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Abstract: Technology, transportation and global appetites have transformed trade relationships
between near and distant countries. The impact of distant food demand on local agricultural
production and trade has attracted considerable scientific scrutiny, yet little is known about how
distant trade affects trade relationships and production between adjacent countries. In this paper, we
explore this important issue by examining international food trade and agriculture production, which
represent how distant places are connected through trade networks. By analyzing patterns of soybean,
corn and wheat trading between 1991-2016 under the framework of metacoupling (human-nature
interactions within, as well as between adjacent and distant systems), this study provides new insights
into the spatio-temporal dynamics of trade flows. Results reveal that telecoupled (between distant
countries) trade interacts with the geo-political landscape to enhance or offset intracoupled (within
country) production and pericoupled (between neighboring countries) trade. Evidence from the
literature and the results of autoregressive integrated moving average models indicate that when
restrictions are placed on distant export routes, pericoupled trade increased. The extent to which the
telecoupled food trade affected the pericoupled trade and intracoupled processes holds implications
for the true extent of production driven by distant demands.

Keywords: soybeans; international trade; metacoupling; telecoupling; pericoupling; intracoupling;
trade barriers; ARIMA

1. Introduction

International food trade and globalized agricultural production connect humans and the
environment around the world [1-5]. The rate and scale of the food trade have significantly increased
in the past several decades, even though both importing and exporting countries produce and consume
similar types of food [6]. These interconnections may continue to increase as population growth
increases caloric demand and greater affluence drives changes in consumption patterns [7-10]. Because
these phenomena have been implicated as the main drivers of increased crop production and trade,
as well as their associated environmental and socioeconomic impacts, the conceptual framework of
telecoupling has emerged to help disentangle distant human-environment interactions [11].

The soybean trade is representative of the ways in which distant people and places are connected
through telecoupling. In the context of the global food trade, much research has been conducted
on the large flow of soybeans from the Americas to China [12-16]. For example, many studies have
documented production increases in Brazil and the United States (U.S.) as well as several other countries
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(e.g., Argentina, Canada, Uruguay, Paraguay [17,18]) to meet the rising demand from China. China’s
soybean demand is primarily driven by the meat consumption of their burgeoning middle class [19];
however, the catalyst that initiated the flow of soybeans from west to east was China lowering the
soybean import tariff from 130% to 3% in 1995 [12,17]. This reduction quickly increased China’s
soybean imports and sent a signal through the global market that increased demand for, and therefore
production of, soybeans around the world. At the time, the U.S. was the world’s largest producer and
exporter of soybeans, accounting for 68% of China’s soybean imports in 1995, but has since declined
to 40% in 2016 [20]. Brazil first surpassed the U.S. in terms of Chinese market share in 2006 and
then again in terms of total soybean production in 2013 [20]. Between 1995 (when China lowered
their soybean import tariff) and 2016, total soybean exports from Brazil to China increased by over
750,000% [20]. Numerous previous studies have highlighted a highly concentrated trade network
where Brazil and the U.S. account for 80% of global soybean exports and China makes up 64% of global
soybean imports [6,10,16,20]. Given the economic [19,21], environmental [14,22] and political [23,24]
importance of the soybean trade, the dynamics among Brazil, China and the U.S. have been widely
studied by academics [14,15,25], governments [26-28], industry [29] and NGOs [30].

While the literature documents production increases in South American countries as a response
to China’s soybean demand [18,23], little is known about how China’s soybean demand has altered
the trade relationships among South American countries. Few studies have looked beyond soybean
flows between the world’s top producing and consuming countries to determine the structure of
trade between medium-size producers, or the effects that high volume soybean trade has had on
them. To address this research gap, this study uses the metacoupling framework [31], which is an
extension of the telecoupling framework [11], to explore how telecoupled (e.g., distant) soybean trade
between Brazil and China has influenced pericoupled (e.g., trade between neighboring countries) and
intracoupled (e.g., production within a country) processes within South America.

To study the interaction between telecouplings and pericouplings, we identified soybean exports
from Brazil to China as our focal telecoupling, because it is the largest bilateral exchange of soybeans [20].
To explore the influence of telecouplings on pericouplings, Argentina, Paraguay and Uruguay were
identified for several reasons. First, they share a border and joint membership in the Mercosur trade
agreement with Brazil allowing feasible pericoupled trade, both geographically and politically [32,33].
Second, Argentina, Paraguay and Uruguay are net soybean exporters to Brazil, whereas Bolivia, Chile,
Colombia, Ecuador, Peru and Venezuela are net importers from Brazil and do not send soybeans to
China. Because of their lack of participation in the Chinese soybean trade, these countries were excluded
from further analysis. Third, Argentina, Paraguay and Uruguay have ideal climatic and environmental
conditions for soybean production and were the respective 3rd, 4th and seventh largest soybean
exporters in 2016 [20]. Last, the literature has suggested that there are spillover effects of Brazil’s
large-scale soybean production on regional cropping patterns [21,22,34]. Corn and wheat trade were
identified as possible relationships to be affected by soybean expansion based on production-substitute
suitability, their status as globally important food crops, a literature review, and preliminary analyses
as well as data availability. After analyzing production and trade data to identify patterns in bilateral
trade relationships of soybeans, corn and wheat, a literature review and autoregressive integrated
moving average models (ARIMA) were used to identify changes in trade patterns before and after
China lowered their soybean tariff.

2. Materials and Methods

2.1. Conceptual Framework

This study treats the South American food trade network as a metacoupled system.
The metacoupling framework is an umbrella framework that examines three types of human-nature
interactions. Human-nature interactions occurring within a coupled human and natural system
are called intracouplings. Pericouplings occur when human-nature interactions cross boundaries
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between adjacent systems, while telecouplings examine human-nature interactions across distance. By
providing a typology that categorizes processes as intracouplings, pericouplings and telecouplings
(Figure 1), the metacoupling framework provides a structure for developing a more complete
understanding of the complexity within trade networks. In relation to telecoupled trade between
South American soybean-sending systems (e.g., Brazil, Argentina, Paraguay and Uruguay) and China,
trade relationships among the neighboring countries in South America are classified as pericouplings,
and production within a country is considered as an intracoupling. Because 30% of all global soybean
trade flows in 2016 occurred between Brazil and China [20], this relationship is considered the main
soybean telecoupling and a driver of structural change in the metacoupled soybean trade network.

T —

Telecoupling Pericoupling

Intracoupling

Figure 1. Conceptual overview of the metacoupling framework adapted from Liu (2017). The green
circles represent natural components while the orange circles represent human components of the system.
Grey arrows are interactions within systems (i.e., intracoupling) and black arrows are interactions
between systems (i.e., peri- and telecouplings).

2.2. Relevant Theories

Originating in the interdisciplinary field of land system science, the metacoupling framework aims
to capture various socioeconomic and environmental interactions as well as their impacts, at multiple
distances. The metacoupling concept and framework [31] is an extension of the telecoupling concept
and framework [11] which was derived from the integration of the concepts such as teleconnections
(e.g., distant climatic connections [35]) and globalization (e.g., distant connections among human
systems [36]). The metacoupling concept and framework are also supported through the integration of
a variety of interdisciplinary concepts and theories [37]. For example, metacoupled systems can be
treated as complex adaptive systems [38,39] with interacting feedbacks and spillovers at multiple scales.

The metacoupling framework can also be integrated with traditional theories of international trade.
International trade theory suggests that every country has a comparative advantage in terms of a good
or service that could be produced at a relatively lower cost than other countries. Countries producing
similar goods and services still trade with one another, because comparative advantages stem from
not only differences in climate as well as natural and human resources but also from differences in
technology, economies of scale, preference for variety and other factors [40]. By framing this study
under the metacoupling framework and incorporating interdisciplinary concepts, such as theories
of international trade, we were able to identify multiple drivers that influence tele- and pericoupled
trade relationships.
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2.3. Data Collection

Soybean, corn and wheat production data were collected from FAOstat for the years 1991
to 2016 [41]. Total imports, total exports, and bilateral crop trade data were collected from
UNComTrade [20] under HS code 1201 (soybeans), 1005 (corn), and 1001 (wheat) for the same
time period. The study period 1991-2016 was chosen to capture change in the soybean trade network
since the Chinese soybean tariff was lowered in 1995 [13,17]. While China did not join the World Trade
Organization (WTO) until 2001, the study period was chosen to reflect the time before and after China
lowered its tariff on soybean imports (Figure 2), reflecting China’s stronger soybean demand entered
the global market. Data were thus split into two periods, before (1991-1995) and after (1996-2016)
China’s lower tariff (Figure 2). Due to limited trade during the pre-period, values are reported as
average in order to avoid comparing trade values in 2016 to a trade value of 0. Trade values below
25,000 metric tonnes (MT), which is 0.0007% of the soybeans exported from Brazil to China in 2016,
were excluded from the analysis. Furthermore, many countries did not report bilateral trade data prior
to 1991 which limited further historical analysis. While this study discusses four countries (i.e., Brazil,
Argentina, Paraguay and Uruguay) in detail, data were collected and analyzed for all countries that
were available during the study period (~75 countries).

Soybean exports
from Uruguay to

. China start.
China lowers o7

tariff on A

soybean China joins Argentn_m ImMpOSes

imports. WTO. domestic tariff on
. : soybean exports.

I ‘ I:‘ .‘ I I

l 1991 1995 ’ l 2000 2005 2010 2015 ,

| Pre period Post period |

Study period

Figure 2. Timeline that defines the pre period (1991-1995, prior to China’s soybean tariff reduction)
and post period (19962016, after China’s soybean tariff reduction) and highlights important events.

2.4. Data Analysis

To identify trends in the production and trade of soybeans, corn and wheat both within and
between country pairs from 1991 to 2016, descriptive statistics, data visualization and trend analyses
were performed. To understand the drivers behind these trade trends, literature was collected from
academic, government and NGO sources. Finally, to capture the interaction between tele- and
pericouplings, and to estimate the impact of China’s soybean demand on trade between South America
sending systems, time series autoregressive integrated moving average (ARIMA) models [42-44] were
specified for each commodity (i.e., soybeans, corn and wheat) and bilateral country pair (e.g., China,
Brazil, Argentina, Uruguay and Paraguay). When the dependent variable was telecoupling (e.g.,
soybean export to China), pericoupling (e.g., cross-border trade) was added as an independent variable
and vice versa, to test for significance. Several country pairs had very little or no trade for certain
commodities during the study period and are not discussed in this paper, full ARIMA results can be
found in the Supplemental Materials (Figures S1-S5, Table S1).

Following the protocol specified in [43], outliers were smoothed and missing values were linearly
interpolated before diagnostic tests were used to determine parameters and the best model fit using R
packages tseries [45], forecast [43] and ggplot2 [46]. The ARIMA models capture time series trends
and predict future values of trade (Y) at time ¢ by including autoregressive (AR(p)), integrated (I(d))
and moving average (MA(g)) model terms. The AR model term assumes the current value of trade
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between two countries is a linear function of the previous trade values and therefore includes p time
lags to predict future values of Y (1).

Y: = c+ O1ys-1 + Opyi—p + & 1)

where c is a constant, Oy + ...+ O, are parameters and p is AR polynomial order. The integrated
model term I refers to the differencing degree which is calculated by subtracting the current of trade
between two countries and previous values of trade d times to stabilize the time series. Where yd; is
y: differenced d times (2) and (3).

ydr =Y =Y ()
Yt = ¢+ Orydi_1 + Opyds—p + & 3)

The MA model term calculates future error terms, e at time f, by combining previous errors terms,
e;—1, where g indicates the number of error terms included (4).

Y: = c+ 0161 + Oger—g + & 4)

where c is a constant, 01 + ...+ 0, are parameters and g is the MA polynomial order. Through the
combination of model terms, ARIMA models (5) are commonly used to recreate a time series trend and
then project into the future for predictive purposes.

Yt = ¢+ Orydi_1 + Opyds—p + O1e4-1 + Oges—g + &t (5)

Last, the ARIMA models were modified to test the influence of pericoupling processes (x) on
telecoupling processes (Y) (6).

Y = Bxy + Oqydi—1 + Opydt_p + O01e;-1 + qut—q + & 6)

where x is a covariate at time ¢ and f is its coefficient.

While ARIMA models are traditionally used for the purpose of forecasting, in the present case
it is more informative to hindcast the predicted values in order to examine the influence of China’s
tariff reduction on soybean trade. Therefore, the ARIMA models were trained on trade data in the post
period (e.g., 1996-2016) and then hindcast for the pre period (e.g., 1991-1995). This method allowed for
a comparison between the observed and hindcast trade data among South American sending systems
before China lowered the soybean import tariff. Because the hindcast values were calculated from the
trend in the post period, differences between the observed and hindcasted data approximate the effect
that China’s soybean demand (e.g., telecoupling) had on trade between Brazil and nearby countries

(e.g., pericoupling).
3. Results
3.1. Trend Analysis

3.1.1. Overview

While several countries in South America, as well as around the world, increased intracoupled
soybean production and telecoupled export in response to China’s increased demand after entering
the global market [14], Brazil emerged as the most competitive. Brazil’s success as a soybean sending
system may be due to strategies used by the Brazilian government to liberalize trade and increase
imports of and farmer access to fertilizers, pesticides, and seeds [47]. Since the pre-period average
(1991-1995), Brazil steadily increased their market share from 0% to 46% of China’s soybean imports
in 2016. The remaining 2016 market shares belonged to the U.S. (40%), Argentina (9%) followed by
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Uruguay and then Canada, who each accounted for less than 2% of China’s soybean imports [20].
While Argentina, Paraguay and Uruguay share a border with Brazil, as well as suitable land for soybean
cultivation, their varying shares of the Chinese soybean market are largely reflective of the unique
geo-political strategies taken by each country’s respective government.

3.1.2. Argentina

Exports of soybeans from Argentina to China started in 1995 and experienced rapid growth
during the first decade of the study period. However, in 2006, the Argentine government placed a
domestic tariff on exports of soybean of 23.5% which resulted in slower growth in soybean exports
to China [48] (Figure 2). Soybean exports to other South American countries were exempt from the
tariff through joint membership in the Mercosur trade agreement [32]. Between the pre-period average
and 2005, Argentina’s soybean exports to China increased more than 35,000%, corresponding with
a cessation of soybean exports from Argentina to Brazil in 1995 that did not start again consistently
until 2005, just before Argentina’s domestic tariff went into effect. In contrast, since 2006 soybean
exports from Argentina to Brazil, Paraguay and Uruguay have increased by 128,766%, 128% and 88%,
respectively, while exports to China increased by 23% (Figure 3) [20,49]. Furthermore, the rate of
soybean expansion by area planted in Argentina was much higher before the domestic tariff started in
2006 (i.e., 215% increase between 1995-2005 vs. 45% increase between 2006-2016). In contrast, the rate
of corn expansion by area planted was much higher after 2006 (i.e., 80% increase between 1995-2005
vs. 175% increase between 2006-2016), while the rate of wheat expansion by area planted occurred
at approximately the same rate before and after Argentina’s domestic tariff started in 2006 (i.e., 41%
increase between 1995-2005 vs. 46% increase between 2006-2016) (Figure 3). Along with support from
the literature, these results suggest that Argentina’s domestic tariff on soybean exports slowed soybean
expansion and drove corn expansion while wheat intracoupling has remained relatively stable during
the study period [21,50-54].

3.1.3. Uruguay

Differing from Argentina, Uruguay has tariff-free access to the Chinese soybean market as well
as land prices that are approximately 50% cheaper than soybean land in Argentina. These factors,
in combination with the financial crisis during the early 2000s, promoted investment in Uruguayan
agriculture from nearby producers. In addition to investments from multinational companies, soybean
expansion in Uruguay was driven primarily by investments from Argentina [29]. The flows of
investment capital rapidly expanded Uruguay’s soybean production and exports, increasing exports
to China by 1250% between 2005 and 2016 [20]. In 2007, two years after Uruguay began exporting
soybeans to China, its soybean imports from Argentina, Brazil and Paraguay were equal to 60% of the
amount Uruguay exported to China. As Uruguay increased soybean intracoupling, the contribution
from nearby countries had become consistent but small. However, the rapid establishment of soybean
production and foreign land ownership limited the development of soybean processing industry.
Therefore, Uruguay is a net importer of both soybean oil and meal to support its a booming livestock
industry, 100% of which comes from Argentina, Brazil and Paraguay [20].
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Figure 3. Flow maps depicting telecoupled soybean trade and pericoupled trade of soybeans (green
arrow), corn (orange arrow) and wheat (blue arrow) from 1991-2016. Panels are split into 5-year time
periods: 1991-1995 (A), 1996-2000 (B), 20012005 (C), 2006-2010 (D) and 20112016 (E). The width of
the line represents average commodity flow from a single trade partner during the respective time
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period and the arrows are weighted according to total import from all trade partners. All values are
presented in millions of MT. Trade amounts averaging below 25,000 MT per year were excluded.

3.1.4. Paraguay

Unlike Argentina and Uruguay, Paraguay chose to forgo diplomatic ties with China and market
access due to ties with Taiwan [55]. Despite having restricted access to the largest soybean market,
Paraguay’s soybean production increased by more than 400% between 1995 and 2016, more than
half of which were exported [30,41,56]. Due to the geographic and political landscape, Paraguayan
soybeans were sent via barge to river ports in Argentina and Uruguay [55,57]. Prior to 2009, exports
to Argentina, Brazil and Uruguay accounted for between 40% and 70% of Paraguay’s total soybean
exports. Since 2009, Paraguay has increased soybean exports to Russia and Turkey. Russia and Turkey
are net exporters of processed soybean products and export soybean oil to China [20]. In 2016 29% of
Paraguay’s soybean exports went to Argentina, Brazil, and Uruguay, while 15% went to Russia and
13% to Turkey [20]. While re-export analysis was not performed in the present study, the literature
confirms that even though Paraguay does not directly engage in soybean trade with China, intracoupled
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soybean production, and pericoupled and telecoupled soybean exports have been increasingly driven
by China’s soybean demand [55,57,58].

3.2. Differences in Trade Between the Pre- and Post-Period Trends

3.2.1. Overview

To explore differences in trade between the pre-period trend (i.e., 1991-1995, prior to China’s
soybean tariff reduction) and the post-period trend (i.e., 19962016, after China’s soybean tariff
reduction), autoregressive integrated moving average (e.g., ARIMA) models were constructed. For
illustrative purposes, Figure 4 shows the ARIMA results for soybean exports from Argentina, Brazil
and Uruguay to China. In all three cases, the hindcast values (e.g., dashed line) for the pre period were
higher than the observed values (e.g., solid black line), indicating that based on the trend during the
post period, more trade was expected during the pre-period. Differences in the hindcast values and
observed trade values during the pre-period indicate that the trade trends before and after China’s
market entry were different but cannot be used to directly infer the influence of China’s market
demand. The relationships between telecoupled exports and pericoupled imports are shown in Table
S1. Brazil and Uruguay’s soybean exports to China had a statistically significant relationship with
their pericoupled soybean imports. Many other factors could drive bilateral trade relationships, such
as population and economic growth, however because the models were constructed from the observed
data the impact of major factors is endogenized in the ARIMA trend. The varying degrees of access to
the Chinese soybean market by Argentina (somewhat restricted access), Uruguay (unrestricted access)
and Paraguay (completely restricted) allow for a unique analysis of how telecoupled, pericoupled and
intracoupled processes interact.

Argentina to China Brazil to China Uruguay to China
E 40
2
1]
£ 20
ST e, ee———
S
>
=1 0

1991 1996 2001 2006 2011 2016 1991 1996 2001 2006 2011 2016 1991 1996 2001 2006 2011 2016

Observed
............ Predicted

Figure 4. ARIMA for Argentina, Brazil and Uruguay’s soybean exports to China. See Table S1 for full
country and commodity results. The solid line represents the natural log of imports in metric tonnes
and the dashed line represents the natural log of the trend derived from the ARIMA models. The
shaded grey area is the 95% CI. p-values, NRMSE (normalized by standard deviation) and MASE can
be found in Table S1.

3.2.2. Argentina

The observed trade data show that soybean exports from Argentina to Brazil have declined by
99% between the pre period (average of 1991-1995) and 2016 while exports of corn and wheat have
increased 77% and 267%, respectively (Table 1) [20]. Using the trend from the post-period to hindcast
the values for the pre-period, the ARIMA results indicate that the observed soybean and corn exports
from Argentina to Brazil during the pre-period were higher than the hindcast values while the observed
wheat exports were lower than the ARIMA values (Figure 5(A1)). With respect to soybean trade, the
lower hindcast values reflect when the observed soybean exports from Argentina to Brazil dropped to
zero in 1995 and did not start again consecutively until 2005, which respectively correspond with the
reduction of the Chinese import tariff and the start of the Argentine export tariff.
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Table 1. Brazil’s soybean, corn and wheat imports in MT from Argentina, Paraguay, Uruguay and the
U.S. The table includes the trade value for the pre period (the average trade value between 1991 and
1995), 2016 and the percent change between the pre period and 2016.

In(Corn (MT)) In(Soybeans (MT))

In(Wheat (MT))

Brazil’s Soybean Imports

Argentina Paraguay Uruguay USA
Pre-Period 129,079 177,765 33,016 187,397
2016 670 381,448 0 0
Percent Change -99.5% 114.6% -100% -100%
Brazil’s Corn Imports
Argentina Paraguay Uruguay USA
Pre-Period 811,167 80,831 5188 123,894
2016 1,436,245 1,465,053 0 532
Percent Change 77% 1712% -100% —-99.5%
Brazil’s Wheat Imports
Argentina Paraguay Uruguay USA
Pre-Period 1,074,906 14,544 47,287 173,355
2016 3,950,036 956,125 577,415 1,226,210
Percent Change 268 6474% 1121% 607%
Argentina to Brazil Uruguay to Brazil Paraguay to Brazil
40 Al A2 A3

40 B1
0
40 C1
20 *\_/M‘\/“
0

1991 1996 2001 2006 2011 2016 °

1991

1996 2001 2006 2011 2016

B2

C2

C3

" 11991 1996 2001 2006 2011 2016

Figure 5. ARIMA for Brazil’s soybean (A), corn (B) and wheat (C) imports from Argentina (1), Uruguay
(2) and Paraguay (3). The solid line represents the natural log of imports in metric tonnes and the
dashed line represents the natural log of the trend derived from the ARIMA models. The shaded grey

area is the 95% CI.

The ARIMA results suggest that fewer soybean exports from Argentina to Brazil reflect the
observed trend during the first half of the study period. However, between 2006 and 2016 soybean
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exports from Argentina to Brazil increased by over 400% [20]. The opposite trend was observed during
the second half of the study period, which may have both masked and contributed to the relatively
small difference between the observed and hindcast values (Table S1). These results suggest that
pericoupled soybean trade between Argentina and Brazil was reduced between 1995 and 2005 and
then enhanced between 2006 and 2016. Similarly, the hindcast values for corn exports from Argentina
to Brazil are slightly lower than the observed data (Figure 5(B1)) which supports the literature finding
that corn expansion in Argentina was driven by biofuel mandates in Europe and the U.S. during
the mid-2000’s [54]. Competition from biofuel mandates, as well as other drivers, may have offset
pericoupled corn trade between Argentina and Brazil during the post period. Differing from soybeans
and corn, the observed wheat imports from Argentina to Brazil were much lower than the hindcast
values (Figure 5(C1)), indicating that while pericoupled corn and soybean trade were offset during the
post period, pericoupled wheat trade was enhanced.

3.2.3. Uruguay

Based on hindcasting the post-period trend, the ARIMA values for soybean and corn exports from
Uruguay to Brazil were lower than the observed values during the pre-period (Figure 5 & Table S1).
This is because observed soybean and corn exports from Uruguay to Brazil during the post period
declined to zero (Table 1). In 1997, two years after China’s tariff was lowered, soybean exports from
Uruguay to Brazil declined to zero and did not start again consistently. Further, corn exports from
Uruguay to Brazil both increased and decreased but trade only occurred intermittently during the
post period. The highly variable pattern and lower hindcast values indicate that exports of corn and
soybeans from Uruguay to Brazil were reduced in the post period. In contrast, the observed values for
wheat exports from Uruguay to Brazil were substantially lower than the hindcast values (Figure 5(C2)).
The observed exports from Uruguay to Brazil increased by 1121% since the pre period (Table 1),
indicating that pericoupled wheat trade was enhanced during the post period. Additionally, there was
a significant relationship between Uruguay’s soybean exports to China and their soybean imports from
Argentina, Brazil and Uruguay. Further, the hindcast values were higher than the observed trade for
exports of corn and wheat from Argentina to Uruguay, and exports of corn and wheat from Paraguay
to Uruguay (Figure S3), suggesting that Uruguay’s pericoupled imports were enhanced during the
post period.

3.2.4. Paraguay

In contrast to Argentina and Uruguay, Paraguay showed a consistent pattern across soybean, corn
and wheat exports to Brazil. Paraguay is the only country that is completely restricted from accessing
the Chinese market and experienced increases in exports to Brazil of all three crops. Specifically, since
the pre-period (average of 1991-1995) exports of soybeans, corn and wheat to Brazil have increased
by 114%, 1712% and 6474%, respectively (Table 1). The observed values for soybean, corn and wheat
exports from Paraguay to Brazil, during the pre-period were all lower than the ARIMA hindcast
values (Figure 5(C1-C3)). The consistent pattern across crops indicates that pericoupled trade between
Paraguay and Brazil was enhanced during the post period. Paraguay’s wheat exports to Brazil had
a statistically significant relationship with Brazil’s soybean exports to China (Table S1). Further, in
supplemental Figures S2 and S3, the hindcast values were higher than the observed soybean exports
from Paraguay to Argentina, as well as soybean and corn exports from Paraguay to Uruguay.

4. Discussion

This study highlights a complex web of interactions that have been shaped by China’s soybean
demand, domestic policies and international geo-political relationships (Figure 6). First, Brazil's
imports of wheat substantially increased from Argentina, Uruguay and Paraguay during the study
period. The ARIMA models confirm that wheat trade during the post period was enhanced compared
to the pre period. Interestingly, Argentina’s exports of wheat to Uruguay and Paraguay were also
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enhanced. Second, while there was a significant relationship between Brazil’s soybean exports to
China and Brazil’s pericoupled soybean imports, the pattern across Argentina, Uruguay and Paraguay
varied and may be related to the respective government strategies used to facilitate or inhibit trade.
Soybean exports from Argentina to Brazil decreased in the first half of the study period (i.e., 1995-2005)
and increased in the second half (i.e., 2006-2016), corresponding with the reduction of China’s soybean
tariff and the start of a domestic export tariff. Further, while corn exports from Argentina to Brazil
increased during the study period, differences between the observed and hindcast values suggest that
pericoupled corn trade was offset in the post period. Direct and indirect competition from European
and U.S. ethanol mandates and China’s soybean demand may have interacted to offset and enhance
pericoupled soybean and corn trade between Argentina and Brazil during the post period. Uruguay
did not start exporting soybeans to China until 2005, but since then has increased exports. Both soybean
and corn exports from Uruguay to Brazil declined after the pre period and only occurred intermittently.
Additionally, Uruguay increased imports of corn from Argentina and Paraguay. The ARIMA models
indicate differences in the trend between the pre and post period which supports the observation that
pericoupled trade was offset in the post period. Third, soybean and corn exports from Paraguay to
Brazil increased throughout the study period and Paraguay’s wheat exports to Brazil had a significant
relationship with Brazil’s soybean exports to China. The ARIMA models confirm differences between
the pre and post period trends and suggest pericoupled trade was enhanced during the post period.
The inability to access the Chinese market directly may have contributed to increased pericoupled trade
with Brazil as well as Argentina and Uruguay, which offer export routes to distant markets [55,59].
Paraguay’s strengthening trade relationships with Russia and Turkey, who also export soybeans and
soybean products, may compete with pericoupled exports and provide further evidence that Paraguay
is indirectly influenced by the Chinese market.

. Soybeans
China

------------------

Ly e

Figure 6. Summary of ARIMA results for all bilateral trade relationships. Black lines are cases where
trade flows were enhanced (hindcast values were higher than the observed trade) and red lines indicate
situations where trade was offset (hindcast values were lower than the observed trade) during the
pre-period. Solid lines are soybean flows, dashed are corn flows and dotted are wheat flows.

In the meta- and telecoupling literature there are no studies that specifically address the synergy
between telecoupling and pericoupling processes. However, a number of studies document spillover
effects of Brazilian soybean expansion. For example, Bicudo da Silva et al. found that as a result of
increased soybean production in Brazil, farmers increased operations from growing 1 to 2 crops each
year which increases risk of precipitation anomalies. Soybeans are planted first, followed by corn,
most of which is for domestic consumption rather than export [21]. Further, Dou et al. found that
conservation efforts (i.e., Soy moratorium and zero-deforestation beef agreement) meant to contain
deforestation in the Amazon biome displaced deforestation to the Cerrado region [22]. In each case,
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soybean expansion temporally displaced corn production and spatially displaced deforestation within
Brazil’s system boundary. The results of the present study indicate that similar interactions may occur
across system boundaries where telecouplings interact with pericouplings to enhance or offset one
another. On the other hand, a network analysis of global soybean trade [16] identified Brazil, China and
the U.S. as the key players but did not find regional or continental geography to be predictor of trade
patterns. The present findings suggest that pericoupled relationships are important in global trade
patterns and may be dwarfed, contextually and computationally, by the massive flows among Brazil,
China and the U.S. Therefore, analyses that only consider distant trade routes or bilateral exchanges
could mask the true value of the flow and therefore underrepresent the land-use impact of production.
Because soybean expansion has already threatened ecosystems and displaced land-use in Brazil [21],
Argentina [23] and Uruguay [34], stakeholders should consider pericoupled trade when designing
policy interventions.

This study explored the impact of China’s tariff reduction and subsequent increases in soybean
demand on pericoupled trade relationships between Brazil, the largest soybean exporter, and the
adjacent soybean-sending systems of Paraguay, Uruguay and Argentina. We note that this analysis
lacks a systematic consideration of other factors that could have driven differences between the pre-
and post-period. For example, population growth and income level have been shown to be significant
factors for food trade [7] and were not explicitly considered in this analysis. While the lack of other
consideration is valid, ARIMA models accurately capture time-series trends by endogenizing the
impact of major drivers through accounting for non-stationarity, seasonality and auto-correlation.
ARIMA models use lags of the dependent variable or lags of errors as independent variables to capture
the underlying systematic patterns in the data [42,60]. Additional independent variables can be added
to ARIMA-X models; however, those factors should not have been affected by the intervention in
question, i.e., China acceding to the WTO, and can result in over-specification. Further, ARIMA models
have been shown to capture the same trend with only slight differences from ARIMA-X models [42].
Therefore, the ARIMA models can determine if the trends between the pre and post periods differ,
however, those differences cannot be casually attributed to China’s soybean demand. Rather, the
multitude of academic and government literature support this hypothesis [61].

5. Conclusions

The present research highlights the importance of pericoupled relationships in global trade and
provides insights on how commodities flow in a metacoupled world. Despite government policies
that inhibited soybean exports and expansion (e.g., Argentina and Paraguay), China’s distant demand
affected intracoupling and trade both directly, via telecouplings, and indirectly through pericouplings.
This suggests that in a metacoupled world, commodities would flow from areas of supply to areas of
demand using the most cost-effective route [62]. If that route is restricted, the commodity will likely
still flow to the area of demand, but via a different route. It is our hope that this paper stimulates future
studies on metacoupled systems (e.g., beyond soybean trade, such as migration, tourism, species
invasion) and provides insights for governing metacoupled systems.
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