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Abstract

Farm size plays a critical role in agriculture, influencing productivity, resource use efficiency,
and environmental impacts. Smallholder farms, compared to large farms, often face constraints
such as limited mechanization and advanced technology, leading to lower efficiency and
potential environmental degradation. Transitioning from a system dominated by smallholders
to one featuring large-scale farming holds potential for sustainable agricultural intensification,
especially in regions currently reliant on smallholder systems. However, the benefits and
potential unintended consequences of such a transition remain contentious and require further
exploration. This review examines the multifaceted role of farm size, highlighting the essential
contributions of smallholders to food security, poverty alleviation, crop diversity, and
biodiversity despite their limitations in machinery, technology and effeciency. While
acknowledging the potential for increased sustainability through scaling up farm size, we also
indentify the risks associated with large-scale farming, such as biodiversity loss, increased
market volatility, and adverse environmental impacts. We emphasize the importance of tailored
strategies for managing different farm size to optimize agricultural productivity, economic
viability, human well-being, and sustainable development. Our study provides a new
perspective that complements the conventional advocacy for large-scale agriculture, revealing
trade-offs of agricultural outcomes across different farm sizes. It offers a comprehensive
evaluation of the significance of farm size in shaping future sustainable agricultural systems.

Keywords: Farm size; Smallholder farming; Sustainable agriculture; Agricultural productivity;
Environmental impact; Food security
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1. Introduction

Agriculture is an indispensable pillar of modern society, providing sustenance and nutrition
however it also affects the land use system, freshwater use and climate change (Campbell et al.,
2017). Specifically, agriculture contributes substantially to global annual greenhouse gas (GHG)
emissions—at 7.1 Gt CO2 equivalent in 2020, which represents 12% of total global annual GHG
emissions (Rosa and Gabrielli, 2023). These emissions are largely composed of methane (54%)),
nitrous oxide (28%), and carbon dioxide (18%) from synthetic fertilizers production and
application, manure management and application, and on-farm energy use (Rosa and Gabrielli,
2023). Agriculture is the primary source of eutrophication in regions such as China, caused by
nitrogen and phosphorus leaching from fertilizers and manure (Huang et al., 2017).
Consequently, sustainable agriculture is pivotal in achieving the Sustainable Development
Goals (SDGs), especially in relation to eliminating poverty (SDG1), hunger (SDG2), and in
taking climate action (SDG13), as well as in conserving aquatic life (SDG14) and terrestrial
ecosystems (SDG15) (FAO and Food and Agriculture Organization of United Nations, 2018;
Shahmohamadloo et al., 2022), while at the same time sustaining food demands of a growing
global population (Beltran-Pefia et al., 2020).The increasing pressures from global warming
(IPCC, 2022) underscore the urgent need for sustainable agricultural enhancement and pollution
mitigation. Effective strategies investigated include shifting diets (Foley et al., 2011), curbing
food waste (Gu et al., 2019), optimizing fertilization application through the 4R principles (right
time, right place, right amount, and right composition) (Nkebiwe et al., 2016), integrating
livestock and crop systems for optimized manure management (Jin et al., 2021; Marconi and
Rosa, 2024), and increasing farm sizes to reduce chemical overuse (Ren et al., 2019). Of these,
farm size expansion has been posited as a compelling solution to reduce environmental
pollution while maintaining food supply (Duan et al., 2021; Ren et al., 2023a, 2023b; Wu et al.,
2018), although its applicability varies across countries and regions.

Farm size is a key determinant for agricultural productivity, environmental impacts, and
resource use efficiency (Ren et al., 2019). Typically, farm size is defined by the total area of
cropland managed by a farm, which includes both owned and leased land, excluding any land
leased out (James M. MacDonald, 2013). Farm size can be measured in terms of cropland area,
harvest area, or the value of goods produced or sold (James M. MacDonald, 2013), though the
specific definitions can vary depending on the focus of each study (Box 1). Smallholder farms,
typically defined as managing less than two hectares of land, often use excessive amounts of
fertilizer and agro-chemicals while relying less on mechanization and technology adoption (Gao
et al., 2021; Hu et al., 2022; Ren et al., 2021; Ruzzante et al., 2021). Transitioning from small
to large average farm sizes is typically accompanied by a shift from variable inputs like
fertilizers and pesticides to fixed inputs such as machinery, irrigation, and the promotion to
adopt advanced technologies, such as precision farming (Ren et al., 2021). This transition has
potential to mitigate non-point source pollution and GHG emissions by reducing chemical
fertilizer overuse (Wang et al., 2022; Wu et al., 2018). Empirical evidence supporting the
positive effects such a shift can be found across many regions, and most prominently in those
dominated by smallholder farms, in countries such as China (Gao et al., 2021; Ju et al., 2016),
Slovenia (Bojnec and Latruffe, 2013; Unay Gailhard and Bojnec, 2015), and Nepal (Koirala et
al., 2022). These findings highlight the limitations of smallholder farming and the benefits of
large-scale farming, suggesting that transitioning away from smallholder farming practices in
favor of large-scale agriculture could be a compelling solution for sustainable agriculture
intensification due to economy of scale. However, it is important to recognize the multifaceted
roles played by both smallholders and large-scale farming. For example, small-scale farms play
a crucial role in food security and poverty alleviation, particularly in sub-Saharan Africa
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(Collier and Dercon, 2014; Frelat et al., 2016). Additionally, smallholder farming promotes crop
diversity, in contrast to larger farms tending towards monocultures, which is linked to higher
yields and diverse diet nutrients (Miiller et al., 2021; Ricciardi et al., 2021). Conversely,
expanding farm sizes often result in substantial losses of both crop species and biodiversity at
the field and landscape scales due to monoculture plantations (Herrero et al., 2017; Ricciardi et
al., 2021), as well as increased fossil fuel-based energy usage increasing GHG emissions (Rosa
et al., 2021). Therefore, it is essential to undertake comprehensive, integrated assessments into
effective and suitable ways to manage farming sizes for specific regions and environmental
conditions.

This study aims to fill a gap in our understanding by thoroughly exploring the contributions and
risks associated with different farm sizes, providing a comprehensive review of the benefits,
challenges and their trade-offs across different farm scales. In this study, we consider farm size
as the area of cropland operated by the farm, including owned and rented land minus any land
rented to others (James M. MacDonald, 2013), focusing exclusively on crop cultivation and
excluding livestock and aquaculture. Farm size categories lack a universally accepted definition
(Rapsomanikis, 2015). This paper examines three scales: smallholder, medium-scale, and large-
scale farms (Fig. 1). Smallholders are typically characterized as farms with less than two
hectares of land, though this threshold may vary with studies and regional contexts (Table 1).
In contrast, large-scale farms, which may extend over several hundred hectares, are efficient
and modernized but associated with potential risks on sustainability. Medium-scale farms are
identified as farms ranging in size between smallholder and large-scale operation, balancing the
benefits and risks of smallholder and large-scale farming.

Smallholder farming Medium-scale farming | Large-scale farming
. - - T -

;/’;‘_" i

2 3 ¢ 1 i 20
Contributions: Contributions: Contributions:
Ensuring food security; Enhanced productivity and Mechanization;
Poverty alleviation; efficiency; Modernization;
Higher productivity; Advanced machinery and Higher efficiency;
Higher crop diversity and technology; Reduced non-point source
biodiversity. Reduced environmental pollution; pollution.
Biodiversity protection.
Risks: Risks:
Low efficiency; Risks: Biodiversity loss;
Low mechanization; Large uncertainty in determining || Potential environmental threats:
High non-point source pollution. the size. Volatile food market.

Fig. 1. Comparisons of contributions and risks across different farm sizes. This figure
summarizes the contributions and risks of smallholder, medium-scale and large-scale farming,
which are detailed in the following sections. Smallholder farming contributes to ensuring food
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security, poverty alleviation, achieving higher productivity and enhancing crop diversity and
biodiversity, while not being suitable for mechanization, reducing efficiency and increasing
non-point source pollution. Non-point pollution mainly refers to pollution caused by excess
fertilizers, herbicides, and insecticides from agricultural lands and residential areas (U.S.
Environmental Protection Agency, 2023). Large-scale farming enables a higher degree of
mechanization, modernization, higher efficiency and reduced non-point source pollution, but is
subject to risks with crop diversity and biodiversity loss, potential environmental threats and
increased vulnerability to volatile food markets. Medium-scale farms can balance benefits and
risks of smallholder and large-scale farming, enhancing productivity and efficiency by adopting
advanced technology and machinery, yet defining them varies regionally and over time.

Table 1. Farm size (hectares - ha) in Sub-Saharan Africa and Southeast Asia. Year indicates
the data for that year. Data used in this table is from the Food and Agriculture Organization of
the United Nations (FAOSTAT, 2017).

Smallholder  National Threshold of

Region Country Year farms average  Smallholder farms
(ha) (ha) (ha)
Ghana 2013 1.56 2.56 3.64
Kenya 2005 0.53 0.86 1.21
Ethiopia 2012 0.78 1.4 1.95
Sub- Malawi 2011 0.47 0.71 0.91
Saharan Niger 2011 291 4.57 6.60
Africa Nigeria 2013 0.53 0.85 1.74
Urg;eﬁaﬁzegxig"c 2013 1.20 1.89 331
Uganda 2012 0.97 1.51 2.76
Bangladesh 2005 0.3 0.54 0.9
Nepal 2003 0.46 0.7 1.02
Sozt;za“ Vietnam 2008 0.38 0.63 1.41
Cambodia 2004 0.86 1.31 2.00
Indonesia 2000 0.56 0.92 2.00

2. Methods

To thoroughly assess the impact of farm size on agriculture, we conducted a comprehensive
review following a structured approach. Initially, we identified relevant keywords based on the
introductory sections and previous studies, including "farm size", "field size", "large-scale
farming", "farm scale", "land fragmentation", "smallholders" and "small farms". We searched
for literature using these keywords in titles, abstracts, and keywords, focusing on articles,
articles in press, and reviews in subject areas related to farm size. Our search encompassed
databases such as ScienceDirect, Engineering Village, ISI Web of Science, and Google Scholar,
and included major publishers like Elsevier, IEEE Xplore, Springer, and Wiley to ensure a

comprehensive coverage of relevant literature.

After reviewering these papers, we focused on those that clearly explained the relationship
between farm size and agricultural indicators, while also considering the limitations of each
study. The research centered on crop farming, excluding livestock farming, with priority given
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to studies proposing feasible solutions to existing problems. The summary of cited literature in
this review is presented in Table 2, highlighting the geographic distribution of different farm
sizes. Smallholders dominated regions like Africa, Southeast Asia, and China, and large-scale
farming prevalent areas like the U.S. are all incorporated. Additionally, studies on smallholder
farming, farm size expansion, and all farm size types include global-scale analyses. This
demonstrates the unbiased and representative nature of our paper selection.

The structure of this paper is as follows: (1) We review the contributions of smallholders to food
security, poverty alleviation, productivity, and biodiversity; (2) We discuss the limitations of
smallholder farming and the benefits of expanding farm size, including agricultural pollution
reduction, climate change adaptation, and social implications for sustainable agriculture; (3) We
examine the risks associated with large-scale farming, such as biodiversity loss, potential
environmental risks, and volatile food markets; (4) Finally, we provide conclusions,
implications and an outlook, summarizing current research on farm size and suggesting
directions for future studies.

Box 1. Concepts and definitions related farm size.
Farm size: Farm size refers to the area of cropland operated by the farm, including owned
and rented land minus any land rented to others (James M. MacDonald, 2013). It may consist
of multiple parcels with varying soil quality, topography, and other conditions (Ren et al.,
2023b). Measurements can include cropland area, harvest area, and the value of produced or
sold goods (James M. MacDonald, 2013). Definitions vary based on the specific focus of
each study.
Field size: A field is an enclosed cropland area that includes both annual and perennial crops
(Clough et al., 2020; Lesiv et al., 2019). Field size is measured as the continuous area
enclosed, distinct from the overall operation of the farm. Field size typically correlates
closely with farm size (Clough et al., 2020).
Smallholder farming: Smallholder farms, while their definition varies, typically refer to
farms operated by rural farmers with an area of less than two hectares (Collier and Dercon,
2014; Fan and Chan-Kang, 2005; Ricciardi et al., 2021).
Large-scale farming: There is no specific boundary to define large-scale farming, as it varies
across regions and study objectives. Thresholds for large-scale farming range widely, from
135 hectares in Sweden (Marcacci et al., 2020), 405 hectares in the U.S. (Liebert et al., 2022),
to 15 hectares in India (Fan and Chan-Kang, 2005). In this paper, we define large-scale
farming as operations exceeding hundreds of hectares with high machinery and technology
inputs but having substantial detrimental effects such as biodiversity loss.
Medium-scale farming: Medium-scale farms ranges in size between smallholder and large-
scale operations, and changes dramatically with regions and over time. They are defined as
those can balance the benefits and risks across smallholder and large-scale farming, including
enhanced farm productivity and efficiency, and advanced machinery and technology, while
minimizing environmental impact such as water and air pollution, and biodiversity loss.




167  Table 2. Summary of cited literature related to farm sizeid

Farm size Study Region References
category
Smallholder Africa (Burke and Lobell, 2017; Collier and Dercon,
farming 2014; Frelat et al., 2016; Jayne et al., 2014; Koirala
et al., 2022; Meemken and Bellemare, 2020;
Merlos and Hijmans, 2020; Noack and Larsen,
2019; Omotilewa et al., 2021; Paul and wa
Githinji, 2018; Sibhatu et al., 2015; Tittonell and
Giller, 2013; Unay Gailhard and Bojnec, 2015)
East and Southeast Asia (Fan and Chan-Kang, 2005; Rigg et al., 2016)
China (Collier and Dercon, 2014; Cui et al., 2018; Ji et
al., 2016; Jin et al., 2021; Li et al., 2013; Ren et al.,
2023b, 2021; Tan et al., 2013, 2006; Wang et al.,
2018; Wu et al., 2018; Zhang et al., 2019, 2016)
Europe (Hass et al., 2018)
Global (Cohn et al., 2017; Lowder et al., 2016; Ricciardi
etal., 2021, 2018; Samberg et al., 2016)
Farm size U.S. (Ao etal., 2021; Key, 2019; Key and Roberts,
expansion 2007; Sirami et al., 2019)
China (Cheng et al., 2022; Duan et al., 2021; Gao et al.,
2021; Ju et al., 2016; Wang et al., 2022, 2021)
Europe (Clough et al., 2020; Noack et al., 2022; Sirami et
al., 2019)
Africa (Jayne et al., 2022, 2016)
Global (Giua et al., 2022)
Large-scale U.S. (Cai, 2019; Hanson et al., 2008; Haque, 2022;
farming Harrison and Getz, 2015; James M. MacDonald,
2013; Lacy et al., 2023; Liebert et al., 2022;
Meehan et al., 2011; Miljkovic, 2005; Prokopy et
al., 2019; Ren et al., 2023a; Skaggs and Samani,
2005; Sumner, 2014)
South America (Graesser et al., 2018)
All sizes Europe (Belfrage et al., 2015; Bojnec and Latruffe, 2013;
Concepcion et al., 2012)
Other regions (Kimhi and Tzur-Ilan, 2021; Marcacci et al., 2020)
Global (Adamopoulos and Restuccia, 2014; Fritz et al.,

2015; Giller et al., 2021; Graeub et al., 2016;
Harrison and Getz, 2015; Lesiv et al., 2019;
Lowder et al., 2021, 2016, 2014; Ren et al., 2019;
Rosa et al., 2021; Ruzzante et al., 2021; Samberg
et al., 2016; Su et al., 2022)
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3. Results and discussion

3.1 Contributions of smallholder farming

Globally, the agricultural sector consists of approximately 570 million farms (Lowder et al.,
2016). About 83% of these are smallholder farm have average farm size less than two hectares
(Lowder et al., 2016). These small farms collectively occupy up to 40% of global agricultural
land (Lesiv et al., 2019), mainly distributed in Sub-Saharan Africa, India, and Southeast Asia
(Fig. 2a). Smallholder farms mainly occur in low- and lower-medium-income countries,
particularly in regions such as Sub-Saharan Africa, Southeast Asia, South Asia, and China
(Lowder et al., 2016; Rigg et al., 2016). Despite constraints such as low mechanization,
technology, efficiency (Ren et al., 2019), resilience to climate change (Cohn et al., 2017), and
low labor income (Ramankutty et al., 2019), smallholder farming substantially contributes to
various aspects of human welfare including food security, poverty alleviation, productivity, and
biodiversity conservation, particularly in developing countries.

(a) Smallholder
farms (<2 ha)

(b) Middle -scale
farms (2-100 ha)

s
4

Cropland Layer

S

(c) Large-scale
farms (>100 ha)

2 g
L=

0 0.2 0.4 0.6 0.8 1.0
Proportion

Fig. 2. Geographic distribution of smallholder, middle-scale and large-scale farming as
proportions of total harvest area in 2010. (a) Share of smallholder farms (< 2 ha); (a) Share
of middle-scale farms (2-100 ha); (c¢) Share of large-scale farms (> 100 ha). Farm size is
measured by harvest area in this figure, which are sourced from GAEZv4 crop map (Su et al.,
2022). The grey color in this figure indicates cropland distribution (Endalkachew Abebe Kebede
et al., 2024) without farm size data.

Food security. The critical role of smallholder farms in local and global food security is
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increasingly recognized (Fan and Chan-Kang, 2005). Prior studies indicate that approximately
30-35% of the total food production are from smallholders, playing a crucial role in ensuring
local and global food security (Lowder et al., 2021; Ricciardi et al., 2018). Furthermore,
smallholder farms are responsible for 41% of the total global calorie production and 53% of the
calories consumed by humans (Samberg et al., 2016). In Sub-Saharan Africa and Southeast Asia,
smallholder farms contribute 70-90% of agricultural production (Fig. 3a), with 50-95% of this
output being self-sufficient due to limited market access in these regions, thereby enhancing
local food security and alleviating hunger (Fig. 3b). In China, smallholder farms produce more
than half of all food commodities, particularly fruits (64%), vegetables (60%), sugar crops
(59%), roots and tubers (72%), and livestock (63%) (Herrero et al., 2017).

Poverty alleviation. Smallholder farms play a critical role in alleviating poverty, supporting
millions by providing livelihoods and strengthening local economies (Collier and Dercon, 2014;
Rigg et al., 2016). In Sub-Saharan Africa and Southeast Asia, over 70% of the rural population
relies on small-scale agriculture for sustenance and income, enhancing both family and
community well-being (Fig. 3d). These farms are not only vital sources of food but also generate
rural household income, with 60-80% of smallholders’ earnings coming from their own
agricultural activities (Fig. 3c). Although income from smallholder farming is relatively low
and poverty rates remain high in these regions, such efforts are crucial for broader poverty
alleviation initiatives. Smallholder farms facilitate direct interactions between farmers and
consumers via markets, farm stands, and community-supported agriculture initiatives as well,
reinforcing the importance of small-scale farming in local economy (Timmons and Wang, 2010).
Production proportion Self-sufficient food production
(@) (b) — I

100%

80% — m 1 1

60%

40%

20%

0%

Household income from farming Proportion of rural population
(c) (d)

80% 1 — —

100%

60% -

40% A

20% A

0% -

SR s S S P L 2 P R O I I I S SR
P ‘.\\oQ SR & q,“bf & ® & c,\\"op“*@"‘? & \9“‘ & & & & ‘o°° &
& K KRR AP S K
& th [V

Fig. 3. Overview of smallholder farming in Sub-Saharan Africa and Southeast Asia. (a)
Production share from smallholder farms; (b) Self-sufficiency in smallholder production; (c)
Share of rural household income derived from smallholder farming; (d) Proportion of rural
population employed in smallholder farming. Farm size data are listed in Table 1. Data used in
this figure is from the Food and Agriculture Organization of the United Nations (FAOSTAT,
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2017).

Enhanced productivity. Comparative studies reveal that smaller farms frequently achieve higher
yields - (both in terms of weight per hectare and value per hectare - compared to larger ones)
(Paul and wa Githinji, 2018). Specifically, yields typically decrease by 5% for each hectare
increase in farm size, a phenomenon mainly attributed to the more intensive and careful
management by smallholders who rely heavily on family labor (Ricciardi et al., 2021; Rigg et
al., 2016). Despite many smallholders in regions like China being elderly and lacking advanced
field management experience, smallholder farms still achieve slightly higher yields (Ren et al.,
2023b; Wu et al., 2018). The effectiveness of smallholder farming was notably evident in China
during the 1980s, a period of relatively low economic levels and many rural labors, when
smallholders substantially contributed to agricultural productivity, accounting for half of the
production growth between 1978 and 1984 (Lin, 1991). Furthermore, the practices of
smallholder farming in the 1980s in China, which often combined crop planting with livestock
raising, typically used less synthetic fertilizer and more manure per cropland area, boosting both
crop production and contributing to resource use efficiency and environmental protection (Jin
etal., 2021). Productivity is also influenced by factors such as soil quality, available technology,
and productive assets like irrigation (Adamopoulos and Restuccia, 2014; Li et al., 2013). This
suggests that the relationship between farm size and productivity may vary across regions due
to differences in technology and other conditions such as policy context (Ren et al., 2019)

Crop diversity and biodiversity. In addition to yields, smaller farms tend to support crop
diversity and biodiversity at both the farm and landscape levels, thus enriching ecosystem
diversity (Ricciardi et al., 2021). Smaller farms not only enhance crop diversity but also allow
farmers the flexibility to tailor their production to meet their dietary needs (Herrero et al., 2017;
Sibhatu et al., 2015). This practice is especially crucial in regions burdened by poverty, where
diversified cropping systems are vital for providing diverse essential nutrients (Herrero et al.,
2017). For biodiversity, small farm sizes enhance biodiversity by increasing field edges
(Ricciardi et al., 2021). This structural complexity yields several ecological benefits. For
example, it enlarges breeding habitats for arthropods (Ahrenfeldt et al., 2015), offers refuge for
small species fleeing disturbed areas (Concepcion et al., 2012), increases pollinators and
beneficial predators (Ahrenfeldt et al., 2015; Hass et al., 2018), and serves as conservation
corridors for arthropods and small mammals (Horgan, 2009). Additionally, the landscape
composition of areas dominated by small farms often includes a diverse mix of land cover types,
such as forests, wetlands, and fields with different crops or those at various phenological stages,
further supporting ecological diversity and sustainability (Lovell et al., 2010; Pekin, 2016).

The evidence above underscores the vital contributions of smallholder farming to global food
security and poverty alleviation, while also fostering crop diversity and biodiversity. In regions
such as Southeast Asia and Sub-Saharan Africa, where poverty is predominantly in rural areas,
a certain number of the rural farmers depend on small-scale farming for their sustenance. While
there are limitations in this model, the substantial impact and importance of smallholder farming
should not be underestimated.

3.2 The importance of increasing farm size from small to medium scale

Smallholder farming faces constraints like limited machinery, technology, and lower efficiency
and income (Collier and Dercon, 2014; Fan and Chan-Kang, 2005; Mehrabi et al., 2020). Farm
size increases from small to medium scale could address these issues, enhancing efficiency and
income. Increasing farm size is a crucial trend, providing substantial benefits to rural farmers

9
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(Jayne et al., 2022), often underappreciated.

Agricultural pollution reduction. Increasing farm size to a medium scale has been proven
effective in reducing agricultural non-point source pollution related sourced from chemical
fertilizers and manure (Wu et al., 2018), which is critical given that it dominates global river
pollution (Beusen et al., 2022). As evidenced in China, as farm sizes grew, the application of
fertilizers and pesticides per unit area substantially declined (Ju et al., 2016; Wu et al., 2018),
mitigating related water and air pollutions. Ammonia emissions were observed to decrease by
0.07% for each 1% increase in average farm size, aiding in the reduction of GHG emissions
(Wang et al., 2022). Farm size increases alter the composition of agricultural inputs, enhancing
the proportion of fixed inputs like machinery, knowledge, and technology due to economies of
scale, which lower the average cost of these inputs (Collier and Dercon, 2014). In contrast, the
smallholder farms' low ratio of fixed to total inputs frequently results in over-fertilization as
farmers strive to achieve yield targets with inadequate fixed inputs (Ren et al., 2021).
Furthermore, farm size increases tend to favor organic over chemical fertilizers, enhancing
manure recycling and the use of organic fertilizers, thus reducing agricultural non-point source
pollution (Wang et al., 2018). Such farms are also better positioned to adopt environmentally
friendly practices (Unay Gailhard and Bojnec, 2015). Globally, farm size increases and cropland
nitrogen loss are negatively correlated (Ren et al., 2022), enhancing nitrogen use efficiency and
reducing pollution. Increasing farm sizes could potentially decrease global cropland nitrogen
loss by 23% by 2100, even with the escalating threats of climate change (Ren et al., 2023a).

Climate change adaptation. Previous studies found that there are different impacts and
consequences for different farm sizes under climate change (Ren et al., 2023a). For example,
cropland nitrogen use efficiency variations related to climate change tend to be much smaller
for large and middle-sized farms compared with small ones (Ren et al., 2023a). That is mainly
because middle and large farms are usually equipped with better infrastructure, such as
machinery and irrigation facilities, which can increase nitrogen use efficiency while
maintaining or increasing crop yields under climate change (Ren et al., 2019). Improvements in
irrigation practices, including shorter irrigation seasons and more efficient water use (Skaggs
and Samani, 2005), help meet crop water needs and addressing heat stress exacerbated by
climate change (Rosa et al., 2020). Moreover, farm size influences farmers' willingness to adopt
new technologies, the preference for technical solutions, and the methods for gaining
agricultural knowledge (Ren et al., 2023b). Larger farms are more likely to adopt new
technologies and invest in agricultural education, enhancing their ability to adapt to climate
change and minimize negative impacts (Giua et al., 2022; Prokopy et al., 2019; Ruzzante et al.,
2021).

Social implications for sustainable agriculture. Increasing farm size has profound social
implications by streamlining operations, reducing the number of farmers, thus lowering
transaction costs, and facilitating the adoption of new technologies and policies (Ren et al.,
2022). For example, the medium and large-scale farming and the limited number of farmers in
Australia promotes sustainable irrigation practices, reducing potential detrimental impacts on
environmental flows and groundwater stocks (Borsato et al., 2020). Transitioning from
smallholder to a medium scale can effectively integrate livestock with cropland systems,
overcoming the barriers posed by the high transaction costs of numerous smallholder farmers
(Zhang et al., 2019). Such a shift also enables a strategic reconfiguration of global crop
distribution across existing rainfed and irrigated lands, cutting the consumption of rainwater
and irrigation water by 14% and 12%, respectively, without compromising crop diversity,
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requiring additional cropland, or affecting nutrient and feed availability (Davis et al., 2017).
Additionally, medium and large farms typically offer superior job quality compared to smaller
ones, providing benefits like higher hourly wages, health insurance, and retirement plans
(Harrison and Getz, 2015b). Farmers would benefit directly from farm size increases with
higher incomes as well, which is attributed to increased total production and reduced labor
inputs (Ren et al., 2021; Tan et al., 2013). In China, consolidating 86% of croplands into a
regime of a medium scale with an average field size greater than 16 hectares would lead to a
59% increase in knowledge investments, a 91% increase in machinery use, a 24% reduction in
total cropland nitrogen input, an 18% increase in nitrogen use efficiency, and a 39% reduction
in labor requirements, while simultaneously doubling labor income (Duan et al., 2021).

Recent decades have witnessed a trend towards increasing farm size globally (Graeub et al.,
2016; Ji et al., 2016; Lacy et al., 2023; Lowder et al., 2016). Although it is commonly believed
that African agriculture primarily consists of small-scale farms, recent data indicates a rapid
growth in medium-scale farms, ranging from 5 to 100 hectares (Jayne et al., 2016). The
evolution of farm size is closely linked to economic advancement (Lowder et al., 2016). As
countries develop economically, advancements in mechanization, technology, and agronomic
practices enhance agricultural productivity (Rapsomanikis, 2015), empowering farm size
expansion. In contrast, in low-income regions with limited access to fertilizers, machinery, and
technology, smallholder farming remains the best choice. Increasing farm size hinges on
improvements in mechanization, technology, and agronomy, addressing smallholders'
limitations. For instance, in the U.S. from 1982 to 2012, economic growth and technological
advancements coincided with substantial increases in farm size and total factor productivity
(Key, 2019; Sumner, 2014). Conversely, mismatches between small farm size and advanced
economies and technologies can decrease efficiency and heighten environmental pollution. For
example, the discrepancy of small farm size (Ji et al., 2016) and economic advancement (Tan
et al., 2013) in China lead to substantial non-point source pollution through the overuse of
chemical fertilizers and pesticides (Gao et al., 2021). Empowering smallholders with improved
farming practices in China has proven to boost productivity and reduce agricultural pollution
but implementing this approach for over 200 million rural households would require substantial
resources (Cui et al., 2018; Zhang et al., 2016). These insights underscore the urgency of
aligning farm size increases with economic and technological capabilities, especially where
smallholders predominate alongside advanced economies and technologies.

3.3 Risks of large-scale farming

Increasing farm size can indeed enhance management by incorporating more machinery and
advanced knowledge. However, it may also pose risks to biodiversity and food market stability.
Between 1940 and 1990, the average U.S. farm size more than doubled, while the number of
farms decreased by 67% (Hanson et al., 2008). Large family farms with sales exceeding
$250,000 and nonfamily farms (e.g., industrial farms and corporations), which represent only
10% of all farms, now account for 72% of the value of agricultural production in the U.S.
(Hanson et al., 2008). Global large-scale farms with harvest area over 100 hectares are
predominantly found in the U.S. and South America (Fig. 2b). Although large farms and
corporations have substantially contributed to the growth in agricultural modernization, and
efficiency, the potential risks associated with large-scale farming should not be overlooked.

Biodiversity loss. Biodiversity loss is notably higher on large farms compared to smaller ones,
due to substantially lower on-farm landscape heterogeneity (Belfrage et al., 2015). Studies have
shown strong positive correlations between on-farm landscape heterogeneity and the number
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of breeding birds, butterflies, and herbaceous plant species (Belfrage et al., 2015). For instance,
the expansion of farm size along the former inner German border led to a 15% reduction in bird
diversity (Noack et al., 2022). This biodiversity loss is largely attributed to landscape
simplification driven by large-scale monocultures and shortened crop rotations, which are
common in Europe and North America as they simplify production techniques and focus on
high-demand crops (Tscharntke et al., 2021). In the U.S., agriculture is dominated by a few
major annual crops like maize, soybean, and wheat, often cultivated in fields with very low
temporal diversity (Merlos and Hijmans, 2020). Diverse crop rotations are increasingly scarce,
often limited to single crop sequences or standard sequences involving only up to three crop
species such as wheat, barley, and oilseed rape (Bennett et al., 2012; Steinmann and Dobers,
2013). Additionally, large-scale farming alters land use dynamics, leading to deforestation and
biodiversity threats (Graesser et al., 2018). As a result, landscape-scale biodiversity loss is
observable in relation to large-scale farming practices.

Potential environmental threats. Agricultural environmental impacts are directly linked to farm
size, with increasing farm size from smallholder farming helping to reduce agricultural
pollution (Ren et al., 2021). However, environmental outcomes might exhibit a U-shaped
relationship with a continued increase in farm size, suggesting that larger sizes are not
necessarily better from an ecological perspective (Cheng et al., 2022). Transitioning to large-
scale commercial farming from medium-sized farms typically requires higher inputs of
fertilizers, pesticides, machinery, and mechanized irrigation systems, potentially increasing
energy use and carbon emissions (Rosa et al., 2021). A national survey of 542 organic fruit and
vegetable farmers in the U.S. revealed that larger farms (=405 cropland hectares) employed
fewer agroecological practices compared to smaller farms (Liebert et al., 2022). Furthermore,
large farm sizes could lead to increased groundwater use and depletion as farms adopt more
intensive irrigation technologies, such as switching from traditional center pivot to drop nozzle
center pivot systems, which increase water use (Ao et al., 2021). Additionally, simplified crop
cultivation and rotations in large-scale farming deplete soil fertility, exacerbate pest infestations
and resistance through repeated pesticide applications (Schellhorn et al., 2015), and pose risks
of resource bottlenecks for pollinators and biocontrol agents (Tscharntke et al., 2021).

Volatile food market. The commercialization of North American farms has intensified in recent
years, marked by a decrease in the number of farms and an increase in farm size (Hanson et al.,
2008). This shift has led to the concentration of food production and processing into fewer
commercial operations (Hanson et al., 2008), resulting in a less resilient food market vulnerable
to price fluctuations and market instability during economic crises or other threats (Levins and
Cochrane, 1996; Mark and Kevin, 1987). When a small number of large farms dominate
production, environmental variability, crop failure, pest outbreak, or regulatory change on one
of these farms can have disproportionate effects on the overall supply chain. As a result,
consumers are exposed to a lower and more volatile food supply, which poses substantial risks
to food security (Tan et al., 2013). Moreover, as farm sizes increase, there is a concern over the
reduced diversity of cultivated species, especially those that are highly nutritious, further
threatening food market (Herrero et al., 2017; Miiller et al., 2021).

Even though large-scale farming with advanced technology and machinery contribute to higher
efficiency and modern agriculture, the risks of large-scale farming on biodiversity, food market
stability, and environmental sustainability should be cautious. Addressing these challenges
requires a balanced approach that considers the ecological, economic, and social impacts of
agriculture to ensure sustainability and resilience in food production systems.
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4. Managing farming size towards sustainable agriculture

To balance the trade-offs of different farm sizes, tailored measures are essential. Firstly,
increasing farm size to a medium scale—determined by local land resources, socioeconomic
conditions, and environmental factors (Ren et al., 2019; Tan et al., 2006)—can be effective.
This strategy, which has lower transaction costs for agricultural management, is a long-term
approach. Secondly, for regions facing challenges that prevent immediate adjustment of farm
size, short-term measures should be adopted to address the associated risks. Thus, both long-
term and short-term strategies can complement each other to promote agricultural sustainability.
In this section, we discuss both strategies to increase farm size and approaches to manage
smallholders and large-scale farming to achieve sustainable agriculture (Fig. 4).

Increasing farm size

» Subsidizing large -scale farms

» Facilitating urban-rural
migration

* Reclaiming abandoned
croplands and residential lots

Towards Sustainable Agriculture

Empowering smallholders Improving large-scale farming

- Improving agronomic » Enhancing biodiversity : Temporal and spatial crop
practices through Science diversification; Cover crops or green manure; Agroforestry
and Technology Backyard systems; Integrating crop -livestock system.
- Joining agricultural » Mitigating environmental impacts : Tailored policies;
cooperatives Decarbonizing on -farm energy use; Technologies for
« Improving market access reducing emissions. o )
« Contract farming » Addressing market volatility : Diversifying agricultural
production; Implementing financial instruments and market -
based solutions; Fostering local and regional markets.

Fig. 4. Strategies for managing farm size towards sustainable agriculture. This figure
summarizes the strategies by increasing farm size and managing smallholders and large-scale
farming to achieve sustainable agriculture. For regions dominated with smallholder farming,
increasing farm size is a critical way. For regions with large-scale farming or those unable to
adjust farm size soon, managing the current farm size is essential. Science and Technology
Backyard is a platform through collaborations between government, researchers, businesses,
and smallholders, to advance participatory innovation and technology transfer while securing
public and private support (Zhang et al., 2016).

Increasing farm size. Farm size changes are influenced by various factors such as land
ownership, land resources, and topographical conditions (James M. MacDonald, 2013). For
instance, in China, communal ownership of cropland, the large number of rural farmers, and the
cropland distribution based on egalitarian principles contribute substantially to smaller farm
sizes, making it challenging to scale up (Tan et al., 2006). Conversely, in the U.S., private land
ownership and sparsely populated croplands facilitate farm size expansion through free-market
land transactions (Ren et al., 2019). Policy changes are crucial for initiating farm size increases
despite constraints in land resources and topography. For example, subsidy policies play a
crucial role in promoting farm size increase. From 1900 to 2002, the average farm size in the
U.S. tripled, driven partly by larger farms receiving substantial subsidies (Cai, 2019; Haque,
2022). Additionally, policies that facilitate urban—rural migration and promote the development
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of rural nonfarm sectors can decrease the rural population, resulting in a higher per-capita
cropland area for rural residents and, consequently, increased farm size (Wang et al., 2021). The
croplands of migrating farmers can be consolidated for medium-scale farming, and their rural
residential lots can be reclaimed for agricultural use (Gu et al., 2019). Over the past decade,
more than 40,000 hectares of lands previously used as residential lots have been reclaimed in
China, contributing to an increase in cropland area and supporting the expansion of farm sizes
(Wang et al., 2021). Given the ongoing process of urbanization, an increase in farm size is
expected globally. However, rapid population growth in some developing regions may
compromise this process.

Empowering smallholders. The persistence of smallholder farming is anticipated to continue
due to several factors, including the economics of small-scale agriculture, relevant farm policies,
and the dynamics of smallholder livelihoods within the global economy (Rigg et al., 2016).
Transitioning from smallholder farming to mid-size farming in the near future is challenging
for some developing countries. Therefore, empowering smallholders with improved agronomic
practices for sustainable agriculture is crucial in the short term (Tittonell and Giller, 2013).
Innovative methods such as the Science and Technology Backyard (STB) platform have proven
effective in China (Zhang et al., 2016). This approach, through collaborations between
government, researchers, businesses, and smallholders, advances participatory innovation and
technology transfer while securing public and private support. Improved farming methods also
contribute to reducing ammonia and carbon dioxide emissions, enhancing air quality and farm
profitability (Cui et al., 2018; Kang et al., 2023). Additionally, joining agricultural cooperatives
(Cheng et al., 2022), improving market access (Frelat et al., 2016), contract farming (Meemken
and Bellemare, 2020), employing high-resolution satellite imagery to predict smallholder
productivity (Burke and Lobell, 2017) and adopting digital agriculture (Basso and Antle, 2020)
have all benefited the enhancement of smallholder farming practices, enabling swifter
transformations in rural livelihoods.

Improving large-scale farming. Considering the risks of biodiversity loss, environmental threats,
and market fluctuations associated with large-scale farming, it is imperative to adopt specific
measures to address these risks and promote sustainable agriculture. Effective strategies to
enhance biodiversity include temporal and spatial crop diversification (Gurr et al., 2016; Sirami
et al., 2019), using cover crops or manure, implementing agroforestry systems that integrate
trees with crops (Niether et al., 2020; Toledo-Hernandez et al., 2021), integrating crop-livestock
systems (Smith et al., 2020), establishing biodiversity refuges, such as buffer strips and enlarged
natural perimeters (Ricciardi et al., 2021), along with other biodiversity-friendly practices
(Rosa-Schleich et al., 2019). Creating semi-natural habitats adjacent to croplands, such as
hedges and woody or herbaceous patches (Rosa-Schleich et al., 2019), can facilitate biodiversity
spillover to smaller fields and enhance on-farm biodiversity (Marcacci et al., 2020; Tscharntke
et al., 2021). For environmental impacts, tailored policies are necessary to mitigate the adverse
effects of large-scale farming. These include directives like the Nitrates Directive in Europe,
which controls nitrate pollution and water quality, and the Habitats Directive of 1992 in Europe,
aimed at environmental protection and nature conservation (Giller et al., 2021). Additionally,
strategies such as decarbonizing on-farm energy use, sustainably managing nitrogen fertilizers,
implementing technologies to reduce enteric methane emissions, and employing carbon dioxide
removal technologies are essential for reducing the environmental footprint of large-scale
agriculture (Rosa et al., 2021; Rosa and Gabrielli, 2023). To address the volatile food market, it
is crucial to diversify agricultural production not only by crop type but also by geographical
and operational spread (Paut et al., 2019; Valencia et al., 2019). Encouraging a mix of farm sizes
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and reducing dependency on a handful of large producers can enhance market stability.
Moreover, implementing robust financial instruments and market-based solutions such as
futures contracts and insurance can provide farmers with a safety net against price volatility (Fu
et al., 2023). Additionally, fostering local and regional markets can reduce the reliance on global
supply chains, which are often more vulnerable to fluctuating international market conditions.
These strategies collectively can help stabilize markets affected by the centralization of
agricultural production in large-scale farming environments.

Expanding farm size could offer a cost-effective solution for regions like China with advanced
economies and technology levels (Duan et al., 2021). Nevertheless, for regions encountering
challenges that hinder immediate adjustments to farm size, tailored measures are warranted. It
is essential to approach farm size increases cautiously, aiming to achieve the medium-scale
farming tailored to each region's specific conditions. However, determining this size poses
considerable challenges, as it involves various assessment criteria and methodologies.
Therefore, a combination of strategies to increase farm size and manage different farm sizes to
address associated risks may present a more practical and efficient approach to attaining
sustainable agriculture. A typical example is the effectiveness of empowered smallholder
farming in South China with its hilly topography (Cui et al., 2018; Zhang et al., 2016) and large-
scale farming in Northeast China with its plains (Wang et al., 2022; Zhang et al., 2021). Both
approaches enhance crop productivity, reduce pollution, and promote technology adoption,
contributing to sustainable agriculture.

5. Conclusion, Implications and Outlook

This review illustrates the multifaceted role of farm size in agricultural systems, highlighting
potential benefits, risks and trade-offs of changing farm systems at different farm scales. Our
findings underscore the critical contributions of smallholders to safeguarding food security and
poverty alleviation despite the constraints they are facing, while demonstrating that increasing
farm size to medium-scale farming can facilitate modernization and technological
advancements, benetifting sustainable agriculture. However, the risks associated with scaling
up to large-scale farming, such as biodiversity loss, market fluctuations, and negative
environmental impacts, cannot be overlooked. Our analysis indicates that tailored strategies for
an effective management of farm sizes are essential to optimize agricultural output while
promoting human well-being and sustainable development.

This review thoroughly examines the nuanced impacts of farm size, challenging conventional
perspectives that criticize smallholder farming while promoting large-scale operations. It shows
the trade-offs in agricultural outcomes across different farm sizes, contributing to a more
informed discourse aimed at developing resilient and sustainable agricultural practices capable
of meeting global food demands in an environmentally responsible and economically viable
manner. This study is significant for policymakers, agricultural practitioners, and researchers
aiming to optimize agricultural systems for sustainability. Policymakers should consider the
diverse roles of farm size when developing agricultural policies to ensure the sustainability of
both the environment and the communities dependent on agriculture for their livelihoods.

Future research should explore the intricate relationship between environmental impacts and
farm size, analyzing variables such as fertilizer and pesticide inputs, energy and water
consumption, and effects on biodiversity, including soil biodiversity. This investigation should
extend to understanding how different farm sizes contribute to achieving net-zero GHG
emissions and mitigating climate change. Additionally, broader examination of farm size's role
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in enhancing agricultural sustainability should encompass socio-economic aspects like poverty
alleviation, market stability, policy implementation, and social equity. Future studies should
determine optimal farm sizes to maximize sustainability benefits while mitigating risks across
diverse contexts. Such research could begin with case studies in regions like China and Sub-
Saharan Africa, where sustainable agriculture has not yet been fully implemented. By fostering
a holistic understanding of how farm size influences multiple facets of sustainability, future
studies can provide actionable insights that guide policymakers, stakeholders, and farming
communities in making informed decisions that balance agricultural productivity with
ecological and social responsibilities.
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