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Metrics on resource productivity currently used by governments
suggest that some developed countries have increased the use of
natural resources at a slower rate than economic growth (relative
decoupling) or have even managed to use fewer resources over
time (absolute decoupling). Using the material footprint (MF), a
consumption-based indicator of resource use, we find the contrary:
Achievements in decoupling in advanced economies are smaller than
reported or even nonexistent. We present a time series analysis of
the MF of 186 countries and identify material flows associated with
global production and consumption networks in unprecedented
specificity. By calculating raw material equivalents of international
trade, we demonstrate that countries’ use of nondomestic resources
is, on average, about threefold larger than the physical quantity of
traded goods. As wealth grows, countries tend to reduce their do-
mestic portion of materials extraction through international trade,
whereas the overall mass of material consumption generally in-
creases. With every 10% increase in gross domestic product, the
average national MF increases by 6%. Our findings call into question
the sole use of current resource productivity indicators in policymak-
ing and suggest the necessity of an additional focus on consumption-
based accounting for natural resource use.

raw material consumption | multiregion input–output analysis | sustainable
resource management

Policy attention on natural resource security is growing world-
wide amid the recognition of an increasing dependence on in-

ternational trade in acquiring raw materials, an emerging scarcity
of particular key resources, and rising prices for primary materials
(1, 2). To gauge the sustainability of resource use and to support
decision making, metrics of economy-wide material flow account-
ing, such as domestic material consumption (DMC), have been
adopted as sustainability indicators by governments and authori-
ties. For example, the European Commission proposes “resource
productivity,” defined as gross domestic product (GDP) divided by
DMC, as the headline indicator of its “resource efficiency road-
map,” one of the main building blocks of Europe’s resource effi-
ciency flagship initiative as part of the Europe 2020 strategy (1).
Eurostat monitors GDP/DMC as one of the headline indicators
of the European Union (EU) sustainable development strategy
(3), and the Organization for Economic Cooperation and Devel-
opment (OECD) (4) and the United Nations Environment Pro-
gram (5) also use GDP/DMC as an indicator of their green growth
strategies. [Another indicator suggested in the literature is total
resource (or material) productivity, which includes hidden flows
and ecological rucksacks, as reported by Bringezu and Bleischwitz
(6) and discussed in SI Text.] Trends show that resource pro-
ductivity measured in this way has increased in most European
(7) and OECD (8) countries in the past decade, suggesting that
a relative, and even absolute in some cases, decoupling of eco-
nomic growth and resource use has been achieved. However, the
scope of DMC is limited to the amount of materials directly used
by an economy (raw materials extracted from the domestic territory

plus all physical imports minus all physical exports). It does not
include the upstream raw materials related to imports and exports
originating from outside of the focal economy.
This truncation might mislead assessments of national resource

productivity and supply security of natural resources as the in-
creasing spatial separation of production and consumption in
global supply chains leads to a shift of resource use and associated
environmental pressures among countries. This has been dem-
onstrated well for greenhouse gas emissions (9–11), land use (12,
13), water use (14–17), and threats to species (18). The “carbon
footprint” indicator has especially been used to quantify and
monitor carbon leakage among countries (19). Although the di-
rect and indirect flow of materials across nations has been studied
well (20–27), a consumption-based material flow indicator equiv-
alent to the carbon footprint has only recently been investigated
more closely using the notion of raw material consumption (RMC)
(28–35).
Because of its analogy to other footprint indicators (14, 17,

36), we suggest using the term “material footprint” (MF) for this
indicator and define it as the global allocation of used raw ma-
terial extraction to the final demand of an economy. In contrast
to indicators of standard economy-wide material flow accounting,
which are based on apparent physical consumption (35, 37–39),
the MF does not record the actual physical movement of materials
within and among countries but, instead, enumerates the link
between the beginning of a production chain (where raw mate-
rials are extracted from the natural environment) and its end
(where a product or service is consumed). (For a discussion of
different approaches to international material flow accounting,
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the reader is referred to SI Text.) This link may span multiple
countries and economic sectors.
In this empirical study, we demonstrate the additional insights

to be gained by using the MF as a basis for assessing resource
productivity. Countries depend increasingly on international trade
for acquiring their natural resource base; global physical trade in
materials has increased by a factor of 2.5 over the past 30 y (20,
21). With this research, we show that the real dependence on
nondomestic resources far exceeds the actual physical quantity of
traded goods. Using theMF as a measuring rod results in reduced
resource productivity for import-dependent countries. It opens
up a new perspective on global material supply chains and on the
shared responsibility for impacts of extraction, processing, and
consumption of environmental resources.
We calculated the rawmaterial equivalents (RMEs) of economic

trade flows between 186 countries by linking national material flow
accounts with a global multiregion input–output (MRIO) model.
Adding theRME of imports to the domestic extraction (DE) of the
raw material of a country and subtracting the RME of exports
results in the country’s MF. Establishing the trade balance in this
way is characteristic of the consumption perspective adopted by any
footprint indicator (10, 17).
Improving on previous studies (28–34), this work presents the

MF for most countries in the world as annual time series for two
decades. We also used a substantially more comprehensive and
detailed MRIO account (40) than any previously available, thus
mapping material flows in the structure of the world economy with
unprecedented specificity. With all-but-complete country coverage
and no gaps in the time series, our calculation framework avoids
the use of surrogate data and interpolation used in previous studies
and improves the representation of trade flows among individual
countries, making the analysis more robust and reliable.
To understand driving forces of national MFs, we compare the

results of a number of key countries and carry out a multivariate
regression analysis. We essentially redefine resource productivity
based on the MF and compare it with the conventional indicator
based on DMC to assess the veracity of resource productivity
indicators currently used to inform policies for sustainable resource
and materials management. Viewed from a consumption perspec-
tive, the meaning of resource productivity thus changes to one that
truly captures all upstream material movements along global
supply chains.

1. Results
1.1. MF of Nations and International Trade in 2008. The total global
MF, which is equal to the total usedDEof rawmaterials, amounted
to 70 billion metric tons (Gt) in 2008. Forty-one percent of this
amount (29 Gt) was indirectly associated with trade flows be-
tween the 186 countries studied in this research. [These numbers
do not include unused extraction of raw materials, as incorporated
in the total material requirement (TMR) and total material con-
sumption (TMC) indicators (35, 39, 41). When adding unused
extraction, the total indirect material flow of traded goods was
estimated at 41 Gt in 2005 (27).] For comparison, 26% of global
CO2 emissions (42), 30% of the world’s threatened species (18),
and 32%of theworld’s scarce water consumption (16) can be linked
to internationally traded commodities.
In other words, two-fifths of all global raw materials were

extracted and used just to enable exports of goods and services
to other countries. This is far more than the 10 Gt of direct physical
trade of materials and products (20, 21), reflecting the fact that
the physical flow of traded commodities is less than the tonnages
of raw materials required to produce the export commodities.
The consumption-based MF includes raw material extractions in
the trade balance even if some of the materials never actually
leave the country of origin (particularly process wastes and aux-
iliary material flows).

Results for 12 selected countries at different stages of their so-
cioeconomic development and with broad geographical coverage
are presented in Fig. 1. MF results for 2008 for all countries
studied are presented in SI Text and Dataset S1.
In 2008, the Chinese economy had by far the largest MF in

absolute values (16.3 Gt), twofold as large as that of the United
States and fourfold that of Japan and India. Sixty percent of
China’s MF consists of construction materials, testament of the
fast industrial transformation and urbanization China has un-
dergone over the past two decades. China also has by far the
largest amount of raw materials associated with exports (7.3 Gt).
Again, the majority of this (5.2 Gt) is construction materials,
meaning that a substantial part of the country’s infrastructure
(more than one-third of the DE of this material group) is related
to consumption in other countries.
Although Australia has the highest per-capita MF [MF/cap; 35

tons per capita (t/cap)], other developed economies show similar
levels at around 25 t/cap (e.g., United States, Japan, United
Kingdom, Chile). A lower material standard of living and a lower
average level of consumption in many developing countries are

Fig. 1. MF of national final demand and RMEs of imports (RMEIM) and
exports (RMEEX) of selected countries in 2008 (totals and per capita).
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reflected in a footprint below 15 t/cap, with India at the lower
end of 3.7 t/cap.
In absolute values, the United States is by far the largest im-

porter of primary resources embodied in trade and China is the
largest exporter of primary resources embodied in trade. Per-
capita RMEs of imports is largest for developed nations and is
smallest (although growing) for China and India. The largest per-
capita exporters of embodied primary materials, particularly metal
ores, are Australia and Chile.
A comparison of indicators over time (Fig. 2) shows that as

economies mature, their MF/cap becomes considerably larger
than their DMC/cap, with the United Kingdom and Japan at the
extreme end of the spectrum due to their postindustrial economic
structure and their dependence on imports for final consumption.
For Brazil, India, and China, the MF/cap levels are very similar
to those of the DMC/cap, but large resource exporters, such as
Australia, Russia, or South Africa, show a DMC/cap much larger
than their MF/cap. The DMC/cap has declined in Japan and the
United Kingdom, but the MF/cap has increased markedly.
The difference between DMC and the MF can be explained by

the fact that traded goods require much more material than what
is physically incorporated in them. Wealthier countries’ imports
of finished and semifinished products are linked to a larger amount
of raw materials compared with the physical quantity traded. This
also applies to metals, which are traded in the form of concen-
trates rather than ores (34 and ref. 43, p. 357). Nonexported mine
tailings are included in DMC of the exporting country, whereas
the MF allocates them to the importing (final demand) countries.
DMC will therefore overestimate consumption for exporters of
metals and biomass and underestimate it for importers of metals
and biomass.
Growing specialization, with some countries increasingly sup-

plying primary resources for industrial development in other
countries (44), means the burden of raw material extraction is
shifting (20, 27). The DMC indicator shifts with it, as reflected in
increasing DMC values for exporting countries and decreasing
values for importing, mostly developed, countries. The MF in-
dicator, on the other hand, reallocates the burden back to the
ultimate point of consumption, and is therefore less affected by
specialization trends.

1.2. Reassessing Resource Productivity.Decoupling the use of natural
resources (and associated environmental impacts from economic
growth) is the main goal of achieving sustainable development and
“green economies” (5). Over the past century, global average re-
source intensity (DMC/GDP) is reported to have almost contin-
uously decreased from 3.6 kg/dollar in 1900 to 1.3 kg/dollar in 2005
(7, 22–26, 35, 45–50). According to the OECD (8), G8 countries

halved their resource intensity between 1980 and 2008, and Canada,
Germany, Italy, and Japan have succeeded in decoupling DMC
from economic growth in absolute terms.
How do these reported trends compare with trajectories mea-

sured on an MF basis (GDP/MF)? We plotted relative changes in
the MF, DMC, and GDP [expressed in purchasing power parity
(PPP) at 2005 constant prices] between 1990 and 2008 for the 10
selected countries (Fig. 3). We added the EU-27 and OECD as
regions where official resource productivity data based on DMC
have been published (7, 8). Relative changes in resource produc-
tivity can be derived from Fig. 3: Increasing resource productivity
and decoupling are indicated by material indicator lines running
below the blue line (GDP-PPP-2005) (i.e., when the MF or DMC
has grown slower than the GDP).
Again, the process of externalization of resource-intensive pro-

cesses of mature economies becomes apparent. The EU-27, the
OECD, the United States, Japan, and the United Kingdom have
grown economically while keeping DMC at bay or even reducing
it, leading to large apparent gains in GDP/DMC resource pro-
ductivity. In all cases, however, the MF has kept pace with
increases in GDP and no improvements in resource productivity
at all are observed when measured as the GDP/MF. This means
that no decoupling has taken place over the past two decades for
this group of developed countries. The main reason in most cases
was increased indirect use of (dependency on) construction mate-
rials (Fig. 1).
The fast-growing economies of China and India achieved a

relative decoupling on both accounts (DMC and MF), whereas
the resource-exporting nations of Chile, Brazil, and Russia had
a decline in resource productivity observed with both metrics.
The most remarkable case is South Africa, where both DMC and
the MF have decreased in absolute terms (i.e., both indicators
testify absolute decoupling and a large increase in resource
productivity).

1.3. What Drives the MF of Nations? Using regression or structural
decomposition techniques, a number of studies have identified
affluence, along with other factors, as a key driver for consumption-
based indicators, such as land (13), carbon (10, 51), energy (52),
ecological footprints(53), and water footprints (54), as well as
resource use (47, 55).
Weinzettel et al. (13), for example, show that the global dis-

placement of land use, expressed as the import component of per-
capita national land use footprints, is strongly correlated (in fact,
exactly proportional) to per-capita national income. The influence
of variables other than the GDP on material productivity was in-
vestigated by Steger and Bleischwitz (25).

Fig. 2. MF/cap (by four categories) and DMC/cap (total) of selected countries and regions in 1990–2008 (different scales for upper and lower rows, with the
DMC/cap scale different for Chile only).
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We carried out a cross-country, multivariate regression anal-
ysis for the year 2008 to test how changes in MF and DMC
indicators can be explained by changes in three independent
explanatory variables that potentially influence the consumption
of materials. These three variables were as follows (details are
provided in SI Text):

i) GDP-PPP-2005/cap as a proxy for the wealth (individual in-
come) of nations.

ii) DE/cap as a measure for the actual production of raw mate-
rials. DE is related (although not equivalent) to the availability
of natural resources and the ability for raw material produc-
tion. The main reason for choosing this variable was to test the
hypothesis that DMC is more strongly influenced by DE
than by the MF.

iii) Population density (population per area) as a proxy for the
need to import materials from abroad, with the reasoning
being that the ability to produce land-based raw materials
(crops, fodder, and wood, as well as open-cast mining of min-
erals to some extent) might be dependent on the availability of
unpopulated land (22).

Elasticities α, β, and γ for explanatory variables were calculated
as the regression coefficients of the relationship F = k ·Aα·Bβ·Cγ,
with F being the MF/cap or DMC/cap and k being a constant.
The elasticities represent the relative change in per-capita re-
source use corresponding to a relative change in the explanatory
variable (details are provided in SI Text). To gain additional insight
into the use of biomass, we chose to break down this component
into two main subcategories [crops for human consumption
(category A.1.1) and fodder crops, crop residues, and grazed
biomass (A.1.2)]. The third subcategory of wood (A.1.3) was
omitted in this analysis due to its relatively small size.
Table 1 shows that variations in the total MF/cap are mostly

explained by variations in the GDP/cap; for a 10% increase in
wealth, the MF would increase by 6% (α = 0.60). Changes in the
DMC/cap, on the other hand, are mostly explained by variations
in the DE/cap (β = 0.75) and, to a much lesser extent, by vari-
ations in the GDP/cap (α = 0.15).
This result broadly confirms that products subsequently man-

ufactured out of raw materials are traded with their material
embodiment “in tow,” thus adding to the MF of consuming
(importing) countries but not to their DMC. This holds especially
for traded animal and dairy products, which embody a large
amount of upstream biomass (56). The trade in such biomass
embodiments is an order of magnitude higher than the trade
in biomass itself, clearly showing that whereas DMC attributes
the grazed biomass and fodder crops to the country where the
animal was raised, the MF attributes these inputs to the country
where meat or dairy products are consumed. Similarly, the ability

of rich countries to buy products is indirectly dependent on con-
struction materials from abroad; the construction component of
the MF/cap is clearly explained by the GDP/cap (α = 0.86) and
not at all by the DE/cap (β = 0.01). The DMC/cap of construc-
tion materials, on the other hand, is mainly explained by the DE/
cap (β = 0.80).
Interestingly, the use of metal ores and fossil fuels is well

explained by the GDP/cap in both indicators (α ≥ 0.9). The
elasticities for fossil fuels are even higher than found in other
studies [e.g., Lenzen et al. (52) found an elasticity of 0.9 for the
dependence of embodied energy on the GDP]. This confirms the
very strong link found previously (24) between growth in building
materials, ores, and fossil fuels use and economic growth in most
of developing Asia, most notably in China.
Population density seems to have a lesser and mixed influence

on resource use indicators. Negative elasticities for metal ores
(γ = −0.16 for the MF and −0.20 for DMC) suggest that more
densely populated areas require fewer materials in this cate-
gory, possibly through the more efficient use of products. Steger
and Bleischwitz (25) also report mixed findings with a univari-
ate regression analysis showing a negative influence of population
density on DMC material intensity and a multivariate analysis
showing the opposite.
What do these findings mean for resource productivity? Ex-

pressing the regression coefficients of resource productivity with
income as 1 − α (SI Text), we find that total resource productivity
increases less with income when measured on a GDP/MF basis
(1 − α = 0.40) compared with a GDP/DMC basis (1 − α = 0.85).
Mostly responsible for this difference are the biomass and con-
struction material components. It is thought that high-income
countries can achieve higher resource productivity because their
GDP is relatively more decoupled from biomass consumption
than from other materials (23, 46), and possibly because demand
for construction materials may reach a certain level of saturation
[the case of steel is reported in ref. (57)]. However, the MF does
not attest to such decoupling. As nations become richer, the
change in their socioeconomic metabolism (from agricultural
to industrial production) helps less to improve resource produc-
tivity than previously thought. In an additional regression analysis
of country ensembles with varying GDP/cap averages (presented
in SI Text), we show that the elasticity of the MF of fodder par-
ticularly increases with an increase in wealth, highlighting the role
of meat-based diets in richer societies. Our findings confirm a
previous analysis of drivers of global land use that also provided
“. . .strong support for the hypothesis that biomass use increases
with affluence” (ref. 13, p. 436).

2. Discussion
Humanity is using natural resources at a level never seen before.
The total amount of 70 billion t of raw material extraction is

Fig. 3. Relative changes in total resource use (MF and DMC) and GDP-PPP-2005 between 1990 and 2008 [values are plotted as ΔX = (Xt2 − Xt1)/Xt1; t1 = 1990].
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unprecedented, and per-capita levels of resource consumption
are at their highest level in history (10.5 t/cap in 2008). These
numbers are predicted to rise unless stringent reduction targets
and policies are put in place (5, 6, 21, 58). Few countries would
be able to satisfy their material needs with domestic resources,
and the current level of national material consumption has only
been made possible through a record increase in international
trade. Our results show that 41% (29 Gt) of total global resource
extraction was associated with international trade flows in 2008.
Only one-third of these materials actually crossed national bor-
ders, but all enabled consumption in countries other than the
extracting countries. With respect to environmental impacts as-
sociated with resource extraction, however, it is the net-exporting
countries that are at the receiving end.
On the one hand, there is the actual process of extracting

resources from the natural environment and subsequent pro-
cessing and transporting. Many environmental impacts, such as
water resource depletion; soil erosion; biodiversity loss; or pollu-
tion through agrochemicals, mine tailings, or oil spillages, occur at
these stages. On the other hand, consumption has been a driving
force, resulting from a general increase in economic growth and
prosperity for most of the time since World War II. The MF of
nations reflects the increasing complexity and multicountry nature
of global supply chains and is the appropriate indicator if the aim is
to pinpoint the ultimate consumer responsibility of a country for
impacts associated with raw material extractions worldwide. In
contrast to DMC, the MF allocates higher upstream material
extractions to the ultimate receiving country, and therefore estab-
lishes a direct connection between production (extraction) and
consumption.
TheMF can be seen as a “mirror indicator” of DE, which reflects

producer responsibility for impacts related to material extraction.
DMC can be regarded as an “intermediate” indicator that cor-
relates well with actual physical trade flows but also often returns
values closer to DE than to the MF and tends to be relatively
higher if resource extracting and processing activities are strong.
The measure of resource productivity based on DMC alone

does not reveal the true extent of resource dependence and
burden shifting and can limit decision making. Our analysis does
not support the observation of resource productivity increases in
developed countries over the past decades (7, 8, 59). A less steep
increase in the GDP/MF with income (compared with GDP/
DMC) demonstrates that countries might find it more difficult

than previously thought to increase resource productivity as their
economies mature. Even absolute decoupling measured by DMC,
at the individual country level, may not indicate that resource use
is actually decreasing with increasing income. It may just indicate
that more material extraction has been off-shored. Developed
nations experience an increase in imports of semifinished and
finished products and a change in economic structure toward
service economies, which add high value to the GDP. These
trends make developed countries look more resource-efficient,
but they actually remain deeply anchored to amaterial foundation
underneath.
Shortcomings of GDP/DMC have been acknowledged in the

Roadmap to a Resource Efficient Europe (1), and as stated in ref.
34 (p. 8904), “. . .Eurostat plans to supplement or replace the
DMC indicator by publishing the RMC [MF] indicator on a reg-
ular basis.” The OECD’s recent report on Resource Productivity in
the G8 and the OECD acknowledges that “. . .further progress can
only be achieved through more integrated policy approaches that
take account of the full life-cycle of materials...” (ref. 8, p. 5).
This underpins the need for sustainable resource and materi-

als policies to be informed by consumption-based indicators such
as the MF, in addition to accurate data on resource extraction
and physical trade. The MF is particularly suited to pinpointing
the driving force behind global resource use and consumption as
well as to initiate and facilitate political discourse aimed at re-
ducing associated environmental impacts (6, 59).
Importantly, our research confirms that pressure on natural

resources does not relent as most of the human population
becomes wealthier. Rather than a mere decline in intensities of
use and impact (60), true dematerialization has to mean an ab-
solute decoupling of impacts if a growing world population is to
make ends meet on a finite planet. TheMF indicates that this goal
might be harder to achieve than previously thought as global
affluence grows.

3. Materials and Methods
We calculated theMF of nations bymultiplying thefinal demand of a country
for goods and services with multipliers representing all upstream global
material requirements associated with one unit (dollar) of product. These
multipliers were derived from environmentally extended global input–
output analysis following Leontief’s standard input–output calculus (61).
The high-resolution global MRIO database used in this work, Eora, contains
domestic and international monetary transactions between 14,787 industry
sectors across 186 countries (40). To this database, we added physical

Table 1. Elasticities and adjusted regression coefficients for a multivariate regression of five material categories for the MF and DMC
as explained variables and GDP-PPP-2005/cap, DE/cap of the same material category, and population density as explanatory variables
(137 countries, year 2008)

Explained variables (EW-MFA material categories)

MF
total

MF
crops

MF
fodder

MF
ores

MF
construction
materials

MF fossil
fuels

DMC
total

DMC
crops

DMC
fodder

DMC
ores

DMC
construction
materials

DMC
fossil
fuels

Explanatory
variables

(A.1–4) (A.1.1) (A.1.2) (A.2) (A.3) (A.4) (A.1–4) (A.1.1) (A.1.2) (A.2) (A.3) (A.4)

i) GDP/cap
(elasticity, α)

0.60*** 0.57*** 0.46*** 0.90*** 0.86*** 1.23*** 0.15*** 0.17*** 0.04 0.99*** 0.45*** 1.7***

ii) DEi/cap*
(elasticity, β)

0.30*** 0.25*** 0.11* 0.02** 0.01 −0.01 0.75*** 0.60*** 0.95*** 0.25*** 0.80*** 0.55***

iii) PopDens
(elasticity, γ)

0.03 0.07* −0.05 −0.16** 0.09* −0.02 0.05*** 0.06** 0.01 −0.20 0.17 0.11

Log (k) 0.13 −0.63*** −0.13 −0.47*** −0.35*** −1.03*** 0.03 −0.2*** −0.06 −0.48 −0.60** −1.55*
Adjusted R2† 0.74 0.65 0.46 0.62 0.71 0.77 0.88 0.65 0.79 0.37 0.84 0.61

EW-MFA, economy-wide material flow accounting classification; PopDens, population density. Significance: ***>99% level of confidence; **95–99%;
*90–95%; no asterisk, <90%.
*Subindex i in DEi refers to the part of the MF and DMC that is being explained (e.g., MF crops is explained by DE crops).
†Adjusted R2 values take into account the number of explanatory variables.
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unit data on the DE of raw materials from a global reference database
of material flows. Using a binary concordance matrix, we attributed 35
material subcategories to matching product categories at a four-digit level
in the OECD Harmonized System, which, in turn, has been used to establish
concordances among industry sectors in each country. To be consistent across
our analyses, we used GDP-PPP in a constant international unit (dollar) for the
year 2005 (denoted as “GDP-PPP-2005”) both for comparing among countries
and over time. Details and limitations of the methodology, as well as MF results
for 2008, are provided in SI Text.
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