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SUMMARY

Agriculture is the key to global food security and environmental sustainability; however, little is known about
how cross-scale socioeconomic flows influence agricultural land use. We addressed this knowledge gap by
evaluating the metacoupled flows of crops, capital investments, and migration. We assessed how these
flows impacted land used for crop production in India and Argentina, which contain global biodiversity hot-
spots and high levels of agriculture. During our study time frame (1990-2015), land used for crop flows
increased by 33.6 Mha, primarily driven by increases in crops produced for domestic consumption. Capital
investments from distant countries and within the focal countries increased transportation infrastructure and
processing capacity, supporting the expansion of crop production. Migration from adjacent countries and
within the focal countries increased urban populations, leading to the displacement of agricultural lands sur-
rounding metropolitan areas. Our results underscore the significance of cross-scale socioeconomic flows

and their potential to inform effective land use policies.

INTRODUCTION

Since the Industrial Revolution, human populations have con-
verted approximately 3 billion hectares of natural landscapes
into cropland, pasture, or urban areas through drastic increases
in land-use change (LUC)." LUC is a dynamic process in which a
single parcel of land can be converted into multiple land use cate-
gories. An estimated 32% of the global land area has undergone at
least one gross LUC between 1960 and 2019, which was four
times higher than previous estimates.? Agricultural production
has been identified as one of the leading drivers of LUC and degra-
dation, resulting in negative impacts on social, political, cultural,
and economic systems.® Increased production over the last 60
years has made agriculture the largest land-use category globally,
occupying 46% of habitable land. Agricultural land use continues
to expand as a growing global population and changing global di-
ets (e.g., increased meat consumption) increase crop demand and
the land required for crop production.>*~" Higher global demand
for crops leads to agricultural expansion often taking place in spe-
cies-rich ecosystems, causing biodiversity loss, higher levels of
greenhouse gas emissions, changes to terrestrial water cycles,
and soil carbon loss.®'? As agricultural land use continues to
expand, it is crucial to understand the processes driving LUC to
minimize negative environmental impacts globally.

LUC is driven by an interconnection of complex processes
ranging from local to global scales and affects coupled human
and natural systems."®'* LUC research has historically focused
on single drivers at varying scales, often only evaluating them
separately at either global (across distant global regions),

regional (within a global region), or national or local (within a
country) scales.’® To address the complexities present in LUC,
recent studies have begun to incorporate coupled systems
and nexus approaches, which are the integration of solutions
across distinct areas (sectors, scientific fields, disciplines, indus-
tries, etc.) that focus on the connections, synergies, and trade-
offs of complex systems.'®?° For example, Alexander et al.'”
evaluated how the diet-population-energy-yield nexus impacted
LUC. Across this nexus, the researchers identified diet and en-
ergy as the leading drivers of higher land use for crop production,
and concluded that shifting demand would be the key to manag-
ing future LUC. Past studies that have implemented nexus ap-
proaches have helped identify interactions across multiple fac-
tors and how they impact LUC."® However, these approaches
did not always account for spatial variability across scales.

The metacoupling framework can help identify LUC drivers
across spatial scales, as it was previously used to support the eval-
uation of multiple socioeconomic factors’ effects on complex
global sustainability issues.?’ The framework helps researchers
to evaluate cross-scale interactions between coupled human
and natural systems (e.g., sending, receiving, and spillover sys-
tems) by assessing flows (e.g., the movement of energy, material,
people, and/or capital) in conjunction with agents (entities involved
with system interaction), causes (reasons for system interaction),
and effects (consequences of system interaction)®® (Figure 1).
Metacoupling consists of human-nature interactions within a sys-
tem (intracoupling), between adjacent systems (pericoupling), and
between distant systems (telecoupling) (Figure 1). The meta-
coupling framework can be used to evaluate the causes of flow
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shifts over time and the effects of these changes. Furthermore, by
identifying the agents controlling the flows, actionable policies can
be developed to alter the flows and their effects. By integrating
these methods across couplings (intra-, peri-, and tele-coupling),
researchers can gain insights into the cross-scale socioeconomic
drivers of LUC.

Previous metacoupling research has focused on flows of mate-
rials and goods, ecosystem services, physical resources, and vir-
tual resources, leading to the identification of new environmental
and social impacts between systems.”**® However, few studies
have evaluated socioeconomic flows, including the movement of
financial and human resources such as financial capital invest-
ment and labor migration, which are essential to agricultural pro-
duction and have the potential to be key drivers of LUC.?" Evalu-
ating these flows and their effects across scales is important for
understanding LUC, as dynamics can differ across couplings
with unique agents, causes, and effects (Table 1). Because meta-
coupling research is inherently complex, operationalizing the
framework involves dividing our studies into smaller projects
before they are eventually synthesized. Therefore, we present
this research as a starting point for considering cross-scale flows,
while future studies can examine other aspects of the framework
to synthesize all components (Table 1).

Despite advances in understanding the drivers of LUC, a
knowledge gap remains regarding how cross-scale socioeco-
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flows (within the focal system).

nomic flows influence LUC within an in-
tracoupled focal country. To address
this gap, our paper aims to demonstrate
how the metacoupling framework can
be utilized to evaluate LUC by assessing
how capital investment (investments in
land, infrastructure, processing facilities,
or other crop production and distribution
elements), migration (movement of peo-
ple from one location to another), and
crop (cultivated products used as food
or raw materials) flows impacted LUC in
Argentina and India between 1990 and
2015. These countries were selected
since they have received disproportion-
ately less research attention than their
neighboring countries (Brazil and China),
despite their significance in global food
trade,?’?° international influence,>°=%?
and biodiversity resources.**** Addition-
ally, both have significant global importance as India became the
most populous country in the world in 2023,%° while Argentina
has been a historic “super-exporter” of crops to the global mar-
ket.® These two countries also differ in significant ways,
including crop diversity, agricultural regions, population size,
climate, and trading partners, which can yield insights into the
unigue metacoupled dynamics of different systems. The specific
objectives of this paper are to (1) outline a methodology for eval-
uating metacoupled socioeconomic flows and their influence on
LUGC; (2) identify the intracoupled, pericoupled, and telecoupled
flows that influence LUC in the focal countries between 1990 and
2015; and (3) illustrate the cross-scale impacts of socioeco-
nomic flows on LUC. Through this research, we present a con-
ceptual integration of multiple factors affecting LUC, factors
that have not been previously considered or are scattered across
the literature. By integrating various data sources, we systemat-
ically report the land used for intracoupled, pericoupled, and tel-
ecoupled crop flows while identifying potential cross-scale
drivers.

Agricultural Goods,
Virtual Resources

RESULTS

Telecoupled drivers of land-use change
As agricultural systems become more globally integrated,
telecouplings (interactions between distant systems) have
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Table 1. Cross-scale interactions

Focal system  Partner system Flow Cause Agents Effects
Study country  Country Crops The shifting demand of Consumers Increased land is used for crop flows due
sending or importing countries changes Producers to increased demand and economic
receiving flow the amount of crops produced  Corporations incentives for production.
and the land required for crop
production (T/P/I)

Migrations Migration (typically from lower-  Migrants Agricultural production is often dependent
income to higher-income Governments  on migrant labor. Increased labor can either
countries) supports labor in expand production (resulting in increased
agricultural production (P) land use) or intensify production
Migration increases the total (maintaining or decreasing land use).
population, increasing crop Larger populations can require more crops,
demand (P/T) potentially leading to increased land use for
Migration from rural to urban crop production.
areas leads to a shift in urban Urban land expansion, due to migration,
land requirements and crop can lead to the development of agricultural
flows (1) lands displacing them to other parts of the

country.

Capital Corporations and banks invest  Corporations  Increased capital investments can directly

investments in land, infrastructure, and Governments  expand crop production (through land

agrobusinesses based on
economic opportunities (T/P/1)

grabbing), indirectly support cropland
expansion (by investing in infrastructure
and processing facilities), or reduce
cropland expansion (by investing in
improved agricultural systems).

Metacoupling of LUC based on three major categories of flows. The primary coupling types for the causes are indicated by T (telecoupling), P (peri-

coupling), and | (intracoupling).

repeatedly been identified as important causes of LUC.®” From
1961-2022, global agricultural LUC was predominantly driven
by population growth and increases in the production of animal
products, leading to expansions of rangelands and land devoted
to crop production.17 Animal production has been attributed to
65% of total LUC and has been driven by globalization, higher
global incomes, and diet changes.'’ For example, Brazil's accel-
erated soybean production was driven by higher affluence rates
in China, as soybeans grown in Brazil provided animal feed for
livestock consumed in China.*® Researchers have also studied
how telecoupled crop flows negatively impacted biodiversity
and caused nutrient pollution, specifically within agricultural
sending systems, rather than within the receiving system. 73942
However, crop flows related to shifting global demands are not
the only telecouplings that can impact LUC. Telecoupled capital
investments*® and migration***® have received substantially
less research than crop flows.

Telecoupled capital investments, including investments in
agricultural production and infrastructure as well as direct land
purchases, have affected land use in diverse regions, including
the Amazonian region, the Congo basin, sub-Saharan Africa,
and the east Asia/Pacific.'®'>*"*® |n 2010, Brazil had 34,371 ru-
ral estates (totaling 4.35 Mha) owned by foreign investors, with
2.79 Mha owned by investors from distant countries.*® Capital
investment flows are required to achieve food security goals,
requiring an estimated $80 billion USD.*°

Migration can also be considered as a telecoupling. The Inter-
national Organization for Migration reported that 244 million
people were international migrants in 2015.°" Migration can
occur for many reasons (personal, financial, political, etc.),

which can impact whether an individual is likely to migrate
within their country (intracoupling), to an adjacent country (tele-
coupling), or to a distant country (telecoupling). One study found
that less affluent migrants were more likely to migrate within
their own country or to an adjacent country, compared to
more affluent migrants, who tended to move to distant coun-
tries.®” These migration flows can have substantial impacts on
agricultural systems, impacting LUC. For example, migration
from Guatemala to the US led to a reduction in farmland and
an increase in forested land in Guatemala.®® Each of the three
highlighted telecoupled flows impacts LUC by affecting global
markets, global demand, or infrastructure related to agricultural
production (Table 1).

Telecoupled impacts on land-use change in Argentina
Telecoupled crop flows and capital investment have increased in
Argentina, leading to higher rates of land use for telecoupled
crop flows. In 2015, Argentina used 6.91 Mha/yr of cropland
for telecoupled exports, sending 47 crops to 142 distant coun-
tries. This represented a rise of 1.8 Mha/yr, nine crops, and 60
countries compared to 1990. Land used for telecoupled crop
flows showed a significant (p < 0.05) positive trend of
0.18 Mha/yr over time. In total, changes in land used for tele-
coupled crop flows accounted for 10.7% of the increase in
land used for crop flows between 1990 and 2015 and 19.6% of
the harvested crop land area in 2015 (Figure 2). Between 1990
and 2015, the majority of Argentina’s crop exports were sent
to distant countries and regions, with Central and East Asia, as
well as Europe, receiving food products and vegetables worth
over $15 billion USD in 2015.°°
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Figure 2. Change in flows over time

The change in metacoupled flows over time, by coupling and country. Pericoupled capital investment flows were not included due to a lack of available data.
Intracoupled migration is represented by urban population due to a lack of available data.

The expansion of telecoupled crop exports can be partly
attributed to demand from receiving countries. For example, de-
mand for biofuel in the US, the European Union, and over 30
other countries was driven by policy mandates, leading to crops
being used for fuel rather than food. Additional increases in
global demand for animal-based proteins, particularly in China
and Brazil, have also driven agricultural land conversion.*® To
meet these demands, between 1990 and 2015, Argentina
increased telecoupled crop flows of corn and soybeans by
14.2 and 8.7 Mtonnes per year, respectively, which was associ-
ated with an additional 3.9 Mha/yr of land area used for tele-
coupled crop flows. Across the same time period, several crops
saw substantial decreases in land used for exports, including
wheat (—1.96 Mha/yr), sunflower seeds (—0.21 Mha/yr), and sor-
ghum (—0.19 Mha/yr).

In addition to expanding production to meet distant crop de-
mand, capital investments were required to build infrastructure
for processing and transporting the increased crop volume. Be-
tween 1990 and 2015, Argentina’s telecoupled capital invest-
ments shifted from five foreign investors contributing $0.1 million
USD per year to nine foreign investors contributing $107 million
USD per year.”* Between 1990 and 2015, telecoupled capital in-
vestments totaled $1.2 billion USD, with the largest investments
focused on agricultural development (54%), agro-industry
(14%), and agricultural land resources (10%). Overall, tele-
coupled investments showed a significant positive correlation
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with land used for crop exports (o < 0.05). For every $1 billion
USD in telecoupled capital investments, there was an associated
17.0 Mha/yr increase. Capital investments in agro-industry and
agricultural development had significant correlations with
$1 billion of capital investments, resulting in estimated increases
of 88.2 and 25.9 Mha/yr, respectively. Not all investments were
associated with increased land use for telecoupled crop exports;
capital investments in agricultural water resources showed a sig-
nificant negative correlation.

The literature review identified additional telecoupled capital
investments. Between 1992 and 2012, China’s trade and capital
investments with Argentina increased from $160 million USD to
$17 billion USD.*® This investment expansion (assuming a linear
trend over time) in capital investments from China to Argentina
showed a significant positive correlation (p < 0.05) not only
with soybean exports to China, but also with the total land
used for crop flows to all of Argentina’s distant trading partners.
In 2010, the Argentine government acquired a $10 billion USD
loan from a Chinese bank to purchase more trains for its rail
network.*®>°% Further capital investments from Chinese banks
also funded the expansion and maintenance of the national
cargo rail systems, with individual investments ranging from
$46 million USD to $2.1 billion USD.®” Capital investments in
expanding cargo rail improved the ability to transport crops
from agricultural regions to key shipping ports, an essential
component of meeting increased telecoupled demand for
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distant crops. During the same period (1992-2012), Argentina
shipped an additional 5.3 Mtonnes/year of soybeans to China,
representing the largest increase in land used for telecoupled
crop exports. Capital investments in the infrastructure and pro-
cessing facilities required for expanded agricultural production
supported an increase in land use, while investments in agricul-
tural inputs and agrarian reform helped reduce agricultural
land use.

In contrast to the indirect LUC effects of infrastructure-related
capital investments, land grabs (capital investments in land pur-
chases) also played a role.® Land grabbing by domestic and in-
ternational companies has repeatedly been reported in
Argentina. However, no centralized database exists regarding
foreign land investments and ownership. Despite the lack of
centralized data, capital investments have been identified in
the literature based on news media, business reports, and
governmental reports. In Argentina, Indian companies have ac-
quired over 37,000 ha of olive, peanut, edible oil, and pulse farms
since 2000.°° None of the farms’ products were exported to India
at the investment onset; however, between 2006 and 2008,
these products began to be exported to India, with an average
of 0.63 Mha/yr used for these crop exports. Within Argentina,
other telecoupled capital investments were made by foreign
companies from Qatar, Saudi Arabia, and South Korea.®® Over-
all, telecoupled capital investments in Argentina’s agricultural
sector led to the development of new agricultural infrastructure,
including grain terminals, port docks, and processing facilities,
which were crucial for supporting agricultural expansion in the
export market.®

Increased capital investment did not correspond with an influx
of distant migrants to support funded infrastructure projects. Tel-
ecoupled migration into Argentina decreased by 288,143 people
per year between 1990 and 2015. The largest number of tele-
coupled migrants between 1990 and 2015 (cumulative) came
from Italy (1.3 million), Spain (845,240), and Peru (569,458). Tele-
coupled migration rates were not correlated with the rate of land
used for telecoupled exports or with capital investments.

Telecoupled impacts on land-use change in India
In 2015, India used 2.56 Mha/yr of cropland for telecoupled ex-
ports, sending 75 crops to 169 distant countries. This repre-
sented an increase of 1.8 Mha/yr, 30 crops and 77 countries
compared to 1990. Land used for telecoupled crop flows
showed a significant (p < 0.05) positive increase of 0.13 Mha/yr
over time. In total, changes in land used for telecoupled exports
accounted for 10.7% of the increase in land used for crop flows
between 1990 and 2015, and 1.4% of the total harvested crop
area in 2015. In contrast to Argentina, India’s land used for tele-
coupled crop exports was more evenly distributed across crops
and receiving countries, suggesting that changes in crop de-
mand from individual countries were less impactful on India’s
LUC than global dietary shifts, due to the greater crop diversity.
In 2015, the top five receiving countries accounted for 38%
(0.98 Mha/yr) of land used for telecoupled exports, with the top
five crops accounting for 62% (1.6 Mha/yr) of that land.
Changes in India’s telecoupled crop flows have likely been
influenced by shifts in global agricultural markets, altering
the competitive landscape. As distant countries changed their
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agricultural systems and policies, they also altered the compet-
itive market landscape, which, in turn, impacted India’s crop ex-
ports. In 2011, India had a comparative advantage for rice,
maize, grapes, bananas, onions, and mangoes, which contrib-
uted to an increase in land area of 0.03%, 2.95%, 3.58%,
6.19%, 8.79%, and 9.56%, respectively, from 2003 to 2013.5°
Distant demand and changing competitive markets both contrib-
uted to changes in land used for telecoupled exports.

Telecoupled capital investments® originated from 21 donors
and totaled $595 million USD per year in 2015, representing an
increase of $588 million USD per year and 11 donors compared
to 1990. Between 1990 and 2015, telecoupled capital invest-
ments totaled $6.6 billion USD, with the largest investments
focused on agricultural water resources (33%), agricultural
land resources (17%), and agricultural development (16%).
Overall, telecoupled capital investments in agriculture showed
a significant positive correlation with land used for telecoupled
crop exports (p < 0.05), resulting in an increase of 4.7 Mha/yr
per $1 billion USD. Capital investments in agricultural water re-
sources, agricultural land resources, and agricultural develop-
ment had significant correlations with $1 billion USD of capital in-
vestments, resulting in an estimated increase of 13.8, 24.5, and
15.9 Mha/yr, respectively.

In 2015, 152,524 individuals migrated to India from distant
countries, which was a decrease of 5,573 people per year
compared to 1990.°® The largest flows of migrants were from
Brunei Darussalam, Afghanistan, and the United Arab Emirates.
The linear regression analysis indicated that telecoupled migra-
tion did not have a significant impact on land used for tele-
coupled exports (p > 0.05), and no concurrent changes in crop
production were observed between 2000 and 2010 when tele-
coupled migration decreased. Overall, the land used for India’s
telecoupled exports increased significantly from 1990 to 2015
and was positively correlated with telecoupled capital
investments.

Pericoupled drivers of land-use change

The unique dynamics of geopolitical relationships between adja-
cent countries can impact the flows of crops, capital invest-
ments, and migration differently than telecoupled or intracoupled
systems. This can result in distinct impacts on land used for peri-
coupled exports (Table 1). Despite this, significantly less
research has focused on pericoupled interactions and their ef-
fects on LUC.

In pericoupled systems, crop flows can be impacted by chang-
ing trade relationships with adjacent countries, which are driven
by regional trade agreements. Regional trade agreements can
mitigate the political friction associated with cross-border trade,
facilitating increased flows of goods, capital, and people. Regional
trade agreements can also increase food access across partici-
pating countries by influencing agricultural land-use policies as
import and export flows change.®® After trade agreements are im-
plemented, flows of crops and other goods increase between
adjacent countries, and this affects the land and resources
required to produce and transport those goods. In crop trade,
trade flows may increase concurrently with agricultural land
area, leading to decreases in other land-use categories. On
average, yearly deforestation rates have been shown to increase
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by 19%-26% three years after a trade agreement was enacted,
due to the increased conversion of land to agricultural use.®®
Furthermore, pericoupled crop flows have been shown to in-
crease when restrictions are placed on distant trade.””

Capital investments are another flow impacting agricultural
LUC in pericoupled systems. Capital investments often flow
from higher-income countries to adjacent lower-income coun-
tries. For example, China invests heavily in lower-income adja-
cent countries, where China can apply its agricultural technology
to increase yields.®' Corporate investment can originate from
neighboring or distant countries; however, investments in adja-
cent countries are often prioritized by investors, as they are
perceived as lower risk due to proximity.°®°” Local investors
also have a better understanding of the political, social, and eco-
nomic climate, which again reduces perceived risk. Agricultural
investments are often focused on natural resource areas that
cross international borders, meaning that investors who already
hold land in border regions may expand their landholdings into
adjacent countries. Despite the unique dynamics of pericoupled
capital investments, there are few records of these investments,
limiting the level of quantitative analysis that can be conducted.

Migration, which is often higher from adjacent than distant
countries, is another potential cause of agricultural LUC as it im-
pacts both the total population and labor force of a nation.
Increased labor force availability can either affect the expansion
of agricultural lands or the intensity of agricultural production.
Alternatively, a larger labor force can improve labor-intensive
crop yields, reducing the land required to maintain production.
Since agricultural labor requirements are seasonal, temporary
employees migrate during key planting, harvesting, and pro-
cessing points of the season.***® Due to the short-term nature
of this work, the migrant workforce is predominantly from
lower-wage adjacent countries and bordering agricultural
regions, with this labor being an essential part of agricultural
production.®® One example is in the US, where 68% of farm-
workers were from the neighboring country of Mexico.®® The
dynamics of pericoupled socioeconomic crop flows can be
distinct (compared to intracoupled and telecoupled), resulting
in unique impacts on LUC.

Pericoupled impacts on land-use change in Argentina
In 2015, Argentina used 1.8 Mha/yr of cropland for pericoupled
exports, sending 58 crops to all five adjacent countries. This
represented an increase of 0.6 Mha/yr and 19 crops compared
to 1990. Increases in land used for pericoupled exports were
not statistically significant (p < 0.05) over time between 1990
and 2015. Changes in land used for pericoupled exports ac-
counted for 7.1% of the increases in land used for crop flows be-
tween 1990 and 2015 and 5.1% of the harvested crop land area
in 2015. Pericoupled flows impacting agricultural LUC were
largely impacted by policies related to domestic production
and telecoupled trade. Argentina is adjacent to five countries
and is a member of two regional trade agreements: the Asso-
ciation for Latin American Integration (Asociacion Latinoameri-
cana de Integracién, ALADI) and the Southern Common Market
(MERCOSUR).”®

Regional politics and trade patterns impacted crop flows in
Argentina. Between 1990 and 2008, annual soybean production
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increased by 37 Mt/yr while the annual sowing land area
increased by 14.1 Mha/yr.”" Pericouplings among Argentina,
Paraguay, and Uruguay were substantially altered by China’s
increased demand for soybeans and Brazil’s soybean produc-
tion.?* One example was Argentina’s intermediary role in the
soybean market in the 2000s, during which the country received
a substantial portion of soybean exports from Paraguay and
Bolivia. The soybeans were then processed in Argentina and
re-exported to distant countries.”? After Argentinian export tariffs
on soybeans went into effect in 2005, the rapidly increasing ex-
ports to China slowed down and were shifted to the neighboring
countries of Brazil, Paraguay, and Uruguay (Figure 3). These
three countries saw increases in imports from Argentina of
128,766%, 128%, and 88%, respectively, while the corn area
planted in Argentina increased by 175%.%* Despite the increase
in planted area, the land used for pericoupled corn exports actu-
ally decreased, indicating that much of the land area increase
was used for either telecoupled or intracoupled corn crop flows.
In 2015, the majority of Argentina’s pericoupled crop flows went
to Paraguay, accounting for 90.4% of land used for pericoupled
exports (Figure 3).

Pericoupled capital investments also contributed to the
amount of agricultural production and land use in the Chaco
and Chiquitano regions, which span Argentina, Bolivia, and
Paraguay. In these regions, roughly half of the land investments
were from foreign corporations.”® Corporate investment in the
Argentinian and Bolivian portions of these regions accounted
for 2.5 Mha of land use; however, stricter Argentinian deforesta-
tion regulations caused a diversion of 7.7% of land investment
(0.17 Mha) to the neighboring countries of Bolivia and Paraguay,
reducing potential impacts on LUC in Argentina.”® Corporate in-
vestments in the Chaco and Chiquitano regions were concen-
trated in areas with fewer deforestation regulations. This meant
that if neighboring countries increased their deforestation regu-
lations, there would likely be a corresponding increase in capital
investments in land in Argentina, and vice versa.”® Pericoupled
capital investment flows can move in both directions. Argentina
invested in neighboring countries’ agricultural sectors, which
potentially lessened the burden on its own natural resources.
In Paraguay, Argentina invested in soybeans, wheat, corn, and
pasture, contributing to 64% of the soybean production area in
the Alto Parana, Canindeyu, Caaguazu, and Itapu departments,
which were controlled by foreign countries.”* Argentinian com-
panies were the second most common buyers of land in Alto Par-
ana and ltapu departments, with the latter being directly on the
Argentinian border.”* Argentinian agribusiness companies also
invested in soybean and cattle production in Bolivia, Paraguay,
and Brazil.””

Migrant labor from adjacent countries can be another impor-
tant pericoupling, but was not impactful for Argentina’s agricul-
tural land used for pericoupled exports. Over the past century,
Argentina has seen a shift in the origin of migrant populations.
Historically, migrants predominantly originated from distant
countries, with only 9% coming from neighboring countries in
1914. By 2010, this had shifted to 69% of migrants coming
from neighboring countries.”® In 2015, 1.2 million people
migrated to Argentina from neighboring countries, an increase
of 0.3 million people per year compared to 1990.°° In 2015,
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70.0% of migrants came from neighboring countries, with the
top countries being Paraguay, Bolivia, and Chile®® (Figure 4).
Despite the increase in the percentage of migrants coming
from adjacent countries, migration was not significantly corre-
lated with land used for pericoupled exports or overall land
used for crop flows. Since Argentina’s LUC was driven predom-
inantly by industrial cereal crops, labor was likely less significant
for supporting expansion than it would be in India, which has a
larger specialty crop market. Overall, land used for pericoupled
exports was driven by regional policies and dynamics, altering
the flows of capital investments and crops.

Pericoupled impacts on land-use change in India
Between 1990 and 2015, India’s land used for pericoupled ex-
ports peaked in 2013 at 2.14 Mha/yr, exporting 74 crops to ten
countries. This represented an increase of 2.09 Mha/yr, 17
crops, and two countries. Between 1990 and 2015, the amount
of land used for pericoupled exports increased significantly
(p < 0.05) by 0.07 Mha/yr. Overall, changes in land used for peri-
coupled exports accounted for 5.1% of the increases in land
used for crop flows between 1990 and 2015 and 0.5% of total
harvested cropland area in 2015. In 2015, 71.8% (0.65 Mha/yr)
of land used for pericoupled crop flows were for flows to
Bangladesh, Nepal, and Pakistan (Figure 3). Between 1990 and
2015, there was a 0.85 Mha/yr increase in land used for peri-
coupled crop exports, with one-third of that land used to grow
maize and wheat.

2015

¢? CellPress

OPEN ACCESS

Figure 3. Pericoupled land use

Land used for pericoupled crop flows (adjacent
country crop flows) from 1990 to 2015

(A) Land used by Argentina to grow crops ex-
ported to adjacent countries.

Country (B) Land used by India to grow crops exported to
= g?a";ﬁa adjacent countries. Data used to create the figure
— Chile can be found in Table S2.

— Paraguay
Uruguay

India had several key pericoupled

flows that contributed to the amount of

land used for pericoupled exports.

Similar to Argentina, several trade part-

nerships were active between 1990 and

2015, influencing the flow of crops from

Country In.dia to' adjacent countries. In 1.992, In-

Bangladesh dia, China, an.d ASEAN (Association of

— Bhutan Southeast Asian Nations) Free Trade

N ﬁrégr?éé?:mland Area (AFTA) countries (Brunei, Indonesia,

— Maldives Malaysia, the Philippines, Singapore, and

N I\N/Igaglmar Thailand) began expanding their trade

Paﬁistan par‘tnerships.78 Between 2003 and 2005,

.Srﬂa%lg”nléa an average of 44% of India’s imports

and 18% of its exports were sent to
AFTA or China.”® India also increased im-
ports from AFTA by ~100% ($1 billion
USD to $2 billion USD), while AFTA coun-
tries doubled their imports from India
($500 million USD to $1 billion USD).”®
Kallummal and Ratna, 2013, assessed
that regional trade agreements had implications on several key
crops in India, including pepper, tea, coffee, coconut, and natu-
ral rubber.”® Regional trade partnerships also impacted India’s
trade flows with China. From 2000 to 2006, China’s agricultural
imports from India increased by 1,000% ($100 million USD to
$1 billion USD), while India’s imports from China increased by
only 50% ($200 million USD to $300 million USD).”®
Pericoupled capital investment data related to agriculture was
not available for India. The Land Matrix, which tracks foreign land
investments, identified six land investments in India between
1990 and 2015, with only two from adjacent countries, but these
were not related to agriculture.®° Development flows to Agri-
culture data,®* and the literature review results only include
telecoupled capital investments or foreign investments with no
specified sending nation. Since capital investments typically
flow from higher-income to lower-income countries, China
would be the most likely investor in India’s agricultural systems.
However, long-standing geopolitical tensions between the two
countries may potentially limit those capital investment flows.®'
Similar to Argentina, pericoupled migration in India was
substantially higher than telecoupled migration. In 2015,
4.7 million individuals migrated to India from adjacent countries,
accounting for 96.9% of all international migration in 2015.
This influx of people can increase domestic food demand (poten-
tially increasing land used for intracoupled crop flows), while
an increased supply of labor can help increase yields and poten-
tially decrease land use. Despite the high rates of pericoupled
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Figure 4. The flows of migration and land
use for crop exports for Argentina and India
(A) The amount of land (Mha) used for growing
crops from Argentina which were exported to
each receiving nation.

(B) The amount of land (Mha) used for growing
crops from India which were exported to each
receiving nation.

(C) The number of migrants that moved to
Argentina in 2015.

(D) The number of migrants who moved to India in
2015. Pericoupled land use data were calculated
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from 2015 FAOSTAT Production and Detailed
trade matrix data.”®’” Migration data were for
2015 from the United Nations, Department of
Economic and Social Affairs.”® Data used to
create the figure can be found in Table S83.
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global crops are still produced and
consumed domestically.”®’” Domestic
and international policies and events
can oftenimpact intracoupled crop flows.
For example, intracoupled crop flows can
increase when there is a spike in food
insecurity, as countries often reduce ex-
ports and increase domestic production
to bolster the domestic food supply.®?:®
Other factors that impact intracoupled
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crop flows can include changes in popu-
lation, changes in income, conflicts, and
natural disasters.®
While changes in intracoupled crop
| flows are most directly linked to the land
e R required for crop production, shifts in
N 7P b migration and capital investment flows
A can impact production levels and the lo-

migration between 1990 and 2015, there was a decrease
in migration rates of 2.3 million people per year. Pericoupled
migration had a significant negative correlation (p < 0.05) with
changes in land use for pericoupled exports, with decreases in
migration correlating to increased land use for pericoupled ex-
ports. These shifts demonstrate that changing migration patterns
do not necessarily align with changing trade patterns, and that
other factors are more likely to impact land used for pericoupled
crop flows (i.e., economic growth in receiving countries, a
growing export sector in India, etc.). Overall, the combination of
changing trade agreements, crop flows, and migration contri-
buted to changes in land used for pericoupled crop exports.

Intracoupled drivers of land-use change

In addition to flows between countries, flows can also move
within a country (intracouplings). Aligning with telecoupling and
pericoupling, we evaluated the intracoupled flows of crops, cap-
ital investments, and migration. Intracoupled crop flows included
any crops that were produced and consumed within a nation.
Despite increases in international food trade, the majority of
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cations of the land use. Capital invest-
ments can occur in intracoupled sys-
tems, as domestic businesses and governments invest in
infrastructure and irrigation projects, crop insurance and subsidy
programs, credit and financing programs, as well as research
and extension programs.®® These government-based capital in-
vestments can have two potential effects on agricultural land
use. First, investments focused on expanding agricultural busi-
nesses and systems can increase production capacity, leading
to the expansion of agricultural industries and land used for
crop production. Alternatively, programs focusing on production
methods, inputs, and technologies can increase crop yields,
reducing the amount of land needed to produce the same quan-
tity of crops.®®
Domestic migration (the movement of people from one loca-
tion within a country to another) can lead to shifts in consumption
rates and land use patterns. For example, as populations in-
crease and centralize in urban areas, countries convert agricul-
tural land to urban land to meet the growing demand for housing
and development. This has been documented in Cairo,®” Mexico
City,®® Osun State, Nigeria,®® and Norway.®° The combination of
converting cropland to urban land and increased populations in
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urban centers can both redistribute and expand agricultural land
to other parts of a country. Intracoupled flows of crops, capital
investments, and migration are largely dependent on domestic
governmental programs and can have a substantial impact on
overall agricultural land use compared to pericoupled and tele-
coupled systems.

Intracoupled impacts on land-use change in Argentina

In 2015, Argentina utilized 26.5 Mha/yr of land for intracoupled
crop flows, producing 72 crops, which represented a
14.4 Mha/yr increase compared to 1990. Changes in land used
for intracoupled crop flows accounted for 85.8% of the increase
in total land used for crop flows and 75.2% of total harvested
crop land area in 2015. Soybeans and corn had the largest in-
creases in intracoupled land use (12.0 and 1.6 Mha/yr between
1990 and 2015). Intracoupled land use increased significantly
over time (p < 0.05) with an increase of 0.54 Mha/yr.

Intracoupled crop flows were impacted by domestic govern-
mental policies related to economic goals and international
geopolitical factors. In 2006, Argentina implemented an export
tax of 23.5% on soybean meal and 19.3% on soybean oil, re-
sulting in slower growth in soybean exports to China.®® One
of the continued impacts of these taxes was stagnation in
land used for telecoupled soybean exports, which had
increased by 89% between 2000 and 2006. In contrast, intra-
coupled land used for soybeans remained relatively constant
from 2006 to 2008, then increased by 18% in 2009. Land
used for soybeans continued to increase, peaking in 2016 at
16.6 Mha/yr, and accounting for 63% of total land used for in-
tracoupled crop flows.

Changes in crop production levels and flows also depend on
capital investments. Between 2001 and 2015, government cap-
ital investments peaked in 2008 at $1.5 billion USD per year, with
total investments equaling $8.8 billion USD. For increased crop
production to reach the market, there must be adequate infra-
structure to process and transport crops to potential consumers.
In Argentina, increased road development in rural areas created
easier opportunities for agricultural land expansion.’’ These do-
mestic investments were supported by Chinese investments in
rail and other transportation infrastructure from 1992 to
2012.%%°% Intracoupled government investments in agriculture
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Figure 5. Impacts of intracoupled flows
The shift of agricultural land use from around ur-
ban areas to rural areas, resulting in the conver-
sion of natural land in rural areas to agricultural
land in (A) Argentina and (B) India.

= Urban Area were positively correlated (p < 0.05) with

increases in intracoupled land use be-
tween 2001 and 2015, resulting in a
3.8 Mha increase for every $1 billion
USD invested.

Internal migration flows (rural-to-urban
migration) can affect LUC as urban
populations grow and urban expansion
pushes agricultural land use into new re-
gions of the country. In Argentina, the percentage of urbanization
attributed to rural-urban migration decreased from 51% be-
tween 1950 and 1960 to 27.6% between 1990 and 2000.% Since
data on rural-to-urban migration were unavailable between 1990
and 2015, we report changes in urban populations. Between
1990 and 2015, the urban population of Argentina grew by
11.3 million people, representing a 39.6% increase, and
outpaced total population growth. During this time, the rural
population decreased by 5.7 million people. Increases in urban
population corresponded with increases in urban land use. Be-
tween 1985 and 2015, the urban land area around Buenos Aires
increased by 93,716 ha, with 30.28% of the area converted from
cropland®® (Figure 5). Over time, Zalles et al.®* observed that
cropland conversion shifted further away from urban areas be-
tween 2016 and 2018, compared to the period from 1985 to
1994.° As urban land was converted from nearby cropland,
the corresponding agricultural LUC occurred in northern
forested areas and southern grassland/pasture areas®
(Figure 5). Increases in urban population (used as a proxy for ru-
ral-urban migration due to data limitations) had a significantly
positive correlation with land used for intracoupled crop flows
(p < 0.05). It is important to recognize that urban population
growth and the subsequent expansion of urban land can occur
for various reasons and may also be influenced by pericoupled
and telecoupled migration rates. Overall, the increase in land
used for intracoupled crop flows was supported by government
capital investments and increases in urban populations.

=Rural Area
= Agricultural Land Use +

= Agricultural Land Use t

Intracoupled impacts on land-use change in India

In 2015, India utilized 181.2 Mha/yr of land for intracoupled crop
flows, producing 79 crops, representing a 14.1 Mha/yr increase
from 1990. Intracoupled land use increased significantly over
time (p < 0.05) with an increase of 0.55 Mha/yr. Changes in
land used for intracoupled crop flows accounted for 83.4% of
the total increase in land used for crop flows and 98.1% of the
harvested crop land area in 2015. Soybeans, wheat, and corn
had the largest increases in intracoupled land use (8.8, 7.8,
and 3.0 Mha/yr, respectively), between 1990 and 2015. In
contrast, sorghum, millet, and ground nuts saw the largest de-
creases in intracoupled land use (8.3, 6.0, and 3.8 Mha/yr,
respectively) between 1990 and 2015.
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Investments in technology and infrastructure helped to expand
agricultural production across India. Between 2001 and 2015,
government capital investments peaked in 2015 at $29.5 billion
USD per year into agriculture, forestry, and fishing, with total in-
vestments equaling $212 billion USD (data were not disaggre-
gated for agriculture only).°® Compared with changes in intra-
coupled land used for crop production, there was a significant
positive correlation (p < 0.05) with an increase of 0.74 Mha of
land per $1 billion USD invested. These investments helped sup-
port innovations in agricultural technologies impacting land use.

As a monsoon country, India experiences prolonged wet and
dry seasons, thus making crop production highly dependent
on dry-season irrigation. Several innovations in irrigation tech-
nology have been introduced to address the lack of rainwater,
which has been crucial for agricultural expansion.®” Agricultural
expansion in western India increased the cropland area by
33.7% from 1982 to 2015, with rates of expansion reaching up
to 2% points per year.?® During approximately the same time
frame (1991-2006), there was a 98% increase in agricultural
land area in the Mula Pravara river basin, as previously unculti-
vated and fallow lands were converted to agricultural use
through increased irrigation access.?® From 2000 to 2019, crop-
land expansion occurred predominantly in the northwestern re-
gions of India, which focus on rapeseed production.'°° Between
1991 and 2000, India (state and central governments) invested
6.0 billion rupees (2004-2005 prices), which increased to 7.7
billion rupees between 2001 and 2010.'°" Out of those funds,
93.15% were invested in crop production between 2001 and
2010. Private investments also increased, with the gross fixed
capital formation as a share of GDP increasing from 5.4% in
1990 to 17.3% in 2010."%

Similar to Argentina, India experienced urban land expansion,
driven by rural-urban migration, which displaced agricultural
land surrounding urban areas. Between 1990 and 2015, the
urban population of India increased by 214.3 million people, an
increase of 97.0%.'%° During this period, the rural population
increased by 248.7 million. Overall, urban population growth
accounted for 40% of total population growth. In 1991, 225.9
million people migrated within the country. Approximately
17.67% (39.9 million) of internal migrants moved from rural to
urban areas, which decreased to 16.71% (51.7 million) of total
intracoupled migration in 2001.'%* In 2007, 28.5% (326 million
people) of the population migrated within the country.'®® During
this period, the urban land area increased by 73.9% (7.3 Mha).'%®
Research has shown a strong negative correlation between
built-up land and cultivated land in India.®® One study found
that from 1992 to 2012, urban land expansion occurred at a
rate of 2.4% per year, with one-quarter of the land transitioning
from cropland.’®” Other studies show that urbanization has
occurred primarily on agricultural lands, with seven times more
agricultural land than forest land being converted to urban areas
between 1880 and 2010."°® Large investments in the urban con-
struction sector led to the conversion of natural land to urban
land. In contrast, land productivity was the primary driver of
conversions from agricultural to urban land.’® These results
demonstrate how rural-urban migration and the resulting in-
creases in urban LUC have an outsized impact on agricultural
lands, displacing them to other regions of the country.
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The development of infrastructure to support urban areas can
also cause LUC and is often impacted by local policies. Between
1977 and 2014, in Delhi, there was a 30.61% increase in built
areas and a 2.41% increase in road and rail networks, while culti-
vated areas and dense forests decreased by 22.75% and
5.31%, respectively.'”® Due to this type of expansion, all the
agricultural land around Delhi was depleted, meaning that any
future increases in crop demand for the region had to be
achieved through increased yields or sourced from other
areas''? (Figure 5). In other regions of India, such as Hyderabad
in central India, the amount of agricultural land around urban
areas was increasing to meet the food demands of growing pop-
ulation centers."'" India’s crop yields increased in the latter half
of the 20" century but peaked around 2000."'? This suggests
that future increases in crop demand will likely need to come
from expansion rather than intensification, potentially leading
to increased agricultural LUC.

Combined effects of metacoupled flows

Simultaneously assessing how cross-scale couplings (tele-, peri-,
and intra-couplings) or metacoupled flows are essential to under-
standing the dynamics of LUC. In Argentina, the compounding ef-
fects of intracoupled and pericoupled migration, as well as tele-
coupled capital investments, led to an increase in land used for
telecoupled and intracoupled crop flows (Figure 6). The tele-
coupled flows of corn and soybeans in distant countries increased
between 1990 and 2015 and were correlated with increases in
land used for both telecoupled and intracoupled crop flows.
Distant capital investments from China, aimed at increasing trans-
portation infrastructure nationwide, combined with domestic in-
vestments in processing facilities, contributed to increases in
land used for both intracoupled and telecoupled crop flows.
Migration increased across intra- and pericoupled systems,
contributing to urban population growth and to the displacement
of agricultural land into natural areas north and south of Buenos
Aires, Argentina. Overall, between 1990 and 2015, metacoupled
crop flows in Argentina (intra-, peri-, and telecoupled) contributed
to a 16.8 Mha/yr increase in land used for crop flows and were
impacted by telecoupled capital investments, metacoupled
migration, and changes in crop demand.

India experienced similar metacoupled dynamics, including in-
tracoupled migration, tele- and intracoupled capital investments,
and changing global markets, which affected land used for crop
flows. As in Argentina, rural-urban migration contributed to urban
population growth and urban land displacement, thereby
increasing agricultural land use in other regions of the country.
These effects were compounded by tele- and intracoupled invest-
ments, which were both positively correlated with the expansion
of land used for crop flows. This LUC was exacerbated by the
increased land used for crop flows from distant and adjacent
countries. Pericoupled migration (despite a decrease in rate be-
tween 1990 and 2015) also affected the total population and
potentially bolstered the agricultural labor force. Overall,
increased metacoupled capital investments and migration helped
India expand its agricultural production. This, combined with ur-
ban population growth, led to urban land expansion and the
displacement of agricultural land, thereby shifting land use from
natural to agricultural. Overall, between 1990 and 2015,



_________ Land Grabbing

¢? CellPress

OPEN ACCESS

Increased

—_—— —
I Land Used for Telecoupled Crop |
l I Flows |

Pericoupled Crop Flows
Land Use

Change

Land Used for Intracoupled Crop
Flows

iISci
r————————
| Tetecoupled Capital Investments L —_—_———— e —— — —
L ¥
Increased
Infrastructure
N Improved
Intracoupled Capital Investments > Technology
Crop ; m
Production ncreasg
copacry
r—————
| Crop Flows
L —
Increased Crop .
Demy Pericoupled Crop Flows
Intracoupled Crop Flows
r———_———-
| Telecoupled Migration L—
L - ——— I Increased

Population

Pericoupled Migration ~ k==== Increased

Urban
Population

Increased
Urban Land
Area

Land
Displacement

Legend:

Flows

= = =Telecouplings
= Pericouplings

=Intracouplings

= ing:

Figure 6. Metacoupled effects of socioeconomic flows

The generalized metacoupled effects of socioeconomic flows on the processes impacting LUC. The shape indicates the component of the process with flows (the
movement of crops, land used for crop flows, capital investments, and migration) represented by boxes, the effects represented by ovals, and the outcome of
LUC represented by the triangle. The dashed lines indicate the coupling, with a solid line indicating that multiple couplings were involved.

metacoupled crop flows in India (intra-, peri, and tele-coupled)
contributed to a 16.8 Mha/yr increase in land used for crop flows.
The combined effects of metacoupled flows in both Argentina and
India demonstrate how the impacts of cross-scale socioeconomic
flows compound to increase agricultural LUC.

DISCUSSION

The results of our study highlight the utility of the metacoupling
framework for understanding how cross-scale socioeconomic
flows affected LUC in a focal country, using case studies of
Argentina and India. Despite differences between the two focal
countries, both experienced similar patterns in the impacts of so-
cioeconomic flows on agricultural land use. The majority of land
used for crop flows was for intracouplings, followed by telecou-
plings. However, due to Argentina’s specialization in grain
production (a crop that is easily transported across larger
distances), the ratio of telecoupled to intracoupled crop flows
was higher than for India, which produces a higher amount of

specialty crops.’® India’s higher proportion of land used for intra-
coupled crop flows likely resulted from its food supply require-
ments stemming from a larger population, increased agricultural
production across the country, and protectionist policies that
have prioritized local production and consumption since the
1960 food crisis.'"®

Our results indicate a similar trend in capital investments, with
the majority of flows originating from intracoupled sources. Cap-
ital investments influence land used for crop production across
couplings. For example, the telecoupled capital investments
into Argentina’s railway network were combined with intra-
coupled capital investments into processing facilities. The com-
bination of capital investments in these two components of the
crop supply chain was crucial in increasing corn and soybean
production capacity, which rose across both telecoupled and in-
tracoupled systems. The interconnection of couplings across
scales underscores the importance of evaluating cross-scale
flows simultaneously to identify the varying causes and effects
that can impact agricultural land use.
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By identifying the impacts of cross-scale socioeconomic
flows and the governmental policies that can influence them,
our research also provides the basis for establishing multi-
pronged policy proposals to address LUC-related challenges.
Our results underscore the importance of considering multiple
socioeconomic flows across various scales to achieve LUC-
related priorities. Several common national and international
polices have historically been implemented to address the
flows analyzed in this paper. Here, we will outline how, based
on our results, these policies may impact LUC and the poten-
tial cross-scale interactions. Export tariffs are a common pol-
icy used to alter crop flows, aiming to bolster domestic agricul-
tural industries. These policies have been shown to shift trade
flows; however, the land used for those crops is likely to be
reallocated to other countries or to other crops. For example,
the soybean export tariff Argentina implemented in 2005
reduced soybean exports to China, but these flows were redir-
ected to neighboring countries and domestic use, resulting in
an overall increase in corn production.”* Thus, export tariffs
would need to be paired with more focused land-use-related
policies to ensure land use is not redistributed and the desired
goals are achieved."'* Policies surrounding foreign capital in-
vestments are becoming increasingly important as countries
highly dependent on agricultural imports for food and energy
needs have been increasing their capital investments in foreign
countries’ agricultural production systems.''® Several publica-
tions express concerns about the impacts of capital
investments, especially in low-income countries, where restric-
tions are currently centered on domestic laws."'>"'® Based on
our results, limiting telecoupled capital investments would
reduce a nation’s production capacity and decrease the total
land used for telecoupled exports. However, it is important
to recognize that tele- and intracoupled land use and capital
investments are closely intertwined, with telecoupled capital
investments enhancing overall production capacity and poten-
tially benefiting national food security or economies. Thus,
limiting telecoupled capital investments could negatively affect
national development goals related to the agricultural industry.
Alternative policy measures could focus on increasing
telecoupled capital investments in agricultural technological
development, potentially reducing land use by increasing
yields.

Migration flows across all couplings contribute to urban
population growth and the displacement of agricultural land,
leading to the conversion of natural areas. Research studies
have emphasized the potential benefits of policies that balance
urban expansion with farmland conservation to meet food
security goals and have noted that direct land-use controls
were more effective in areas facing high urban expansion
pressure.''® Our results support the creation of comprehensive
land-use strategies for countries that balance the priorities of
urban expansion, food security, and conservation by identifying
and preserving high-productivity agricultural areas to limit the
displacement of natural areas.
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Our metacoupled analysis also provides insights that can
help inform future LUC models. Current LUC models typically
use single-scale drivers to predict LUC and are further informed
and validated with remote sensing to assess where LUC has
occurred.''” Both strategies are limited as they do not identify
global cross-scale interactions (tele-, peri-, and intracouplings)
that can drive LUC. When global models do apply social
and economic flows to LUC, limited data may result in missing
key agents and causes, leading to a focus on trade and pop-
ulation growth, which have more robust and consistent data
sources.>' 812! The case studies presented in this paper
demonstrate the metacoupling framework’s ability to combine
qualitative (e.g., literature reviews) and quantitative data (e.g.,
FAOSTAT and the United Nations datasets) to identify cross-
scale social and economic factors affecting LUC. In addition to
the flows presented here, further research should evaluate how
technology, '*'?%'2% energy,'”'?*'25 and culture'” flows impact
LUC across scales. By expanding the types of flows and the
number of focal countries, future research can reveal the meta-
coupled network of socioeconomic flows, providing essential in-
sights into how tele-, peri-, and intracouplings affect LUC in
countries across the globe.

Throughout this paper, we methodically applied the metacou-
pling framework to assess key cross-scale socioeconomic flows
that are impacting LUC. Our results demonstrate how the land
used for crop flows and the effects of capital investment and
migration flows differ across spatial scales. We demonstrate
that analyzing cross-scale socioeconomic flows can provide a
nuanced scientific understanding of the potential drivers of
LUC. Furthermore, by focusing on socioeconomic flows that na-
tional policies can influence, our results provide governments
with a decision-making tool for creating and implementing pol-
icies. By utilizing the metacoupling framework in this manner, re-
searchers can expand scientific understanding of LUC drivers
while providing actionable policy recommendations to address
LUC challenges.

Limitations of the study

This paper focuses on the magnitude of crop flows and the
compounding impacts of migration and capital investments
on land used for crop production. However, due to data limita-
tions, we were only able to identify basic correlations between
flows and crop-related land use. We expanded on the quantita-
tive data through a complementary literature review analysis to
help explain possible causes for changes in flows and the ef-
fects of flows on LUC (Figure 7). Through this method, we
were able to identify flows that were not captured in larger da-
tasets and to provide context and logical reasoning for the
causes and effects, relating each socioeconomic flow to
LUC. However, due to data limitations, we were only able to
make correlation-based connections. We were unable to com-
plete a robust analysis that would allow us to identify causal
models of how cross-scale flows affect LUC. Additionally,
much of the available capital investments data did not specify

Figure 7. Data collection and processing

The data collection and processing methods used to categorize the impact of metacoupled flows on agricultural LUC. All flows were categorized by coupling

(tele-, peri-, or intra-coupling), sending and receiving systems, and year.
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the sending systems, further limiting our ability to identify the
impacts of flows coming from distant or adjacent countries.
Due to the varying geopolitical relationships that exist between
these two categories of countries, they could have substantially
different effects on LUC.

In contrast to other LUC studies, which use remote sensing to
quantify LUC, we used a flow-based approach to attribute the
embodied impacts of trade on LUC. This methodology has
been used in similar applications®®*"'?6'27 and allowed us to
attribute the land use embodied in specific crop flows to individ-
ual receiving countries. However, it was unable to capture the
specific locations where LUC occurred. This method has been
utilized in prior research and faced similar data limitations, as
crop flow data do not include production locations at a granu-
larity higher than national scales.”’ Flow-based methods have
enabled researchers to attribute the embodied environmental
impacts of trade to receiving countries. Still, without higher gran-
ularity, they will not be able to link consumption to specific LUC
within the sending system directly. Due to the lack of granularity,
we were also unable to quantify the land area utilized for sequen-
tial multiple cropping systems, which may produce multiple crop
harvests within a single year. Our methods assumed that all
crops were grown on distinct parcels of land, which double-
counted land used for sequential cropping systems. This re-
sulted in a potential overestimation of the total land used for
crop flows in India, where two or three harvests can occur on a
single parcel in a given year."?® However, intercropping systems
were accounted for, as yields and trade flows reflected the total
area allocated to a specific crop in a given year. Our methods pri-
oritize the accurate quantification of land attributed to crop
flows. Our methods were also unable to account for the hetero-
geneity in yields and the environmental impacts of consumption
by product origin. Due to these limitations, we were able to quan-
tify only the land used for crop production at the national scale.
We attempted to overcome this limitation by using literature re-
views to identify areas that had undergone LUC at the subna-
tional scale.

To overcome the aforementioned limitations and expand the
impact of the metacoupling framework, it will be essential to
have granular data on flows between distant and adjacent sys-
tems, as well as within systems. Granularity of data across all
countries is also crucial for the successful application of these
research methods. Lower-income countries tend to have less
frequent and less granular data collection than wealthier coun-
tries. This can significantly limit scientific understanding of the
dynamics and impacts of socioeconomic flows across various
scales. To maximize the potential of the metacoupling frame-
work for identifying drivers of LUC, future research should simul-
taneously address current data gaps and incorporate cross-
scale flows into LUC models.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

The amount of crops (tonnes/year) sent FAO Detailed trade matrix https://www.fao.org/faostat/en/#data/TM
from a sending to a receiving country.

The yields (hg/ha) and harvested area (ha) FAO Crops and livestock products https://www.fao.org/faostat/en/#data/QCL
for crops by country and year.

Disbursements of investments (USD) from a FAO Development Flows to Agriculture https://www.fao.org/faostat/en/#data/EA
sending to receiving country by year.

The government expenditures (USD) on FAO Government Expenditure https://www.fao.org/faostat/en/#data/IG
agriculture, forestry, and fishing.

The number of migrants moving from a United Nations Population Division and https://www.un.org/development/desa/
sending country to receiving country by Social Affairs, Population Division pd/content/international-migrant-stock
country and year.

The number of people living in urban or rural World Bank Group Population estimates https://databank.worldbank.org/source/
areas by country and year and projections population-estimates-and-projections
The amount of urban land area (square km) World Bank Group Urban land area https://data.worldbank.org/indicator/

per year. AG.LND.TOTL.UR.K2

List of neighboring countries This Paper Table S4

Software and algorithms
R R version 4.0.1 https://www.r-project.org/

METHOD DETAILS

Study area
We applied the metacoupling framework to LUC in two countries, Argentina and India. These countries were selected because of their
similarities in ecological importance (e.g., containing global biodiversity hotspots) and economic importance (e.g., leading exporters),
and because they are potentially heavily influenced by LUC. Both countries have distinct climates, crop types, and production regions;
northwestern Argentina contains most of the cropland and focuses primarily on cereal crops (corn, soybeans, wheat, barley, etc.), while
India’s cropland is distributed across the country and has multiple agricultural regions where different crops are grown. By selecting
these two countries, this paper provides insights into the drivers of LUC by operationalizing the metacoupling framework.
Argentina’s main agricultural regions are in the Gran Chaco and Chiquitano nature areas, consisting of dry, woodland ecosystems
that contain one of the largest remaining continuous areas of native vegetation (700,000 kmz) in South America. The region has expe-
rienced rapid rates of deforestation due to the conversion of forested land to agricultural land, leading to biodiversity loss, soil degra-
dation, and freshwater pollution.”*'?° In contrast, India’s agricultural system faces unique challenges due to the rapidly growing pop-
ulation and diverse production regions spread across the country. India’s national land mass pressure (calculated from the ratio of
land mass to population) is 4-6 times higher than the global average, as it occupies 2.3% of the global terrestrial area while sustaining
17% of the global population.'*° Furthermore, India has also seen significant increases in total crop exports, leading to more pressure
to continue expanding agricultural land areas. Predictions estimate that cropland expansion and intensification will put ~30 species
at risk of extinction, as well as decrease vegetation and fallow land'®'~'%® Jand. Both Argentina and India will need to find new ways to
meet the rising demands for food and energy, both globally and domestically.

Data collection
A mixed methods approach was used to identify agricultural LUC and its drivers by combining existing datasets with a literature re-
view (Figure 7). The amount of land used for crop exports was calculated based on FAOSTAT Trade Matrix data,”” which detailed
crop flows in tonnes from sending to receiving countries by year, and FAOSTAT Production data,”® which contained national-level
yield averages and harvested area by year. FAOSTAT data are collected through questionnaires sent to governments and non-
governmental organizations and do not include uncertainty values.

Capital investment data were collected from a literature review, development flows to agriculture,® and government expenditure
data.’® Telecoupled capital investments were obtained from development flows to agriculture® and included sending-receiving

iScience 29, 115200, April 17,2026 el



https://www.fao.org/faostat/en/#data/TM
https://www.fao.org/faostat/en/#data/QCL
https://www.fao.org/faostat/en/#data/EA
https://www.fao.org/faostat/en/#data/IG
https://www.un.org/development/desa/pd/content/international-migrant-stock
https://www.un.org/development/desa/pd/content/international-migrant-stock
https://databank.worldbank.org/source/population-estimates-and-projections
https://databank.worldbank.org/source/population-estimates-and-projections
https://data.worldbank.org/indicator/AG.LND.TOTL.UR.K2
https://data.worldbank.org/indicator/AG.LND.TOTL.UR.K2
https://www.r-project.org/

¢? CellPress iScience
OPEN ACCESS

system, year (1990-2015), purpose, and amount. We were unable to obtain pericoupled capital investment data as no adjacent coun-
tries were included in the development flows to agriculture data, and all other available sources of foreign investments did not specify
the sending nation. Government expenditure data®® included country, year (2001-2015), and amount (million USD). Additional capital
investment data not included in FAOSTAT were obtained from a literature review tracking the value (USD) of capital investments and
were coded based on coupling (intra-, peri-, and telecoupled), year, and sending-receiving systems (when applicable).

International migration data from 2015 were obtained from the United Nations’ Department of Economic and Social Affairs,®® while
domestic migration data were sourced from a literature review and World Bank urban and rural statistics.'’® We obtained estimates
for rural-to-urban migration in India from a literature review; however, we were unable to find matching data for Argentina and instead
used urban population changes as a proxy for rural-urban migration.

The literature search was conducted using Google Scholar and the Web of Science Core Collection for the years 1990-2025. The
publication year was extended beyond the focus year range to include literature with historical data and results. The literature review
included journal publications, gray literature, government and non-governmental reports, and datasets. Quantitative data were ex-
tracted and organized into a dataset containing coupling (tele-, peri-, and intracouplings), the sending nation, the receiving nation, the
year, the flow, the unit, and the magnitude. The FAOSTAT and UN Population Division and Social Affairs data were summarized into a
dataset containing columns matching the literature review data, before being joined by these columns.

All data sources were publicly available, collected with a focus on the years 1990-2015, and analyzed using R version 4.0.1. Acom-
plete list of data sources is in the supplemental materials (Table S1), and the code is available upon request.

Calculating metacoupled crop flows

Calculating land used for crop flows

Data analysis and modeling of agricultural land flow impacts were conducted based on the processes outlined in Figure 7. Crop flows
and land use were calculated based on the FAOSTAT trade matrix and production data. The datasets were merged using the UN
country codes of the sending country and production nation, the item name, and the year (Figure 7). The land used for crop exports
(2) of acrop (c) in year (t) to areceiving country (r) from a sending country (s) was calculated based on the export quantity (E) and yields
(Y) as described in Equation 1:

E ctrs

Zc‘t.,r‘s = Y
cts

(Equation 1)

Calculating land used for telecoupled and pericoupled crop flows

The land used for exports was further summarized for all crops from 1990 to 2015 for all receiving countries, adjacent receiving coun-
tries (pericoupled) (a), and distant receiving countries (telecoupled) (d) as described in Equations 2 and 3 (a list of adjacent countries
used for the analysis is available as Table S4).

[ 2015 R
= Z Z ctrs/ycts (Equation 2)
c=11t=1990 re N(a)
C 2015 R
Z Z Z (Ec.t.r,s / Yc.t‘s) (Equation 3)
c=11=1990 re N(d)

Calculating land used for intracoupled crop flows

In addition to land used for crop flows across adjacent and distant systems, we calculated land used for crop production that re-
mained within a country (land used for intracoupled crop flows). Land used for intracoupled crop flows (Z)) was calculated by
crop item (c) based on total harvest area (H) and total land used for exports (E) for a given crop for a given year (t) (Equation 4).

Z = Z Z (Het — Ecyt) (Equation 4)

QUANTIFICATION AND STATISTICAL ANALYSIS

We modeled agricultural land-use flows over time using a linear regression model (Equation 5). This enabled us to determine whether
there was a significant change in land used for crop flows over time and whether there was a significant correlation between land used
for crop flows and other socioeconomic flows. Each flow type was classified as the predictor variable, while land used for crop flows
was the response variable. We did not incorporate lag models due to the limited data available for each model and because the goal
was to identify possible connections rather than establish causality. We used a p-value of 0.05 to determine significance.

Yy = Po+Pix+e (Equation 5)
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