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Abstract Simulating regional variations in gross primary
production (GPP) and yields of major land cover types is
complex due to differences in plant physiological prop-
erties, landscape topography, and climate gradients. In
our study, we analyzed the inter-annual and inter-re-
gional variation, as well as the effect of summer drought,
on gross primary production and crop yields of 9 major
land uses within the state-funded Bioenergy Region
Bayreuth in Germany. We developed a simulation
framework using a process based model which accounts
for variations in both CO2 gas exchange, and in the case
of crops, growth processes. The results indicated a severe
impact of summer drought on GPP, particularly of
forests and grasslands. Yields of winter crops, early
planted summer grain crops as well as the perennial 2nd
generation biofuel crop Silphium perfoliatum, on the
other hand, were buffered despite drought by compar-
atively mild winter and spring temperatures. We esti-
mated regional yield increases from SW to NE,
suggesting a comparative advantage for these crops in
the cooler and upland part of the region. In contrast,
grasslands and annual summer crops such as maize and
potato did not exhibit any apparent regional pattern in
the simulations. The 2nd generation bioenergy crop
exhibited significantly higher GPP and yields compared

to the conventional bioenergy crop maize, suggesting
that cultivation of S. perfoliatum should be increased for
economic and environmental reasons, but additional
study of the growth of S. perfoliatum is still required.

Keywords Photosynthesis Æ Bioenergy production Æ
Plant growth model Æ Spatial analysis Æ Climate
change Æ Drought

Introduction

While forest vegetation in temperate zones is normally
the natural climax, and is still regionally dominant in
areas with mountainous terrain, dynamic changes in
forest cover have occurred for several thousands of years
as man exploited nature to derive specific ecosystem
services. Large changes in forest biomass in recent cen-
turies and decades and their impact on global carbon
balance have stimulated unprecedented research on
forest ecosystem processes throughout the world (Dixon
et al. 1994; Luyssaert et al. 2007; Granier et al. 2008;
Luyssaert et al. 2010; Muraoka et al. 2010). Yet changes
in forest cover impact man in multiple ways in addition
to carbon balance and forest production, modifying the
overall ecosystem services that are produced by the re-
gional social-ecological systems (SESs) within which we
live. Therefore, sustainable acquisition of ecosystem
services in complex SESs, their economic gains, and
their management under the influence of global change
are concerns that must be analyzed (Tenhunen et al.
2009; Tenhunen 2013).

With respect to modification of land use in Germany,
ambitious goals to increase the use of renewable energies
have led to doubling of the use of non-food biomass.
Within only a 2-year period from 2004 to 2006, the pro-
duction of biogas, dominantly obtained from maize, in-
creased tenfold, inducedby tax exemptions for biofuels and
feed-in tariffs for power production by energy plants
(Bringezu et al. 2009). Meanwhile, the indicated land use
change for energy cropping competes with forest and

Electronic supplementary material The online version of this article
(doi:10.1007/s11284-014-1208-4) contains supplementary material,
which is available to authorized users.

M. Ruidisch (&) Æ R. Geyer Æ J. Tenhunen
Department of Plant Ecology, University of Bayreuth,
95440 Bayreuth, Germany
E-mail: ruidisch@uni-bayreuth.de
Tel.: +49 (0) 921 55 3662
Fax: +49 921 55-2564

T. T. Nguyen
Institute of Environmental Economics and World Trade,
Leibnitz University Hannover, 30167 Hannover, Germany

Y. L. Li
South China Botanical Garden, Chinese Academy of Sciences,
Guangzhou 510650, China

Ecol Res (2015) 30: 279–292
DOI 10.1007/s11284-014-1208-4

http://dx.doi.org/10.1007/s11284-014-1208-4


conventional agriculture food production. In order to
avoid land use conflicts, bioenergy crop production should
best take place on land not required for food and fiber
(Fritsche et al. 2010). Fritsche et al. (2010) stated that
biomass is the ‘‘stuffof life’’ on this planet and that changes
in biomass production, e.g. the replacement of natural
vegetation with crop cultivation could have either positive
or negative impacts on ecosystem services, carbon balances
and via food chains also on human livelihoods. Therefore,
a sustainable bioenergy production from perennials grown
on prior degraded croplands or marginal lands and from
waste biomass is a priority consideration that requires
scientific evaluation. Use of perennials on marginal lands
wouldminimizehabitat destruction, competitionwith food
production and carbon debts, all of which are associated
withdirect and indirect landclearing forbiofuel production
(Fargione et al. 2008).

In this context, CO2 flux studies, which are critical to
understanding carbon-based services in forested land-
scapes and regions, should integrate and consider simul-
taneously the behavior of all major landscape elements
which determine the performance of the social-ecological-
system in question. In particular, regional scale analysis is
needed in order to focus on real acquired data and inte-
grative social-ecological measures, and on specific trade-
offs and compromises that are dependent on local eco-
system and land use characteristics. To integrate point
measurements, such as eddy-tower observations and
biomassmeasurements, and to examine these with respect
to variations in climate, process-basedmodels are needed.
Their application, however, often remains challenging
due to the lack of coordinated regional data bases for
driver variables and detailed land use maps.

In our study, we describe a process-based simulation
modeling framework that allows us to examine ecosys-
tem services provided by nine dominant landscape ele-
ments in 42 communities in the Bioenergy Region
Bayreuth over a time period of 10 years (2003–2012). In
detail, the goal of our study is to determine time and
spatial variations in annual (i) gross carbon uptake
(GPP) and (ii) total usable biomass yield of grasslands,
agricultural crops such as potatoes, summer and winter
grains and winter rape, as well as the 1st and 2nd gen-
eration bioenergy crops maize vs. the perennial S. per-
foliatum, and (iii) to analyze the impact of the summer
drought 2003 in Germany on agricultural production
and yields. Additionally, we estimate variations in the
GPP of coniferous and deciduous forests which are
major land cover types in the region, but where varia-
tions in biomass accumulation on an annual basis are
beyond the scope of the current analysis. In the case of
forests, the values of integrated GPP are viewed as an
indicator of relative changes in production. This study
provides one basis from which we can begin to examine
economically and environmentally sustainable land use
distribution in the region and adaptation strategies with
respect to climate change and weather extremes.

Materials and methods

Site description

The Bioenergy Region Bayreuth is one of 25 regions in
Germany, which were selected in a competition by the
German Federal Ministry of Food, Agriculture and

Fig. 1 Topography of the Bioenergy Region Bayreuth with 42 communities
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Consumer Protection (BMELV) to be supported in
implementation of their regional development plans for
bioenergy production. The Bioenergy Region Bayreuth
represents an area of 154,455 hectare and is divided into
42 communities (Fig. 1). The altitude in the region
ranges from 336 masl in Igensdorf (49�37¢20.0¢¢N,
11�13¢51.7¢¢E) located in the southwestern part of the
Bioenergy Region up to 1,024 masl at the mountain
Ochsenkopf in the Fichtelgebirge (50�01¢50.5¢¢N,
11�48¢27.1¢¢E) in the northeast.

The climate conditions in the region depend highly on
topography. At Ochsenkopf, the average annual tem-
perature is 6.4 �C and the mean annual precipitation is
1,210 mm. Accordingly, the southwestern part is char-
acterized by higher temperatures and lower amounts of
precipitation. In Weissenohe in the extreme southwest,
the mean annual temperature and the mean annual
precipitation sum are 8.4 �C and 665 mm, respectively.
In 2003, the minimum and maximum air temperature in
June and August ranged more than 4 �C above the
average base line, while precipitation was low from
May–September with particularly low rates in June and
August (Rebetez et al. 2006). In our study, we used
hourly climate data from 2003–2012 of six weather sta-
tions provided by the agrometeorological weather sta-
tion network of the Bavarian State Research Centre for
Agriculture (LfL), a weather station of the botanical
garden (ÖBG) in Bayreuth (49�55¢45¢¢N, 11�35¢10¢¢E) as
well as a weather station of the University of Bayreuth
located in Bayreuth Waldstein/Weidenbrunnen
(50�08¢31.2¢¢N, 11�52¢00.8¢¢E) (http://fluxnet.ornl.gov/
site/405). We interpolated the climate variables global
radiation, air temperature, relative humidity, wind speed
and precipitation using bilinear interpolation method
(triangulation) based on a raster map with a resolution
of 100 · 100 m to obtain individual climate data sets for
all 42 communities.

The soils in the region are classified according to the
national soil classification system. In the Bayreuth re-
gion, the dominant soil types are Podzolic Cambisols
and Cambisols developed on mesozoic/tertiary sands
and loams/clay, respectively. In the southwestern part of
the region the dominant soil types are Leptosols and

Cambisols developed on calcareous rocks and marls.
Soils such as Cambisols and Podsolic-Cambisols in the
northeastern part of the region are mostly acidic due to
its granitic parent rock material. Furthermore, and in
dependence on base saturation Luvisols or Alisols,
Cambisol, stagnic Cambisols and Stagnosols develop on
residual loess. On agricultural field sites, agricultural
management activities such as tillage and plowing often
modified the natural soil structure. The plowing pan
functions as a sharp interface between topsoil and
underlying subsoil.

The land use of the region is characterized by a pat-
chy distribution of agricultural fields and forest stands
accounting for 45 and 43 % of the land cover, respec-
tively. Table 1 provides an overview about the land use
in the region. The agricultural area of ca. 70,000 ha is
53 % in agricultural production and 35 % in permanent
pasture. Only 8 % of the area in agricultural production
is currently used for bioenergy crop cultivation (Bavar-
ian State Agency for Statistics and Data Processing
2012).

Simulation of gas exchange and annual plant growth

Model characteristics

The model PIXGRO consists of two coupled modules,
the canopy flux module PROXELNEE (PROcess pixel
net ecosystem exchange model) and vegetation structure
module CGRO (Crop GROwth). The module PROX-
ELNEE captures canopy processes such as gross photo-
synthesis (GPP), ecosystem respiration (Reco), net
ecosystem CO2 exchange (NEE) and transpiration. The
simulation of gross photosynthesis (GPP) is imple-
mented in module PROXELNEE using algorithms of
Farquhar and Caemmerer (1982) with modifications
from Harley and Tenhunen (1991). CGRO simulates
growth and development processes e.g. leaf area index
(LAI) and differentiated biomass development of dif-
ferent plant compartments such as leaves, stems, roots
and grains according to five growth stages. The simu-
lated LAI from CGRO is passed to the PROXELNEE

Table 1 Land use in the Bioenergy Region Bayreuth in 2004 and 2010

Land use 2004 2010 Change (%)

Area (ha) Area (%) Area (ha) Area (%)

Forest 66,525 43.1 66,814 43.3 +0.2
Agriculture 71,056 46.6 69,871 45.2 �1.4
Agriculture 37,060 24.0 37,729 24.4 +0.4
Pasture 24,325 15.7 24,623 15.9 +0.2
Others 9,671 6.3 7,518 4.9 �1.4
Traffic area 7,105 4.6 7,261 4.7 +0.1
Residential area 6,549 4.2 7,212 4.7 +0.5
Others 3,220 2.1 3,294 2.1 +0.5
Total 154,455 100.0 154,455 100.0

(Bavarian State Agency for Statistics and Data Processing 2012)
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canopy process module and the computed fixed C
fluxes are returned to CGRO, which then simulates
crop growth. Dry matter accumulation rate is simu-
lated from the hourly gross photosynthesis, Pgros
(molCO2 m�2 h�1) after conversion to gross carbohy-
drate production rate, Pg (gCH2O m�2 h�1) and the
latter reduced by plant respiration losses (Adiku et al.
2006; see detailed description in the supplementary
materials). Until the end of vegetative growth, the net
hourly growth is partitioned to leaves, stems, roots,
and grains. The values of the partitioning coefficients
change with the stage of the crop development. For
instance, in the second stage (development stage) bio-
mass partitioning coefficients for leaves are higher
compared to biomass partitioning coefficients for
grains. Thereafter, biomass produced is partitioned
mainly to reproductive structures, e.g. to the grain or
storage organ (cf. potato). Detailed descriptions of the
PIXGRO model algorithms and the linkage between
PROXELNEE and CGRO modules are provided in the
supplementary material. The parameter settings uti-
lized in the current application are described below
after explanation of the model calibration procedures.

Model calibration for different land uses

In our modeling study, the models for varying land-uses
were first calibrated against GPP flux observations of
eddy covariance tower sites in Germany, France and
Belgium obtained from the FLUXNET (http://www.
fluxnet.ornl.gov/) data base. The climate characteristics
as well as the vegetation cover of the selected tower sites
are given in Table 2. Both, the coniferous and decidu-
ous forest models were calibrated using the eddy-flux
datasets of the year 2002 and were validated with the
GPP flux observation datasets of the years 2003–2005.
For grasslands, we used eddy covariance datasets of
2003 for calibration and validated the model with the
dataset of the following year. For the agricultural crops,
GPP datasets were only available for a single year,
namely winter rape (2005), winter grain (2006), potato
(2006) and maize (2007). For summer grain and S.
perfoliatum, eddy covariance tower sites and, thus, GPP
data sets easily related to conditions in our region were
not available, so that these land use categories were
calibrated only against biomass measurements and an-
nual yield statistics (Table 4).

If data was available, we additionally calibrated the
models against leaf area index (LAI), biomass mea-
surements and yields. Datasets of LAI were only
available for the land use categories grassland, maize
and potato. For potato, aboveground and root bio-
mass as well as tuber yield was also available. For
maize, we calibrated the model against root and
aboveground biomass. Grain yield was available for
summer and winter grain as well as for winter rape.
Table 3 provides an overview of the available datasets
which were included into the calibration procedure.
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The final calibration was carried out using annual
yield statistics from the Bioenergy Region Bayreuth
(Table 4). After calibrating the GPP fluxes, LAI, bio-
mass and yields for varying land uses at eddy sites, all
models for the different land cover types were run with
the weather data of the years 2003 and 2011 from Bay-
reuth/Mistelbach, and checked against the observed
yields according to data from experiments conducted by
the Amt für Ernährung, Landwirtschaft und Forsten
during these years (Dr. Friedrich Asen, personal com-
munication). If the total yields differed significantly from
the annual yield statistics, biomass partitioning coeffi-
cients were adjusted to obtain agreement.

The 10 years chosen allowed us additionally to adjust
crop response for the influence of severe summer drought
which occurred in 2003 across Europe. In the model, the
effective leaf area in carbon uptake (GPP) is proportion-
ally decreased in response to soil matric potential beyond
a critical threshold. Reduction of the effective leaf area
reflects the decreases in canopy conductance for CO2 that
result from stomatal closure. Based on the GPP obser-
vations in 2003 vs. other years, a linear relationship of
effective leaf area to soil matric potential was adjusted for
all land uses. Plant response to drought was finally cali-
brated to obtain the ratio of the yields found forBayreuth/
Mistelbach in 2003 and 2011. The calibrated key param-
eters of PIXGRO modules CGRO (Table SM1) and
PROXELNEE (Table SM2) as used in the simulations are
provided in the supplementary material.

Defining the growth season across the Bioenergy Region
Bayreuth

Temperature is one of the most important factors gov-
erning plant growth (Neitsch et al. 2009). The concept of

heat units are typically used to predict growth and
development of crops and have been successfully em-
ployed in order to develop planting schedules for horti-
cultural crops (Brown 1989). Each plant has its individual
heat requirements for optimal growth and a mean daily
temperature has to exceed the base temperature in order
to induce growth. According to (Brown 1989) heat unit
accumulation for a given day is calculated by

HU ¼ Tav� Tbase ðif Tav[TbaseÞ ð1Þ

where HU = accumulated heat unit on a given day,
Tav = mean daily temperature (�C) and Tbase = base
temperature (�C). Indirectly, the planting carried out by
farmers is also related to heat sums in their subjective
evaluation of when it is appropriate to seed their fields.

In this study, we used the heat sum concept to
determine a start of the growth season for each of the 42
communities of the Bioenergy Region Bayreuth. In or-
der to do so, we calculated HU at the beginning of the
season at the calibration sites for all land uses except for
coniferous forests. The season start for coniferous forest
with evergreen needle species was set constant to DOY
120 for all years. For deciduous forests the HU concept
was applied with a base temperature of 5 �C (Diekmann
1996). A base temperature of 0 �C was used for winter
grain, winter rape and spring barley (Kiniry et al. 1995),
while for grassland a base temperature of 4 �C was as-
sumed (Hutchinson et al. 2000). For potato and maize,
we used a base temperature of 7 and 8 �C, respectively
(Kiniry et al. 1995; Hackett and Carolane 1982). The
base temperature for S. perfoliatum was set to 5 �C (Titei
et al. 2013). Secondly, we calculated HU for grassland
and agricultural crops for each land cover and each year
(2003–2012) using climate data specific for the 42 com-
munities indicated in Fig. 1. Thus, we determined the

Table 4 Annual yield statistics of average yields (t DW ha�1) of agricultural and bioenergy crops from 2002 to 2011 in Upper Franconia

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Winter wheat 6.7 5.9 8.9 7.8 6.8 7.3 6.9 7.1 7.0 6.4
Winter rape 3.4 3.2 3.9 4.1 4.2 3.2 3.8 3.8 4.0 3.7
Summer barley 5.2 5.9 5.6 6.0 5.1 5.8 5.4 6.0 5.4 5.7
Potato 42.8 36.8 48.8 54.3 44.2 42.8 40.0 47.4 52.4 49.2
Silo maize 16.6 14.8 15.3 15.5 15.4 16.1 14.4 14.9 12.9 18.1
Grassland 8.8 3.8 5.1 6.4 8.0 9.4 7.2 8.3 9.9 6.4

Table 3 Available datasets of gross photosynthesis (GPP), leaf area index (LAI), biomass and yields for calibration of land use models

Land use GPP LAI Biomass/yield

Deciduous forest · – –
Coniferous forest · – –
Grassland · · ·
Winter grain · – ·
Winter rape · – ·
Summer grain – – ·
Silphium perfoliatum – · ·
Maize · · ·
Potato · · ·
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day, when the heat sum corresponded to the heat sum
calculated for planting at the calibration sites. This ap-
proach allowed us to implement individual season starts
for all agricultural crops and grassland in 42 commu-
nities and specific for each of 10 years. The variation in
the beginning of the growing season for maize in the
years 2003 and 2010 within the Bioenergy Region Bay-
reuth is shown as an example in Fig. 2. Generally, the
time of season start was related to the temperature
gradient from southwest to northeast within the region.

Statistical analysis

Statistical analysis was carried out using the statistical
software package R (R Core Team 2013) in order to
identify significant drought effects. The simulated an-
nual GPP and the total yields from 2003 to 2012 for all
land use types were tested for normal distribution and
for homogeneity of variance using the Shapiro–Wilk-test
and Levene test, respectively. Afterwards, the Kruskal–
Wallis-test was applied in order to identify differences in
mean within all groups. Finally, we used the paired
Wilcoxon-signed rank test (95 % confidence interval) as
a post hoc test to determine whether the annual GPP
and the total yields are significantly different between the
drought year 2003 and the other years.

Results

Model calibration and validation

In Fig. 3 the annual course of observed and simulated
GPP fluxes for all land use types except for S. perfolia-
tum and summer grain are shown. In general, the
agreement between observed and simulated GPP fluxes

for coniferous and deciduous forests was satisfying for
the calibration year 2002. With regard to validation, the
agreement of observed and simulated carbon uptake of
deciduous and coniferous forests for the years
2003–2005 was satisfying with R2 > 0.65 except for the
broadleaf forest for the year 2004 (R2 = 0.58). The
validation results are fully shown in the supplementary
material (Figs. 1). The GPP fluxes of deciduous forest in
2004 decreased during late summer significantly because
of forest thinning (Granier et al. 2008). This manage-
ment practice resulted in an overestimation of GPP
fluxes during summer in comparison to the observed
GPP. The calibration and validation models of grass-
land showed also a good agreement of GPP fluxes in
comparison to the observations, although the simulated
GPP fluxes in both years were slightly overestimated by
the model. The GPP fluxes of the agricultural crops
maize, potato and winter grain were accurately predicted
and resulted in a very good agreement (R2 > 0.88).
However, the agreement between simulated and ob-
served GPP fluxes for winter rape was low (R2 = 0.56)
in comparison to all other land uses since the simulated
fluxes were overestimated in the later part of the growing
season.

The simulated leaf area index (LAI) was also com-
pared to observed LAI but only for grassland, maize and
potato (Fig. 4). For both years 2003 and 2004, the
simulated LAI of grassland was consistent with the
observations. The crop model of maize delivered also a
good agreement although the observed LAI declined
earlier compared to the simulated LAI. The comparison
of the simulated and observed LAI of potato showed the
expected trends but was less satisfying (R2 = 0.25).
Time-sequence LAI observations of S. perfoliatum were
not available, thus the model was only adjusted to the
observed LAI of 4.77 (DOY 193). In comparison, the
simulated LAI on DOY 193 was 4.84.

Fig. 2 Simulated regional variation in season start (DOY = day of the year) of maize cultivation for the years a 2003 and b 2010
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The PIXGRO model was calibrated using yield data
of an experimental plot planted with S. perfoliatum in
Bayreuth in 2012. In this year, the yield of the experi-
mental sites was 18.3 t ha�1, while the simulated yield
was 18.4 t ha�1 when using weather data of Mistelbach
near Bayreuth (Fig. 5). The yield of the agricultural
crops winter grain and winter rape was slightly overes-
timated by the model, while maize and potato was
underestimated. However, generally the agreement be-
tween simulated and observed yields was satisfying as
shown in Fig. 5. The model calibrated for grassland
largely overestimated yield biomass. However, the yield
ratio shown by the annual statistics (Table 4) as well as
by the measured yields in Grillenburg corresponded well

to the simulated yield ratio of the years 2003 and 2004.
Additionally, however, it should be realized that the
direct comparison of yields between both years is not
feasible due to differences in total number of harvests
and harvest timing. In 2003 e.g. grasslands were har-
vested only twice on DOY 167 and 287, while during
2004 the grassland site was harvested three times (DOY
177, 217, 300). The PIXGRO model was calibrated for
summer grain crops using only annual yield statistics
(Table 4), since no eddy flux observations and LAI data
from Central Europe was available for this land use
type. Therefore, we used the plant physiological
parameter set of winter grain but shifted the season start
to April. Subsequently, we simulated summer grain
using weather data of 2003 and 2011 in Mistelbach. At
the end of July (DOY = 212) the simulated yield for the

Fig. 3 Simulated vs. observed GPP fluxes of a deciduous forest
2002/calibration, b deciduous forest 2003/validation, c coniferous
forest 2002/calibration, d coniferous forest 2003/validation, e grass-
land 2003/calibration f grassland 2004/validation, gmaize 2007/cal-
ibration, h potato 2006/calibration, i wintergrain 2006/calibration,
and j winter rape 2005/calibration

Fig. 4 Simulated vs. observed leaf area index (LAI) of a grassland
2003/calibration, b grassland 2004/validation, maize 2007/calibra-
tion, and d potato 2006/calibration

Fig. 5 Simulated vs. observed total yields of a1 grassland 2003, a2
grassland 2004, b potato, c winter rape, d winter grain, e maize, f S.
perfoliatum
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years 2003 and 2011 was 5.93 and 5.97 t ha�1, respec-
tively. In comparison to the annual yield statistics of the
region (Table 4) the simulated yields matched very well.

Gross primary production (GPP) of forests, agricultural
and bioenergy crops across the Bioenergy Region Bay-
reuth

Drought effects and interannual variability of GPP

Forests and grassland The distribution of simulated an-
nual GPP for all land use types within 10 years are
summarized in Fig. 6. For both, coniferous and decid-

uous forest the maximum simulated annual GPP was
reached in the year 2007. In contrast, the severe drought
in summer 2003 affected annual GPP of both, coniferous
and deciduous forest by decreasing GPP to a 10 years
minimum. In the comparison of the annual GPP of 2003
and all other years, both forest types showed signifi-
cantly lower carbon uptake (paired Wilcoxon test,
p < 0.001) in 2003. In agreement with the carbon up-
take of forests, grasslands also showed a high interan-
nual variation of annual GPP with the highest carbon
uptake rate in 2007 as well as significantly lower annual
GPP in the drought year 2003 compared to other years
(paired Wilcoxon test, p < 0.001).

Agricultural crops The group of agricultural crops,
namely potato, winter and summer grain, and winter
rape, showed similar annual carbon uptake rates during
the time period 2003–2012 with average annual GPP
sums ranging from 624 to 934 gC m�2 year�1. Only
winter rape showed noticeable higher carbon uptake
ranging from approx. 1,260 to 1,990 gC m�2 year�1. The
interannual comparison showed further that for grain
crops, highest GPP was reached in 2004, while for the
root crop potato the highest carbon uptake was simu-
lated in 2009. The summer drought 2003 did not affect
carbon uptake rates of agricultural crops by decreasing
it to a minimum. Instead, the simulation years 2009 and
2010 showed lowest simulated carbon uptake for grain
crops and root crop, respectively. Indeed, the annual
GPP of agricultural crops in 2003 was significantly dif-
ferent (paired Wilcoxon test, p < 0.05) compared to the
majority of other years, but this was attributed to the
overall high interannual variability of GPP.

Bioenergy crops The annual carbon uptake of the bio-
energy crop maize ranged from approx. 500 to 1,000 gC
m�2 year�1. In comparison, the 2nd generation bioen-
ergy crop S. perfoliatum showed remarkably high annual
carbon uptake ranging from approx. 1,000 to 1,900 gC
m�2 year�1. Similar to the group of grain crops, the
minimum of annual GPP by the perennial S. perfoliatum
was reached in 2009. In contrast, maize showed its an-
nual minimum GPP similar to the root crop potato in
the year 2010. The annual GPP of maize in the summer
drought year 2003 was significantly different to all other
years (paired Wilcoxon test, p < 0.001) except for 2006.
However, and similar to the agricultural crops, the
interannual comparison showed an average level for
GPP in 2003. In comparison, the annual GPP of the 2nd
generation bioenergy crop S. perfoliatum, did not sig-
nificantly differ between the drought year 2003, in 2006
or in 2010 (paired Wilcoxon test, p > 0.24). Except for
the year 2009, in which the annual GPP was significantly
lower compared to the drought year 2003 (paired Wil-
coxon test, p < 0.001), the annual GPP in the remaining
years were significantly higher in comparison to 2003
(paired Wilcoxon test, p < 0.01). In comparison to

Fig. 6 Simulated interannual variation of GPP from 2003 to 2012
(n = 42 communities) for a coniferous forest, b deciduous forest,
c grassland, d potato, e summer grain, f winter grain, g winter rape,
h maize, i S. perfoliatum. Note that y-scales vary between land uses
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maize, the interannual variability of GPP by S. perfoli-
atum was strikingly higher, perhaps due to its long
growth period and the influences of climate during
spring, summer and fall.

Interregional comparison of 10 years average GPP

In Fig. 7, maps of 10-year average annual carbon uptake
for the dominant land use types within the region are
shown. While the deciduous forest showed a clear GPP
gradient from NE to SW, the lowest average annual GPP
of coniferous forest was located in the central part of the
region. The interregional comparison of average annual
GPP of grassland, potato, and maize followed also the
NE-SW gradient similar to deciduous forest with lower
carbon uptake in northeastern part of the region and
highest uptake rates in the southwestern region. In con-
trast, all crops which are planted in the previous year,
namely winter grain, winter rape, the perennial crop S.
perfoliatum as well as the early planted crop summer
grain showed a gradient reversal with lower average an-
nual GPP in the southwest and highest carbon uptake in

the regions of high altitudes (NE). The average GPP of
deciduous forests, grassland, potato and maize was
noticeably lower in the community Pottenstein (located
centrally within the southwestern region) in contrast to
its surrounding communities. Similarly, the community
Warmensteinach (located centrally within the outmost
northeastern region) showed low annual GPP of winter
and summer grain as well as for winter rape in compar-
ison to its surrounding communities.

Total yields of grasslands, agricultural and bioenergy
crops

Drought effects and interannual comparison of yields

The interannual comparison of yield boxplots is shown
in Fig. 8. In general, annual total yields correlated
positively to annual GPP regardless for all agricultural
and bioenergy crops. A detailed overview about the
relationship between GPP fluxes and yields for all crop
types are given in Fig. 3 in the supplementary material.

Fig. 7 Simulated 10-year average annual GPP (gC m�2 year�1) for a coniferous forest, b deciduous forest, c grassland, d potato, e summer
grain, f winter grain, g winter rape, h maize, i S. perfoliatum in the Bioenergy Region Bayreuth
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Grasslands The total yield for grassland varied between
approx. 4.8 and 8 t ha�1 year�1 within the time period of
2003–2012. As it was shown in the interannual com-
parison of GPP, the drought year 2003 also led to sig-
nificantly lower grassland yields compared to all other
years (paired Wilcoxon test, p < 0.001). Accordingly,
the highest yield was simulated in the year 2007. Both
results are in accordance to the annual yield statistics
(Table 4), which also showed lowest yields in 2003 and
relatively high yields in 2007. The simulated total
grassland yields in all other years were comparable as
seen by a low interannual variability.

Agricultural crops The total yield of potato ranged be-
tween 5.9 and 9.8 t ha�1 year�1 (2003–2012). As in the
case of grassland, the total yield of potatoes was sig-
nificantly lower in the drought year 2003 compared to all
other years (paired Wilcoxon test, p < 0.001). In prin-
ciple, the potato simulations showed relatively high
interannual variability of total yields with highest yields
in the years 2009 and 2011. For summer and winter
grain, the range of total yield was approx. from 4.6 to
7.5 t ha�1 year�1 and 3.7 to 6.3 t ha�1 year�1, respec-
tively. The simulated total yields of winter rape ranged

from 4.4 to 8 t ha�1 year�1. Similarly to the annual GPP,
the lowest total yield of grain crops was not due to the
summer drought 2003 but was simulated for the years
2008 and 2009.

Bioenergy crops Within the time period of 10 years, the
range of total yields of maize and S. perfoliatum was 9.8
to 15.4 t ha�1 year�1 and 12.7 to 23.3 t ha�1 year�1,
respectively. For maize crop, the total yield was signifi-
cantly lower in the drought year 2003 compared to the
other years (paired Wilcoxon test, p < 0.001) except for
2010 (paired Wilcoxon, p = 0.17). The low maize yield
in in 2003 and 2010 was also shown by the annual yield
statistics (Table 4). The total yield of the 2nd generation
biofuel crop S. perfoliatum in 2009 was significantly
lower compared to the drought year 2003 but in com-
parison to all other years, the yield in 2003 was still low.
In general, the interannual variability of total yields was
high for both, maize and S. perfoliatum.

Interregional comparison of 10 years average yields

Figure 9 gives an overview of the regional differences in
10-year average total yields for grassland, agricultural
and bioenergy crops. The regional difference of grassland
yield within the region was 1 t ha�1 year�1 (6.2 min.; 7.2
max. yields). Considering the maximum yield of 7.2 t
ha�1 year�1 as 100 %, the minimum yield corresponds to
14 % less grassland yield. Accordingly, the average re-
gional difference of potato and summer grain yields was
1.5 and 1.2 t ha�1 year�1, which corresponds to 17 and
19 % fewer yields in comparison to the maximum total
yield. Yields of both, winter grain and winter rape
showed a regional difference of 1.1 t ha�1 year�1, which is
equal to only 80 and 85 % of the maximum total yield,
respectively. Furthermore, the interregional difference in
yields of the bioenergy crops maize and S. perfoliatum
was 2.9 and 3.6 t ha�1 year�1. These differences corre-
spond to 20 and 18 % fewer yields compared to the
maximum yield of the respective crop.

As it was shown in the interregional variation of GPP
(Fig. 7), both communities Pottenstein and Warmen-
steinach simultaneously show invariable low yields
compared to their surrounding communities (Fig. 9).
The regional pattern of average annual GPP of grass-
land, potato and maize suggested a similar pattern of
total yields within the region following a NE-SW gra-
dient with relatively low yields in NE and relatively high
yield in SW. However, such yield gradient could not be
identified for these three crop types (Fig. 9). Moreover,
no obvious regional pattern in yields was discernible. In
contrast, the perennial crop S. perfoliatum, winter grain
and winter rape as well as the early planted summer
grain showed the gradient with low yields in SW and
high yields in the mountainous areas in NE. This gra-
dient was comparable with the gradient already ob-
served in average annual GPP.

Fig. 8 Distribution of total yields from 2003 to 2012 in 42
communities for a grassland, b potato, c summer grain, d winter
grain, e winter rape, f maize, and g S. perfoliatum
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Discussion

Methodology

Levy et al. (1999) stated that the regional interpolation
of point eddy-covariance measurement is extremely
unreliable due to heterogeneity of the landscapes and
nonlinearity inherent in ecophysiological processes. In
our approach we did not scale up from eddy covariance
measurements to regional scale in the usual sense by
employing a raster-based regional landscape model, but
used one-dimensional models to simulate GPP and
yields for each individual community, varying plant
physiological and plant growth parameters in combi-
nation with different season start dates and different
weather input for each community. This modeling pro-
cedure allowed us to derive regionally dependent GPP
and yields for 9 different land uses over 10 years. Al-
though both, GPP and yields will not change abruptly as
shown for community borders in mapped outputs and

hydrological coupling is not addressed (the model
application is a one-dimensional vertical formulation),
the modeling approach provides a new perspective, since
changes in specific ecosystem services are obtained that
can be related to agricultural economic statistical data
and analyses.

Care is needed to specifically simulate plant response
across a region. Our study is a methodological attempt
to do so, although some model limitations arise in terms
of calibrating at stand level and using these parameter
sets for a regional modeling approach, especially in the
dimension of GPP, LAI, carbon allocation and yields.
For instance, acclimation response of the individual
species, soil heterogeneity as well as agricultural man-
agement e.g. conventional vs. organic fertilization
influences the CO2 gas exchange and biomass produc-
tion within the region. These factors had to be neglected
or simplified because little is known about acclimation
responses of individual species as well as small-scale
climate gradients and soil heterogeneity. Thus, the crit-

Fig. 9 Simulated 10-year average total yield (t ha�1 year�1) for a grassland, b potato, c summer grain, d winter grain, e winter rape,
f maize, g S. perfoliatum in the Bioenergy Region Bayreuth
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icism of Levy et al. (1999) that nonlinearity in eco-
physiological processes remains a problem for regional
extrapolations cannot be denied. The results of the
modeling effort must be understood with this reserva-
tion. However, the PIXGRO application across the
Bioenergy region Bayreuth provides a valuable tool that
is sensitive to climate, especially drought as far as cali-
bration data for drought response of prominent vege-
tation is available.

The potential of using the model output datasets to
determine yields and to estimate risks of specific land use
configurations in terms of drought impacts will support
the regional economic evaluation of production, farm-
ers’ crops choice and land use decisions. To determine
whether a certain land use for forests, agriculture and
bioenergy plants within a region is economically profit-
able and environmentally sustainable in the context of
different adaption strategies to climate change will be a
focus of our future research by applying specific IPCC
climate change scenarios and a regional economic eval-
uation of adaption measures. Using natural science crop
modeling approaches together with economic analysis
can be useful for similar attempts at other locations
(Nguyen and Tenhunen 2013).

Interannual and interregional comparison of GPP
and yields

The comparisonof simulatedGPPandyields over aperiod
of 10 years showed that both are highly variable for all
land uses. The simulated interannual and interregional
variability was due to the interplay of weather conditions,
especially temperature and rainfall as well as differences in
the beginning of the season. For example, in 2009 the high
average monthly temperatures in April and May sup-
ported growth conditions for summer crops such as potato
and maize and resulted in highest yields. Furthermore,
mild temperatures in February 2004 supported high yields
of winter and summer grain, winter rape and the perennial
crop S. perfoliatum (Fig. 2). Affected by such weather
conditions, the heat sum approach led to early season
starts of winter and summer grain, winter rape and the
perennialS. perfoliatumdue to their lowbase temperatures
which in turn automatically extended the growing season,
thus the time to allocate carbon into individual plant parts
was extended. This was in accordance to Mendham et al.
(1981) who found high yields of winter oil-seed rape in
dependence on mild temperatures during spring season.
Since climate change scenarios forecast higher tempera-
tures in winter and spring in future, winter annual and
perennial crops species are likely to have an advantage
(Olesen and Bindi 2002). However, Rötter and van de
Geijn (1999) reported that e.g. higher temperatures in
winter are likely to regularly exceed optimal temperatures
for growth and development, and that vernalization could
be reversed, which poses a risk for crop damages. Addi-
tionally, for both winter wheat and spring barley, a tem-
perature increase in wintermay lead to damages caused by

pests and phytopathogens (Olesen et al. 2011). These
feedback mechanisms with regard to increased tempera-
tures could not be captured by our model simulations.

Generally, an increase in temperature and CO2 due to
climate change has been predicted to be beneficial for
forests, grasslands and annual summer crop because of a
prolongation of the growing season, enhanced photo-
synthesis rates and spatially northward expansion of
suitable areas for crop cultivation (Olesen and Bindi
2002; Luyssaert et al. 2007), however, the vulnerability
of these ecosystems is increased due to a higher fre-
quency of summer droughts followed by heavy rain
events (Solomon et al. 2007). In our simulations, forests
and grasslands as well as annual summer crop cultiva-
tions of potatoes and maize were mostly affected by low
water availability during summer drought 2003, showing
significantly lower GPP and yields compared to other
years. This was also reported by Hussain et al. (2011)
and Ciais et al. (2005), who found significantly reduced
productivity of forests and grasslands in Europe and
Germany turning these ecosystems into carbon sources
under summer drought conditions. Furthermore,
Rouault et al. (2006) reported that drought had indeed
directs effects on tree physiology and growth in western
European forests, but similar to winter crops the most
important impact is caused by secondary factors such as
insects, pathogens and fires.

1st and 2nd generation bioenergy crop cultivations

To support sustainable bioenergy production, it is nec-
essary to investigate the potential of 2nd generation
bioenergy plants in order to minimize ecological impacts
such as the attrition of organic matter, soil erosion and
compaction and subsequently nutrient leaching and
eutrophication of ground and surface water resources
which is likely to occur for instance in widespread an-
nual bioenergy crop cultivation systems such as maize
(Vadas et al. 2008). S. perfoliatum was identified to have
several advantages from an ecological point of view
compared to maize since it is cold-resistant; fast-growing
and cultivated as a permanent crop that makes the an-
nual soil tillage redundant and covers soils during winter
season. In our study, the 2nd generation bioenergy crop
S. perfoliatum showed much higher GPP and yields
compared to commonly grown bioenergy crop maize.
Hence, to promote sustainable bioenergy production
perennials such as S. perfoliatum can either potentially
substitute 1st generation bioenergy plants like maize or
can be grown on marginal lands to avoid land compe-
tition between 1st generation bioenergy crops or food
crops (Kang et al. 2013). Indeed, the estimation of GPP
and yields of S. perfoliatum in our study is limited in
validity because of lacking extensive calibration data for
bioenergy crops. However, although the GPP and yield
estimation might be overestimated by the model, culti-
vating permanent crops for bioenergy production are
beneficial to reduce ecological impacts on soils and wa-

290



ter resources. Generally only few eddy covariance
studies on bioenergy cultivations exist (Shurpali et al.
2009; Zenone et al. 2011) demonstrating the need of
future research in order to derive reliable estimates for
simulating GPP and yields of 2nd generation bioenergy
cultivations. Additionally, future field studies should
address the sensitivity of production to annual climate
variations as well as the suitability of marginal land as
habitats for S. perfoliatum.

Conclusion

Although elevated CO2 concentrations and increasing
temperatures enhance net photosynthesis and expand
the growth period of forests, grasslands and annual
summer crop cultivations, the impact of summer
drought events, which are expected to increase in fre-
quency under the influence of climate change, are likely
to affect gross primary production and yields. Further-
more, our simulations demonstrate that mild winter and
spring temperatures support increased yields of winter
crops, early planted summer grain and perennial crops
such as S. perfoliatum. Since future climate scenarios
forecast temperature increases in the winter season,
winter annuals and the perennial crop S. perfoliatum
may benefit from changing climate, if we disregard sec-
ondary effects, such as pest outbreaks.

Except for coniferous forest, the GPP of deciduous
forest, grassland and summer crop cultivations increased
along a regional gradient from northeast to southwest,
while theGPP of winter crops such as winter grain, winter
rape, and early planted summer grain crops showed a
gradient reversal from southwest to northeast. Yield
outputs of grasslands and summer crops, however, did
not show a clear regional pattern which makes it difficult
to develop land use recommendations. From a regional
point of view, our study suggests to give greater prefer-
ence to the cultivation of winter crops, early planted
summer grain crops as well as the perennial S. perfoliatum
for bioenergy production in the colder and mountainous
northeastern part of the region than to annually planted
summer crops such as maize or potatoes.

Finally, our simulations suggest that bioenergy crop
production accomplished by planting the perennial
crop S. perfoliatum will likely have environmental and
economic benefits due to promising plant species
characteristics such as cold-resistance, rapid growth in
early spring and overall higher yield when compared to
the conventional annual maize cultivations. However,
future investigations of CO2 gas exchange using eddy-
covariance measurements and of growth of S. perfoli-
atum are necessary in order to underpin these conclu-
sions with respect to its high potential for bioenergy
production.

The described up-scaling approach provides a new
perspective in the context of understanding ecosystem
services at regional scale. First, it illustrates that the
influences of regional gradients in habitat and climate

conditions may be simultaneously and systematically
analyzed for multiple ecosystem types that play a role in
potential land cover change. It also demonstrates the
need for information from different disciplines in order
to support and accomplish such analyses. Finally, it
provides insight with respect to the limitations that exist
in our understanding at relatively local scales and in our
ability to contribute to management, i.e., broader con-
cepts are required in the planning of comparative pro-
duction studies, in considering various environmental
impacts, in quantifying plant growth, and in regionally
building data bases for driver variables of carbon gain in
order to support the construction and verification of
models. If this can be accomplished, we can improve
predictions by stepwise linking of production processes,
expanding our view to quantify not only crop yields but
regional carbon and water balances as well, and by
considering a broad palette of climate scenarios. In this
case, system internal feedbacks at regional scale can also
be addressed.
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