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Executive Summary 

 This report investigates the impact of climate change on UK agricultural land use and 
the consequences for greenhouse gas emissions across the farming sector.    

 In order to predict land response to future climate change, we first use a ‘top-level’ 
agricultural model to show the reallocation land between arable and grassland uses as 
climate changes from the present to 2100. Subsequently a series of production models 
apportion that general arable category into a series of sub-categories such as maize, 
winter wheat, etc. This approach is then used to apportion the general grassland 
category into different livestock sub-categories. These models are based on a series of 
climatic, environmental and economic variables.  

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

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

 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.  

 We find that the viability of large areas of arable land in the South-East is threatened by 
increasing temperatures and reducing rainfall in the growing season. This is consistent 
with the findings of previous research (Fezzi and Bateman, 2015).   

 As climate becomes drier 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 
South-East the problems facing arable production result in conversions into grassland 
agriculture.  

 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.  

 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. This is likely to consistently reduce agricultural incomes in these areas.  

 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.  

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

 For all climate projections considered, the total emissions of agricultural greenhouse 
gases decline modestly over time, 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 livestock, an accompanying fall in sheep stocking means that 
livestock emissions remain reasonably stable.   



 

 Scenarios with extremely high levels of precipitation generate higher GHG emissions 
from the dairy sector. While such scenarios are relatively unlikely, they 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 rainfall and how, as a consequence, 

emissions of agricultural greenhouse gases change. Due to the non-linear and interactive 

nature of climatic variables on land use and agriculture, we aim to investigate the effect of the 

combinations of median and very high temperature 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 2010-2099 using an agricultural model 

based on a spatially 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. 

Given the high degree of uncertainty of climate responses to emissions, we focus here on 

moderate and extreme changes extracting the 50th percentile and the 90th percentile from the 

probability distribution of rainfall and temperature anomalies derived from the UKCP18 

RCP6.0.  

 
The agricultural model 

The agricultural land-use model builds on the data and econometric methodology developed 

by Fezzi and Bateman (Fezzi & Bateman, 2011) and that forms an essential component of the 

UK National Ecosystem Assessment (Watson et al., 2011); it has been updated to account for 

nonlinear effects modelling rainfall and temperature in the growing season (April to 

September) using piecewise linear functions (Ritchie 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 

achieve this the module links a top level land allocation model and three production models 

(arable, grassland and livestock, Figure 1). 



 

 
Figure 1 – Model structure: inputs, top level land use model and following arable, grassland and livestock production models and outputs. 



 

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 conditions (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 activities. The farmer 

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.  

In order to analyse this system, the ‘top level’ allocation model predicts the division of 

agricultural land into arable and grassland production taking inputs climate in the growing 

season (rainfall, temperature and their interaction), soil characteristics (shares of peat, gravel, 

stones or fragipan soil and soil texture)(Van Liedekerke, Jones, & Panagos, 2006) and land 

gradient (elevation and slope)(Morris & 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 

determinants of land use in a reduced-form specification. We estimate the mode via quasi-

maximum likelihood after a logit transformation (Papke & 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 land devoted 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 other).  Land 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 in the top-level 

model among temporary grassland, permanent grassland and rough grazing. Both arable and 

grassland production models use the multivariate Tobit specification developed by Fezzi and 

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 equations, 

livestock numbers are derived from a multi-output profit function (Fezzi & Bateman, 2011). 

A normalized quadratic profit function generates 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 in the model were derived from the June Agricultural Census (EDINA, 

2010) on a 2km x 2km grid covering the whole of the UK (approximately 55 thousand 400ha 

cells) and model predictions are also 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 aims at simulating farmers’ decisions recognising that they have an objective (for 

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 

farmers’ behaviour under climatic and political constraints. As the biophysical 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 considered, 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 period of months to a few years 

it is common practice (e.g. WBCSD, 2004) not 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, although, except in the case of organic soils the SOC 

pool tends to equilibrate under fairly constant land use (Jenkinson, 1990). As a consequence, 

the major sources of emissions not related to energy use are nitrous oxide (N2O) and methane 

(CH4). N2O emissions arise due to the mineralisation of nitrogen in organic matter (in the soil 

or for example in animal manures), 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 affecting GHG emissions are nitrogen fertiliser for field crops (Hillier 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 considered in the 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 emission factors reported by IPCC (Eggleston, Buendia, Miwa, 

Ngara, & Tanabe, 2006). 

Cool Farm Tool (CFT) 
The Cool Farm Tool (CFT, 2013) was employed to calculate GHG flows from agricultural 

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 emissions. The calculation of emissions is 

done at farm-level 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 calculators using simple emission factor approaches (IPCC 2006 Tier 1, 

Eggleston et al., 2006) and Process-Based models that require a greater level of data input 

and training to interpret (IPCC 2006 Tier 3, Eggleston et al., 2006). The tool is divided into 

seven input sections as follows: 

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

 Crop Management (agricultural operations, crop protection, fertilizer use, residue 
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, etc.,); 

 Transport (road, rail, air, ship). 

The CFT employs a multivariate empirical model developed by Bouwman, Boumans, and 

Batjes (2002) to estimate NO and N2O emissions from fertiliser applications. Emissions from 

the production of nitrogen fertilisers are generally comparable in magnitude to field N2O 

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. Embedded emissions in other agro-

chemicals are incorporated on a unit active ingredient using figures derived from the Audsley 

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 emissions; it is worth mentioning that they are acknowledged to 



 

be insignificant relative to other agricultural emissions sources (Whittaker, McManus, & 

Smith, 2013). 

For the present analysis we use the first two of the seven inputs for the CFT described earlier; 

the “General Information”, and “Crop Management,” programmed into MATLAB™ to 

calculate carbon emissions from agriculture for the UK. Therefore, representative 

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

land use categories from the arable production model. For the land use category “other” we 

assume the following approximate breakdown into other land use classes: (i) cereals - 10%, 

(ii) horticulture - 20%, (iii) other agriculture - 45%, and (iv) woodland - 25%. Woodland is 

not considered here. For the horticulture subclass we assumed management as for root crops. 

For the “other agriculture” subclass we assumed 15% of the 45% to be fallow (no emissions). 

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, fertiliser use and general management of agricultural land 

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

Haverkort & Hillier, 2011). Fertiliser applications were estimated from AHDB (2009) and 

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 probabilistic projections in UKCP18 are an update of those produced for 

UKCP09 and provide an indication of the distribution of probabilities of future climate 

outcomes (Lowe et al., 2018). Median values (50th percentile values) represent the points at 

which the probability of a climate outcome to be higher or lower are equal.  

In more detail, we use the 25km monthly mean temperature and rainfall from the RCP6.0 

probabilistic projections downloaded from CEDA (Met-Office, 2018), which we compare to 

the baseline UKCP09 1981-2000. 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 of the probabilistic projections, we choose the 50th and 90th 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 April-September in the 

years available. We focus our analysis in the 2010-2099 timeframe on a yearly basis.  

Figure 2 and Figure 3 show respectively the predicted temperature and rainfall for the 

UKCP18 RCP6.0 pathway and the measured 1961-2016 temperature and rainfall means for 

the growing season (April to September). 



 

 
Figure 2 – 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, the 5th, 10th, 25th, 75th, 90th and 95th percentiles. 
The dark red solid line represents the median predictions. The solid black line represents actual observations. Data from 
Met-Office (2018) 

 
Figure 3 -- Predicted and observed cumulative rainfall in the growing season (April to September), for the UKCP18 RCP6.0 
pathway. Boundaries of the shaded areas represent, from bottom to top, the 5th, 10th, 25th, 75th, 90th and 95th percentiles. 
The dark blue solid line represents the median predictions. The solid black line represents 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 1981-2000, for the 10th to 90th percentile 

spread, the expected warming in the summer ranges +0.9°C +5.4°C, and the expected 

summer precipitation changes range -45% to +2%, portraying a picture of a warmer and dryer 

summer climate in the UK. 

Geographically, Figure 4 and Figure 5 show temperature and rainfall changes for the 50thand 

90th percentile projections1. It is important to notice that we are using here the 50th percentile 

temperature and rainfall to represent the median climatic trends likely to occur from now to 

2099 for the UKCP18 RCP 6.0 climate scenario. The 90th percentile represents, for the 

purposes of this work, an extreme scenario, i.e. a continuous series of rainfall 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 in Figure 2 and Figure 3.   

Looking at the median climatic trends (Figure 4), 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 most susceptible to warming and 

drying, with rainfall values in particular dropping to levels that become limiting for many 

arable crops. The North-West of Scotland is predicted to face warming to a lesser degree.  

                                                 
1 Note that we choose the 50th or 90th 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. 



 

 
Figure 4 – Predicted UK temperature and rainfall during the growing season in the UK, UKCP RCP6.0 pathway, and 50th 
percentile projection. 

When we consider the 90th percentile predicted temperature and rainfall (Figure 5), 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 significant in 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.  



 

 
Figure 5 -- Predicted UK temperature and rainfall 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 South-East of England are 

going to be outside the range of values that have been observed up until now 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 hand, the 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 non-linear 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 that the effect of climate in the production models flattens out 

outside such range (this approach is sometimes referred to as “restricting the climate” to the 

range used for estimation). This is not the case for the top-level 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  50th percentile temperature, 50th 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 values in the South-West; 

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

3) RCP6.0  50th percentile temperature, 90th percentile rainfall: this scenario represents 
moderate warming and overall less limiting precipitation levels than the previous 
scenarios; 

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

These climatic trends are used in this report the predicted changes in both top-level land 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 predicted changes 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, in our 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 

order to illustrate disjointedly the relative impact of either climate variable, keeping the other 

fixed; in this context, the first set of probabilistic levels (50th percentile for both temperature 

and rainfall) would represent a moderate change, given that there is an equal probability that 

actual observations will fall above or below that level; the 90th percentile temperature and 

rainfall combination represents an extreme scenario, as there is a 90% likelihood that the 

actual observations will fall below that level 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), prices and policy constant at their values in the baseline, the 

year 2010. In addition, we also leave unchanged all non-agricultural land allocation and farm 

woodland, which is mainly driven by area-specific 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 shown in Figure 6.  

 
Figure 6 – Top level total UK arable and grassland predictions for the 50th and 90th percentiles, temperature and rainfall, 
2010 to 2099, calculated from the UKCP18 RCP 6.0 probabilistic climate projections.   

As grassland in the model replaces arable land and vice-versa, the lines for arable and 

grassland for the same climate projection are symmetrical. Overall, the increasing 

temperature trends for both temperature scenarios at the 50th percentile 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 cultivated; when 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 the 90th rainfall 

percentile scenarios, regardless of the temperature levels, is consistently lower than the arable 

share predicted for the 50th percentile rainfall; this is due to the high non-linearity 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 the 90th percentile projected probabilities; in this scenario, 

declining precipitation trends over time result in more arable land as precipitation 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 characterized 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 that we use 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 2016 (Figure 2 and Figure 3) never 

reaches the 90th percentile levels for either temperature or precipitation, means that the 

current land use trends are currently closer to the 50th temperature and 50th predicted 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 of regional distribution of changes (Figure 7), the wider losses in arable land be 

attributed to the climate getting hotter and dryer (East of England, East Midlands 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 of non-irrigated 

agriculture. We expect an increase in arable area in the flat regions 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 in Figure 8 and Figure 9.  



 

 
Figure 7 – Regional changes in hectares of grassland and arable land under the moderate and extreme climate change 
scenarios for temperature and rainfall.  



 

 
Figure 8 – Predicted UK arable land from 2010 to 2099 in 30 year averages, for the 50th and 90th temperature and rainfall percentiles derived from UKCP18 RCP 6.0 probabilistic scenarios. 



 

 

Figure 9 -- Predicted UK grassland from 2010 to 2099 in 30 year averages, for the 50th and 90th temperature and rainfall percentiles derived from UKCP18 RCP 6.0 probabilistic scenarios 



 

Agricultural production model 

At 3.2 million hectares in 2019 (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 increase (50th percentile 

and 90th percentile temperature scenarios, 50th percentile 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 types of grassland 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 to sustain 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 decrease, arable crop 

shares increase mainly driven by wheat, oilseed rape and barley. Figure 10 and Figure 11 

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. 

 
Figure 10 – Predicted land by crop and grassland type, 2010 to 2099, from the UKCP18 RCP 6.0 50th and 90th percentile 
temperature and rainfall in the growing season (April to September). 



 

 
Figure 11 – Predicted change in crop and grassland types in 2071-2099 from the observed 2010 values from the UKCP18 
RCP 6.0 50th and 90th percentile temperature and rainfall in the growing season (April to September). 

  



 

Livestock production model 

Regardless of what exact future temperature and rainfall trajectory 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 density of 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 these regions (See Figure 7 above). The future rainfall levels appear to impact mostly 

the size of the dairy sector; as dairy production is highly water intensive, all scenarios where 

precipitation levels are high result in a much larger share of dairy within the entire livestock 

sector, predominantly in England: rainfall at the 90th percentile levels results in more than 

doubling the numbers of dairy livestock compared to the scenario where rainfall levels are set 

at the 50th percentile (Figure 12). The current east-to-west gradient traditionally tied to 

increasing relevance of livestock in the agricultural 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 50th percentile rainfall scenarios (Figure 13).   

 
Figure 12 – Predicted number of sheep, dairy and beef livestock, 2010 to 2099, from the UKCP18 RCP 6.0 50th and 90th 
percentile temperature and rainfall. The y axis in on a logarithmic scale.  



 

 
Figure 13 – Change in livestock numbers in the UK, 2010-2099, based on the UKCP18 RCP 6.0 probabilistic projections, 50th and 90th percentile rainfall and temperature.  



 

Greenhouse gases 
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 comes from mineral 

fertilization of arable crops, methane emissions are linked almost entirely to the livestock 

sector, and carbon dioxide emissions are mostly attributed to farm energy use (DEFRA, 

2011).  

The future of UK greenhouse gas emissions from agriculture is the result of a combination of 

the expected reduction of arable land, in particular in the South East, and the change in 

livestock numbers and composition where new grassland is established. Figure 14 shows the 

relative contribution by sector to the total agricultural greenhouse emission trends predicted 

by 2099.  

 
Figure 14 – Predicted greenhouse gas emissions of the agricultural sector in the UK, 2010-2099, from the UKCP18 RCP 6.0 
climate scenario, 50th and 90th percentile temperature and rainfall probabilistic projections. 

Higher temperatures at the 50th percentile rainfall level 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 from emissions 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 temperature 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 significantly in these 

future projections. When rainfall is set at the 90th percentile 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 reduction in grassland. 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 50th percentile rainfall levels, and the 

increase in arable share is the consequence of both increasing temperatures but mostly the 

reduction in rainfall in the growing season.  

In terms of total greenhouse gas emissions (Table 1 and Figure 15), the levels greatly depend 

on the selected levels of temperature and rainfall. Overall, median temperatures and rainfalls 

following the RCP 6.0 predicted trends are going to result in greenhouse gas emissions in the 

mid 40 Mton of CO2 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 median temperatures; extreme temperatures and median precipitation 

result in the lowest predicted emissions. All scenarios show a predicted downward trend in 

GHG emissions, ranging from -3% to -14%. It is worth mentioning that the extremely high 

values for 2010 are the result of the selection of the percentile levels; we know from Figure 2 

and Figure 3 that the observed climate data in the 2000s has been consistently in the 25th-75th 

percentile range of the projected UKCP18 RCP 6.0 probabilities for both temperature and 

rainfall for most years, with one notable rainfall exception. 
Table 1 – Predicted greenhouse gas emissions by agricultural sector in the UK, 2010-2099, from UKCPP18 RCP 6.0 climate 
scenario, 50th and 90th percentile temperature and rainfall projections 

Climate Year 

total GHG 
(million 
tons of 

CO2 eq.) 

arable GHG 
(million 
tons of 

CO2 eq.) 

grassland GHG 
(million tons of 

CO2 eq.) 

livestock 
GHG 

(million 
tons of CO2 

eq.) 

50th pct 
temperature, 50th 
pct rainfall 

2010 46.1 11.5 8.7 26.0 

2025 46.2 11.3 8.8 26.1 

2050 45.6 9.9 9.8 25.9 

2075 44.8 6.9 11.6 26.3 

2099 42.8 5.8 12.3 24.6 

90th pct 
temperature, 50th 
pct rainfall 

2010 41.6 12.7 8.6 20.3 

2025 41.3 12.7 8.5 20.0 

2050 40.4 11.3 9.3 19.8 

2075 39.9 8.2 10.9 20.8 

2099 40.2 7.0 11.7 21.5 

50th pct 
temperature, 90th 
pct rainfall 

2010 60.7 2.0 14.3 44.4 

2025 60.8 1.9 14.6 44.3 

2050 58.7 2.7 14.7 41.3 

2075 56.6 3.3 15.1 38.2 

2099 52.0 5.0 14.4 32.7 

90th pct 
temperature, 90th 
pct rainfall 

2010 50.6 2.9 14.2 33.5 

2025 50.7 2.8 14.3 33.5 

2050 50.2 3.8 14.2 32.1 

2075 49.5 4.7 14.3 30.5 

2099 47.6 6.9 13.2 27.4 



 

 
Figure 15 – Predicted GHG emissions in tons of CO2 equivalent in the UK, 2010-2099, based on the UKCP18 RCP 6.0 probabilistic projections, 50th and 90th percentile rainfall and temperature. 



 

Conclusions 

A few caveats need to be taken into account when using this model for projections. First, it 

may be useful to remind the reader that model scenarios are not predictions of the future. 

While we know the degree of probability of future temperature or rainfall to lay within a 

certain range, and what trend they are likely to follow, we cannot predict actual values. In this 

context, the selection of our four climate scenarios based on percentiles can be disputed: It is 

extremely unlikely that temperatures will follow exactly the 90th percentile predictions, for 

example. However, this assumption allows us to define an extreme climate scenario within 

the boundaries of probability of the RCP 6.0 climate projections for the UK. Likewise, 

median scenarios represent a median outcome, with values equally likely to be above and 

below.  

To complicate the matter more, land use depends not only on rainfall and temperature 

considered separately, but also on their interaction; furthermore, the relationships between 

temperature, rainfall and land use are highly non-linear. This means that we cannot safely 

assume that a 75th percentile temperature and rainfall model prediction lies between a 50th-

50th scenario and a 90th-90th scenario.  

In addition to climate, we assume that market prices and government involvement (subsidies, 

levies, milk quota, etc.) stay constant. Any other assumption would undermine the clarity of 

these results and confound the estimate of the impact of climate change adaptation. Of 

course, since prices and (some) policies are explicitly modelled our framework, more 

complex scenarios with more than one driver of change can also be derived. 

Technology and technological changes also have significant impacts on land use and need to 

be taken into account within any robust model of farm decision making. Between 1920 and 

1980, for example, cereal yields in the UK have grown more than threefold, mainly driven by 

technological improvements. Decision makers need to consider all factors when considering 

the formation of future policy. However, as our aim is to investigate the unalloyed effects of 

climate change, we do not include potential adaptive technological shifts, such as genetic 

improvements of crops, or the extensive adoption of irrigation. 

A further aspect of the approach to potential technical change is that we deliberately do not 

consider the introduction of possible new crops. This also includes diversions into crops types 

(such as vineyards) used in warmer countries but not represented in our historical data. For 

this reason, our climate change projections for the warmest areas of the country (e.g. the 

South of England) are subject to the highest degree of uncertainty. Since this uncertainty 

inflates with the extent of climate change, the results for the extreme scenarios for these areas 

should be interpreted cautiously. Conversely results in parts of the country for which climate 

change lies within the range of our historic data are certainly more robust. 

In addition, our climate change simulation focuses on the impact of changes in temperature 

and precipitation, and does not include other factors that might be affected by climate change. 

For example, increased CO2 fertilization may improve crop yields, albeit recent research 

indicates that this improvement may not be very significant. Another ignored pressure is 

climate change permitting the transmigration of new crop pests and diseases. A major 

difficulty facing the incorporation of these and further effects is the incomplete science base 

available for such analyses.  

Moreover, our climate scenarios do not include the impact of exceeding climate tipping 

points. With respect to the UK the most high profile such change would be a collapse of the 

Atlantic Meridional Overturning Circulation (AMOC). A collapse in the AMOC (Hofmann 

and Rahmstorf, 2009; Rahmstorf et al., 2015) would tip the UK land use system into 

effectively irreversible change. The authors and colleagues describe the consequences of 

exceeding such a climate tipping point in Ritchie et al., (2020). This analysis shows that the 



 

consequences of such a highly non-linear change would be even more extreme loss of arable 

agricultural output that that considered in this report and one which could not economically 

be rectified (i.e. the costs of rectification exceed the benefits of such measures).  

Finally, on the technical use of the model, note that to calculate measures of uncertainty of 

predictions (e.g. confidence intervals) one needs to take into account the uncertainty in all the 

model components. A possible approach to address this issue is using Monte Carlo 

simulation, which could also provide a way to generate the probability distribution of 

possible future land uses depending on the probability of any random climate trajectory 

extracted from the probability function of the UKCP18 RCP 6.0 or any other future climate 

scenario. 
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Appendix 

Supplementary table 1 – Model estimates of land use (arable land share) 

  Estimate Std. Error Z-test P-value    
Rain 0.146 0.087 1.672 0.094 .  
Rain >=290 -0.313 0.128 -2.442 0.015 *  
Rain >=300 0.147 0.041 3.559 <2e16 ***  
Rain >= 400 0.009 0.001 6.754 <2e16 ***  
Rain >= 600 0.010 0.001 9.970 <2e16 ***  
temp 0.738 0.332 2.224 0.026 *  
temp >= 10 -0.542 0.312 -1.740 0.082 .  
temp >= 12 -0.243 0.128 -1.898 0.058 .  
temp >= 13 0.147 0.140 1.048 0.295    
rain * temp 0.000 0.000 0.301 0.764    
elev -0.003 0.000 -7.710 <2e16 ***  
slope -0.060 0.011 -5.546 <2e16 ***  
npark -0.004 0.001 -2.881 0.004 **  
esa -0.002 0.001 -2.750 0.006 **  
greenbelt -0.002 0.001 -2.947 0.003 **  
dist300 -0.001 0.000 -3.455 0.001 ***  
s_peat -0.587 0.157 -3.738 <2e16 ***  
s_gravel -0.613 0.125 -4.883 <2e16 ***  
s_stony -0.077 0.076 -1.012 0.312    
s_fragipan -1.278 0.173 -7.376 <2e16 ***  
s_coarse 0.238 0.069 3.463 0.001 ***  
s_fine -0.345 0.063 -5.487 <2e16 ***  
constant -47.352 25.079 -1.888 0.059 .  
pseudo-R2 0.76          

Notes: . *, ** and *** indicate 10%, 5%, 1% and 0.1% significance levels respectively. 
Model estimated via QML. N = 22,220. The dependent variable is arable land share. 

The high pseudo-R2 provides an indication of good model fit. The model includes a  

time-fixed effect to account for potential time-varying unobserved determinants. As 

these are not relevant to the focus of this study they are omitted from the table but  

are available from the authors. 

  



 

Supplementary table 2 – Agricultural production model estimates 

Variable Wheat Barley Oilseed rape Root crops 

Wheat price 12.44 ** -7.26  -8.66 ** -11.20 . 

Barley price   0.00      

Osr price -4.42 *   6.45 ***   

Potatoes price       5.33 . 

Elev 0.04 *** -0.03  0.08 *** -0.20 *** 

% slope > 6o -0.01  0.00  -0.30  -1.57 ** 

depth to root 0.14  -0.25 *** 0.09 *** -0.29 *** 

s_carbon5 -0.02  0.31 *** 0.04  -0.28 *** 

s_carbon6 0.00  -0.08 ** -0.11 *** 0.15 ** 

Ph 

161.3

0 ** -290.23 ** 20.44 *** 12.56  
Ph2 -26.70 ** 55.58 *** -1.57 *** -11.35  
Ph3 1.47 ** -3.46 *** 0.00  1.07  
rain -1.60 ** -1.43  -2.67 *** 0.04  
rain2 0.00 *** 0.00  0.00  0.00  
temp -90.48 * -1.57  -183.37 *** 207.97 ** 

temp2 2.90 * -1.63  4.70 *** -7.10 ** 

Rain*temp 0.04  0.12 *** 0.17 *** -0.02  
s_stony 0.06  -0.24 *** 0.04  0.51 *** 

s_gravelly -0.06 . -0.13 ** 0.06 ** 0.14 . 

s_notex 0.41 *** -0.32 *** -0.28  -0.66 *** 

npark -0.12 . 0.04  0.05  -0.42 ** 

esa -0.20 *** 0.30 *** 0.03  0.08 ** 

greenbelt -0.07 *** 0.10 *** -0.03  -0.01  
Dist_300 -0.12 *** 0.16 *** -0.07 *** 0.10 *** 

Dist_sb -0.01  0.03 *** -0.01  -0.73 *** 

Dist_sb >= 20       0.64 ** 

Dist_sb >= 40       -0.45 *** 

Dist_sb >= 80       0.71 *** 

Dist_sb >= 120       -0.37 *** 

island 4.53  -22.90 ** -0.59  -17.52  
trend -0.09  0.20  0.53 ** 0.01  

intercept 

617.7

9  815.12  1623.24 *** 

  -

1313.49  
N         2371           2392         2381           2376 

pseudo-loglik     -9661.93       -7414.58      -6504.80      -4519.99 
Notes: . *, ** and *** indicate 10%, 5%, 1% and 0.1% significance levels respectively. Heteroskedastic Tobit models 

estimated via QLM. The parameters of the variance equation are not reported but include regional dummies, total 

arable area and trend, and are available from the authors. 



 

Supplementary table 3 – Grassland model estimates. 

Variable Temporary grassland Permanent grassland 

Milk price 15.40 *** -28.16 *** 

Beef price 1.57 *** 6.20 *** 

Sheep price -1.10 ** 4.23 *** 

Elev -0.02 *** -0.04 *** 

Elev >= 200 -0.04 *** -0.11 *** 

Slope -0.22 *** -0.16  

S_peat 

-

15.59 *** -11.14 *** 

Temp -1.08  -5.49  
Temp >= 9 2.18  6.30  
Temp >= 10 11.22 *** 4.64  
Temp >= 11 -6.47 *** 14.48 *** 

Temp >= 12 -4.01 *** -20.77 *** 

Temp >= 13 -2.65 *** -1.02  
Temp >= 14 0.00  7.76 *** 

Rain -0.02  0.24 *** 

Rain >= 300 0.11 ** -0.12 ** 

Rain >= 350 -0.16 *** 0.04 . 

Rain >= 400 0.04 *** -0.05 *** 

Rain >= 500 0.00  -0.15 *** 

Rain >= 600 0.04 *** 0.05 *** 

Rain * temp 0.00  0.00 . 

s_medium 12.52 *** -7.57 *** 

s_fine 21.45 *** -36.35 *** 

s_stony 1.76 *** 3.02 *** 

s_gravel 2.47 *** 2.98 *** 

s_saline -5.71 *** -0.71  
s_fragipan -3.83 *** 6.08 *** 

s_silt 

-

23.28 *** -6.94  

s_clay 

-

45.17 *** 114.05 *** 

npark -0.02 *** -0.05 *** 

esa -0.01 ** 0.00  
nvz 0.00  -0.01 ** 

greenbelt -0.01 ** -0.02 ** 

dist300 0.00 *** -0.04 *** 

trend -0.26 *** -0.06 ** 

wales -1.30 *** 7.29 *** 

scotland 10.53 *** -19.42 *** 

constant 23.56  15.69  
Pseudo log-lik -85145.85 -98219.68 

Notes: . *, ** and *** indicate 10%, 5%, 1% and 0.1% significance levels respectively. Heteroskedastic Tobit models 

estimated via QLM. The parameters of the variance equation are not reported but include regional dummies, total 

arable area and trend, and are available from the authors. 



 

Supplementary table 4 – Livestock model estimates 

 Dairy cattle Beef cattle Sheep 

(Intercept) -66.630 *** -13.920 *** -15.780 *** 

milk price 5.316 ***     

beef price   0.165 ***   

sheep price     0.403 *** 

Rain 0.066 *** -0.011 *** -0.001 . 

Temp 7.604 *** 2.679 *** 3.012 *** 

rain2 0.000 *** 0.000 ** 0.000 *** 

temp2 -0.242 *** -0.116 *** -0.131 *** 

Alt -0.001 . -0.002 *** -0.001 *** 

alt200 -0.009 *** 0.001 *** 0.000 *** 

Slope 0.031 . -0.010 . 0.076 *** 

slope2 -0.007 *** -0.001 ** -0.003 *** 

s_clay 1.921 ** 1.214 *** 0.724 *** 

s_silt 2.534 *** 0.117  -0.154  
s_saline -0.473 *** 0.115 *** 0.171 *** 

s_fragipan 0.198 * -0.384 *** 0.200 *** 

s_gravel 0.341 *** -0.043  0.217 *** 

s_stony -0.083 . 0.196 *** 0.091 *** 

s_fine -1.291 *** -0.510 *** -0.024  
s_medium -0.769 *** -0.075  0.080  
s_peat -0.819 *** -0.727 *** -0.311 *** 

Nvz -0.001 . 0.000  -0.002 *** 

Esa -0.002 ** -0.001 *** 0.001 *** 

greenbelt -0.001  -0.001 *** -0.005 *** 

dist300 -0.001 ** 0.000 *** -0.001 *** 

npark -0.001 * 0.000  0.000  
Wales -0.251 *** -0.081 *** 0.439 *** 

Scotland -0.541 *** 0.340 *** -0.514 *** 

Trend 0.004  0.004 * 0.002 *** 

Bse -0.292 * -0.581 ***   

Trend_bse -0.010 * -0.029 ***   

rain*temp -0.003 *** 0.001 *** 0.000 . 

N 26527 26530 26529 
Notes: . *, ** and *** indicate 10%, 5%, 1% and 0.1% significance levels respectively.  QLM Poisson models.



 

Supplementary table 5 – Predicted areas by crop and land type in the UK, 2010-2099, UKCP18 RCP 6.0 probabilistic climate projections, 50th and 90th percentile temperature and rainfall. 

Climate Year 

total 
arable 
land 

total 
grassland 

wheat barley 
oilseed 

 
rape 

root 
 

crops 

other 
 

arable 

permanent 
 

grassland 

temporary 
 

grassland 

rough 
 

grassland 

50th pct 
temperature, 50th 
pct rainfall 

2010 5160 9904 2536 852 772 184 816 4034 1160 4711 

2025 5146 9919 2529 759 747 193 918 4099 1170 4650 

2050 4518 10546 2274 711 695 108 730 4507 1378 4661 

2075 3250 11815 1474 656 475 61 585 5296 1703 4816 

2099 2697 12368 1062 697 427 59 452 5551 1918 4899 

90th pct 
temperature, 50th 
pct rainfall 

2010 5620 9444 2908 692 1024 181 815 3997 1144 4303 

2025 5624 9441 2906 637 1065 187 830 3995 1130 4316 

2050 5036 10028 2626 643 940 115 712 4288 1298 4443 

2075 3784 11280 1767 663 712 71 571 4989 1567 4725 

2099 3195 11870 1268 780 565 67 515 5310 1788 4772 

50th pct 
temperature, 90th 
pct rainfall 

2010 949 14116 408 124 132 43 241 7018 1840 5257 

2025 898 14166 387 122 139 40 211 7122 1895 5150 

2050 1221 13844 519 179 265 48 211 7134 1976 4734 

2075 1418 13647 607 225 371 50 165 7189 2153 4305 

2099 2074 12990 899 343 621 66 145 6759 2099 4132 

90th pct 
temperature, 90th 
pct rainfall 

2010 1224 13841 581 170 327 45 101 7017 1769 5055 

2025 1176 13888 550 169 316 44 97 7075 1810 5004 

2050 1613 13452 723 242 452 58 137 6913 1860 4678 

2075 1978 13086 861 312 564 66 175 6824 1987 4275 

2099 2871 12193 1238 479 867 86 202 6238 1904 4051 
Notes: values in thousands of hectares



 

Supplementary table 6 -- Predicted livestock numbers in the UK, 2010-2099, UKCP18 RCP 6.0 probabilistic climate 
projections, 50th and 90th percentile temperature and rainfall 

Climate Year 
total 

livestock 
beef dairy sheep 

50th pct 
temperature, 50th 
pct rainfall 

2010 32.6 4.6 1.5 26.5 

2025 31.9 4.5 1.6 25.8 

2050 30.1 4.9 1.5 23.7 

2075 26.9 5.3 1.6 20.0 

2099 22.6 5.4 1.5 15.7 

90th pct 
temperature, 50th 
pct rainfall 

2010 20.2 3.9 1.3 14.9 

2025 19.2 3.8 1.4 14.0 

2050 18.0 4.1 1.3 12.6 

2075 17.4 4.5 1.3 11.6 

2099 17.9 4.8 1.3 11.7 

50th pct 
temperature, 90th 
pct rainfall 

2010 43.5 6.5 3.8 33.2 

2025 42.9 6.6 3.8 32.5 

2050 38.6 6.4 3.5 28.8 

2075 32.6 6.3 3.2 23.0 

2099 24.5 5.5 2.9 16.1 

90th pct 
temperature, 90th 
pct rainfall 

2010 26.2 5.5 3.0 17.8 

2025 25.6 5.5 3.0 17.1 

2050 23.3 5.3 2.9 15.0 

2075 20.6 5.1 2.8 12.7 

2099 18.2 4.6 2.6 11.1 
Notes: values are in millions of heads 
 

  



 

Supplementary table 7 -- Predicted agricultural farm gross margins and food production in the UK, 2010-2099, UKCP18 RCP 
6.0 probabilistic climate projections, 50th and 90th percentile temperature and rainfall 

 

Climate Year 

Agricultural 
FGMa 

Agricultural food 
productionb 

50th pct 
temperature, 50th 
pct rainfall 

2010 3.69 37.7 

2025 3.75 37.5 

2050 3.38 30.3 

2075 2.88 20.1 

2099 2.55 16.5 

90th pct 
temperature, 50th 
pct rainfall 

2010 3.61 40.5 

2025 3.63 40.6 

2050 3.29 33.9 

2075 2.81 23.8 

2099 2.59 19.5 

50th pct 
temperature, 90th 
pct rainfall 

2010 3.61 6.7 

2025 3.58 6.4 

2050 3.46 8.7 

2075 3.31 10.1 

2099 3.22 14.9 

90th pct 
temperature, 90th 
pct rainfall 

2010 2.95 9.2 

2025 2.94 8.8 

2050 3.05 11.9 

2075 3.10 14.3 

2099 3.22 20.4 
Notes: a values in £ billions; b values in millions of metric tons. 
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