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Abstract Climate change will affect crop yields and con-

sequently farmers’ income. The underlying relationships are

not well understood, particularly the importance of crop

management and related factors at the farm and regional

level. We analyze the impacts of trends and variability in

climatic conditions from 1990 to 2003 on trends and vari-

ability in yields of five crops and farmers’ income at farm type

and regional level in Europe considering farm characteristics

and other factors. While Mediterranean regions are often

characterized as most vulnerable to climate change, our data

suggest effective adaptation to variable and changing condi-

tions in these regions largely attributable to the characteristic

farm types in these regions. We conclude that for projections

of climate change impacts on agriculture, farm characteristics

influencing management and adaptation should be consid-

ered, as they largely influence the potential impacts.

Keywords Climate change � Climate variability �
Adaptive capacity � Farm management �
Agricultural vulnerability

Introduction

Global average surface temperature has increased with

0.74 ± 0.18�C in the last century and is projected to

increase by another 1.1–6.0�C in this century (IPCC 2007).

Associated effects on agriculture have frequently been

reported (Easterling et al. 2007). Assessments for European

agriculture suggest that in northern Europe crop yields

increase and possibilities for new crops and varieties

emerge (Olesen and Bindi 2002; Ewert et al. 2005). In

southern Europe, adverse effects are expected. Here, pro-

jected increases in water shortage reduce crop yields and

the area for cropping which directly affects the livelihoods

of Mediterranean farmers (Metzger et al. 2006).

Impacts of climate change on crop yields are generally

assessed with mechanistic crop models (Easterling et al.

2007). Studies have been performed at different levels of

organization: crops (see review of Tubiello and Ewert

2002), cropping systems (e.g., Tubiello et al. 2000),

regional (Iglesias et al. 2000; Saarikko 2000; Trnka et al.

2004), continental (Harrison et al. 1995; Downing et al.

2000; Reilly 2002) and global (IMAGE team 2001; Parry

et al. 2004).

It is widely recognized that site-specific crop models are

developed for field scale application and that they cannot

directly be used at higher aggregation levels (e.g., Passioura

1996; Marshall et al. 1997; Landau et al. 1998; Hansen and

Jones 2000; Tubiello and Ewert 2002). While some efforts

have been made to develop simplified regional scale

models (e.g., Challinor et al., 2004; Potgieter et al. 2005),
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site-specific crop models are still widely used in large scale

assessment studies of climate change impacts (Easterling

et al. 2007). Site-specific crop models strongly emphasize

biophysical factors such as climate and soil. The potential

impacts of climate change and climate variability are rela-

tively well understood for potential, water and nitrogen

limited yields (e.g., van Ittersum et al. 2003). Actual yields,

however, are also affected by other factors, such as pests

and diseases, which depend on management (e.g., Landau

et al. 1998). Such factors are often not considered in

available crop models but can largely modify the considered

climate change effects (Ewert et al. 2007).

Some examples are available in which statistical analy-

ses have been used to explain climate change impacts on

actual crop yields (Lobell and Asner 2003; Chen et al.

2004; Tao et al. 2006). However, results from these analy-

ses are constrained by the risk of confounding (e.g., Bakker

et al. 2005), especially when non-climatic factors are

omitted as frequently happens. At the county level in the

United States, Kaufmann and Snell (1997) showed that the

relationship between maize yield and climate is influenced

by input intensity, farm size and land use characteristics.

Similar factors explain the relationship between crop yields

and spatial climate variability in Europe (Reidsma et al.

2007).

The impact of climate change on farmers’ income is

influenced by changes in actual yields, but also by other

factors such as commodity prices and land use changes.

The economic vulnerability of agriculture to climate

change is assessed either by coupling crop and economic

models (Fischer et al. 2002; Antle et al. 2004; Parry et al.

2004; van Meijl et al. 2006; Kokic et al. 2007) or by

Ricardian analyses (e.g., Mendelsohn et al. 1994;

Mendelsohn 2007). The first type of assessment is mainly

process-based. The main limitation of this approach is that

crop model outputs that are used as input for the economic

models do not refer to actual yields. The second type refers

to empirical statistical analyses. The limitation here is that

relationships for spatial variability are often directly

applied to project temporal changes. Some recent attempts

have been made to improve the Ricardian approach by

including temporal variability (Deschenes and Greenstone

2006).

In Reidsma et al. (2007), we observed that farm char-

acteristics and socio-economic conditions influence farm

level responses to spatial climate variability. In this study

we perform a statistical analysis to understand whether

and to which extent responses to temporal changes and

variability in climatic conditions are affected by these

non-climatic factors. We combine agricultural statistics at

regional and farm type level with climate data from 1990 to

2003 to assess the relative importance of climatic condi-

tions, subsidies and farm characteristics on trends and

variability in crop yields and farmers’ income in the EU15

(i.e., the 15 member countries of the European Union

before the extension in 2004). Results will improve

understanding the role of management and adaptation with

respect to climatic conditions, changes and variability

herein.

Methodology

Scope of analysis and considered relationships

We consider the effects of climatic conditions in combi-

nation with subsidies and farm characteristics on two farm

performance indicators, crop yield and farmers’ income

(Fig. 1). This provides more insight about the role of

management and adaptation to changes and variability in

climatic conditions. Management and adaptation can

reduce potential impacts of climate change; the residual

impacts determine the vulnerability (IPCC 2001).

As different crops respond differently to climatic con-

ditions, yields of five crops (wheat, grain maize, barley,

potato and sugar beet) are analyzed. Farmers’ income is

considered because it accounts for the direct impacts of

climate on yields of different crops as well as the indirect

substitution of inputs, introduction of different activities,

and other potential adaptations to different climates

(Mendelsohn et al. 1994). Farmers’ income is represented

by farm net value added per hectare (fnv/ha) and farm net

value added per annual work unit (fnv/awu). Fnv/ha mea-

sures economic performance per unit of land. Fnv/awu is

a measure that enables comparison of farmers’ income

to gross domestic product per capita (gdp/cap) and can

therefore relate farm performance to general socio-eco-

nomic performance.

Wheat, maize, barley, sugar beet, potato Fnv/ha, Fnv/awu
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Fig. 1 Investigated relationships of climate and management impacts

on crop yields and farmers’ income at regional and farm type level.

Relationships consider (1) two indicators of farm performance: crop

yields and farmers’ income in the form of (2) trends and variability;

(3) two explaining factor groups: climate and management in the form

of (4) trends, variability and averages and (5) two levels of

organization: region and farm
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Vulnerability to climate change differs depending on the

level of organization (O’Brien et al. 2004; Adger et al.

2005). At the regional level the agricultural sector as a

whole may be able to adapt, but some farms will be more

vulnerable than others. Therefore, we analyze agricultural

vulnerability at both regional and at farm type level. Apart

from the impacts of climatic conditions on crop yields and

farmers’ income, effects of farm characteristics and other

factors influencing management are also considered in this

analysis (Fig. 1).

We do not consider inter-annual variability in indica-

tors and explaining factors explicitly, but concentrate on

the trends and the average variability along the trends.

For each region or farm type, the trend (and variability)

in dependent (e.g., wheat yield) and independent

(e.g., temperature) variables are calculated (Fig. 1). Sub-

sequently, we compare trends (and variability) among

regions (or farm types), instead of analysing changes

within regions. Such an approach has previously been

applied (e.g., Lobell and Asner 2003; Lobell et al. 2005)

and allows to assess larger datasets coherently. Our aim

is to obtain generic insights in the relative importance of

climate and management factors to explain farm perfor-

mance and therefore this approach is more appropriate

compared to the one in which specific models are used

for individual regions (e.g., Deschenes and Greenstone

2006).

Assessing impacts of climate change with historical time

series is not straightforward, especially because time series

data are relatively short and explaining factors can be

confounding. Although the period 1990 to 2003 is too short

to obtain signals of climate change, the trends and vari-

ability in climatic conditions allow us to analyze the

influence of climatic conditions. Both at regional and farm

type level, we firstly investigate the relationship between

trends in climatic conditions and factors influencing man-

agement and trends in farm performance indicators. This

provides insight into the influence of management and

adaptation to the changes in climatic conditions on farm

performance. We also analyze the impact of prevailing

(average) conditions on trends in farm performance.

Changes in farm performance may be more influenced by

average conditions instead of changing conditions; con-

sidering both trends and averages in explaining factors

reduces confounding.

Secondly, we analyze the relationship between temporal

variability in climatic conditions and factors influencing

management and variability in farm performance. These

results will indicate what determines adaptation to vari-

ability in climatic conditions. Also, when analysing

variability in farm performance, the influence of average

conditions is considered. In ‘‘Statistical techniques’’ we

will elaborate on this in more detail.

Data sources

Regional and farm type data are obtained from the Farm

Accountancy Data Network (source: FADN–CCE–DG

Agri and LEI) from 1990 to 2003. The FADN provides

extensive data on farm characteristics of individual farms

throughout the EU15. Data have been collected annually

since 1989; for East Germany, Finland and Sweden since

1995. They have been used to evaluate the income of

farmers and the consequences of the Common Agricultural

Policy. In total, 100 HARM regions are distinguished with

more than 50,000 sample farms. HARM is the abbreviation

for a harmonized regional classification created by the

Dutch Agricultural Economics Research Institute (LEI). It

gives the opportunity to compare the different regional

divisions of the EU15 used by Eurostat (NUTS2) and

FADN.

At the regional level, farm characteristics are repre-

sented by variables representing land use, farm size and

intensity (Table 1). Farm types are distinguished based on

these variables (Table 2). Such a typology proved to be

suitable for impact assessment studies (Andersen et al.

2006; Andersen et al. 2007). Policy is represented by total

subsidies per hectare (subs/ha). Other socio-economic

conditions are not explicitly considered. Data on gdp/cap at

regional level are only directly available from 1995 onward

and Bakker et al. (2005) showed that impacts of gdp/cap on

crop yields in this period were small.

Monthly temperature and precipitation data are obtained

from the MARS project (http://www.marsop.info). Tem-

peratures and precipitation of the first 6 months (January–

June) are averaged to provide an indication of the temper-

ature (tmean) and precipitation (pmean) conditions in the

main growing period. MARS data are available per grid cell

of 50 9 50 km and are averaged per HARM region.

Statistical techniques

Estimation of trends

Trends in crop yields and income are estimated using the

General Linear Model (GLM):

ymit ¼ b0mi þ dmi � t þ rmit ð1Þ

where ymit is the dependent variable, m relates to crop yield

or income, b0mi is the intercept per region/farm type i, and

dmi is the coefficient of the trend (t = 1, 2,…,N) per region/

farm type and the residual rmit * N(0, r2). Trends are

assumed to be linear as was earlier observed for this period

(Calderini and Slafer 1998; Ewert et al. 2005). The curve

estimation procedure in SPSS 12 confirmed that this model

performed best. For climate and management variables xnit

the trend dni is estimated similarly.
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We test for stationarity along the linear trend dmi by

estimating serial correlations between residuals using

rmit - rmi,t-1 = ami ? cmi � rmi,t-1 ? emit. Stationarity

exists if the mean and variance of the error term is constant.

The test shows that for a few m in several i, cmi is signifi-

cant, which implies that there is serial correlation between

residuals rmit. Hence, not all models have a constant vari-

ance. This implies that our parameter estimates are

consistent, but not necessarily all are efficient. However,

this does not invalidate our approach since we explain

differences in trends requiring consistent estimates rather

than efficient parameter estimates.

Analysis of trends

A second group of GLMs are used to identify the extent to

which the independent variables combined in one model

can explain trends in yields and income determined by

Eq. 1. The general set-up of this GLM is:

dmi ¼ b0m þ bmn � xni þ emi ð2Þ

where dmi is the estimated trend parameter obtained from

estimation of Eq. 1, xni is a vector of n explanatory variables

(trend dni or average of xnit; Fig. 2) and emi is an error term.

At the farm type level, multilevel models (Snijders and

Bosker 1999; Reidsma et al. 2007) are used with the farm

type dimensions as explaining factors xni which have a value

of 0 or 1 and tmean, pmean and subs/ha as covariates

(continuous variables). A multilevel model controls for

regional effects, when analysing data from farm types in

different (HARM) regions. This allows analysing the dif-

ference between farm types within regions. At the regional

level, all regions with less than 5 years of data and arable

land\10,000 ha are excluded from the analysis. Little data

occur mainly in less favored regions where crops are culti-

vated on a very small area. At the farm type level all farm

types with less than 3 years of data are excluded; to analyze

the sensitivity also models requiring more years of data per

farm type are applied.

A consideration when applying Eq. 2 is the possible

heteroskedasticity in the model. Estimates of dmi from

Table 1 Data description and averages in the EU15 from 1990 to 2003

Variable Description Average

Dependent variables

Crop yield Yield of specific crop (ton/ha) Varies per cropc

Fnv/ha Farm net value added per hectarea (€) 582c

Fnv/awu Farm net value added per annual working unit (€) 10883c

Climatic conditions

Tmean Mean temperature (�C) of first half year 9.8d

Pmean Mean precipitation (mm) of first half year 51.5d

Policy factors

Subs/ha Total subsidies/utilized agricultural area (€) 268c

Land use

Ar/uaa Arable area/utilized agricultural area (-) 0.53c

Perm/uaa Permanent cropping area/utilized agricultural area (-) 0.11c

Grass/uaa Grassland area/utilized agricultural area (-) 0.32c

Crop_pr Crop area/total arable area (%) Varies per cropc

Size

Ec_size Economic sizeb (ESU) 51.4c

Uaa Utilized agricultural area (ha) 70.0c

Intensity

Fert/ha Costs of fertilizers and soil improvers per hectare (€) 92.6c

Prot/ha Costs of crop protection products per hectare (€) 67.3c

Irr_perc Irrigated percentage of utilized agricultural area (%) 7.2c

a Farm net value added corresponds to the payment for fixed factors of production (land, labor and capital), whether they are external or family

factors. As a result, holdings can be compared irrespective of the family/non-family nature of the factors of production employed. Fnv = total

output - total intermediate consumption ? balance current subsidies and taxes - depreciation
b The economic size is determined on the basis of the overall standard gross margin of the holding. It is given in European Size Units (ESU); one

ESU corresponds to a standard gross margin of €1,200
c Source: FADN
d Source: MARS
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Eq. 1 may be more precise in regions with large agricul-

tural areas than in regions with smaller agricultural areas

(e.g., Deschenes and Greenstone 2006). As we have data at

farm type level we can asses the relationship between

heteroskedasticity and precision at regional level. An

analysis of variances shows that the variance in farm type

level trends rmit per HARM region is not dependent on

agricultural area or other variables used in our regression,

so heteroskedasticity of this form is not present. A second

form of heteroskedasticity can occur when emi from Eq. 2

is dependent on the values of the independent variables.

This is tested with the Breusch–Pagan test, which shows

that there is no relationship between emi and the indepen-

dent variables.

Although the tests indicate that heteroskedasticity is not

a problem, we use weighted least squares (WLS) instead of

ordinary least squares (OLS) to provide optimal estimates.

Agricultural areas vary largely per region and regions with

small agricultural areas have a relatively large influence

with OLS. Therefore, the crop area is used as the weight for

crop yields (specific per crop) and the utilized agricultural

area for farmers’ income.

The impact of xni on dmi is determined by the parameter

estimates bmn. In order to assess the relative impact of

different variables on the trends, we calculate the elasticity

at the mean for each parameter estimate bmn as:

e bmnð Þ ¼ bmn �
�xni

�dmi

� �
ð3Þ

Analysis of variability

Variability in crop yields and income is based on the rela-

tive anomaly from the expected yields or income variables.

At the regional level, expected yields and income are

derived from the trend in Eq. 1. The absolute anomaly is

given by its error term, i.e., =rmit. The relative anomaly is

Table 2 Farm typology; each

farm type is characterized by

a land use, size and intensity

dimension

a The specialization dimension

is based on the EU/FADN farm

typology (http://ec.europa.eu/

comm/agriculture/rica/

diffusion_en.cfm). Only the

most important land use type

rules are described here; the %

of area relates to the Utilized

Agricultural Area (UAA). A full

description is given in Andersen

et al. (2006)

Dimension and type Definition

Land use (EU type), land use type rulea

1 Arable/cereal (1 ? 6), \12.5% fallow and C50% cereals

2 Arable/fallow (1 ? 6), C12.5% fallow

3 Arable/specialized crops (1 ? 6), C25% of arable land in specialized crops

4 Arable/others (1 ? 6), other arable

5 Dairy cattle/permanent grass (4.1), C50% grass and \50% temporary grass

6 Dairy cattle/temporary grass (4.1), C50% grass and C50% temporary grass

7 Dairy cattle/land independent (4.1), UAA = 0 or LU/ha C5

8 Dairy cattle/others (4.1), other dairy cattle

9 Beef and mixed cattle/permanent grass (4.2 and 4.3), as 5

10 Beef and mixed cattle/temporary grass (4.2 and 4.3), as 6

11 Beef and mixed cattle/land independent (4.2 and 4.3), as 7

12 Beef and mixed cattle/others (4.2 and 4.3), other beef and mixed cattle

13 Sheep and goats/land independent (4.4), as 7

14 Sheep and goats/others (4.4), other sheep and goats

15 Pigs/land independent (5.1), as 7

16 Pigs/others (5.1), other pigs

17 Poultry and mixed pigs/poultry (5.2)

18 Mixed farms (7)

19 Mixed livestock (8)

20 Horticulture (3)

21 Permanent crops (2)

Size

1 Small scale \16 ESU

2 Medium scale C16 ESU and \40 ESU

3 Large scale C40 ESU

Intensity

1 Low intensity Total output per ha \€500

2 Medium intensity Total output per ha C€500 and \€3,000

3 High intensity Total output per ha C€3,000
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computed as the ratio of the absolute anomaly and expected

income or yield, i.e., rmit/(b0mi ? dmi � t). Complete time

series are not always available at the farm type level, which

results in less reliable trend estimates. As only few trends

are significant, we use the average crop yield or income

between 1990 and 2003 per farm type as indicator of the

expected yield or income when computing the absolute and

relative anomaly.

The same approach as for the analysis of trends is used.

Per i, variability vmi is measured as the average relative

anomaly without considering positive or negative signs [as

rmit * N(0, r2)]. Variability vni in explanatory factors xnit

is similarly measured. Subsequently, at the regional level

GLMs are used to identify the combined effect of the

explanatory variables xni (variability vni or average of xnit).

At the farm level, multilevel models (Snijders and Bosker

1999; Reidsma et al. 2007) are used to analyze the effects

of farm type characteristics on yield and income

variability.

Results

Regional level

Trends in crop yields and income variables

Both positive and negative trends are observed in crop

yields, but as time series are short, only around 25% of

the trends are significant (Fig. 3). Generally, crop yield

trends are positive and higher in temperate regions (e.g.,

France and Germany), but high trends are also observed

in Spain, while trends in Italy are mainly negative. The

spatial pattern is different for farmers’ income. Signifi-

cantly positive trends in fnv/ha are found in Greece,

Portugal, Italy and Ireland and some regions in Spain,

while trends are mainly negative in temperate and Nordic

regions. The trend in fnv/awu is positive in almost all

regions and is significant in around half of the regions,

mainly in the Mediterranean.

These differences in trends can be partly explained by

trends in climatic conditions and management (Table 3,

first column per dependent variable; Fig. 4). Results of the

GLMs indicate a large negative effect of the trend in

temperature (tmean) on crop yield trends; the elasticity is

large and negative for all crop yield trends. Where tem-

perature increases faster with time, crop yield trends are

lower. Also the effect of the trend in precipitation (pmean)

is mainly negative, implying that a decreasing pmean has

not reduced yield trends.

The impact of trends in management variables is similar

for all crops. Effects on yield trends are generally positive

for trends in economic size (ec_size) and fertilizer use (fert/

ha) suggesting that changes in size and intensity can

influence climate impacts on crop yields.

Differences in trends may also be explained by differ-

ences in prevailing conditions (Table 3, second column per

dependent variable). Consideration of averages in the

analysis indicates whether prevailing conditions are of

importance. Results of the GLMs show that the elasticity of

average tmean is large, but the effect differs per crop. The

effect of average pmean is also not coherent, but signifi-

cantly concave for barley and negative for maize. Hence,

spatial variability in the calculated averages of climatic

year

va
ri

ab
le

δvariable/δyear = trend

anomaly

average

Fig. 2 Measures used in the statistical analysis. Trends of dependent

variables are related to trends and averages of independent variables.

Variability is measured by the average of relative anomalies.

Variability in dependent variables are related to variability and

averages of independent variables

Wheat yield trend (t/ha/yr)
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Trend in fnv/ha (euro/yr)
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(a) (b)Fig. 3 Selected examples of

trends from 1990 to 2003 in a
wheat yield (t/ha/year) and b
fnv/ha (€/year)
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conditions does not have the same effect as temporal

change (i.e., trends) in climatic conditions.

Considering management factors, the trends in wheat

and barley yields are larger where the average crop area

(crop_pr) is higher; for sugar beet and potato the opposite

is the case. Similar results were obtained for the effects of

trends in crop_pr, suggesting that the effects of crop_pr on

yield trends are of more general nature. In contrast, the

effect of average ec_size is negative for the wheat yield

trend, while the effect of the trend in ec_size was positive.

This suggests that smaller farms that grow fast have highest

wheat yield trends. Policies also influence yield trends with

high subsidies (subs/ha) having a negative impact on most

yield trends.

Trends in fnv/ha and fnv/awu are not significantly

influenced by trends in climatic conditions. Trends in other

factors have more impact; trends in subs/ha, fert/ha, gr/uaa

and perm/uaa have a significant positive impact on the

trend in fnv/ha. Subsidies (subs/ha) have a direct effect on

income, an increasing input intensity (fert/ha) can indi-

rectly increase output intensity and increasing other land

uses (gr/uaa and perm/uaa) can lead to a more profitable

use of the land.

When prevailing conditions are considered, it is clear

that trends in fnv/ha and fnv/awu increase with average

tmean which was not the case for yields of most crops. This

suggests that in Mediterranean regions, with generally a

less favorable climate, more adaptations took place (related

to trends as mentioned above) compared to temperate

regions. Apparent is that regions with a large average

ec_size and large trends herein (e.g., France and Germany),

have lower trends in both fnv/ha and fnv/awu. An increase

in the average farm size is thus positively related to trends

in crop yield, but negatively to the trend in farmers’

income. Hence, although farms in these regions do not

seem to be particularly vulnerable to changes in climatic

conditions, there is some indication for increasing vulner-

ability related to farmers’ income.

Variability in crop yields and income variables

Average relative anomalies in regional crop yields from

1990 to 2003 range between 5 and 15% for most crops and

are somewhat larger in Mediterranean and Scandinavian

regions, where yields are generally lower (Fig. 5). Maize

yield anomalies are smaller in Greece and Spain, where

maize yields are higher. The spatial pattern in variability of

fnv/ha and fnv/awu is similar to most crop yields, but the

average anomalies are larger.

The models show that a high variability in pmean

(which is especially high in Mediterranean regions; aver-

age is 19%) is positively related to variability in wheat and

barley yield, but negatively to variability in maize, sugar

beet and potato yields (Table 4, first column per dependent

variable). The impact of a high variability in tmean (gen-

erally higher in northern regions; average is 0.59�C) is

negative for all crops, but only significant for wheat. A

negative relationship suggests that the extent of tempera-

ture variability is not an import contributor to crop yield

variability. However, the effect of temperature variability

may increase when temperature shifts away from the crop-

specific optimum. As the base temperature is not taken into

account here, relationships can be confounded; therefore

we also consider relationships with average conditions in

the following paragraph. A management factor that sig-

nificantly contributes to lower yield variability is a low

variability in crop_pr.

Variability in yields and income is also related to

average climatic and management conditions (Table 4,

second column per dependent variable), to complement the

analysis with the impact of prevailing conditions. Yield

variability of all crops increases with average tmean

[e(tmean) is higher at the 75th percentile compared to the

25th percentile]. Effects of pmean are mainly convex,

implying lowest variability at average levels of precipita-

tion. The impact of management variables on yield

variability differs by crop. Several significant effects are

observed. For example, more irrigation (irr_perc) decrea-

ses variability in maize and potato yields.

Variability in fnv/ha and fnv/awu is mainly influenced

by variability in fertilizer use (fert/ha) and crop protection

use (prot/ha), related to the intensity of farming. Vari-

ability in tmean increases variability in fnv/ha, in contrast

to variability in crop yields. The GLM including average

conditions shows that variability in fnv/ha and fnv/awu has

a negative elasticity at the 25th percentile for tmean, but

(a)
-0.02 - 0.03

0.04 - 0.05

0.06 - 0.07

0.07 - 0.08

0.09 - 0.10

0.11 - 0.13

0.14 - 0.16

0.17 - 0.20

0.21 - 0.26

-2.95 - -2.44

-2.43 - -1.04

-1.03 - -0.47

-0.46 - -0.13

-0.12 - 0.20

0.21 - 0.52

0.53 - 0.80

0.81 - 1.13

1.14 - 2.56

Trend in tmean (°C/yr) Trend in pmean (mm/yr)(b)Fig. 4 Trends from in 1990–

2003 in a tmean (�C/year) and b
pmean (mm/year)
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

Average anomaly (%)

0  - 3
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9  - 11

11- 16

16- 30

30- 50

   > 50

Fig. 5 Average relative

anomaly (%) from 1990 to 2003

in 100 HARM regions for

a wheat yield, b barley yield,

c maize yield, d sugar beet

yield, e potato yield, f fnv/ha
and g fnv/awu
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almost zero at the 75th percentile, implying lowest vari-

ability around the 75th percentile (11.9�C). Hence,

although Fig. 5f suggests a concave temperature effect; the

model indicates that the high variability in some Mediter-

ranean regions is mainly due to other factors. More

irrigation (irr_perc) increases income variability signifi-

cantly; applying more fertilizers (fert/ha) and receiving

many subsidies (subs/ha) decrease income variability. The

effect of irrigation may be related to regions with a higher

irr_perc being dryer or growing more demanding crops,

making agriculture riskier. The negative effect of average

pmean indeed suggests that a low precipitation increases

income variability, although the effect is not significant.

Farm type level

Trends in crop yields and income variables

At farm type level, inter-annual variability in crop yields

and farmers’ income is generally large and for most farm

types time series are shorter than 14 years. There are also

some temporal changes in the farm types. While the

number of small scale, low intensive farm types declines,

the number of large scale, intensive farm types tends to

increase. The trend models estimating dmi per farm type

within each region result in few significant trends in crop

yields and income variables (not shown).

Despite these results, we analyze whether the differ-

ences in trends can be attributed to differences in farm

types. We consider only farms with more than 10 years of

data are; considering fewer farms gave unreliable results.

We see that small scale farms have significantly higher

trends for most crop yields and fnv/ha compared to large

scale farms, while the opposite is observed for fnv/awu (not

shown). With respect to farm intensity and land use, few

significant estimates are found. More significant differ-

ences between farm types are observed in region-specific

models, but the effects of farm type dimensions do not

point into the same direction. Hence, trends differ among

regions in relation to climate and management conditions,

but the effect of management cannot be generalized across

regions.

Variability in crop yields and income variables

In contrast to the results about the trends, there are sig-

nificant differences between farm types with regard to

variability in crop yields and farmers’ income. Multilevel

models correcting for regional effects show that yield

variability significantly decreases with increasing farm size

for most crops (Table 5). A low intensity has a significant

positive impact on yield variability of all crops, except for

wheat. Also, yield variability is significantly different

among land use types. All land use types are included in

the analysis as also on non-arable land use types field crops

are cultivated. Yield variability of cereals is significantly

lower on arable/cereal farms compared to other land use

types, while yield variability of sugar beet and potato is

lower on arable/specialized crops farms.

Variability in both fnv/ha and fnv/awu is larger on small

and medium farms than on large farms. Variability is also

significantly higher on low intensive farm types (10%) and

medium intensive farm types (around 2%) compared to

high intensive farms. The effect of intensity was also

observed at the regional level (represented by fert/ha).

For income variability we compare arable farm types

with other land use types. Variability in fnv/ha and fnv/awu

is higher on arable farms than on dairy cattle farms, but

lower than on farms with pigs, horticulture and permanent

crops. For arable farm types the variability in fnv/ha is

lowest on arable/cereal farms. As observed in the regional

analysis more grassland area thus decreases income vari-

ability, and more permanent cropping area increases

income variability.

The influence of average tmean is similar to the regional

results for crop yield variability, but not for income vari-

ability. Thus, impacts on income at aggregated levels can

be confounded by farm characteristics. Variability in

pmean also affects yield variability, and in contrast to the

regional level no negative effects are observed. When

analyzing variability among farm types within regions,

farm characteristics account for these negative effects.

More subsidies and variability herein lead to a higher

variability in crop yields and income, which is also in

contrast to the results from the regional analysis. Subsidies

are coupled to regional yield levels, so the regional level

impact may be confounded as higher yields lead to lower

variability. A multilevel model corrects for this effect.

Discussion

Scope and methods of analysis

This is one of the first empirical studies linking farm

characteristics to impacts of trends and variability in cli-

matic conditions on European agriculture. Our analysis

regresses observed data on climatic conditions, subsidies

and farm characteristics against crop yields and income at

regional and farm type level. Considering trends, vari-

ability and averages in the analysis allows for addressing

the role of changes in climatic conditions, variability herein

and prevailing climatic conditions for farm performance.

This provides insights in the relative importance of climate

change and associated climate variability for European

agriculture. With regard to climate variability, we focus on
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the extent and not on the direction of inter-annual vari-

ability, as the regional differences in the direction of inter-

annual climate variability do not allow a generic approach

to obtain generic insights in the influence of management.

Interactions between climate and management are explored

for specific regions in Reidsma et al. (2008).

Our aim in this study is not to estimate climate impacts

for each region or farm type, but to obtain insight in the

relative importance of climatic conditions, subsidies and

farm characteristics for explaining crop yield and income at

different levels of organization. Although the FADN data

base comprises only 14 years of data, the spatial extent and

the large numbers of farms included in the data, provides a

unique opportunity to analyze farm performance in relation

to these factors. Analysing trends among regions instead of

within regions reduces confounding of effects. We

Table 5 Fixed effects in mixed models correcting for regional differences, of farm type dimensions (size, intensity and land use) and subsidies

and climate on crop yield and income variability (relative anomalies) between 1990 and 2003 in the EU15

Wheat Barley Maize Sugar beet Potato Fnv/ha Fnv/awu

Intercept 25.71 19.52 37.55 15.05 10.65 9.31 13.94

Small scale 2.84 1.81 2.01 1.21 0.17 7.91 10.18

Medium scale 1.62 0.84 1.49 0.42 -0.65 0.72 1.10

Large scale

Low intensity 0.32 1.92 5.22 8.59 4.87 10.28 10.15

Medium intensity -1.00 -1.29 0.11 0.86 1.56 2.26 3.25

High intensity

Arable/cereal

Arable/fallow -0.09 0.08 -2.03 -0.15 -1.60 1.60 -0.86

Arable/specialized crops 0.16 0.94 1.52 22.33 26.86 0.94 1.74

Arable/others 4.18 2.87 5.18 1.96 1.26 2.41 1.16

Dairy cattle/permanent grass 4.65 1.92 5.43 3.79 1.55 23.79 25.21

Dairy cattle/temporary grass 3.07 -1.80 5.73 2.47 5.56 26.03 28.86

Dairy cattle/land independent 11.05 10.20 -2.19 8.31 -4.34 5.01 -3.97

Dairy cattle/others 1.44 -0.85 1.93 2.48 2.02 23.33 25.90

Beef and mixed cattle/permanent grass 1.34 0.59 3.36 11.35 6.34 -2.10 -2.93

Beef and mixed cattle/temporary grass 1.35 -2.26 5.93 -3.22 -9.66 -0.99 -1.43

Beef and mixed cattle/land independent -3.66 -2.27 2.48 4.13 -1.32

Beef and mixed cattle/others 3.70 -3.13 -1.63 1.83 -0.07 -2.23 -5.28

Sheep and goats/land independent 5.34 4.17 6.52 -6.69 15.84 -1.71 -8.78

Sheep and goats/others 4.87 0.65 6.21 2.63 0.13 23.58 25.47

Pigs/land independent 2.22 3.07 3.55 2.79 0.18 27.05 16.11

Pigs/others -1.07 -1.88 -0.81 0.37 5.06 40.09 36.51

Poultry and mixed pigs/poultry -1.61 1.12 3.79 -7.47 -3.05 10.42 1.45

Mixed farms -0.04 -0.78 2.44 1.67 1.19 0.06 -1.76

Mixed livestock -0.57 -0.66 0.47 1.17 -0.46 1.02 -2.46

Horticulture 4.46 14.93 4.60 6.90 5.60 7.64 -0.86

Permanent crops 6.39 6.58 6.93 5.67 5.42 4.53 3.12

Tmean (average; 25) 0.39 0.60 20.39 0.27 0.34 0.03 0.15

Pmean (average; 25) -0.18 -0.12 0.17 0.12 0.09 0.07 0.02

Tmean (average; 75) 2.38 2.25 1.41 2.24 0.77 0.27 0.61

Pmean (average; 75) 0.29 0.22 0.38 -0.19 -0.06 -0.21 -0.29

Subs/ha (average) 0.02 0.00 -0.01 0.12 0.04 0.02 0.00

Tmean (variability) -0.11 20.13 0.02 -0.11 20.19 -0.08 -0.08

Pmean (variability) 0.25 0.08 0.21 0.08 0.00 -0.01 0.00

Subs/ha (variability) 0.07 0.03 0.00 0.08 0.12 0.16 0.18

For farm type dimensions, parameter estimates of fixed effects are presented and significance levels (P \ 0.05: bold; P \ 0.10: italic) refer to the

difference with the reference per dimension (large scale, high intensity, arable/cereal). The estimates remain (almost) constant when including

either averages or variability in climate variables and subs/ha. For tmean, pmean and subs/ha elasticities are presented (as in Table 3 and 4)
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acknowledge that when trends are non-linear, relationships

can still be confounded. Therefore, the trends are regressed

against both trends and averages of explaining variables

and at two levels of organization (farm type and region).

By comparing results from the multiple analyses, con-

founding relationships can be partly uncovered.

Technological development has a large impact on yield

trends in Europe (Ewert et al. 2005), but is not explicitly

addressed in our analysis. Technology development is a

combination of several factors, of which some are con-

sidered here. Our analysis provides information about the

relative importance of factors for the variability in trends. It

does not attempt to explain trends due to technology

development. The obtained results point to the importance

of climate, farm characteristics and regional conditions for

changes in yield trends.

Assumptions underlying the analysis and the aggregation

of data have been tested for validity. At the regional level

intensity is represented by fertilizer use (fert/ha) and crop

protection use (prot/ha) in €/ha. The two-way relationship

between these regional-level variables and dependent

variables can violate the basic assumption of independence.

Testing on endogeneity using instrumental variables

showed that these variables are exogenous. They are not

corrected for price effects, since (1) price changes are rela-

tively small in relation to differences between regions, (2)

temporal changes in prices are similar among regions and

(3) data on price indices are only available after 1995.

Temperature and precipitation data are averaged for the

first 6 months of the year, which represent the main

growing period. The start and length of the growing season

differ depending on the region and crop, but using the same

period allows better comparisons. Including or excluding

other months does not have a large impact on the results.

The used farm typology is a common typology for the

whole EU15 (Andersen et al. 2006). Thresholds defining

the farm type dimensions are the same for all regions. As

only few classes are distinguished per farm type dimension

(Table 2), the number of different farm types is small in

some regions. Increasing the number of classes or changing

the thresholds, especially for intensity, could provide

additional detail on the impacts and adaptation. Neverthe-

less, this study shows that with the limited number of farm

types, differences in their responses to climate variability

and trends are obvious.

Factors explaining trends and variability in farm

performance at multiple levels

Trends in climatic conditions, as well as prevailing climatic

conditions, have an impact on trends and variability in crop

yields in the EU15. However, the impacts are influenced by

policy and management conditions, and differ depending

on the level of organization (see summary in Fig. 6). Our

results suggest that in the analyzed period the change in

temperature (i.e., trend) had a larger impact on crop yield

trends than the average temperature. Crop yield trends have

been generally larger in temperate regions compared to

Mediterranean regions (Calderini and Slafer 1998; Ewert

et al. 2005), but this is less apparent for the period from

Farm

Climate
tmean(a) +
pmean(v) +
Management
land use (arable) –
size –
intensity –
subs/ha (v) +

Climate
pmean(v) +/ –
tmean(a) +
tmean(v) –
pmean(a) – +
Management
crop_pr(v) +
subs/ha (v) –

Crop yield Farmers’ income
Wheat, maize, barley, sugarbeet, potato Fnv/ha, Fnv/awu

Climate
tmean(a) +
Management
land use (other) –
size –
intensity –
subs/ha (v) +

Climate
tmean(a) +
Management
subs/ha (a/t) +
fert/ha (a/t) +
ec_size(a/t) –
prot/ha (a) –
perm/uaa(a/t) +

Region

Trends Variability

Climate
tmean(a) –
tmean( v) +
Management
fert/ha (v) +
prot/ha (v) +
subs/ha (a) –
fert/ha (a) –
irr_perc(a) +

Trends Variability

x x

Climate
tmean(t) –
pmean(t) –
Management
ec_size(t) +
fert/ha (t) +
crop_pr(a) +/–
subs/ha (a) –

Fig. 6 Summary presentation

of impacts of climate and

management on farm

performance at two levels of

organization. Impacts are: ?

positive, ? - concave, - ?

convex, - negative, ?/- differs

per variable. The variables are

explained in Tables 1 and 2

with (a) average, (t) trend and

(v) variability
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1990 to 2003. This is consistent with Ewert et al. (2005),

who suggested that relative yield changes are converging

for EU15 countries.

The high relative impacts of prevailing climatic condi-

tions on farm performance indicate that regions with

similar climatic conditions change and adapt in a similar

way. The relative impact of average temperature in

explaining differences in crop yield trends among regions

is large compared to those of policy or management vari-

ables. Nevertheless, consideration of these non-climatic

effects is required to sufficiently explain differences in

climate impacts across regions. Trends in economic size

and fertilizer use clearly influence the differences in yield

trends.

A high variability in precipitation (pmean) has a large

impact on crop yield variability and is of more concern

than variability in temperature (tmean). At regional level a

high variability in pmean can also lead to reduced yield

variability of some crops, but the farm type level analysis

shows that when we account for within regional differ-

ences, this is not the case. At farm type level, a higher

intensity, larger scale and specialized land use reduce crop

yield and income variability.

Our results confirm earlier observations (e.g., Thor-

hallsdottir 1990) suggesting that the impact of climate on

yield and income variability is especially important at

higher aggregation levels. At the farm type level, farm

characteristics are more important. A change in the inten-

sity of farming or farm size will have more impact on farm

performance than changes in climatic conditions. Under-

standing of the mechanisms underlying climatic effects on

crop yields at different levels of organization remains dif-

ficult. The present analysis is explorative, but our results

suggest that the approach to model responses to climate

change will differ depending on the aggregation level as (1)

the importance of factors changes depending on the level

and (2) resulting impacts at one aggregation level do not

necessarily apply for other levels.

Vulnerability in crop productivity and income

Spatial variability in crop yields throughout the EU15

is not related to spatial variability in income (fnv/ha) (Reid-

sma et al. 2007). The present analysis shows that climate

effects on crop yields and fnv/ha is also different when

analyzed over time. Variability in crop yields is larger

(Tables 3, 4 and 5) at higher temperatures, but this is not

the case for variability in income. Also, despite the rela-

tively low crop yields, fnv/ha is higher and increasing

faster in Mediterranean regions, which is also observed for

some crop yields (Table 3). This suggests that farmers in

regions with low crop yields adapt by decreasing input

costs, changing to other crops or increase subsidized

activities (as fnv & outputs - inputs ? subsidies - taxes),

but also change practices to increase yields. Higher product

quality or increased market value due to scarcity may also

have led to higher output prices (which are observed in the

FADN data). High trends are sometimes accompanied by

high variability, which may be due to adaptations which

can increase farmers’ income in the long-term but cause

more risk in the short term. Other studies mentioned hazard

exposure as being an important indicator for successful

adaptation (e.g., Downing et al. 2001; Smit and Skinner

2002). This seems valid for regions regularly exposed to

high temperatures.

Adaptive capacity at multiple levels

Until now, many studies have quantified regional potential

impacts of climate change with site-specific models. It was

assumed that, by understanding these potential impacts,

adaptive measures could be quantified and projections of

actual impacts could be made (IPCC 2001; Metzger 2005).

The actual impacts are the impacts that remain after

accounting for adaptation. This study showed that although

crop yield variability is larger in Mediterranean regions,

this is only partly related to climate variability, and crop

yield and income trends can still be high. Analyses of the

direction of inter-annual yield and income variability also

indicate that the impact of climate variability is not nec-

essarily larger in the Mediterranean (Reidsma and Ewert

2008; Reidsma et al. 2008). The conclusion that Mediter-

ranean regions are most vulnerable to climate change (e.g.,

Olesen and Bindi 2002; Metzger et al. 2006) needs

refinement. Importantly, relationships between climate,

management and farm performance are complex and

potential impacts on yield and income vary not only among

regions, but also among farm types within regions. Adap-

tation options are typically classified in autonomous and

planned or proactive and reactive (Smit et al. 2001).

However, explicit quantification of these adaptation types

has proved difficult.

A high variability in precipitation has a negative impact

on wheat and barley yields, but not on maize, sugar beet and

potato yields. The latter crops are often irrigated. The area of

irrigated crops has increased in most regions, as EU policies

have stimulated irrigated agriculture. This may partly

explain why farmers’ income increases more in Mediterra-

nean regions compared to temperate regions. However,

water stress is already apparent, also in temperate regions

(Alcamo and Henrichs 2002) and if water is not managed

wisely, drought risks will increase (Isendahl and Schmidt

2006; Lehner et al. 2006). The short-term adaptation

(or ‘coping capacity’) may eventually result in maladap-

tation on the long-term (Reilly and Schimmelpfennig

2000).
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Therefore, higher level (e.g., region or country) planned

adaptation is of crucial importance for farm performance

and adaptation to climate change and climate variability

(Smit and Wandel 2006). Regional level adaptive capacity

is related to awareness, technological and financial ability

and indicators have been proposed to quantify these abili-

ties (Smit et al. 2001; Schröter et al. 2003; Metzger et al.

2006). For the agricultural sector these indicators need to

be further specified. The present study suggests that the

influence of management factors may differ per farm per-

formance measure, but that hazard exposure can stimulate

adaptive responses.

Conclusions

Our analysis shows that trends and variability in climatic

conditions have an impact on trends and variability in crop

yields and farmers’ income at region and farm type level, but

that the actual impacts depend on factors influencing man-

agement. Farm types and regions adapt differently to

climatic conditions, and to changes and variability herein.

Results suggest that in regions with a less favorable and more

variable climate (e.g., the Mediterranean) actual adaptation

is higher. Although crop yield and income variability can be

high, this is only partly related to climate variability, and has

no negative effect on the trend in farmers’ income per hectare

(fnv/ha) which is higher in these regions.

As climate impacts do not only vary among regions but

also among farm types, concepts to explicitly quantify

potential impacts and adaptive capacity appear less prac-

tical. Studies that aim to assess the impacts of climate

change on agriculture need to integrate the combined

effects of climate variability and change, farm character-

istics and the socio-economic and policy context, and have

to consider both crop yields and farmers’ income as this

influences the type of adaptation. Only then it will be

possible to project the actual impacts of climate change on

farms and regions.
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