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Sustainable agroecosystems provide adequate food while supporting environmental and
human wellbeing and are a key part of the United Nations Sustainable Development
Goals (SDGs). Some strategies to promote sustainability include reducing inputs,
substituting conventional crops with genetically modified (GM) alternatives, and using
organic production. Here, we leveraged global databases covering 121 countries to
determine which farming strategies —the amount of inputs per area (fertilizers, pesticides,
and irrigation), GM crops, and percent agriculture in organic production—are most
correlated with 12 sustainability metrics recognized by the United Nations Food and
Agriculture Organization. Using quantile regression, we found that countries with higher
Human Development Indices (HDI) (including education, income, and lifespan), higher-
income equality, lower food insecurity, and higher cereal yields had the most organic
production and inputs. However, input-intensive strategies were associated with greater
agricultural greenhouse gas emissions. In contrast, countries with more GM crops
were last on track to meeting the SDG of reduced inequalities. Using a longitudinal
analysis spanning 2004-2018, we found that countries were generally decreasing inputs
and increasing their share of agriculture in organic production. Also, in disentangling
correlation vs. causation, we hypothesize that a country’s development is more likely
to drive changes in agricultural strategies than vice versa. Altogether, our correlative
analyses suggest that countries with greater progress toward the SDGs of no poverty,
zero hunger, good health and wellbeing, quality education, decent work, economic
growth, and reduced inequalities had the highest production of organic agriculture and,
to a lesser extent, intensive use of inputs.

Keywords: agriculture, input-intensive, genetically modified crops, organic agriculture, social-ecological systems,
Sustainable Development Goals
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INTRODUCTION

Agriculture is a large contributor to global biodiversity decline,
greenhouse gas emissions, loading of nutrients into the
biosphere, use of freshwater, and pesticide pollution (West
et al, 2014). Consequently, efforts to develop and promote
sustainable food systems that produce sufficient and nutritious
food, minimize environmental harm, and improve natural,
social, and human capital are core aspects of the United
Nations Sustainable Development Goals (SDGs; Pretty et al.,
2018; United Nations, 2019, 2020). Additionally, a report by
the U.S. National Academy of Sciences found that sustainable
farming systems need to support four broad sustainability goals
of production: environmental quality, economic viability, and
social wellbeing (National Research Counsil, 2010; Reganold
et al,, 2011). Simultaneous advancement in all the four areas
of sustainability is difficult, however, and research has generally
focused on balancing production and environmental priorities
(e.g., Karp et al,, 2018; Smith et al., 2020), while socioeconomic
dimensions of agriculture are less studied (Rasmussen et al.,
2018). In addition, extensive debate remains as to which systems
are most able to achieve the United Nations SDGs (Kremen, 2015;
Reganold and Wachter, 2016; Balmford et al., 2018).

Increasing input-intensity (e.g., increasing use of pesticides,
fertilizers, and irrigation per area) within conventional systems
over the past century has helped to lead to dramatic increases
in supplies of food and other products (Ramankutty et al.,
2018). However, these gains are often at the expense of the
other sustainability aspects, such as environmental degradation,
biodiversity loss, and public health problems (Reganold and
Wachter, 2016; Ramankutty et al, 2018). Two examples of
alternatives to simply increasing input-intensity are genetically
modified (GM) cropping systems and organic farming systems,
with both becoming more common (Reganold and Wachter,
2016; Wickson et al., 2016; Taheri et al., 2017). However, although
organic agriculture better balances multiple sustainability metrics
(e.g., promoting biodiversity, soil health, and profitability) than
their conventional counterparts (Gattinger et al., 2012; Crowder
and Reganold, 2015; Reganold and Wachter, 2016; Seufert
and Ramankutty, 2017; Smith et al., 2020), it produces lower
yields (Seufert et al., 2012; Ponisio et al, 2015) and often
has higher food costs for consumers (Dimitri and Greene,
2002). Additionally, while GM crops can increase yields while
reducing insecticide use and irrigation (Wickson et al., 2016;
Taheri et al., 2017), the use of herbicide-tolerant GM crops can
increase applications of herbicides that contribute to biodiversity
loss and harm human health (Fernandez-Cornejo et al., 2014;
Klimper and Qaim, 2014). Yet, few studies have assessed whether
global associations exist among these farming strategies—input-
intensive agriculture, GM, and organic agriculture—and a broad
spectrum of sustainability indicators.

The adoption of particular farming methods and resulting
sustainability impacts could be associated with socioeconomic
factors of different countries (Vanwey et al., 2013). For example,
input-intensive agriculture, typical of conventional farming since
the Green Revolution, relies on expensive inputs that require
training to deploy safely and effectively (Ramankutty et al., 2018;

Rasmussen et al.,, 2018; Mkenda et al., 2020); likewise, GM
crop seeds are costly (Kliimper and Qaim, 2014), and organic
agriculture has price premiums on its products (Crowder and
Reganold, 2015). Perhaps intensive use of agricultural inputs, use
of GM crops, and adoption of organic agriculture are most viable
in developed nations with high incomes and food security. In
contrast, less-developed nations with less intensified agriculture
may produce insufficient food but cause less environmental harm
(Béné et al., 2019D).

Here, to better understand the global drivers of sustainability,
we examine associations among three commonly implemented
agricultural strategies often argued to contribute to sustainability:
agricultural input-intensity (amount of inputs per hectare),
percent of cropland in GM crops, and percent of agriculture
in organic production. We then assess relationships among
the extent of these agricultural practices and 12 sustainability
metrics with available global datasets: CO; equivalent (COgeq)
emissions, Human Development Index (HDI), and its three
subcomponent indices (Income Index, Education Index, and Life
Expectancy Index), Gross Production Value, income inequality
(Gini coeflicient), agricultural employment, food supply, food
insecurity, agricultural researchers per 100,000 farmers, and
cereal yields. Our study leveraged global datasets from the UN
Food and Agriculture Organization, PG Economics Limited
(Brookes and Barfoot, 2017), the United Nations Human
Development Programme, and the World Bank, covering 121
countries across six continents (Supplementary Tables S1, S2).

We organized our analyses around three overarching
questions. First, are countries using the three agricultural
strategies in congruence, in opposition, or independently of the
other agricultural strategies? Second, does the extent of each of
the three strategies predict carbon dioxide equivalent (COgeq)
emissions from agriculture? Third, how do socioeconomic and
food production indicators relate to input intensity, percent of
cropland in GM crops, and percent of agriculture in organic
production? Following up on our third question, we examined
how a broad socioeconomic indicator, the HDI, predicted the
amount and change over time (2004-2018) in the three strategies.
The interest in this final analysis resided partially in disentangling
the direction of effect; that is, do socioeconomic conditions drive
the adoption of certain agricultural strategies, or do agricultural
strategies drive the development of a country?

MATERIALS AND METHODS

Data Collection

We gathered global datasets from the United Nations Food
and Agriculture Organization (FAO), PG Economics (Brookes
and Barfoot, 2017), the United Nations Human Development
Programme, and the World Bank. We collected data pertaining
to four aspects of food system sustainability: (i) environment,
(ii) economics, (iii) social conditions, and (iv) production.
We selected socioeconomic indicators and data sources by
referencing a recent review that rigorously assessed food system
sustainability indicators based on a literature review and global
data availability (Béné et al., 2019a) (see Supplementary Table S1
for full descriptions). We note that the sustainability indicators
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used in our study do not represent a comprehensive list but
were selected due to availability (Béné et al., 2019a). For
example, sustainability indicators, such as biodiversity loss, water
quality, and erosion, are important to consider but beyond the
scope of our study. To classify farming strategies, we collected
data from the United Nations FAO, including agricultural area
(crops, meadows, pastures, protective cover, farm buildings, and
uncultivated areas), cropland area (arable land and permanent
crops), agricultural area under organic management (percent
agricultural land—both crop and livestock—that is certified
organic or transitioning to certified organic), land area equipped
for irrigation, pesticide use (insecticides, herbicides, fungicides,
plant growth regulators, and rodenticides), nutrient nitrogen use
(synthetic nitrogen for crops, livestock, forestry, fisheries, and
aquaculture), and nitrogen content from manure application to
agricultural soils. Agricultural metrics for each country were
divided by area in agriculture to account for differences in the
extent of production. Metrics used for analyses were calculated
by averaging values across the years 2013-2017 where data were
available. We also gathered data on the area of GM crops grown
per country using data from Brookes and Barfoot (2017) and then
scaled the area of GM crops by cropland area from the United
Nations FAO. The GM database we used included the area of GM
eggplant, sugar beets, squash, papaya, canola, cotton, maize, and
soybeans (Supplementary Table S3).

To quantify the environmental impacts, we gathered data
from the United Nations FAO on CO;¢q emissions [greenhouse
gas emissions scaled to carbon dioxide equivalent from enteric
fermentation, manure management, rice cultivation, synthetic
fertilizers, manure applied to soils and left on pastures, crop
residues, cultivation of organic soil (generally soils with >20%
organic matter), burning crop residues, and burning savannah
for agricultural purposes] from agricultural production (scaled by
agricultural area).

We also collected 10 metrics on socioeconomic sustainability.
We gathered the HDI and its three socioeconomic
subcomponent indices of income, education, and lifespan
from the United Nations Human Development Programme.
We gathered two additional economic metrics: (i) agricultural
Gross Production Value from the United Nations FAO,
which considers both production in physical terms and
price at the farm gate, and which we scaled by agricultural
area, and (ii) levels of income inequality (Gini coefficient)
from the World Bank. We gathered four additional social
metrics collected from the United Nations FAO: (i) percent
employment in agriculture, (ii) food supply (kCal/capita/day),
(iii) prevalence of moderate to severe food insecurity, and
(iv) number of agricultural researchers per 100,000 farmers
(data only available from low- to middle-income countries).
Finally, we collected data on cereal yields from the United
Nations FAO. We used cereal yields as an indicator of
overall crop yields due to the importance of cereals as staple
crops, their widespread production, and a large amount
of available data. In alignment with agricultural strategy
metrics, socioeconomic metrics were calculated by averaging
values across the years 2013-2017 where data were available
(Supplementary Table S1).

To better understand potential causation and directions of
effects, we conducted longitudinal analyses examining change in
agricultural strategies over time (i.e., lag analysis and longitudinal
GLMMs). We gathered additional synthetic nitrogen, percent
area in GM, share in organic production, and HDI data starting
at the earliest year (2004) and ending at the latest year (2018)
for which the United Nations databases had data for all four
metrics when the analyses were conducted. Data were scaled
to the agricultural areas as described above. We used synthetic
nitrogen alone rather than a composite principal component
(PC) to keep metrics consistent across years.

Statistical Analyses
Because  inputs  metrics  were  highly  correlated
(Supplementary Figure S1), we used PC analysis to create
a composite inputs metric using the prcomp function in R
version 3.6.3 (R Core Development Team, 2020). We included
the prevalence of organic agriculture to assess relationships
between the extent of organic agriculture and inputs. However,
we did not include the extent of GM crops in the PC analysis due
to the preponderance of zeros in the data [96 of the 121 countries
used in analyses did not produce GM crops in the date range
used (2013-2017)]. Thus, a large number of zeroes in that vector
would have greatly hindered the interpretation of the other
metrics. To account for the variation in scale among metrics in
the PC analysis, we standardized each country’s metric value by
calculating a z-score [(x - xp,,)/sd], where x is the raw data for
the country, xp,, is the mean value calculated across all countries,
and sd is the standard deviation for the metric calculated
across all countries. The first four PCs combined accounted for
95.3% of the variation (Supplementary Table S4). Increasing
values of PC1 (“input-intensity”) were associated with increased
agricultural land equipped for irrigation, synthetic nitrogen
input, manure applied to soils, and pesticide use, all scaled by
total agricultural area (Figure 1A; Supplementary Table S5;
Supplementary Figure S2). Increasing values of PC2 were
primarily associated with an increased share of agricultural land
in organic production (Figure 1A; Supplementary Table S5;
Supplementary Figure S2). These two PCs together represented
73.1% of the variation, and PC3 and PC4 accounted for
139 and 8.68%, respectively (Supplementary Table S4;
Supplementary Figure S2). We used PCl in our analyses
to represent agricultural input-intensity but used the actual
percent organic agriculture in subsequent analyses (note that
total inputs also included inputs in GM and organic systems).
To evaluate the relationship between the intensity of
agricultural inputs (PCl), the prevalence of GM crops, the
prevalence of organic agriculture, and various sustainability
aspects, we conducted a series of quantile regressions. We
did not directly account for synergies and trade-offs of the
agricultural strategies on various sustainability metrics. Because
the individual countries that had data for different sustainability
metrics were inconsistent, this was not feasible with our
dataset. We used quantile regression because we often observed
triangular patterns in the data (i.e., the variance of the y variable
changes as the x variable changes), violating the assumptions of
an ordinary least-squares regression (Scharf et al.,, 1998). The
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FIGURE 1 | Relationships between agricultural practices. (A) Principal components (PC) 1 and 2 showing variation (shown as % in axis labels) in five agricultural
metrics: (i) share of agricultural land in organic production; (i) share of agricultural land equipped for irrigation; (i) synthetic nitrogen (N) input; (iv) manure applied to
soils; and (v) pesticide use scaled by total agricultural area. (B-D) Quantile regressions showing relationships between agricultural practices at the 50th (pink, dotted
line), 85th (teal, dashed line), and 95th (black, solid line) quantiles. (B) Percentage of agriculture in organic vs. inputs PC1, (C) percentage of crops in GM vs. inputs
PC1, and (D) percentage of agriculture in organic vs. percentage of crops in GM. Lines with coefficient P > 0.05 are not shown in the figure, but all regression line
estimates and errors are given in Supplementary Tables S6-S8.

triangular patterns suggest that the predictor variable represents
an important limiting factor for the response variable, but
that other unknown factors may also influence the ability of a
country to reach those maximum values (Scharf et al., 1998).
Quantile regression has been used for ecological data when these
types of relationships occur, where for example, top predators
may limit the maximum number of mesopredators, but the
minimum number of mesopredators is presumably determined
by unmeasured factors, such as food availability (Johnson and
Vanderwal, 2009). For our quantile regressions, we used 50,000
bootstrap iterations to calculate P-values using the rq function
in the quantreg package in R version 4.0.3 (Koenker, 2019). We
used the 50th, 85th, and 95th quantiles in our analyses to look at
how sustainability indicators relate to middle production values
and highest production values with the idea that higher levels
of sustainability transitions are the goal. That is, we examined
how countries’ socioeconomic indicators predicted, for example,
placement in the upper 5% of organic agricultural production in
recent years (average percent from 2013 to 2017). We focused
on the 95th quantile as the highest level of current production,
rather than the 99th, because the latter is more susceptible to
outliers and can produce more unreliable models (Scharf et al.,
1998). Because GM crops are only used by 25 countries in our
2013-2017 dataset, we were unable to examine median values

because the median was zero. Therefore, we used the 85th
quantile because it was the lowest quantile for which percent
of GM crops was non-zero. Results were generally qualitatively
similar across quantiles (Supplementary Tables S6-S8), so we do
not discriminate between quantiles in the main text unless the
results differed.

Finally, we conducted a lag analysis and a longitudinal GLMM
analysis in an effort to disentangle the direction of effect between
socioeconomic conditions and agricultural strategies over time.
For this, we assessed the relationship among the HDI and (i)
synthetic nitrogen, (ii) the prevalence of GM crops, and (iii) the
prevalence of organic agriculture. By evaluating changes in each
metric over time, we can evaluate the potential for consistent time
lags in effects that help explain the direction of causation. That is,
if variable x consistently lags behind variable y, it would suggest
that variable y influences change in variable x (e.g., Shackleton,
2000). Here, a negative lag would mean that increases in the
HDI typically occur x years before increases in the agricultural
metric. In contrast, positive lags would indicate that increases in
the HDI follow increases in the agricultural metric (i.e., changes
in the agricultural metric could increase the HDI). We ran a
cross-correlation analysis for each country separately and kept
the strongest lag for each. We focused on positive correlations in
the lags because the between-country relationships were typically
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positive (e.g., higher HDI should increase rather than decrease
organic production). We ran the models twice: (1) once on all
countries with enough data (114 countries for synthetic nitrogen
and percent organic agriculture and 26 countries that had non-
zero percent GM crops for at least 1 year from 2004 to 2018)
and (2) only included countries with high values (nitrogen/area
>25 tons/1,000 ha and >0.5% organic; each of these included
52 countries).

In addition to the lag analysis, we conducted a longitudinal
GLMM analysis because we were unable to determine evidence
for a lag in either direction, potentially due to data being limited
to 15 years. Rather than agricultural strategies and HDI feeding
into each other, it may be that different socioeconomic conditions
(but not necessarily their changes) determine agricultural
strategy use. For our longitudinal GLMMs, we used the
glmmTMB package in R (Brooks et al., 2017). Models included a
temporal autocorrelation (AR1) term to account for the repeated
measures over time. We ran models once with the HDI as a
predictor of each of the three farming variables (distributions:
synthetic nitrogen = Poisson, %GM crops = beta, %organic =
beta) and once with each of the farming system variables as
predictors of the HDI (distributions all Gaussian). We selected
the best distribution for each by comparing AIC values. We
tested for potential interactions with the variables over time by
including a year fixed effect. We assessed if variables improved
model fit using likelihood ratio tests.

RESULTS AND DISCUSSION

Associations Between the Farming
Strategies and Their Potential Impacts on

CO2¢q Emissions

We first explored relationships between the intensity of
agricultural inputs (the first PC of our PC analysis; Figure 1A;
Supplementary Tables S4, S5; Supplementary Figure S2), the
prevalence of GM crops, and the prevalence of organic
agriculture. PC analysis suggested that the prevalence of organic
farming was generally orthogonal to total pesticide use, fertilizer
use, and irrigation scaled by agricultural area, indicating that
prevalence of organic agriculture was not strongly linked to
those inputs (Figures 1A,B; Supplementary Figure S2). The lack
of association between the prevalence of organic agriculture
and input intensity in the PC analysis was surprising given
that organic systems typically use fewer fertilizer and pesticide
inputs than conventional systems (Reganold and Wachter, 2016).
However, organic production represented a small share of
total production for countries in our study (mean = 2.4%;
Figure 2C), suggesting that current levels of organic production
are too small to meaningfully impact a countrys use of
external agricultural inputs. When using quantile regression to
examine how the amount of agriculture in organic production
predicts the use of inputs, we saw a counterintuitive positive
relationship at the 50th quantile (but not 85th and 95th;
Figure 1B; Supplementary Tables S6-S8). Perhaps this reflects
the current transition to the greater prevalence of organic
production in countries with the greatest need to transition into
environmentally sustainable practices.

In contrast to organic production, the prevalence of
cropland in GM was associated with lower agricultural
input-intensity ~ (Figure 1C;  Supplementary Tables S6-S8;
Supplementary Figures S1, S4-S6A,B). Our finding that
countries implementing wide-scale substitution with GM
crops typically used fewer inputs aligns with other studies
that have found that GM crops can reduce insecticide
use and irrigation (Wickson et al., 2016; Taheri et al,
2017), as most GM crops are designed to do so. Finally,
while certified organic agriculture excludes GM crops, we
found no association or disassociation between these two
farming systems (Figure 1D; Supplementary Tables S6-S8;
Supplementary Figures S1, $4-S6B,C). This suggests that
ecological intensification via organic methods and agricultural
intensification via technology-based tools like GM crops can
exist side-by-side within countries.

We next assessed relationships between the agricultural
strategies and COjeq emissions from agriculture, which is a
major contributor to climate change and identified as the
greatest challenge to sustainable development in the United
Nations SDGs (Tilman et al., 2002; Snyder et al, 2009
United Nations General Assembly, 2015; Ramankutty et al.,
2018). Across countries in our study, we found that COjeq
emissions were strongly positively correlated with input-intensity
(Supplementary Table S9; Supplementary Figure S7). This is
perhaps not surprising, given that the FAO database we
used calculates COeq emissions from agriculture using enteric
fermentation, manure management, rice cultivation, synthetic
fertilizers, manure applied to soils and left on pastures, crop
residues, cultivation of organic soils (generally soils with
>20% organic matter), burning crop residues, and burning
savannah for agricultural purposes. Globally, emissions from
fertilizers are large contributors to agricultural greenhouse
gas emissions (Tilman et al, 2002; Balmford et al., 2018;
Ramankutty et al, 2018). In contrast to countries using
greater input intensities and having greater COjq emissions,
countries with a greater prevalence of GM crops had reduced
emissions (Supplementary Figure S7), aligning with lower
input use in these same countries (Figure 1C). Finally, we
saw a counterintuitive increase in COjeq emissions at the
median in countries with a higher prevalence of organic
agriculture (Supplementary Figure S7), again aligning with the
correlation between organic agriculture and input intensity at the
50th quantile.

Unfortunately, we unable to obtain data on
emissions from machinery, buildings, irrigation pumps,
or upstream/downstream factors (e.g., feed production),
which are also known to be large contributors to agricultural
greenhouse gas emissions (Snyder et al., 2009; Balmford
et al, 2018). Consequently, we may have underestimated
the associations between input-intensity and environmental
impacts. Additionally, we may have underestimated the
potential benefits of organic agriculture by failing to account for
factors that may limit emissions, such as carbon sequestration
(Gattinger et al., 2012; Balmford et al., 2018). Furthermore, our
analysis is correlational, and countries may be transitioning to
organic agriculture as a consequence of high environmental

were
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impacts. Syntheses of studies conducted on small scales show
potential climate mitigation benefits of organic agriculture
(Gattinger et al., 2012; Rodale Institute, 2020). This suggests that
organic systems are not currently deployed widely enough to
mitigate emissions from agriculture to aid in globally reducing
greenhouse gas emissions to reach the SDG of net zero by 2050
(United Nations, 2020). Shifts toward less input-intensive food
production strategies, such as GM crops and organic production,
will be necessary to achieve climate mitigation goals through
responsible consumption and production.

Relationship Between Farming Strategies,
Agricultural Production, and

Socioeconomic Indicators

Next, we assessed the relationships among input intensity,
the prevalence of GM crops, and the prevalence of organic
agriculture with metrics reflecting socioeconomic sustainability
(Supplementary Table S1). High levels of the HDI and
its three subcomponent indices (income, education, and
lifespan) were positively associated with higher maximum
values of input-intensity and prevalence of organic

agriculture but were not correlated with the prevalence
of GM crops (Figure3; Supplementary Tables S6-S8;
Supplementary Figures S6, S8-S11). Thus, our correlative
analyses suggested that countries closer to meeting the SDGs of
good health and wellbeing, quality education, no poverty, and
decent work and economic growth had greater input intensities
and prevalence of organic agriculture. Conversely, we detected
no relationship between countries’ progress toward these goals
and the use of GM crops.

For economic factors, our correlative analyses suggested
that countries with greater income inequality used fewer
inputs per area, had a larger percent of cropland in GM,
and had a lower prevalence of organic agriculture (Figure 3;
Supplementary Tables S6-S8; Supplementary Figures S6, S12).
This may be largely driven by political opposition to GM crops
in Europe (Herring, 2008), which has the highest levels of
income equality (Figure 2D; Supplementary Figure S6), high
agricultural inputs per area (Figure2A), and the highest
prevalence of organic production (Figure2C). Only five
European countries grew GM crops during our study period
(2013-2017; Figure 2B; Supplementary Figure S6). Altogether,
our correlative analyses suggested that the countries most on
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deviation from 95th quantile regressions for inputs PC1, percentage of cropland in GM crops, and percentage of agriculture in organic production for 12 metrics of
environmental, economic, social, and food and nutrition sustainability (see Supplementary Table S1 for full metric details and Supplementary Table S8 for

practices. The figure displays coefficient estimates divided by the standard

track to reaching the United Nations SDGs of no poverty and
reduced inequalities had higher agricultural input-intensities and
greater prevalence of organic agriculture. However, countries
with higher use of GM crops were least on track to meeting the
SDG of reduced inequalities.
For social metrics, we

reduced percent employment
food insecurity had a

found that countries with
in agriculture and lower
greater prevalence of organic
production and, to a lesser extent, greater input-
intensities (Figure 3; Supplementary Tables S6-S8;
Supplementary Figures S13, S14). However, neither agricultural
employment nor food insecurity was related to the prevalence
of GM crops (Figure3; Supplementary Tables S6-S8;
Supplementary Figures S13, S14). The inverse relationship
between agricultural employment and the prevalence of
organic agriculture was surprising because labor costs are
higher (7-13%) in organic compared to conventional farming
systems (Crowder and Reganold, 2015). However, agricultural
employment was inversely associated with most development
indicators  (Supplementary Figures S4, S5), which  were
positively predictive of organic agriculture. Thus, there may
be increased “pockets” of agricultural workers on organic
farms, but the country-wide workforce in agriculture was
generally lower in highly developed countries that tended
to have a greater prevalence of organic production. Finally,
food supply was positively correlated with organic agriculture,
and to a lesser extent input-intensity, but was not associated
with the prevalence of GM cropping systems (Figure 3;
Supplementary Tables S6-S8; Supplementary Figure S15).

When evaluating the correlations between agricultural
production (i.e., cereal yields) and agricultural strategy use,
we found that cereal yields were positively associated with
input-intensity and prevalence of organic agriculture but were
uncorrelated with the prevalence of GM crops (Figure 3;
Supplementary Tables S6-S8; Supplementary Figure S16). The
positive correlation between cereal yields and organic agriculture
was surprising because organic systems generally have lower
yields than conventional systems (Seufert et al., 2012; Ponisio
et al., 2015), which has led to criticism of the ability of organic
systems to feed a growing population (Kirchmann, 2019). The
positive correlation between yield and the extent of organic
production is likely mediated by other socioeconomic factors
(e.g., consumer demand that can be influenced by wealth,
social/cultural factors, and education). For example, countries
with high yields and food security from more high-yielding
systems (Ramankutty et al., 2018) are the same countries
that are transitioning into organic production (e.g., European
countries; Figure 2C; Supplementary Figure S6). This could
compensate for any yield deficiencies of organic systems.
Additionally, agricultural Gross Production Value was positively
correlated with input-intensity but was neither correlated with
the prevalence of GM crops nor organic agriculture (Figure 3;
Supplementary Tables S6-S8; Supplementary Figure S17).
Practices that can improve Gross Production Value, such as
effectively targeted input applications to produce high-quality
products, may aid in decreasing poverty among farmers
(Ramankutty et al., 2018), which is important to reach the SDG
of no poverty (United Nations, 2020).
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The number of agricultural researchers per 100,000
farmers in low- to middle-income countries were weakly
positively associated with a greater prevalence of organic
farming at the 85th quantile, but were not associated with
input-intensity or with prevalence of GM crops (Figure 3;
Supplementary Tables S6-S8; Supplementary Figure S18).
Perhaps increasing access to locally relevant knowledge through
research and extension may help farmers more effectively apply
inputs, for example, to maximize yields without increased
environmental externalities (Ramankutty et al., 2018). Indeed,
the SDGs identify improving the productivity of small-scale
producers in less-developed nations as a key item to reaching zero
hunger by 2030 (United Nations, 2019). Our results indicated
that low- to middle-income countries with more agricultural
researchers per 100,000 farmers experienced higher yields than
countries with fewer researchers (Supplementary Figure S19;
95th quantile: P = 0.039, 50th quantile: P = 0.0009), despite no
relationship with input-intensity. Prior work has noted that there
is an ongoing shift from using more inputs per area to having
greater input efficiency through investments in research and
development, but the high cost can slow adoption (Ramankutty
et al,, 2018). Finally, we note that upward mobility of people into
agricultural research and extension positions will likely promote
both production and aid in achieving the SDGs of decent work
and economic growth.

Altogether, our correlative analyses suggested that countries
with the greatest socioeconomic wellbeing had the greatest
extent of organic production, followed by high input-
intensity. Percent of cropland in GM crops was not related
to socioeconomic factors except income inequality (Figure 3;
Supplementary Tables S6-S8). We hypothesize that the lack
of relationship between GM production and most indicators
examined is due to political factors maintaining a low global
distribution and devaluing products (Herring, 2008). GM
crops may benefit farmers by decreasing overall production
costs (Klumper and Qaim, 2014) while reducing inputs and
COgz¢q emissions (Brookes and Barfoot, 2017; Figure 1C;
Supplementary Figure S7). Additionally, our results are
correlational, and our finding that organic farming, which has
lower yields on average (Seufert et al., 2012; Ponisio et al,
2015), was associated with greater food security is likely because
countries with high food security have had a greater transition
into organic farming in recent years.

Disentangling Causation and Correlation
Our previously described analyses test socioeconomic and
production factors as predictors of agricultural strategies used
by countries. That is, we hypothesized that socioeconomic
conditions would drive the dominant agricultural strategies
employed by countries. However, one could also hypothesize that
agricultural strategies may drive feedback into socioeconomic
sustainability (Bezner Kerr et al., 2021). For example, based on
numerous studies and meta-analyses, organic farming systems
better balance multiple sustainability goals at farm and field
scales compared to their conventional counterparts (Reganold
and Wachter, 2016; Seufert and Ramankutty, 2017).
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FIGURE 4 | The Human Development Index (HDI) predicts agricultural
strategies used. Regressions from longitudinal generalized linear mixed-effects
models predict (A) synthetic nitrogen inputs ([tons/1,000 ha]/100), (B)
percentage of crops that are genetically modified (GM), and (C) percentage of
agricultural production in organic over a 15-year period (2004-2018) at the
country level against the HDI. HDI in the figure is divided at the mean value, as
well as one standard deviation below and above the mean.

To assess this limitation, we conducted longitudinal data
analyses to examine agricultural strategy changes over time (15
years of data spanning from 2004 to 2018) in relation to a broad
socioeconomic indicator, the HDI, which we selected because it
was highly correlated with other important sustainability metrics
used in our analysis (Supplementary Figures $4, S5). We found
no consistent evidence of lags in our lag analysis, hindering
our ability to determine causality (Supplementary Table S10;
Supplementary Figures $20, S21). Our longitudinal GLMMs,
however, suggested clear striation in agricultural strategy
use over time by countries with varying HDIs (Figure 4;
Supplementary Tables S11, S12).  Examining  agricultural
strategies as predictors of changes in HDI, although statistically
significant predictors, showed much less variation and were
much less compelling (Supplementary Tables S13, S14;
Supplementary Figure $22). Thus, although we cannot exclude
agricultural strategies driving the development of countries, we
hypothesize that development is more likely on average to drive
changes in agricultural strategies. Our longitudinal GLMMs in
this direction suggested that across countries there were trends
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toward greater input efficiency, with decreased synthetic nitrogen
inputs over time (Figure 4A; Supplementary Tables S11, S12;
Supplementary Figures $23-S34). Countries with the highest
HDIs generally used the most synthetic nitrogen, while countries
with low HDIs generally had very low synthetic nitrogen inputs.
This is consistent with recent environmental policies toward
decreased nitrogen inputs (Oenema et al., 2009; Finger, 2012).
Our longitudinal GLMMs also suggested that countries with
lower HDIs generally have recently been moving toward a
greater substitution of conventional crops with GM crops, while
countries with greater development have decreased or remained
at stable levels (Figure4B; Supplementary Tables S11, S12;
Supplementary Figures $35-S37).  Finally, we saw that
transitioning  into  organic  agricultural redesign has
generally been increasing across countries over the last
15 years, with the greatest adoption in countries with the
highest HDIs (Figure4C; Supplementary Tables S11, S12;
Supplementary Figures S38-549).

Other Factors Affecting Agricultural

Strategies and Sustainability
The level of development of a country may mediate the adoption
of farming practices by promoting input availability, access to
technology, farm subsidies, and access to extension services
or other training (Tilman et al.,, 2002; Villanueva et al., 2017;
Rasmussen et al., 2018; Mkenda et al., 2020). Access to fertilizers
and other inputs are often hindered by cost barriers, while
climatic conditions in some less-developed countries in tropical
zones result in limited access to irrigation water (Rasmussen
et al., 2018; Mkenda et al., 2020). It has been suggested that
cereal yields in less-developed countries could increase by 45—
70% if they had greater access to fertilizers and irrigation
(Mueller et al., 2012). In contrast, fertilizers may be overused
in some less-developed countries (Supplementary Figure S6),
with diminishing returns to yield, underlining the importance of
targeted applications (Mueller et al., 2012; Albornoz, 2016).
While access to inputs may limit productivity in some
less-developed countries, poor access to extension services
and training is likely another barrier to maximizing yields
in these countries (Rasmussen et al., 2018; Mkenda et al,
2020). For example, the application of fertilizers and pesticides
requires extensive knowledge to deploy effectively across time
and space (Mueller et al., 2012; Albornoz, 2016). While an
estimated 5.5% of agricultural gross domestic product is spent
on agricultural research in highly developed countries, <1%
is spent on agricultural research in less-developed countries
(Tilman et al., 2002). Most agricultural studies in peer-reviewed
literature also occur in developed nations (Rasmussen et al.,
2018; Smith et al, 2020); this hinders strategies to improve
yields in less-developed and food-insecure regions of the world
(Ramankutty et al., 2018; Mkenda et al., 2020). For example,
a study conducted in Tanzania found that 70% of farmers had
never attended any training related to agriculture and nearly 10%
had no access to agricultural information (Mkenda et al., 2020).
Farmers in the study noted pesticide labels were primarily written
in English, which prevented them from applying pesticides
safely and effectively, leading to negative health consequences
from practices, such as “taste-testing” (Mkenda et al.,, 2020).

This suggests that the cultivation of knowledge networks in
less-developed countries could be the most important step in
promoting agricultural production to reach the goals of no
poverty, zero hunger, and good health and wellbeing.

Relationships between farming strategies and socioeconomic
sustainability may also be affected by consumption patterns
and political factors in particular countries (Béné et al., 2019b).
For example, greater consumer concern over biodiversity and
animal wellbeing in more developed regions, such as Europe,
may increase demand for food grown using organic or agri-
environmental schemes (Amiot and Bastian, 2015). Additionally,
political opposition to GM crops may impact their distribution
and the returns farmers receive for their products (Herring,
2008). Furthermore, political factors can disrupt food production
and distribution (United Nations General Assembly, 2015). For
example, the United Nations Sustainable Development Goals
Report in 2019 identified armed conflict as a key driver of
food insecurity in sub-Saharan Africa (United Nations, 2019),
which we also found to have the lowest food security (Figure 2E;
Supplementary Figure S6).

Furthermore, the production of food in a country may
not lead to higher food supplies and lower food insecurity,
causing breaks in the links between agricultural production
and socioeconomic sustainability. That is, food security is
complicated by trade, with many wealthy nations purchasing
more food than they export, such that the production of sufficient
yields in certain countries may not lead to food security (Béné
etal,, 2019b). Even within particular countries, income inequality
can cause high-quality food to be more readily available to
affluent individuals at the expense of low-income populations
(Béné et al, 2019b). For middle- to high-income countries
with considerable income inequality, more equitable income
distributions could also increase food security.

Finally, there are likely several other factors and context-
specific considerations influencing the extent of agricultural
strategies that are either outside of the scope of this study
or for which data are not readily available on a global scale
(e.g., subsidies, market conditions and demand, environmental
suitability for agriculture, and farmer demographics and
perceptions of agricultural practices; Ahnstrom et al., 2009;
Villanueva et al, 2017). Additionally, landscape context can
mediate the relative benefits and shortfalls of organic or other
diversified forms of agriculture (Smith et al, 2020, 2021).
However, in light of our findings, further research specifically
considering other factors might help provide better context
into the complicated, dynamic nature of the factors influencing
agricultural strategies, and the socioeconomic drivers and
impacts of those strategies (Awokuse and Xie, 2015). This,
in turn, could influence the types of sustainable agricultural
strategies adopted (Smith et al., 2021).

CONCLUSION

Our correlative analyses suggest that countries that are most
on track to meeting the United Nations SDGs of no poverty,
zero hunger, good health and wellbeing, quality education,
decent work, and economic growth, and reduced inequalities are
currently practicing the highest extents of organic agriculture. In
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other words, organic production occurs in countries that score
high across a variety of sustainability indicators. Countries with
the highest agricultural input-intensities were also associated
with the same human wellbeing SDGs but to a lesser degree.
However, countries with the highest input-intensities also
were the least on track to reach climate action goals, while
countries with the current highest prevalence of GM production
had reduced agricultural emissions. In contrast to the wide
range of positive socioeconomic factors that were predictive
of countries having greater extents of organic production and
agricultural input-intensity, the prevalence of GM crops was
scarcely related to socioeconomic practices except that it was
correlated with reduced income equality. Interestingly, while
certified organic agriculture excludes GM crops, we found no
association between these two farming systems, suggesting that
ecological intensification via organic methods and agricultural
intensification via technology-based tools like GM crops can
exist side-by-side within countries. Given the costs and benefits
of different agricultural strategies (Figures 1, 3), policymakers
could strategically target uptake in different regions, depending
on context-specific needs.

Our three farming strategies examined—input-intensive, GM
cropping, and organic farming systems—could fit within the
three stages proposed by Pretty et al. (2018) in transitioning to
sustainable food systems: efficiency (lower input-intensity due
to better application), substitution (GM crops), and redesign
(organic agriculture). Efficiency focuses on improving the use of
resources in existing systems. For example, farmers could better
target fertilizers, pesticides, and water inputs to reduce use and
minimize externalities. Substitution replaces existing practices,
such as classically or genetically breeding new crop varieties,
that are more tolerant to drought or resistant to pests. Finally,
redesign fundamentally restructures agroecosystems to harness
ecosystem services to sustainably produce food and fiber, such
as conversion to organic production or conservation agriculture.
Redesign is perhaps the biggest challenge of the three because
it requires greater knowledge and capacity and brings the most
transformative changes across farming systems (Pretty et al.,
2018).

Our correlative analyses suggest that countries most on track
with meeting the United Nations SDGs are currently having
the highest transitions into agricultural redesign, using organic
agriculture as the case study here. However, we emphasize
that correlation is not necessarily causation. Although practiced
in 190 countries, organic agriculture has only a 1.6% share
of total agricultural land and, while gaining ground, is not
being widely practiced outside of Europe, Australia, and,
to a lesser extent, the United States (Willer et al., 2022;
Figure 2C; Supplementary Figure $6). Therefore, considerably
more widespread deployment of organic agriculture, or at least
adoption of some of its agroecological practices, may be needed
to have a stronger effect on global environmental sustainability.

Our results also suggest that while developed nations
generally experienced higher food production, food security,
and socioeconomic wellbeing, they also had the most negative
environmental impacts. Conversely, less-developed nations
generally had lower environmental impacts per area of
production but experienced higher food insecurity and lower

socioeconomic wellbeing. Overall, our study suggests that
developed nations could have the greatest positive impact on
sustainability by working toward broader implementation of
environmentally friendly farming practices, including farmer
subsidies to encourage such practices (Tilman et al., 2002;
Ahnstrom et al., 2009). Conversely, less-developed nations may
need to focus on decreasing implementation barriers of higher-
yielding agricultural practices (Ramankutty et al., 2018). Efforts
to develop and implement sustainable food systems that produce
sufficient food, minimize environmental harms, and improve
capital are core aspects of the SDGs (Pretty et al., 2018; United
Nations, 2019, 2020). Simultaneous advancement in production,
environmental quality, economic viability, and social wellbeing
is difficult, and there will be no panacea for achieving the SDGs.
However, increasing input-intensity to achieve higher yields in
countries with insufficient production and implementing organic
agriculture for environmental and economic benefits are two
tools that policy makers can target, depending on context-specific
needs.
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