari-
ability across different farming systems, and depend on climate, systems
design, and management practices (Sommer et al., 2009).

2.4 Rice Cultivation

Rice is a staple for half of the global population and its demand in future
years is likely to increase. Cultivation practices typically involve flooding
a rice field. This suppresses the oxygen supply from the atmosphere
to the soil, leading to anaerobic fermentation of soil organic matter
(Neue, 1993b). The process consists of two parts. First, fermentative
bacteria hydrolyze complex organic compounds such as polysaccharides,
proteins, and neutral fats to carbon dioxide, hydrogen and acetate.
Second, the latter gases are reduced to methane by methanogenic
microbes, or methanogens (Thauer et al., 2008). Methane is released
from the submerged soils to the atmosphere by diffusion and ebullition
and through the plant’s roots and stems (Neue, 1993a). Emissions from
rice fields are influenced by the type of farming: irrigated, rainfed, or
deep water, if nitrogen fertilizer is used, the organic input, and rice
varieties (Zhang et al., 2016).

Seventy-eight percent of the methane originated from rice is concen-
trated in irrigated areas comprising 60% of total rice harvested area.
India takes the lead with 27% of the global methane from rice, followed
by China with 23%. Vietnam rice production consisting of flooding
and triple cropping and contributes to 10% of global rice methane
emissions (Carlson et al., 2017). Measuring rice contributions to the
GHG emissions is crucial; however, the environmental complexity of
rice production challenges such measurements. For example, increased
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temperatures lead to root decay fostering methane production. Less pre-
cipitation in rainfed rice leads to methane emissions reductions (Zhang
et al., 2016).

There is a diverse set of strategies to mitigate rice emission of
methane. These include different irrigation methods such as midsea-
son drainage, intermittent irrigation, alternative wetting and drying,
direct dry seeding and aerobic rice cultivation. Also, recent stud-
ies demonstrated that drip irrigation can mitigate methane emission
(Parthasarathi et al., 2019). The application of nitrogen fertilizer also
affects GHG emissions. However, there is no consensus on the net
impacts of nitrogen fertilizers on these emissions, and the effect likely
depends on site specific factors such as the type of nitrogen fertilizer
and water management. In principle, nitrogen fertilizers stimulate crop
growth and provide more carbon substrates to methanogens to pro-
duce methane. On the type of nitrogen fertilizer, the stimulation of
methanogens by nitrogen depends on the chemical type of nitrogen.
If the nitrogen fertilizer is urea, then the methane emission is greater
compared to ammonium sulfate. Water management impacts the net
effects of nitrogen fertilizers on the methane emission, favoring inter-
mittent drainage water compared to flood irrigation (Banger et al.,
2012).

3 Land Use, Land-Use Change, and Forests

According to the Intergovernmental Panel on Climate Change (IPCC),
approximately one-quarter to one-third of the Earth’s potential net
primary production is dedicated to various purposes, including food,
feed, fiber, timber, and energy production. Land serves as the foundation
for numerous ecosystem functions and services, encompassing cultural
and regulatory roles. The annual value of these services has been
estimated to be equivalent to the global yearly GDP (IPCC, 2019).

Human activities have significantly transformed the worldwide land-
scape, leading to the conversion of forests and grasslands into croplands,
pastures, and urban areas. Land use, land-use change and forestry
(LULUCF) is the anthropogenic change of land use from one type to
another, for example, from forest to crops (Perminova et al., 2016).
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According to the World Bank (2016), forested areas have experienced a
3% decline over the past 25 years, primarily due to the expansion of
agriculture. Despite these declines, approximately 30% of the Earth’s
land area still comprises forests (Kim et al., 2017).

Forests hold direct value for humans as they serve as sources of
timber, various plant and animal resources, tourist attractions, and
recreational spaces. Additionally, they offer indirect benefits by pro-
viding watershed protection, which ensures a clean and stable water
supply, and by acting as crucial carbon sinks aiding in the storage of
carbon and mitigating climate change (Kim et al., 2017). Conversely,
forest degradation pertains to the deterioration of land within forests,
while deforestation involves the transformation of forested areas into
nonforest land, leading to land degradation (IPCC, 2019).

Forests play a dual role in the context of GHG by serving both as a
source and a sink, while playing a crucial role in the exchange of energy,
water, and aerosols between the Earth’s surface and the atmosphere
(IPCC, 2019). The conversion of many older secondary and mature
old-growth forests into cropland has led to a reduction in the carbon
stored on the ground and contributed to an increase in atmospheric
carbon levels. In this sense, forestry activities can be considered as
either carbon neutral or a net carbon sink, depending on whether
they involve carbon removal through forest regrowth or carbon release
through deforestation or timber harvesting (Mendelsohn and Dinar,
2009; Sohngen, 2020). The sink effect refers to the capacity to achieve
negative GHG emissions which would occur if positive emissions from
deforestation and wood harvest were eliminated. Over the past century,
forests have acted as net carbon sink, absorbing more carbon than they
release (Sohngen, 2020). The relatively low carbon stock per hectare
in many forests presents an opportunity to incentivize forest owners
to increase the storage of carbon in forests via carbon sequestration
program rather than releasing into the atmosphere (Mendelsohn and
Dinar, 2009).

Climate change, marked by raising concentrations of carbon dioxide
in the atmosphere and escalating temperatures, is expected to have
significant impacts on forests. These effects will likely include changes
in the growth rates of trees, shifts in the disturbance patterns such as
wildfires or insect outbreaks, and alterations in the optimal geographic
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locations where certain tree species can thrive. For instance, scientists
have noted that climate change has already influenced the migration
patterns of forests in North American, highlighting its substantial impact
on the ecosystems (Sohngen, 2020). As such, the anticipated global
warming is expected to alter the mix of land-use practices in various
regions around the world. That is, the types of activities and land
uses that are most suitable in certain areas might shift as a result
of the changing climate and its impact on ecosystems (Mendelsohn
and Dinar, 2009). Furthermore, climate change amplifies the land
degradation by increasing the intensity of rainfall, causing more frequent
and severe flooding and drought events, heat stress, extended dry
periods, strong winds, rising sea levels, and more vigorous wave action.
Coastal erosion is an ongoing issue that is escalating and encroaching
upon additional regions, and the elevation of sea levels is compounding
land-use challenges in certain areas around the globe (IPCC, 2019).

Deforestation has contributed to significant share of global GHG
emissions. Note that about one-third of the total food-system GHG
emissions are originated from land use and land-use-change activities.4

These emissions are composed of carbon losses from deforestation and
the degradation of organic soils (Crippa et al., 2021). Halting defor-
estation and allowing secondary forests to naturally regenerate has the
potential to yield cumulative negative emissions between 2016 and 2100
(Houghton and Nassikas, 2018). Studies have demonstrated that the
process of converting old-growth forests into secondary-cut forests have
resulted in a modest improvement in carbon emissions. This is because
the old forests have grown approximately as much as they have decayed,
meaning they did not absorb a substantial amount of carbon from the
atmosphere. Conversely as secondary forests continue to grow, they
serve as a significant carbon sink (Mendelsohn and Dinar, 2009).

LULUCF contributions to climate change will be mitigated by
preserving and enhancing the capacity of ecosystems to store carbon,
effectively turning them into carbon sinks, and reducing GHG emissions

4Note that authors Crippa et al. (2021) and Tubiello et al. (2015) encompass
land use and land-use change and forestry (LULUF or LULUC) as part of the food
system. Agencies like the U.S. Environmental Protection Agency refer to farming
only when reporting agriculture contributions to emissions, and LULUF/LULUC is
considered apart.
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resulting from deforestation (Grassi et al., 2017). Harvesting wood
products plays a crucial role in the carbon cycle between forests and
the atmosphere. While the utilization of harvested wood products can
store carbon for varying durations, it also has the potential to replace
GHG-intensive materials such as fossil fuels with wood-based energy
(Geng et al., 2017). Research findings suggest that when it comes to
reducing GHG emissions, replacing non-wood with wood product is
more effective than substituting wood for fossil fuels. However, it is
important to note that harvest wood products and bioenergy sourced
from sustainably managed forests can make a significant long-term
contribution to GHG reductions (Geng et al., 2017).

Analyzing the contributions of LULUCF to climate change, across
countries, is complex. The integration of forests into international
climate change agreements has proved to be intricate (Grassi et al.,
2017). For the 2015 International climate negotiations in Paris, France,
countries worldwide submitted their Intended Nationally Determined
Contributions (INDCs) to the United Nations Framework Convention
on Climate Change (UNFCCC). These contributions outlined the spe-
cific actions and commitments each country intended to take to address
climate change and the inclusion from LULUCF activities was not homo-
geneous across countries (Forsell et al., 2016). Another critical concern
is the measurement of carbon emissions resulting from deforestation.
Thanks to advancements in satellite and remote sensing technologies,
it is possible to monitor the forest cover across the entire planet. This
technological progress has significantly enhanced the ability to assess
more accurately the carbon impact of deforestation (Mendelsohn et al.,
2016).

Studies conclude that if effective management practices are put into
action (e.g., expansion of forest area, greater efficiencies in converting
harvested wood to long-lasting products and sources of energy, and
novel approaches to sequester carbon in soils) it is expected that the net
LULUCF emissions will decrease by 2030 when compared to the levels
observed in 2010 (Forsell et al., 2016; Grassi et al., 2017). The most
significant reductions are projected to come from Indonesia, Brazil,
China, and Ethiopia (Forsell et al., 2016).

Improving reporting accuracy and achieving greater harmonization
in LULUCF–GHG emissions data across countries are critical steps
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for effective mitigation actions. For instance, projections of emissions
suggest that certain regions have forests acting as net annual carbon
sinks, while others not. Research indicates that within the EU-28
countries, the LULUCF sink offsets approximately 7% of the total
EU-28 GHG emissions. However, this percentage varies significantly
among member states; for instance, the offset in the Netherlands is
minimal, and in Latvia, it is considerably higher (Blujdea et al., 2015).
Interestingly, land-use changes constitute roughly 10% of the entire
EU-28 land area but contribute to around 20% of the total annual
net LULUCF sink. Whereas, organic soils used in cropland make up
approximately 9% of the total land area but contribute to over 25% of
the total sink. Lastly, forest fires, which emit carbon, account for an
average of 3% of the total sink (Blujdea et al., 2015).

When calculating GHG emissions from LULUCF, it is crucial for
researchers to consider landscape fires, given their frequent occurrence.
A comprehensive approach to carbon emission accounting would offer
stronger incentives to enhance fire management practices aimed at
reducing the frequency, severity, and extent of uncontrolled landscape
fires (Bowman et al., 2023). Specific areas requiring improvement in
national inventories were identified, particularly in Australia. These
improvements involve focusing on forest fires and encompass detailed
mapping of fire severity patterns, the development of comprehensive
emission factors, better models for growth and recovery across various
vegetation types, an improved understanding of how fires of varying
severities impact carbon stocks, and more in-depth analyses of human
factors contributing to emissions, including ignition types and fire-
weather conditions (Bowman et al., 2023).

Another area of research examines the effectiveness of legislative pro-
posals aimed at regulating GHG emissions following LULUCF. Within
the EU-28, it was observed that there is a limited connection between
the forest policy framework and its impact on land and forest owners
(Nabuurs et al., 2017). This sets forth a diverse range of opportunities
to create positive incentives for more robustly integrate climate objec-
tives into the forest sector. Furthermore, it highlights the potential of
aligning forest climate goals with other forest-related concerns, such
as biodiversity preservation, wildfire management, protection of peat
carbon, addressing forest health issues, and low demand for raw wood
materials (Nabuurs et al., 2017).
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Studies in China, the largest contributor to GHG emissions, have
assessed the projections outlined in this country’s INDC. When it comes
to forests, research indicates that the goal set in the Chinese INDC to
increase the forest stock volume by 4.5 billion cubic meters leads to a
relatively modest reduction in carbon dioxide emissions compared to
the emissions projected under current policy scenarios. This reduction
is primarily attributed to the carbon accumulation in newly afforested
areas and the carbon storage in existing forests (den Elzen et al., 2016).
It is important to note that there is a high level of uncertainty associated
with these estimates, primarily related to how future harvest levels are
projected and how the target is measured. These studies underscore
the notion that achieving meaningful carbon reductions in China by
or before 2030 would necessitate significant efforts to enhance GHG
mitigation (den Elzen et al., 2016).

4 Agriculture’s Impact on Biodiversity and Wild/Nondomesticated
Species

Biodiversity encompasses the entire spectrum of life, ranging from the
molecular and organismic levels to populations, species, and entire
ecosystems. In this way, it encompasses the full range of variations
in the physical characteristics of individuals and populations within
a species, the taxonomic variety of species within a community, the
functional differences among species within an ecosystem, and the overall
diversity found within the ecosystem itself (Hanley and Perrings, 2019).
The surge in the global human population has resulted in approximately
40% of the Earth’s forests and other ice-free natural habitats being
transformed into farmland and grazing areas (Rey Benayas and Bullock,
2015). In fact, the primary driver of biodiversity loss is widely attributed
to the expansion and intensification of agriculture (Barros-Rodríguez
et al., 2021; Bellard et al., 2014; Kehoe et al., 2017; Rasche et al., 2022).
As a result, scientists agree that the current era is witnessing a higher
rate of species extinction when compared to previous eras in the planet’s
history (Rey Benayas and Bullock, 2015).

Agriculture’s impact on biodiversity is classified as (i) direct associ-
ated with the alterations in soil composition, land-use-change, use of
pesticides, etc., and (ii) indirect, such as the evolutionary impacts on
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domesticated species (Turcotte et al., 2017). Regarding the mechanisms
through which agriculture influences wildlife evolution, three distinct
mechanisms have been identified (Turcotte et al., 2017). The first,
involves species adapting to a different set of genetic traits, as domes-
ticated species often exhibit vastly different phenotypes compared to
their wild ancestors. For instance, combatting pests in agriculture often
involves breeding domesticated crop varieties with enhanced disease
resistance. However, pests can quickly adapt to these new resistant
varieties. The second mechanism is that intensive agricultural practices,
such as crop rotation, pesticide use, and genetic engineering, exert selec-
tive pressure on the evolution of wild species (Turcotte et al., 2017). The
high density of domesticated species, along with irrigation, fertilization,
and tillage, can result in agricultural habitats lacking biodiversity. This
homogeneity can lead to rapid pest evolution. Efforts to control pests,
weeds, and diseases also drive significant selection of wild organisms.
The third mechanism involves non-selective processes that influence the
evolution of wild species. One example is the genetic exchange between
domesticated species and their wild relatives, which can lead to “genetic
homogenization.” This gene flow between domestic and wild-related
species is a subject of concern for some scientists (Turcotte et al., 2017).
To this latter point some sectors of the scientific community consider
genomics as one reasonable pathway toward mitigating agriculture’s
environmental impact. Yet the concerns raised in this paragraph should
be considered to mitigate any potential impact of using genomics on
species biodiversity.

Research examining biodiversity changes has identified several key
factors that will have a major impact on terrestrial ecosystems. These
factors include land-use changes, climate change, nitrogen deposition,
biotic exchange, and elevated carbon dioxide concentrations. Notably,
ecosystems with Mediterranean climates and grassland characteristics
are expected to undergo more substantial transformations when com-
pared to northern temperate ecosystems (Sala et al., 2000). Other
studies have projected that the combined effects of land use and cli-
mate change are anticipated to result in a 10% loss of habitat for large
mammals, particularly in regions like Europe. While shifts in human
consumption patterns are predicted to have a positive impact on habitat
conservation efforts, these changes may not be sufficient to mitigate



The Environmental Impacts of Agriculture: A Review 185

the overall risk of extinction for these species (Rondinini and Visconti,
2015).

At present, society faces a dual challenge: the need to accommodate a
growing population with an apparent need of increasing food production,
while also addressing the decline in biodiversity and ecosystem service
degradation (Tscharntke et al., 2012). However, scientists also argue
that the issue of food security is more related to food distribution and
efficient use, more than increasing the total amounts of food to be
produced (U.N. Food and Agriculture Organization, 2021).

Some scientists argue that due to this necessity of providing food
for the global population, proposing conservation-driven recommen-
dations like restricting agricultural expansion or withdrawing land
from production would be impractical (Martin et al., 2020). Others
claim that the foundation of worldwide food security relies on small-
scale farmers rather than large commercial farms. This is due to the
fact that approximately 80% of the world’s hungry population resides
in developing nations, with nearly 50% of them being smallholders,
who cultivate land covering less than 2 hectares (Tscharntke et al.,
2012).

Agricultural expansion involves clearing and breaking up once-
undisturbed ecosystems, resulting in edge habitats that lead to greater
human encroachment on wildlife. This expansion leads to homoge-
neous landscapes, involving low plant diversity with higher alterations
in biomass and soil microbial activity associated with improved crop
production (Barros-Rodríguez et al., 2021; Glidden et al., 2021). The
reduction of the availability of natural resources for wildlife is trig-
gered by the introduction of pesticides, fertilizers, and antimicrobial
compounds into the environment (Glidden et al., 2021). Further, irri-
gation systems, which are extensively employed in agriculture within
arid and semi-arid regions, have a significant impact on the nutritional
composition of the soil. This can result in changes in the microbial com-
munity present. Specifically, irrigation systems that utilize wastewater
treatment plants have been found to diminish the diversity of the soil
microbiota. This reduction is accompanied by an increase in the levels
of heavy metals and mercury within the soil, as well as the introduction
of microorganisms originating from human sources (Barros-Rodríguez
et al., 2021).
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In addition, agriculture exerts a direct impact on global biodiversity
through practices like forest burning for crop cultivation and pasture
establishment, which have profound effects on ecosystems. This practice,
often exacerbated by wildfires, results in significant alterations to the
chemical and physical properties of the soil. One notable change is
the chemical oxidation of soil organic matter, which in turn affects
the composition of soil microorganisms, including those beneficial for
plant growth such as rhizobacteria. Additionally, fires contribute to
the increased soil erosion and nutrient loss (Barros-Rodríguez et al.,
2021).

Tilling and plowing are the standard agricultural practices used to
enhance soil aeration and facilitate the mixing of fertilizers. However,
these practices have significant impacts on both the biological and
chemical properties of the soil (Barros-Rodríguez et al., 2021). They
can lead to changes in the soil’s biological aspects, including shifts in the
populations of organisms like earthworms and alterations in microbial
biodiversity. These practices promote the decline of nitrogen-sensitive
plant species, such as legumes and nonvascular plants, in the ecosystem
(Barros-Rodríguez et al., 2021).

Changes in local climatic conditions resulting from land use and
land-use changes, particularly in agriculture, have a detrimental impact
on the availability of suitable microclimates for insect diversity. The
effects of land use and climate change on insect biodiversity exhibit
spatial variability, with tropical species being more susceptible com-
pared to their temperate counterparts (Outhwaite et al., 2022). This
discrepancy can be attributed to the fact that tropical regions have
historically maintained relatively stable temperatures. Consequently,
tropical species have experienced a narrower range of past climatic
conditions and tend to exhibit narrower thermal niches when compared
to temperate species (Outhwaite et al., 2022). Research indicates that
biodiversity loss is particularly pronounced in tropical regions such
as the Amazon basin and Sub-Saharan Africa (Barros-Rodríguez et
al., 2021; Kehoe et al., 2017). Kehoe et al. (2017) explain that the
greatest risk of species loss due to agricultural land use is concen-
trated in less economically developed countries with rich biodiversity,
where governmental conservation efforts are minimal. Conversely, in
countries like the United States, which allocate substantial funds to
biodiversity conservation, there has been a decrease in voluntary partic-
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ipation in programs such as the Conservation Reserve Program. This
decline is attributed to the fact that these programs often face com-
petition from subsidized crops like corn and soybeans (Cunningham,
2022).

The apparent discord between various forms of agriculture, partic-
ularly irrigated agriculture, and the goals of biodiversity and wildlife
conservation, has reached critical junctures both locally and globally.
The increasing use of land for agriculture, aquaculture, forestry, mining,
transport, industry, commerce, and housing implies reductions in the
wildlands, leading to a loss of habitats for wild species (Hanley and
Perrings, 2019). The conversion of natural habitats to croplands and
pastures has triggered a decline of 20–50% of the population of verte-
brates, invertebrates, and plant species (Turcotte et al., 2017). Other
effects of agriculture on biodiversity are the collapse of pollinators due
to pesticide use and agriculture-induced habitat loss (Turcotte et al.,
2017).

One well-documented consequence is the impact on wetlands (Lemly
et al., 2000). These wetlands hold significant value as wildlife habitats,
serving as sanctuaries for resident wildlife and as crucial stopover for
wintering/breeding sites for species like waterfowls and birds. These
losses have adverse effects on local wildlife and send ripples through
migratory species such as birds, with far-reaching global implications
(Lemly et al., 2000).

When examining strategies to reduce the impact of agriculture
on biodiversity and wildlife, scientists present two distinct viewpoints.
The first involves “land sparing” which advocates for the separation
of land into either areas for nature preservation, and areas for intense
agricultural production. The second is “land sharing” which promotes
the integration of food production and conservation on the same land,
often referred to as wildlife-friendly farming (Tscharntke et al., 2012).
This ongoing debate encompasses challenges. First, it challenges the
notion that higher yields and biodiversity are inherently at odds when
farms are effectively managed. Second, it questions the assumption that
increased yield automatically leads to the preservation of land for nature.
Third, it highlights the disruptive impact of conventional intensification
on the beneficial functions of biodiversity and the overall environmental
quality. The debate also must be aligned with the consensus that food
security hinges more on efficiently distributing food rather than solely
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increasing food production. Increasingly, scientists are advocating for
the development of efficient food distribution systems before considering
high-input agricultural intensification (Tscharntke et al., 2012).

Some scientists have brought up the concern that the conservation
of biodiversity and wildlife should not be perceived as contradictory to
human interests. An emerging area of research focuses on how conserv-
ing biodiversity and wildlife can potentially decrease the likelihood of
zoonotic pathogens spilling over from wild animals leading to epidemics
and pandemics in both humans and livestock (Glidden et al., 2021).

4.1 The Economic Value of Biodiversity

Understanding the economic consequences of biodiversity loss is crucial
for raising awareness and establishing a connection between the nat-
ural world and human well-being (Paul et al., 2020). Gaining insight
into these values would enhance decision-making processes concerning
biodiversity. However, there is a shortage of studies that examine the
economic worth of biodiversity, and it is imperative to establish a consen-
sus regarding the appropriate approach or methodology to employ, given
the intricate and context-specific nature of these relationships. When
modeling the economic value of biodiversity, practitioners primarily
focus on the complex interactions between biodiversity and ecosystem
functionality, as well as the interrelationship between ecosystem func-
tionality and the provision of ecosystem services (Hanley and Perrings,
2019).

Some researchers argue that integrating biodiversity into the ecosys-
tem service concept presents challenges because biodiversity fulfills at
least three distinct roles: it serves as a critical factor influencing ecosys-
tem functioning, acts as an ecosystem in its own right, and directly
impacts human well-being (Mace et al., 2012). Paul et al. (2020) explain
that the connection between biodiversity and economic worth exhibits
variability and can assume diverse functional shapes, primarily featuring
positivity and concavity. However, it can also be graphically represented
by strictly either concave or convex curves. These intricacies arise from
a combination of factors including the specific type of ecosystem ser-
vices involved, the trade-offs being considered, the influences of input
variables, and the type of utility function employed to represent human
preferences.
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The study by Hanley and Perrings (2019) indicate that the economic
impact of biodiversity can be either direct or indirect contingent upon
how changes in biodiversity affect human well-being. The direct values
of biodiversity are typically assessed in terms of both use and non-
use values. Use values are exemplified by the benefits derived from
activities like recreational hunting of deer or birdwatching rare species
in wetlands. Non-use values encompass the satisfaction that people
derive from the knowledge of the existence of certain species, even if
they never encounter them in the wild, such as the snow leopard or killer
whales. Furthermore, when delving into the realm of indirect values
associated with biodiversity, Hanley and Perrings (2019) highlight that
biodiversity serves as a fundamental input in various ecosystems that
ultimately benefits society. These indirect values are exemplified by the
role of biodiversity in supporting essential ecosystem functions, such
as the contribution of pollinator bees and other beneficial insects to
agriculture that predate on damaging pests; and ultimately benefiting
human populations.

Taking a closer look at the economic implications of agriculture
on biodiversity, it is important to recognize that the evolution of wild
species in response to agricultural practices can have both direct and
indirect effects on the provision of multiple ecosystem services (Turcotte
et al., 2017). One long-acknowledged consequence of this interaction
is the rapid evolution of pests, pathogens, and weeds, which can lead
to significant reductions in crop production. An illustrative example
is the development of pesticide resistance among tobacco budworms in
Texas and northern Mexico in 1970, which ultimately resulted in the
abandonment of 285,000 hectares of cotton cultivation. This problem is
not limited to a single region, globally crop losses attributable to pests,
pathogens, and weed amount to a substantial 25–40% of the production
of most crucial food crops. These damages have the potential to erode
grower profits and have a substantial impact on both global food supply
and human nutrition (Turcotte et al., 2017). To combat the evolution
of resistance among crop pests, growers are often compelled to apply
greater quantities of pesticides. However, this response can have indirect
consequences on numerous ecosystem services, further complicating the
intricate relationship between agriculture, biodiversity, and ecosystem
functions (Turcotte et al., 2017).
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5 Agriculture’s Impact on Water Quality and Quantity

The UNESCO World Water Assessment Programme (2019) indicated
that by 2050, water demand is expected to increase by 20–30% above
its current levels. As of 2019, over 2 billion people experienced high
water stress, and over 4 billion experienced severe water scarcity at
least once a year. This trend is expected to continue as climate change
intensifies. The variation in water availability across different locations
and times is influenced by intricate natural factors such as hydrology,
water demand, geographical characteristics of river systems, as well as
by human factors like population growth, water resource development,
and river management (Steinfeld et al., 2020). These factors are in a
constant state of flux and can change rapidly, impacting livelihoods,
industries, and freshwater ecosystems that rely on water. In many
situations, hydrological patterns do not remain constant over time, even
though global water resource management strategies often make this
assumption (Steinfeld et al., 2020).

Rosegrant et al. (2009) reported that the irrigation water supply
reliability (IWSR) index is expected to decline from 0.71 globally in
2000 to 0.66 by 2050. The stressors fueling the decline in IWSR include
the expected increased competition from non-irrigation water demands,
mainly from developing countries. Another stressor is the expansion
of the livestock industry, considering the water used by animals and
the water needed to grow crops to feed livestock. Climate change is
expected to increase the magnitude of the problem, given recurrent
volatility in rainfall levels and severe droughts.

Irrigated agriculture absorbs about 70% of all the planet’s freshwater
withdrawals, including rivers, lakes, and aquifers (Rosegrant et al., 2009).
Yet irrigation accounts for only 10% of the global agriculture water use,
suggesting that most agriculture is still dependent on rain (Assouline
et al., 2015). Irrigation in agriculture is crucial for crops to achieve
optimal yields. For example, along with other inputs, irrigated cereal
crop yields are 60% higher than rainfed crops. With the expected global
population increase, food security relies on irrigated crops; for example,
53% of cereal production growth during 2000–2050 will likely come from
irrigated agriculture (Rosegrant et al., 2009). Enhancing the climate
resilience of irrigated agriculture is necessary, particularly in regions
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where the looming challenges of future water shortages or heightened
water supply unpredictability are evident (Ward, 2022).

The issue concerning water encompasses not only its availability but
also its quality. Water pollution includes salinization, microbiological
contamination, eutrophication, excess nutrients, acidification, metal
pollutants, toxic wastes, saltwater contamination, thermal pollution,
and suspended solids. They also include natural contaminants such as
arsenic and fluoride (Rosegrant et al., 2009). Crop operations, livestock
feeding, cropland, and pasture runoff, constitute the largest nitrogen
source for freshwater and marine ecosystems (Stephenson and Shabman,
2017; Vilas et al., 2020). This overabundance of nitrogen cause the
degradation of the water quality and eutrophication of groundwater,
rivers, lakes, and coastal and marine ecosystems, resulting in the loss of
biodiversity and hypoxia (Mekonnen and Hoekstra, 2015). Mekonnen
and Hoekstra (2015) estimated that the accumulated global gray water
footprint (GWF) for 2002–2010 was 13 × 1012m2/yr. GWF is an
indicator of human appropriation of freshwater resources. Researchers
estimated that China absorbed 45% of the global total, and 75% of the
GWF was from agriculture, 23% from domestic point sources, and 2%
from industrial point sources. Out of agricultural activity, 18% of the
GWF came from cereal cultivation, 15% from vegetables, and 11% from
oil crops.

Irrigation systems with marginal water sources and inadequate
drainage often lead to soil salinization (Assouline et al., 2015; Rosegrant
et al., 2009). This problem is enhanced in arid regions with high
population growth where irrigation expansion is highly needed or with
practices incorporating more fertilizers than required in the irrigation
water (Assouline et al., 2015). About 60% of the groundwater worldwide
withdrawn is used for agriculture (Lawell, 2016; Rosegrant et al., 2009).

Efforts to mitigate agricultural risks aim to manage unexpected
water-related losses and should be considered when formulating poli-
cies. These methods encompass a range of strategies, including sub-
stituting livestock forage, increasing dam storage capacity, improv-
ing reservoir management, implementing managed aquifer recharge,
developing supplemental irrigation systems, adopting desalination tech-
niques, promoting water conservation, establishing equitable water pric-
ing, facilitating water trading, stream adjudications, and implementing
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carbon sequestration policy initiatives (Ward, 2022). The significance
of approaches such as hydroeconomic analyses is growing in importance
to evaluate the efficiency of these agricultural risk reduction methods
(Ward, 2022).

6 Pesticides’ Impact on the Environment

Pesticides for this manuscript encompass substances used as insecticides,
fungicides, herbicides, rodenticides, molluscicides, and nematicides in
agriculture. Pesticides are extensively used in modern agriculture, serv-
ing as a cost-effective and efficient approach to reduce losses, boosting
agricultural productivity and improving the economic feasibility of farm-
ing (Bourguet and Guillemaud, 2016; Sharma et al., 2019). The benefits
of pesticides for humans rely on helping control insect vectors that could
transmit deadly diseases. Also, in agriculture, they are employed to
control plant weeds, insects, and diseases, increasing crop productivity.
Scientists estimate that the absence of pesticide use would result in a
loss of 78% of fruit production, 54% of vegetable production, and 32%
of cereal production (Lamichhane, 2017).

While pesticides offer significant benefits for crop productivity, their
widespread use can have serious consequences due to their potential for
biomagnification and their persistent nature (Sharma et al., 2019). The
excessive utilization of pesticides and the associated pollution lead to
the destruction of biodiversity, threatening birds, aquatic organisms,
and animals (Kaur et al., 2019; Mahmood et al., 2016). Scientists claim
that out of the three billion kilograms of pesticides used worldwide
yearly, only a small percentage is used to control plant pests and the
remaining is lost to non-target plants and the environment (Tudi et al.,
2021). Pesticides contaminate the air, water, soil, and entire ecosystems
resulting in significant health risks for all living organisms (Sharma
et al., 2019). Worldwide, China is the major user of pesticide, followed
by the United States and Argentina (Sharma et al., 2019).

When pesticides are applied to a target plant or when they are
disposed of, they could enter the environment causing harm. When
pesticides enter the environment, they transfer and degrade, generating
new chemicals. The transfer process to non-target plants and the
environment happens via adsorption, leaching, volatilization, spray
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drift, and runoff (Tudi et al., 2021). In China, a report suggests that
70% of the pesticides used are not taken up by plants but rather leach
into the soil and groundwater (Zhang, 2018).

Pesticides can either be naturally occurring compounds or synthet-
ically manufactured. Based on the chemical composition, pesticides are
classified into groups namely organochlorine, carbamates, organophos-
phates, pyrethroids, and neonicotinoids (Kaur et al., 2019). Pesticide
exposure can have sublethal effects on terrestrial plants and can be
lethal to non-target plants. When herbicides drift or volatilize, they
can harm nearby trees and shrubs, making plants more susceptible to
diseases and reducing seed quality (Mahmood et al., 2016). Additionally,
the use of broad-spectrum insecticides like carbamates, organophos-
phates, and pyrethroids can lead to significant declines in populations
of beneficial insects such as bees and beetles (Mahmood et al., 2016;
Tudi et al., 2021). There is suspicion that pesticide use contributes
to declines in bird populations, as pesticides can accumulate in the
tissues of bird species, leading to their death. Furthermore, fungicides
can indirectly reduce bird and mammal populations by killing earth-
worms, which serve as a food source for these animals (Mahmood et al.,
2016).

One significant issue associated with pesticide overuse is the leach-
ing, diffusion, volatilization, erosion, and run-off of these chemicals
into the soil, which can adversely affect the microorganisms inhabit-
ing it (Pérez-Lucas et al., 2019). The leaching rate of pesticides is
influenced by a range of factors, including the chemical properties of
the pesticide, soil permeability, soil texture, organic matter content,
volatilization, crop root uptake, and the method and dosage of pesticide
application. These diverse factors collectively determine the extent to
which pesticides may move through the soil and potentially impact
the environment (Pérez-Lucas et al., 2019). Soil-dwelling microbes
play crucial roles in supporting plant health, including facilitating
nutrient absorption, breaking down organic matter, and enhancing soil
fertility (Mahmood et al., 2016). Many soil microbes are involved in pro-
cesses like converting atmospheric nitrogen into nitrates. Chlorothalonil
and dinitrophenyl fungicides, for instance, have been found to disrupt
the activities of nitrification and denitrification bacteria. Herbicides
like glyphosate can inhibit the growth and activity of nitrogen-fixing
bacteria in the soil. Moreover, herbicides can harm fungal species
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such as mycorrhizal fungi, which are essential for nutrient uptake by
plants. Pesticides and fungicides also exhibit neurotoxic effects on earth-
worms, which are vital contributors to soil fertility (Mahmood et al.,
2016).

Water contaminated with pesticides poses a significant threat to
aquatic ecosystems and the various life forms they support (Mahmood et
al., 2016). Pesticides pollute surface waters (e.g., rivers, lakes, streams,
reservoirs, and estuaries) by directly applying pesticides to control
aquatic weeds and insects (Mahmood et al., 2016; Tudi et al., 2021).
Another pathway is the percolation and runoff, drifts, wastewater, and
wastewater from clean-up equipment used for pesticide formulation and
application (Mahmood et al., 2016; Tudi et al., 2021). Pesticides present
in water can have detrimental effects on aquatic plants by reducing the
dissolved oxygen levels, leading to physiological and behavioral alter-
ations in fish populations. The use of herbicides can lead to eliminate
aquatic plants resulting in sharp declines in oxygen levels, suffocating
fish, and decreasing their productivity (Mahmood et al., 2016). The
harmful impacts are not limited to fish alone; other species like amphib-
ians are also significantly affected by pesticides in contaminated surface
waters, exacerbating the challenges they face due to overexploitation
and habitat loss (Mahmood et al., 2016).

Pesticides have harmful effects on human health, which can occur
through both direct occupational exposure and indirect exposure. Farm-
workers in fields and greenhouses, as well as those working in the
pesticide industry, are at risk of occupational exposure (Bourguet and
Guillemaud, 2016). Additionally, the families of farmers and individ-
uals living in rural areas where pesticides are heavily used are indi-
rectly exposed. The general population can also be indirectly exposed
through the consumption of food and drinking water contaminated with
pesticide residues. The health effects on humans include acute toxi-
city, carcinogenicity, reproductive and neurodevelopmental disorders,
and disruption of the endocrine system (Bourguet and Guillemaud,
2016).

Climate change is altering the occurrence of pests in crops. Increased
atmospheric carbon dioxide concentrations likely alter the plant’s insect
susceptibility, affecting pesticide applications. Also, increased carbon
dioxide concentrations and changes in the nitrogen content in the soil
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will probably change insect distribution, and densities, altering the way
pesticides are applied. Moreover, changes in precipitation patterns,
likely wetter conditions, will increase the severity of insect infestations
(Tudi et al., 2021).

The primary determinant of pesticide usage is the presence and
severity of weeds, pests, and diseases in a crop. These organisms are
influenced by climate change, which can lead to genetic adaptation,
changes in phenology, or shifts in geographical distribution (Delcour et
al., 2015). As temperatures rise, there is a growing likelihood that larger
quantities of pesticides will be applied, with greater intensity in terms of
increased amounts, doses, frequencies, and the use of different varieties
or types of pesticide products to manage these evolving challenges
(Delcour et al., 2015).

Innovations incorporating integrated pest management principles are
needed to mitigate pesticide pollution. Examples of these technologies
include the application of insecticides not harmful to beneficial insects,
biological control, varietal innovations (varieties of crops with decreased
susceptibility to pests and diseases), precision agriculture, and diagnostic
tools based on molecular methods (Lamichhane, 2017). Scientists
believe that successful pollution mitigation involves a comprehensive
system approach with a deep understanding of the complex dynamics
of pests, plants, beneficial insects, and agronomic and cultural practices
(Lamichhane, 2017).

Reducing pesticide use is a pivotal factor in preserving both the
environment and human health. The adoption of new production strate-
gies can effectively lead to a decrease in pesticide usage. Research has
shown that low pesticide use, seldom results in decreased productiv-
ity and profitability in arable farms (Lechenet et al., 2017). A study
analyzed apple and pear farmers’ willingness to adopt environmentally
friendly pesticides, and found that this decision is often affected by
how farmers’ actions are perceived by others (Gallardo and Wang,
2013). Additional studies have found that farmers often believe they
have limited capacity or autonomy to reduce pesticide usage and that
successful examples, whether through peer farmers or access to knowl-
edge, are necessary to bring about behavioral changes (Bakker et al.,
2021).
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7 Selected Approaches to Assess Agriculture’s Environmental
Impact

Gaining a precise understanding of agriculture’s effects on the environ-
ment is crucial. It is only through this understanding that effective
adaptation and mitigation strategies can be developed. Assessing agri-
culture’s environmental impact is a complex task that involves the
evaluation of various factors and often employs different modeling and
methodologies. The choice of model depends on the specific research
question, data availability, and the scale of the assessment (e.g., farm-
level, regional or global). Often a combination of models and approaches
is used to provide a comprehensive understanding of agriculture’s envi-
ronmental impact. In this section, we examine nine different approaches
to assess environmental impact from agricultural activities: life cycle
assessment, environmental impact assessment, carbon footprint models,
soil health (SH) models, water quality models, biodiversity modeling,
economic and sustainability models, remote sensing and geographic
information systems, and land-use change models.

7.1 Life Cycle Assessment (LCA)

LCA encompasses all environmental burdens associated with the pro-
cesses producing a product or service, from the very origins of the raw
materials and extending all the way to waste disposal (Klöpffer, 1997).
LCA applications to agriculture are not the exception. The assessment
must include the entire agricultural production system: including all
the impacts from on-field activities and those related to the production
of raw materials such as minerals and fossil fuels and farm inputs like
fertilizers, plant protection substances, machinery or seeds (Brentrup
et al., 2004; Fan et al., 2022; Haas et al., 2000). These assessments
should include manufacturing, transport, and distribution, until the
end of the agri-food products end cycle (Perminova et al., 2016).

The LCA has been standardized by ISO 14040 (ISO, 2006a) and
14044 (ISO, 2006b). Typically, the LCA encompasses a series of stages
including the establishment of the system and its objectives, the compi-
lation of the life cycle, the evaluation of the environmental impacts, a
cross-cutting phase of interpretation, and the formulation of recommen-
dations for improvement (Acosta-Alba et al., 2019).
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Multiple applications of LCA have been developed through years.
LCA applications in wheat gran production determined that the pri-
mary environmental impact was the fertilizer application. This fertilizer
application was identified as a significant driver of eutrophication, acid-
ification, and the exacerbation of climate change. These studies also
reveal that farm inputs production and transportation have compara-
tively smaller effects on the overall environmental footprint of wheat
production (Brentrup et al., 2004). Other LCA applications have yielded
comprehensive maps on a continental to global scale, highlighting the
essential aspects of agricultural production, with particular focus on
fertilizer inputs (Ciais et al., 2010; Potter et al., 2010). Contempo-
rary national-scale life cycle inventories exhibit a growing inclusion of
regional-level data, enhancing the accuracy and granularity of LCA
(Colomb et al., 2015; Eady et al., 2014).

Research also underscores the significance of integrating spatial anal-
ysis into LCA. Models such as SEAMLESS, for instance, encompass
a comprehensive analysis of 12 European grown crops at the scale of
EU-15, with improved spatial resolution (van Ittersum et al., 2008).
Additional research enhances spatial assessments of LCA, by incorpo-
rating farm books with detailed input utilization data and utilizing
remote sensing-derived land-use maps in inventory analyses. These
studies contribute to a more finely detailed spatial evaluation of agricul-
ture’s contributions to GHG, both at the national and continental scales
(Navarro et al., 2016). Approaches that complement LCA such as the
LCA for Climate Smart Agriculture, aim to emphasize the advantages
that technical options offer to agricultural production systems. This
research highlights the need to advocate for climate-smart agriculture
along with multicriteria environmental assessments (Acosta-Alba et al.,
2019).

7.2 Environmental Impact Assessment

The Environmental Impact Assessment (EIA) is a systematic process
used to assess the environmental effects of a project, plan, or policy
before its implementation. When applied to agriculture, EIA assesses the
environmental risks associated with agricultural practices, encompassing
crop production and livestock. The EIA rests on the principle that the
impact of a human activity is contingent upon the pollution emanating
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from the activity and the environments’ susceptibility to these actions
(Payraudeau and van der Werf, 2005). EIA typically covers a wide range
of environmental goals concerning agricultural inputs, including the
effects of fertilizers and pesticides, as well as addressing GHG emissions.
Also encompasses the overall effects of agriculture on ecological systems,
including biodiversity, air quality, SH, and water quality (Kross et al.,
2022).

Important to note is that the boundaries of EIA are not rigidly
defined. While some researchers employed it in conjunction with other
assessment methods, others incorporate these alternative methods into
the EIA framework. Some supplementary methods include the environ-
mental risk mapping, LCA, multiagent system, linear programming, and
the utilization of agro-environmental indexes (Payraudeau and van der
Werf, 2005). The environmental risk assessment serves as a complemen-
tary process to EIA. While EIA is forward-looking, comparative, and
concerned with evaluating all potential environmental effects, including
secondary and tertiary indirect consequences, environmental risk assess-
ment focuses on evaluating the likelihood of a specific adverse outcome
arising from human activities (Jørgensen et al., 2005). The EIA indexes
encompass agricultural activities effects on climate change, ozone deple-
tion, acidification, freshwater and marine eutrophication, toxicity effects
on humans, terrestrial, freshwater and marine eco-toxicity, land use and
fossil energy consumption, among others (Fan et al., 2022).

An EIA application in Brazil sought to assess the impact of technol-
ogy innovations at the farm level. The approach involved the creation
of a series of weighting matrices, and field assessments that were carried
out through interviews and surveys to farmers. These assessments
were assigned weights according to the spatial scale and significance in
influencing environmental impacts. The evaluation of these indicators
formed an Environmental Impact Index, which served as a guiding
framework for the implementation of agricultural technology innova-
tions (Rodrigues et al., 2003). A study analyzed the EIA application
to the evaluation of Bangladesh’s water sector. It was found that
the standardization of EIA guidelines considering the country’s social,
economic, and political context, are necessary to formulate effective
recommendations (Momtaz, 2002). Also, EIA was employed to analyze
soybean farming practices in Argentina. It revealed that the timing of
planting and fertilizer application played a crucial role in the leaching
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losses into groundwater. When considering no-tillage practices for soy-
beans and other crops, no evidence of soil degradation was found in
soybeans. It was observed that crop rotations could potentially elevate
the risk of nitrogen leaching compared to monoculture soybean. And
that to monitor the environmental consequences of crop rotation, it was
recommended a combination of remote sensing and modeling techniques
(Kroes et al., 2017).

7.3 Carbon Footprint Models

“Carbon footprint” is a significant metric for measuring GHG intensity
associated with various activities and products, especially agriculture.
Standard methodologies for calculating carbon footprints have been
formulated and sector-specific guidelines are being developed (Pandey
and Agrawal, 2014). Research shows that many of the existing calcu-
lators to measure GHG emission of agricultural products exhibit high
levels of uncertainty and potentially could fail in detecting mitigation
options along the production chain. To avoid this, scientists agree that
calculators should consider the differences in pedoclimatic conditions,
agricultural management practices and characteristics or perennial crops
and crop rotations (Peter et al., 2017). For instance, not accounting
for the impact of crop rotation and the inclusion of crop residues as
co-products in LCA and carbon footprint assessments could result in
gross underestimations of GHG savings worldwide (Brankatschk and
Finkbeiner, 2017).

Applications of carbon footprint assessments combined with other
methodologies such as the Data Envelopment Analysis demonstrate
that this combined approach functions as a practical tool to improve
efficiencies of agricultural operations while reducing environmental
impacts (Rebolledo-Leiva et al., 2017). Carbon footprint and carbon
footprint intensity measuring reveal that factors such as GDP per capita,
planting structure, population density, and urbanization levels influence
the spatiotemporal and intraregional heterogeneity of GHG agricultural
emissions (Cui et al., 2022).

7.4 Soil Health Models

Soil health (SH) involves the understanding that soil is the growing
medium for crops and the foundation for essential ecosystem services.
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Measuring SH requires the development of holistic indexes or assessment
frameworks to evaluate the effects of soil management practices and
land uses (Rinot et al., 2019). However, scientists agree that develop-
ing frameworks is complex because of the site-specificity of terrestrial
ecosystems, and the many linkages between soil functions and soil-based
ecosystem services (Bünemann et al., 2018).

There is an abundance of methods relying on analytical approaches
across different countries. The national soil quality monitoring in
Canada to assess the status and trends in SH, and to assess inherent
soil quality and susceptibility change (Acton and Gregorich, 1995; Mac-
Donald et al., 1998; Wang et al., 1997). In the United States, two quality
assessments were developed: the soil management assessment framework
whose objective was to evaluate management practices (Andrews et al.,
2004; Karlen et al., 2001; Wienhold et al., 2004, 2009). Also, the Cornell
test to assess SH, address soil degradation, and increase productivity
(Idowu et al., 2008; Moebius-Clune, 2016). In Australia, researchers
developed the soil quality website mainly to establish target, threshold
values for benchmark sites (Gonzalez-Quiñones et al., 2015). In New
Zealand, the 500 soils project analyzes soil quality for environmental
reporting (Lilburne et al., 2004; Schipper and Sparling, 2000; Sparling et
al., 2004; Sparling and Schipper, 2004). In France, scientists developed
a framework to assess soil quality for environmental protection, food
security, and sustainable management practices (Antoni et al., 2007;
Arrouays et al., 2003, 2002; Martin et al., 1998). In the United Kingdom,
an approach to assess soil functions of environmental interactions were
developed (Loveland and Thompson, 2002; Merrington et al., 2006).
In Ireland, the soil quality assessment research project developed an
assessment of soil functions (Bondi et al., 2017). In the Netherlands,
the National Soil Quality Monitoring Network developed an assessment
of soil quality and land-use effects (Wattel-Koekkoek et al., 2012). The
European Soil Monitoring and Assessment Framework was formed to
provide objective, reliable, and comparable information at the European
level (Huber et al., 2001).

The majority of these frameworks were originally crafted by soil
and environmental scientists. Nevertheless, owing to their policy impli-
cations, economists advocate for the incorporation of economics into
the formulation of these frameworks and indices. Economists can make
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valuable contributions by evaluating the cost-effectiveness and benefits
of policies related to SH (Stevens, 2018).

7.5 Water Quality Models

Water quality models seek to discover methods to address the degrada-
tion or excessive use of water resources (Tsakiris and Alexakis, 2012).
Also, these models play a crucial role in detecting water pollution and
understanding the ultimate fate and behaviors of contaminants within
aquatic systems (Wang et al., 2013). Others argue that water quality
models serve as tools for assessing the influence of land management,
land use, climate, and conservation practices on water resources, ecology,
and the provision of ecosystem services related to water (Moriasi et al.,
2015).

The following models are primarily employed to assess water qual-
ity. For a more detailed review of these models please see Tsakiris
and Alexakis (2012). DRAINMOD is a well-known water evaluation
model, which is designed to analyze the functioning of subirrigation and
drainage systems and their impacts on pollutant removal, crop behavior,
and water utilization. For a comprehensive list of all DRAINMOD-
related publications, see the Agricultural Water Management from
North Carolina State University (Source: https://www.bae.ncsu.edu/
agricultural-water-management/drainmod/drainmod-publications/).

The Export Coefficient Model developed by the University of Read-
ing has widely been used to predict the total amount of phosphorus
and nitrogen delivered to any given surface water sampling site (Bowes
et al., 2008; European Commission, 2003; Ierodiaconou et al., 2005;
Johnes, 1996). MIKE-11 was developed by the Danish Hydraulic Insti-
tute and is a hydrodynamic model primarily utilized for simulating
the one-dimensional flow of water in rivers, and it has seen widespread
application in Northern India and England (Crabtree et al., 1996; Kazmi
and Hansen, 1997). The Modelling Nutrient Emissions in River Systems
(MONERIS) was created by the Leibniz Institute for Freshwater Ecology
and Inland Fisheries; and relies on runoff water quality data for the
study area in conjunction with Geographic Information System (GIS)
(Venohr et al., 2011). The Simulation of Catchments (SIMCAT) (Warn,
2010) and the Temporal/Overall Model for Catchments (TOMCAT)

https://www.bae.ncsu.edu/agricultural-water-management/drainmod/drainmod-publications/
https://www.bae.ncsu.edu/agricultural-water-management/drainmod/drainmod-publications/
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(Bowden and Brown, 1984; Cox, 2003) are models that use Monte Carlo
analysis techniques and were developed by the U.K. Environmental
Agency. The QUAL2K is a steady-state model of water quality and
in-stream flow and was developed by the U.S. Environment Protection
Agency (Brown and Barnwell, 1987).

A meta-analyses of performance measures and performance evalu-
ation criteria of watershed-scale models is presented in Moriasi et al.
(2015). Other analyses including performance evaluation of water qual-
ity models can be found in Harmel et al. (2014), Bennett et al. (2013),
Biondi et al. (2012), Black et al. (2014), Pushpalatha et al. (2012), and
Ritter and Muñoz-Carpena (2013).

7.6 Biodiversity Modeling

Biodiversity models are mathematical-based computations that simulate,
analyze, and predict patterns and processes related to biodiversity in
ecosystems (Chave and Thebaud, 1988).

The Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services (IPBES) envisions a comprehensive classification of
models based on both the nature of the relationships being modeled and
the methods employed to model these relationships. When considering
the relationships being modeled, there are three distinct categories
of models: (i) those that examine the repercussions of alterations in
indirect drivers, such as sociopolitical, economic, and technological fac-
tors; (ii) those that investigate the direct drivers of changes in nature,
such as land-use transformations, climate variations, and nitrogen depo-
sition; and (iii) models that assess the consequences of changes in
biodiversity and ecosystems on human populations. Additionally, mod-
els can be categorized based on their methodology, including correlative
models, process-based models, and expert-based models (Intergovern-
mental Science-Policy Platform on Biodiversity and Ecosystem Services,
2019).

The models assessing biodiversity change address aspects such as
species extinctions, species abundance, community structure, habitat
deterioration, and alterations in the distribution of species and biomes
(Pereira et al., 2010). A subcategory are the species-area relationships
models that primarily center on predicting the potential loss of species
due to habitat alterations (Daily et al., 2001; Pereira and Daily, 2006).
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Another category of models includes distribution species models,
that employ complex tools such as site-based ecology and spatial data
technologies to analyze and simulate the geographic distribution of
terrestrial, freshwater, and marine species across different spatial and
temporal scales (Elith and Leathwick, 2009). More specifically, dis-
tribution species models are used to draw inferences about species’
range boundaries and the suitability of habitats. Various approaches
are employed, with many of them being correlative models that estab-
lish connections between spatial data and species distribution models
(Kearney and Porter, 2009). Studies focus on enhancing existing mod-
els, with one key concern in species distribution models being their
transferability — which refers to the model’s capacity to accurately
predict biodiversity in new environments (Sequeira et al., 2018). Addi-
tional research focus on refining models that forecast both present and
future pattern of species composition and richness. A topic of ongoing
discussion in these studies revolve around how to account for the poten-
tial saturation of environments in biodiversity models (Mateo et al.,
2017).

Biodiversity models are critical to improve the understanding the
vast variety of functional and taxonomic forms of life, the causes of
its existence and how to preserve them (Chave and Thebaud, 1988).
IPBES argues that the importance of biodiversity modeling stems on
gaining insights on how biodiversity responds to environmental changes.
Therefore, modeling is important to assess and predict the impacts
of drivers on biodiversity and ecosystems, and its ultimate impact
on human well-being (Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services, 2019). These models use data from
field surveys, remote sensing, and ecological frameworks to estimate
parameters and validate predictions.

7.7 Economic and Sustainability Models

Economic models are analytical tools that help assess the economic
outcomes of the relationships between agricultural activities and the
environment. Their primal significance lies in their ability to inform
policy analyses through the evaluation of potential policy outcomes.
For instance, González-Ramírez et al. (2012) examined a collection of
studies focused on assessing the effectiveness of carbon offset policies in
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agriculture and found that, when formulating carbon contracts, various
approaches were considered. These approaches encompass per-ton
contracts, which involve measuring the opportunity costs of providing
carbon credits, as well as output-based offset mechanisms, principal-
agent contracts, and dynamic stochastic abatement cost models.

When evaluating payment for ecosystem services programs to prevent
deforestation and encourage forest growth, Alix-Garcia and Wolff (2014)
reviewed several studies that analyzed the demand, supply, and indirect
consequences of various programs. These studies revealed that, in
theory, cost-effective contracts should compensate for the opportunity
cost of using land with the highest anticipated net benefits. A method
for estimating opportunity costs could involve the use of experimental
auctions. Stephenson and Shabman (2017) reviewed studies assessing
the effectiveness of water quality trading programs, and determined
they would not have a substantial impact on agricultural nonpoint
sources. Nonetheless, it was acknowledged that the implementation of
market-like incentive policies within the water quality trading programs
could greatly enhance the opportunities to positively and significantly
affect water quality. Segerson (2013) conducted an extensive review
of economic literature and discovered that voluntary programs can be
effective in mitigating environmental harm in certain contexts, but only
if they are carefully designed. More specifically, such programs have the
potential for effectiveness if there is an underlying regulatory framework
that supports the voluntary approach.

Börner et al. (2020) conducted a comprehensive review of the pay-
ment for ecosystem services policies, integrated conservation and develop-
ment projects, and the protection of indigenous lands. It was determined
that there exists limited understanding regarding the cost-effectiveness
of these policies. Another relevant finding is that in some instances devel-
opment policies could contribute to deforestation, undercutting the effec-
tiveness of conservations measures. Segerson (2022) reviewed the effec-
tiveness of group incentive conservation policies. This scheme involves
the imposition of penalties or the granting of rewards to an individual
based on the overall performance of an entire group. The study revealed
that, in theory, both proportional schemes (where rewards/penalties
vary in relation to performance) and fixed payment schemes (where fixed
rewards/penalties are applied when certain thresholds are achieved)
offer incentives for promoting efficient behavior. However, the actual
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results would hinge on the specific design of the policy and the dynamics
of internal group interactions, including factors like trust, social capital,
and leadership.

On more general issues, economic models have been used to assess the
effects of climate change on the world economy. Studies applying micro
and macro-economic modeling mixed with simulations have analyzed
the potential impact of increased temperatures on national and global
incomes, concluding that warming could amplify the global inequality
because hot countries are usually poorer and they would experience the
largest growth reductions (Burke et al., 2015; Dell et al., 2012; Stern,
2013).

Economic models such as the computable general equilibrium models
also have been applied to assess the value of ecosystem services and
impacts of climate change in agriculture and its adaptation (Jones et al.,
2017). Also, computable general equilibrium models have been applied
to analyze climate change effects on crop yields and trade patterns,
finding a negative productivity effect of climate change, triggering more
intensive management practices, area expansion, fostering international
trade and reduced consumption with the distribution of the magnitude
of the effects varying across countries (Nelson et al., 2014).

Economic models also help identifying optimal land use between
agricultural production and environmental conservation. For example,
early efforts to integrate farmers’ choice drivers along with established
ecosystem models aimed to better explain land-use decision making
(Bockstael et al., 1995). Different economic approaches are employed
to assess land-use values, for instance the input–output models incor-
porating the costs of agricultural land and how changes impact farms
(Münier et al., 2004).

7.8 Remote Sensing and Geographic Information Systems

Remote sensing and geographic information systems provide valuable
data enabling for soil property mapping, crop species classification, iden-
tification of crop water stress, monitoring crop diseases and weed infes-
tations, and the creation of crop yield maps. The data is instrumental
in directing sustainable land management practices and promoting the
responsible utilization of natural resources within agriculture (Khanal
et al., 2017).
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Remote sensing has the capability to perform land-cover character-
ization, mapping, and monitoring at the local and global scale. This
advanced technology captures high-resolution images that can be used
to classify and map different land cover categories, including agricultural
land. This allows for the identification of areas under cultivation, crop
types, and changes in land-use over time (Giri, 2012).

Furthermore, remote sensing can be used for monitoring crop health,
as it can detect changes in crop health and stress levels through the
analysis of vegetation indices. These indices play a crucial role in
evaluating crop conditions, identify diseases, and optimize irrigation
and fertilization (Doraiswamy et al., 2003). Remote sensing also offers
important information for management nutrient and water stress man-
agement. It aids in the assessments of SH and the optimization of
irrigation practices, for an efficient use of resources (Shanmugapriya
et al., 2019). Moreover, a comprehensive understanding of soil mois-
ture and its spatial and temporal variations hold significant relevance
for a wide range of meteorological, climatological, and hydrological
applications. This plays an important role in improving our under-
standing of the relationships within water, energy, and carbon cycles,
as well as in forecasting extreme climate events (Babaeian et al.,
2019).

GIS, in conjunction with various technologies like remote sensing,
global positioning system, artificial intelligence, computational systems,
and data analytics; all have played a central role in crop monitoring
and the implementation of precise and targeted management practices
aimed at enhancing crop productivity (Ghosh and Kumpatla, 2022;
Pierce and Clay, 2007).

GIS can be employed to create environmental risk maps by facilitat-
ing the integration of diverse environmental data, including soil quality,
water resources, and land cover. This integration enables the assessment
of the environmental consequences of agricultural activities (Payraudeau
and van der Werf, 2005). GIS can be used in watershed management by
enhancing our understanding of the water flow, sediment transport, and
movement of pollutants from agricultural regions into watersheds (Lyon,
2002). GIS is also used to assess biodiversity conservation efforts by
enabling the mapping and monitoring of habitats, wildlife corridors, and
regions of significant biodiversity importance. This aids in identifying
areas where agricultural activities could potentially encroach sensitive
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ecosystems, thus facilitating more effective conservation planning (Salem,
2003).

7.9 Land-Use Change Models

Land-use change models help assess how changes in land use, particularly
related to agriculture, can affect the environment. The most widely
applied models are cited in this section. The CLUE (Conversion of
Land Use and its Effects) model is used to simulate and replicate
land-use changes in space and time, stemming from the interplay of
biophysical and human influences (Veldkamp and Fresco, 1996). The
latter includes the effects of agricultural intensification, deforestation,
land abandonment, and urbanization (Verburg and Overmars, 2009).
Another model is LEAM (Land Use Evolution and Impact Assessment
Model) that complements with other tools (e.g., GIS) to develop a
planning support system to better understand land-use changes after
the spatial and dynamic interaction among economic, ecological, and
social systems (Deal et al., 2005).

InVEST (Integrated Valuation of Ecosystem Services and Trade-offs)
is a suite of models built on the idea that ecosystems services are often
not well-understood, inadequately monitored and face rapid degrada-
tion and depletion. InVEST models help reconciling environmental and
economic objectives for a wide range of organizations and stakeholders
(Tallis et al., 2010). DPSIR (Drivers-Pressures-State-Impact-Response)
is a transdisciplinary tool used to analyze the environment by consider-
ing a cause–effect relationship among the interconnected components
of social, economic, and environmental systems (Khajuria and Ravin-
dranath, 2012). LUCI (Land Utilization Capability Indicator) is a
specialized modeling tool that provides detailed spatial information to
evaluate how alterations in land use can affect a wide range of ecosys-
tem services. One of the model’s primary objective is to enhance the
understanding of city and landscape planners regarding the potential
outcomes of different land use changes or interventions (Veerkamp et al.,
2023).

LCM (Land Change Modeler) is a land change projection tool used
for land planning. This model utilizes historical land cover change
data to create empirical models that depict how different land cover
transitions are related to various explanatory variables. By doing so,
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it can generate maps illustrating potential future scenarios of land-use
change (Camacho Olmedo et al., 2018). SLEUTH (Slope, Land-use,
Exclusion, Urbanization, Transportation, and Hillshading) operates as
a cellular automaton model. A cellular automaton consists of individual
cells organized in a grid of a specific shape. Each cell’s state changes
over time based on a predefined set of rules influenced by the states
of neighboring cells. SLEUTH simulates urban growth over time and
can also model changes across a range of land use categories (Camacho
Olmedo et al., 2018).

Insights from this section

The section discusses various approaches to assess the environmental
impact of agricultural activities, showcasing applications and contri-
butions. Evaluating impacts is a complex task. It is important to
incorporate economic considerations into the different frameworks so it
facilitates the integration into policy assessments. These approaches are
also crucial for guiding agriculture adaptation and the implementation
of sustainable practices.

8 Agriculture Adaptation

To complement the review presented in the article, it is key to empha-
size how environmental shifts impact agricultural activities and the
production of sufficient, high-quality food for an expanding population.
Consistent climate patterns, including temperature, humidity, and rain-
fall are vital for optimal crop cultivation and livestock farming. In fact,
raising temperatures have led to increased rates of crop respiration and
evapotranspiration, as well as heightened occurrences of diseases, pest
infestations, and weed proliferation (Carter et al., 2018; Malhi et al.,
2021; Yasmeen et al., 2022b). Thus, it is imperative to invest in adapta-
tion practices to ensure the environmental sustainability, the economic
sustainability of farm operations and to secure a steady food supply for
an expanding global population (IPCC, 2014). The successful implemen-
tation of adaptation practices to improve food systems relies heavily on
the formulation of effective policies. However, effective policy-making
hinges on the availability of high-quality information, as knowledge
gaps frequently hinder the successful implementation of policies. These
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gaps in knowledge can be in the form of disparities between national
and regional scales, differences in the data availability at the farm level,
varying frequencies of data collection ranging from yearly to monthly
and the absence of cross-country harmonization, among other gaps
(Deconinck et al., 2021).

Adaptation involves modifying current practices in response to cli-
mate effects, aiming to mitigate the negative impacts and leverage any
potential beneficial opportunities (Agrawala et al., 2011). Doria et al.
(2009) also emphasizes that adaptation must not undermine economic,
social, or environmental sustainability. As such, successful adaptation
strategies require investments in knowledge, meticulous planning, effec-
tive coordination, and a proactive approach (Fankhauser, 2017). Note
that, the scope of adaptation is influenced by the economic environ-
ment, including market conditions and policy incentives that facilitate
increased research and development, knowledge transfer, institutional
support, and incentives promoting the efficient utilization of resources
(Agrawala et al., 2011).

It is important to note that adaptation and mitigation strategies can
often intersect. From a policy standpoint, both are crucial, each serving
a unique purpose. However, from an economic perspective, they are
often viewed as substitutes because heightened adaptation efforts can
potentially diminish the incremental benefits derived from mitigation
practices (Fankhauser, 2017). In line with the economic perspective, it
is essential to establish a connection between the concepts of adaptation
and adoption at the micro level. Zilberman et al. (2012) suggests that
adaptation can occur at the individual farm level through the adoption
of technologies or by making changes in the use of inputs, in order to
mitigate agriculture’s impact on the environment. As such, adaptation
in agriculture manifests in three primary forms: (i) adjustments in
management practices, such as alterations in planting schedules, (ii)
modifications in inputs, like the integration of more heat-tolerant crop
varieties, and (iii) the incorporation of new technologies that demand
capital investment and facilitate improved practices, such as the imple-
mentation of more efficient irrigation systems and enhanced fertilization
techniques (McCarl, 2007).

Literature addressing agricultural adaptation primarily revolves
around economic modeling, as it necessitates investment in novel tech-
nologies to optimize resource efficiency, as previously discussed. Various
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studies aimed at gauging the advantages of adapting agricultural prac-
tices to climate change have deduced that even modest levels of adapta-
tion can counterbalance the downturn in agricultural output resulting
from climate change (Adams et al., 1995; Darwin, 1995; Kurukulasuriya
and Mendelsohn, 2007; Reilly et al., 1994; Rosenzweig and Parry, 1994;
Seo and Mendelsohn, 2008; Tan and Shibasaki, 2003; Wang et al., 2009).

9 Conclusions

Agriculture and the broader food production system play a pivotal role
in sustaining the human species. However, our heavy reliance on land
and water usage has led to the depletion of the environment and biodi-
versity. In this context, the question arises: can we produce sufficient
food to meet the needs of a growing population while simultaneously
mitigating the inevitable environmental impacts? Is it a matter of choos-
ing between globalized productivism and industrial agriculture versus
environmentally friendly farming? Are these concepts fundamentally
incompatible?

Intensive agriculture and environmentally friendly farming should
not be mutually exclusive. The concept of sustainable intensification,
initially seemingly incompatible, appears to be a plausible approach.
Both developed and developing countries, including all stakeholders in
the agri-food chain, consumers, policymakers, academia, and society at
large, must collaborate to integrate a healthy environment, economic
viability, social and economic equity, and the capacity to adapt to
climate change.

To foster sustainable agricultural practices, it is imperative to explore
promising alternatives, such as systems-based approaches and the inte-
gration of technologies, alongside comprehensive policies. This necessity
is particularly urgent in developing countries, given that the impacts
of environmental disruptions are projected to be more pronounced in
these regions. Despite the inherent economic motivation to adapt to cli-
mate change (as profits will inevitably decline without adaptation), the
uptake and dissemination of mitigation technologies have been slower
than anticipated. Experts concur that governmental interventions,
through the establishment of incentive frameworks, policy instruments,
and targeted programs, play a vital role in steering agriculture towards
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a more environmentally sustainable path. Within this context, ensuring
political stability, implementing sound legal provisions, and effectively
curbing corruption are crucial for the development and enforcement of
effective measures (Yasmeen et al., 2022a).

Ultimately, the existence of communication gaps between the scien-
tific community and agricultural stakeholders hinders the comprehensive
understanding of the full scope of climate change, thereby impeding
the swift adoption of mitigation practices and technologies (Getson
et al., 2022). Encouraging climate scientists to undergo communication
training and employ communication styles informed by social science
research is recommended. Transparent communication becomes partic-
ularly effective when discussing the probabilities of potential scenarios,
the spectrum of potential impacts, and the intrinsic uncertainty sur-
rounding predictions.
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