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Abstract
The destabilizing impacts of climate change make mitigation measures a global imperative and urgent. The Paris Agree-
ment and the Sustainable Development Goal 13 give fresh impetus for climate change mitigation action. However, 
mitigation policies can have unintended consequences for food security. The current study assessed the impacts of UK 
climate mitigation policies on future food penalties (using feed barley and meat) and to highlight potential tele-coupled 
implications for transnational food security (especially in developing economies). Total barley production for the 2030s, 
2040s, and 2050s was obtained from simulated barley yields under three emissions scenarios (high, medium, and low; 
or HES, MES, and LES, respectively) and projected land area for barley production from the updated study on UK land 
use change under climate mitigation policies. Future demand for feed barley was obtained as a product of projected 
population and per capita demand. Feed barley equivalent meat production and demand were obtained using similar 
approach. The differences between future demand and supply were calculated for all combinations of climate change 
and land use scenarios. The results show that land area under climate mitigation scenarios would be 82–87% of the 
mean land area currently under barley production. Consequently, deficits in feed barley supply could range from 40 to 
51% of total demand from the 2030s to the 2050s, while deficits in meat could be as high as 71% of total demand in the 
2050s. As a result, the UK moves from its current position of net exporter of barley to a major net importer of barley or 
meat in the future. If current land area is maintained, maximum feed barley and meat deficits would be 44% and 65%, 
respectively, of total demand in the 2050s. For example, based on the middle of the road land use and climate change 
scenarios, together with projected 90th percentile yield, feed barley deficits in the UK would be 7102, 7548, and 7963 
thousand tonnes for the 2030s, 2040s and 2050s, respectively. The main sources of export of barley to the UK would have 
either excess domestic demand over supply or inadequate surplus to meet the fractional exports required to serve the 
UK deficit. Potentially increased imports by the UK from Ukraine, Germany, and France would require an adjustment in 
the trade flows to the current top importers from these countries as the UK’s share of import would increase from less 
than 1% currently to 13%, 32%, and 183%, respectively. The observed magnitude of deficits highlights adverse impacts 
of UK land-based climate mitigation policies on its food security, with potential consequences for transnational food 
security, especially in developing economies that rely on the global market for feed barley or meat supply.
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1  Introduction

Grains constitute the largest source of energy in animal 
feed. Future demand for feed use of grains is projected 
to increase significantly in response to projected increase 
in demand for meat and animal products [1]. Feed use 
accounts for about 35% of total grains (largely coarse 
grains) produced globally, and about 1.1 billion tonnes of 
grains will be required for animal feed by 2050 [1, 2]. In the 
UK and the EU, more than half of total grains produced is 
used for animal feed [2, 3]. Globally, barley (Hordeum vul-
gare L.) is the largest coarse grain used as animal feed, and 
feed use accounts for about 53% of total barley produced 
while the remainder goes into mainly malting [4]. By 2050, 
developing countries would account for about 56% of 
global feed use of coarse grains [1], indicating a potentially 
large increase in demand for or imports of feed barley. 
Kruse [5] reported that, by 2050, global aggregate barley 
production will have to increase by 54% (over 2000 level) 
to serve projected demand. In terms of area harvested and 
quantity produced, barley is the second most important 
crop in the UK and the number one crop in Scotland.

Apart from genetic and agronomic factors, climate 
change and land use would be the principal determinants 
of total barley production in the future. In the UK and other 
northern temperate environments, elevated atmospheric 
carbon dioxide in combination with moderate warming 
and adequate soil moisture would likely benefit cereal 
crops such as barley [6–8]. Such conditions would likely 
enhance photosynthetic capacity through efficient radia-
tion capture and water use, and thereby increase biomass 
production, harvest index and drought tolerance [9–14]. 
In the UK and Ireland, for example, it has been shown that 
barley production would remain viable under climate 
change and yield would increase with higher carbon emis-
sion scenarios [13, 15]. Hence, the UK could be considered 
a climate change beneficiary country in terms of barley 
production. Land use, however, could constrain total pro-
duction depending on the trajectory and impacts of cli-
mate change mitigation policies on area of croplands [16].

Impact assessment of climate change on food secu-
rity and adaptive responses have been focused largely 
on local to national scales. However, due to international 
trade, agricultural surpluses and deficits are increasingly 
becoming tele-coupled, capable of causing environmental 
and economic impacts not only in the countries directly 
involved in the trade but also across other geographical 
and temporal scales. Even so, risk of tele-coupled impacts 
of mitigation measures in a given country on other coun-
tries has yet to be factored into the discourse on climate 
change adaptation and justice, especially in developing 
countries. Food security in developing countries will be 

impacted by not only agro-climatic conditions but also the 
socio-economic and political circumstances that permit 
access to food on the global market [17, 18]. This implies 
the need to assess and monitor the future production of 
crops such as barley in climate-beneficiary countries and 
the potential impacts on especially developing countries 
that depend on such crops for food security. The impacts 
of such future production levels on supply and prices on 
the global market are an important signal for food security 
adaptation in distal, dependent (developing) countries.

There have been reports on the potential adverse 
effects of climate mitigation efforts on food security (e.g. 
[19–22]. Climate change mitigation affects food security 
in two principal ways: (1) competition for resources (land, 
water, inputs) between food crops and mitigation plants 
(energy crops, forestry), and (2) competition for food crops 
between energy production and human consumption or 
feed use. A third dimension is the cost of mitigation, which 
could force reductions in resource allocation to food pro-
duction or reduce economic welfare. A probable outcome 
of this competition is higher food prices (due to supply 
deficit) or reduced real income which would affect access 
to food [20]. Based on a multi-model assessment of the 
combined effects of climate change and mitigation poli-
cies on food security, Hasegawa et al. [23] reported that, by 
2050, stringent mitigation policies, implemented evenly 
across all sectors and regions, would have a larger negative 
effect on global hunger and food consumption than the 
sole impacts of climate change. Low-income countries in 
Africa and South Asia would be severely affected. A related 
study indicates that, by the end of the century, land-based 
mitigation activities could potentially increase food prices 
by 110% or more over baseline (2005) value, with Africa 
and Asia suffering the greatest price effects [24]. Richard-
son et al. [18] and Krishnamurthy et al. [25] reported that 
current geographical distribution of vulnerabilities to food 
insecurity would remain unchanged or worsen under cli-
mate change unless extreme combinations of mitigation 
and adaptation measures are applied. While attention has 
been drawn to the potential impact of climate mitigation 
on food supply and/or prices at larger spatial scales, these 
reports have focused mostly on the potential impacts of 
increased bioenergy consumption on the risk of hunger 
(e.g. [19, 21, 22]). Hasegawa et al. [20] included the effect 
of cost of mitigation on the risk of hunger. In the current 
study, we assess the combined effect of climate mitiga-
tion policies (through land use change), climate change, 
and population change on national and transnational food 
security using crop- and country-specific case. We use 
future barley demand and supply in the UK (a strong trad-
ing nation with high self-sufficiency rate with respect to 
barley) as a case to demonstrate quantitatively the poten-
tial adverse impact of mitigation policies on national food 
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security and the implications for tele-coupled impacts on 
the food security of distal economies, especially develop-
ing countries that could be considered as climate change 
victims.

2 � Materials and methods

2.1 � Future barley yields and production

2.1.1 � Climate change

Projected climate change datasets for three emissions 
scenarios (low, medium and high, or LES, MES, and HES), 
which correspond to the B1, A1B, and A1FI emission sce-
narios, were obtained from the UKCP09 database. The 
UKCP09 is a publicly accessible online database that pro-
vides projected climate change datasets over the UK to the 
end of the century [26]. In the UKCP09, the future climate 
data have been downscaled to UK administrative regions 
and river basins at a grid resolution of 25 km, and aver-
aged over seven overlapping 30-year time slices [26]. The 
Weather Generator embedded in the UKCP09 applies a 
stochastic approach to a user-specified number of model 
variants that are randomly sampled from the probabilistic 
projections to generate statistically credible future climate 
variables at daily or hourly time scales [27]. The Weather 
Generator was used to generate daily climate data for the 
2030s, 2040s, and 2050s for the fourteen UK administra-
tive regions and for each of the three emissions scenarios. 
Each Weather Generator request comprised 100 random 
samples from 10,000 model variants run for a duration of 
30 years.

It is acknowledged that the UKCP09 has been super-
seded by the UKCP18 (UK Climate Projections 2018), which 
was not published at the time of the current study. Prin-
cipally, the UKCP18 has five emission scenarios (RCP2.6, 
RCP4.5, RCP6.0, RCP8.5, and SRES A1B). While the use of 
the RCP emission scenarios represents an inclusion of a 
wider range of future atmospheric CO2 concentrations and 
associated climate forcing over the SRES used in UKCP09, 
large overlap of projected ranges of several climate met-
rics exists between UKCP18 and UKCP09 [28]. For example, 
the range of future climate change forcings of RCP4.5 to 
RCP8.5 is similar to the scenarios of the UKCP09 [28]. The 
explicit inclusion of the SRES A1B in the UKCP18 permits 
comparison of UKCP19 and UKCP09 to obtain the effects 
of the improvement in methodology and input data. Such 
a comparison for South East England, for example, shows 
that there is not much difference in summer tempera-
tures between the UKCP18 and UKCP09 even though the 

difference is slightly larger for winter temperatures [28]. 
With precipitation, the UKCP18 tends to show either larger 
reductions or smaller increases over baseline values com-
pared to UKCP09. Generally, the two datasets show consid-
erable similarities over land [28]. These notwithstanding, 
using UKCP18 instead of UKCP09 could alter the results as 
reported in the current study.

Soil data were obtained from the Crop Growth Monitor-
ing System (CGMS) database in the new Soil Information 
System (SINFO), which is part of the agricultural monitor-
ing and yield forecasting programme of the European 
Union [29]. After download, the SINFO data were imported 
and processed in ArcGIS 9.1 (ESRITM, Redlands, CA, USA). 
The UK was clipped and attribute tables of soil mapping 
units (SMU) and soil typological units (STU—describing 
soil properties) were joined using common fields. The 
resulting join table was in turn joined to the soil physi-
cal group attribute table to obtain a single attribute table 
for the soil polygons. Weighted averages of soil hydrau-
lic properties were then obtained at regional level. It is 
noteworthy that drainage characteristics such as drainage 
coefficient, saturated hydraulic conductivity, and curve 
number for surface runoff (not available from the SINFO 
data) were generated in the AquaCrop model based on 
the input values of saturated water content, field capacity, 
and permanent wilting point which were obtained from 
the SINFO data. The soil hydraulic properties input data 
required by AquaCrop and were obtained from the SINFO 
are presented in “Appendix 1”.

The crop data were based on the genotype Westmin-
ster, which was grown in the field at The James Hutton 
Institute (Invergowrie, Dundee, UK) and used in the ini-
tial calibration and validation of the AquaCrop model. 
During this study, the genotype Westminster was on 
the HGCA (Home-Grown Cereals Authority, UK) Recom-
mended List as a high-yielding genotype, widely grown 
both as spring and winter barley and for feed and malt. 
The AquaCrop model which was used in the current study 
simulates the responses of crop biomass production and 
yield in response to mainly soil and climatic conditions. 
The detailed description of the model’s architecture and 
algorithms can be found in Raes et al. [30] and the con-
ceptual framework, underlying principles and distinctive 
components and features can be found in Steduto et al. 
[31]. For the calibration, the difference between observed 
and predicted yield was 0.14 tons ha−1 while the difference 
at validation using 2 years data points were 0.91 and 1.73 
tons ha−1. The overall calibration–validation root-mean-
square error (RMSE) for genotype Westminster was 8.10% 
(see [32] for further details).
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Detailed description of the simulation under projected 
climate change can be found in Yawson et al. [15]. In sum-
mary, the search for future sowing dates for UK regions 
was based on the HGCA recommended sowing window 
(from late January to end of February in the south and east 
of England, and from late February to the end of March in 
Scotland). Because of potential quality and yield penalties 
outside of this window, the search for appropriate sowing 
dates in AquaCrop was restricted to the HGCA recommen-
dation. To this end, the method of Mainuddin et al. [33] 
was followed to obtain sowing dates. Thus, sowing date 
for each region was obtained by forcing AquaCrop to the 
1990 spring barley yield for that region by varying only 
sowing date until the simulated yield approximated the 
observed yield. The first sowing date that gave the clos-
est match between observed and simulated yields was 
taken as the sowing date as was reported. For 1990, the 
differences between the observed and simulated yields 
ranged from − 0.14 to 0.59 tons ha−1. The obtained sowing 
dates were applied to simulate and compare the yields 
from 1980 to 1989 in order to assess the reliability of the 
sowing dates using the RMSE [15, 33]. The RMSE values for 
the 14 UK regions ranged from 0.44 (for East of England) 
to 1.15 tons ha−1 (for Wales), and 0.35 tons ha−1 for the UK 
[15]. Subsequently, the projected climate data, together 
with the soil, crop, and atmospheric CO2 concentration 
data for the respective emission scenarios and time slices 
were used to simulate future spring barley yields using 
the sowing dates obtained for the respective regions. The 
simulations were done under rainfed conditions, based on 
thermal time, and assuming no fertility stress. The main 
AquaCrop parameterization information is provided in 
“Appendix 2”. The regional yields and their associated sta-
tistics are reported in Yawson et al. [15]. The regional yields 
were averaged to obtain the UK national yield data used 
in the current study. Further information can be obtained 
in Yawson [32].

2.1.2 � Climate change mitigation and land use

Future cropland data were obtained from the study report 
Inventory and Projections of UK Emissions by Sources and 
Removals by Sinks due to Land Use, Land Use Change and 
Forestry (LULUCF) by Thomson et al. [34]. This is a revised or 
updated study on land use responses to climate mitigation 
policies and aspirations in the UK. The UK Climate Change 
Act [35] targets 80% emission reduction (relative to the 
1990 baseline) by 2050. For purposes of carbon budgets 
under the UK Climate Change Act [35], European Union 
Monitoring Mechanism and the UN Framework Conven-
tion on Climate Change (UNFCCC), it is mandatory for 
the UK to report projections for the Land Use, Land Use 
Change and Forestry (LULUCF) sector [36]. The UK Climate 

Change Act specifically requires periodic reports on pro-
gress towards the emission target and review of strate-
gies and policies to remain on track as new inventory data 
become available. It is in this context that the studies by 
Thomson et al. [34, 36] were conducted for the UK Gov-
ernment. The latest report on projected emissions and 
removals of greenhouse gases from the LULUCF sector 
[34] differs from the 2013 report in terms of scenarios, data 
currency, and methodological considerations [34]. In the 
updated report, three policy scenarios (Central, Low, and 
Stretch) and two baseline scenarios were developed and 
the projected cropland areas were different from those 
in the previous report. It is important to note that these 
policy scenarios were jointly developed by the Depart-
ment of Business, Energy and Industrial Strategy (BEIS, 
formerly the Department of Energy and Climate Change), 
the Department for Environment, Food and Rural Affairs 
(Defra), and the Forestry Commission, in consultation with 
the UK devolved administrations and incorporate current 
land use policies and aspirations [34]. Details of the sce-
narios are available in Thomson et al. [34]. In summary, the 
Baseline 1 scenario (BL1) maintains the 2000–2009 aver-
age activity rates (based on climate change-related and 
forestry policies prevalent in July 2009) to the 2050s. The 
Baseline 2 (BL2) is similar to BL1 except that forest planting 
rates decline to a low level after 2015 as grant-aided plant-
ing remains constant at 2009 level. In the Central Scenario, 
policies and funding prevalent in 2014 remain unchanged 
to 2050 for non-forest activities. However, the 2014 affores-
tation rates are maintained to 2021 and reduced thereaf-
ter to the levels in BL2. The Low Scenario projects forward 
the climate change mitigation policy aspirations for the 
UK Devolved Administrations beyond 2021. Finally, the 
Stretch Scenario is an ambitious scenario which captures 
climate change mitigation actions exceeding current 
policy aspirations or funding. The results were provided 
for England, Northern Ireland, Scotland, and Wales, and 
national (UK) average. This updated study has implications 
for the quantity of food that can be produced due to land 
use changes.

Projected areas of UK (national) croplands for the 2030s, 
2040s, and 2050s, due to land use changes in response 
to emission targets or climate mitigation policies are 
obtained from Annex 2 [34] and the corresponding areas 
of barley were obtained as a proportion of the croplands. 
To achieve this, average area of barley for the period 
2000–2012 was calculated as a percentage of the mean 
of total croplands for the same period. This proportion 
(16.36%) was applied to the areas of croplands obtained 
from Thomson et al. [34] to obtain future areas of barley 
for the respective climate mitigation scenarios and time 
slices. In addition, the actual mean value of area under bar-
ley cultivation for the period 2000–2012 (1026 thousand 
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ha) was used to represent land area under current condi-
tions or a business as usual (BAU) scenario, which remains 
unchanged from the 2030s to the 2050s.

Unlike the previous study [16], the current study uses 
all the land use scenarios from Thomson et al. [34] and 
does not incorporate crop-specific land use changes in 
response to non-policy factors. Future total barley produc-
tion (supply) was obtained as the product of simulated 
yield [15] and projected land area of barley for the respec-
tive time slices, emissions and land use scenarios. In the 
current study, the 90th and 50th percentile yields were 
used to represent the optimistic situation (highest yields) 
and to make the current paper comparable to the previ-
ous paper based on the mean or median (normal) yields.

2.2 � Future demand, balances and implications 
for national and transnational food security

Future demand of feed barley and/or feed barley equiv-
alent meat demand (FBEM) and differences between 
demand and supply were estimated as described previ-
ously [16]. In summary, the projected population from 
the constant fertility scenario was used in combination 
with projected per capita feed barley or meat demand to 
obtain future total demand. Projected per capita demand 
for meat and feed grains were obtained from the Compre-
hensive Assessment of Water Management in Agriculture 
[37] as described in Yawson et al. [16]. The IWMI [37] study 
was based on assumptions of changes in population, 
dietary requirements and composition (or preferences), 
incomes, prices of commodities and inputs, and urbaniza-
tion. It explicitly provided projected demand for feed grain 
and meat and was therefore more suited to the purpose of 
the current study unlike other similar reports such as the 
FAO projections [1], The Global Harvest Initiative Report 
[5], and Tilman et al. [38].

A causal loop analysis, a component of systems dynam-
ics analysis, was used to explore the implications of the 
future barley or FBEM balances in the UK on national food 
security and potential tele-coupled impacts on the food 
security of distal economies through cascading effects on 
the regional or global food market. Causal loop diagram 
(CLD) analysis was the main tool used to conceptualize 
the national food security risk and then for exploring the 
broader implications for transnational food security risks 
(Fig. 4). The CLD approach helps provide nuanced under-
standing of the structure (system components, connec-
tions and interactions) and overall behaviour of a system 
or problem by making explicit the causal-feedback rela-
tionships between components and thereby helps address 
the problem by evaluating outcomes [39, 40]. The CLD, a 
graphical depiction of the causal-feedback relationships 
arising from the behaviour and interaction of system 

components or other exogenous factors relevant to the 
system, is the first major stage of constructing a system 
dynamics model.

To provide numerical support or a perspective to what 
the CLD portrays, an analysis of future barley supplies from 
the main trading partners of the UK, relative to the UK defi-
cits under the medium emissions climate change scenario 
(MES) and the Central climate mitigation land use scenario 
in the 2050s was done. From the FAOSTAT database, eight 
countries accounted for 95% of total UK barley import. 
These countries were therefore selected to represent the 
potential sources of UK barley imports in the future. Taking 
these eight countries as 100%, their respective percentage 
shares in total UK barley imports were calculated: Ireland 
(47%), France (17%), Germany (13%), Ukraine (7%), Spain 
(5%), Denmark (4%), Sweden (4%), and Italy (3%). Subse-
quently, the national yields of these countries, together 
with UK yields, for the period 1998–2017 were retrieved 
from the FAOSTAT database. These were used to develop 
regression relationships to predict future yields in the 
trading partner countries but this proved unreliable. As 
a result, the mean of the yearly difference between each 
country’s yield and the UK yield for the period under con-
sideration (M) was calculated and added to 90th or 50th 
percentile UK yield under the MES to obtain an estimated 
yield for the partner country in the 2050s:

where M = mean of the differences in yields for the period 
under consideration; n is the number of observations or 
years; YPi is the yield in partner country i for year i; YUi is 
the UK yield for year i. YUMES,2050 is the UK yield under the 
medium emission scenario in the 2050s.

The estimated yields were then multiplied with the 
mean land area of barley for the same period to estimate 
the future production (i.e. assuming the partner countries 
would maintain their current land area to the 2050s). From 
the food balance sheets of the partner countries for 2016, 
the per capita supply of barley was obtained from the food 
balance sheet as the ratio of domestic supply to popula-
tion. This per capita supply was then used as the status quo 
demand and multiplied by the projected population of the 
respective partner country [41] to obtain future demand. 
The estimated future demand was then subtracted from 
the future production to obtain the ‘exportable fraction’ 
(surplus over supply for domestic use or demand). Because 
Ireland, France, Germany and Ukraine accounted for 84% 
of total UK barley import, the subsequent analysis was 
based on these countries. For these countries, the differ-
ence between the future exportable fraction and current 
total export was calculated. The main export destinations 

M = ±

n
∑

i=1

YP
i
− YU

i

n
+ YUMES,2050
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of barley from these four countries were retrieved from the 
FAOSTAT for the year 2016. The percentage share of the 
top 20 importing countries from the total export of these 
four countries was calculated. The resulting value was used 
to calculate the share of export to the top 20 countries 
from the future exportable fraction. The remaining quan-
tity of barley (residual) for export to the rest of the world 
(including the UK where applicable) was then obtained as 
the difference between the exportable fraction and the 
quantity to be exported to the top 20 importing countries.

3 � Results

3.1 � Future barley production

Projected barley yields were highest under the high emis-
sions scenario (HES) and in the 2050s and lowest under 
the low emissions scenario (LES) in the 2030s (Fig.  1). 

Generally, both the 90th and 50th percentile yields 
increased across the time slices. The highest 90th and 50th 
percentile yields were 8.27 and 7.87 tonnes ha−1, respec-
tively, under the HES in the 2050s. The lowest yield value 
was 6.01 tonnes ha−1 (the 50th percentile yield under the 
LES) in the 2030s.

The total area of land for barley under the business as 
usual (BAU) or current condition was 1026 thousand ha. 
For all climate mitigation scenarios and time slices, the 
projected land area was lower than the current land area 
under barley production (the BAU). The largest land area 
(approximately 893 thousand ha under the stretch sce-
nario in the 2050s) was 87% of the land area under the 
BAU, while the lowest land area (approximately 840 thou-
sand ha under the BL scenarios in the 2030s) was about 
82% of the BAU (Fig. 2). The projected land areas under 
the low and central scenarios were similar, and the value in 
the 2050s (884 thousand ha) was 86% of the BAU. Because 

Fig. 1   Projected barley grain 
yield for the low, medium, high 
emission scenarios (LES, MES, 
and HES, respectively) in the 
2030s, 2040s, and the 2050s
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Fig. 2   Projected land area for 
barley in 2030, 2040, and 2050 
based on climate mitigation 
policies [34]. The total area of 
barley under the BAU remains 
constant at 1026 thousand ha 
from 2030 to 2050
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the cropland areas for the BL1 and BL2 were the same, we 
simply use one to represent the baseline (BL) henceforth.

Future total barley production for all climate and land 
use change scenarios across the time slices are presented 
in Table 1. At the 90th percentile yield, total barley pro-
duction under the land-based climate mitigation policies 
ranged from 5415 (LES, 2030s) to 7383 thousand tonnes 
(HES, 2050s), which were approximately 82–87% of the 
production under the BAU. For the 50th percentile yield, 
total barley production ranged from 5049 (LES, 2030s) to 
7029 thousand tonnes (HES, 2050s). For these scenarios, 
highest production occurred under the Stretch scenario 
while the lowest occurred under the baseline (BL) scenario 
in correspondence with differences in land area. As yields 
were highest in the 2050s, total production was highest in 
the 2050s. For the BAU and BL, the total production under 
the LES did not differ substantially between the 2030s and 
the 2040s but that is not the case for the other land use 
and emissions scenarios.

Total amount of feed barley that would be available 
from total domestic barley production (assuming cur-
rent proportionate distribution to end uses remains 
unchanged) is presented in Table 2. Since this is a constant 
proportion of the total production values, the pattern 
is similar to the total production. That is, total amounts 
of feed barley from domestic production under the cli-
mate mitigation land use scenarios are lower than the 

corresponding values under the BAU. If current land area 
under barley cultivation (BAU) is continued, then total feed 
barley supplies from domestic production at 90th per-
centile yield would range from 4055 (LES, 2030s) to 5202 
thousand tonnes (HES, 2050s), which would be 18–13% 
higher than the corresponding supplies under the climate 
mitigation land use scenarios.

3.2 � Future barley demand and deficits

Projected UK population for the 2030s, 2040s, 2050s were 
71.9, 76.1, and 80.3 million. The corresponding demand 
ranged from 10,962, to 12,304 thousand tonnes for feed 
barley, and 2657–2999 thousand tonnes for feed barley 
equivalent meat (Fig. 3). At the 90th percentile yield, the 
least and largest deficits in feed barley under the current 
land area (the BAU) ranged from 6302 (HES) in the 2030s to 
8057 thousand tonnes (LES) in the 2050s (Table 3). These 
represented about 31% and 40% deficits, respectively, in 
total demand in the 2030s or 31% and 44%, respectively, 
of total demand in the 2050s. Under the climate mitiga-
tion land use scenarios, the least and largest deficits were 
42% (Stretch, HES) and 51% (BL, LES), respectively, of total 
demand in the 2030s. The corresponding values in the 
2050s were 40% and 53%, respectively. Using the Central 
scenario of the climate mitigation policies, the middle of 
the road emissions scenario (MES), and the 90th percentile 

Table 1   Total barley 
production (thousand tonnes) 
under projected climate and 
land use change

Emission 
scenario

Yield percentile BAU BL Low Central Stretch

2030
 LES 90th 6614.27 5414.69 5490.63 5490.63 5543.36

50th 6167.93 5049.30 5120.11 5120.11 5169.28
 MES 90th 7584.74 6209.15 6296.23 6296.23 6356.70

50th 6917.97 5663.31 5742.73 5742.73 5797.89
 HES 90th 7602.66 6223.83 6311.11 6311.11 6371.72

50th 6752.27 5527.66 5605.18 5605.18 5659.02
2040
 LES 90th 6748.52 5583.77 5709.68 5709.68 5763.48

50th 6369.71 5270.35 5389.18 5389.18 5439.97
 MES 90th 7874.1 6515.09 6661.99 6661.99 6724.77

50th 7188.56 5947.87 6081.98 6081.98 6139.29
 HES 90th 8082.00 6687.11 6837.89 6837.89 6902.33

50th 7315.12 6052.59 6189.06 6189.06 6247.38
2050
 LES 90th 6928.15 5793.16 5972.13 5972.13 6027.36

50th 6627.28 5541.58 5712.77 5712.77 5765.61
 MES 90th 8215.91 6869.97 7082.20 7082.20 7147.70

50th 7685.72 6426.63 6625.16 6625.16 6686.44
 HES 90th 8486.22 7095.99 7315.20 7315.20 7382.86

50th 8079.69 6756.06 6964.77 6964.77 7029.18
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yield, the projected deficits in feed barley supply would 
be 7102, 7548, and 7963 thousand tonnes for the 2030s, 
2040s and 2050s, respectively. The deficits could far exceed 
8000 thousand tonnes for the 50th percentile yield and the 
climate mitigation land use scenarios under the LES in the 
2040s and 2050s and could be as high as 8907 thousand 
tonnes. The deficits were highest under the BL for all emis-
sions scenarios and time slices, and at both the 90th and 
50th percentile yields.

The projected deficits in feed barley equivalent meat 
(FBEM) demand are expectedly larger under the climate 

mitigation land use scenarios than under the current land 
area (the BAU). At the 90th percentile yield, the FBEM defi-
cits would range from 1527 thousand tonnes (HES, 2030s) 
to 1964 thousand tonnes (LES, 2050s) for the BAU (Table 4), 
representing 57% and 65%, respectively, of total demand 
in these two time slices. With the climate mitigation sce-
narios, the FBEM deficits ranged from 1710 to 2133 thou-
sand tonnes from the 2030s to the 2050s. The range of the 
deficits represented 64% and 71%, respectively, of total 
demand from the 2030s to the 2050s. Using the Central 
scenario, the MES and the 90th percentile yield, the FBEM 
deficits would range from 1722 (2030s) to 1941 thousand 
tonnes in the 2050s. Again, these deficits increase sub-
stantially under the 50th percentile yield in accordance 
with the difference between the 90th and 50th percentile 
yields.

3.3 � Implications for national and transnational 
food security

Causal loop diagrams (CLD) are graphical representations 
used to logically explore the causal-feedback relationships 
between components of complex systems. It is extensively 
used in systems dynamics analysis and modelling. This 
simplified CLD (Fig. 4) shows the most relevant feedback 
relationships between UK barley production, UK demand 
and supply of feed barley or FBEM, and the impacts on 

Table 2   Proportionate feed 
barley supply (thousand 
tonnes) from domestic 
production

Emission 
scenario

Yield percentile BAU BL Low Central Stretch

2030
 LES 90th 4054.55 3319.21 3365.76 3365.76 3398.08

50th 3780.94 3095.22 3138.63 3138.63 3168.77
 MES 90th 4649.44 3806.21 3859.59 3859.59 3896.66

50th 4240.71 3471.61 3520.30 3520.30 3554.12
 HES 90th 4660.43 3815.21 3868.71 3868.71 3905.87

50th 4139.14 3388.46 3435.98 3435.98 3468.98
2040
 LES 90th 4136.84 3422.85 3500.03 3500.03 3533.01

50th 3904.63 3230.73 3303.57 3303.57 3334.70
 MES 90th 4826.82 3993.75 4083.80 4083.80 4122.28

50th 4406.59 3646.05 3728.26 3728.26 3763.39
 HES 90th 4954.27 4099.20 4191.63 4191.63 4231.13

50th 4484.17 3710.24 3793.89 3793.89 3829.64
2050
 LES 90th 4246.96 3551.21 3660.92 3660.92 3694.77

50th 4062.52 3396.99 3501.93 3501.93 3534.32
 MES 90th 5036.36 4211.29 4341.39 4341.39 4381.54

50th 4711.35 3939.52 4061.23 4061.23 4098.79
 HES 90th 5202.05 4349.84 4484.22 4484.22 4525.69

50th 4952.85 4141.46 4269.40 4269.40 4308.89
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Table 3   Projected deficits in 
feed barley (thousand tonnes) 
based on domestic feed barley 
supply

Emission 
scenario

Yield percentile BAU BL Low Central Stretch

2030
 LES 90th 6907.45 7642.79 7596.25 7596.25 7563.92

50th 7181.06 7866.78 7823.37 7823.37 7793.23
 MES 90th 6312.56 7155.79 7102.41 7102.41 7065.34

50th 6721.29 7490.39 7441.7 7441.7 7407.89
 HES 90th 6301.57 7146.80 7093.29 7093.29 7056.13

50th 6822.86 7573.54 7526.02 7526.02 7493.02
2040
 LES 90th 7495.16 8209.15 8131.97 8131.97 8098.99

50th 7727.37 8401.28 8328.43 8328.43 8297.30
 MES 90th 6805.18 7638.25 7548.2 7548.2 7509.72

50th 7225.41 7985.96 7903.75 7903.75 7868.61
 HES 90th 6677.73 7532.80 7440.37 7440.37 7400.87

50th 7147.83 7921.76 7838.11 7838.11 7802.36
2050
 LES 90th 8057.05 8752.79 8643.09 8643.09 8609.23

50th 8241.48 8907.01 8802.07 8802.07 8769.68
 MES 90th 7267.64 8092.71 7962.61 7962.61 7922.46

50th 7592.65 8364.48 8242.78 8242.78 8205.21
 HES 90th 7101.95 7954.16 7819.78 7819.78 7778.31

50th 7351.15 8162.54 8034.60 8034.60 7995.11

Table 4   Projected deficits in 
feed barley equivalent meat 
(FBEM, thousand tonnes) due 
to deficits in domestic feed 
barley supply

Emission 
scenario

Yield percentile BAU BL Low Central Stretch

2030
 LES 90th 1674.25 1852.48 1841.2 1841.2 1833.36

50th 1740.57 1906.77 1896.25 1896.25 1888.94
 MES 90th 1530.05 1734.44 1721.5 1721.5 1712.52

50th 1629.12 1815.54 1803.74 1803.74 1795.55
 HES 90th 1527.39 1732.26 1719.29 1719.29 1710.29

50th 1653.74 1835.7 1824.18 1824.18 1816.18
2040
 LES 90th 1821.6 1995.12 1976.36 1976.36 1968.35

50th 1878.03 2041.82 2024.11 2024.11 2016.55
 MES 90th 1653.91 1856.37 1834.49 1834.49 1825.13

50th 1756.04 1940.88 1920.9 1920.9 1912.36
 HES 90th 1622.93 1830.74 1808.28 1808.28 1798.68

50th 1737.18 1925.28 1904.95 1904.95 1896.26
2050
 LES 90th 1963.84 2133.42 2106.68 2106.68 2098.43

50th 2008.79 2171.01 2145.43 2145.43 2137.54
 MES 90th 1771.43 1972.53 1940.82 1940.82 1931.04

50th 1850.65 2038.77 2009.11 2009.11 1999.95
 HES 90th 1731.04 1938.76 1906.01 1906.01 1895.9

50th 1791.78 1989.55 1958.37 1958.37 1948.74
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national and transnational food security. In the CLD, a 
negative sign indicates opposite direction (i.e. an increase 
in one variable results in a corresponding decrease in the 
variable to which it is linked and vice versa). Conversely, a 
positive sign indicates change in the same direction (i.e. 
a decrease or increase in one variable results in a corre-
sponding decrease or increase, respectively, in the variable 
to which it is linked). In the CLD, there are three reinforcing 
feedback loops (indicated with R) and four balancing loops 
(indicated with B).

In the demand and supply loop or sub-system (upper 
left), increase in population and economic welfare (exog-
enous factors) leads to increase in demand for meat and 
animal products, which triggers increased demand for 
feed barley. In response, barley production increases to 
match the demand, which leads to increased feed barley 
supply and therefore meat production. Increased barley 
production leads to increased barley revenue, profitabil-
ity and investment in barley production (second reinforc-
ing loop in the barley production sub-system, lower left). 
These are positive self-reinforcing loops. However, barley 
production is not only driven by demand and profitability, 
but also subject to land area allocated to barley produc-
tion in response to climate mitigation policies and the 
unit cost of barley production (exogenous factors which 
can constrain total barley production). This creates a self-
balancing loop (lower left) where growth or expansion 
is moderated and checked from within the loop, result-
ing in an innately stable sub-system. This loop provides 
a check or limit on total barley production regardless of 
the magnitude of demand. Thus, the barley production 
sub-system is controlled by two main loops: (1) a positive 
self-reinforcing loop based on incentives, profitability and 
investments, and (2) a balancing loop driven by land area 
and cost of production. On the righthand side of the CLD, 

feed barley or meat supply (availability) on the global 
market depends on the magnitude of UK feed barley or 
meat imports (which in turn depend on the scale of defi-
cits in domestic supply from domestic production) and 
non-UK supply. Increased UK imports lowers availability 
on the global market, which results in increased prices of 
feed barley or meat, then to reduced imports to especially 
poor countries, with the ultimate result of reduced food 
security. Here, the feedback relationships between food 
security and global supply or availability of feed barley 
or meat is controlled by two balancing loops, one related 
to the magnitude of UK imports, and the other related 
to global prices and transnational imports to especially 
poor economies (tele-coupled impacts loop). Food secu-
rity itself comprises the UK national loop (balancing loop 
with a delayed feedback effect on UK national feed barley 
and meat supply), and the transnational loop (positive self-
reinforcing loop, respectively).

The analysis of the UK’s barley imports showed that 
the UK is currently a small importer. From the top four 
sources of import, the UK accounted for 29,593 tonnes 
(approximately 99.96%) of export from Ireland, with Swe-
den and South Africa accounting for only 7 and 5 tonnes, 
respectively (approximately 0.02% each, Fig. 5). The UK 
ranked 37th importer, accounting for 0.01% of export from 
France, 19th (or 0.01%) of export from Germany, and 28th 
(or 0.07%) for Ukraine. The top 20 importers from France, 
Germany, and Ukraine accounted for 98.5%, 99.9%, and 
98.4%, respectively, while the top 20 importers from the 
UK accounted for approximately 100% of the UK export 
(data not shown). About 50% of the top 20 UK import-
ers were European countries and about 25% were North 
Africa Middle East (MENA) countries (Fig. 6). In 2016, the 
total export by the UK was 1,757,080 tonnes while the total 
import was 107,290 tonnes (approximately 6% of export), 
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Fig. 5   Current top 20 importers of barley from the main sources of barley imports to the UK

Fig. 6   Current top 20 import-
ers of barley from the UK
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with Ireland remaining the top exporting country to the 
UK.

Ukraine and Germany had the largest exportable frac-
tion after accounting for domestic demand (Fig. 7). At 90th 
percentile yield, the exportable fraction for Ukraine and 
Germany were about 6.2 and 4.6 million tonnes, respec-
tively. Ireland (UK’s main source of barley) had negative 
exportable fraction, indicating excess demand over supply 
(as its current supply for domestic use was 179% of total 
production, implying considerable import and re-export). 
The future exportable fraction of Ireland and France, at 
both 90th and 50th percentile yields, were lower than the 
current total export but the reverse was true for Germany 
(Table 5). Ukraine’s future exportable fraction was larger 
than current export at 90th percentile yield but not at 50th 
percentile yield. After accounting for the share of export 
to the top 20 importers from the exportable fraction, the 
remaining quantity (residual) was generally insufficient to 
meet the expected share of export to satisfy the UK deficit. 
It is noteworthy that the estimates of future production 
and demand were based on current land area and per 
capita supply, respectively.

4 � Discussion

4.1 � Mitigation policies, land use change and UK 
deficits

Climate change presents enormous existential and 
development burdens to humanity. Despite some scep-
ticism, effort to tackle climate change has gained trac-
tion recently. The Paris Agreement and the Sustainable 
Development Goal 13 have given fresh impetus to taking 
extraordinary measures in the interest of climate change 
mitigation and adaptation. However, land-based climate 
mitigation efforts could have adverse, unintended conse-
quences for food security through changes in land use. 
The current study assessed the effect of the updated study 
on UK land-based climate mitigation scenarios, in com-
bination with projected climate and population change 
on the balance of demand and supply of feed barley 
or feed barley equivalent meat (FBEM) in the UK in the 
2030s, 2040s and the 2050s. Generally, climate change 
alone would benefit UK barley yields as the projected 
yields increased from the low emissions scenario (LES) to 
the high emissions scenario (HES) and from the 2030s to 
the 2050s (Fig. 1) and over baseline yields for all emissions 
scenarios and time slices, indicating viability of UK barley 
production in the future [15]. This implies a HES gives the 
UK the greatest yield gain across the time slices, making 
the UK a climate-beneficiary country with respect to barley 
production.

While yield increases would be a major determinant of 
future supply of food from crops [3], total land area allo-
cated to agriculture would be equally an important deter-
minant of adequate supply of food. Notwithstanding the 
potential beneficial effect of climate change, the results 
in the current study show that total UK barley production 
(or supply) would substantially lag behind demand if pro-
jected reductions in land area for agriculture arising from 
land-based climate mitigation policies or efforts material-
ize. For all the climate mitigation land use scenarios and 
time slices, the total land area for barley production is less 
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that can potentially be exported) in the UK’s main sources of barley 
imports in the 2050s

Table 5   Estimated future 
barley supply and balances in 
the main countries from which 
the UK imports barley

Partner country (Future − current) total 
export (tonnes)

Share of export to top 
20 importers (tonnes)

Residual for 
export to other 
countries 
(tonnes)

Expected 
export as 
proportion 
of UK deficit 
(‘000 tonnes)

90th 50th 90th 50th 90th 50th 90th 50th

Ireland − 203,798 − 352,648 – – – – 3742 3874
France − 4,561,573 − 5,100,943 1,287,101 755,822 19,601 11,510 1354 1401
Germany 1,661,237 457,397 4,556,028 3,353,031 3191 2349 1035 1072
Ukraine 1,403,106 − 235,476 6,106,764 4,494,072 98,036 72,146 557 577
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than the average land area currently under production 
(the BAU, Fig. 2) and the land area under the Mid-scenario 
(equivalent to the Central Scenario in the current study) 
in the 2030s in the previous report of Thomson et al. [36]. 
As a result, even at 90th percentile yields, deficits in both 
feed barley and FBEM in the current study are larger than 
those reported previously [16]. In the current study, the 
observed increase in cropland area across the time slices 
for all the land use scenarios (Fig. 2) implies more stringent 
mitigation efforts in the short term, with gradual relaxa-
tion in the medium to long term. However, the increase 
in land area due to the progressive relaxation of the miti-
gation efforts, in combination with the observed yield 
increase, is not sufficient to significantly reduce the deficits 
even in the 2050s where the highest yields occur under 
the HES. In addition, the comparatively lower land areas 
under the BL and the Low land use scenarios imply much 
larger deficits in the future if either current or stringent 
emission reduction pathways are followed. Because the 
revised land use scenarios embody current climate policy 
aspirations and activities, as well as updated greenhouse 
gas inventory data, the projected deficits in the current 
study show potential food penalties that can be incurred 
as a result of land-based mitigation policies in the UK. The 
plausibility of future reductions in cropland area in the UK 
derives from the fact that, historically, agricultural land use 
change in the UK has been driven primarily by govern-
ment policy intervention, with other factors such as farm 
incomes, prices and land values playing secondary roles 
[2, 42]. It is likely, therefore, that there will be reductions in 
the area of UK croplands (and possibly for barley) in future 
due to policies regarding climate change and energy. For 
example, Rowe et al. [43] reported that, to meet projected 
energy targets, between 2.7 and 7.0 Mha of land would 
be required for bioenergy production in the UK by 2050.

Feed barley is the largest source of coarse grain used as 
animal feed in the UK and the world, and the straw, which 
has a higher feed value than that of wheat, is also used 
as a source of roughage in animal feed rations. Currently, 
the UK has high self-sufficiency rate in barley production, 
with export exceeding import (Fig. 6; [16]). Total import 
from the baseline Food Balance Sheet (FBS) was 115 thou-
sand tonnes and total import in 2016 was about 6% of 
total export. According to FAOSTAT, the UK was the 7th 
largest producer and the 6th largest exporter of barley in 
the world in 2017. Based on the Central land use scenario 
of the climate mitigation policies, and at a 90th percentile 
yield under the medium emission scenario (MES), the UK 
moves from a net exporter to a potentially net importer of 
barley of approximately 7.1, 7.5, and 8.0 million tonnes for 
the 2030s, 2040s and 2050s, respectively, all being larger 
than total production in 2018 (6.5 million tonnes). These 
figures are even higher under the BL climate mitigation 

land use scenario. To bridge this deficit, barley area needs 
to increase by over one million ha by 2050 if yields do not 
increase substantially above those observed in this study. 
Meat is a major source of calories in the UK diet. According 
to the baseline FBS, meat consumption per capita in the 
UK was 84.2 kg year−1, delivering 457 kcal cap−1 day−1. It 
is also a major source of not only protein but also essen-
tial micronutrients. As a result, meat production is crucial 
to food security in the UK, at least from the perspective 
of supplying the needed calories and nutrition, as well as 
food safety. The UK is a major producer of poultry meat 
and the largest producer of sheep and goat in the EU at 
the time of this study. Although the UK is currently a net 
importer of meat, it is clear that domestic meat produc-
tion is crucial to its food security. Domestic meat produc-
tion relies heavily on domestic feed barley supply as the 
production of other coarse grains, such as corn, is limited. 
The result in the current study show that pursuit of the 
land-based climate mitigation policy scenarios can result 
in substantial feed barley deficits, which, in turn, results in 
correspondingly large deficits in FBEM. Under the Central 
land use scenario, deficits in FBEM ranged from 1719.29 
thousand tonnes (HES, 2030) to 2106.68 thousand tonnes 
(LES, 2050s). The deficits in the current study are observed 
against the backdrop of very marginal increase in per cap-
ita meat demand across the time slices as shown in the 
methods section, suggesting population growth will be 
the main driver of demand.

In spite of increasing health concerns, the consump-
tion of meat and animal products are projected to rise to 
the 2050s not only due to population growth but also the 
rich supply of high value proteins and essential micronu-
trients [2]. In high-income countries such as the UK, the 
increase in demand will mostly be driven by population 
growth while higher disposable incomes would drive 
meat consumption in low- and middle-income countries 
[1]. It is acknowledged that feed requirements and use 
efficiencies differ among animals. Hence, differences in 
the proportions of different meat demand might alter the 
total quantity of feed barley demand and, for that matter 
the result of the current study. For example, it has been 
observed that the per capita consumption of beef is reduc-
ing while poultry and pig meats are fast becoming the pre-
ferred meat in the UK (Defra, 2011) and the EU [44], and 
poultry has higher feed conversion efficiency than beef 
cattle. However, the shift from beef and lamb to poultry 
and pig is attributed to the relatively higher cost per unit 
mass of beef or lamb and the shift towards poultry and pig 
might change with improvements in the economy [44]. 
Increasing cost of feed (mainly cereal grains) has been a 
major driver of increasing cost of animal production and, 
by extension, prices of meat in the UK (Defra, 2011). Con-
sidering that, currently, the EU and the UK use 54% and 
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52%, respectively, of total grains produced for feed [2, 3], 
the continuous and increased domestic production of feed 
barley is critical to UK meat production and food security 
(local availability and economic access to consumers). In 
addition to the large deficits observed in the current study, 
projections suggest that meat and animal feed import to 
the EU will increase substantially in the future [3, 44]. The 
EU is currently the main trading partner of the UK in terms 
of meat and feed grains. Faced with large deficits, and all 
things being equal, the UK would import barley or FBEM 
to balance the deficits. Given the projected situation in 
the EU and with Brexit on the horizon, it is important to 
contemplate where all this import of barley or FBEM will 
come from to balance the observed deficits.

4.2 � Implications for national and transnational 
food security

Food security can be defined as the “risk of adequate food 
not being available” [45]. Food here refers to meat (under-
girded by feed barley). Proceeding from this definition, 
and in the light of the discussion above, the projected 
deficits in feed barley and FBEM in the current study, as 
a result of reductions in croplands in response to land-
based climate mitigation policies, raise risks of future food 
insecurity in the UK with transnational consequences. 
Meat consumption delivers a substantial fraction of total 
calories and essential micronutrients in the UK and the 
world. Shifts from meat consumption to vegetarian diets 
are being promoted for health and environmental reasons 
(e.g. [46]). While this shift can reduce meat demand, meat 
consumption would remain an important part of diets 
in the near term. Here, we used CLD and analysis of the 
current barley imports by the UK and estimates of future 
supplies in its main sources of imports as a microcase to 
explore the implications of the observed deficits in the UK 
for national and transnational food security.

According to the FAOSTAT, the UK remains one of the 
top 10 barley exporters in the world. The analysis of the UK 
imports confirmed that the UK is a small importer of barley 
and mainly from Ireland (Fig. 5). However, the UK imports 
could increase considerably in the future as deficits under 
all climate mitigation scenarios could be as high as 53% 
of total demand in the 2050s while FBEM could exceed 
70% of total demand. At the same time, the exportable 
fraction of some of its main partners would be lower than 
current total export at both 90th and 50th percentile yields 
(Table 5). Ireland (the main source of UK’s import) could 
have negative balance for export after serving domes-
tic demand. As a result, the expected future imports by 
the UK would have to come from France, Germany and 
Ukraine where adjustments in the trade flows to their top 
importing countries would be necessary to accommodate 

the increased imports from the UK. Otherwise, the residual 
exportable fraction would not be adequate to meet their 
respective proportionate exports expected to address 
the observed deficits in the UK. At 90th percentile yield, 
the expected proportionate imports from Ukraine, Ger-
many and France to satisfy the observed deficit under the 
MES in the 2050s (Table 5) would be approximately 9%, 
23%, 104%, respectively, of the exportable fractions. The 
corresponding values at 50th percentile yield would be 
approximately 13%, 32%, 183%, respectively. This suggests 
considerable pressure on the proportionate distribution of 
exports from these countries.

The top 20 importers of these countries include a num-
ber of developing countries in North Africa and Middle 
East where climate change would have strong adverse 
effects on agriculture. According to FAOSTAT, developing 
countries currently among the top ten barley importers 
in the world are Saudi Arabia, China, Iran, Morocco, and 
Jordan. Major destinations of UK barley exports include 
Algeria, Tunisia and Saudi Arabia. These countries feature 
strongly on the top importing country lists for France, 
Germany, and Ukraine. In the Islamic countries, feed bar-
ley could be crucial for animal production as it is perhaps 
difficult to import frozen or processed meat from many 
countries due to religious considerations (e.g. halal and 
slaughtering of live animals for special ceremonies).

Currently, Africa and Asia have the lowest self-suffi-
ciency rates, and Africa accounts for about 50% of direct 
consumption of barley as food [4]. Previous studies have 
highlighted the potential adverse impacts of climate miti-
gation policies on global or regional food security (e.g. [18, 
19, 21, 23, 25]). Africa and Asia were observed to suffer the 
greatest effects of food insecurity due to global stringent 
climate mitigation policies [20, 23] or climate impacts on 
vulnerability to food insecurity [25] or poor combination 
of mitigation and adaptation [18]. Due to the UK’s strong 
position as a producer and exporter in the world, together 
with the EU, it is obvious that any reduction in production 
and increase in demand or import would likely intensify 
competition on the global market. The question is, can 
these developing countries compete effectively with the 
developed, strong trading nations, such as the UK in a tight 
global market of barley? The results in the current study, 
therefore, provides a basis for a nuanced understanding 
of the impacts of land-based climate mitigation policies or 
efforts on the food security of the UK and potential tele-
coupled impacts on other distal economies. Meaning, the 
UK (as a climate-beneficiary country with regard to barley) 
should make efforts to sustain higher capacity for barley 
production to serve the climate justice principle of ‘equi-
table sharing of benefits and burdens’.
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4.3 � Assumptions and limitations

This paper is based on several assumptions and semi-
empirical relationships between current and future pro-
duction and feed use of barley that have implications for 
the results. For example, feed use as a proportion of total 
barley production and in meat production is neither lin-
ear nor constant. In other words, it is not deterministic. 
This key assumption is a limitation to the study but is one 
of the very few possibilities for doing such work. Policy, 
economic, social, and biophysical factors could alter the 
proportion of barley used for feed, or the composition of 
barley in total feed. More so, the total UK barley produc-
tion is a sum of the product of winter and spring barley 
yields and their respective land areas. Winter barley has 
a higher yield than spring barley; but spring barley cov-
ers a larger area than winter barley. The current study is 
based on spring barley, assuming that the relatively larger 
area under spring barley production would compensate 
for the relatively higher yield of winter barley. In addition, 
future yields could be increased through technology (e.g. 
improvements in genotypes and agronomic practices) 
but this was not considered in the current study. While 
technology-driven increase in yields is feasible, it is difficult 
to predict. Brisson et al. [47] observed that cereal yields 
seem to have plateaued in Europe and sought to explain 
why this is the case for wheat yields. By extension, it is 
possible that barley yields could be substantially increased 
through technology if some of the identified constraints 
are addressed. For example, in the current study, it was 
observed that if future barley yields reach 10 tons ha−1 
or higher, together with the current land area (BAU), the 
observed deficits can be reduced significantly or neutral-
ized with a little increase over the current land area (BAU). 
This magnitude of yield has been observed for the geno-
type Westminster under experimental conditions at the 
James Hutton Institute (Dundee, UK). Since the mid-1980s, 
declines in areas of croplands in high-income countries 
have been more than compensated for by productivity 
gains per unit area and very intensive use of land [1, 48]. 
The question is whether this trend can continue to the 
2050s given the observed plateau in cereal yields. Simi-
larly, there is considerable scope for improving feed con-
version efficiencies of animals (e.g. carcass yield per unit 
feed) and effecting changes in the composition of meat 
consumption. These could alter the scale of deficits in the 
current study. However, as with any projection study, the 
key message from the current study shows a future pos-
sibility within the bounds of the assumptions and limita-
tions of the study. Finally, estimates of future demand and 
supply in the UK’s main trading partner countries were 
based on current consumption and linear relationship 
between their yields and the UK yields, respectively. The 

scale of demand and exportable fraction in these countries 
could be altered by a more detailed study of the combined 
impacts of climate, population, and land use changes in 
these countries.

5 � Conclusions

Climate change mitigation is a global desideratum. How-
ever, land-based climate change mitigation policies or 
efforts should be carefully designed and analysed to mini-
mize unintended adverse consequences. The current study 
supports, at a detailed spatial scale, the emerging concern 
that land-based climate mitigation policies could adversely 
affect food security. While climate change alone could be 
beneficial to UK barley production, projected reductions in 
cropland areas due to land-based climate mitigation poli-
cies can combine with increased demand due to popula-
tion growth to create large deficits in feed barley supply 
from domestic production. Because feed barley accounts 
for the largest share of coarse grain used in animal feed, 
the observed deficits would create correspondingly large 
deficits in feed barley equivalent meat (FBEM) supply. The 
situation would be worse if projected median yields are 
observed. This risk of inadequate supply of meat would 
have adverse implications for the UK food security as meat 
is an important source of daily calories, high value pro-
tein and essential micro-nutrients. The study demonstrates 
how a combination of climate change, climate mitigation 
policies, and population growth can impact on feed barley 
and meat supply in the future and the need to develop 
measures to effectively manage the demand and supply 
sides of feed barley and meat. Because the UK is a strong 
trading nation and, currently, a major exporter of barley, 
the prospect of the UK sourcing feed barley or meat from 
the global market is a case that highlights the potential for 
high-income countries with high capacity for barley and 
meat production (such as in the EU) turning to compete 
intensely with developing countries in the global market. 
Such intensification of competition on the global market 
due to supply deficits in major producing countries could 
make it harder for poor countries to economically access 
feed barley and/or meat, and therefore adversely affect 
their food security. It is suggested that a global coopera-
tion around land use is necessary to address the complex 
issues in the nexus of climate mitigation and food secu-
rity while paying special attention to the implications for 
developing economies. This is to ensure that global capac-
ity for certain key crops such as barley is not compromised 
to exacerbate food insecurity much beyond the net effect 
of climate change alone or the national scale.
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Appendix 1

See Table 6.

Table 6   Soil hydraulic 
properties from the SINFO 
database used in the 
simulations

Data taken from the SINFO database [29]

Admin. sub-
region

Dominant soil θsat θpwp θfc Rooting depth 
(m)

θasw (mm m−1)

EE Medium 0.42 0.18 0.33 7 150
EM Fine 0.49 0.29 0.43 6.8 140
NI Medium 0.41 0.16 0.31 6.6 150
NEE Medium 0.42 0.18 0.34 6.6 160
NES Medium 0.41 0.15 0.30 6.1 150
NWE Medium 0.43 0.19 0.34 6.4 150
NWS Medium 0.40 0.15 0.29 7.0 140
SEE Medium fine 0.55 0.14 0.49 5.9 350
SES Medium 0.41 0.15 0.32 6.2 170
SWE Medium fine 0.58 0.15 0.50 4.4 350
SWS Medium 0.41 0.15 0.31 6.4 160
WA Medium 0.45 0.22 0.37 6.9 150
WM Medium 0.45 0.22 0.37 6.7 150
YH Medium 0.43 0.19 0.35 6.5 160
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Appendix 2

See Table 7.

Table 7   Main AquaCrop parameters used in the climate change simulations

Symbol Parameter description Value

1. Crop phenology

1.1. Development of green canopy cover (CC)

Initial canopy cover (%) 3.6

Time from sowing to emergence (GDD) 135

Canopy growth coefficient (fraction per GDD) 0.8

Maximum canopy cover (%) 85

Time from sowing to flowering (GDD) 950

Length of flowering stage (GDD) 215

Time from sowing to start of senescence (GDD) 1315

Canopy decline coefficient (fraction per GDD) 0.06

Time from sowing to maturity (GDD) 1675

1.2. Development of root zone

Minimum effective rooting depth (m) 0.30

Maximum effective rooting depth (m) 0.70

Shape factor describing root zone expansion 1.5

2. Crop Transpiration

Crop coefficient at maximum CC 1.15

Decline of crop coefficient (% day−1) due to ageing 0.15

Effect of canopy shelter on surface evaporation in late season stage (%) 50

3. Biomass production and yield formation

3.1. Crop water productivity

WP* Water productivity normalized for ETO and CO2 (g m−2) 15

Water productivity normalized for ETO and CO2 during yield formation (as % WP* before yield 
formation)

100

3.2. Harvest index (HI)

Reference harvest index (HIo) 0.49

Upper threshold for water stress during flowering on HI 0.82

Possible increase (%) of HI due to water stress before flowering 12 (strong)

Coefficient describing positive effect of restricted vegetative growth during yield formation on HI Moderate

Coefficient describing negative effect of stomatal closure during yield formation on HI Moderate

Excess of potential fruits Moderate

Allowable maximum increase (%) of specified HI 15

4. Stresses

4.1. Soil water stress

Pexp,lower Lower threshold of water stress for triggering inhibited canopy expansion 0.60

Pexp,upper Upper threshold for canopy expansion (canopy expansion seizes) 0.27

Shape factor for water stress coefficient for canopy expansion 3.5

Psto Upper threshold for stomata closure 0.60

Shape factor for water stress coefficient for stomatal control 3.0

Psen Upper threshold for early senescence due to water stress 0.60

Shape factor for water stress coefficient for canopy senescence 3.5

Ppol Upper threshold of soil water depletion for failure of pollination 0.80

Vol% at anaerobiotic point (with reference to saturation) 15

4.2. Temperature stress

Minimum air temperature below which pollination starts to fail (cold stress, °C) 5

Maximum air temperature above which pollination starts to fail (heat stress, °C) 30

Minimum growing degrees required for full biomass production (°C day−1) 15
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Appendix 3

See Fig. 8.

Appendix 4

See Fig. 9.

Fig. 8   Projected barley grain 
yield for the low, medium, high 
emission scenarios (LES, MES, 
and HES, respectively) in the 
2040s, 2050s, and the 2050s
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Fig. 9   Projected land area for 
barley in 2030, 2040, and 2050 
based on climate mitigation 
policies [34]. The total area of 
barley under the BAU remains 
constant at 1026 thousand ha 
from 2030 to 2050
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Appendix 5

See Fig. 10.
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