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Abstract

The application of technologies such as artificial intelligence, robotics, blockchain, cellular
agriculture, and big data analytics to food systems has been described as a digital agricultural
revolution with the potential to increase food security and reduce agriculture’s environmental
footprint. Yet, the scientific evidence informing how these technologies may impact or enhance
ecosystem services has not been comprehensively reviewed. In this scoping review, we examine
how digital agricultural technologies may enhance agriculture’s support of ecosystem services.
Keyword searches in academic databases resulted in 2337 records, of which 74 records met review
criteria and were coded. We identify three clusters of digital agricultural technologies including
those that make farm management more precise, increase connectivity, and create novel foods.
We then examine modelling and empirical evidence gaps in research linking these technologies
to ecosystem services. Finally, we overview barriers to implementing digital agricultural technolo-
gies for better ecosystem services management in the Canadian context including economic and
political systems; lack of policies on data management, governance, and cybersecurity; and limited
training and human resources that prevents producers from fully utilizing these technologies.

Key words: Digital agricultural revolution, precision agriculture, smart farming, ecosystem services

Introduction

One of the greatest sustainability challenges in the 21st century is to produce enough food for a
growing human population while reducing food systems’ impacts on ecosystems (

; ). The current wave of technological innovation and digitization in agri-
culture, known as the digital agricultural revolution (DAR), is said to have the potential to simul-
taneously increase food security and reduce agriculture’s environmental footprint (

; ; ). The DAR includes recent technological
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advancements such as artificial intelligence (AI), robotics, three-dimensional (3-D) printing,
nanotechnology sensors, unmanned aerial vehicles (UAVs), blockchain, controlled-environment
agriculture (CEA), big data analytics, and the Internet of Things (IoT) ( ;

). These DAR advancements are game-changing tools essential to facilitating
innovative work and redefining techniques in established fields such as food science (e.g., cellular
agriculture to create novel foods) and genetics wherein big data, robotics, nanotechnology, and
automation are ubiquitous.

Enthusiasm about the application of digital agricultural technologies (DATSs) is widespread
(see and ), as they are considered necessary for keeping the global
food system within its environmental limits in likely future scenarios ( ). Yet,
the DAR brings with it echoes of techno-optimism that require a sober pause to better analyse the
deeper potential human and environmental impacts of implementing these technologies.
An emerging body of scholarship critically examines the social dimensions of digital farming by
highlighting inequities resulting from production-biased models of food security ( ;

; ; ). While there is a growing focus on the social dimen-
sions of digital farming, the claimed environmental and ecosystem services (ES) benefits of DATSs
have not been given the same scrutiny ( ).

There is a paucity of empirical evidence on the proposed causal pathways through
which many DATs may reduce agriculture’s negative impacts on the environment. Indeed, several
DATs have yet to undergo scientifically grounded assessments that would allow evidence-based
comparisons of their environmental impacts ( ; ;
). In addition, where empirical research show DATs with potential environmen-
tal benefits (e.g., reduced agrichemical inputs and pollution through variable rate fertilization)
( ), the proposed benefits may be based on flawed assumptions regarding
human behaviour. For example, decision-makers using DATs may be motivated by profit
maximization rather than positive environmental outcomes; thus, technology-driven agricultural
intensification could exacerbate agricultural expansion rather than spare land for habitat (

).

In this scoping review, we identify ways in which DATs may serve as an intervening variable
between agriculture and ES. We then examine the scientific evidence regarding the ability of
DATSs to reduce agriculture’s negative impacts on ES and increase agriculture’s enhancement of
ES. We review international, peer-reviewed literature, but our discussion and recommendations
are focused on the Canadian context. Canada is representative of many industrialized countries
in that farmers have access to relatively low-cost capital, there is an expanding and sophisticated
hardware and software market for agriculture, the extension of rural broadband and other
enabling infrastructures is underway, and there is a well-established network of universities and
colleges whose mission is to create a talent pool in emerging technologies. Despite these advan-
tages, Canadian agriculture has been slow to adopt these technologies ( ;

; ; ). Hence, we aim to contribute to a growing body
of literature on ES in Canada in conjunction with contributions featured in this “Food, Fiber,
Fuel, and Function” collection.

Analytical framework and research questions

We define ES using the Common International Classification of Ecosystem Services (CICES V5.1)
( ) and drawing from literature outlining agriculture-ES interactions
( ; ; ; 5 5

; ; ; ). CICES is a
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comprehensive ES classification system that maps onto and extends ES classifications such as

and . We focus on regulation and maintenance ES' because DATS’
ability to maximize agriculture’s provisioning services and reduce ecosystem disservices to agriculture
are well-described elsewhere (see for example and ). We exclude
cultural ES as studies on agriculture’s cultural ES rarely implicate DATSs as a variable (see for example

; )-

This approach provides us with the agricultural-ES analytic framework presented in , which
displays several possible types (air quality, biodiversity, biomass, etc.,) of interactions between
ecosystems and agricultural systems and groups these into quadrants. These interactions are further
explained in . We conceptualize agriculture as both influenced by ES (Q1) and ecosystem
disservices (Q4), while simultaneously influencing ecosystems through services (Q2) and disservices
(Q3). As mentioned above, the “ecosystem disservices to agriculture” listed in Q4 do not relate to
the ways in which DAT may enhance productivity of or reduce demand on regulation and mainte-
nance services, hence they fall outside of the scope of this review. This leads us to the three key
research questions:

1.  What scientific evidence supports claims that DATs can reduce agriculture’s demand for ES as
inputs? (Quadrant 1)

2. What scientific evidence supports claims that DATs allow agriculture to sustainably enhance or
diversify regulation and maintenance ES? (Quadrant 2)

3. What scientific evidence supports claims that DATs reduce downstream, negative impacts on
regulation and maintenance ES? (Quadrant 3)

Methods

We follow scoping review methods outlined by , ,
and . As illustrated in , the process included (i) identifying research
questions; (ii) using exclusion criteria and duplicate elimination to conduct keyword searches in
electronic databases, reviewing article reference lists, and performing full-text reviews; (iii) thematic
coding; and (iv) reporting results. Each step of the review process is detailed below.

Identification of research question(s)

The guiding questions listed in the previous section are based on our previous research
on the environmental impact of novel food products and DATSs that revealed limited reliable
ecological data modelling and disparate approaches to modelling sustainability and ES
(see ).

Identification and screening of records

We conducted a keyword search using the Web of Science (WoS) and Google Scholar. The WoS
electronic database was used to identify peer-reviewed literature and conference proceedings.
Google Scholar was used to identify highly cited grey literature and additional peer-reviewed literature
missing in the WoS database. Keyword combinations focused on commonly used terms and
technologies in digital agriculture. shows keyword search combinations. We limited our
search to 2016-2021 to capture the most recent scientific research in rapidly evolving fields.

1 . el .
For an extensive definition of these services see:
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Q1. Ecosystem Services to Agriculture Q2. Agriculture Services to Ecosystems
e Air quality o Air quality
o Biodiversity « Biodiversity
« Biomass « Biomass
o Climate regulation o Climate regulation
e Disease e Disease
o Energy e Land
o Herbicide & Pesticide « Nitrogen fixation
e Land o Nutrient management
o Nitrogen fixation o Pests
o Nutrient management « Pollination
o Pesis e Soil Health
« Pollination o Waste
e Soil Health o Water Management
o Waste .
o Water Management Agcgt"e'::;al
Q4. Ecosystem Disservices to Agriculture Q3. Agriculture Disservices to Ecosystems
o Climatic and atmospheric variability e Air quality
e Disease « Biodiversity
« ES Demand (competition) « Biomass
o General resource variability o Climate regulation
e Pests e Disease
e Energy
o Herbicide & Pesticide
e Land
« Nitrogen fixation
« Nutrient management
e Pests
« Pollination
o Soil Health
« Waste
o Water Management

Fig. 1. Interactions between ecosystem services and agricultural systems (information from Dale and Polasky 2007; Swinton et al. 2007; Zhang et al. 2007; Power
2010; Mitchell et al. 2018; Von Déhren and Hasse 2015; Garbach et al. 2017; Baer and Birgé 2018; Haines-Young and Potschin 2018; TEEB 2018; MacPherson
et al. 2020; Bennett et al. 2021; and Howlett et al. 2021). We focus on Q1-3 and do not address Q4 (grey) in this review.

In WoS, the keyword search was limited to “topic” which only searches titles, keywords, and abstracts
(n=68). In Google Scholar, a black box algorithm searches full documents and ranks search results
according to journal rank, author rank, and recent citations (n = 2254).” Additional records
(for example Mosby et al. 2020) (n = 15) were suggested by experts in topical areas.

*The algorithm is officially described here (web.archive.org/web/20210506202616/https://scholar.google.com/
scholar/about.html). In general, we found that after approximately the first 100 records in Google Scholar there
were no additional records of interest and a lack of cited materials.
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Table 1. Explanation of agricultural system and ES interactions across Quadrants 1-3 in Fig. 1.

Ecosystem

service

Air quality

Biodiversity

Biomass

Climate
regulation

Disease

Energy

Herbicide
and
pesticide

Land

Nitrogen
fixation

Nutrient
management
Pests
Pollination

Soil health

Waste

Water
management

Description

Local regulation of temperature, humidity,
and atmospheric chemical composition

Biodiversity in terms of genetic, species,
community, or ecosystem increases or
reductions in loss

Carbon mass increase; carbon/nitrogen ratio
is correlated to biodiversity increases and
ecosystem functioning

GHG emissions reduction, sequestration,
leakage reduction; regulation of climate
variability

Decrease in disease transfer and presence
of disease vectors

Overall reduction in energy demands or
increases to less carbon-intense energy

Decrease in herbicide and pesticide pollution

Habitat, ecosystem fragmentation, and
spatial demand

Nitrogen fixation increases; highly related to
nutrient management but involves separate
functions (fixation vs. avoidance of leakage)

Cycling, abatement, and reduction of
eutrophication and runoff

Increase in pest reduction; addresses
ecological functions rather than chemical
applications

Intricately linked to biodiversity, but a
distinct service provided by pollinators

Soil structure, fertility, erosion control,
disturbance regulation

Reduction of wastes in human food systems
through management or biotic and abiotic
functions

Provision, purification, chemical condition,
hydrological cycle, sedimentation

QI: ecosystem service to
agriculture

Air quality regulation

Biodiversity

Biomass provision

Climate regulation

Disease reduction through
biodiversity

Energy provision (solar,
biomass/fuel, wind, etc.)

Bioremediation of toxins

Land provision

Nitrogen fixation

Nutrient cycling

Pest reduction in agriculture

Pollinator increase in
agriculture

Soil health improvement

Bioremediation and abiotic
filtration, sequestration, and
storage of waste from
agriculture

Water provisioning and
purification; flood mitigation

Q2: agriculture services to
ecosystems

Air quality regulation

Biodiversity increase

Beneficial biomass increases
(soil, carbon) and reductions
(reduce fire hazards)

GHG sequestration and
reduction of GHG emissions

Decrease or elimination of
disease

Increase habitat and
landscape connectivity

Nitrogen fixation

Abatement of nutrient runoff

Pest reduction in ecosystem

Pollinator increase in
ecosystem

Soil health improvement

Bioremediation and abiotic
filtration, sequestration, and
storage of waste from
ecosystem

Hydrological cycle
contributions

ACETS

Q3: agriculture disservices
to dcosystems

Reduction in air quality and
(or) increase in variability of
temperature, humidity, etc.

Reduction of biodiversity

Reduction of biomass
beneficial to ecosystem
functioning

Increased GHG emissions
and other atmospheric
toxins

Increased diseases and
disease vectors

Increased competition for
and consumption of
nonrenewable energy
resources

Increased herbicide and
pesticide pollution

Increased habitat loss and
ecosystem fragmentation
increase

Increased nitrogen runoff

Increased nutrient runoff

Increased pests

Reduction of pollinators in
ecosystem

Reduction in soil health

Increased food waste from
agriculture and food system
inefficiencies

Water sedimentation and
pollution

Note: GHG, greenhouse gases.
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Identification of Research

Question(s)
v v v
Web of Science Google Scholar Records from
Keyword Search Keyword Search other sources
n=68 n=2,254 n=15

v

v

v

Total Records n=2,337

v

Relevancy &

Duplicate Exclusion n=79

'

Reference List Search +

Relevancy Exclusion & Duplicate Exclusion

n=12

v

Full-text articles assessed for inclusion.

n=91

.

Thematic Coding
n=74

v

Report

Fig. 2. Scoping review process.

The resulting records (n = 2337) were screened by the inclusion/exclusion criteria listed below.

J

ACETS

1. Research questions

| established from previous
investigation of on digital
agricultural technologies.

2. Identification and
screening of records.
Databases (n=2)
Search Records (n=2,337)

Exclusion criteria:
-published 2016-2021
-peer-reviewed
-addresses one or more
ecosystem services and
digital agricultural
technologies

Full-text Assessed (n=91)

3. Thematic coding of
emergent themes (n=74)

4. Report creation and

circulation.

1. Scientific quality—peer-reviewed literature in academic journals, peer-reviewed conference
proceedings, and highly cited grey literature reports from government agencies and

international and national nongovernmental organizations.

2. Relevancy—the record must address or review causal pathways in which DATSs impact or
enhance specific ES.

3. Parsimony—Google Scholar has a high number of irrelevant results, so our evaluation of Google

Scholar results focused on the first 100, highly ranked records.

The records resulting from the exclusion process were imported into the reference management
software Mendeley wherein duplicates were eliminated using the “merge duplicates” function,
resulting in 79 records. Following snowball methods of Klerkx et al. (2019), reference lists of the
resulting records were examined for additional pertinent citations. This produced an additional
12 references for a total of 91 records for full-text assessment. The full-text assessment excluded
17 records as they addressed DATs and mentioned but did not adequately address how DATs may
impact agriculture-ES interactions. This resulted in 74 records for thematic coding.
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Table 2. Keyword search terms
Keyword 1 Keyword 2 Keyword 3
ecosystem service* precision agriculture —
ecosystem service* smart farming =
ecosystem service* precision farming —
ecosystem service* digital agriculture —
ecosystem service* smart agriculture digital
ecosystem service* blockchain agriculture
ecosystem service* controlled environment agriculture —
ecosystem service* big data analysis agriculture
ecosystem service* genetic engineering agriculture
ecosystem service* Agriculture 4.0 —
ecosystem service* cellular agriculture —
ecosystem service* artificial intelligence agriculture

Thematic coding

Emergent coding (Altheide et al. 2008) identified themes in the literature. After full-text assessment,

coding was conducted in a spreadsheet (Excel) that included technology types and clusters,

ES addressed, coder notes, and record citations.

Report findings

The articles were summarized in a report that was circulated by lead authors to experts in the areas of

food system research for vetting of preliminary discussion elements. Several experts were included as

co-authors because of their substantial contributions.

Results

Our results are presented in two subsections. First, we present a quantitative analysis of patterns in the

literature. We then overview and discuss evidence of possible DAT's interventions in agriculture-ES

interactions.

Patterns in the literature

Table 3 displays the number of records (count) that mention each DAT and each ES. Percentages

reflect the number of articles out of the 74 coded. Records sometimes note more than one technology

or ES so the counts do not sum to 74. The technology “Other” variable grouped together cloud

computing, information and communications technologies (ICT), IoT, and other digital technologies

related to connectivity in agricultural settings.

Of the DATS, precision agriculture (PA) (36%), sensors (34%), genetic research (31%), and big data

(26%) featured most prominently in the literature. Somewhat surprisingly, relatively few publications

explicitly linked ES functioning to agricultural implementation of blockchain or CEA (inclusive of

vertical agriculture). Of the ES addressed, nutrient management (58%) and climate regulation (42%)

featured most prominently, while pollination (3%), nitrogen fixation (3%), and biomass production

(3%) were rarely mentioned in literature on DATS.
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Table 3. Count and percentage of records mentioning specific technologies and ecosystem services

Technology Count % Service Count %
Precision agriculture 27 36 Nutrient management 43 58
Sensors 25 34 Climate regulation 31 42
Genetics 23 31 Land 16 22
Big data 19 26 Biodiversity 14 19
Smart farming 16 22 Herbicide and pesticide 13 18

Artifical intelligence/ 13 18 Water management 13 18
machine learning

Robotics and automation 12 16 Pests 13 18
Cellular ag 12 16 Waste 10 14

Unmanned aerial vehicles/ 12 16 Soil health 10 14
remote sensing

Other 12 16 Disease 9 12
Blockchain 7 9 Energy 3 4

Controlled-environment 4 5 Air quality 3 4
agriculture

Nitrogen fixation 2 3
Pollination 2 3

Biomass 2 3

The Table 4 and Table 5 crosstabs reveals patterns that must be interpreted in the context of the
literature. In Table 4, a crosstab table presents patterns linking specific DATs cited in relation to each
ES. The colouring within the table reflects low to high counts of records, with the darkest areas
showing above 90th percentile counts. For example, the darker colouring shows that nutrient
management and climate regulation (e.g., greenhouse gas (GHG) emission reductions and carbon
sequestration) were the most cited ES. Yet, more importantly, the crosstab format exposes
associations between ES and DATs. The highest count in Table 4 is for nutrient management and
PA (26 articles). This is indicative of a mature literature on the relation of nutrient management
and DATs grouped under PA. Similarly, the literature on novel foods focused on the way that cellular
agriculture outcompetes modern beef production in terms of environmental sustainability and is
presented as a possible pathway to climate regulation (8 articles), better nutrient management (6),
and through reduced nutrient runoff resulting from reductions in the land (4) footprint. In Table 5,
a crosstab of DATSs reveals how technologies were clustered in publications. For example, 17 records
addressed both PA and sensors, which makes sense given the use of sensors in many PA technologies.

A significant portion of the literature linking DAT' to ES is aspirational about causal pathways between
technology adoption and positive outcomes for ES. More specifically, of the 74 documents evaluated, 17
(23%) are commentaries or exploratory reviews of trends in the literature, while the remaining 57 (77%)
conduct either primary or secondary research. Of note, the literature on connectivity (specifically
distributed digital ledger technology, focused on blockchain) tended to be preliminary and consists
mostly of commentaries, reviews, or exploratory models. Literature on novel foods included life-cycle
assessments (LCA) but was also not empirically strong as modelling efforts often conflicted. By contrast,
the records found in management were mainly empirical research articles.
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Table 4. Crosstab of ecosystem services and digital agricultural technologies record counts.

Digital agricultural technologies

Management
. UAV
Aland Robotics and Precision Cellular
Big data machine and Genetics | Sensors CEA ) Blockchain Other
. . remote | agriculture ag
h learning | automation .
Ecosystem services sensing
Air quality
improvement
Biodiversity
enhancement

Biomass production
Climate regulation
Disease reduction
Energy efficiency
Herbicide and
pesticide reduction
Land footprint
reduction

Nitrogen fixation

Nutrient
management
improvement

Pest reduction
Pollination
enhancement

Soil health
improvement
Waste reduction
Water management
Colouring of cells show count percentiles, the darkest colours representing the 90th percentile of all recorded values in the table. Al, artificial intelligence,
CEA, Controlled-environment agriculture, UAV, unmanned aerial vehicle.

Digital agricultural technologies and their links to ecosystem
services

Emergent coding revealed three clusters of DATs that (i) make farm management more precise
(e.g., sensors, Al robotics), (ii) increase connectivity in the food system (e.g., supply chain manage-
ment technologies, blockchain, and expansion of ICT), and (iii) create novel foods that replace
current, resource-intensive agricultural practices (e.g., cellular agriculture). Some records addressed
more than one theme. Of the 74 records coded, most of the records (63 (85%)) address farm
management, while novel foods were addressed in 12 (16%) and connectivity in only nine (12%).
The clusters of DATSs are noted at the top of Table 4 and Table 5, which respectively identify
DATSs-ES associations and DATs associations with other DATSs.

More precise farm management

This theme includes DATs that offer producers more precise ways of managing their farm operations
by, for example, giving them the ability to precisely apply and automate inputs as crops need and to
integrate complex algorithms into decisions from risk management to marketing and yield
calculations in real-time. The literature uses several terms to refer to overlapping groupings of
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Table 5. Crosstab of digital agricultural technologies cited in records.

Digital agricultural technologies
Novel
Management foods
Al and . UAV and -
Big data machine Robotics f—md Genetics Sensors CEA remote Prz.ecmon Ct?llular Blockchain | Other
. automation . agriculture | agriculture
learning sensing

Big data 19 4 2 1 3 e
Al and
machine 14 2 2 1 3
learning
Robotlcs.and 13 3 4 3 1 4
automation
Genetics 4 23 2 3 1 3
Sensors 25 3 2 2
CEA 2 2 3 2 3 4 2 1 2 — 2
UAV and
remote 3 2 12 1 — 3
sensing
Pre'C|5|on 4 1 31 2 3 -l
agriculture
Cellular

. 1 2 3 2 2 1 2 12 — 2
agriculture
Blockchain 3 1 1 1 2 _ _ 3 _ 7 2
Other 3 4 3 2 3 2 2 12

Colouring of cells show count percentiles, the darkest colours representing the 90th percentile. Al, artificial intelligence, CEA, Controlled-environment agriculture,

UAV, unmanned aerial vehicle.

DATs aimed at management—for example, DAR, precision agriculture/farming, smart farming/
agriculture, and Agriculture 4.0/5.0. Efforts to differentiate these broad terms often emphasize PA
as a site-specific, field-focused set of tools while smart farming integrates, “agronomy, human
resource management, personnel deployment, purchases, risk management, warehousing, logistics,
maintenance, marketing and yield calculation into a single system” (Schonfeld et al. 2018, p 110)
(see also Wolfert et al. 2017). Bertoglio et al. (2021) showed in a bibliometric study that the use of
the term smart farming rose in 2012 as climate-smart farming approaches and digital agricultural
tools were also on the rise. Yet, the distinction between these terms seems to increasingly blur.
Indeed, discourse analysis approaches identify that the use and definition of such terms frame particu-
lar power relations within food systems and, in the case of PA, often undervalue environmental out-
comes (Duncan et al. 2021). In our review of literature, every article that we coded as smart farming
(n = 14) either also interchangeably used the term “precision agriculture” (PA) or heavily cited articles
mentioning PA. So, we group together these records below.

PA and smart farming technologies

PA and smart farming technologies make production systems more precise by using advances in
Global Navigation Satellite System technologies, big data, and automated robotic farm equipment to
improve guidance, recording, and management (“reacting”) technologies (Balafoutis et al. 2017;
Finger et al. 2019). Often PA also takes advantage of specialized software, data analytics, and modern
information and communication technologies to inform decision-making (Finger et al. 2019). This
requires sensors attached to individual animals, plant locations, other geographic locations on farms
to gather data. The interweaving of these technologies creates an IoT involving feedback between sen-
sors and equipment such as smart tractors or robotic milking machines to provide real-time
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automated adjustments that aim to improve agricultural objectives ( ;

). In addition to use on large grain operations, in North America and Europe, PA techniques are
widely applied to dairy production and may have led to improved cow health and reduced environ-
mental footprints ( ). While PA is typically associated with large-scale grain and
animal operations, the broad definition of PA as site-specific, sensor-based monitoring and
automated adjustment also applies to smaller-scale operations that can afford such technologies

( )-

PA is associated with sensors, big data, and smart farming ( ). reviewed the
quality of evidence in studies on PA and smart farming tools’ ability to improve nutrient management
(Q1 and Q3), assist with climate regulation (Q1 and Q3), save water (Q1), reduce herbicide and
pesticide (Q3). Regarding herbicides and pesticides, argued that DATs may be one rea-
son we have seen increasing glyphosate use rather than the anticipated decrease with DAT adoption.
PA and smart farming tools are associated with improved nutrient management (Q1 and Q3) on large

farms ( ) and potentially on small farms ( ), potential contribu-
tions towards climate regulation through lower reliance on external inputs (Q1) and avoided fuel
use (Q3) ( ; ), and reduction of the land footprint of
agriculture (Q1-3) ( )- PA benefits to ES are most likely to be empirically

measurable in large-scale farming operations (such as grain and oilseed) and biophysical monitoring
of animals in red meat, poultry, pork, and aquaculture sectors. Yet, smart farming technologies
deployed in smaller farms using agroecological approaches may also show measurable enhancements
to ES by increasing farm level input efficiency and allowing monitoring of environmental indicators
( ). While PA and smart farming literature indicates potential environmental ben-
efits, there are very few empirical studies showing causal inference on specific ES (see

). Many of the controlled studies focus on variable rate technology control of nutrient (mainly
nitrogen) and water inputs but report only on agricultural productivity instead of environmental
outcomes (see for example ). Targeted randomized controlled trials that examine
specific PA and smart farming technologies while measuring environmental variables would
strengthen PA and smart farming claims to benefit ES.

Big data

There is considerable overlap of big data literature examined in this review with sensors, PA, and Al
and machine learning. Big data is cited as a way to improve nutrient management through more
precise application of nutrients leading to reduction in input demands (Q1) and reduction of nutrient
leaking (Q3). Similar dynamics are cited for reduced herbicide and pesticide use (Q3) (

; ). Big data may also reduce GHG emissions (climate regulation) by using
atmospheric and local emission monitoring to inform farm management (Q3) ( ).
As well, big data can reduce the need for land (Q1) by identifying less profitable areas and allowing
the cultivation of more biodiversity (Q2) in agricultural landscapes ( ).
While big data drives the DAR by allowing rapid advances in fields such as genetics and genomics
( ) and CEA ( ), better models for linking big data sets in PA,
precision conservation, and ES modelling are needed ( ; ;

). Additionally, research gaps include ways in which big data might drive positive
management practices for reducing agricultural energy demands and increasing pollination, soil
health, nitrogen fixation, local air quality, and pest management.

Al and machine learning

AT and machine learning literature often also cites sensors, big data, robotics and automation, and
UAV and remote sensing. Al and machine learning was linked to improvement in nutrient manage-
ment (Q1 and Q3) as big data, UAV, robotics, and Al and machine learning are used for efficient spot
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application of nutrients, herbicides, and pesticides (Q3). In addition, UAV, big data, and AI and
machine learning were also linked to monitoring that would allow early identification of pests and
disease for treatment and limitation of spread in the surrounding ecosystem (Q3) (

). In combination with genetic engineering and big data, AI and machine learning
accelerates breeding of climate resilient plants (climate regulation) thus enhancing agriculture and
ecosystems’ abilities to respond climate variability (Q2) ( ). While AI and
machine learning include several applications (such as targeted pest reduction) that have apparent
ES benefits (reduced pesticide use), there is a paucity of empirical research linking AI and machine
learning to most ES (see ). This sector would benefit from targeted research projects examin-
ing how AI and machine learning are used in specific agricultural cases that lead to ES benefits.

Controlled environment agriculture

CEA refers to a continuum of technologies that include greenhouses, container farms, aquaponics
operations that integrate vegetable and fish production, and vertical farms. These are all variations
of farming that use sensors, timers, lighting, and other technologies to create smart management sys-
tems using AI and automation. Academic research on CEA has proliferated” and there is a rapidly
growing business sector with start-ups such as Ostara” and Freight Farms™ emphasizing high-tech,
low environmental impact farming ( ). Yet, the literature on CEA and ES often
relies on hypothetical LCA models (see for example ; , and

). Empirical studies that directly compare field agriculture to CEA in terms of ES
benefits (see for example on hydroponic fodder) are rare. We found only four
records that mention CEA directly addressing ES, but numerous CEA publications (and business
media) that assume environmental benefits from CEA.

Regardless of the specifics of the CEA application, most studies of CEA find them to have
hypothetically more efficient nutrient management (Q1 and Q3), herbicide and pesticide use (Q3),
and water management (Q1 and Q3) when water cycling is used. There is a hypothetical argument
regarding climate regulation (Q2 and Q3) based on potential reduction of food miles, but only if
CEA are geographically distributed. Yet, showed in a LCA that depending on
surrounding climatic factors some CEA operations may increase GHG emissions relative to field
agriculture. There is also a hypothetical argument about CEA creating a lower land footprint
(Q1 and Q2) that may lead to land sparing for conservation based on higher production efficiency
per square meter and averted agricultural land conversion. This argument does not consider high
energy demands (light, heating, and cooling) leading to increased GHG emissions and upstream
impacts of energy generation on land, biodiversity, and other ES ( ;

; ). Additionally, much of the adoption of CEA may not be averting existing
agricultural land use or new conversion. For example, Freight Farms emphasizes that many of its
adopters have little agricultural experience and choose CEA in extreme conditions (e.g., Alaska and
dense urban areas). The literature widely recognizes that these hypothetical ES benefits are highly
context dependent and require renewable energy to lower the impacts of CEA high energy demand.
The assumption that CEA will replace a substantial amount of any agricultural sector and benefit
ES, therefore, remains speculative and requires more empirical research.

*See the University of Guelph’s Controlled Environment Systems Research Facility

See
SSee
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As shown in , robotics and automation are highly associated with Al and machine learning,
sensors, and big data. In field agriculture, robotics use in relation to ES emphasizes autonomous field
equipment that can precisely apply nutrients (nutrient management) (Q1 and Q3) and herbicides and
pesticides (Q3) or may completely eliminate the use of herbicides and pesticides (Q3) through the use
of lasers for weed control ( ; ). In addition, robotics
contribute to better water management (Q1 and Q3) through optimization of irrigation systems,
lower energy demand (Q1), and GHG emissions (climate regulation) (Q3) by electrifying farm
vehicles and implements, and increase soil health (Q2) as the autonomous field units cause less

Robotics and automation

compaction than larger tractors and conventional equipment ( ). When robotics
are deployed as part of CEA, they may contribute to land-use optimization (Q1) and disease reduction
(Q2 and Q3) by reducing interface with the surrounding environment ( ). While

research on field applications of robotics and automation shows benefits to ES, the purported benefits
of these technologies in CEA suffers from the same caveats of the overall CEA literature—lack of
empirical research verifying supposed ES benefits of creating CEA rather than pursuing field
agriculture.

Genetics

Agricultural genetics (and genomics) reduce variability in agricultural production by targeting genetic
modifications that enhance desirable traits that, for example, increase production potential, lower pest
damage, and increase storage times. This field’s most numerous overlaps with other technologies are
with robotics and automation and cellular agriculture. The association with cellular agriculture is
likely a result of the novel foods literature examining cellular agriculture and advances in genetic
engineering in the same publications. Genetics is highly associated with the management DAT
cluster, but is also the second highest contributor to the novel foods cluster. While agricultural
genetics includes traditional agriculture selection and crop breeding practices, we focused our search
on new genetic engineering approaches. Following , we use the term “genetic
engineering” to refer to transgenic techniques (recombinant DNA), somatic cell transfer, genome
editing (CRISPR)/Cas9 nuclease system), RNA-based approaches (e.g., dsSRNA, mRNA, RNAi),
synthetic chromosomes, and target epigenetic modification. In plants, such modifications have
typically targeted pesticide tolerance but are now used to increase yield, nutritional content, stress
tolerance, medicine production, and pest resistance ( ). Animal modifications often tar-
get objectives such as increased growth, increased production (e.g., dairy and wool), and disease resis-
tance ( ; ; ). Advances in agricultural genetics have
been accelerated by DAR technologies such as Al robotics, and big data ( )-

Agricultural genetics includes some of the most scientifically supported and promising benefits to ES.
These benefits include resource efficiencies such as with nutrient-use (nutrient management) (Q1 and
Q3) ( ; ) and water-use efficiency (water management) (Q1
and Q3). GE may lead to reduced land footprint (Q1) due to increased nutritional quality of forage
and (theoretically) avoided agricultural land expansion ( ; ).
Waste reduction (Q1 and Q3) within agriculture may be reduced through increased storage times,
thus leading to reduced need for inputs and harmful impacts on the environment ( ).
GE may benefit ecosystems by increasing biodiversity (Q2) in plants engineered for climate variabil-
ity, drought tolerance, salinity tolerance, and disease/pest resistance in plants (e.g., species restoration
of blight-resistant Castanea dentata) ( ) and pollinators (pollination) (Q1 and Q2)
( ). Furthermore, GE enables climate regulation through reduced methane
production (Q2 and Q3) from better-quality forage ( ), enhanced soil carbon sequestra-
tion, and avoided tractor fuel use ( ). Other ES-related benefits include enhanced
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photosynthesis (biomass) (Q1) ( ; ), enhanced nitrogen fixation
(Q2) ( ), disease resistance (Q2 and Q3) ( ), pest resistance (Q2 and Q3)
( ), and reduced herbicide and pesticide use (Q3) ( ;

).
Sensors

Types of sensors include optical (remote observations of farmlands), mechanical (measuring soil
compaction), location-based (recording latitude and longitude), dielectric soil moisture, electrochemi-
cal (measuring pH and soil nutrients), and airflow sensors. While sensors are common in most of the
DATs, sensors were most often mentioned in cases of field-based nutrient management (Q1 and Q3)
(see for example ) in AT and automation applications ( ) and monitor-
ing emissions for climate regulation (Q2) (see ). Continued development of
micro and nanosensors that are more sensitive and smaller but have stronger connectivity than
existing sensors creates big data for agriculture and drives most of the technologies mentioned above

( ).

UAVs and remote sensing

Remote sensing uses a diverse set of active and passive sensors such as LIDAR and radar in addition to
passive sensors such as spectrometers and radiometers to image and model the Earth’s surface. In
agriculture, remote sensing is used to monitor geographic areas and create data that can inform
decisions. Remotely sensed data can come from satellites, aircraft, or UAVs. UAVs are used to mon-
itor plant health, apply pesticides and herbicides, and collect a wide array of remotely sensed data that
can be used in PA to inform AI and robotics and automation. Recent intensification of the use of
UAVs and remote sensing in agriculture have happened as spatial, temporal, and spectral resolutions
have increased. This increase makes the data more useful for informing management decisions and
monitoring land use, soil health, and crops ( ). While UAVs and remote sensing were
most cited in reference to nutrient management (Q1 and Q3) in the records we identified, these
technologies can contribute to interventions in every ES category. In a systematic review of
211 peer-reviewed papers addressing remote sensing of ES (not limited to agriculture),

found that remote sensing was being used primarily to monitor and inform
planning in food production and climate regulation. However, they also found remote sensing to be
used to monitor and inform decisions on a wide variety of ES (see for example, ).
This suggests that if better models of interactions between agriculture systems and ES are developed,
there is opportunity to expand research using UAV and remote sensing for monitoring and managing
agriculture-ES interactions.

Connectivity

Connectivity, enabled by digital technologies, is transforming agricultural systems. We use a broad
framing of connectivity as (i) linkages across the supply chain through technologies such as block-
chain, (ii) overcoming the digital divide (lack of availability, affordability, and access to connected
devices and telecommunications infrastructure), and (iii) building local community connectivity
and alternative food networks through digital platforms.

Blockchain

Supply chain management can benefit in multiple ways from digital technology, the most well-known
of which are software management systems that manage, track, and help control shipping. More novel
technology such as blockchain offers ways of tracking goods that theoretically offer both agricultural
producers as well as consumers opportunities for increased transparency, better global market
and direct access, alternative financing arrangements, and the chance to add value to food products
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( ; ; ). Blockchain is a distributed digital ledger that
is immutable. When made public, the blockchain shows transactions over time that allow traceability
and a great level of transparency and efficiency for market participants ( ). Blockchain
is currently being used to provide transparency and efficiency in agri-food supply chains including
coffee, tuna, beef, beer, milk, and pasta (
used to verify sustainability claims about fishing practices (biodiversity) (Q1) ( ).
Increases in efficiency and transparency have the potential to reduce GHG emissions (climate
regulation) (Q3) and waste (Q3) ( ) associated with complex food systems. Yet, there
is inadequate empirical data supporting any of the above ES benefits in relation to blockchain.
Moreover, there may be negative environmental impacts of current “proof-of-work” blockchain
mining systems that consume large amounts of energy—blockchain technology may transition to

). In the case of tuna, blockchain is being

renewable energy sources or to less energy intensive “proof-of-stake” frameworks to reduce energy
demands, emissions, and related ecosystem impacts ( ; ).
In summary, research on the benefits of applying blockchain to agricultural interactions with ES
and overall sustainability requires more empirical work.

Other connectivity technologies

ICT that increase human connections, mobile technology use, cloud computing, and supply chain
management options compromise most records in this category. This type of connectivity has a
necessary role as it enables many of the DATs but impacts on ES are not well-established.

Advances in ICT are changing food system dynamics. In 2021, there remains a digital divide in the
form of both broadband internet and mobile telecommunications access between rural and urban
areas in many countries that requires investment in infrastructure ( ;

). The Canadian Radio-television and Telecommunications Commission (CRTC) declared
broadband internet an essential service in 2016—with minimum standards of 50 megabits per second
download and 10 megabits per second upload ( ). The government launched a CAD$1.75
billion fund to connect 98% of Canadians to high-speed internet by 2026, and 100% by 2030 (

). By 2020, 45.6% of Canadian rural communities had access to broadband at high speed
and 97.4% of these communities had access to Long Term Evolution (LTE) mobile services with 4G
wireless access. Broadband internet and mobile technology may benefit all scales of producers by
allowing more advanced farm management systems to link local sensors and machines into larger
networks. Moreover, this connectivity may enhance the ability of small and medium producers to
source inputs, access information and financial services, and sell directly to retail consumers and
wholesalers ( ; ). There is a need for more empirical evidence on
how connectivity such as mobile services impact pricing, production strategies, and decisions regard-
ing ES ( ).

While expanded ICT connectivity and social media access have increased producers’ ability to
organize alternative, regional, and ecologically focused agricultural movements ( )
the relevance of online connectivity made especially clear during COVID-19 ( ).
The COVID-19 crisis saw increasing demand for online food platforms (

; ) and increasing relevance of DATS to food system functioning (

). Having an internet presence and the ability to interact online to receive orders
and communicate with customers allowed local producers overwhelmed by increased direct demand
( ) to respond and reorient perishable products in wholesale operations to direct to
consumer sales ( ). While there was limited time to scale-up production, digital
connectivity increased the flexibility and resilience of producers and the entire food system during
the pandemic ( ; ).
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While there is not sufficient empirical evidence to support links between these connectivity DATs and
ES, theoretically they may (i) reduce food waste (Q3), (ii) optimize transport to lower emissions
(climate regulation) (Q3), and (iii) provide opportunities to transparently link environmentally
friendly producers with companies and individual consumers thus creating market-based incentives
(and possible certification strategies) for agricultural practices that reduce input ES demand and waste
(Q1-3). These interactions seem logical, but more empirical research is needed to show measurable
benefits to ecosystems and ES.

Novel foods

A third area in which the DAR is poised to benefit ES is in the creation of novel foods that have
smaller environmental footprints than contemporary alternatives ( ;

). Cellular agriculture, genetics, and 3-D printing approaches draw from big data, computing
power, Al and automation to produce foods that seek to displace conventional products. In creating
clusters for this review, genetic engineering was the second highest contributor to this theme, but it
was highly associated with management techniques, so we set aside genetics under management.
3-D printing creates customized food items using a mix of traditional and nontraditional ingredients.
It is currently being used to create novel food products that replace animal-derived products such as
hamburgers ( ). In 2021, the technology became commercially available as Redefine
Meat obtained $29 million for the launch of its industrial-scale digital manufacturing technology that
allows 3-D printers to create steaks using exclusively proteins and fats from legumes and grains.
While there is potential that this technology may benefit ES, we found no empirical research directly
linking 3-D printing of foods with ES benefits.

Cellular agriculture

Cellular agriculture uses tissue engineering or fermentation-based processes to produce protein-
containing products and tissue-based foods such as meat, fish, and dairy. The primary distinction
between tissue engineering and fermentation processes is that tissue engineering uses cells or cell lines
from living animals and fermentation does not use such materials. In both cases, protein products
mimicking animal muscle and products (e.g., milk) are produced from either cell cultures or bioreac-
tors. Digital technologies allow for precise identification of cellular data needed to produce new
products. The cost of producing such products is falling on an exponential curve, suggesting that price
parity with animal production is rapidly approaching. Experts suggest that high-volume production
using serum-free media is rapidly approaching feasibility ( ).

How these novel foods may impact ES is less clear. The main argument in the literature is that
conventional livestock production has a disproportionately large impact on ES due to the GHG emis-
sions caused by clearing forests for pastures, raising grain to feed livestock, and methane emission
from ruminant animals ( ). The energy necessary to produce cultured meat at scale,
and how that compares with conventional meat production, is still unclear in scientific literature as
LCAs tend to be highly speculative, use incompatible models, compare cultured protein only with
ground beef, and use conflicting model assumptions ( ;

; ; ). Furthermore, the technology for cellular agriculture
is evolving so quickly that LCAs may quickly become out of date. Cultured dairy substitutes are
moving rapidly to scale and are already sold in some regional and national markets (e.g., Perfect
Day cultured nondairy ice cream).” Yet, as of 2021, no LCA details potential environmental impacts

See

“See
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of switching to cultured dairy substitutes versus conventional dairy products, while it is widely
assumed that this alternative pathway would significantly reduce the number of emissions and other

environmental impacts inherent to dairy production ( ). As mentioned above,
even the climate regulation and energy demand benefits require assuming that low-carbon energy
sources are readily available ( ; ).

Given the state of the literature and LCAs that purport to detail cellular agriculture’s environmental
impacts, the ES benefits of cellular agriculture are not empirically well supported. There is a need
for more systematic and comparable models for LCA on cellular agriculture and the products that
are supposed to lose market share. In addition, the field suffers from some of the modelling flaws
mentioned above in that consumers are assumed to make a replacement choice between conventional
meats/by-products and these novel foods. Yet, people may simply continue consuming conventional
meats/by-products while adding these novel foods to their diets. More social and environmental
research is required for cellular agriculture.

Discussion

This discussion proceeds in two parts. First, we reflect on the need for research that better models
agriculture-ES interactions—a prerequisite for measuring DATSs as an intervening variable. Second,
we explore barriers that may limit DATS’ potential to enhance ES and reduce negative impacts on ES.

The need to better model agriculture systems and ecosystem
services

Throughout the literature, difficulties of modelling agriculture-ES interactions create complications
for identifying how DATs may intervene in these interactions. As with attempts to link ES to food
security ( ) and economic modelling ( ), existing models of
agriculture-ES interactions were often undermined by a lack of empirical data. Below, we outline a
few common major difficulties for modelling and indicate research possibilities.

First, as mentioned above and illustrated in , agriculture-ES interactions are multidirectional
and complex. Agriculture relies on and may harm ES, yet it can enhance services such as carbon
sequestration ( ) and biodiversity ( ). ES make agriculture possible, yet

cause disservices that reduce agriculture system’s provisioning services—quantity, quality, and
diversity of food, fuel, and fibre ( ; ; ;

). This complexity allows seemingly contradictory entries to coexist in —such as agricul-
ture’s ability to provide landscape connectivity as a service to ecosystem functioning, while simultane-
ously threatening to fragment landscape connectivity as a disservice to ecosystem functioning
( ). Understanding how DATs influence agriculture-ES interactions heavily relies
on context; for example, cellular agriculture production of cultured meats may not reduce GHG emis-
sions more than conventional beef production systems unless low-cost, low-carbon energy generation

can be reliably sourced ( ; ). Systems models
simultaneously show services and disservices depending on scale, time frame, context-accessible
resources, and management practices ( ; ; ).

Empirical research currently lacks the tools needed to measure and monitor multiple ES across
temporal and spatial scales and align ES variables with decision-makers’ management decisions
( ). There is a need to support systems modelling approaches that can contextualize
and situate research on these interactions given the identified limiting variables.

Second, it is difficult to generalize models of trade-offs and synergies between services or bundles of
services in different types of agricultural landscapes because of their multidirectional interactions
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( ; ), the possibility of reversibility (i.e., permanency of
change of an ES) ( ), and because management decisions in different agricultural
sectors have different outcomes on environmental and ES indicators ( ).

Despite a recognition that ES are interlinked with each other, most empirical studies linking agricul-
tural practices to ES or ecosystem impacts focus on one variable such as water quality, soil carbon
sequestration, nutrient management, or GHG emissions ( ; ).
Measuring the impacts DATSs have on ES trade-offs requires adjusting models and empirical research
to diverse types of agriculture, spatial and temporal scales, ES flows over landscapes, nonlinear causal
pathways, positive feedback loops, and system thresholds ( ; ;

). Future research that addresses the above variables in site-specific, empirical
research and as part of larger modelling initiatives can inform how DATSs serve as intervening
variables in ES-agriculture interactions.

Third, the implementation of DATs can lead to counterintuitive outcomes for ecosystems and ES in
the context of complex drivers of agricultural management decisions. These outcomes may under-
mine model assumptions. For example, the PA literature often assumes farmers are incentivized
towards environmental stewardship or that they are rational decision-makers ( ).
However, human behaviour is more complex. The literature documents the “misuse of data” wherein
farmers “utilize precision technology to apply more nitrogen (N) fertilizer to low-yielding portions of
rain-fed fields in the hope of increasing yields, rather than less N to avoid fertilizer losses through
leaching and runoff of N that crops cannot use” ( ). As well, there may
be cases of “lock-in” wherein producers’ sunk costs in technology lead to continued degradation of
resources unless some other policy or market incentive intervenes—yet these scenarios may be highly
resilient to external forces ( ; ). This last scenario indicates a
clear need to better understand key leverage points for intervening in agriculture-ES interactions.
Moreover, it points to a need for more efforts to contextually understand and describe changes that
digitalisation produces on management decisions and consequences for agriculture-ES interactions
(see for example for an attempt to create a socio—cyber-physical system frame-
work for agriculture).

The underlying complexity of agriculture-ecosystem interactions, difficulty of modelling ES
trade-offs/synergies resulting from DATSs, and lack of empirical evidence supporting the assumptions
that DATSs are used to benefit ES reveal that this is a rich area of research that requires a nuanced
approach to temporal and spatial scales, reversibility, management practices, and other context-
dependent factors.

Barriers that inhibit the DAR from enhancing ES

This review identifies four key barriers to deploying DATs in such a way as to ensure they benefit ES:
() economic and governance systems that do not promote ES; (ii) data management, governance, and
cybersecurity; (iif) sociocultural resistance (to novel foods); and (iv) training and human resources.

Economic and governance barriers

Technologies are enabled and constrained by the sociopolitical and financial systems in which they
are embedded. pointed out that farmers may not necessarily use DATSs to enhance
ES unless they receive financial rewards to do so—that simply being aware of inefficiencies on the
farm is not enough to provide motivation for good management. This point was elaborated by

who reviewed the economic logic of PA tools that allow for the precise use of inputs.
Pannell noted that while there are optimal levels of nitrogen application that maximize yield while
minimizing waste, these “payoff curves” (defined as the relationship between inputs applied and
yields) are quite flat. This suggests that farmers pay little in the way of penalties if they over or under
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apply inputs such as fertilizers. Thus, the potential benefits of DATs may not provide sufficient eco-
nomic payoffs to farmers to justify the expense of investing in these technologies.

showed that investing in new DATs when harvest yield risk is unknown and new technologies’
data formats are not interoperable can also hinder agriculture technology adoption. These strains of
research on farmer behaviour suggest that economic incentives and disincentives are needed to ensure
technology is deployed to create positive outcomes for the environment. The adoption of DATSs that
benefit ES requires a long-term process of scholars, stakeholders, and decision-makers engaging in
co-development of effective solutions that address diverse needs ( ).

Data governance

Virtually all the technologies described as part of the DAR depend on large volumes of data that must
be integrated together to produce the insights farmers need to reduce their environmental footprint.
In this way, the DAR is no different than similar technological transformations that have unfolded
in IT, transportation, or medicine. Data-related challenges are identified in at least three key areas.
First, data that come from diverse sources must be interoperable. This requires protocols that allow
remote sensing, market, soil, weather, and harvest data to be standardized and harmonized so that
algorithms, operations, and apps can access and use the data ( ). Second, there is
an urgent need for data governance that addresses privacy protection, data ownership, and compen-
sation for farmers when companies use their field data to improve the performance of private sector
technologies ( ). pointed out that farmers are justifiably concerned
when the data they generate is sold back to them in the form of decision-support tools. Third, as
agricultural digitalization occurs these systems also become susceptible to cybersecurity vulnerabilities
( ; ). Organized, high profile cyber-attacks by hacker
groups such as Revil on agricultural businesses such as JBS S.A. (the largest beef producer in the
world) and Agromart in Canada are raising alarms about the lack of cybersecurity throughout the
agricultural supply chain.” Such issues must be addressed if DATs are to be adopted to enhance ES.

Sociocultural nature of food

While novel foods and food production strategies may offer environmentally friendly ways of
restructuring food systems, it is well documented that many novel technologies may not be readily
accepted by communities—whether it be a subtle shift in colour or texture or a move to GE foods
( ; ). In many ways, these challenges are
somewhat intractable and different in nature than other technological, governmental, or economics
of scale issues.

Training, skills, and labour

Labour and training gaps stand in the way of deploying DATSs in a way that helps enhance ES.
Demographic dynamics of the agricultural sector make investing in modern technologies challenging.
The average age of farmers in North America is rising (in Canada it is 55 years old) and 70% of
farmers do not have succession plans ( ). There is an urgent need to assess agricultural
labor shortages and train digital agriculture workers in Canada ( ). Federal
reports argue that promoting environmental sustainability is integral to the identity of the Canadian
agri-food sector ( ; ). Taken
together, these reports suggest that there is a skilled labour shortage in the agri-food sector in
Canada and a need to invest in sustainability and technology training in post-secondary agricultural
programs.

8See
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Conclusions: implications for Canadian agriculture

The above four challenges suggest that while DATSs hold promise to enhance ES, technology on its
own is insufficient to reduce the food system’s environmental footprint. Hoped-for benefits remain
largely hypothetical without sustained investment in technical training, policies to incentivize DATs
adoption, and further research on the sectoral and regional use scenarios for DATs.

Canadian policies that support digital agricultural innovation should be explicit about the role of
specific DATs in transition pathways to more sustainable agriculture futures. This would allow
governments to introduce targeted policies (e.g., carbon markets and sector-specific interest rates)
and promote targeted investments in education and DAT use scenarios that benefit ES. For example,
investments in university research capacity on cellular agriculture and a geographically distributed
network of bioreactor centres fueled by renewable energy could position Canada as a cellular
agriculture leader while potentially providing ES benefits.

Canadian policies should recognize that DATSs present an opportunity to pursue diverse agricultural
futures that destabilize unsustainable current food system practices ( )- A more
sustainable and just digital agriculture transition requires engaging with small producers and
alternative agroecological approaches that directly support the health of ecosystems and human
communities ( ; ). Canada has a diversity of different types of
farming systems, farm sizes, and sectoral concerns across biogeoclimatic and political regions. This
diversity needs to be recognized in future research on DATs and ES so that the digital transition in
agriculture does not simply intensify and reproduce existing industrial production models (

). Research that outlines more nuanced understandings of different farmers
(e.g., conventional large scale, conventional small scale, traditional, and artisanal) and their decision
matrices will allow more targeted interventions to adopt, adapt, and implement DATs that can
enhance ES.

To make adequate and strategic policy recommendations on DATSs and ES, regional evaluations that
involve input from industry, market, academic, and other key participants in the food system such as

outlined in British Columbia should be pursued within other provinces and
territories. That being said, our scoping review indicates that some DAT are relevant across sectors
and may be strategic for the future of agriculture in Canada (e.g., domestic investment in sensor tech-
nologies or genetics). Moreover, some DAT clusters such as Al, machine learning, and robotics could
form the basis of policies and investments that create synergy between sectors and regions (e.g., from
field-based PA to container-based CEA). Most importantly, identifying ES management challenges in
unique regions and agricultural sectors would help align evidence-based, targeted adoption of specific
DATSs that can meet those challenges. Regional and sectoral evaluation may want to use these latter
suggestions to frame recommendations for targeted interventions.

The technologies discussed under the banner of the DAR are no panacea. While the DATSs discussed
here have the potential to allow producers and processors to create high-quality and safe food on less
land with fewer inputs, such outcomes are not inevitable. Canada may become a leader in sustainable
farming only if adequate empirical research is undertaken to identify the most effective DATS for each
sector, there is sustained funding of economic incentives, the diversity of agricultural producers in
Canada are acknowledged, and institutions prioritize training in digital technologies for the agricul-
tural sector.
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