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a b s t r a c t
It is expected that the ongoing anthropogenic climate change will drive changes in agricultural production
and its geographic distribution. Here, we assess the extent to which climate change is already driving
spatiotemporal dynamics in maize production in Denmark.
We use advanced spatial regression modeling with multi-model averaging to assess the extent to which
the recent spatiotemporal dynamics of the maize area in Denmark are driven by climate (temperature
as represented by maize heating units [MHU] and growing-season precipitation), climate change and
non-climatic factors (cattle density [in Denmark, maize is mainly grown for ensilage to feed livestock],
and sandy soil [facilitates maize growing in cold areas due to higher soil temperature than loamy soils]).
Our results indicate that there has been a geographical expansion of maize in Denmark from 1999 to
2008, with a strong link to rising MHU at the national scale. The geographic distribution of maize cultivation in Denmark was mainly related to the distribution of cattle-livestock farming followed by sandy
soils and climate (MHU). Cattle density has increased in importance over time indicating an increasing
coupling of maize cultivation and cattle farming, probably reﬂecting a change to a more favorable climate for maize cultivation: in the beginning of the study period, northern areas were mostly too cold
for maize cultivation, irrespective of cattle density, but this limitation has been diminishing as climate
has warmed, allowing maize production also in northern locations with high cattle density. Similarly,
the association of maize cultivation with sandy soils has decreased over the study period, again consistent with a decreasing overall climatic limitation. Thereby, reﬂecting an interactive effect of climatic and
non-climatic factors on the maize area dynamics.
Our results show that even the relatively small climate changes that have been realized in the last
decades have been partly driving the spatiotemporal dynamics of an important agricultural crop towards
its northern cultivation limit in Europe.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
A diversity of agricultural crops has sustained human civilization for nearly 10,000 years (Smith, 1995a). The geographic
distribution of these crops is shaped by interactions with local cultures. The crops are crucial for local human livelihoods (Gliessman,
2006), and constitute a major source of economic income locally,
nationally, and globally (Riemenschneider, 2003). The cultivation
range of various crop species is clearly the result of interaction
between the climatic and ecological requirements of the crop
and human culture (Vitousek et al., 1997), but the more exact
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mechanisms involved are not well understood. Understanding the
determinants of the spatiotemporal dynamics of crop species cultivation range is a particularly crucial issue for modern science
given the rapidly expanding human population and the associated increases in resource needs and land-use changes (Vitousek
et al., 1997; Gevers et al., 2011) and the looming anthropogenic
climate change (IPCC, 2007). At the same time as the need for agricultural crop production will increase, crop species distributions
are also likely to be strongly reshaped. Here we focus on assessing
the drivers of recent spatiotemporal dynamics in the distribution
of one of the world’s most important crop plant species, maize (Zea
mays) (Leff et al., 2004) in Denmark.
The global distribution of maize has changed dramatically since
the crop was ﬁrst domesticated. Despite much effort to document
the exact history, it is not fully clariﬁed; it is, however, generally agreed that the domestication took place in Mexico (Smith,
1995b) some 6000 years ago (Piperno and Flannery, 2001). During
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the subsequent millennia its cultivation expanded to all tropical to
warm-temperate parts of the New World, and after the European
discovery of the Americas also to other warm parts of the world
(SATAKE, 2010). Today maize is the most widespread crop, with
a distribution ranging from about 50◦ N to about 45◦ S (Leff et al.,
2004).
Maize is a C4-plant adapted to a warm, dry subtropical climate
with plentiful sun, occasionally abundant rain during the night
and limited rain during the daytime, low wind speed, and loamy
soils (Andersen, 2000). During germination, the soil temperature
should not move below 8–10 ◦ C (Andersen, 2000). These ecological requirements constrain its global geographical distribution and
agricultural usage: it is restricted to tropical to temperate climatic
zones, with >40% of the total annual production supplied by the
United States, primarily the so-called ‘corn belt’ in the Midwest
(Leff et al., 2004). Here, growing-season temperatures are warm
enough to allow maize to be grown to maturity for human consumption (ﬂour, oil, cornﬂakes, popcorn, and beverages). In Europe,
this is only the case in southern parts, from the Balkans to southern
France (Andersen, 2000) where maize is the second most popular crop after wheat (Leff et al., 2004). With increasing latitude the
crop’s success becomes more erratic due to the cooler climate and
a shorter growing season (Olesen and Bindi, 2002); hence, in areas
such as Germany, the Netherlands, and Denmark maize is mainly
grown for silage to feed cattle during winter, as this can be produced from maize vegetative parts and immature cobs (Andersen,
2000). With future climatic changes these geographical restrictions
are likely to change considerably.
Globally, temperatures are predicted to rise by a mean of approx.
2.5 ◦ C by 2100 as compared to present (Lomolino et al., 2002;
IPCC, 2007) whereas it is predicted to increase 3–5 ◦ C in Denmark
(Olesen, 2008) mainly due to anthropogenic activities (IPCC, 2007).
Here the mean summer temperature has already risen from 12.3 ◦ C
in 1880 to 13.3 ◦ C in 2000 (Houghton, 2004), with most of this
increase having taken place during the last two decades (Cappelen,
2009). The overall temperature increase has led to a lengthening of the favorable maize-growing season, which, together with
higher summer temperatures, has improved maize growing conditions in northern countries signiﬁcantly (Olesen et al., 2007).
Furthermore, it is predicted that it will be possible to grow maize
to maturity together with other warm-adapted crops such as sunﬂower and soybean in northern Europe by 2080 (Tuck et al., 2006)
thereby, indicating a future northern extension of maize compared
to present (Audsley et al., 2006). Northern Germany, southern England, Wales, and Denmark therefore illustrate the ﬂuctuating, but
steadily northwards moving cline between a suitable southern and
unsuitable northern environment for maize production (Olesen
et al., 2007).
Together with the climatic drivers non-climatic factors may also
inﬂuence the extent to which maize will actually be grown in a
given area in a given year, notably: (1) soil temperature, which indirectly indentify the soil type as an important factor as different soils
types has different heating rates (Bjergmark et al., 2005), (2) location of cattle- and other ruminant-producing farms (cattle are by
far the most important recipient of maize in Denmark), as a short
transport distance from fodder crop ﬁelds to animal production
units is preferable, (3) experience with maize production in previous years, e.g., as determined by growing-season temperatures in
preceding years. Also technological and management factors such
as the use of artiﬁcial fertilizers, irrigation, introduction of new and
better varieties adapted to the local climate (e.g., in terms of cold
resistance) and agricultural subsidies are important for the feasibility of maize cultivation. For instance, with the European Union
(EU) McSharry reform in the mid-1990s, farmers were given ﬁnancial support to grow maize for silage, whereas no support was given
for fodder beet (Rodgers, 2003), thereby making maize an econom-

ically attractive alternative in the EU region. Furthermore, maize
silage is a more nutritive feed for dairy cattle than fodder beets and
most other roughages (Strudsholm et al., 1997). Finally, as maize
management practices require less labor input and therefore have
a lower cost compared to fodder beet management (Jørgensen,
2009), maize will tend to be preferred when the climate allows it.
These technological and management factors are unlikely to exhibit
important spatial patterns within a small and homogenous region
such as Denmark; hence, it is unlikely that such factors are major
drivers of broad-scale spatial patterns in maize cultivation within
Denmark.
Consequently, climate has both direct and indirect effects on
spatiotemporal maize area dynamics: a direct effect on the physiological success of the crop (Andrews et al., 1995; Fryer et al.,
1998), and an indirect effect on the geographical expansion and
contraction through humans deciding where ﬁnally to grow maize.
Concerning the direct effects, studies have shown that temperature
and number of sun hours are important drivers on a large scale
(Andersen, 2000; Pearson et al., 2008). At higher latitudes these
variables become increasingly limiting (Wilson et al., 1994, 1995)
and future changes in global temperatures consequently inﬂuence
the yield directly and hence the distribution of maize indirectly
throughout the world.
Although previous studies have focused on geographical agricultural distributions (Ramankutty and Foley, 1998), potential
future maize distributions (Olesen et al., 2007) and potential future
geographical maize yields (Wolf and Van Diepen, 1995; Davis et al.,
1996; Southworth et al., 2000), only few have based this on empirical data on maize area distributions (Leff et al., 2004), and the
last-mentioned study only focused on the spatial aspect and not
on temporal changes. Spatiotemporal changes in crop yields have
been studied at ﬁeld scale (Basso et al., 2007; Florin et al., 2009), but
not on a more regional scale. Here we use actual distribution data
to quantify the recent spatial and temporal dynamics of maize on a
regional scale at the northern limit for maize production in Europe
(Denmark) and assess the underlying driving factors. To our knowledge the spatiotemporal dynamics of maize production and the
underlying driving factors have not previously been studied. In light
of the importance of maize as an agricultural crop, it is important
to understand how climatic and non-climatic factors control the
spatiotemporal dynamics of maize area cultivation and how these
drivers interact. Notably more information on the climatic impact
on agriculture during the last decades provide a crucial opportunity
to improve our ability to predict the likely much stronger effects
of the forecasted future major climate changes (IPCC, 2007). The
purpose of the present study is to address this issue, with the three
speciﬁc study questions being: (1) Has there been a spatiotemporal
change in maize area in Denmark during the last decade? (2) Which
variables have driven the maize area distribution within years? We
speciﬁcally assess the importance and inﬂuence of climate (temperature and precipitation), and non-climatic factors (sandy soils
and cattle density). In terms of climate, we hypothesize that maize
crop production will have increased partly due to an increase in
temperature. Furthermore, we would expect a larger area expansion following a proﬁtable maize year resulting in a temporal lag
between years with high temperatures and maize area. Precipitation is not expected to be an important driver because nearly all
of the drought prone maize areas in Denmark can be irrigated, if
needed (Larsen et al., 2006; Børgesen et al., 2009). Sand as a soil
type is predicted to be important due to its higher soil temperature
compared to loamy soils (Bjergmark et al., 2005). Additionally, we
predict a concentration of maize cultivation in areas of high cattle
density due to the usage of maize silage as cattle fodder. (3) Have
there been temporal changes in importance and inﬂuence of these
variables? The changing climate might have altered the impact of
each variable on the maize area. We address these questions by ana-
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Fig. 1. Flowchart showing the methodology used to calculate maize area per 10 km × 10 km cell across Denmark. Ovals represent data input and output. Rectangles represent
GIS (Geographical Information Systems) operations. Bold writing indicates a GIS tool. Data input are: (1) the ﬁeld block (FB) polygon dataset. Field blocks are administrative
areal units operated as digitized GIS-polygons that each cover 1 to approximately 15 ﬁelds, (2) the table from The General Farm Register containing maize area information
for each ﬁeld block, and (3) the AMIS-grid (Agricultural Meteorological Information System, a polygon in a 10 km × 10 km resolution) (Steffensen et al., 2001) composed of
542 cells. The ﬁnal data output is a 10 km × 10 km resolution dataset containing maize area attributes for each of the 542 cells in the AMIS-grid.

lyzing a detailed spatiotemporal data set on maize area in Denmark
and a grid data set with information on climate.
2. Materials and methods
Our focus is on the geographical analysis of Denmark, emphasizing large-scale patterns. The scale of the study was thus partly
national (considering dynamics for Denmark as a whole) and
partly coarse-scale grid cells based on the AMIS grid (Agricultural Meteorological Information System) developed by the Danish
Meteorological Institute (DMI) (Steffensen et al., 2001), dividing
Denmark into 632 grid cells of 10 km × 10 km.
All variables were aggregated to ﬁt this dataset. Grid cells containing less than 10% land area were excluded from the analysis,
as was the Baltic island Bornholm, which is geographically disjointed and environmentally divergent from the rest of Denmark.
As a result 542 cells were used in the analysis.
2.1. Agronomic variables
National data on maize yield and area (Statistics Denmark, 2010)
were used to give an overview of yield-area-temperature correla-

tions during 1997–2008. Yield is measured in Scandinavian Feed
Units (FU, where 1 FU equals the fodder value in 1 kg barley or
12 MJ of metabolisable energy) (Strudsholm et al., 1997). The data
in Statistics Denmark are gathered by means of sampling through
questionnaires, and averaged for the whole country.
Distributional maize data tables from 1999 to 2008 were
extracted from The General Farm Register (Ministry of Food,
2007)—one table for each year. The data are not maize-variety speciﬁc, but covers all varieties used in maize silage in Denmark. These
tables were linked to a GIS-polygon dataset containing geographic
locations of all so-called ﬁeld blocks covering Denmark (Fig. 1).
Field blocks are administrative areal units operated as digitized
GIS-polygons that each cover one to approximately 15 ﬁelds. The
borders are deﬁned as relatively permanent linear structures in the
landscape and each ﬁeld block is given a unique ID-number. The
ﬁeld blocks are not linked to the cadastral system, but aim at representing physical borders in the landscape and are used to identify
and map the farmer’s land area (Larsen et al., 2006). All farmers in
Denmark are required by law every year to record which crops are
grown, the area covered by each crop and the ID number of the
block in which the ﬁeld is located. This information is compiled in
the General Farm Register. Yield data are not part of the General
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Farm Register, since the farmers are not required to submit this
type of information. Hence, it was not possible to map the yields at
a ﬁner spatial resolution than the national level.
At present the ﬁeld blocks in Denmark embraces more land
than can be subsidized. This may include hedgerows, small woody
areas, water-logged soils, etc. Therefore, some area types included
in the ﬁeld blocks are potentially not agricultural land on a short
timescale, and these areas differ in size from block to block. A
large agricultural area will also improve the probability of a larger
maize area. To take this effect into account, total agricultural area
within each ﬁeld block was incorporated as an explanatory variable
(total cultivated area). Total agricultural area is the area reported
to Statistics Denmark as being under cultivation, the so-called
declared area. In this way, we also include the effect that the total
agricultural area is reduced over the period 1999–2008 (Statistics
Denmark, 2010), and that the increase in maize area measured
as a percentage of the total agricultural area is even higher than
the absolute increase. The maize area in hectare was subsequently
square-root-transformed to improve normality. For evaluation of
spatiotemporal geographical dynamics the maize area was compared over all 10-km latitudinal bands for all years. Furthermore,
the factor to multiply the maize-area in 1999 to get the maize
area in 2008 was plotted against latitude. These two years are both
representative of the time period and they do not differ from the
normal.
2.2. Climatic factors
Each cell in the AMIS grid (Steffensen et al., 2001) contains
information on temperature and precipitation for each day, month
and year, and we used data from 1999 to 2008. Maize heating
units (MHU—a globally used temperature index to describe the
climatic maize suitability) were used as temperature denominator as it is calculated over the maize growing period from 15 April
to 15 October and is therefore more relevant for maize than the
actual temperature average. MHU is calculated from three formulas (Pedersen, 2009). The three formulas are based on two equations
derived from two maize growth curves in Ontario: one from best
daytime growth and one from best nighttime growth (Bunting,
1976).
Ymax(day) = 3.33 × (Tempmax(day) − 10)
−0.084 × (Tempmax(day) − 102 )

Ymin(day) = 1.8 × (Tempmin(day) − 4.44)

 Ymax(day) + Ymin(day)

(1)

(2)

day=288

MHU(year) =

2

(3)

day=105

MHU is calculated for each year by summarizing Ymax(day) and
Ymin(day) over the period ranging from 15 April (day 105) to 15 October (day 288) for each 10 km × 10 km cell. A negative value in the
brackets of formula (1) and (2) indicates that the temperature did
not reach the threshold of 10 ◦ C during the day and/or 4.44 ◦ C during the night required for maize growth. Since the formula must
not express negative growth, all negative values are changed to 0.
Precipitation was summarized over the same period as MHU.
To obtain temperature data also for the years 1997 and 1998 on
the national scale, which was not possible for the geographical analysis, an additional grid data set was used (Faculty of Agricultural
Sciences, 2010). This data set contained climatic information from
1997 to 2008, but in the form of a 40 km × 40 km grid GIS data set
with 44 cells covering Denmark. From this data set the national
average accumulated MHU for each year was calculated.

2.3. Non-climatic factors
Non-climatic factors also inﬂuence the distribution and dynamics of maize. We here emphasize sandy soils and cattle density.
Other non-climatic factors, such as management practice (e.g. fertilizer and irrigation), socioeconomics, or information on maize
variety differences also inﬂuence maize cultivation success, but
these data are not believed to show a spatial pattern within a small
region such as Denmark. These data types were therefore not incorporated into the model.
Data on soil texture have previously been mapped in a
250 m × 250 m resolution based on geostatistical methods (Greve
et al., 2007). The data set is composed of ﬁve separate raster layers containing the fraction of ﬁne sand, coarse sand, clay, silt, and
humus for a soil depth of 0–20 cm. The layers are normalized so that
for each cell the ﬁve texture fractions sum to 100. Sandy soil has
previously been shown to have a positive effect on maize growth in
Denmark (Bjergmark et al., 2005). Therefore, the mean percentage
of ﬁne and coarse sand in each 10 km × 10 km grid cell was used
as soil variable. Soil texture does not change considerably over a
10-year time-scale, and percentage sand in the soil can therefore
be considered a static variable in our study.
Cattle density was measured in cattle livestock units (LU). A
livestock unit is a measure of how much N one animal produces (1 LU = 100 kg N in the form of manure ex store (European
Commission, 2000)). The units have previously been mapped on a
1 km × 1 km scale based on location of farms with cattle (Kristensen
and Kristensen, 2004) for the years 1999–2008. However, this will
not give the exact spatial position of the cattle, since a farmer can
graze cattle as far as 5–10 km from his farm, causing a spatial error
in the data. To smooth this bias we aggregated the LU source map
to 10 km × 10 km grid cells for all years. In this way a farm with a
certain number of animal units will contribute to 100 km2 and not
only 1 km2 . In this study all cattle fed with maize (i.e., dairy and
beef cattle) contributed to the aggregated LU measure, which was
square-root-transformed to improve normality.
2.4. Spatial statistical analysis
The spatial data were initially analyzed using ordinary least
squares (OLS) regression. Models of all possible combinations of
the ﬁve explanatory variables were tested resulting in 31 models for
each year. Model selection was based on the difference in the Akaike
information criterion (AIC) (Akaike, 1973), which is the difference of AIC in the model of interest and the AIC of the best model
in the set of candidate models (Burnham and Anderson, 2002). The
AIC measure jointly accounts for model ﬁt and model complexity
(Burnham and Anderson, 2002). OLS models assume sample independence, an assumption we tested by assessing if there was spatial
autocorrelation in the OLS model residuals. Spatial autocorrelation in the residuals would indicate presence of spatial variation
not explained by the model variables, thereby making observations spatially non-independent, and if ignored this may lead to
type 1 errors of the statistical tests and biased parameter estimates
(Lennon, 2000). In our analysis, spatial autocorrelation in the OLS
model residuals was detected in all years as indicated by signiﬁcant
Moran’s I values. Moran’s I is an often used measure of autocorrelation (Kreft and Jetz, 2007), with values typically ranging from −1
to 1 with 0 indicating no autocorrelation. To account for spatial
autocorrelation Simultaneous Autoregressive Modeling (SAR) was
used (Tognelli and Kelt, 2004; Dormann et al., 2007), successfully
removing all residual autocorrelation in data, thereby eliminating
the potential spatial variance in maize area distribution caused by
variables not incorporated into the model such as cultural variables.
The statistical method incorporates a spatial weights matrix into
the model as a measure of neighborhood similarity. The Moran’s
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Table 1
Spatial autoregressive (SAR) and non-spatial ordinary least squares (OLS) regression models of maize area as a function of maize heating units (MHU), cattle density, percentage
sand, precipitation, and/or total agricultural area for 10 km × 10 km grid cells (n = 542) across Denmark in 1999.
Model

Neighborhood distance (km)

SAR

OLS

Explanatory variable

1
2
3
4
5
1
2
3
4
5
1
2
3
4
5

20
20
20
20
20
30
30
30
30
30
40
40
40
40
40

MHU

Cattle density

Percentage sand

Precipitation

X**
X***
X**

X***
X***
X***
X***
X***
X***
X***
X***
X***
X***
X***
X***
X***
X***
X***

X***
X***
X***
X***
X***
X***
X***
X***
X***
X***
X***
X***
X***
X***
X***

Xns

Xns
X*
Xns
X*
Xns

Xns

Xns

Xns
Xns
Xns

2
RAdj

2
RAdj

1.69
18.30
18.90
20.30
23.20
0
0.40
0.60
1.90
2.30
8.20
9.50
9.90
10.10
10.40

0.82
0.82
0.82
0.82
0.82
0.82
0.82
0.82
0.82
0.82
0.82
0.82
0.82
0.82
0.82

0.72
0.71
0.72
0.71
0.67
0.72
0.71
0.67
0.72
0.71
0.67
0.72
0.67
0.58
0.71

Agricultural area

Xns
Xns

X***
X*
X*
Xns

AIC

Xns
Xns

Xns

15 selected models from the 93 candidate models (three neighborhood distances were tested (20, 30, and 40 km) on all 31 models resulting in 93 models for each year) from
the year 1999. Neighborhood distance is the distance from which the neighborhood similarity matrix is calculated. This matrix is incorporated into the spatial model and
accounts for spatial autocorrelation. Selection is based on the lowest difference in Akaike information criterion (AIC) for all three neighborhood distances resulting in ﬁve
best models from each tested neighborhood distance. X indicates if a variable is present in the model. Autoregressive models with a neighborhood distance of 30 km gives
the lowest AIC. This neighborhood distance was used for further analysis for the year 1999 (31 models). The same procedure was used for all years from 1999 to 2008 (see
2
2
for the SAR model and RAdj
for the
Table 2 for view of the ﬁnal neighborhood distance used for all years). The signiﬁcance of each variable is given, as is the AIC and the RAdj
OLS model, for comparison.

I correlogram indicated spatial autocorrelation in the residuals of
the OLS model up to approximately 40 km. This could indicate that
the best neighborhood distance to use would be 40 km, but the testing of several distances up to the distance of no autocorrelation has
been recommended (Tognelli and Kelt, 2004). Three neighborhood
distances were tested (20, 30, and 40 km) on all 31 models resulting in 93 models for each year. AIC values were compared and
the neighborhood distance resulting in the lowest AIC was chosen
as the distance for further analysis (see Table 1 with an example
from 1999).
In recent studies, choosing one model over another based on
almost similar AIC values has been questioned, and other methods have been used to overcome this (Loucks et al., 2008). In our
data, equal support for multiple models complicated the selection.
For example the year 1999 had four models with a AIC value
ranging from 0 to 1.9 (Table 1). A model has substantial empirical
support when the AIC range from 0 to 2 (Burnham and Anderson,
2002). We therefore, used model averaging to estimate a combined
model as a weighted average of all 31 models in the model set
(Burnham and Anderson, 2002; Johnson and Omland, 2004). This
method is based on Akaike weights (wi ) calculated for all candidate
models based on their AIC values:
wi =

exp(−(1/2)AICi )

R

r=1

(4)

exp(−(1/2)AICr )

where i is the model in question and R is the set of models. wi
ranges from 0 to 1 and can be interpreted as the probability that
model i is the best model among the candidate models. From these
Akaike weights it is possible to calculate model-averaged variable
importance and inﬂuence. Variable importance was addressed by
summarizing wi over all candidate models where the variable in
question was present. Averaged variable inﬂuence (model-averaged
coefﬁcient) was calculated by initially calculating the model speciﬁc variable inﬂuence of all variables for all models by multiplying
wi and parameter estimates. These inﬂuences were summarized
for all variables over all models. In this way, a parameter estimate
weights in the ﬁnal model according to the weight of the model
in question. This method was used on all parameter estimates, the

2
for the
Moran’s I value and Pearson’s correlation coefﬁcient (RAdj
SAR models). Parameter estimates resulting from the SAR analyses
were standardized before model-averaging to justify comparison
of averaged parameter estimates within and across years.
Figures for visualization and data processing of the explanatory
variables were created through ArcGIS 9.3 (ESRI, 2010). Spatial statistical analyses were preformed in R using the “spdep” package
(Dormann et al., 2007; Kissling and Carl, 2007).

3. Results
3.1. Spatiotemporal maize area dynamics
On a national scale, both maize heating units (MHU, i.e., temperature) and area-speciﬁc maize yield show a tendency to increase
from 1997 to 2008 (Fig. 2a and b). The patterns are closely parallel (Fig. 2a and b), with a much stronger correlation between
the yield and temperature (Fig. 2c) than the individual upward
trends of the two variables (Fig. 2a and b). Hence, the years with
high MHU are also the years that provide many feeding units per
hectare (e.g., years 1999, 2002, 2006) (Fig. 2a and b). In addition, the
maize-cultivated area exhibited a strong positive trend during the
1997–2008 period (Fig. 2d), and much more consistently so than
MHU (Fig. 2a) and area-speciﬁc yield (Fig. 2b). As a result, the correlation between area and MHU is weak (Fig. 2e). The correlation
between MHU in a given year and maize area in the subsequent year
is much stronger (Fig. 2f) than the same plot from identical years
(Fig. 2e), suggesting that past experience with maize production
inﬂuences the farmer’s decision on whether to grow maize.
From 1999 to 2008 MHU (i.e., temperature) increased across
Denmark, with the warmest years being 2002, 2003, and 2006
(Fig. 3). Maize area synchronously increased over this period
(Fig. 4).
3.2. Maize area spatial variation and its temporal dynamics
across Denmark
The maize area showed an overall steady increase with years
across all latitudes (Fig. 5), but most strongly in the north (Fig. 6).
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Fig. 2. Development of (a) the temperature index maize heating units (MHU, calculated over the growing period of maize, 15th of April to 15th of October, for forty-four
40 km × 40 km grid cells covering Denmark, see text for further explanation), and (b) annual maize yield per hectare. (c) MHU-maize yield correlation (data paired from the
same year). (d) Annual total maize area in Denmark on a national scale over the years 1997–2008. (e) MHU-maize area correlation (data paired from the same year), and (f)
MHU-maize area correlation when MHU is paired with maize area of the following year (year + 1).

Furthermore, the maize area was consistently concentrated in
western parts of Denmark through all years (Fig. 4). Cattle density
and sand percentage were signiﬁcant explanatory variables of the
spatial maize area pattern in all years, temperature in seven years,
precipitation in one, while agricultural area was never signiﬁcant
(Table 2). The model-average results conﬁrmed these patterns, with
the most important maize-area determinants being cattle density
and sand percentage, followed by MHU (Table 3). Cattle density and
sand percentage were also the most inﬂuential variables on maize
area followed by MHU (Table 3). The importance of MHU increased
over time shows an increasing tendency (Fig. 7a) and MHU inﬂuence is decreasing (Fig. 7b). The positive link of maize area to cattle
density increased in strength over time (Fig. 7c), while that of sandy

soil decreased (Fig. 7d), indicating a progressively stronger coupling
of maize to cattle and a synchronous decreasing edaphic constraint.
4. Discussion
4.1. Spatiotemporal maize area dynamics
Previous modeling studies have evaluated the future maize
area at higher latitudes (Davis et al., 1996) all predicting a geographical expansion of suitable area for maize growing due to an
increasing temperature. Both predictive models from Midwestern
United States (Southworth et al., 2000) and model simulation analyses from Europe (Wolf and Van Diepen, 1995) forecast increased

Table 2
The best spatial autoregressive (SAR) model of maize area as a function of one or more of the explanatory variables maize heating units (MHU), cattle density, percentage
sand, precipitation, and/or total agricultural area for each of the years 1999–2008.
Year, neighborhood distance (km)

MHU

Cattle density

Percentage sand

Precipitation

1999, 30
2000, 20
2001, 30
2002, 40
2003, 40
2004, 30
2005, 30
2006, 20
2007, 20
2008, 20

Xns
X***
X**

X***
X***
X***
X***
X***
X***
X***
X***
X***
X***

Xns

X*
X***
X***
X***
X*

X***
X***
X***
X***
X***
X***
X***
X***
X***
X***

Agricultural area

X*
Xns

Xns
Xns
Xns

Sum of signiﬁcant variable occurrence over all years

7

10

10

1

0

The model with the lowest AIC value among all 93 candidate models is depicted for each year. The neighborhood distance in this model is the distance used in the further
analysis. X indicates if a variable is present in the model. The signiﬁcance of each variable is given.
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Fig. 3. Spatial pattern of in maize heating units (MHU) in Denmark at a 10 km × 10 km resolution (542 cells) for the years 1999–2008.
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Fig. 4. Spatial pattern of maize area in Denmark at a 10 km × 10 km resolution (542 cells) for the years 1999–2008.
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Fig. 5. The maize area/total land area ratio for 10 km latitudinal bands for the years 1999–2008.

Table 3
Model-averaged inﬂuence (ﬁrst number) and importance (number in brackets, percent) of the variables: maize heating units (MHU), cattle density, percentage sand,
precipitation, and total agricultural area to describe maize area over 10 km × 10 km grid cells (n = 542) across Denmark for the years 1999–2008, and model-averaged
2
resulting from the spatial autoregressive (SAR) analysis.
coefﬁcient values for the Moran’s I, Moran’s I p-value, and RAdj
Year, neighborhood distance (km)

1999, 30
2000, 20
2001, 30
2002, 40
2003, 40
2004, 30
2005, 30
2006, 20
2007, 20
2008, 20

Averaged parameter estimates
MHU

Cattle density

Percentage sand

Precipitation

Agricultural area

0.087 (63.2)
0.245 (99.9)
0.092 (75)
0.018 (35.5)
0.020 (44)
0.061 (78.7)
0.115 (99.6)
0.088 (98.6)
0.095 (98.9)
0.045 (76.7)

0.802 (100)
0.811 (100)
0.679 (100)
0.892 (100)
0.830 (100)
0.899 (100)
0.935 (100)
0.912 (100)
0.894 (100)
0.875 (100)

0.216 (100)
0.146 (100)
0.181 (100)
0.196 (100)
0.180 (100)
0.127 (87.6)
0.122 (100)
0.125 (100)
0.122 (100)
0.116 (100)

−0.093 (60.9)
−0.004 (27.6)
−0.023 (43.6)
−0.004 (28.2)
−0.005 (28.6)
0.015 (38.8)
0.008 (36.5)
−0.043 (80.1)
0.026 (65.6)
0.004 (29)

−0.004 (28.3)
−0.002 (27.6)
0.000 (26.9)
−0.007 (33.2)
0.001 (26.9)
0.015 (47.7)
0.001 (26.9)
0.018 (54.1)
0.017 (54.4)
0.018 (53.3)

Moran’s I

Moran’s I p-value

2
RAdj

0.002
0.028
0.033
0.030
0.030
0.016
0.029
−0.009
−0.010
−0.012

0.144
0.885
0.052
0.727
0.070
0.214
0.078
0.063
0.065
0.068

0.822
0.866
0.888
0.899
0.9201
0.928
0.936
0.933
0.929
0.926

Model averaging was used to estimate one combined parameter-inﬂuence and parameter-importance over all 31 models. Inﬂuence: the Akaike weight is multiplied with
the parameter estimate for all 31 candidate models, and these values are summed over all models. Importance: the Akaike weights are summed over all models where the
parameter is present in the model. This gives the ﬁnal percentage importance (percentage chance that a parameter is in the best model of all candidate models). Moran’s I
values are based on values within a 20 km distance. All parameter estimates are standardized.

yields in northern areas whereas a decrease is expected in southern areas, due to drought (Tao and Zhang, 2010). In Denmark the
national maize area and harvest yield have expanded and this can
be ascribed to the increase in national calculated maize heating
units (Christensen and Olesen, 2003). Our study likewise records a
geographical expansion of maize over the years in Denmark (Fig. 4),
and the relative increase of maize area from 1999 to 2008 is higher
towards the north compared to the south (Fig. 6) supporting the
theory of a northward spatiotemporal expansion of maize cultivation.
On the national level, variations in temperature explain much
of the temporal variation in area-speciﬁc maize yields, whereas
temperature explains less of the increase in maize area (Fig. 2c–e,
respectively). This indicates that temperature has a signiﬁcant
effect on maize yield, while the maize cover seems to be inﬂuenced
more by other dominating factors. At Danish latitudes, where maize
is almost exclusively used for fodder, non-climatic factors reﬂecting
this usage (cattle density) of maize are important.
4.2. Climatic and non-climatic factors within years
Fig. 6. Latitudinal pattern in the maize area change in Denmark for the years
1999–2008: the ratio of maize area in 2008 to the maize area in 1999 given for
each 10 km latitudinal band.

The most important and inﬂuential distributional variables
according to the model averaging were the two non-climatic vari-
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Fig. 7. Akaike weights and model-averaged standardized parameter estimates for maize-area predictor variables as estimated across 31 spatial autoregressive models for the
years 1999–2008 (Table 3). Importance: the Akaike weights (Burnham and Anderson, 2002) are summed over all models where the parameter is present in the model. This
gives the ﬁnal percentage importance (percentage chance that a parameter is in the best model of all candidate models). Inﬂuence: the inﬂuence is calculated by multiplying
the Akaike weight with the parameter estimate for all 31 candidate models, and these values are summed over all models. (a) The annual development of maize heating
units (MHU) importance. The annual development of (b) MHU inﬂuence, (c) cattle density inﬂuence, and (d) sand percentage inﬂuence.

ables, cattle density and sandy soils, followed by one of the climatic
variables, temperature (Table 3). From a geographical context, it is
evident that the maize cover is concentrated in the western part
of Jutland (Fig. 4). This part of Denmark also has a more concentrated production of cattle than in the rest of Denmark. Cattle as
the most inﬂuential driver for all years is obviously connected with
the use of maize for cattle fodder. The other important non-climatic
factor inﬂuencing the spatial distribution of maize in Denmark
was the soil sand content. The importance of this edaphic factor is
even more particular to colder regions. The ideal soil temperature
for germination is 8–10 ◦ C (Andersen, 2000). In warmer countries
where this temperature is easily achieved, on loamy soils produce
best results. In colder regions such as Denmark, maize grows better
on sandy soils due to their higher heating rate compared to loamy
soils (Bjergmark et al., 2005). Another climatic variable, annual precipitation, did not inﬂuence the spatial distribution of maize in
Denmark. Given the dependence of maize on an ample water supply, this ﬁnding could at ﬁrst seem surprising, but probably reﬂects
the frequent use of irrigation during drought (Larsen et al., 2006;
Børgesen et al., 2009)
Also the farmers’ previous success with maize production could
play a role for his decision to grow maize. The years 2002 and 2003
turned out to be good years for growing maize in Denmark due to
unusually warm growing seasons (Figs. 2a and 3), and these years
also gave a large maize yield (Fig. 2b). The following years, 2004
and 2005, were colder than usual (Figs. 2a and 3), inﬂuencing maize

growth negatively (Fig. 2b). The unfavorable years were followed
by a warm year in 2006 (Figs. 2a and 3). Since there is a lag in maize
area expansion from 2004 to 2006 followed by a larger increase
from 2006 to 2007 (Fig. 2d), it is plausible that the cover is lacking
behind favorable years, probably due to high expectations to temperature and hence to the yields in 2007. This is further supported
by the fact that maize area and MHU are better correlated if the factors are paired one year displaced (Fig. 2e and f). Precipitation is not
a limiting maize area factor (Table 3). Maize can often be irrigated in
Denmark and the C4 plant is better able to cope with unusually dry
periods, than C3 fodder crops. Thus, the climatic and edapic variables (sand percentage and to some extent temperature) together
with the drivers requiring human control (cattle density and attention on previous temperatures) reﬂect the maize area. The climate
of course needs to be suitable for maize production, but once this
is fulﬁlled, humans decide where to plant the crop and to what
extent.
At present cash crops like wheat, rye and barley may be more
affected by yield-temperature dynamics because these crops are
used for food products. There can be larger economic losses if the
quality of a crop sold to humans falls below expectations compared to crops used for animals (Ørum, 2003). If maize could be
grown to maturity and sold on the market as a cash crop, variation
in temperature would probably have a larger effect on the size of
the area with maize due to a larger income. With future changes in
temperature and maize usage in northern countries it is possible
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that temperature will become more important and cattle density
less so.
4.3. Interacting dynamic effects of climate and non-climate
factors over time
The changes in model-averaged standardized parameter estimates across years reveal an increasing inﬂuence of cattle density
and a decreasing inﬂuence of sand percentage on the spatial maize
distribution in Denmark (Fig. 7c and d). The increased inﬂuence
of cattle density suggests an increasingly strong coupling of maize
agriculture and cattle farming. These changes in the importance
of the non-climatic variables may be driven by the warming climate. Northern areas in Denmark with a high cattle density may
have been too cool for maize production in the early part of the
study period, but ongoing warming have subsequently reduced
this limitation over time, increasingly allowing maize production
in all areas with high cattle densities. Likewise the decreasing inﬂuence of sand soil on the distribution of maize production may also
reﬂect climatic warming. The resulting decreasing general temperature limitation of maize production in Denmark over the study
period could drive a reduced agricultural importance of the higher
heating rate of sandy soils (Bjergmark et al., 2005), opening up for
maize production also on more loamy soils in Denmark. In this
way climatic (temperature) and non-climatic (cattle density and
percentage sand) factors may interact to control the spatiotemporal dynamics of maize production in Denmark across the study
period. Increasingly favorably temperatures for maize production
in Denmark may thus inﬂuence farmers in their decisions on where
to grow maize, including how edaphic conditions are considered
and affecting the role played by the geographic distribution of
consuming industries (notably cattle farming). We note that the
changing inﬂuences of soil and cattle farming on maize production
may also involve changing recommendations by the agricultural
advisory service and changes in agronomic practices as maize
agriculture becomes increasingly well-known in the Danish agricultural community. The generally warming climate may also be
affecting these socioeconomic and cultural changes, though.
4.4. Global implications
The most intensive maize production in Denmark is located in
the warmer southern parts of Jutland for all the years. There is a
similar north-south maize distribution tendency on a global scale.
Maize is most abundant in warmer regions such as the US Corn Belt
and decreasing in area cover towards northern latitudes (Andersen,
2000). This pattern is repeated on a European scale (Andersen,
2000), and in this small-scale geographical study from Denmark.
The importance of each variable can also be scale-dependent both
geographically and temporally. On a small geographical and time
scale, cattle density, yield success, economy, and political issues
may be the most important whereas on a larger time scale climate
may be the most important factor inﬂuencing maize distribution.
In this study, we found an effect of temperature on both a small
geographical scale (Denmark) and on a small time scale (10 years).
Consequently, we expect the trend to be even more signiﬁcant on
larger global scales where climate is often the most critical variable
inﬂuencing animal and plant distribution (Willis and Whittaker,
2002; Pearson and Dawson, 2003). To conclude, our analysis indicates that the maize area dynamics in the years from 1999 to 2008
in Denmark has been partly caused by past temperature increase,
with the changing temperature altering the effect of non-climatic
variables on maize distribution. Thereby, the geographical distribution in a given year has been mainly determined by cattle density
and soil type, with temperature playing an indirect role.
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