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Executive Summary

1 This report investigates the impact of climate change on UK agricultural land use and
the consequences for gemhouse gas emissions across the farming sector.
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agricultural model to show the reallocation land between arable and grassland uses as
climate changes from the preseto 2100. Subsequently a series of production models
apportion that general arable category into a series of-sategories such as maize,
winter wheat, etc. This approach is then used to apportion the general grassland
category into different livestockub-categories. These models are based on a series of
climatic, environmental and economic variables.

1 The output of these models allows us to estimate changes in greenhouse gas emissions
as a consequence of climate induced changes in land use.

1 We consideboth likely and more extreme scenarios of future climate change. Both the
median (50" percentile) and extreme (90percentile) estimates for future rainfall and
temperature are considered. These percentiles are taken from the cumulative
distribution fundion of the UKCP18 RCP 6.0 probabilistic climate projections.

1 Results of these analyses show that climate change will substantially alter agricultural
land use. This will in turn affect the greenhouse gas emissions produced by farming in
the UK.

1 We find hat the viability of large areas of arable land in the Set#tst is threatened by
increasing temperatures and reducing rainfall in the growing season. This is consistent
with the findings of previous researchdzzi and Bateman, 20/L5

1 As climate becomedrier and warmer, more arable land is created in the lowland parts
of the English midlands and in lowland areas of the west and north of the UK. In the
SouthEast the problems facing arable production result in conversions into grassland
agriculture.

1 Warmer temperatures per se could be beneficial for arable crops only if water
availability were not a limiting factor. As rainfall in the growing season is predicted to
decline, we expect to see an increase in arable land only if accompanied by relatively
high levels of rainfall. Such scenarios are relatively unlikely.

1 As high value temporary and permanent grassland tend to replace cropland, we are
likely to see a shift to beef production in the traditionally highly intensive arable regions
of the UK. Thissilikely to consistently reduce agricultural incomes in these areas.

1 High value livestock production is also expected to replace sheep in the west and north
of the country. This may boost incomes in these areas.

1 High levels of precipitation, even if ukdly, are predicted to result in much higher dairy
production compared to scenarios where precipitation follows the median predicted
trends.

1 For all climate projections considered, the total emissions of agricultural greenhouse
gases decline modestly ovieme, a trend which is most significant where temperature
changes follow median predictions. This is driven mainly by a conversion from high
input arable land to lower input grassland. While the rise in grassland does result in
some increase in beef livestk, an accompanying fall in sheep stocking means that
livestock emissions remain reasonably stable.



1 Scenarios with extremely high levels of precipitation generate higher GHG emissions
from the dairy sector. While such scenarios are relatively unlikedy, would facilitate
expansion of the water intensive dairy industry at the expense of beef and sheep
livestocking. Average GHG emissions from dairy livestock are more than double those of
beef livestock under such a scenario.



Introduction

With this work, we aim to include a series of climate change scenarios in a spatially explicit
land use and agricultural production suite of models in order to investigate how the
agricultural sector responds to varying temperature and feamidlhow, as a consequence,
emissions of agricultural greenhouse gases change. Due to thieearand interactive

nature of climatic variables on land use and agriculture, we aim to investigate the effect of the
combinations of median and very high fgmature and rainfall levels to identify the range of
potential future outcomes in terms of agricultural landscapes and emissions. In detail, we map
agricultural land use and its projections in the period 2099 using an agricultural model

based on a gially explicit definition of the biophysical environment that allows us to

explicitly include climate trajectories. We focus on the probabilistic UKCP18 RCP6.0

climate scenario, which can result in pathways leading to both 2C and 4C global warming.
Giventhe high degree of uncertainty of climate responses to emissions, we focus here on
moderate and extreme changes extracting thepbfcentile and the §percentile from the
probability distribution of rainfall and temperature anomalies derived frordi@&P18

RCP6.0.

The agricultural model

The agricultural landise model builds on the data and econometric methodology developed

by Fezzi and Batema(frezzi & Bateman, 2018nd that forms an essential component of the

UK National Ecosystem AssessméWtatson et al., 2011jt has been updated to account for
nonlinear effects modelling rainfall and temperature in the growing season (April to

September) using piecewise linear functi@Richie et al., 2020) The model predicts the

decisions made by profit maximising farmers about how to allocate their agricultural land
between arable and grassland and, within these uses, what crops and livestock to produce. To
achiee this the module links a top level land allocation model and three production models
(arable, grassland and livestock, Figure 1).
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Figurel ¢ Model structure: inputs, top level land use model and following arablesmad and livestock production models and outputs.
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The modelling and analysis presented in this report follows the logical of Figure 1. In
overview, exogenous factors (i.e. those which the farmer cannot control) such as
Environmental conditins (e.g. climate, soil type, etc.), Market forces (e.g. prices of produce,
costs of inputs, etc.) and Policy (e.g. regulations, subsidy levels, etc.) combine together to
determine the economic payoff to the farmer of different agricultural activitiedafier

reacts to these factors by determining that land use pattern which they prefer (e.g. arable,
grassland, or a mix). This in turn determines their production of food however it also dictates
the greenhouse gas (GHG) emissions from the farm.

Inordert o anal yse this system, the O0top | evel 6 :
agricultural land into arable and grassland production taking inputs climate in the growing
season (rainfall, temperature and their interaction), soil characteristicss(shaeat, gravel,
stones or fragipan soil and soil textkégn Liedelerke, Jones, & Panagos, 20@6d land

gradient (elevation and slog®)orris & Flavin, 1994) The response variable of the model,

i.e. the land shares devoted to arable and grassland production is function of all of the
determinant®f land use in a reducddrm specification. We estimate the mode via quasi
maximum likelihood after a logit transformati(fapke & Wooldridge, 1996)

The production models take the outputs of the top level model along with information on
output prices, fertiliser prices, distance to market, environmental characteristics and climate
to predict the share of arable larel/dted to different crops and the heads of livestock
produced. The arable production model predicts the production of 8 different crop types
(wheat, winter barley, spring barley, oil seed rape, potatoes, sugar beet, protein crops (peas
and beans) and otherLand use shares devoted to each crop are scaled by average yields and
then multiplied by time dependent output prices to calculate the value of food production
from crops. The grassland production model reallocates grassland estimated iddkeltop
model among temporary grassland, permanent grassland and rough grazing. Both arable and
grassland production models use the multivariate Tobit specification developed4yand
Bateman (2011)

The livestock production model predicts the production of 3 livestock types (Beef, Dairy and
Sheep) in terms of the number of livestock heads. Analogous to the land use sguation
livestock numbers are derived from a multitput profit functionFezzi & Bateman, 2011)

A normalized quadratic profit functiogenerates linear livestock density equations. In this
context we use a QML Poisson model Total farm profits are calculated by adding profits
from crops and livestock together, which themselves are a function of crop and livestock
prices. Land use data ihe model were derived from the June Agricultural Ce(EO8NA,
2010)on a 2km x 2km grid covering the whole of the UK (approximately 55 thousand 400ha
cells) and model predictions aakso at the 2x2km grid square level. Details on model
estimation and predictions are provided in the Appendix.

It is important to notice that, unlike other agricultural land use change models, our modelling
approach ai ms at s i mecognasihg thatgheyf have aneobjective (bre c i s i o
example long term profit of any other objective) which is constrained by the biophysical and
political environment they face. As such, this is not a biophysical model, but a model of
far mer s & b e h atie and politicaucandtmints. Aslthe mahysical environment
affects the economic and other returns from crops and livestock production, so farmers
change their behaviour and their land use decisions. That, in turn, has further impacts on the
outcomes cosidered, whether it is the amount of an ecosystem service delivered by the
agricultural sector or, as in this report, the emission of greenhouse gases.

The greenhouse gas model

Agriculture is a substantial emitter of GHGs through for example, machinery use, mineral
and organic fertiliser use, ruminant livestock, effects of both biomass and soil carbon stocks.



Since most agricultural produce is for consumption within a periocbotims to a few years

it is common practicée.g. WBCSD, 200400t to account for photosynthetically fixed carbon

in plant biomass or agricultural produce. The soil organic carbon (SOC) pool can be a
substantial source or sink for emissions, althoughe@ia the case of organic soils the SOC
pool tends to equilibrate under fairly constant land(deakinson, 1990As a consequence,

the major sources of emissions not related to energy use are nitrous exjle@ld methane
(CHa). N2O emissions arise due to the mineralisation of nitrogen in organic matter (in the soil
or for example in animal marnes), and through the use of synthetic nitrogen fertilisers.

Major sources of methane are from ruminant livestock (a function of dry matter intake) and
manure management. Since dry matter intake is roughly proportional to animal size the key
variables aftcting GHG emissions are nitrogen fertiliser for field criiier et al., 2011)

and number of head for a given livestock species. These were thus the critical input variables
required for the GHG modelling component.

For each arable land use category consideréue farm production model a representative
management regime is identified with specific fertiliser rates and machinery use
characteristic of the UK. GHG emissions associated with livestock were incorporated into the
analysis implementing the emissitattors reported biPCC (Eggleston, Buendia, Miwa,

Ngara, & Tanabe, 2006)

Cool Farm Tool (CFT)

The Cool Farm Too|CFT, 2013was employed to calculate GHG flowsragricultural

land. This tool was originally developed for farmers to estimate the carbon footprint of crop
and livestock products. It was designed to be both simple enough for general agricultural use,
but scientifically robust for calculating carbon esions. The calculation of emissions is

done at farrdevel based on land use and related information and takes all relevant data on
production processes, fertiliser use, energy and transport into account. Methodologically the
CFT sits between calculatorsing simple emission factor approaciCC 2006 Tier 1,
Eggleston et al., 200@)nd Proces8ased models that require a greater level of data input

and training to interprtPCC 2006 Tier 3, Eggleston et al., 200Bhe tool is divided into

seven input sections as follows:

1 General Information (location, year, product, production area, climate);

1 Crop Management (agricultural operations, crop protection, fertilizer ussdoe
management);

Sequestration (land use and management, above ground biomass);

Livestock (feed choices, enteric fermentation, N excretion, manure management);
Field Energy Use (irrigation, farm machinery, etc.,);

Primary Processing (factory, storage;.gt

Transport (road, rail, air, ship).

= =4 =4 4 A

The CFTemploys a multivariate empirical model developedBbywman, Boumans, and
Batjes 002)to estimate NO and J® emissions from fertiliser applications. Emissions from
the production of nitrogen fertilisers are generally comparable in magnitude to f@Id N
emissions. These emissions are often attributed to industry, although since they are produced
for agricultural use it is often considered appropriate to incorporate these emissions in
agricultural assessments and product carbon foot printing. Embeddsssioaisiin other agro
chemicals are incorporated on a unit active ingredient using figures derived fréwnndsley

et al. (1997)harmonisation life cycle assessment.

Other embedded emissions (for example in machinery manufacture) are not included.
Although this is somewhat inconsistent from a scoping point of view, there is no consensus
on how to incorporate these Esions; it is worth mentioning that they are acknowledged to



be insignificant relative to other agricultural emissions soupitésttaker, McManus, &

Smith, 2013)

For the present analysis we use the first two of the seven inputs for the CFT described earlier;
the AGener al | nf ormati ono, anMATBABEdop Managen
calculate carbon emissions fincagriculture for the UK. Therefore, representative

management regimes include fertilizer use and emissions for machinery in six of the seven

|l and use categories from the arable product:i
assume the following gpoximate breakdown into other land use classes: (i) ceréafs,

(i) horticulture- 20%, (iii) other agriculture 45%, and (iv) woodland25%. Woodland is

not considered here. For the horticulture subclass we assumed management as for root crops.
Fort he fAother agricultured subcl ass we assume
For the remaining 30% of this subclass we assumed emissions to be an average of those from

all other main land use classes.

For land management practices, fertilisee and general management of agricultural land

were considered as typically used in the (@air, Hillier, & Smith, 2008; DEFRA, 2012,

Haverkort & Hillier, 2011) Fertiliser applications were estimated frédDB (2009)ard

were weighted for the typical crops used in the UK.

Climate

The climatic inputs of the model are temperature and rainfall for the growing season (April to
September) obtained from the UKCP18 RCP6.0 probabilistic projections of future UK
climate. The prodbilistic projections in UKCP18 are an update of those produced for
UKCPO09 and provide an indication of the distribution of probabilities of future climate
outcomegLowe et al., 2018)Median values (3Dpercentile values) represent the points at
which the probability of a climate outcome to be highdower are equal.

In more detail, we use the 25km monthly mean temperature and rainfall from the RCP6.0
probabilistic projections downloaded from CE@#et-Office, 2018) which we compare to

the baseline UKCP09 1981000.Both datasets are processed using bilinear interpolation to
match the 2km spatial resolution of the land use and greenhouse gas models. In order to
disentangle the effects of rainfall and temperature on land use, from the cumulative
distribution function dthe probabilistic projections, we choose th& 5ad 9¢' percentiles

to represent a moderate and an extreme climate scenario. To obtain seasonal data, we average
monthly temperature and sum monthly precipitation for the period-Spptember in the

years available. We focus our analysis in the 22099 timeframe on a yearly basis.

Figure2 andFigure3 show respectively the predicted temperature and rainfall for the
UKCP18 RCP6.0 pathway and the measured 4B temperature and rainfall means for

the growing season (April to September).



Mean UK temperature in the growing season from
probabilistic RCP6.0 climate scenario
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Figure2 ¢ Predicted and observed temperature in the growing season (April to September), for the UKCP18 RCP6.0
pathway. Boundaries of the shaded areas represent, from bottom to top f'thed, 25", 75", 90" and 95" percentiles.

The dark red solid line regsents the median predictions. The solid black line represents actual observations. Data from
Met-Office (2018)

Mean UK precipitation in the growing season from
probabilistic RCP6.0 climate scenario
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Figure3 -- Predicted and observed cumulative rainfall in the grovgiegson (April to September), for the UKCP18 RCP6.0
pathway. Boundaries of the shaded areas represent, from bottom to top fth&d, 25, 751, 90" and 93" percentiles.
The dark blue solid line represents the median predictions. The solid blaelpfiegents actual observations. Data from
Met-Office (2018)



While temperatures appear to be increasing by 2099, rainfall in the vegetative season appears
to trend downwards; Compared to the baseline 28D, for the 10" to 90" percentile

spread, the expected warming in the summer rangeSG-8#24C, and the expected

summer precipitation changes rangb% to +2%, portraying a picture of a warmer and dryer
summer climate in the UK.

GeographicallyFigure4 andFigure5 show temperature and rainfall chasder the 58and

90" percentile projectiorts|t is important to notice that we are using here tHegcentile
temperature and rainfall to represent the median climatic trends likely to occur from now to
2099 for the UKCP18 RCP 6.0 climate scenario. THef@dcentile represents, for the
purposes of this work, an extreme scenario, i.e. a continudas eérainfall and

precipitation values that are likely to be exceeded only with a 10% probability each year. In
actuality, percentile levels only define bounds pf probabilities to observe temperature and
rainfall values, as shown Figure2 andFigure3.

Looking at the median climatic trendsigure4), the UK is facing for the future a trend of
increased temperatures and reduced precipitations during the growing season (April to
September). The South East of England appears to be the mostiblestewarming and
drying, with rainfall values in particular dropping to levels that become limiting for many
arable crops. The NorWest of Scotland is predicted to face warming to a lesser degree.

1 Note that we choose the 50™ or 90" percentile directly for each year under analysis rather than, for
example, randomly drawing values from the distribution of probabilities of temperature and rainfall
described by those percentiles.



Predicted UK temperature and rainfall 2011-2099
UKCP18, RCP6.0, 50th percentile, growing season
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Figure4 ¢ Predicted UKemperature and rainfall during the growing season in the UK, UKCP RCP6.0 pathway, and 50th
percentile projection.

When we consider the 9(ercentile predicted temperature and rainfaigjre5), we still

observe the same trends of increasing temperature and rainfall; however, both temperature
and rainfall levels are much higher than in the median scenario. This means that temperatures
become potentially more significtin limiting plant growth, whereas the higher rainfall

levels, even if dropping over time, do not allow to reach the same extremely dry conditions
observed in the median scenario above.



Predicted UK temperature and rainfall 2011-2099
UKCP18, RCP6.0, 90th percentile, growing season
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Figure5 -- Predicted UK temperature amdinfall during the growing season in the UK, UKCP RCP6.0 pathway and 90th
percentile projection.

These climate projections show that by 2060, entire areas in the-Basttlof England are

going to be outside the range of values that have been observedilupow and that have

been used to estimate our production models, considering both temperature and precipitation.
For this reason, in this climate change scenario our projections for this part of England have to
be taken cautiously. On the other hatié projections for the West of England, Wales and
Scotland should be more precise. Obviously, less extreme climate change scenarios will reduce
the uncertainty.

It is not advisable to extrapolate the Aorear relationships between land use and climate

outside the range of the data used for estimation. Therefore, as standard in the climate change
literature(Albouy, Graf, Kellogg, & Wolff, 2016; Fezzi & Bateman, 2015; Schlenker &

Roberts, 2009)we assume thahe effect of climate in the production models flattens out
outside such range (this approach is sometin
range used for estimation). This is not the case for théeta agricultural model.

In light of the climatic predictions above, and to disentangle the effects of temperature and
precipitation on future land use, we apply as a climatic input to our models the following
continuous probabilistic trends:



1) RCP6.0 30percentile temperature, 50 percentile rainfall; this scenario represents
a median trend of increasing temperature and a median trend of rainfall reduction.
In terms of the conditions of plant growth, this means moderate warming, with
rainfall potentially reaching extremely low valsiin the SouthwWest;

2) RCP6.0 90percentile temperature, 50 percentile rainfall: this scenario represents
extreme warming, and rainfall potentially reaching extremely low values in the
SouthWest

3) RCP6.0 Z0percentile temperature, 90 percentile rainfall: this scenario represents
moderate warming and overall less limiting precipitation levels than the previous
scenarios;

4) RCP6.0 90percentile temperature, 90 percentile rainfall: this scenario represents
extreme warming and overdkss limiting precipitation levels than the first two
scenarios.

These climatic trends are used in this report the predicted changes in bletvetdand uses
(arable and grassland) and finer level agricultural land use changes, which include wheat,
barley, oilseed rape, root crops, other arable crops, permanent grassland, temporary grassland
and rough grassland. The finer level agricultural model also provides predictions for dairy
livestock, beef livestock and sheep numbers. We finally provide predictedjes in

agricultural greenhouse gas emissions.

For these projections, a number of caveats are important. First, probabilistic climate
projections represent the range of values and their associated probabilities for the climate
variables of interest, iaur case rainfall and temperature. As agriculture is impacted not only
by temperature and rainfall considered alone, but also by their interaction, we specify
temperature and rainfall percentile levels to be fixed throughout the entire time period in
orde to illustrate disjointedly the relative impact of either climate variable, keeping the other
fixed; in this context, the first set of probabilistic levels'{p@rcentile for both temperature

and rainfall) would represent a moderate change, givenhidia is an equal probability that
actual observations will fall above or below that level; the @&rcentile temperature and
rainfall combination represents an extreme scenario, as there is a 90% likelihood that the
actual observations will fall belowdhlevel for both climatic variables.

Second, our scenarios are not projections of the future, but rather illustrate, ceteris paribus,
the impact of climate change. In these scenarios all technological responses (e.g. the
introduction of new crop types)rices and policy constant at their values in the baseline, the
year 2010. In addition, we also leave unchanged aHagpitultural land allocation and farm
woodland, which is mainly driven by arspecific governmental policies. Finally, we do not
allow for possible expansion of urban areas.



Results

Land use change

Top level land allocation model
Under the four climate change projections investigated, the total trends in the areas of arable

land and grassland are showrfFigure6.
Predicted land by land use type, RCP6.0 2010 to 2099,

50th and 90th temperature and rainfall percentiles
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Figure6 ¢ Top level total UK arable and grassland predictions for tleabd 90" percentiles, temperature and rainfall,
2010 to D99, calculated from the UKCP18 RCP 6.0 probabilistic climate projections.

As grassland in the model replaces arable land andveisa, the lines for arable and

grassland for the same climate projection are symmetrical. Overall, the increasing
temperatire trends for both temperature scenarios at tHegBfcentile for precipitation result

in a downward trend for arable land. This is due to the fact that the precipitation in the
growing season becomes the limiting factor for more land to be cultiwaltexh precipitation

is much higher, the share of arable land increases as temperatures increase, as water is no
longer a limiting resource. However, the predicted share of arable land for'thairg@ll
percentile scenarios, regardless of the temperkavets, is consistently lower than the arable
share predicted for the B@ercentile rainfall; this is due to the high Rarearity of the

effects of both precipitation and temperature on arable land share Increasing precipitation at
low levels initially rapidly increases arable shares, until values of about 290mm. After this
threshold, the effect is reversed, becoming strongly negative first, and flattening afterwards;



an excess of precipitation can create soil waterlogging, delay ploughing and sowing
operations, and diminishes plant growth, which explains the lower arable levels predicted
when precipitation levels are set at th& @rcentile projected probabilities; in this scenario,
declining precipitation trends over time result in more arabledamatecipitation in the

growing season falls below levels that are closer to physiological optimum for crops. The
level of 290mm may appear to be very close to the observed minimum level of rainfall in our
data (240mm) but the current GB climate is chim@med by relatively abundant

precipitation. In fact, irrigation is extremely uncommon in the British islands. It is worth
mentioning that the initial gap in the arable and grassland values across the different
scenarios is the result of the fact thatwse continuous probabilistic levels for the entire
timeframe. This allows us to define median and upper bounds. The fact that the observed
temperature and precipitation values from 2010 and ZBig6ie2 andFigure3) never

reaches the 90percentile levels for either temperature or precipitation, means that the
current land use tresdare currently closer to the'S@emperature and $Qredicted land use

than to the other scenarios. This is to be expected, as the rainfall and precipitation values for
the higher percentiles are less likely to be observed by definition.

In terms ofregional distribution of changeBiQure7), the wider losses in arable land be
attributed to the climate getting hotter and dryer (East of EnglandiVidisinds and the

South East). Such negative effect is mainly caused by the reduction in precipitation, which
will increase the risk of drought in a region that is already on the edge -irfrigaied

agriculture. We expect an increase in arable areaiflahregions of the South West, Wales
and the North where the combination of warmer temperatures and adequate precipitation will
boost crop growth. Maps showing the predicted UK agricultural landscape in the future are
shown inFigure8 andFigure9.



Regional change in arable land and grassland

UKCP18, RCP6.0, 50th and 90th percentiles, 2010 to 2071-2099
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Figure7 ¢ Regional changes in hectares of grassland and arable land under the moderate and extreme climate change
scenarios for temperature and rainfall.
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Figure8 ¢ Predicted UK arable land from 2010 to 2099 in 30 year averages, forttren8®0 temperature and rainfall percentiles derived from UKCP18 RCP 6.0 probabilistic scenarios.
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Figure9 -- Predicted UK grassland from 2010 to 2099 in 30 year averages, forfttam8®0" temperature and rainfall percentiles derived from UKCP18 RCP 6.0 probabilistic scenarios



Agricultural production model
At 3.2 milion hectares in 201@DEFRA, 2019) cereals represent the most dominant class of
crops in the UK, accounting for 68% of the arable land. By area shares, wheat represents
approximately 56% of all cereals grown in the UK. As temperatures incredspe@ntile
and 90" percentile temperature scenarios! p@rcentile rainfall), the decline in arable land is
mainly driven by a drop in wheat, followed by oilseed rape and other arable (which includes
maize); the other arable crops remain comparatively stable. All tyggassland increase,
with the largest increases found for permanent and temporary grassland, indicating that the
new high value grassland replaces cereals in the most intensive cropland areas of the country,
or becomes intermixed in the crop rotation tetain livestock production; conversely, rough
grazing remains comparatively stable.
Extreme precipitation levels in the growing season limit the share of cropland on the
landscape, replaced by permanent grassland; as rainfall is predicted to decreleser,cgra
shares increase mainly driven by wheat, oilseed rape and bdéagese10 andFigurell
show in more detail the predicted shares and the distribution of predicted changes in crop and
grassland types by 2099 derived by the climate scenarios investigated.
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Figure10 ¢ Predicted land by crop and grassland type, 2010 to 2099, from the UKCP18 RGRBDHEY percentile
temperature and rainfall in the growing season (April to September).



Regional change in arable land and grassland
UKCP18, RCP6.0, 50th and 90th percentiles, 2010 to 2071-2099
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Figurell ¢ Predicted change in crop and grasslayges in 20742099 from the observed 2010 values from the UKCP18
RCP 6.0 30and 90¢" percentile temperature and rainfall in the growing season (April to September).



Livestock production model
Regardless of what exact future temperature and rainf@ttoay will be realised within the
UKCP18 RCP 6.0, we can expect to see more grassland in future UK landscapes, especially
in what is currently high value cropland. These highly productive new grassland areas are
predicted to drive an increase in the dignsf mostly premium beef livestock; Sheep, mainly
dominant in uplands areas, are expected to decline in numbers most significantly in Wales
and the north of England; this is mainly due to the predicted increase in cropland in the flatter
parts in theseagions (Se&igure7 above). The future rainfall levels appear to impact mostly
the size of the dairy sector; as dairy production is highly water intensive, all ssenbere
precipitation levels are high result in a much larger share of dairy within the entire livestock
sector, predominantly in England: rainfall at th& @@rcentile levels results in more than
doubling the numbers of dairy livestock compared to te@ario where rainfall levels are set
at the 58 percentile Figure12). The current eagb-west gradient traditionally tied to
increasing relevance of livestock imetagricultural sector appear to fade and shift towards a
north-south gradient, where the south and south east becomes increasingly important for
livestock, especially in the 8(ercentile rainfall scenarioFigure13).

Predicted number of livestock by type, RCP6.0 2010 to 2099,
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Figurel2 ¢ Predicted number of sheep, dairy and beef livestock, 2010 to 2099, from the UKCP18 RCT&n8.0®0
percentile temperature and rainfall. The y axis in dogarithmic scale.
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Figurel3 ¢ Change in livestock numbers in the UK, 22099, based on the UKCP18 RCP 6.0 probabilistic projectiiremdbQ0" percentile rainfall and temperature.
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Greenhouse gas
The agricultural sector accounts for approximately 9% of the total GHG emissions of the UK
and can be separated into nitrous oxide emissions (55%), methane emissions (36%), and
carbon dioxide (9%). While the vast majority of nitrous emissions comesnfiiaeral

fertilization of arable crops, methane emissions are linked almost entirely to the livestock
sector, and carbon dioxide emissions are mostly attributed to farm enel@EFRA,

2011)

The future of UK greenhouse gas emissions from agriculture is the result of a combihation o
the expected reduction of arable land, in particular in the South East, and the change in
livestock numbers and composition where new grassland is estabksined14 shows the
relative contribution by sector to the total agricultural greenhouse emission trends predicted

by 2099.
Predicted GHG emissions by sector, RCP6.0 2010 to 2099,
50th and 90th temperature and rainfall percentiles
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Figurel4 ¢ Predicted greenhouse gas emissions of the agricultural sector in the UK2@28,0rom the UKCP18 RCP 6.0
climate scenario, 30and 90" percentile temperature and rainfall probabilistic projections.

Higher temperatures at the'5percentile rainfdllevel result in a fairly stable level of
emissions from livestock and a switch around 2050 of the relative contribution of grassland

and arable land to the total agricultural emissions. In these scenarios, there appears to be a
substitution effect fromnaissions from sheep, whose numbers reduce over time, and beef,
whose numbers increase, even if at a smaller rate. The much larger GHG emissions per head
per year of beef compared to sheep (1969kg per head per year for beef compared to 299 for
sheep at a teperature of 13 degrees C) explain the large relative contribution of the beef
sector to the overall GHG emissions from livestock. As dairy numbers remain fairly constant,



the relative contribution of the dairy sector is not expected to change signyficatitese

future projections. When rainfall is set at thé' @@rcentile level, we observe low but

increasing emissions from the arable sector, as more and more arable land replaces grassland,
and declining livestock emissions from the resulting redndtigyrassland. It is worth noting

that, as mentioned earlier, overall predicted arable shares are consistently lower at these high
precipitation rates than what we observe for tHe grcentile rainfall levels, and the

increase in arable share is th@sequence of both increasing temperatures but mostly the
reduction in rainfall in the growing season.

In terms of total greenhouse gas emissidiable 1 andFigurelb), the levels greatly depend

on the selected levels of temperature and rainfall. Overall, median temperatures and rainfalls
following the RCP 6.0 predicted trends aréengao result in greenhouse gas emissions in the
mid 40 Mton of CQ equivalent, with a projected decline of about 7% by 2099, happening
primarily after 2050. Extreme precipitation results in generally higher emissions, especially

in combination with mediatemperatures; extreme temperatures and median precipitation
result in the lowest predicted emissions. All scenarios show a predicted downward trend in
GHG emissions, ranging from% to-14%. It is worth mentioning that the extremely high

values for 201@re the result of the selection of the percentile levels; we knowFRrguane2
andFigure3 that the observed climate data in the 2000s has been consistently iH-{H&"25
percentile range of the projected UKCP18 RCP 6.0 probabilities for both temperature and

rainfall for most years, with one notable rainfall exception.
Tablel ¢ Predicted greenhouse gas emissions by agricultural sector in the UK2@839,0rom UKCPP18 RCP 6.0 climate
scenario, 50 and 90" percentile temperature and rainfall projections

livestock

total GHG arable GHG grassland GHC ~ GHG

(million (million - .
onsor nsor (U ONST (oer
Climate Year CO2eq) CO2eq.) | eq.)
2010 46.1 115 8.7 26.0
50th pct 2025 46.2 11.3 8.8 26.1
temperature, 50th 2050 45.6 9.9 9.8 25.9
pct rainfall 2075 44.8 6.9 11.6 26.3
2099 42.8 5.8 12.3 24.6
2010 41.6 12.7 8.6 20.3
90th pct 2025 41.3 12.7 8.5 20.0
temperature, 50th 2050 40.4 11.3 9.3 19.8
pct rainfall 2075 39.9 8.2 10.9 20.8
2099 40.2 7.0 11.7 21.5
2010 60.7 2.0 14.3 44.4
50th pct 2025 60.8 1.9 14.6 44.3
temperature, 90th 2050 58.7 2.7 14.7 41.3
pct rainfall 2075 56.6 3.3 15.1 38.2
2099 52.0 5.0 14.4 32.7
2010 50.6 2.9 14.2 335
90th pct 2025 50.7 2.8 14.3 335
temperature, 90th 2050 50.2 3.8 14.2 32.1
pct rainfall 2075 49.5 4.7 14.3 30.5

2099 47.6 6.9 13.2 27.4




Figurel5¢ Predicted GHG emissions in tons of &fdivalent in the UK, 2012099, based on the UKCP18 RCP 6.0 probabilistic projectitiresb00 percentile rainfall and temperature.



