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Abstract

With the increasing scale and scope of global tréue magnitude of the GOlows embodied in
goods and services through international tradeanassed great concern among researchers and
governments. In this study, we established a globadkork model of these G@ransfers from 2001
to 2010 using ecological network analysis and diatan the World Input-Output Database for 40
selected countries whose GDP accounted for more8b&%6 of the total global GDP. Based on the
utility analysis, we determined the ecological tielaships among the countries involved in the
global trade network and their changes during thelys period. The analysis revealed that
competition and exploitation/control relationshipleminated the global network, with each
accounting for more than 40 % of the total relaglips throughout the study period; mutualism
accounted for the smallest proportion (less th&n)4More than 80 % of the competition and 75 %
of the exploitation/control relationships were viitlizurope or involved flows from Europe to North
America or Asia. Finland, France, Japan, Greece, 8pain had the largest proportions of
competition relationships. In Denmark, Luxemboulalta, and Switzerland, exploitation was
dominant, whereas in Russia, Indonesia, and Imdiatrol was dominant. Our analysis identifies the
key nodes of the many adverse ecological relatipsswithin the global C@network and those
with more mutual relationships. Our work providesseaientific basis for developing more

ecologically sustainable national and global,@6Gws through trade.

Keywords. CQO, transfer, ecological relationships, ecologicalwwek analysis, global trade,

temporal variation
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1. Introduction

In the 21st century, economic globalization andlgrdiberalization have continued to accelerate,
leading to an increasing separation of productionl @onsumption. The scale and scope of
international trade are increasing with increagognomic dependencies every year. By 2007, global
trade had increased to 32 times that in 1950, glithval trade’s share of the whole world's GDP
increasing from 5.5 % in 1950 to 21 % in 2007 (kedm, 2011). The growth of trade has inevitably
had impacts on the environment. One such impactltsefrom the environmental contaminants
embodied in the flows of goods and services thragigbal trade. The separation of production and
consumption and the increase in global trade hestdd the advent of CGembodied in goods and
services transferred from one country to anothavi®and Caldeira (2010) found that 23 % of
global CQ emissions were traded internationally, primarily exports from China and other
emerging markets to consumers in developed cosnifigere are two different accounting principles,
the Production-based Principle and Consumptionébd&enciple. Under the Consumption-based
Principle, the emissions of manufacturing-expodrddes, such as China, have been reduced by up
to 20 % in recent years (relative to the Produebased Principle) (Raupach et al., 2014). Zhao and
Yan (2014) reported that 29 % of China's Ggnissions resulted from G@onsumption in other
countries, versus 33 % in the eurozone and 17 %ldrth America. The existence of carbon
embodied in goods and services creates an imbalartbe carbon reduction responsibility among
countries. Some countries’ reduction responsiegitshould be undertaken by other countries; i.e.,
some countries should transfer part of their cansaluction responsibility to other countries. It is
important to analyze the relationships betweeretgfiit countries in the global G@ansfer system.
This knowledge may support decision-making anddaeelopment of international conventions and
protocols to clarify the carbon reduction respoitigypbof countries, determine the relationships
between countries, and optimize the whole globaj Canhsfer system.

Estimates of C@transfers via trade have been largely focusedhencarbon embodied in final
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goods and services (i.e., embodied carbon). In 18! International Federation of Institutes for
Advanced Studies defined embodied energy as thkdoergy that is consumed during a production
process (IFIAS, 1974). Researchers derived theegiraf “embodied carbon” based on these studies.
Wyckoff and Roop (1994) first studied the carbonbedied in products imported by the 6 largest
OECD members. Subsequent studies of the flows diodmd carbon in production, consumption,
imports, and exports were carried out (MunksgaaiRedersen, 2001; Peters and Hertwich, 2008).
In addition, some researchers also consideredtheof transports, such as cargo ships and airplane
in overall emissions growth incurred in productginfts (Andersen et al., 2010). The methods used
in these studies included input-output analysisnfad and Wyckoff, 2003), life-cycle analysis
(Wiebe et al., 2012), and economic input-outpug-tifcle assessment (Norman et al., 2007).
Input-output analysis was the method most commaosBd to estimate GQransfersResearchers
first used the single-regional input-output apploéiéerng, 2003; Druckman et al., 2008) to estimate
embodied carbon. Later, researchers realized tlemded to incorporate the carbon emission
coefficient differences in the various regions dedan to utilize the multi-regional input-output
approach (Peters and Hertwich, 2008; Davis and édald2010). Input-output analysis has been
used to study a single country (Weber et al., 2008teral relationships (Shui and Harriss, 2006;
and Hewitt, 2008), and multi-national studies aegional scale (Peters and Hertwich, 2008; Chen
and Chen, 2011) or at a global scale (Wiedmanh,e2G@07; Wiedmann, 2009).

However, input-output analysis only provides qadiMe conclusions about the relative fairness and
unfairness of the relationships. It does not gidyarthe ecological relationships among countries,
such as competition, exploitation/control, and maliim. However, ecological network analysis can,
since it is an effective method for analyzing ateyss function and quantitatively studying the
interactions among the components of the netwoile¢fha and Bondavalli, 2004; Jgrgensen and
Fath, 2006). It has roots in input-output analysisich examines the flows of materials and energy

through ecological systems (Fath and Patten, 199&)logical network analysis first focused on
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natural ecosystems (Heymans et al., 2002), thelo-eeonomic systems, particularly on industrial
systems (Bailey, 2004) and urban systems (Zhara.,e2009; Liu et al., 2011b), including water
(Zhang et al., 2010b), energy (Liu et al., 201lieetLal., 2012), and carbon (Chen and Chen, 2012)
flows in cities. These studies opened the doorifglementing network analysis in the study of
socio-economic systems. Some scholars extendertesiearch scale to global scale. Hertwich and
Peters (2009) quantified greenhouse gas emisseswiated with the final consumption of goods
and services for 73 nations and 14 aggregate weddns. Steinberger et al (2012) focused on
carbon embodied in global trade, exploring the benef carbon-exporting countries and carbon
importing countries. Mishra (2015) continued todsturade’s growing impact on greenhouse-gas
emissions, especially the great impact of conswnptf each country. Apart from quantifying
carbon emission all over the world, a few schotdesed to study ecological relationships between
countries, based on global carbon emission. Ustadpgical network analysis, Yang et al. (2012)
divided the world into 13 regions and analyzed tineial water trade among regions and levels of
symbiosis throughout the system. Studies suchiastie have revealed the potential of ecological
network analysis to quantify the ecological relasbips among countries in international trade.

We used ecological network analysis to define tlelagical relationships between different
countries in global trade, which provided importargights into the impacts of international trade.
We established a global network model of Qansfers based on the input-output data for 40
countries whose GDPs accounted for more than 8% Hedotal global GDP. Using utility analysis
(Patten, 1991; Fath and Patten, 1998), we quathtifie ecological relationships among the regions
and countries and analyzed their temporal andapdistributions from 2001 to 2010. This analysis
can provide scientific support for efforts to charthe carbon reduction responsibility of countries

determine relationships between countries, andropéi the whole global CQransfer system.
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2. Methods and data

2.1 Network model construction and quantification

We used ecological network analysis to establisietavork model of C@transfers in global trade
and analyzed the resulting relationships betweemtoes. Using data from the World Input and
Output Database (WIOD; www.wiod.org), we obtainedadfor 40 countries whose GDP accounted
for more than 85 % of the total global GDP durihg study period. We then defined these countries
as nodes in the network and defined the flows of, @&ween countries and regions as paths
between the nodes, leading to the establishmeatetwork model of C&otransfers in global trade
(Fig. 1). This is a bidirectional and weighted netikwv Paths in this network represent values of
embodied CQ@transfers in global trade. We assumed that theofethe countries in the world were
part of the external environment and that the tatputs to and outputs from the 40 selected
countries represented the network’s inputs andutsitg-rom the four study years, we can see that
China is the largest G@xporter, discharging more than 500 Mt £ ®@hile the minimum value was
less than 0.005 Mt. There are great differencethéenCQ transfer flows among countries. Trade
mainly occurs among the USA, China, Russia, Indisgman and some European countries, such as
Germany, France, and the UK, distributed within dpar, between Asia and Europe and between
Asia and North America.

We used WIOD data on the value flows between casfrom 2001 to 2010, WIOD data on each
country’'s CO2 emissions inventory from 2001 to 20@@d emissions data compiled by the
International Energy Agency (IEA, www.iea.org) i01D. We estimated the emissions intensity of
the economy as a country’s total £€mission divided by its GDP and used this codffiti(see; in
equation (2)) to convert the value-based data @oanflows) into CQ emission data (C£flows),
which represented the flow along each path in gtevork.

Using the world input-output table and its previgeesr prices, we calculated the inflation rates as
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the ratio of the prices in a given year to thegsim 2000 to adjust the 2001, 2004, 2007, and 2010
economic data to constant 2000 values (which wel @&se the base year). Based on this, the
comparable price of world input-output table wataoted to eliminate the effect of price factors. We
then integrated the data to obtain macro-scaletadaffows resulting from trade among the 40
countries (including 29 European countries, 1 Ra€cean country, 4 North and South American

countries, and 6 Asian regions and countries). ¥¢&l whe following carbon flow formula:

fij:Xij ¥ & (1)
where
f=ar
! 2)
X =% (3)
j=1

where Xrepresents the total capital flow from the othercB@ntries to country. x; represents the
capital flow from country to countryi. m represents the GGemissions of country. g represents
the emissions intensity of the economy. We assuimatdthe internal flow within a component of the
network (i.e., from toi) is O because we focused on the flows betweentgesnnot internal flows.
We established a network model of Cigansfers in global trade based on the above apprd-ig. 1

is a conceptual model that simplifies the £€nsfer network created by global trade with ahly

nodes. In the actual model, the network is moreptery with 40 nodes and complicated paths.

Insert Figure 1

2.2 Ecological relationships and their changes over time

The global CQ transfer system behaves similarly to an organismthat it has a certain
organizational structure and functional relatiopshiand it can be analogized to an ecosystem.

Therefore, the global CQransfer network can be seen as an ecologicalankt¥ang et al., 2012).
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Its functional relationships can be quantified sing the utility analysis of ecological network
analysis, which is similar to the 4 major ecologredationships of a natural ecosystem: competjtion
exploitation, control, and mutualism.

Utility analysis is an efficient way to describeetlcharacteristics of the relationships within an
ecological network and was first introduced by &a{t1991) to express the mutual benefits and costs
for each relationship among the nodes of a netwlorkhis method, an integral utility matrix that
shows the relationships between all nodes in theork is constructed and used to analyze the
consequences of the relationships.

In the network modef;; represents the flow from nogiéo nodei (Table S1), and andy; represent
the environmental inputs to and outputs from niodée left side of the formula shown below is the
input and the right side is the output. Accordirg the material-balance principle (i.e., the
conservation of mass), the inflow into the systejats the outflow from the system. The formula is

as follows:

LGz +C=2 1, +y (4)
whereC represents the change in carbon storagé.<df0, it represents a net decrease in the carbon
storage of componentwherea<C > 0 represents a net increase in carbon storage.

We definedT; as the sum of the flows into countrywhich includes cross-boundary inputs from the

environment into country
n
T = Z fij tZ
= 5)
wherez is the cross-boundary inputs to countfyom the rest of the countries in the world (Row)
that are not included in the 40 selected countries.
We can then compute a dimensionless direct utilignsity matrix D), in which matrix elemen;

represents the utility of an inter-country flowrnacountryj to countryi, which is expressed as:

dij :(fij - fji)/Ti

(6)

8
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From matrixD, a dimensionless integral utility intensity mattix(u;) can be computed from the

following power series (Fath and Patten, 1999):

U=(y)=D"+D'+D*+D*+..+D" +..=(I -D)* 7

where the matrixD° reflects the self-feedback of the flows within le@ountry (it is not considered
further in the present analysis because we wereammicerned with the flows between countri€s),
reflects the direct flow utilities between any tamuntries in the network along a path of lengtb?,
represents the indirect flow utilities that passngl the pathways of length 2 (i.e., that pass tjnou
an intermediate country), ami" (m> 2) reflects the indirect flow utilities along tpaths of m steps.

| is the identity matrix,u; represents the integral dimensionless utility gabf d; (which is
calculated using a Leontief inverse matrix (Fatld &atten, 1999)), and the matrix is the
integrated utility intensity among nodes, repreisgnthe integrated relationships between any dair o
nodes (countries) in the network. It does not adgsider the direct ecological relationship between
the two nodes, but also considers the indirecticglghips. Some relationships are very different in
the direct utility matrixD and integrated utility matriXJ because of the role of a third nodrar
example, according to the direct utility matbx nodei exploits nodg. However, it may be the case
that nodej exploits node in turn, considering their relationships with imtexdiate nodes. Fig. 2

shows the direct and indirect paths (take a foutenmetwork as an example):

Insert Figure 2

According to matrixU (Table S2), we can obtain a sign masgx(U) in which each element &i;

and the signs determine the characteristics ofreletionship between the countries based on the
flows between the pairs of the nodes that reprebentountries (Fath et al., 2007). $6i(, su;) = (+,

-), countryj gets a net C®emission share from countryjthrough global tradethat is, countryj
exploitsi (Fig. 3) Countryj consumes goods and services produced in countnyle not burdening

the corresponding carbon reduction responsibilityat is, country] transfers part of its carbon
9
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reduction responsibility tg andi undertakes excessive reduction responsibilitfsuf, su;j) = (-, +),
countryj is exploited by country, that is, country controlsi. Control and exploitation relationships
are equivalent, and since only the directions diffieey are reciprocal relationships. This pair of
relationships means that one country benefits fgabal trade while the other is damaged. We
introduced a third country to explain the competition relationship. #if, su;) = (—=,—), countrie$
andi both obtain a net COemission share from countpythrough global trade. Countrigsandi
both exploit countryp; that is, country andi are in a competition relationship (Fig. 3). Coiedj
andi both transfer part of their reduction respongilesi to countryp (p has a limited C®emission
share) ang accepts an excessive reduction responsibility. “TlWe-predators, one-prey” example
mentioned above is a reflection of competitionha global CO2 transfer network and is similar to
that found in natural ecosystems. Competition iaigis that the two countries involved in bilateral
trade are in similar positions in which they explbie same country at the same timeslf;(su;) =
(+,+), countrieg andi benefit from each other and obtain their Gg€nission shares through the
goods and service flows in global trade to acheeven-win pattern, without transferring a reduction
responsibility to the other (Zhang et al., 2010alXhis scenario, countrigsandi are experiencing
mutualism (Fig. 3). For example, jifexports resources foandj exports a high carbon reduction
technology td, thenj andi are in a mutual relationship. In the gtansfer network of global trade,

a mutual relationship means that both countriegfiteinom global trade.
Insert Figure 3

Using ecological network analysis, we studied 4ypf ecological relationships and their temporal
and spatial distributions from the perspectivestha global CQ transfer system and individual
countries. At the global level, we obtained the legal relationships between every two
compartments using the utility analysis. By cougtthe numbers of each kind of relationship, we
obtained the proportions of the 4 relationships tradr temporal and spatial distributions. At this

level, we did not distinguish between exploitatemmd control relationships, and simply expressed

10
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this pair of relationships as an “exploitation/aolitrelationship. At the individual country leveke
counted the ecological relationships of every coymdentified the typical countries for each tygfe
relationship, and studied their temporal and spalistributions. At this level, we distinguished
between exploitation and control relationshipstteototal number of relationships considered here

were twice those found at the global level.

3. Results

3.1 Ecological relationshipswithin the global CO, flow system and their changes over time

There were 780 relationships among the selectedcalihtries participating in global trade.
Throughout the study period, the global O@ansfer network was dominated by competition and
exploitation/control relationships, both accountifogy more than 40 % of the total. Competition
relationships accounted for approximately 52 %heftbtal in 2001 and 2004 then decreased to 44 %
in 2007 and 2010; in contrast, exploitation/contethtionships accounted for approximately 41 % of
the total in 2001 and 2004 and subsequently ineckas 51 % (Fig. 4). The mutual relationship was
a minor component of the network, accounting faesléhan 4 %, and decreased to 1.9 % in 2007.
Competition relationships decreased by 15.5 % fi2d01 to 2010. During the same period,
exploitation/control relationships increased sutisidly by 21.5 % from 2001 to 2010 and reached

52.6 % in 2010.

Insert Figure 4

These relationships also changed spatially toeeflee changing patterns of global trade (Table 1).
In the international network, more than 80 % of tbenpetition relationships and more than 75 % of
the exploitation/control relationships were founidhm Europe, between Europe and North America,
and between Europe and Asia throughout the studypdgeTrade within Europe accounted for

approximately 50 % of all competition relationshipsthe network, amounting to at least 3 and 2

times the corresponding proportions for trade betw&urope and North America and between

11
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Europe and Asia. However, the European contributmmrompetition relationships decreased by
19.7 % from 2001 to 2010. The overall level of 5&émpetition relationships for the entire network
was maintained by a 73.4 % increase between EumopeNorth America from 2001 to 2010.

Although the proportion of the competition relasbips between Europe and Asia fluctuated, it

remained near 20 %.
Insert Table 1

Europe accounted for the largest proportion of teploitation/control relationships, at
approximately 50 %, followed by relationships betwedcurope and Asia and between Europe and
North America, at approximately 24 % and 8 % of thlationships, respectively. The proportion of
exploitation/control relationships within Europe svaver 4 times that between Europe and North
America and twice that between Europe and Asialdibgion/control relationships within Europe
increased by 25 % during the study period, whileséh between Europe and North America
decreased by 5 %, which was too low to affect therall trend in the exploitation/control
relationships. Exploitation/control relationshipgtlween Europe and Asia remained relatively
constant. Mutual relationships accounted for a kpraportion of the 4 ecological relationships, and
at first, only occurred in trade within Europe; saQuently, mutualism occurred in some trade
between Europe and North America, between EurodeAan, and between Europe and Australia
(the Pacific Ocean region), accounting for nealyofithe mutual relationships in 2001 and 2004.
Since 2007, trade between North America and Asgsaduetributed to approximately 10 % of the

mutual relationships.

3.2 Ecological relationshipsfor individual countries and their changes over time

Based on the average pairs of the ecological oglghiips during the study period, we obtained the
typical countries for each relationship and thelationship proportions of the 4-year average value

(Fig. 6). Competition relationships were the domingpe in the majority of countries throughout
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the study period. There were 24 competition dontir@untries, including 11 countries whose
competition relationships accounted for more th@r?® of the total throughout the study period, 9
countries in 3 study years, and 3 countries inuBlystyears in which the proportion of competition
was less than 50 %. For exploitation relationshipspmark, Luxembourg, Malta, and Switzerland
were exploitation-dominant countries in 2 study rgeaRussia, India, and Indonesia were
control-dominant countries throughout the studyrgeaNo countries were mutual-dominant

countries.
Insert Figure 5

Among these competition-dominant countries, FinJaadnce, Japan, Greece, and Spain had the
largest proportions (more than 60 %) of the contipetirelationships (Fig. 6; Fig. S1). Italy,
Lithuania, Romania, Slovakia, the United Statedyiaa and South Korea had the second largest
proportions (more than 50 %) of competition relasioips within their ecological relationships (Fig.
6). More than 80 % of the competition relationshipsntioned above were distributed in Europe
(Fig. S1). Exploitation relationships also had ampinent position in Finland, France, Spain, Greece,
Italy, the United States, and Japan, accounting$ao 40 % of their ecological relationships (Fay.
More than 50 % of these exploitation relationshyase in Europe, and approximately 25 % were in
Asia. In addition, control relationships were lessmmon than competition and exploitation
relationships in these 7 countries. Lithuania, latvRomania, Slovakia, and South Korea's

exploitation and control relationships both accedrfor approximately 20 % of their total (Fig. S1).
Insert Figure 6

Competition relationships accounted for more th@r?s in 3 of the 4 years in Austria, Germany,
Hungary, Poland, Turkey, Brazil, Mexico, Canadag éime Netherlands (Fig. 6). The competition
relationships of Austria, Germany, Hungary, Polasag Turkey showed a decreasing trend, from
more than 50 % of the total in 2001 to less tha®¥bih 2010 (Fig. 5). As competition in Germany

and Turkey decreased, exploitation increased byentiban 40 % from 2001 to 2010. In 2010,
13
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exploitation accounted for more than 20 % in this® countries; more than 67 % of the countries
that formed exploitation relationships with thenrgven Europe and less than 25 % were in Asia (Fig.
S1). However, in Hungary and Poland, control refahips dominated the exploitation relationships,
accounting for 15 to 50 % of each, and more tha®60f countries controlled by Hungary and
Poland were in Europe (Fig. S1). Mexico showed learty dominant relationship from 2001 to
2007, but its competition relationships increasgd® % between 2007 and 2010, with 80 % of the
countries competing with Mexico located in Europel @anly 20 % were with the United States,
South Korea, and Japan (Fig. S1). Mexico's proportif exploitation relationships was higher than
control, with exploitation accounting for approxitely 30 % of the total (approximately 1.5 times
greater than control relationships). Approximately% of the countries that formed an exploitation
relationship with Mexico were in Europe, and thatravere mainly in Asia. Mexico’s control
relationships accounted for approximately 20 %haf total, with all of the countries that formed
control relationships with this country located Asia. Among the countries whose dominant
relationship type was competition, only the Netheds had more control relationships than
exploitation. Its control relationships accounted &pproximately 30 % since 2007. Control was
twice as common as exploitation in the Netherlaads, more than 90 % of countries that formed a
control relationship with the Netherlands were rdpe, whereas most countries that formed an
exploitation relationship with the Netherlands werdsia (Fig. S1).

In China, competition relationships dominated i@2@nd 2004, accounting for approximately 50 %
of the total relationships (Fig. 5). Countries tbampeted with China were located mainly in Europe
but included India and Indonesia in Asia (Fig. SHpwever, after 2007, control relationships
increased to 67 %, becoming the dominant relatipngfpe, and 70 % of these countries were
located in Europe, versus 20 % in North and SoutteAca and 10 % in Asia (most in South Korea
and Japan). The Czech Republic, Estonia, and Skovesre dominated by competition relationships

in 2001 and 2004, and 70 % of the countries thanéol competition relationships with these
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countries were in Europe, 10 % were in South andiNamerica, and 20 % were in Asia. However,
control relationships became dominant in 2007,dasing by 100 % for the Czech Republic and
Slovenia and by 27 % for Estonia. All countriesttifiarmed control relationships with these
countries were in Europe. In contrast, control treteships dominated Bulgaria in 2001 and 2004.
However, competition relationships became dominmag007.

Denmark, Luxembourg, Malta, and Switzerland weraniated by exploitation relationships
throughout the study period (Fig. S1). Exploitatrefationships accounted for more than 30 %, and
countries that formed exploitation relationshipshwthese 4 countries were mainly in Europe, but
also included Taiwan, Indonesia, India, and Chidanmark's exploitation relationships accounted
for approximately 35 % of the total in 2001, 20@#4d 2007, but in 2010, they accounted for more
than 50 % of the total, representing a 54 % in@dasn 2001 to 2010. Approximately 67 % of the
countries exploited by Denmark were in Europe, werapproximately 11 % in North and South
America and 22 % in Asia (Fig. S1). As exploitatieationships increased in Denmark, control
relationships decreased by 67 % from 2001 to 28d8,more than 75 % of the countries controlled
by Denmark were in Europe. Similar to the trendnfbun Denmark, Luxembourg’'s exploitation
relationships have been increasing steadily, ademyifor 30.7 % of the total at the beginning oé th
study and 43.6 % in 2010. More than 76 % of thentwes controlled by Luxembourg were in
Europe, and approximately 15 % were in Asia. Moktthee countries that formed a control
relationship with Luxembourg were in Europe. Matakploitation relationships increased sharply at
the beginning of the study period, started to deesran 2004, and finally stabilized at 34 % in 2010
(which was still higher than the proportion of apgmately 30 % in 2001). More than 75 % of the
countries that formed exploitation relationshipsivWalta were in Europe, and approximately 15 %
were in Asia. As exploitation relationships deceshscontrol increased by 25 %, changing from
28 % in 2001 to 35 % in 2010. Approximately 65 % tbe countries that formed control

relationships with Malta were in Europe, versu®d.4 North and South America, and 14 % in Asia.
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Switzerland’s exploitation relationships accounfidmore than 40 % of the total in all years except
2004. Approximately 65 % of the countries that fedran exploitation relationship with Switzerland
were in Europe and 15 % of the countries that forthés kind of relationship with Switzerland were
in Asia. There were few control relationships ottieem those found in 2001.

Russia, Indonesia, and India were dominated byrabrglationships throughout the study period
(Fig. S1). For Russia, control relationships actednfor more than 60 %, and most countries
forming control relationships with Russia were r&pe. However, some control relationships were
with Taiwan, South Korea, and Japan. Russia's é@apm and competition relationships both
accounted for less than 5 % of the total. Russiataiaed a stable competition relationship with
Bulgaria and stable exploitation relationships witustralia and Mexico. Similarly, control
relationships accounted for 54 % of Indonesia’slagioal relationships; more than 60 % of the
countries that formed a control relationship witddnesia were in Europe, with the remainder in the
Americas (North and South) and some Asian countriedonesia’s exploitation relationships
accounted for approximately 25 % of the total, afidthe countries that formed an exploitation
relationship with Indonesia were located in Eurofempetition relationships accounted for less
than 18 % of the total. Countries competing witlddnesia were mainly in Europe. India's
relationships were also dominated by control retethips, which accounted for approximately 56 %
of the total, and 60 % of the countries that formaecbntrol relationship with India were located in
Europe, versus 40 % in North America and South AcaeExploitation relationships accounted for
only 10 % of the total. Most of the countries tf@med an exploitation relationship with India were
in Europe, but these relationships also existed @hina and Indonesia.

Mutual relationships accounted for a small proportiof the total, generally less than 15 %.
Compared with other countries, there were more alutalationships in Luxembourg, Russia,
Australia, Canada, Taiwan, and Indonesia, withpgraportion ranging from 4 to 18 % of the total.

More than 80 % of the countries that formed mutetdtionships with these countries were India
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and European countries.
4. Discussion

Ecological network analysis is an effective methodanalyze the functional relationships of an
ecosystem. From the current studies of naturalystess, we can see that mutual relationships are
common in natural systems (Fath and Patten, 199&9)1 However, the proportions of ecological
relationships in socioeconomic systems differ dyefabm those in natural ecosystems, and the most
important difference is the decrease in mutuatisahips (Fath and Patten, 1998; Patten, 1991). As
the scale of research has increased, the mutuwlorehips between components have decreased.
For example, when studying regional virtual watlews, Mao and Yang (2012) indicated that
mutualism accounted for 20 % of the total relatiops in the Baiyangdian Basin. However, some
researchers noted that there were lower proportidrmautual relationships in the city. In Beijing,
19 % of the relationships were mutual in an urbaatmolic system (Li et al., 2012) and 14 % were
mutual in an urban energy metabolic system (Zhanagle 2010), indicating that there are
insufficient mutual relationships in cities. At theountry level, researchers showed that the
proportions of mutualism at this scale were loveea large degree. For example, Zhang et al. (2012)
suggested that mutual relationships accounted4@ % of the total relationships in China’s sodieta
metabolic system in 2006. A similar conclusion weaswn in a study of the embodied energy flows
among 30 Chinese provinces, in which mutual retstigps accounted for 3.8 % of the total in 2007
(Zhang et al., 2015). In our study, mutualism ia gtobal CQ transfer network is low, accounting
for approximately 3 % of the total number of redaships. That is, compared with a stable and
dominant proportion of mutual relationships in daunal system, socio-economic systems tend to

have fewer mutual relationships.
Insert Table 2

Socio-economic systems are also different from nahteicosystems in that they are dominated by

exploitation/control or competition relationshipsLi (et al., 2012; Xia et al, 2016).
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Exploitation/control decreases and competitioneases with the increasing research scale. Some
researchers have focused on the regional scaleexamnple, Mao and Yang (2012) noted that the
virtual water flows in the Baiyangdian Basin had %0exploitation/control and 10 % competition
relationships. Later, Fang and Chen (2015) foundr@portion of 67.7 % exploitation/control
relationship in the Heihe River Basin. In studiésudan metabolism, researchers concluded there
are few exploitation/control relationships and mooenpetition relationships. Li et al. (2012) noted
that approximately 62 % of the relationships weggl@tation/control and 23.8 % were competition
relationships, while Zhang et al. (2014) found thegarly 50 % of the relationships were
exploitation/control and 30 % were competition telaships. This means that the
exploitation/control characteristics of these sextwere weakened and replaced by competition in
cities to a large degree. However, there are stilhe upstream and downstream relationships
between the different sectors, so the proportiohexploitation/control relationships were still
relatively high. On the country scale, Zhang et(2015) found a value of 48 % for China’s 30
provinces’ exploitation/control relationships in@0 At this level, the upstream and downstream
relationships between the different provinces amttass were lower, and it was more difficult to
coordinate the different provinces compared todiye When considering the global G@ansfer
system, our results showed that exploitation/cdmtno competition relationships both accounted for
approximately 50 % (ranging from 40 % to 60 %)l total relationships in the G@ows through

the global trade network. Countries that parti@gain global trade had political and economic
conflicts of interest with other countries, leaditqg more competition relationships, even when

international treaties and trade agreements existed
5. Conclusions

The ecological network method, based on the glaiial transfer network model in this study, was
used to quantitatively study the proportions of 4hecological relationships and their temporal and

spatial distributions, provide support for clarifgi the carbon reduction responsibility of countries
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and optimize the whole global G@ansfer system.

We identified 780 pairs of relationships among #@ecountries. The global GQransfer network
was dominated by competition and exploitation/aantelationships, with both accounting for more
than 40 % of the tot al. Mutual relationships aated for less than 4 % of the total throughout the
study period. More than 80 % of the competition &d% of the exploitation/control relationships
were within Europe, between Europe and North Anaesnd between Europe and Asia (i.e., were
dominated by developed countries). Competitiontiaahips were the dominant types for Finland,
France, Japan, Greece, and Spain. Denmark, Luxembdalta, and Switzerland tended to exploit
other countries, while Russia, Indonesia, and Imdiee mostly exploited by other countries.
Because of the data sources and the standardsase th select the key nodes of the network, we
did not consider many countries in Asia, Africa,South and North America when establishing the
CO, transfer network created by global trade. We neestek more data to complete this research in
the future. This is the first limitation of our sty The second limitation is that our analysis el
more on the nature of the relationships withinrieevork rather than on the actual benefits andscost
for each country. In future research, it will becegsary to account for the magnitude of the flows

rather than only their utility.
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Table 1 Intercontinental distribution of the foupés of ecological relationships in 2001, 2004,72@Md 2010.

Proportion of total relationships (%)

Competition 2001 2004 2007 2010
trend Competition Exploitation/ Exploitation/ Exploitation/ Exploitation/
Mutualism Competition Mutualism Competition Mutualism Competition Mutualism
control control control control
EU-EU - 61.0 44.1 17.2 58.1 455 31.8 51.1 53.6 33.3 49.0 55.1 42.9
Competition (>15%)
EU-NA + 9.4 11.2 34.5 1.2 9.7 31.8 16.8 6.1 13.3 16.3 6.6 14.3
EU-AS None 21.3 23.4 24.1 20.6 24.2 27.3 19.3 24.6 33.3 19.5 24.6 23.8
EU-SA None 3.9 3.8 0.0 5.1 2.1 0.0 4.8 2.9 0.0 5.2 27 0.0
Competition (1%-15%) | EU-OA + 0.7 5.6 24.1 1.9 5.8 9.1 3.6 3.7 6.7 4.9 2.4 9.5
NA-AS None 1.2 3.8 0.0 0.9 4.2 0.0 1.4 2.7 13.3 14 27 9.5
AS-AS None 1.0 33 0.0 0.9 33 0.0 0.8 2.9 0.0 12 2.7 0.0
OA-SA + 0.0 0.3 0.0 0.0 0.3 0.0 0.3 0.0 0.0 03 0.0 0.0
OA-AS + 0.0 1.8 0.0 0.0 1.8 0.0 0.0 15 0.0 0.6 1.0 0.0
Competition (<1%) OA-NA None 0.7 0.6 0.0 0.5 0.9 0.0 0.8 0.2 0.0 0.9 0.2 0.0
SA-NA None 0.2 0.3 0.0 0.0 0.3 0.0 0.6 0.0 0.0 0.6 0.2 0.0
SA-AS None 0.2 15 0.0 0.5 1.2 0.0 0.3 1.2 0.0 0.3 1.2 0.0
NA-NA None 0.2 0.6 0.0 0.2 0.6 0.0 0.3 0.5 0.0 0.0 0.7 0.0

Notes: Intercontinental relationships are dividetb ithree categories based on the proportion ofpedition relationships. In this table, representdeareasing trend for
competition relationship, + represents an increasgiend, and “none” represents no significant tréinel, fluctuation). Trade types: EU-EU, Europerépe; EU-NA,

Europe-North America; EU-AS, Europe-Asia; EU-SA r&pe-South America; EU-OA, Europe-Pacific Ocean;-N3, North America-Asia; AS-AS, Asia-Asia; OA-SA,
Pacific Ocean-South America; OA-AS, Pacific Oceaia®A OA-NA, Pacific Ocean-North America; SA-NA, SbltAmerica-North America; SA-AS, South America-Asia
NA-NA, North America-North America.




Table 2 Comparative analysis of results in différgtndies

Literatures Exploitation/control Competition Mutualism
Small region Mao and Yang (2012, 70% 10% 20%
level Fang and Chen (201t Above 67.7% — —
Zhang et al (2010) 49% 37% 14%
City level
Li et al. (2012) 62% 23.8% 19%

Zhang et al (2014) 50% 30% 13%-16%
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Fig. 1 Network model of global carbon flows througternational trade.

Note: Fig.1 shows global carbon flows (inputs amtipats) among 40 countries whose GDP accountedhée than
85 % of the total global GDP during the study peéridhe width of the line represents the amountasbon flows. As
can be seen from the chart, countries in the warédengaged in frequent trade activities, whichd tenimply huge
embodied carbon transfer and is worthy of greansitin.

40 countries: AUT: Austria; BEL: Belgium; BUL: Budgia; CYP: Cyprus; CZE: Czech Republic; GER: Genynm&EM:
Denmark; ESP: Spain; EST: Estonia; FIN: FinlandAFRrance; the United Kingdom; GRE: Greece; HUN:ndary;
IRE: Ireland; ITA: Italy; LTU: Lithuania; LUX: Luxenbourg; LAT: Latvia; MLT: Malta; NED: the Netherlds; POL:
Poland; POR: Portugal; ROM: Romania; RUS: Russi:SSlovakia; SLV: Slovenia; SWE: Switzerland; TURurkey;
AUS: Australia; BRA: Brazil; USA: the United StafeBIEX: Mexico; CAN: Canada; TWN: Taiwan; KOR: South
Korea; JPN: Japan; IDN: Indonesia; IND: India; CHDina.
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Fig. 2 Direct and indirect paths in the global G@nsfer network.
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(1) A exploits B (2) B controls A
(Suji, SU) = (+, -) (Suji, Sui) = (= —)

(3) A co?npetes with B (4) Mutualism relationship
(Suji, sui) = (=) (S, SUij) = (+,+)

Fig. 3 Four types of ecological relationships ialgl carbon transfer network.

Note: sy is an element of matriggn(U) which representbe sign (positive or negative) af in matrixU.
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Fig. 4 Changes in the proportions of the four typiescological relationships among countries frdd@2to 2010.



ACCEPTED MANUSCRIPT

100%
a0%
80%
3
W 7[‘% - (11 .
)
g
S 60% S NI | 1 V1SN I N | ARRER + = 41 inlligdis ;i e
=
2
E 50% - S L 1 || | S S LI EEENATH | | - S| AR || S LR 1 | I al L
=
5 no% 1L IR LAY LR L L L HILIRIRH1R)] | R IRAR | 1 nilatimimEimnan LA L
.O
=
8 30 LTI I CHE Coe NN mW M1 LI IR | | BT RO, Bl IR
=
-
20% L HE QWA T D NITE TR AT A T T L I A
10% —HHHHHHEHE AR DR HG R HD R T LR LT H R BB A B HA D D HHE L HEH
D% TTTT TTTTT TTTT TTTTT TTTT TTTTrrrrrr T rrrrrrr T T TIrTIr TTTTTTIoIroIT LI LANLJNLJNL LN L L O I I B I TTTrr 1rrr rrrrr rrrr rrrrr rTrrr Irrrr Trrrr o irrrr TTITrTIrril
Q‘&_@q&}@@‘-&&-{,\o&bb&@ p‘\‘*b&q’&@&& {b‘\b‘\b‘}&f} & @ @*’f ra?@}é\
SRR N @@’6’0%\\&'@@ o ‘ﬁ‘a“;:.“*\@\"-@{ﬁi’\\ "P‘&’ o cﬁ\v
AP c%.%&“g@ T TSI IS x\\ RO Falgl @ O T S &
.4?0 _G'\- % & \3&' CZJ
vl 3 R &
¥ mmutualism = Exploitation = Comtrol Competition

Fig. 5 Proportions of the four types of ecologiedationships with other countries for each counying the study period. The (four bars for eamhntry represent (from

left to right) the four study years: 2001, 2004020and 2010




ACCEPTED MANUSCRIPT

G
O

Proportions of
competition were more
than 50% in four study
years

Control dominated the
global system in four
study years

‘ Competition

@

D

- Exploitation

Fig. 6 Dominant countries of the four types of egital relationships using the average value ofthdy years

World

Proportions of
competition were more
than 50% in three study
years

Exploitation dominated
the global systemin
three study years

. Control

@

Proportions of
competition were more
than 50% in two study
years

Proportions of
competition were |less
than 50% in four study
years

. Mutualism




Highlights

» We established a network model of the carbon flthas occur in global trade.

» We analyzed changes in the system’s ecologicaioakhips from 2001 to 2010.

» We analyzed changes in each country’s ecologitaioaships from 2001 to
2010.
Global carbon network was dominated by competiéind exploitation/control.
Finland, France, Japan Greece and Spain were mogtatition dominant

countries.



