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Precision agriculture (PA) iswidely presented as a solution to the contemporary problemof feeding the
world while conserving natural resources and limiting environmental harms. In this review paper, we
summarize the field trial evidence demonstrating that PA use leads to environmental benefits. We
systematically reviewed 444 English-language academic publications on PA and sustainability, we
found 54 papers that present field-trial or modeling evidence, of which 45 demonstrated
environmental benefits during field trials including: reduced fertilizer use; reduced herbicide or
pesticideuse; reducedwater useor contamination (e.g., runoff); improvedsoil quality; or reducedGHG
emissions or fuel consumption. The most evidence exists for variable rate technologies in grain
farming, which showed decreased fertilizer use compared to control or universal applications. Our
analysis also reveals that some academics make claims about PA and sustainability without
presenting adequate evidence. More research is needed which defines sustainability models and
metrics, then empirically tests PA along these metrics across a range of agricultural systems.

Feeding the world while conserving natural resources is a critical global
challenge1. Technological innovation is often proposed as the best approach
to meeting this global challenge2–4. At the same time, intensification of
agricultural practices—via mechanization, engineered seed technologies,
and synthetic fertilizers—has brought unintended negative environmental
consequences5–8. There is extensive literature demonstrating the link
between specific practices in food production, such as the use of pesticides
and synthetic fertilizers, and environmental harms, such as biodiversity loss
and greenhouse gas emissions9–13. In an era of climate change, erratic
weather, and water scarcity, we must address environmental degradation
from food production as an urgent mandate for science and policy.

Amidst this reality, “precision agriculture (PA) techniques appear as a
feasible option to help solve these problems,” namely “the need to produce
more and better-quality food, climate change, urban growth and unsus-
tainable agricultural practices” 14. The formal definition of PA adopted by
the International Society of PA is:

Amanagement strategy that gathers, processes and analyzes temporal,
spatial and individual data and combines it with other information to
support management decisions for improved resource use efficiency, pro-
ductivity, quality, profitability and sustainability of agricultural
production15.

The PA strategy usesmonitoring of agronomic variables16 recorded via
near and remote sensing (e.g. soil sensors and satellite imagery respectively),

along with big datasets and algorithms that generate field- and site-specific
advice. Detailed digital maps can be created to display inter- and intra-field
variability of the farm features under consideration, so that farmers can
make precise decisions based on the particular characteristics of each plot.
Some refer to PA as a new agricultural “paradigm” 17.

While, as the definition above indicates, PA adoption might lead to a
variety of economic, social, and food quality benefits; in this paper we focus
on the claim that PA improves environmental outcomes. PA’s environ-
mental sustainability benefits are widely asserted in popular media and
corporate advertising18–22, as well academic literature16,23–26. A 2004 review
article by Bongiovanni and Lowenberg-DeBoer in the journal Precision
Agriculture asserted that “the concepts of PA and sustainability are inex-
tricably linked,” with optimism that “PA should reduce environmental
loading”24. Over 1280 papers (per Google Scholar) cite Bongiovanni and
Lowenberg-DeBoer to support the assertion that PA has environmental
sustainability benefits. Over the past two decades, numerous scholars have
restated the “inextricable link” phrase verbatim.

Despite apparent consensus that PA leads to environmental sustain-
ability, few systematic analyses summarize the empirical evidence demon-
strating that PA adoption leads to positive environmental outcomes. This
gap has been identified10 but has yet to be adequately filled27. In 2016, Brown
et al. called for such a review, writing how “little empirical research has been
conducted to estimate actual changes in the environmental impacts of PAT
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versus conventional agriculture production” 27. Again, in 2020, Belaine et al.
called for such a study, writing, “claims [about PA] must be further verified
through rigorous empirical assessment. To the best of our knowledge, the
current empirical literature provides limited indication as to which tech-
nologies can help resolve the sustainable intensification challenge” 28. Some
papers, such as a recent review by Green et al., summarize the potential
environmental benefits from PA29. Many papers use mathematical model-
ing to predict PA’s positive environmental outcomes. But do PA practices,
when deployed on the ground, actually deliver environmental benefits?

It is crucial to systematically detail empirical evidence supporting the
broad claims linking PA to environmental sustainability because these
claimsdrive investments atmultiple levels– from farmers buying tractors, to
governments and supra-national organizations investing public money in
PA projects (e.g. EU’s Internet of Food and Farm 2020). It is worth inter-
rogating whether PA is the best way to spendmoney and other resources in
our collective effort to address the global food system’s environmental
challenges. PA is a newer strategy for agricultural reform, starting in the
1990s in industrialized contexts30. Meanwhile, there are historic methods
that may be equally worthy of investment; locally adapted cropping stra-
tegies, including agroecological intercropping, cover cropping and extended
crop rotations, for example, are well-studied techniques known to generate
resilience in agricultural systems31–35.

Therefore, in this paper we ask: What empirical, field trial evidence
exists to support the link between PA and environmental sustainability? To
answer this question, we conducted a systematic review of English-language
journal articles and full-length conference papers on PA and environmental
sustainability, published between 2000 and 2022. We prioritized evidence
from field trial experiments in the final coding but also collected modeling
studies and review articles (See Methods for details). While broader defi-
nitions of “sustainability” exist, we aimed to be as precise as possible,
focusing our search string on environmental benefits measured as reduc-
tions in resource use; reductions in water contamination; reductions in
greenhouse gas emissions. In our assessment, this approach offers a quan-
tifiable means to assess positive environmental impacts from PA.

The data collection and analysis focused on articles measuring PA
technology in relation to fertilizer use, herbicide or pesticide use, water use,
improved soil or water quality, or GHG emissions or fuel consumption (See
Methods for details). In addition to our initial research aim of summarizing
the evidence on PA adtopion’s environmental impact, our analysis uncov-
ered a secondary phenomenon with serious implications: because the link
between PA and environmental sustainability is so widely assumed, many
academic authorsmake claims about PA’s environmental benefits forwhich
they provide little or no support. Below, we first summarize the field trial
evidence on PA and ecological gains before presenting an argument about
the issuewith assumptions andmisleading claims in the academic literature.

Results
Limited Field Trial Evidence of Environmental Benefits
Our review yielded 82 publications that assess the environmental impacts of
PA in relation to reduced fertilizer, herbicide, pesticide, water or fuel use;
improved water or soil quality; or reduced GHG emissions. Of these 82
articles, 21 are modeling studies estimating environmental impacts of dif-
ferent possible uses of PA tools or farm simulations and 17 are review-style
papers (e.g., systematic reviews, case studies), whereas 54 present field trial
evidence associated to PA environmental impacts (either positive, negative,
or neutral). These categories were not mutually exclusive; for example,
within the 54 field trials, several studies with a field experiment are com-
bined with a model36,37.

Of 54 field trial studies, 9 (17% of field trial studies) found no evidence
of the environmental sustainability benefits, as conceptualized inour review.
This included studies investigating reduced fertilizer use, reduced herbicide
orpesticideuse, reducedwateruseor contamination (e.g., runoff), andGHG
emissions or fuel consumption. For example, Balaine et al. researched the
use of milk meters for precision dairy operations, including the possible
impacts on GHG emissions but “did not find a significant impact of milk

recording on farm environmental sustainability, [which] suggests that
productivity gains reached throughmilk recording may not be sufficient to
dilute the GHG costs of animal maintenance”28. Bacenetti et al. tested
variable rate fertilizer application for rice farming based on the “Pocket
NNI” (smart app) and satellite data, finding that fertilizer use increased
slightly with PA despite greater fertilizer efficiency38. Both these studies
suggest that, in certain contexts, PA can increase negative environmental
impacts. Another study concluded that one variable rate sprayer tool was
“not suitable” for variable rate application of fertilizer after a 1-year trial on a
citrus farm in the US39. Response times, or the ability to quickly change the
rate of fertilizer application, are key for determining the efficacy of variable
rate application technology and getting the right amount of fertilizer, at the
right place, at the right time. This tool was unable to switch rates rapidly
enough (2–5 s on average, when it would need to meet ≤ 1 second).

In the end, 45 articles present robust, field-trial evidence about the
environmental benefits of PA technologies (See list of studies and benefits in
Supplemental Information). This represents 55%of the articles included for
full qualitative analysis and synthesis and 83% of field trial studies. There
were 11 field trials on commercial farms in operation and 17 on purely
experimental fields; the remaining 14 did not specify. Across the 45 studies,
PAand reduction in fertilizer usewas themost commonbenefit (22 studies).
Some of these studies also presented evidence that targeted chemical
applications result in reduced leaching of agrichemicals into nearby water
systems, most likely because of a more efficient uptake of additional
nutrients by targeted plants.

The 45 field trail studies demonstrating environmental benefits of PA
span 13 countries, with more than one third based in the United States of
America (See Fig. 1a). The countries indicate the location of the field trial
experiment; the authors themselves come from a wider range of countries.
Not all studies explicitly state the duration of theirfield trial. For thosewhich
do, the mean is 2.5 years. There are 15 studies whose experiment lasted one
year or less (e.g., one field season from planting to harvest) and the longest
study collected field trial data for seven years.

The earliest study in our sample appeared in 1987, but two thirds (30)
of the studies were published in 2010 or later (Fig. 1b). There were studies
with evidence of reduced fertilizer use in each time period, with the most
published between 2015 and 2019 (See Supplementary Fig. 1). Reduced
pesticide and herbicide use were similarly consistent with a peak in the
2015–2019 period (Supplementary Fig. 1). The earliest study with evidence
of reduced GHG emissions or fuel use was in 2012, and all evidence of
environmental sustainability benefits for soil quality were published in 2020
or later (Supplementary Fig. 1). The studies are published in 31 different
outlets, with the most articles published in the journal Precision Agriculture
(Fig. 1c).

PA often involves the combination of multiple tools. For our analysis
and data visualization, we classified each article by the primary or focus
technology when there were multiple (See Table 1 and Supplemental
Information). For example, the article “Sensor-based nitrogen applications
out-performed producer-chosen rates for corn in on-farm demonstrations”
by Scharf et al. presents evidence from 55 field trials of a variable rate
fertilizer (N) application for corn based on reflectance sensors40. Because the
authors report the reduction of fertilizer use as a function of the sensor-
based management, we classified this as “sensors” in Table 1.

Environmental benefits of variable rate technologies
The field trial evidence most commonly demonstrates an environmental
benefit from “variable rate” technologies (focus of 14 papers). Variable rate
technologies allow farmers to treat different areas of their field with site-
specific “rates” or “prescriptions” of agricultural inputs, using maps gen-
erated fromdata collection combinedwith computation.Most of the studies
with benefits of variable rate show a reduction in fertilizer use (12 out of 14).
For example,Harmel et al. tested variable rate applicationof fertilizer in corn
production and found 4-7% reductions (on average) across the fields when
comparedwith uniformapplication41. Interestingly, despite the reduction in
fertilizer use, when the authors tested “runoff water quality” at the end of the
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two-year study, they found it to be “generally similar” to the baseline quality,
measured before PA use. Similarly, Loures et al. found a 5% reduction in
nitrogen fertilizer for corn production from the use of variable rate, which
they report as both an economic and environmental gain14. A few studies,
such as Colaço et al., found more sizable reduction in fertilizer use from
variable rate application of compared to a uniform application; in this study
on citrus orchards inBrazil, the authors demonstrate “up to37.4%ofK2O in
field 1 andup to39.6%ofN infield 2, regarding the total amount applied in5
years” 42.

Environmental benefits of “smart” sprayers
The second most common technology represented among the papers
showing evidence of positive environmental gain from PA is automated or
“smart” chemical sprayers (11 papers). Like variable rate technologies,
“smart” sprayers adjust the application of inputs instead of a uniform
treatment of the entire field or row. The most common application of this
technology was for herbicide and pesticide use (11 papers). The average
reduction inpesticides reported in these studieswasquitehigh. For example,
ChenandZhu tested a “smart” sprayeron apple, peach, blueberry, raspberry
fields over two years and found an average of 50% reduction in pesticide use
compared to their control trial (non-PA use)43 Solanelles et al. tested a
“smart” electronic control system for pesticide application with “liquid
savings of 70%, 28% and 39% in comparison to a conventional application
were recorded in the olive, pear and apple orchard, respectively” 44. Moltó
et al. tested an automatic sprayer in an orange orchard using an electronic

control system that adapts the dose of product to actual leaf mass; the field
trial of their prototype saved pesticide application by 37% by volume45.

Environmental benefits of near and remote sensing
PA relies on data collection via a variety of sources, including soil and
machine sensors, UAV/Drones, and satellites. Sensors were the next most
common PA in the papers demonstrating environmental benefits (6 stu-
dies), followed closely by remote sensing tools, like GPS andGIS (5 studies).
Fertilizer benefits were most common in this category of tools as well.
Bazame et al. tested spectral sensors (GreenSeekerTM and SPAD 502) for
grasslands over three grazing cycles over one summer46. The paper shows
that sensors resulted in fertilizer “saving of 75 kg urea/ha/cycle”46. Cao et al.
tested an active canopy sensor-based precision fertilizer (N) management
strategy on winter oilseed rape and summer corn rotation; their four-year
study showed that the sensing PA system reducedN fertilizer application by
36-60% and decreased total N losses by 57-81%47. Delgado and Bausch used
GIS, GPS, and remote sensing-based fertilizer treatment on a corn farm in a
two-year studywhich showed that by reducing “in season”Napplication by
136kgNha-, the residual soilNO3-Nafter harvestwas significantly reduced
when compared to control farmer practices. Theywrite, “remote sensing ‘in
season’ Nmanagement reduced total NO3-N leaching losses by 51 and 43
percent for the 2000 and 2001 growing seasons”48. The other commonuseof
satellites for PA is GPS-guidance or steering for tractors. Based on self-
reporting of 60 farmers inNorthDakota, Basso et al. found that “thirty-four
percent of the respondents used GPS guidance systems, resulting in savings

Fig. 1 | Summary of articles with field trial evidence demonstrating the sus-
tainability of PA (n= 45). aWorldmap with study sites (map generated with Excel
and Bing; © Australian Bureau of Statistics, GeoNames, Microsoft, Open Places,
OpenStreetMap, TomTom, and Zerin). b Publication years with the number of
articles. Note: Search criteria included publications from 2000 to 2022. Four highly

relevant articles published before 2000 (1987–1999) were included from other
sources thatwere cited in the original dataset. cPublication outlet with the number of
articles for outlets with more than one article. There were 16 other outlets with one
only one article each.
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of 6% of time and 6.32% of fuel. The results also showed that 27% of farms
used autosteering systems and saved 5.75% of time and 5.33%
fuel”. (2018, 4).

Technology and farm size and crop type
There appears to be an association between the environmental benefit
and the specific PA technology used (Table 1 and Supplementary
Information). In our dataset, reduced fertilizer use is most frequently
achieved by variable rate technologies, while reduction in pesticides and
herbicide is related to the use of “smart” sprayers. PA technologies are
often designed to work in specific farm environments and to target
different farm tasks or input applications. For example, Chen and Zhu’s
“smart” sprayer is designed for liquid pesticide application on fruit
planted in rows; it would not be suitable for a field of corn or wheat43.
Other PA tools are more easily transferable, such as sensors (e.g., elec-
tromagnetic induction conductivity) for spatial variability in soil
properties (e.g., moisture) and remote sensing data (e.g., Normalized
Difference Vegetation Index or NDVI) for plant health and yield data
(e.g., vegetation density), both used for cereal crops and fruit14,49.

Additionally, the crop type matters. The most common farm type
represented is grains and oilseeds by far (26 of the 45 studies). The variable
rate trials focus on grain and oilseeds, whereas trials for “smart” sprayers are
situated in orchards or vineyards. The highest percentage reduction in
pesticides application take place for orchards or tree fruits, namely citrus,
apples, and olives.

Moreover, there is preliminary indication that farm sizemaymatter for
the feasibility of PA adoption. For example, Godwin et al. analyzed six years
of remote sensing data to show that “real-time” digital farm management
improved the efficiency of cereal production thus “reducing the nitrogen

surplus by approximately one-third”49. However, these authors clearly state
that the “[b]enefits from spatially variable application of nitrogen outweigh
costs of the investment in precision farming systems for cereal farms greater
than 75 ha”49. Borsato et al. also mention that they over-represent larger
farms in their sample of 60 farms in Missouri evaluating environmental
benefits of GPS-guided tractors50.

By contrast, Loures et al. conductedfield trials on small farms (< 50 ha),
suggesting that “an efficient combination ofUAV/RPAS andNDVI enables
important savings in productivity factors, promoting sustainable agriculture
both in ecological and economic terms”14.We found one single study about
PA and organic agriculture51.

Assumptions or misleading claims that PA equates to
environmental gains
In addition to our initial research aims, our analysis uncovered a tendency
for unsupported claims about PA’s environmental benefits. Asumptions of
environmental gains occured in multiple adoption or “business case”
papers. The adoption studies included in the corpus begin from the pre-
supposition that PA increases environmental sustainability, and thus by
measuring (e.g. via instruments) adoptionof PA tools the authors assumede
facto that positive environmental outcomes result. Aubert, Schroeder, and
Grimaudo’s article from 2012, “IT as enabler of sustainable farming: an
empirical analysis of farmers’ adoption decision of PA technology,” is a
highly cited (905 times) and influential publication on the environmental
sustainability benefits of PA17. The study uses survey data to estimate PA
adoption using an original mathematical model. PA’s environmental sus-
tainability benefits are asserted in the introduction of the paper, supported
by a citation to a 2008 study modeling the potential benefits of variable rate
technologies52.

Table 1 | Summary of articles with field trial evidence demonstrating environmental benefits of PA (n = 45), categorized by
specific PA technology and farm type

PA technology Farm type Reduce
fertilizer use

Reduce
pesticide use

Reduce
herbicide use

Reducewater use Improvesoil
quality

Reduce GHG
emissions

Variable rate
(14 studies)

Grains (5) 5 2 1

Orchard (3) 3

Other (6) 4 1 3 1

“Smart”
sprayer (11
studies)

Grains (2) 2

Orchard (5) 5

Other (4) 4 1

Sensors (6
studies)

Grains (3) 3 1

Orchard (1) 1

Other (2) 1

Remote
sensing (5
studies)

Grains (4) 4 1

Cotton (1) 1

GPS-guided
tractor (3
studies)

Grains (2) 1 1 1

Unspecified (1) 1

Drone/UAV (3
studies)

Grains (1) 1

Orchard (1) 1

Other (1) 1

PLL (2 studies) Legumes (1) 1 1

Grains +
Legumes (1)

1 1

DSS (1 study) Tomato (1) 1

Totals 22 9 7 9 3 6

Abbreviations for GSP global positioning system, UAV unmanned aerial vehicle, PLL precision land levelling, and DSS decision support systems.
“Grains” includes grains and oilseeds. The icons are by Prashanth Rapolu from the Noun Project. See additional details in Supplemental Information.
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Similarly, Loures et al. begin their feasibility study on the uptake and
use of PA on “small farms” by asserting: “it is a fact that PA constitutes…a
crucial farm management system, which…enables farmers to reduce the
application of crucial elements like water and/or fertilizers”14. This claim is
not supported, neither with direct evidence nor with citations to papers
which themselves present evidence. A third example is Nicol and Nicol’s
“Adoption of PA to reduce inputs, enhance sustainability and increase food
production: a study of southern Alberta, Canada”53. This paper provides
data on the adoption of PA in midwestern Canada, but it does not directly
test how this adoption does or does not influence the environmental
impacts. Though these studies do not measure PA impacts on the envir-
onment, they claim environmental sustainability benefits simply because
the authors find increased adoption of PA. Said differenetly, these studies
assume that adoption of PA leads inextricably to environmental gains.

Another category of paper presents either tenuous evidence or is actively
misleading in the citational practices deployed.As an example, Lassoued et al.
only presents evidence from “international biotechnology experts”whowere
surveyed on their perceptions regarding PA’s “potential benefit” for the
environment54. As another example, Schimmelpfennig uses an extant dataset
(U.S. Department of Agriculture’s Census of Agriculture) to correlate PA
adoption with what the author terms “analogous practices”: care for soil
health, nutrient control to avoid overapplications, monitoring of fields for
pests to allow early interventions, between-season field operations planning,
and long-term written plans55,56. Not only is the reporting potentially statis-
tically spurious, upon close examination some of the findings appear to
undermine the argument that PA leads to environmental sustainability.

A notable example of potentially misleading reporting on PA and
environmental sustainability is the highly cited (906 times per Google
Scholar) paper by Balafoutis and colleagues: “Precision agriculture
technologies positively contributing to GHG emissions mitigation, farm
productivity and economics”57. This paper discusses a summary of dif-
ferent technologies that might fall under the rubric of PA, from GPS-
guidance and auto-steer to controlled traffic farming. Balafoutis et al.
present some evidence of environmental benefits of PA by citing other
studies, few of which give field-trial evidence. The language in the article
itself is more tentative than the title fromwhich one would conclude that
there is a scientific consensus on PA and environmental sustainability.
Yet in the paper, Balafoutis et al. write that “literature is limited on data
regarding the effect of PA on climate change” and that “there is a
necessity that more research should be carried out on quantifying the
impact of PATs on GHG emissions reduction”57.

We alsonoticed that across the literature authors aremakingbig claims
about PA’s environmental sustainability benefits and not supporting these
claims with citations. This practice often occurs in the introductory section
of a scientific study. As example, Sariga et al. write that PA “reduces the
environmental impacts in severalways including the reducedwater usage or
the less farm chemicals in water” and that PA is a method of farming
resulting in “less environmental impacts and results to maximum
production”58. There is no empirical evidence to support these claims in the
article itself nor are these claims referenced (i.e. there is no supporting data
coming from additional sources). Similarly, Yinyan et al. claim that PA will
“improve the agroecological environment” without evidence59.

By highlighting these instances of assumptions or misleading claims
that PA equates to environmental gains, we do not intend to vilify these
authors. Instead, these observations highlight the ubiquity of the belief that
PA is inextricably linked to environmental sustainability. It could be that
citations or evidence are deemed unnecessary for something that is per-
ceived to be common knowledge.However, based on the evidence reviewed
in our study, we find that environmental sustainability is not inherent to the
technology. Environmental benefits of PA are not guaranteed and depend
on the context and application.

Discussion
In this paper, we reviewed the body of empirical evidence published in
English-language journals connecting PA to environmental outcomes. Our

review uncovered some evidence supporting the claim that PA leads to
environmental sustainability.Muchof the evidence linkedPA to a reduction
in agricultural inputs associated with envieronmental harms, such as ferti-
lizer. In addition to our original research aim,we found thatmany academic
authors appear to hold an assumption about the “inextricable link” between
PAandenvironmental sustainability that is not fully testednor supportedby
evidence. This finding is significant both for upholding rigor within the
scientific community and for implementing more sustainable agricultural
practices around the world.

Overall, we find a relatively low number of studies that rigorously
examine on-the-ground environmental impacts through field trials: 54
articles over 22 years (with four earlier studies added for a total span of 35
years). These field trials also have relatively short duration (averaging 2.5
years), limiting their ability to assess long-term environmental impacts,
whereas researchonother topics havemore long-termfield trial, of 10, 40, or
even 75 years60–62. While field trials are expensive and time-consuming, we
contend that additional studies are essential to assessing environmental
sustainability claims.

Agriculture, and the environments in which PA is practiced, are highly
diverse. Yet existing studies are geographically limited, with no field trials
found in Africa, nor any in a Latin American country other than Brazil.
There are certainly uses of PA across countries in Africa63–65. In 2024,
Marrakech hosted the third annual African Conference on PA in personal
and virtually, with nine other in-person satellite gatherings across the
continent. This is also a region about which there are big claims for the
potential environmental sustainability and other benefits of PA3,66,67. While
this discrepancymay be due to our focus on English-language publications
and adoption rates ofPA, certainlymore research is necessary to understand
environmental outcomes across a range of countries (or representation of
existing research in peer reviewed journals).

PA represents a range of technologies with a variety of economic costs
and social impacts; understanding the sustainability implications for each of
these is important given the range in crop and farm types worldwide.While
several studies assessed the environmental impacts of variable rate in grain
farming, for instance, few researched use of PA for fruits, vegetables, or
legumes. Further, therewas only one studywith organic farming practices51.

There were only two commercial farms under 55 ha with field trial
evidence of environmental benefits, in addition to a few smaller experi-
mental plots. Globally, 84 percent of farms have at most 2 hectares of
agricultural land (< 5 acres); of these, 70 percent farm 1 hectare or less68. A
significant portion of the world’s food comes from these operations. Small
farms (≤ 2 ha) produce 35% of the world’s food on 12% of the world’s
agricultural land68. Small farms are much more prevalent in low- and
middle-income countries68. Across the globe, small farms are achieving
higher yields, while protecting more crop diversity and non-crop biodi-
versity around their fields, relative to their size69,70. Smaller farms are more
likely to grow crops for food, rather than for biofuels or other non-food
commodities71. However, to achieve these outcomes, small farms are usually
more labor intensive and less profitable than larger farms69,71. They are also
less likely to benefit from technological innovation, like AI, not just because
these tools are not designed for their conditions, like crop diversity, but also
because they do not have access to the capital that is required to pay for the
newest technologies. More research is needed to understand potential and
observed environmental and other benefits of PA in these contexts.

There are many narratives and definitions of sustainability in food
systems and sustainable agriculture72–75. Future studies could adopt a more
expansive approach to defining sustainability and assessing environmental
outcomes. Themost commonbenefit of PAacross the studieswas reduction
in fertilizer use. While we agree that reducing agri-chemical input use is
important for environmental and human health, there are multiple aspects
of environmental impacts and models for sustainability in agriculture. For
example, the legal definition of sustainable agriculture at the United States
Department of Agriculture (USDA) refers to:

an integrated systemof plant and animal productionpractices having a
site-specific application thatwill over the long-term: satisfy human food and
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fiber needs; enhance environmental quality and the natural resource base
upon which the agriculture economy depends; make the most efficient use
of nonrenewable resources and on-farm resources and integrate, where
appropriate, natural biological cycles and controls; sustain the economic
viability of farmoperations; [and] enhance the quality of life for farmers and
society as a whole76.

Other organizations have an even broader definition which includes
environmental and social factors. For instance, EcoCanada states: “the goals
of sustainable agriculture are; to help provide enough food for everyone,
bring communities out ofpoverty andprovide an enhancedquality of life for
farming families, and utilize farming methods that promote soil health and
reduce reliance on fossil fuels for environmental sustainability”77. There are
a host of sustainability metrics which could be used to judge the environ-
mental contributions of specific agricultural techniques, such as the United
Nations Sustainable Development Goals, ecosystem services, or the prin-
ciples of agroecology and food sovereignty32,78–82.

In fact, few of the articles we read were explicit about the working
model of sustainability used as it related to the metrics of sustainability
against which PAwas evaluated. There are two exceptions. One is the article
by Dicks et al., which mentions “sustainable intensification” in their policy
analysis of food production practices in theUK, including PA83. Theydefine
sustainable intensification as increasing agricultural productivity while
creating environmental and social benefits. The second is Schimmelpfen-
nig’s report,whichusesTheAmerican Society ofAgricultural andBiological
Engineers draft standard, titled “Framework for Sustainable Agriculture”
(X629), to measure best management practices as well as key sustainability
and productivity indicators55,56.

The consequences of not clearly defining andmeasuring sustainability
impacts of PA across a range of geographies, technologies, and agricultural
systems are significant. While we do find evidence that PA can deliver
specific types of environmental benefits in certain circumstances,we caution
against the generalized assumption that has long remained unchallenged
across the science and practice. We wish to make clear that we are not
arguing that PA ought be dismissed as a potentially beneficial set of tech-
nologies. There appears to be some evidence of economic benefits for
farmers in terms of resource use efficiency (e.g., greater yield with the same
amount of fertilizer application). Ultimately, we urge a broader and more
thoughtful definition of sustainability be taken by the research community,
with more attempts to measure it across various agricultural systems, to
guide the judicious and effective adoption of particular technologies and
practices that can improve environmental outcomes in agriculture.We also
invite future work on environmental sustainability of PA to include other
forms of evidence and ways of knowing, including farmer-centric on-farm
experimentation and community-engaged research with farmers, farm-
workers, and technology developers84–86.

Methods
Effective systematic reviews “collect, synthesize, appraise and summarize
the relevant evidence” in line with a specific research question, using clear
and reproduciblemethods87,88.We designed a systematic review of literature
on PA and sustainability to answer the question:What empirical, field trial
evidence exists to support the link between PA and environmental sustain-
ability?To report on themethod,we follow theguidance fromtheRepOrting
standards for Systematic Evidence Syntheses (ROSES) for environmental
research88,89. See Fig. 2.

Review scope and search criteria
To investigate the evidence of PA in the systematic review, we began by
setting a sustainability framework to guide the search, inclusion and
exclusion criteria, and analysis strategy. The specific search string used was:
“PA” OR “Precision farming” AND ((reduction OR reduce*) W/4 (pesti-
cide*ORherbicide*ORwater OR greenhouse)). Based on feedback from a
reviewer, we ran an additional search to include fertilizer (ferili*). We did
not include “soil” in our search string but added the category inductively
during the analysis because it was frequently mentioned.We use the search

string for three databases: Scopus, Web of Science, and Green File. We
added filters for language (English), source type (journal articles and con-
ference proceedings), and publication year (2000-2022). After removing
duplicates, there were 444 articles for initial screening.

Abstract Review
Each researcher reviewed the abstracts and results sections to determine
whether the article should be included in the full text review. For inclusion in
the full text review, the article had to be a peer reviewed journal article or
published full-length conference paper; be available in English; be published
between January 1, 2000, and December 31, 2022; and present some evi-
dence on sustainability in its results section – specifically, related to herbi-
cide, pesticide, or fertilizer use; water use or water conservation; soil quality
or conservation; or GHG emissions or fuel consumption.

If an abstract did notmeet one ormore of the eligibility criteria orwas a
duplicate, it was excluded. In a spreadsheet, we recorded who reviewed the
reference, bibliographic information, whether the reference met each of the
inclusion criteria, and additional notes where relevant.

Full-Text Review
All researchers then proceeded to review the full text of the remaining 191
articles, dividing coding evenly to produce a list of 70 references. Articles
without evidence of sustainability in relation to the above identified inclu-
sion criteria were excluded. We also excluded articles that were not peer
reviewed journal articles orwhose full text couldnot be accessed through the
University of Ottawa library catalog.

We added 12 snowballed articles to the final dataset. Each researcher
could addnewarticles to the dataset for screening thatwere relevant but that
did not appear in the initial search. Most of the articles added at this stage
were selected as citations within the reviewed articles. Four highly relevant
articles published before 2000 were included from other sources through
snowball sampling or investigation of studies cited in the articles in the
review. These articles were published in 1987, 1996, 1997, and 1999. The
total after the full-text review is 82.

We also recorded the type of evidence associated with environ-
mental claims and PA as field-trial experiments on farms; modeling
(especially predictions and projections); or “other.” Articles with
empirical or modeling evidence associated with PA and environmental
factors were included in the final stage of the analysis, regardless of
whether they reported environmental sustainability benefits. For the
exclusion criteria of “not focused on sustainability impacts of PA,”many
of the excluded references mentioned environmental sustainability in
the title, abstract, or text, but only tested the functionality or adoption of
PA tools. These studies largely appeared in technical journals or in
proceedings of agricultural or engineering conferences. One example of
such a study is “A real-time weed mapping and precision herbicide
spraying system for row crops” by Xu et al.90. In its introduction, the
authors of this paper assert that precision spraying leads to more sus-
tainable production and they support this assertion with a citation to
Rocha et al.’s “Weed mapping using techniques of PA”91. However, the
cited paper discusses the technical dimensions of a weed-mapping
technology, rather than the environmental impacts from its use.

Qualitative and Quantitative Analysis
Based on the information about the type of evidence,we decided to focus on
field trial evidence. We noted all field-trial studies about or using PA tools
with claims about environmental sustainability. Some of these studies did
not have empirical findings to support an environmental sustainability
benefit or found negative or neutral results. With this data, we conducted
descriptive statistics and frequency counts for study details and benefits (See
Table 1, Supplementary Tables 1 and 2, and Supplementary Fig. 1). The
qualitative analysis built on these frequency counts and other qualitative
indicators to characterize the available evidence.

In Table 2, we outline all the information we collected on the final
set of references. Supplementary Table 3 provides a condensed version of
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the records for the 45 references with field-trial evidence of environ-
mental benefits associated with PA. The Supplementary Data file
includes the complete responses for all 82 references included after full-
text review.

Validity and Limitations
To increase the validity and reliability of our results, we took several steps.
Researchersmetmultiple times at each step of the review todeliberate on the
decisions being made. We coded several articles contemporaneously to

Fig. 2 | Reporting standards for systematic Evidence Synthesis (ROSES) diagram for the systematic review. The figure follows the template provided by Haddaway NR,
Macura B, Whaley P, and Pullin AS. 2017. ROSES flow diagram for systematic reviews. (Version 1.0. DOI: 10.6084/m9.figshare.5897389).

https://doi.org/10.1038/s44264-026-00128-x Article

npj Sustainable Agriculture |             (2026) 4:9 7

www.nature.com/npjsustainagric


encourage inter-coder reliability. The articles included in all stages of the
review were evenly randomly assigned to the four researchers. For the 82
studies included in final analysis, each reference was coded by at least two
researchers to ensure nothingwasmissed.Where therewere disagreements,
the two researchers would meet to come to a consensus.

We also offer additional transparency and acknowledge limitations.
The first point of discussion is search terms. We chose PA because it has
been widely used since the late twentieth century and remains prevalent
over our inclusion period26,30,92. PA also has a formal definition by the
International Society of PA15, which is more consistent that the defini-
tion of other related terms like “smart farming,” “digital agriculture,”
and “site-specific farming.” PA is a term that includes a wide variety of
tools for farm management, from soil sensors to satellites. Rather than
include specific technologies in the search string, we were curious to see
which tools would come up most frequently under the rubric of PA
through inductive analysis. We acknowledge that there may be addi-
tional studies which did not use the term PA but which give data on
specific tools and their environmental efficacy.

The primary motivation for the systematic review was to assess the
evidence to support the common claim that PA presents positive environ-
mental impacts or sustainability benefits. Therefore, our search string
imbedded a positive frame of reducing resource use and environmental
impacts. We could have included additional terms to gather evidence of
increased resource use and environmental harms (e.g., [increase OR
increasing] W/ [fertili* OR pesticide* OR herbicide* OR water OR
greenhouse]). However, our aimwas not to capture the evidence of negative
environmental outcomes with PA, but rather to test a widely held assertion
that PA and sustainability are inextricably linked.

Another possible approach would be to add efficiency or “efficien*” to
the search as this concept commonly appears alongside PA sustainability
claims. In our view, however, efficiency per se is too vague a term.Moreover,

the widely accepted understanding of agricultural efficiency is productivity
combined with resource use. As we have demonstrated, academic work
currently is biased toward a measurement of only one part of this matrix—
productivity—wherein if a yield increases, PA is labeled sustainable. Thus,
we chose to focus on the ecological impacts from PA measured as reduced
resource use and/or impacts.

Next, the exclusion criteria greatly influence what literature is repre-
sented in the review.We only included English-language publications, thus
favoring English-speaking authors and countries. There is potentially
additional literature from non-English speaking authors. As well, there are
likely studies published in the years since we initiated the project and began
data collection, some of which may have evidence of environmental sus-
tainability benefits.

Finally, there are other possible ways to report and measure environ-
mental and agronomic systems not limited to field trial evidence. Our
rationale is grounded in well-recognized value of on-farm and field trial
agricultural research93–97. Across many of its research outputs, the United
Nations Food andAgricultural Organization asserts that experimental trials
are best for deriving statistically valid, unbiased comparisons directly within
farmers’ environments97. While modeling can offer benefits, such as
structural insights and greater scales,modeling requires empirical validation
to ensure credibility98. Modeling is about predictions and estimations;
whereas, the focus of our review is on that which can be observed and
measured.

Data availability
Data is available in Excel file: Supplementary Data.
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Table 2 | Systematic review questionnaire for qualitative analysis and synthesis of references in the review

Qualitative code or classification Description

Researchers Researchers who completed the coding and classification

Full Reference Full citation of the article in APA Format with DOI (or hyperlink if there is no DOI)

Frequency of specific environmental sustainability
claims

Reduced fertilizer use Yes or no

Reduced pesticide use Yes or no

Reduced herbicide use Yes or no

Reduced water use / water conservation Yes or no

Soil quality / conservation Yes or no

Reduced greenhouse gas (GHG)
emissions or fuel consumption

Yes or no

Other e.g., Diacono et al. (2014): compatible with organic farming
practices e.g., Balaine et al. (2020): no reduction of GHG

Summarize environmental benefit of PA Short statement ( ~ 10–25 words) e.g., for Solanelles et al. (2006): reduced pesticide use by 28-72% for olive and
pear orchard

Direct quotation from reference with evidence of
environmental sustainability benefit

e.g., Tian et al. (1999):
•BENEFIT: “Between48%and58.4%ofherbicides could besaved if 0.5%and1.5%weedcoveragewere usedas
the control threshold, respectively. With the current system design and using 0.5% weed coverage as the control
zone threshold, about 48% of the herbicide could be saved” (899)
•CAVEAT: “the sprayer can travel at amaximum speed of 4.2 km/h. The overall accuracy of the sprayer was 100%
in bare soil zone detection, 75% in weed infestation zone detection, and 47.8% in crop plant zone detection….
Further research and experimentation are needed to determine the optimal chemical input amount for different
crop/weed coverage, control zone size, and timing combinations. “ (899)

PA technology Specific tool(s) used in study, with note on the primary/main technology of interest in the field trial

Study details Country of study Country

Farm details Experimental or commercial? Other details

Farm size In hectares (ha)

Farm type and specific crops Crops

Study duration

Additional notes
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