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Producing sufficient, healthy food for a growing world population amid a
changing climate is a major challenge for the twenty-first century. Agricultural
trade could help alleviate this challenge by using comparative productivity
advantages between countries. However, agricultural trade has implications
for national food security and could displace environmental impacts from
developed to developing countries. This study illustrates the global effects
resulting from the agricultural trade of a single country, by analysing the
global cropland and greenhouse gas impacts of the UK’s food and feed
supply. The global cropland footprint associated with the UK food and feed
supply increased by 2022 kha (4+23%) from 1986 to 2009. Greenhouse gas
emissions (GHGE) associated with fertilizer and manure application, and
rice cultivation remained relatively constant at 7.9 Mt CO,e between 1987
and 2008. Including GHGE from land-use change, however, leads to an
increase from 19.1 in 1987 to 21.9 Mt COe in 2008. The UK is currently import-
ing over 50% of its food and feed, whereas 70% and 64% of the associated
cropland and GHGE impacts, respectively, are located abroad. These results
imply that the UK is increasingly reliant on external resources and that the
environmental impact of its food supply is increasingly displaced overseas.

1. Background

Demand for food will be a major driver of global environmental change in the
coming decades [1], through its impact on, among others, land use and greenhouse
gas emissions (GHGE). Globally, agriculture accounts for about 40% of total land
area [2], and the agriculture and forestry sector is responsible for just under a quar-
ter of global anthropogenic GHGE [3]. In a globalized world, the demand for food
is increasingly met by resources outside a country’s own territory [4], and cur-
rently, almost a quarter of all food produced for human consumption is traded
internationally [5]. As a result, the world has moved towards an increasing reliance
on food trade in order to feed its population and this has important implications
for food security [6,7]. The increasing dependency on trade reflects the use of
natural resources, because more than 20% of the global cropland area is presently
used for exports [8]. In general, international trade flows from high-yield to low-
yield regions, suggesting that it is contributing to a more efficient global
food system [8]. However, concerns have been raised over the role of trade in
the displacement of environmental impacts by shifting the burden from developed
to developing countries [9]. This displacement has been studied in the context
of CO, emissions, showing that consumption-based accounts of developed
countries’” emissions are increasing, whereas production-based accounts are
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stabilizing or even decreasing [10]. This difference between
production-based and consumption-based accounting has
important consequences for effective climate policy and hence
the choice of metrics has key implications. Most global consump-
tion-based accounts on CO, emissions are estimated from
multi-region input—output analyses (MRIOs) and consider
CO, emissions of the economy as a whole. More recently, the
effects of international trade on other environmental indicators
such as land use have also been included in consumption-
based MRIO accounts [11]; however, there is an ongoing
debate as to whether these MRIO models are suited to examine
land-use displacements, or whether biophysical models are
better suited [12—-14]. A possible reason for these at times diver-
gent accounts of land-use displacements is the differences in
metrics underlying the accounting. A recent study showed that
the choice of monetary, nutritional or resource metrics could
greatly affect conclusions about whether a country is, for
instance, a net importer or net exporter of croplands [15].

While global studies give a good indication of the magni-
tude of the environmental consequences of trade, analysing
the displacement effects of trade for one specific country pro-
vides information about the specifics of the global effects of
local consumption [16]. Therefore, the aim of this study was
to analyse the global environmental impacts over time associ-
ated with the national food supply of a developed country.
The UK was used as a case study for this analysis because
it represents a developed, high-income country which is
heavily dependent on food imports.

The present analysis considers the environmental impacts
related to crops used for food and feed, as it has been shown
that dietary change could achieve a larger reduction in
carbon emissions than supply-side mitigation measures [17]
with the potential for co-benefits for public health [18]. Syner-
gies between health, emissions and land-use reduction will
be highly relevant from a policy perspective [18].

The complexities of current food supply chains and lack of
available data make it very difficult, in some cases impossible,
to trace individual food items back to their place of production,
especially, because, most bilateral trade data report only the last
country in the supply chain [19,20]. Therefore, for this study, a
recently developed biophysical dataset was used, which allows
flows of crop and livestock products to be traced and consist-
ently allocated to cropland areas in over 200 countries [8]. The
use of this dataset overcomes the problem of bilateral trade
data, and thereby gives a better indication of the allocation of
crop and livestock products to their cropland area. In this
study, this dataset was used to calculate the domestic and over-
seas cropland footprint of the UK food and feed supply for the
period 1986—2009. The calculated cropland footprint was sub-
sequently used to analyse the associated GHGE, comprising
synthetic fertilizer, manure application to soils, rice cultivation
and emissions arising from land-use change (LUC). This study,
therefore, highlights the effects of trade on the self-sufficiency of
the UK, and the displacement of cropland and GHGE impacts
to other countries.

2. Methods

This study uses data from a recently developed dataset [8], based
upon FAOSTAT data [21], for calculating total trade volumes for
the UK and their associated cropland footprint. A brief overview
of this methodology is given here, but for more details, see the

original study [8]. The accounting system assumes that the dom-
estic production of the UK is either used for domestic use or for
exports (production perspective). The domestic consumption of
the UK is either supplied by domestic production or by imports
(consumption perspective). The resulting values represent the
total crop (food and feed) supply at the national level, including
processed products such as bread and pasta, and hence differ
from actual food intake or household food availability owing
to, for instance, waste along the supply chain. By assuming
that imports and domestic production of a given crop contribute
to the country’s domestic consumption and exports in pro-
portional shares, consistent production and consumption
perspectives can be established for 157 crops on a global scale.
One hundred and ten of these crops are included in this study;
crops that do not ultimately contribute to the human diet were
excluded, e.g. cottonseed and tobacco (see electronic supplemen-
tary material, table S1 for details of the crops). At the time of the
analysis, no exports were reported for Cote d’'Ivoire, a major
supplier of cocoa beans and coffee for the UK, for the period
1986-1996. Therefore, a linear trend was assumed for the
supply of cocoa beans and coffee to the UK, using the period
1997-2009 as a base, and extrapolated to the period 1986-1996.

Not all crops contribute 100% to human food or animal feed;
most notably oil palm fruit. Therefore, although the analysis is
based on food and feed crops, not all of the environmental
impact may be related to food. Experimental statistics show
that approximately 0.4-1.7% of total UK arable land was used
for biofuel production in the period 2008-2012 [22]. No data
are available for earlier years; it is therefore assumed that crops
for fuels played a negligible role over the study period.

All processed products, e.g. soya bean oil, were converted
and allocated to their primary commodity, as described by
Kastner et al. [8], preventing double counting for crop products.
Only cropland is considered in this study, grasslands were not
part of the analysis. Animal products and feed use are converted
to obtain the amount of ‘crops in animal products’ and hence the
associated cropland requirements can be calculated. Cropland
requirements were calculated using country-specific yields for
the respective years. Thus, the consumption perspective shows
the shares of 255 countries in the apparent consumption of 110
crops in the UK, and the production perspective shows in
which of the 255 countries the UK food production is consumed.

Individual crops were grouped into FAO categories (see elec-
tronic supplementary material, table S1 for an overview), and all
countries were grouped into world regions according to the classi-
fication used by [8]. Countries included in the EU15+ region were
kept the same over the entire period, e.g. the enlargement of the EU
did not affect our composition of the regions, to keep results for the
EU15+ consistent for the studied period (see electronic sup-
plementary material, table S2). Energy and protein supply were
calculated using FAO nutritional value data [23]. As this study ana-
lyses crop supply resulting from food and feed, calculated energy
and protein availabilities represent energy and protein that are
available before they are converted to livestock products. As
such, the amount of protein and energy is higher than the actual
availability of protein and energy to the general population. All
data presented in figures and tables are 3-year averages around
the respective years.

2.1. Galculation of fertilizer application

Crop-specific synthetic nitrogen fertilizer rates for Europe and
the UK were obtained from Fertilizers Europe [24], and the Brit-
ish Survey of Fertilizer Practice 2010 [25]. Crop-specific nitrogen
application rates for the rest of the world were calculated using
crop-specific nitrogen fertilizer consumption data from the inter-
national fertilizer industry (IFA) for the year 2010/2011, the most
recent version with the largest number of crops and countries
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available [26]. Data from Fertilizers Europe and the British
Survey of Fertilizer Practice were obtained for the year 2010 to
match IFA figures. IFA consumption figures (for 13 major crop
categories in the 27 main nitrogen fertilizer consuming countries)
were converted to crop-specific application rates by dividing the
total nitrogen consumption figures for each crop by the harvested
area for the corresponding crop [21]. To calculate the changes
in fertilizer application rates over the time period, annual total
fertilizer consumption in a region was obtained [21], and the
% change in total fertilizer consumption was divided by the %
change in ‘arable land and permanent crops’ in the correspond-
ing year. For example, total fertilizer consumption in South
America in the year 2000 was about 50% of the total fertilizer
consumption in the year 2010, and total ‘arable land and perma-
nent crops’ area in 2000 was 84% of that in the year 2010.
Combining these figures leads to a nitrogen application rate in
2000 that represents 60% of the nitrogen application rate in
2010. It was then assumed that the calculated change in fertilizer
application rates over the study period was uniform across all the
different crop categories, i.e. all crop categories from South
America in 2000 received 60% of their 2010 nitrogen application
rate, and uniform across types of land, because FAO figures do
not distinguish between grasslands and croplands fertilizer con-
sumption. A recent study suggests that in most countries the
share of total nitrogen fertilizer applied to grasslands increased
over the period 1986—2009, whereas this share in most European
countries decreased from the year 2000 onwards [27]. In general,
the share of nitrogen fertilizer applied to grasslands is much
lower than the share for croplands. Thus, our assumption of uni-
form changes for grasslands and croplands may slightly
overestimate nitrogen fertilizer use in the later stages of the
studied period, and slightly underestimate nitrogen fertilizer
use from the year 2000 onwards for European countries. For
stimulant crops, nitrogen application rates were obtained for
specific countries from the FAO database ‘fertilizer use by crop’
(n =23 for coffee; n =13 for tea and n = 12 for cocoa) [28]. If
the respective country was not available in this dataset, then nitro-
gen rates of a neighbouring country were used. Fertilizer figures
for stimulant crops were only available for different years and
ranged therefore from 1988 to 2003. In contrast with the fertilizer
application rates of other crops, no changes in fertilizer appli-
cation were assumed for stimulant crops, as the data were only
available for different years and as stimulant crops receive a rela-
tively low amount of fertilizers. For cocoa production in Ghana
and Ivory Coast, the two main exporting countries to the UK,
no nitrogen use was assumed, as the FAO reports for Ghana
that fertilizer use on cocoa was negligible [29]. For countries
that were part of the ‘rest of the world’ category of the IFA,
total crop-specific fertilizer consumption was divided by the
harvested area of all crop areas in the remaining countries.

2.2. Calculation of manure application

Nitrogen is also applied on soils by manure, though the nitrogen
input by manure is much smaller on a global scale than synthetic
fertilizer nitrogen input [30]. Manure application rates were cal-
culated using a two-step approach. First, total annual manure
nitrogen input to soils was obtained and divided by total har-
vested area in the corresponding year (both obtained from [21])
to give the average manure nitrogen input per hectare for a
given country in a given year (equation (2.1))

M cons;(t)

Mappl;(t) = Tareai(t) (2.1)
where M appl;(f) is the average application rate (kg N ha™') for
manure nitrogen in country i for the year t; M cons;(t) is the
total manure nitrogen input (kg N) according to the FAO in
country i for the year t and area; (t) is the total harvested area

(ha) according to the FAO in country i in the year t. To account n

for the different nitrogen requirements of different crops, it was
assumed that manure nitrogen is spread in the same proportions
as synthetic fertilizers (equation (2.2)). That is, if vegetables
require twice as much nitrogen from synthetic fertilizer as cer-
eals, then we assume that vegetables receive twice as much
manure nitrogen as well.

F cropi,j( 3

) x Mappli(t)r (22)

MCrOpi'j(t) = W

where M crop;(t) is the calculated manure nitrogen application
rate (kg N'ha ') in country i for crop j in the year t; F crop;;(t)
is the crop-specific nitrogen application rate (kg N ha ') for syn-
thetic fertilizer in country i for crop j for the year t; F appli(t) is
the average application rate (kg N ha ') for synthetic nitrogen fer-
tilizer in country i and year t and M appl; (t) is the average
application rate (kg N'ha ') for manure nitrogen in country i in
the year t (equation (2.1)). The crop-specific fertilizer nitrogen
application rates (F crop;;) were obtained from the previous
synthetic fertilizer input calculations. The average fertilizer appli-
cation rates (F appl;) were obtained by dividing total fertilizer
consumption in a country [26] by total harvested area of all
crops in the corresponding country, or by using average fertilizer
application rates from Fertilizers Europe [24] and the British
Survey of Fertilizer Practice 2010 [25]. Because it was assumed
that changes in fertilizer consumption over the study period
were uniform across the crop categories, the factor F crop;;/
F appl; was kept constant over time. This two-step approach
gave an average crop-specific manure nitrogen application rate
for each country in each year of the study period. In some regions,
fertilization levels are limited by legislation. Using the approach
described here, in only three countries do calculated fertilization
rates exceed recommended rates (Netherlands, Ireland and
Belgium). While the current method may overestimate manure
application rates for these three countries, this is unlikely to have
a large impact on our overall findings.

2.3. Greenhouse gas emission calculation related to
fertilizer and manure application, and rice
cultivation

Crop-specific nitrogen application rates for synthetic fertilizer and
manure were multiplied by the cropland area associated with the
UK supply of the respective crop to give the total nitrogen input
associated with each crop. Both direct GHGE from fertilizer
and manure application, as well as indirect emissions owing to
leaching and volatization, were calculated using the IPCC tier 1
factors [31]. A global warming potential of 298 (100-year time
horizon) was used to convert N,O to CO,-equivalents (CO,e) [32].

To account for methane emissions during rice cultivation,
implied emission factors for rice cultivation [21] were multiplied
by the calculated rice cultivation area associated with the UK
crop supply. Methane emissions were converted to COe by
using a factor of 34 (100-year time horizon) [32].

2.4. Greenhouse gas emission associated with land-use
change

To calculate LUC emissions, a ‘top-down’ approach was used, as
described in [33], based on the consideration that all agricultural
commodity markets are global in nature and highly intercon-
nected. From this perspective, all global LUC emissions should
be allocated to agricultural land itself, not only to recently cleared
land, resulting in a calculated average emission of LUC for every
hectare in agricultural use [34]. Values obtained from [34] are
used here, which are 5.8 Gt CO,e per year for all LUC emissions,
and a total global agricultural area of 4.9 Gha, resulting in average
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Table 1. Trends in volume, calories and protein imported into the UK from each world region as percentages of total food and feed supply. Values are 3-year [}

means around the respective year.

tonnes (% of total)

NorhAmeria 5383

kcal (% of total)

protein (% of total)

1987 2008
domestic 64 52
‘ .tentra‘I”A.merica‘ . 1 1
e g 0
. FSUandotherEurope o L
T .
* Northern Africa and Western Asia 2 2
e o
e —
o o
v -

LUC emissions of 1.18 tonne of CO,e for every hectare of agri-
cultural land. To compensate for a limitation of this approach,
namely that all crops carry the same burden per hectare, we use
normalization factors for the 25 major global crops based on
their relative expansion rates in the period 1990-2010 [35]. For
example, soya beans, where cropland areas have expanded
rapidly, receive a normalization factor of 1.36, compared with,
for instance, a factor of 0.78 for barley, for which cropland areas
have decreased. The same LUC emission factor is used throughout
the studied period.

3. Results

The dependence of the UK on international trade to meet its
food needs has increased substantially over the period 1986—
2009. Total annual crop-related food and feed supply in the
UK increased from 56 in 1987 to 71 Mtyr ' in 2008. Part of
this increased demand can be explained by the increase in
population, which grew from 57 million people in 1987 to
62 million people in 2008. However, the per capita supply still
grew from 985 to 1148 kg cap™ ' yr~'. In 2008, 48% of the total
UK food and feed was imported from abroad, compared
with 36% in 1987 (table 1). The same picture emerges for
energy (calories) and protein supply: in 2008, trade imports
accounted for about 50% of total supply, whereas this percen-
tage was about 40% in 1987 (table 1). Total energy availability
for feed and food combined increased from 5522 in 1987 to
6892 kcal cap ' d™! in 2008; protein availability for feed and
food combined increased from 192 to 259 g cap ' d .

The main trading region in terms of volume was Europe,
responsible for about one-fifth of the total crop supply. The
share from North America in the total supply has decreased
over time, whereas South America’s share has increased sub-
stantially since 1986. After domestic food production,
European agricultural production is most important for the
supply of energy to the UK, with almost a fifth of all calories
coming from the EU in 2008. Most of the protein is imported
from South America owing to the large imports of high-protein

1987 1987 2008
62 51 57 46
5 ; .1.7 ....................... .
1 1 0 ;
B 5 vvvvvvvvvvvvvvvvvvv 12 ..................... s 25
» 19 ...1.2. .
................ 1 4 1 4
.............. 1 SRR 1 .1 1
; . .1. :
............. 2 1 1 ;
100
—— volume
—aA— cropland footprint

—0— GHGE (excl. LUC)
—8— GHGE (incl. LUC)

40

80

impacts abroad (% of total impacts)

0

1985 1990 1995 2000 2005 2010
year

Figure 1. Overseas impact of UK food and feed supply on cropland use and
carbon emissions as percentage of total impact.

oil crops such as sunflower seed and soya beans, which are
mainly used for animal feed.

The increasing dependence on international trade is
reflected in the rising environmental impact abroad, albeit
at a slower pace than total trade volume. The total cropland
footprint of the UK food and feed supply increased
from 8900 in 1987 to 10922 kha in 2008, or from 1562 to
1774 m? cap ' yr ! in 2008 (+14%). In 1987, about 57% of
this cropland footprint associated with UK crop supply was
located abroad and this increased to about 67% in 2008
(figure 1). The largest increase in cropland footprint is observed
in South America (41437 kha) followed by the Former Soviet
Union (4791 kha). Figure 2 shows the change in percentage
points of the world regions’ contributions to the total UK crop-
land footprint from 1986 to 2009. It shows that the importance
of North America has decreased over time (from 14% to 5%),
whereas the importance of particularly South America has
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33%
11%
4%

contribution to UK
cropland footprint (2008)

—10% —5%

0% 5% 10% 15%

Figure 2. Relative contribution of the different world regions to the UK's cropland footprint. Colours show the change in percentage points of the world regions’
contributions to the total UK cropland footprint from 1986 to 2009. Proportional circles show the relative contribution of the world regions to the UK's cropland

footprint in 2008 (3-year mean).

Table 2. Impacts of the main crop categories. Values are 3-year means around the respective year. Note that the impacts are the sum of domestic impacts and

impacts abroad.

tonnes (kton)

1987 1987

cereals 20775 26 925 4141
T s e e
sugarcrops108599838662
pulses 689 1120 272
0|Icrops .............. on e e
vegetable557797362247
e s o wm
e o w o
T wm  we ee

increased (from 10% to 21%). Crops responsible for the
decrease in cropland area in North America are mainly cereals
(see electronic supplementary material, figures S1-S10 for crop
category-specific maps), whereas the increase for South
America is mainly caused by oil crops. Figure 2 also shows
the relative contribution of the different world regions to the
total UK footprint in 2008. The share of domestic cropland in
the total cropland footprint is largest (33%), followed by the
share of South America (21%) and EU15+ (14%). Individual
countries responsible for the largest share in the UK’s cropland
footprint are Argentina and Brazil, both contributing about 9%
to the total UK cropland footprint.

3.1. Contribution of different crops to cropland footprint
In absolute terms, oil crops, cereals and stimulant crops
(i.e. cocoa, coffee and tea) are responsible for the largest
increase in the cropland footprint, whereas the contribution
of sugar crops and roots and tubers decreased (table 2). The

land area (kha)

GHGE (exdl. LUC)
(kton C0,e)

GHGE (ind. LUC)
(kton C0,e)

2008 1987 1987
4384 5681 5309 10 214 10 203
o S s w0
572 100 156 501 1000
a0 w o wi e
o e e

cropland footprint associated with oil crops increased by
1359 kha (+68%), whereas that associated with stimulant
crops increased by 242 kha (+28%), mainly owing to an
increase in cocoa bean imports. Cropland for oil crops
increased both domestically (+238 kha) and
(+1121 kha). Cropland area for domestically supplied cereals
decreased (—183 kha), whereas total cropland area for cereals

abroad

abroad increased by 426 kha. Crops particularly important
for human health, such as fruit and vegetables, are also increas-
ingly sourced from abroad, with an increase from 429 in 1987 to
608 kha in 2008, whereas the domestic cropland footprint of the
UK fruit and vegetables supply has steadily decreased over
time (from 201 kha in 1987 to 133 kha in 2008). The main
countries abroad for supplying the UK’s fruit and vegetables
are Spain, China and Italy

Soya bean was the commodity responsible for the largest
cropland footprint abroad with 1502 kha (20% of total imported
cropland; and 14% of the total land footprint), followed by
cocoa beans with 872 kha (12% and 8%, respectively) and
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Table 3. Crops responsible for the largest land appropriation abroad. Values are 3-year means around the respective years.

embodied cropland
(kha) (2008)

soya beans 1502 20
L
e g
T
beansdry e
rapeseed e
barley S
sugar e
0|IpaImfrU|t e
o top10 R

wheat with 787 kha (10% and 7%, respectively; table 3). Ten
crops imported into the UK were responsible for about 75%
of the total cropland footprint abroad. The largest absolute
increase for individual crops in the total cropland footprint of
the UK supply is observed for soya beans and rapeseed
(+461 and +460 kha, respectively).

3.2. Net displacement of land

Figure 3 shows that the net imported cropland footprint (i.e.
domestic cropland plus cropland abroad minus cropland
used for exports, or consumption perspective minus production
perspective in figure 3) has increased substantially from 1987
to 2008. In 1987, the UK imported a net cropland area of
3475 kha and this increased to 6468 kha in 2008. Total domestic
agricultural cropland area decreased (—216 kha), and the share
of domestic cropland used for exports also decreased from 29%
in 1987 to 19% in 2008. The main exports-receiving region was
the EU15+ in both 1987 and 2008, receiving about 12% of all
exported cropland in 1987 and about 11% in 2008. The UK
was a net exporter of cropland to the Former Soviet Union
and Northern Africa and Western Asia in 1987; however, in
2008, the UK was a net importer of cropland from all regions.

3.3. Greenhouse gas emissions associated with UK
crop supply

Total GHGE, excluding emissions from LUC, remained rela-
tively constant over the studied period. This, however, masks
an underlying trend where the share of synthetic fertilizer in
the GHGE declined from 76% to 68%, whereas the share of
rice increased from 10% to 15%. The decline in GHGE from
fertilizer application was mainly caused by decreasing fertili-
zer application rates in the two regions responsible for the
largest production of the UK crop supply (UK and EU15+).

When GHGE from LUC are included, a clear increase in
total GHGE is observed, from 19.1 in 1987 to 21.9 Mt CO,e
in 2008, primarily because of a larger cropland footprint.
LUC emissions represent the largest contributor to total
GHGE, with a share of 64% in 2008, with fertilizer application
contributing a further 24%, manure application 6% and rice
cultivation 5%. As a consequence, GHGE are increasingly

percentage of total
imports (2008)

embodied cropland
(kha) (1987)

percentage of total
imports (1987)
1040 21

TN O W NN N O

B UK
12000 -OI NA
W cA
[ sA

[ SE Asia
[ ocE

O rFsu
[l ssA
[ NA & WA
B E Asia

[ S Asia

10000

8000

6000

land footprint (kha)

4000

2000

Prod ’87 Cons 87 Prod *08 Cons *08
year

Figure 3. Cropland footprint for the UK calculated from a production and
consumption perspective for 1987 (left) and 2008 (right). The values are
3-year means around the respective years. NA, North America; (A, Central
America and Caribbean; SA, South America; EU, EUT5-+; FSU, Former
Soviet Union; SSA, Sub-Saharan Africa, NA and WA, North Africa and Western
Asia; E Asia, East Asia; S Asia, Southern Asia; SE Asia, Southeast Asia;
0CE, Oceania.

located abroad. While in 1987 about 50% of the emissions
were emitted overseas, this had increased to 62% in 2008
(figure 1), with most emitted in South America (18%) and the
EU (15%).

3.4, Contribution of different crops to greenhouse gas
emissions

GHGE of most crop categories increased over time, mostly as a
consequence of the larger area associated with each crop
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Table 4. Land and GHGE intensities of the UK food and feed supply, total
UK production, total imports and exports, and imports and exports to the EU.

GHGE (kg €0,e
land (ha kg™") kg~")

1987 2008 1987

total UK supply 0.16 0.15 0.34 0.31
total UK production 0.12 0.1 0.34 0.26
total imports 0.25 0.22 0.48 0.41
total exports 0.18 0.15 0.50 0.38
total EU imports 0.13 0.11 0.31 0.26
total EU exports 0.18 0.15 0.51 0.39

(table 2). GHGE of roots and tubers and sugar crops decreased
over time, as a result of a smaller cropland area and lower fer-
tilizer use. GHGE associated with cereals remained constant,
despite a larger cropland area associated with cereals, which
can be explained by a lower fertilizer use in the UK and
EU15+, the main regions supplying cereals. Wheat was the lar-
gest source associated with UK food and feed supply and was
responsible for 25% of all emissions (not shown). Soya beans,
barley and rapeseed were the other major sources of total
GHGE. Wheat was the major source of GHGE overseas, repre-
senting 18% of all GHGE abroad, followed by soya beans (17%)
and cocoa beans (7%).

3.5. Land and greenhouse gas emissions intensities
Table 4 shows the differences in land and GHGE intensities per
kilogram of crop supplied (in ha kg~ and CO,e kg ™', respect-
ively). It shows that, on average, land and GHGE intensities
have decreased over time, with yield improvements being the
driving factor. It also shows that the intensity of the average UK
crop supply is higher than the intensities of domestically
produced crops (total UK production, i.e. it includes domesti-
cally supplied crops and crops for exports). Imports to the
UK have a higher intensity than UK exports, suggesting a
displacement of environmental impact. However, when ana-
lysing UK-EU trade, the opposite is observed: UK imports
from the EU have lower intensities than UK exports to the
EU. The primary reason for this is not necessarily a difference
in productivity, but, because, the UK imports higher yielding
crops from the EU, most notably vegetables.

4. Discussion

This study shows that the UK is increasingly reliant on inter-
national trade to satisfy its food and feed demand which is
accompanied by a shift in the environmental impact beyond
its own territory. This is consistent with previous studies
showing the impact on other environmental indicators, for
example, 75% of the water footprint of the UK lies overseas
[36] and approximately 40% the UK’s GHGE (associated
with all consumption activities) are emitted abroad [37].

This analysis for the UK indicates that domestic cropland for
food and feed production has decreased, as has the amount of
cropland used for exports, suggesting that the increase in crop-
land imports reflects a real displacement of cropland use to

other countries rather than a generic increase in trade volume

(figure 3). This is different from, for instance, an analysis for
Finland showing both increasing imports and exports of embo-
died land, resulting in increasing net displacement of land for
food for the period 1991-2007 [38].

Nevertheless, it is consistent with the wider picture of the
EU as a net importer of agricultural products and displacer of
environmental impact to other world regions, despite the fact
that European yields are among the highest in the world [39].
This is different from the global trend, where, on average,
agricultural trade flows are from high-yielding regions to
low-yielding regions [8]. Intra-European trade, however,
tends to be consistent with the global picture, where high
footprint countries tend to be net exporters of environmental
impact [39]. This might be explained by the trade-off bet-
ween scale of consumption and efficiency of production
[39]. European countries not only have an efficient agricul-
tural system, but also a high level of consumption. Because
imports have a high resource intensity compared with
exports, most European countries become net displacers of
environmental impact. However, within Europe, consump-
tion differences are much smaller and resource intensities
are more a result of structural and natural differences. As a
result, countries with a lot of resources, such as France and
Spain in the case of land, specialize and become net exporters
of land within the EU [39]. The present analysis confirms
this observation, with the UK importing land and GHGE
intensive commodities from the rest of the world, both as a
result of lower yields in other regions (e.g. for cereals) and
because of the type of crops (e.g. soya beans). On the other
hand, the UK imports on average low resource-intensive pro-
ducts from the EU15+, mainly as a result of a high import of
vegetables, which have a higher average EU15+ yield than
domestically produced vegetables. As such, UK-EU15+
trade suggests a beneficial role of trade for agricultural effi-
ciency, but trade with the rest of the world displaces
environmental effect (table 4).

The total cropland footprint for UK food supply (10 922 kha
or 1774 m? cap*1 yrfl) is similar to a recent estimate of
the German cropland footprint, excluding German cropland
for roughages (14450kha or 1762m*cap ‘yr ') [40].
Germany’s land footprint abroad is dominated by soya beans
and cocoa beans, broadly in line with the current UK results.
Oil crops are largely used for feed in the livestock sector, and
dietary change is often suggested as a means to decrease the
environmental impact of food consumption and/or depen-
dence on food imports as the production of animal products
is inherently inefficient. If Europe reduced its livestock pro-
duction by 50%, then the use of imported soya bean meal
would drop by 75% and the EU would become a large net
exporter of basic food commodities [41]. In addition, changes
in consumption of animal products are also relevant from a
public health perspective, as a lower consumption of animal
products could have co-benefits for public health [42,43]. An
important consideration here is what would be grown on
freed up cropland as a result of lower animal consumption,
and what people would eat instead of animal products. Ideally,
the available cropland would be used to grow crops that would
benefit human health and people would shift towards food
items with lower environmental impacts that are also healthy.
Theoretically, the UK could achieve full self-sufficiency; how-
ever, this would imply drastic shifts in consumption patterns
[44], away from stimulant crops, animal products and many
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types of fruit and vegetables, which may not be feasible
or acceptable.

While attention tends to be focused on animal products, the
present analysis suggests that the supply of stimulant crops is
increasingly responsible for a large land appropriation abroad
(see also [40,45]), and associated GHGE from LUC. While
stimulants are not a necessary part of a nutritionally balan-
ced diet, they are culturally embedded in the consumption
patterns of many countries. This highlights the multiple and
diverse effects of international trade; on the one hand, it
displaces environmental impact, on the other hand, it enables
economic development in developing countries through
international trade.

This study suggests that the total GHGE associated with
the UK food supply have remained relatively constant over
the studied period. However, this overall trend masks some
underlying trends, where fertilizer use on UK and EU crop-
lands has declined, causing GHGE from fertilizer use to fall,
whereas GHGE related to rice imports have increased. When
emissions from LUC are included, an increase in GHGE is
seen, with LUC GHGE being the largest contributor to total
GHGE. This highlights the importance of including LUC emis-
sions in assessing GHG impact of food consumption. In
addition, there may be a trade-off between products that
have low associated GHGE with fertilizer use and other
sources of GHGE, but by requiring more land, they are respon-
sible for a larger share in LUC emissions. This highlights not
only the importance of including LUC GHGE, but also the
choice of method for dealing with GHGE from LUC.

The UK’s full supply chain emissions from all consump-
tion activities were 1106 Mt CO,e [37]. Agriculture and
food production accounted for about 120 Mt COe [46].
Another study, using life-cycle analysis for a wide range of
foods and processes, estimates the total direct emissions of
UK food consumption at 152 Mt COse for the year 2005,
with a further 101 Mt CO,e attributable to LUC related to
the UK food consumption [33]. The estimated emissions of
79 Mt COse (excluding LUC) and 21.9 Mt COse (including
LUC), in this study, are lower because this study does not
consider other sources of GHGE such as enteric fermentation
(responsible for 16 Mt CO,e in [33]) or LUC and fertilizer use
attributable to grazing areas (LUC emissions related to grass-
land area were responsible for more than 50% of total LUC
emissions in [33]).

It is not easy to relate FAOSTAT figures to actual house-
hold or individual food consumption [47]. The food supply
data used in this study suggest, for instance, that the total
amount of available vegetables per capita doubled over
the study period. In contrast, household statistics suggest
that consumption of vegetables decreased slightly over
the study period [48]. This could have several reasons, for
instance more vegetables could be wasted along the supply
chain or used for animal feed. Therefore, one should be cau-
tious in using food supply statistics to assess dietary changes
or quality.

4.1. Limitations of the study

Currently, there is not an established method of relating emis-
sions from LUC to food, and a wide range of methods have
been suggested [49,50]. By using a global average LUC emis-
sion factor for each crop in this study, a comparatively heavy
burden is assigned to established croplands, whereas LUC

emissions from recently cleared croplands are underesti- n

mated. This has been partly counteracted by normalizing
emissions based on expansion rates of crops. Still, this
approach does not consider differences in crop expansion
rates between regions, or whether a particular crop has pri-
marily expanded into forest or into other types of land. In
addition, using one LUC emission factor based on recent esti-
mates for global LUC emissions and agricultural area, for the
entire period might underestimate LUC emissions in earlier
decades as deforestation rates have slowed over the past dec-
ades [51]. The current method of dealing with LUC emissions
does not provide obvious mitigation options, and will only
favour efficiency and crop yields as strategies for reducing
LUC emissions [49]. However, because the objective of this
study is to highlight historical changes in the UK’s cropland
footprint and associated GHGE, rather than suggesting miti-
gation options, it is an appropriate method for estimating
LUC impacts. In addition, other methods of dealing with
LUC emissions need more spatially aggregated data and
information on the type of land that has been converted,
something that is not readily available for every country in
the world.

This study considers GHGE from fertilizer application,
manure application, rice cultivation and LUC. It does not con-
sider emissions from other sources, such as emissions from
enteric fermentation or LUC attributable to grazing area,
which are both major sources of GHGE [30,51]. Extending
the present analysis by including grasslands and emissions
arising from enteric fermentation will give a more complete
picture of the total environmental impact of the UK food
supply. In addition, data on national crop-specific fertilizer
application rates are only available for a limited number of
crops and years, and large variations in application rates exist
on a subnational scale. This study used country-level nitrogen
application rates, in order to be consistent with national trade
data. Finally, emissions from LUC could potentially be
addressed in a more spatially aggregated way, taking into
account the types of land and the biomes that have been
converted to agricultural land.

5. Conclusion

To conclude, total environmental impact is ultimately driven by
consumption, yet governments mostly focus on low impact per
unit of production within national boundaries and give less
consideration to addressing consumption volumes and patterns
[20]. The effects of trade on the displacement of environmental
impacts are mostly analysed in a global context for the sum of
all consumption activities. Although such studies provide us
valuable insights, analysing specific countries and specific
activities such as food consumption will be needed for policy-
making as most decisions are still made at a national level.
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