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Stable food production is vital for food security. Stability of farm income is also necessary to ensure the sus-
tainability of food production and to protect livelihoods, in a changing climate. We analyse the relative effects of
climate variability, subsidies and farming practices on the stability of food production and farm income. We
examine farms in England and Wales between 2005 and 2017, and link farms to climate data at a sub-regional
scale. Our results show that variability in temperature and rainfall reduces the stability of farm income and food
production. While variability in climate can be largely outside of the farmers control our findings indicate that,

under current conditions, farm management can have a larger effect on stability than climate. We identified three
key aspects of farm management and policy that improve stability: i) increasing agricultural diversity, ii)
increasing the efficiency of agrochemical use and iii) agri-environmental management. These management
practices have previously been associated with benefits to natural ecosystems and may therefore increase the
stability of agriculture whilst reducing negative impacts of farming on the environment. We also found differ-
ences in effect size of climate impacts and adaptation options between farm types, emphasising the need for

flexible agricultural policies.

1. Introduction

Stable food production is essential for food security (FAO, 2006).
Likewise, stability of farm income is necessary to ensure the sustain-
ability of farm businesses that can continue to produce food, and protect
livelihoods, in a changing climate. Agriculture is subject to a wide range
of risks and uncertainties, including climatic, economic, biotic (pests
and disease) and environmental, many of which will intensify with
climate change. The capacity of the agricultural system to cope with
shocks and maintain stability of food production is vital to attaining the
UN Sustainable Development Goals of eradicating hunger and securing
food for an increasing global population (Griggs et al., 2013). Examining
yield variability and identifying strategies to increase stability of yields
is recognised as an important area of research (Porter et al., 2014).
Variability of farm income is also considered a key issue faced by
farmers and addressed by policy makers (OECD, 2009; Severini et al.,
2016), which can, for example, make investment decisions or the ability

to meet loan repayments more difficult. Strategies to increase stability
are necessary to ensure the sustainability of farm businesses that can
continue to produce food.

Agricultural production is highly dependent upon weather condi-
tions. Climate change and associated increases in weather variability
therefore pose many challenges to farmers. Climate variability and ex-
tremes (e.g. heat waves, flooding and drought) can severely reduce crop
yields (e.g. Deryng et al., 2014; Powell and Reinhard, 2015) and live-
stock productivity, influencing both the direct health of the animal and
feed availability (Kipling et al., 2016). Farm incomes are also impacted
by production losses due to adverse weather, in addition to other factors
including changes in commodity prices and policy (Reidsma et al.,
2009).

Alongside climate impacts, the magnitude and stability of agricul-
tural production and farm income are strongly associated with farm
characteristics (e.g. farm type and size), farming practices (e.g. di-
versity, input intensity) and government subsidies (Harkness et al.,
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2021; Reidsma et al., 2009). Understanding the effects of these farming
practices and subsidies alongside, and in comparison to, the influence of
climate could help farms adapt to more variable conditions. To effec-
tively guide adaptation, it is important to understand the relative
importance of government policy in comparison to farm-level manage-
ment practices. However, quantitative assessments on agricultural sys-
tem dynamics (i.e. changes over time) remain rare at the farm level
(Dardonville et al., 2020).

At the farm-level, changes in management can have dramatic im-
pacts on the stability of food production and income. Increased diversity
in crop rotations has been found to enhance yield stability in certain
crops and reduce the risk of crop failure (Dardonville et al., 2020;
Gaudin et al., 2015). Greater use of fertiliser and pesticides is associated
with greater yield, however the effect of agrochemicals on the vari-
ability of yields is unclear (Dardonville et al., 2020). Management
strategies, such as increasing chemical inputs, to enhance food pro-
duction and its stability may not necessarily have complementary ben-
efits for farm income (profitability), which requires expenditure to be
considered. For example, farmers may seek to increase yields, and sta-
bility, using chemicals, but this may not always be profitable if any in-
crease in the value of outputs does not exceed the additional money
spent on inputs. Reducing input intensity, engaging in government agri-
environment schemes and increasing agricultural diversity, as well as
larger farm size have previously been found to increase the stability of
income for many farm businesses (El Benni et al., 2012; Enjolras et al.,
2014; Harkness et al., 2021; Pacin and Oesterheld, 2014).

To effectively target adaptation, it is necessary to integrate climate,
farm characteristics, farming practices and subsidies and assess their
relative importance. However, the impacts of these factors are typically
examined separately, in different disciplines, and at different spatial
scales. The stability of agricultural production is usually assessed via the
variability of yield over a given time period (e.g. Ceglar et al., 2016;
Reidsma et al., 2009). Few studies have considered the impacts of a
range of farming practices, subsidies and climate on the stability of both
food production and farm income. Reidsma et al. (2009) found that
increasing farm size and output intensity increased crop yield and in-
come stability, while variability in direct payments decreased yield and
income stability across regions of Europe. In addition, variability in
precipitation decreased yield stability in many crops (Reidsma et al.,
2009). In contrast to previous studies, our analysis here also considers
the effect of agricultural diversity and agri-environment scheme pay-
ments, on the stability of food production and farm income. The pro-
duction type can also influence the stability of income and food
produced (e.g. Chavas et al., 2019; Harkness et al., 2021), therefore we
consider differences within and between farm types, which can exhibit
very different farm management and characteristics.

The key aim of our research is to examine the relative effect of
climate variability in combination with subsidies and farming practices
on the temporal stability of food production and farm income, at the
farm level. Here, we expand upon our previous work (Harkness et al.,
2021) to incorporate the effects of climate variability and additionally
examine factors affecting the stability of total food production at the
farm level. This provides insight into how policy, and management at
the farm-level, can improve the resilience and sustainability of farming
in a changing climate. We use a cohort of 929 farms across counties of
England and Wales over the period between 2005 and 2017, during
which the UK experienced a diverse range of adverse weather conditions
including flooding, drought, and heatwaves (e.g. Kendon et al., 2013).
We examine the stability of food produced at the farm level using a
common unit of calories, which has not been examined previously. This
enables us to compare productivity across different crop and livestock
products. We examine the stability of farm income using the measure of
farm business income, which is in essence the same as net profit and
integrates both income and expenditure. Our approach also enables us to
evaluate trade-offs between enhancing the stability of food production
and of farm income, and where potential adaptations may differ
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between farm types.
2. Materials and methods
2.1. Data and study area

We examine data from the Farm Business Survey (FBS) between
2005 and 2017, which is a survey conducted in England and Wales
collecting information from approximately 2500 farm businesses
annually (Defra, 2020). The FBS records farm level data on financial
performance and food production, as well as subsidies received and
other farm characteristics, including the county (or unitary authority)
location of each farm. Farms are classified in the survey into farm types
according to which type of production accounts for more than two-thirds
of standard gross margin (SGM). We focus our analysis on the following
farm types: cereals (holdings on which cereal and combinable crops
account for more than two-thirds of SGM), general cropping (arable
crops including field scale vegetables account for more than two-thirds
of SGM) and mixed farms; non-specialist holdings in which no other
production type accounts for more than two-thirds of SGM, including
farms with a mixture of crops and livestock.

Climate variability, and averages, have been calculated using the
HadUK-Grid gridded climate observations produced by the Met Office
(Hollis et al., 2019). The HadUK-grid dataset includes a wide set of
climate variables, including temperature and precipitation, for daily,
monthly, seasonal and annual timescales, as well as long term averages
and at different spatial resolutions. We average 5 km HadUK-Grid
gridded climate observations for each county or unitary authority to
provide an estimate of the climate at each farm, and link climatic con-
ditions to farm data at a smaller spatial scale than used in previous
studies (e.g. across regions of Europe in Reidsma et al. (2009)). Fig. 1
shows the climate variables (described in section 2.3) for an example 5-
year period included in the analysis, which illustrates the spatial dif-
ferences between the county and unitary authorities (spatial units used
in the analysis) in England and Wales.

2.2. Measuring the stability of food production and farm income

We examine the effect of climate variability in combination with
subsidies and farming practices on medium-term stability of food pro-
duction and farm income. We calculate medium-term stability (changes
over time) using the standard deviation over a 5-year rolling period, as
used in previous studies (Barry et al., 2001; Harkness et al., 2021). This
measure indicates the amount of variation or dispersion of farm business
income or calories at the individual farm over a 5-year period.

To examine the stability of farm income we use farm business income
per hectare (£/ha) which is calculated as the sum of: total output from
agriculture, on-farm diversification and subsidies, less all fixed and
variable costs, including paid labour and depreciation, and profit or loss
from the sale of fixed assets (Harkness et al., 2021). Farm business in-
come is in essence the same as net profit and is the preferred measure of
income used by policy makers to examine the impact of policies at the
farm level (Department for Environment Food and Rural Affairs et al.,
2018).

The Farm Business Survey also records annual food production. To
examine the stability of food produced at each farm, we calculate the
total calories (kcal/ha) available for direct human consumption. Calo-
ries represents a common unit of production (analogous to £/ha for in-
come) and therefore no weighting for different products is required. To
calculate calories we use the FAO Food Balance Sheet (FAO, 2021)
which derives calories per 100 g for each agricultural commodity. We
use these factors to convert the units of food produced in the Farm
Business Survey (tonnes (crops), hectolitres (milk), dozen (eggs) and
number (livestock)) into calories. Further details on the calculation of
calories per food product is provided in the supplementary materials. As
this study focuses on the stability of food production, using a consistent
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Fig. 1. Spatial distribution of climate variables for an example 5-year period (2009-2013): a) mean temperature b) mean monthly precipitation c) standard deviation
of mean temperature d) standard deviation of mean monthly precipitation, during the main growing season (January—June) and across county and unitary authorities

of England and Wales.

measure of food production over the period examined allows us to
analyse how much total food production has varied for the main food
products, as listed in Supplementary Table 1. The stability of calories per
hectare has been calculated in the same way as for income; using the
standard deviation over a 5-year rolling period.

2.3. The factors affecting farm stability

We use the same methods from Harkness et al. (2021) to calculate the
farming practices: farm size, input intensity (cost of chemical inputs per
hectare) and agricultural diversification (degree of specialisation in
different crop and livestock products). We also examine the effect of
subsidies: direct (area-based) payments and agri-environment scheme
payments per hectare. We examine three farm types (cereals, general
cropping and mixed farms), all received money via the EU common
agricultural policy, which provides payments to farmers in two main
categories: Pillar 1 provides direct (area based) payments to farmers and
market support, namely the Single Payment Scheme (SPS) which was
replaced by the Basic Payment Scheme (BPS) in 2015. Pillar 2 pays
farmers to implement environmentally friendly actions through volun-
tary tiered agri-environment schemes, which paid farmers a flat rate for
straightforward environmental management across the entire farm
landscape, e.g., hedgerow management (Entry Level Stewardship) or
followed a more demanding level (Higher level stewardship) requiring
more complex and targeted environmental management in return for
larger payments. To examine their relative effects on farm stability,

these variables are averaged over the same 5-year rolling period used to
derive the dependent variables (standard deviation of farm income and
calories). The calculations of independent variables are provided in
Table 1.

To examine the effect of climate variability on the stability of food
production and farm income, we calculate the standard deviation in
temperature and rainfall over a 5-year rolling period. This involves
firstly calculating the mean temperature and monthly precipitation for
the first 6 months of the year (January — June) in each county to provide
an indication of temperature and rainfall in the main growing period
(similar to the approach used by Reidsma et al. (2009)). These county
level climate conditions are then used to calculate the standard devia-
tion in temperature and precipitation over a rolling 5-year period to
examine the effect of climate variability at the farm level. Crops are
affected by adverse weather conditions which occur at specific stages of
development, however, we wanted to examine how variability in
climate conditions can affect total food production at the farm level
(across all agricultural products), therefore we measured climate vari-
ability across the main part of the growing season for crops in the UK.
The stability of performance may also be influenced by average climate
conditions (or base temperatures), as well as variability, therefore we
include variables capturing the mean temperature and precipitation for
each 5-year period, to reduce the risk of confounding these
relationships.

The standard deviation is an absolute measure of dispersion, there-
fore we also control for the level of income and calories produced by
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Table 1
Definition and calculations of farming practices, EU subsidy payments and
climate variables analysed in the study.

Independent variable Calculation

Farming practices and
subsidies *
Farm size Area farmed (hectares) = The utilised agricultural
area, plus land let in or minus land rented out
The total cost of fertiliser, crop protection and
concentrated animal feed (£), per hectare (area
farmed) (IRENA indicator 15; European
Environment Agency, 2005; Gerrard et al., 2012)

Herfindahl index (S) = Y"1, (pi)?

Intensity of inputs

Agricultural specialisation
(inverse of diversification)
Where n is the total number of farming activities,
pi is the proportion of revenue earned from the i-th
farming activity (revenue from farming activity
divided by the total farming revenue).

Can also be written as sum of revenue for each
farming activity squared, divided by total revenue
for agriculture squared:

(Wheat?+ barley? + other cereals® + oilseed rape?
+ peas and beans® + potatoes> + sugar beet® +
horticulture? + other crops? + by-products and
forage? + milk® + cattle® + sheep? + pigs® + eggs>
+ chickens and other poultry® + other livestock®
+ other agriculture®) /total agricultural gross
revenue?

Total direct payments (£) (Primarily the single
payment scheme or basic payment scheme), per
hectare (area farmed)

Total payments under rural development policy (£;
pillar 2), per hectare (area farmed)

Direct payments per hectare

Agri-environment payments
per hectare

Climate variables "

Mean temperature (°C) Mean temperature (°C) for first half of year (Jan to

June)

SD of mean temperature (°C) for first half of year

(Jan to June)

Mean monthly precipitation Mean monthly rainfall for first half of year (mm)
(mm) (Jan to June)

SD of mean monthly SD of mean monthly rainfall (mm) for first half of
precipitation (mm) year (mm) (Jan to June)

SD of mean temperature (°C)

@ Farming practices and subsidies are averaged over the same rolling five-year
time period used to derive the dependent variables.

b Climate variables (standard deviation (SD) and mean temperature and
monthly rainfall) are calculated over the same rolling five-year period.

each farm (using total farm business income and calories per hectare),
which may also affect the level of stability.

Summary statistics for the variables used in this study are shown in
Table 2. The UK Consumer Price Index is used to deflate all monetary
variables, including farm business income, to account for the change in
the value of money over time (ONS, 2020).

2.4. Multilevel (two-level linear mixed effect) model

We use a multilevel model to examine the relative effects of climate
variability, farming practice and subsidies on the stability of food pro-
duction and farm income. Multilevel models allow us to account for
dependencies within the data: Farms belonging to the same county or
unitary authority (level 2) have the same estimated climate and may also
have more similar environmental conditions (e.g. soil) than farm in
different counties. Farms are also surveyed in the data over multiple
years (we consider farms in the survey for a minimum of 5 years)
therefore the multilevel model controls for the correlation between
observations from the same farm (level 1). This type of model can easily
accommodate the unbalanced panel data used in this study (Snijders and
Bosker, 1999) and has been used previously to examine the influence of
management and climate on farm level performance (Harkness et al.,
2021; Reidsma et al., 2007, 2009).
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We estimate a varying-intercept Bayesian two-level mixed model
with farms nested within counties. The empirical specification of the
model is:

Y« ~ Log-normal (u, o)

Uik = O + Aeountyl] T Crarmji] + Zﬂpxjk

a ~ Normal(0, 10)

Qcounty ~ Normal (07 Uwumy)

Agarm ~ Normal (0, afam,) (@D)]
B, ~ Normal(0, 10)

0. ~ HalfCauchy(10)

Ocounty ~ HalfCauchy(10)

Oram ~ HalfCauchy(10)

We fit a log-normal model to account for the non-normal distribution
of the dependent variable, Y (the standard deviation of income and
calories), in each model and reduce the impact of outliers. In the linear
model, a is the mean intercept across all groups, dcounty is the county
level intercept (level 2), afam is the farm level intercept (level 1). g,
denotes the coefficients for each predictor variable, Xj, which are listed
in Table 2. a and f are given a vague (weakly informative) Gaussian
prior centred on 0, and the residual variation (o) is given a Half-Cauchy
prior (Gelman, 2006; Nalborczyk et al., 2019), thus restricting the range
of possible values to positive ones. The same Half-Cauchy prior is
specified for the two varying intercepts.'

In each of the models, predictor variables have been standardised
(centred around zero, with a SD of 1) to account for the differences in
scale and to examine the relative effect size of each independent vari-
able. Year, t, is also included as a continuous variable to control for the
trend in income stability and calories over time, as well as examine the
interaction between time and direct payments per hectare, which was
significant for mixed farms. Before fitting the models, we checked for
outliers and collinearity using pairwise scatterplots. In addition, corre-
lation coefficients between independent variables were all less than the
recommended threshold of 0.7 (Dormann et al. (2013).

We fitted a Bayesian multilevel model in the brms package in R
(Biirkner, 2017, 2018; R Core Team, 2019). To generate the posterior
samples of the parameter estimates brms makes use of the computa-
tionally efficient Hamiltonian Monte-Carlo (HMC) Sampler (Neal, 2011)
and its extension the no-U-turn Sampler by Hoffman and Gelman (2014)
implemented in the Stan software package (Stan Development Team,
2020). Each model was fitted with 4 chains of 10,000 per chain of which
2000 were used for the warm-up. Visual model diagnostics showed
adequate mixing of chains for each parameter, with the Rhat value
(Gelman and Rubin test statistic; Gelman and Rubin (1992)) less than
1.003, providing strong evidence of convergence. A Bayesian version of
the marginal R? was obtained using the bayes_R2 method available in
brms (Nalborczyk et al., 2019), with calculations based on Gelman et al.
(2019). Due to the temporal nature of the variables we considered the
presence of temporal autocorrelation. We inspected the residual vari-
ance (o.), which showed no significant autocorrelation. For comparison,

1 We also ran the models using the default priors set in the brms package
(weakly informative Student-t distributions), which resulted in little change to
the model results.
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Table 2
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Summary statistics of FBS data (2005-2017); values deflated using UK Consumer Price Index (2015 = 100; ONS, 2020).

Mean (2005-2017)

Standard deviation (SD) (2005-2017)

All Farms Cereals Gen. cropping Mixed All Farms Cereals Gen. cropping Mixed
Dependent variables
SD of Farm Business Income (FBI) per ha (£) 219.57 213.77 271.13 183.97 144.05 116.84 192.72 129.06
SD of calories per ha (kcal) 2,537,320 2,864,774 2,736,539 1,668,707 1,557,537 1,340,314 1,655,014 1,562,107
Independent variables
Farming practices and subsidies
Specialisation (Herfindahl index) (0-1) 0.41 0.40 0.37 0.49 0.16 0.14 0.14 0.18
Input intensity per ha (£) 413.59 327.26 399.05 607.44 533.25 137.37 243.86 997.30
Direct payments (SPS/BPS) per ha (£) 237.57 244.15 237.49 223.87 62.36 59.95 57.06 69.42
Agri-environment payments per ha (£) 45.70 48.54 39.81 45.22 50.47 56.62 41.19 43.74
Area farmed (hectares) 234.97 233.52 284.21 192.41 246.33 218.59 358.33 144.99
Climate (Jan-Jun)
Mean temperature (°C) 8.29 8.31 8.40 8.14 0.66 0.66 0.51 0.74
SD of mean temperature (°C) 0.90 0.91 0.91 0.88 0.21 0.21 0.22 0.19
Mean monthly precipitation (mm) 60.07 58.18 55.95 67.84 16.08 13.79 14.72 18.88
SD of mean monthly precipitation (mm) 15.48 15.27 14.42 16.90 4.53 4.35 3.87 5.09
Control variables
Farm Business Income (FBI) per ha (£) 390.96 387.20 495.80 301.80 393.09 357.27 460.26 373.88
Calories per ha (kcal) 15,929,805 17,651,252 19,406,013 9,115,433 8,110,153 6,608,759 8,087,139 6,968,904
Number of observations 4529 2357 1044 1128
Number of farms 929* 512 261 318
Number of counties/unitary authorities 65 56 38 57

" Note 162 farms change between farm types during the period, therefore appear in more than one farm type group during the relevant years.

we also estimated the same models using frequentist methods and
incorporated a AR(1) residual autocorrelation structure.” The fre-
quentist results are provided in the supplementary materials and show
relationships which are consistent with the Bayesian results provided in
Section 3.

3. Results

3.1. The effects of farming practices and subsidies on the variability of
income

Figs. 2 and 3 show the posterior means, and 95% credible intervals
(CIs), of the multilevel models. These figures indicate the relative effect
of farming practices, subsidies and climate conditions on the variability
(inverse of stability) of food production and farm income, by farm type.
The model results are also provided in table A.1 and A.2 in Appendix A.
Models use the log of the dependent variable, therefore the exponent of
the posterior mean, minus 1 multiplied by 100, provides the percentage
change in the variability of income for every increase in the independent
variable by one standard deviation, holding all other predictors
constant.

3.1.1. Factors affecting the variability of farm income

Farming practices are important factors influencing the variability of
farm income per hectare (Fig. 2). Farms which spend more on chemical
inputs (fertiliser, pesticide and concentrated animal feed) have more
variable income. Increasing input intensity by 1 standard deviation in-
creases the variability of income between 10 and 21% across the 3 farm
types, which represents a large increase relative to other factors exam-
ined. More specialised cereal and general cropping farms (i.e. those with
less diversity of crop and livestock activities) also have more variable
income, however, this was not an important factor for mixed farms. For
general cropping farms (which are on average the most diverse; Table 2)
specialisation has a large relative effect; increasing specialisation by 1
standard deviation increases the variability of income by 13% (95% CI

2 At the time of writing, the package used for applying MCMC does not allow
for an AR(1) residual autocorrelation structure for unevenly spaced data (lon-
gitudinal data with gaps).

[7%, 20%]). Larger cereal and mixed farms have more stable incomes.
Increasing the area farmed by 1 standard deviation reduces the vari-
ability of income by 6% (95% CI [—9%, —3%]) for cereal farms, and for
mixed farms the decrease is larger (—11%, (95% CI [—15%, —6%]).

The value of direct payments per hectare is an important factor for
cereal farms. An increase in direct payments increases the variability of
income by 4% (95% CI [1%, 7%]). While the effect of agri-environment
scheme payments differs between farm types. An increase in agri-
environment payments per hectare decreases the variability of income
for mixed farms by 6% (95% CI [—10%, —3%]), whereas increases the
variability income by 3% for cereal farms, although the lower bound of
the credible interval is close to zero (95% CI [0%, 6%]). Subsidies
therefore have a smaller relative effect on the variability of income, in
comparison to the farming practices examined in this study.

Climatic conditions are also estimated to be an important factor
influencing the variability of income. The variability of income for
cereal farms are particularly sensitive to changes in both prevailing
(mean) temperatures and precipitation and its variability. Larger vari-
ability of temperature increases the variability of income for cereal
farms by 5% on average, while increasing the variability of precipitation
also has the same effect (5% increase). Increasing warmth (mean tem-
peratures) and average precipitation has the opposite effect and are both
associated with a decrease in the variability of income of 9%, while
holding all other factors constant. Changes in precipitation have a larger
effect for mixed farms and are found to be more important than changes
in temperature. An increase in mean rainfall reduces the variability of
income by 11%, whereas greater variability in precipitation, over a 5-
year period, increases the variability of income by 7% on average, for
mixed farms.

Generally, the relative effects of climatic factors associated with the
variability of income were similar in size to the effects of the farming
practices examined (Fig. 2). With exception of general cropping farms,
where the effect of input intensity and specialisation were found to be
more important than the climatic conditions examined (Fig. 2).

3.1.2. Factors affecting the variability of food production

Farming practices examined also affect the stability of food pro-
duction, however, the relative size of these effects differ between farm
types (Fig. 3). For general cropping and mixed farms, increasing input
intensity is associated with an average decrease in the variability of
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Fig. 2. Posterior distribution of the standardised relative effects of farming practices, subsidies and climate variability on the variability (standard deviation) of farm

business income per ha. Shaded areas represent the 95% credible intervals.

*The model also includes an interaction between direct payments and year for mixed farms (refer to Appendix A for the full results).
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Fig. 3. Posterior distribution of the standardised relative effects of farming practices, subsidies and climate variability on the variability (standard deviation) of

calories per ha. Shaded areas represent the 95% credible intervals.

*The model also includes an interaction between direct payments and year for mixed farms (refer to Appendix A for the full results).

calories by 4% and 10% respectively. Spending more on chemical inputs
therefore helps improve the stability of food production but increases
the variability of farmers income. Increasing specialisation of crop and
livestock activities is associated with an increase in the variability of
calories for general cropping and cereal farms, however, this was not an
important factor for mixed farms. The effect of specialisation is rela-
tively large compared to other factors and is largest for cereal farms.
Increasing specialisation by 1 standard deviation increases the vari-
ability of calories by 10% for cereal farms (95% CI [7%, 14%]), and by
5% (95% CI [1%, 10%]), for general cropping farms. Larger farms are
associated with less variability in calories produced. Increasing the area
farmed by 1 standard deviation reduces the variability in calories be-
tween 4% and 9% across the 3 farm types.

The value of direct payments is an important factor for mixed farms.

Receiving more direct payments per hectare is associated with an in-
crease in the variability of calories produced by approximately 3% over
the period examined, and this effect increases over time. The effect of
agri-environment scheme payments on the variability of calories differs
between farm types, which is consistent with the effects on farm income.
An increase in agri-environment scheme payments per hectare decreases
the variability of calories for mixed farms by 5% (95% CI [-10%, 0%]),
whereas increases the variability of calories for cereal farms by 3% (95%
CI [0%, 6%]), although one bound of the 95% credible interval is close
to zero. The relative effects of agri-environment scheme payments are
therefore smaller than the farming practices we examined.

Climatic conditions are also estimated to be an important factor
influencing the variability of calories, however fewer important effects
were found compared to those associated with the variability of income.
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Changes to both the prevailing (mean) temperature, and variability in
temperatures, were important factors affecting the variability of calories
for cereal farms; Increasing the temperature variability by 1 standard
deviation was associated with an increase in the variability of calories of
3% (95% CI [0%, 5%]). While, increasing warmth (mean temperatures)
decreased the variability of calories by 4% (95% CI [—7%, 0%]), while
holding all other factors constant. An increase in mean rainfall was also
associated with a reduction in the variability of calories produced by
mixed farms of 11% (95% CI [—17%, —2%]).

In general, the farming practices employed by farms are therefore
associated with a larger relative effect on the stability of calories pro-
duced, compared to the effects of more variable climate conditions
(Fig. 3). For general cropping farms in particular, farming practices and
characteristics were more important than subsidies or climate vari-
ability in influencing the variability of calories produced (Fig. 3).

In this study we estimate the relative effects of climate variability
using variability in average temperature and monthly precipitation for
the main part of the growing season, between January and June. We also
estimate models using climate conditions over a 12-month period, using
all months in the agricultural season (October to September). Including
all months in the analysis does not have a large impact on the results.
Results of this sensitivity analysis are available in the supplementary
material.

We also examine results using a different calculation of diversity. In
the main results we calculate diversity using revenue from different crop
and livestock products. We also calculated the equivalent diversity index
using the calories produced for each product type per farm (see Table 1).
Models using diversity in calories provided very similar results to the
models using diversity based on revenues; also showing that speciali-
sation of calories resulted in a large increase in the variability of farm
business income and calories.

4. Discussion

Our study provides knowledge on the relative importance of farming
practices, subsidies and climate variability on the stability of food pro-
duction and farm income. Our results highlight the importance of agri-
cultural diversity to increase the stability of both food production and
farm incomes. We identified a potential trade-off in the use of agro-
chemicals between the stability of food production and farm incomes.
More efficient use of chemicals may help to increase the stability of
income, whilst maintaining outputs. Subsidies paid to farmers through
the Common Agricultural Policy have a small effect on the stability
compared to farm management. Direct (area based) payments reduce
stability of income and food production for certain farm types. Agri-
environment schemes are found to improve stability for mixed farms,
whereas the opposite effect is found for cereal farms. Climate conditions
also affect both the stability of food production and farm income,
however, the importance and relative size of these effects vary between
farm type.

4.1. Diversity benefits both the stability of food production and farm
income

Our results show that greater agricultural diversity is associated with
greater stability of farm income and total calories produced at the farm
level. The relative strength of these associations, in comparison to other
farming practices and climate conditions, indicates that maintaining
and/or increasing agricultural diversity is highly important for the
future sustainability of farming systems and food security. More diverse
agricultural systems, with a broader range of traits and functions, are
associated with a range of benefits which could improve stability of farm
performance in a changing climate (Dardonville et al., 2020; Lin, 2011).
More diverse agroecological systems, for example with greater crop
diversity, have been found to improve pest and disease suppression and
soil services (Degani et al., 2019; Lin et al., 2011). In addition, greater
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diversity may provide buffering and mitigation to the effects of climate
variability and adverse conditions, including drought (Degani et al.,
2019; Lawes and Kingwell, 2012) and high temperatures (Gaudin et al.,
2015). The income of more diverse farms is also less affected by the price
of single commodities on global markets, therefore reducing the po-
tential impact of price downturns (Bradshaw et al., 2004; Pacin and
Oesterheld, 2014).

Whilst we examine the effect of agricultural diversity at the farm
level, we do not examine functional diversity or composition effect (the
diversity of species' niches or functions or the presence of species with
certain traits). This could be an important area of research, to identify
crop or livestock products which can best support the stability of
different farm types.

We also found that farm size is an important factor affecting stability.
Larger farms were associated with greater stability of both food pro-
duction and farm incomes across most farm types. Larger farms may
benefit from greater economies of scale (El Benni et al., 2012). Larger
farms may also encompass a more diverse range of topography or soils,
which could result in different exposure and responses to weather con-
ditions across the farm in similarity to agricultural diversity.

4.2. Increasing inputs results in a potential trade-off between stability of
food production and income

Our results show that more intensive farms (those spending more on
fertiliser, pesticide and concentrated animal feed) have less stable in-
come. Spending more on increasingly expensive chemical inputs has
previously been associated with a reduction in the stability of farm in-
come (Enjolras et al., 2014; Harkness et al., 2021). However, in contrast
we find that greater input intensity is also associated with more stability
of calories produced at the farm level, for general cropping and mixed
farms. The beneficial effect of chemical inputs stabilising food produc-
tion is largest for mixed farms; mixed farms, on average, spend the
largest amount on chemical inputs per ha (Table 1), with mixed farms
incurring costs for livestock production. Increased use of concentrated
animal feed may protect livestock production from the effects of adverse
weather. For general cropping farms, higher input intensity may also
help stabilise calories produced by preventing large crop losses (Popp
et al., 2013), although the effects are smaller than for mixed farms. It is
likely there is a larger and more direct association when feeding an
animal (with concentrated animal feed) and the stability of calories
produced, compared to the effect of chemical inputs on the stability of
crop production. Although to facilitate comparisons between crop types
we did not separate input costs into subcategories (e.g., fertiliser, crop
protection). Despite the benefits to production, our results indicate that
greater input intensity is not economically sustainable for farm busi-
nesses, with higher input costs reducing the stability of income. This
suggests a potential trade-off in the use of chemical inputs between the
stability of food production and farm incomes. Agrochemicals are often
used in excess which has limited economic benefit, through declining
nutrient use efficiency or pesticide resistance (Roberts, 2008; Varah
et al., 2020). Farms in our dataset with particularly high expenditure on
inputs are more likely to be experiencing lower efficiency (diminishing
returns), resulting in reduced cost effectiveness and the decrease in in-
come stability that we identified. Therefore, while chemicals appear to
support production stability (calories produced), by reducing exposure
of outputs to environmental conditions, when also considering their
cost, greater use of expensive agri-chemicals reduces the stability of
income likely due to these excess costs and declining efficiency.

Researchers, farmers and policy makers need to consider how to
reduce input-use to increase the stability of farm businesses, but whilst
also maintaining food production. Increasing the efficiency of input use
is highly important to maintain production but supress costs (Duru et al.,
2015). A reduction in the use of chemical inputs is also needed given
their associated negative externalities; contamination of the environ-
ment and undesirable health effects. Adaptation options include the use
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of precision-agriculture technologies to improve the efficiency of farm
operations, including better targeted fertiliser and agrochemical appli-
cations (Defra, 2017; Gebbers and Adamchuk, 2010), or substitution of
chemical inputs with less environmentally harmful ones, including in-
tegrated pest management (Barzman et al., 2015). Improved crop
rotation and other practices of integrated pest management may offer
opportunities to reduce pesticide use without significant losses in crop
yields (e.g. Barzman et al., 2015; Lechenet et al., 2017). Greater preci-
sion and strategies to adopt a more controlled use of chemicals may
therefore offer an important solution to sufficiently support sustainable
food production whilst at the same time reducing inputs costs and
increasing income stability.

4.3. The effect of subsidies are relatively small and vary between farm
type

We find that the value of government subsidies affects both the
stability of food production and farm income. Our results indicate a
positive association between agri-environment payments and the sta-
bility of both farm income and food production, for mixed farms. Agri-
environment schemes compensate farmers for engaging in practices to
benefit the environment or biodiversity and include options to maintain
habitats for wildlife as well as soil management practices, which can
help enhance ecosystem services and increase the resilience of the farm
landscape (e.g. Degani et al., 2019; Kennedy et al., 2013; Ottoy et al.,
2018). Farms receiving larger agri-environment payments may be
benefitting from the direct source of income and indirect benefits of
ecosystem services to food production. Agri-environment schemes do
not seem to have the same stabilising effect for cereal farms. Agri-
environment scheme options may not provide the same benefits for
cereal crops, or these farms may engage differently with the scheme.

Our results indicate that direct payments, based on area alone,
reduce the stability of income and food production for certain farm
types. A guaranteed level of income support from the government has
been considered to represent a moral hazard to farmers, who may be
more inclined to engage in riskier production, leading to greater vari-
ability in farm performance (Enjolras et al., 2014; Harkness et al., 2021;
Reidsma et al., 2009). Therefore, this relationship may reflect risk
seeking attitudes and the opportunity to take risks, particularly among
cereal farms, where an increase in direct payments is found to have a
significant effect on increasing the variability of income, however risk
attitudes were not examined in this study. Direct payments per hectare
are also variable; strengthening of the pound against the Euro between
2009 and 2015 led to a reduction in the pound equivalent, which
alongside inflation, has reduced the value of direct payments paid to UK
farmers over this period (Harkness et al., 2021).

In general, the effects of subsidies on stability are relatively small in
comparison to the farming practices examined. This finding is consistent
with previous studies, e.g., Reidsma et al. (2009) where farming prac-
tices and characteristics (size, intensity and farm type) are found to be
more important factors than subsidies in influencing variability in yields
and income at the farm level. Area-based direct payments are not
dependent on management, whereas farming practices may have a more
direct impact on outputs and ultimately stability. Understanding the
mechanisms for the effect of agri-environment scheme payments is
difficult due to the variety of environmental options available within the
schemes; this initial study is exploratory and the first study to consider
the effect of agri-environment scheme payments, however further
research to identify which options are associated with greater stability of
income and food production, across different farm types and landscapes,
could be of interest to farmers and policy makers.

4.4. The effect of climate variability on farm stability differs between
farms types

Climate variability affects both the stability of farm income and food
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production. For mixed farms, changes in precipitation have a larger ef-
fect on the stability of income and are found to be more important than
changes in temperature. Reidsma et al. (2009) also found high vari-
ability in precipitation has a large effect on agricultural stability across
Europe, however, they did not examine the effects between different
types of production and examined climate at a larger regional scale.
Grass productivity is particularly dependent upon rainfall and limited by
more extreme conditions including dry periods in spring and summer
(van den Pol-van Dasselaar et al., 2020). Therefore, mixed farms may
incur additional costs for feeding livestock during periods of adverse
weather leading to greater variability of income. General cropping farms
do not appear as sensitive to variability in temperature and precipita-
tion, while the effect of input intensity and specialisation were found to
be more important. General cropping farms are, on average, the most
diverse farm type (Table 2), which may provide greater resilience to
climate variability and adverse weather (Dardonville et al., 2020; Gau-
din et al., 2015) and would be an interesting interaction to examine in
future research.

An increase in mean temperatures and rainfall are found to be
generally associated with greater stability of income and food produc-
tion. We suggest this is due to crops benefiting from warming, up to their
optimum temperature thresholds, over the period of our study. An in-
crease in growing degree days (warmth) has previously been found to
increase crop yields and yield stability reflecting greater yields from
longer maturing varieties (Butler and Huybers, 2015).

Climate thresholds (cardinal temperatures and rainfall re-
quirements/tolerances) and the timing of sensitive stages differ between
crops. Our measures of climate variability were not specific, as we
wanted to compare the effects of climate across different agricultural
products and farm types. Climate indices specific to single crops (e.g.
Harkness et al., 2020) may detect stronger responses for individual crop
yields. Our analysis considers changes in county level mean tempera-
tures and rainfall, and their variability, however we do not consider the
effects of mean temperatures exceeding optimum thresholds, i.e., under
future climates, or the effects of short-term extremes for example heat-
waves or heavy rainfall events. The period examined in this study be-
tween 2005 and 2017 is not long enough to obtain signals from climate
change. Interannual climate variability is driven by a range of different
factors and modelling future climate variability is complex. Recent
research has found interannual variability (¢) in precipitation is gener-
ally expected to increase under global warming, which has implications
for the occurrence of droughts and flooding (He and Li, 2019), as well as
a projected increase in summer temperature variability and heatwaves
(Fischer et al., 2012; Fischer and Schar, 2009). Without adaptation the
effects of climate variability could have an increasingly large effect on
the stability of future food production and farm incomes, and strategies
to reduce this instability should be prioritised.

4.5. Policy and environmental implications

Farmers are facing a more volatile environment, with climate change
affecting food production and global food prices. Government policy
could be targeted to combat production risks, including those from
climate variability, and move towards greater agricultural
sustainability.

Policy incentives could encourage the diversification of agricultural
production, which is found to be an important factor improving stabil-
ity. Previous research suggests farmers need more information, training
and advice about the options for, and implications of, agricultural
diversification (de Roest et al., 2018), to promote understanding, pro-
vide ecological expertise and access to different markets. Economic
support could also be provided to support any additional start-up and
maintenance costs required to diversify production systems.

Recent literature has recognised the challenges for policy makers to
support farmers in reducing their chemical use; for example, individual
policy instruments (e.g., bans, subsidies and taxes) may not alone be
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able to achieve a reduction in pesticides (Lee et al., 2019). Policy makers
could encourage the use of precision farming techniques, for example,
providing grants or subsidies for machinery and technology which allow
for better targeted fertiliser and agrochemical applications. Although it
could also be seen as controversial for policy makers to fund precision
farming technologies, which may be seen to legitimise chemical-based
agriculture (Wolf and Wood, 1997). Lefebvre et al. (2015) argues that
there is a clear requirement for public intervention to promote ecolog-
ical practices in place of agrochemical inputs, e.g., integrated pest
management (IPM). A combined suite of incentives, including regula-
tion, incentive-based instruments and information dissemination are
most likely to reduce agrochemical use(Lefebvre et al., 2015). Govern-
ments must also take an active role in promoting ecological practices in
place of agrochemical inputs, not only to farmers but also increasing
knowledge and awareness more widely, so that retailers and consumers
are aware of the environmental and health consequences of their food
choices.

Finally, it is also important that payments for public goods are linked
to farmers enhancing or maintaining the environment or biodiversity;
and are not solely area based, to ensure payments do not act as a moral
hazard (and increase variability). It is difficult to comment on specific
options which should be targeted in future schemes due to a lack of data
available. However, from our results it is clear that greater emphasis
could be given to support agricultural diversification, as well as more
precise chemical application. These factors improve the stability of food
production and farm incomes and can have complementary benefits for
natural ecosystems and environmental goods.

5. Conclusions

Our results highlight the importance of considering both farming
practices and climate conditions when examining stability of farm per-
formance at the farm level. While variability in climate can be largely
outside of the farmers control our findings indicates that, under current
conditions, farm management can have a comparatively large effect on
stability which may provide opportunities for farmers, supported by

Appendix A. Model results tables
Table A.1
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policy makers, to tackle instability in farm performance. In a changing
climate the effects of climate variability could have an increasingly large
effect on the stability of future food production and farm incomes, and
therefore strategies to address instability should be prioritised. Future
climate impacts and adaptation are also likely to vary between farm
types, therefore agricultural policy targeting stability should be flexible
enough to be tailored to different types of production. The stability of
farming is important for future food security, however it is important
that changes in farming practices and policy are not at the detriment of
the natural environment. The three key aspects of farm management and
policy identified to improve stability were: increasing agricultural di-
versity, increasing the efficiency of agrochemical use and agri-
environmental management, which have also been associated with
improving and benefiting natural ecosystems. Therefore, these recom-
mendations may help increase the stability of agriculture whilst also
reducing negative impacts of farming on the environment.
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Multilevel model results examining the effect of farming practices, subsidies and climate on the variability of farm business income, showing the posterior means,
standard deviation (SD) and 95% credible intervals (CI) of each parameter. Parameters that do not have 0 in the 95% credible interval are deemed important and

marked with an “*”.

Cereals General Cropping Mixed
Parameter Posterior mean SD 95% CI Posterior mean SD 95% CI Posterior mean SD 95% CI
Geounty (county SD) 0.05* 0.04 0.00 0.13 0.15* 0.06 0.03 0.26 0.09* 0.05 0.01 0.19
Ofarm (farm SD) 0.35* 0.02 0.32 0.38 0.44* 0.03 0.39 0.49 0.38* 0.02 0.34 0.42
o, (SD of residuals) 0.34* 0.01 0.33 0.35 0.33* 0.01 0.32 0.35 0.35% 0.01 0.34 0.37
a (Intercept) 5.34* 0.04 5.27 5.42 5.39* 0.06 5.26 5.51 4.88* 0.06 4.77 4.99
p (Independent vars):
Input intensity 0.09* 0.02 0.06 0.12 0.12* 0.03 0.07 0.17 0.19* 0.03 0.14 0.24
Specialisation 0.05* 0.02 0.02 0.08 0.12* 0.03 0.06 0.18 0.02 0.03 —0.03 0.07
Area Farmed —0.06* 0.02 —0.10 —-0.03 —0.03 0.04 -0.10 0.04 —0.12% 0.03 -0.17 —0.06
Direct payments 0.04* 0.02 0.01 0.07 —0.04 0.03 —0.09 0.01 —0.03 0.03 —0.09 0.04
Direct payments x year 0.03* 0.01 0.02 0.04
AES payments 0.03* 0.02 0.00 0.06 —0.03 0.03 —0.08 0.02 —0.07* 0.02 -0.11 —0.03
SD temperature 0.05* 0.01 0.02 0.08 —0.02 0.02 —0.07 0.02 0.01 0.02 —0.03 0.05
SD precipitation 0.05* 0.01 0.02 0.07 0.02 0.02 —0.02 0.06 0.07* 0.02 0.03 0.11
Mean temperature —0.10* 0.02 —0.14 —0.06 —0.02 0.03 —0.07 0.03 —0.02 0.03 —0.07 0.04
Mean precipitation —0.09* 0.02 —0.14 —0.05 —0.02 0.04 —0.09 0.06 —0.11* 0.03 —0.17 —0.05
Total Income per ha 0.13* 0.02 0.10 0.16 0.14* 0.02 0.09 0.18 0.11* 0.03 0.06 0.16
Year (t) —0.02* 0.01 —0.04 —-0.01 0.00 0.01 —0.02 0.02 0.04* 0.01 0.02 0.06
Observations (n) 2357 1044 1128
County (n) 56 38 57
Farm (n) 512 261 318
R? 0.187 0.222 0.519
WAIC 26,704.05 12,183.29 12,435.64
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Table A.2
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Multilevel model results examining the effect of farming practices, subsidies and climate on the variability of calories, showing the posterior means, standard deviation
(SD) and 95% credible intervals (CI) of each parameter. Parameters that do not have 0 in the 95% credible interval are deemed important and marked with an “*”.

Cereals General Cropping Mixed
Parameter Posterior mean SD 95% CI Posterior mean SD 95% CI Posterior mean SD 95% CI
Gcounty (county SD) 0.08* 0.03 0.03 0.13 0.08* 0.05 0.01 0.18 0.13* 0.06 0.01 0.26
Ofarm (farm SD) 0.31* 0.01 0.28 0.34 0.31* 0.02 0.27 0.36 0.56* 0.03 0.50 0.62
o (SD of residuals) 0.33* 0.01 0.32 0.34 0.34* 0.01 0.33 0.36 0.40% 0.01 0.38 0.42
a (Intercept) 14.65* 0.04 14.58 14.72 14.66* 0.06 14.54 14.76 13.80* 0.07 13.67 13.94
p (Independent vars):
Input intensity 0.01 0.02 —0.02 0.04 —0.04* 0.02 —0.09 0.00 —0.11* 0.04 -0.19 —-0.03
Specialisation 0.10* 0.02 0.07 0.13 0.05* 0.02 0.01 0.10 —0.02 0.03 —0.08 0.05
Area Farmed —0.04* 0.02 —0.07 —-0.01 —0.05* 0.03 -0.11 0.00 —0.10* 0.04 -0.17 —0.03
Direct payments 0.00 0.02 —0.03 0.03 —0.02 0.02 —0.06 0.03 0.02 0.04 —0.06 0.09
Direct payments x year 0.01* 0.01 0.00 0.03
AES payments 0.03* 0.02 0.00 0.06 —0.03 0.02 —0.08 0.01 —0.05* 0.03 —-0.10 0.00
SD temperature 0.03* 0.01 0.00 0.05 —-0.01 0.02 —0.05 0.04 —0.01 0.02 —0.06 0.03
SD rainfall 0.02 0.01 —0.01 0.04 0.02 0.02 —-0.01 0.06 0.02 0.02 —0.02 0.07
Mean temperature —0.04* 0.02 —0.08 0.00 —0.04 0.02 —0.08 0.01 0.02 0.04 —0.05 0.10
Mean rainfall 0.03 0.02 —-0.01 0.07 —0.04 0.03 -0.11 0.03 —0.11* 0.04 -0.19 —0.02
Total Calories per ha 0.17* 0.02 0.13 0.20 0.28* 0.03 0.22 0.33 0.47% 0.04 0.39 0.55
Year (t) 0.02* 0.01 0.01 0.03 0.01 0.01 —-0.01 0.03 0.05* 0.01 0.03 0.07
Observations (n) 2357 1044 1128
County (n) 56 38 57
Farm (n) 512 261 318
R? 0.196 0.227 0.379
WAIC 71,403.22 31,578.63 33,092.48

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.ecolecon.2022.107676.
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