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Abstract
&Keymessage Adaily 1-kmPan-Europeanweather dataset
can drive the BIOME-BGC model for the estimation of
current and future beech gross primary production
(GPP). Annual beech GPP is affected primarily by spring
temperature and more irregularly by summer water stress.

& Context The spread of beech forests in Europe enhances the
importance of modelling and monitoring their growth in view
of ongoing climate changes.
& Aims The current paper assesses the capability of a biogeo-
chemical model to simulate beech gross primary production
(GPP) using a Pan-European 1-km weather dataset.

& Methods The model BIOME-BGC is applied in four
European forest ecosystems having different climatic condi-
tions where the eddy covariance technique is used to measure
water and carbon fluxes. The experiment is in three main
steps. First, the accuracy of BIOME-BGC GPP simulations
is assessed through comparison with flux observations.
Second, the influence of two major meteorological drivers
(spring minimum temperature and growing season dryness)
on observed and simulated inter-annual GPP variations is
analysed. Lastly, the impacts of two climate change scenarios
on beech GPP are evaluated through statistical analyses of the
ground data and model simulations.

& Results The weather dataset can drive BIOME-BGC to
simulate most of the beech GPP evolution in all four test
areas. Both observed and simulated inter-annual GPP var-
iations are mainly dependent on minimum temperature
around the beginning of the growing season, while
spring/summer dryness exerts a secondary role. BIOME-
BGC can also reasonably predict the impacts of the ex-
amined climate change scenarios.

& Conclusion The proposed modelling approach is capa-
ble of approximately reproducing spatial and temporal
beech GPP variations and impacts of expected climate
changes in the examined European sites.
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1 Introduction

Beech forests (Fagus sylvatica L.) characterize the landscape of
many parts of Europe, from the northern regions where these
forests grow at low elevations to the Mediterranean countries
where they are spread on mountain areas (Bolte et al. 2007).
European beech is, in fact, the most widely distributed decidu-
ous forest tree species over all of Central Europe, where it also
represents the potential natural vegetation (Fig. 1). It is a suc-
cessful competitor against other species mainly due to its ex-
treme shade tolerance, whichmakes it virtually the only species
able to regenerate under very limited light conditions
(Ellenberg 1988). Beech grows well on a wide range of soils,
both acidic and basic, but dry soils and flooding areas do not
favour its growth. From a climatic point of view, beech prefers
a maritime, temperate climate with mild winters and moist
summers; therefore, it is absent from areas with long and severe
winters and/or intense summer dryness (Aranda et al. 2000;
Bréda et al. 2006; Vitale et al. 2012). This species has histori-
cally been and is still a fundamental economic resource, being
utilized to produce timber and furniture, firewood and charcoal.

Estimating beech ecosystem processes and their variation
in space and time is therefore essential for numerous purposes,
including advancing towards sustainable management of for-
est resources and studying the effects of global changes (IPPC
2014). It has been clearly demonstrated that large-scale per-
turbations, such as global climate change or air pollution, af-
fect the equilibrium of forests and their interaction with the
hydrosphere and atmosphere (Waring and Running 2010).
Different tools are available to monitor the main processes
of terrestrial ecosystems, such as local observations and ex-
periments, inventories, dendro-ecological studies, simulation
models and remote sensing techniques (e.g. Chiesi et al. 2005;
Powell et al. 2010). While each of these tools provides infor-
mation on a specific aspect, only simulation models can be
applied in a prognostic way to hypothesize the effects of glob-
al environmental changes at various spatial and temporal
scales (Turner et al. 2006; Chiesi et al. 2011; Huber et al.
2013). One of these models is the biogeochemical BIOME-
BGC which has been successfully applied in a large number
of investigations all over the world (e.g. Law et al. 2004; Ichii
et al. 2005; Chiesi et al. 2007; Tatarinov and Cienciala 2009;
Ueyama et al. 2009; Pötzelsberger et al. 2015).

The use of this model for regional-scale studies requires the
availability of spatially extended daily weather datasets with a
suitable resolution, typically around 1 km (Hofstra et al.
2009). While these datasets have been produced for the con-
terminous USA (Thornton et al. 1997), up to now this has not
been the case for the continent of Europe, where the existing
long-term daily weather datasets have lower spatial resolution.
For example, the dataset of minimum and maximum
temperature and rainfall released by Haylock et al. (2008)
(E-OBS) has a grid size of 0.25° (about 30 km). Concerning

only the Italian national territory, a first attempt was made by
Maselli et al. (2012) to downscale the E-OBS dataset to 1-km
resolution. More recently, this work has been extended by
Moreno and Hasenauer (2015) to perform a similar downscal-
ing for the whole of Europe.

The objective of the current paper is to assess the capability
of BIOME-BGC to simulate beech gross primary production
(GPP) using this spatially extended 1-km E-OBS dataset under
present and expected climatic conditions. With this aim, four
sites were selected on a European north–south environmental
gradient where reference GPP data have been collected through
the eddy covariance technique (Aubinet et al. 2000). These
reference data were first used to assess the accuracy of
BIOME-BGC simulations of beech GPP. Minimum tempera-
ture at the beginning of the growing season and spring-summer
dryness were then tested as the meteorological factors most
influential on inter-annual variations of both observed and sim-
ulated GPP. The effects of two different climate change scenar-
ios were lastly investigated by comparing the results of statisti-
cal analyses of GPP measurements and model simulations.

2 Materials and methods

2.1 Study sites

The four beech forest sites selected for the investigation are listed
in Table 1 together with their main characteristics. These sites, in
which beech accounts for more than 70% of the total basal area,
are situated in four countries and represent wide latitudinal (from
55° to 42° N) and altitudinal (from 40 m to 1550 m a.s.l.) gradi-
ents (Fig. 1). In all sites, which belong to the FLUXNETnetwork
(see http://www.europe-fluxdata.eu/home/sites-list), the eddy
covariance technique has been applied during the decade
2000–2009 to continuously measure the ecosystem net carbon
exchange (NEE) and then retrieve the GPP after estimating
nighttime respiration (Reichstein et al. 2005).

The Soroe site is situated in Denmark; its climate is tem-
perate maritime and is characterized by cool summers and
mild windy winters. Its brown soils are classified as either
Alfisols or Mollisols with a 10–40 cm deep organic layer.
The average tree height of the beech forest is 26 m, the aver-
age tree diameter is 38 cm and stand density is 283 stems ha−1

(Pilegaard et al. 2011).
The Hainich site is in Thuringia (Central Germany); its

climate is suboceanic-submontane. Soils are formed on
Triassic limestone covered with variable Pleistocene loess de-
posits. The ecosystem can be classified as an old-growth forest
with tree ages ranging from 0 to 250 years with a highly
diverse horizontal and vertical structure (Knohl et al. 2003;
Mund 2004). The area was never clear-cut, and there was only
limited felling until 1997, with no management activity at all
after 1997. Beech is the dominant tree species (about 64 % of
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tree biomass), followed by ash (Fraxinus excelsior L., 28 %),
sycamore (Acer pseudoplatanus L., 7 %) and other single
deciduous trees (Mund et al. 2010).

The Hesse site is in Eastern France. The soil type is
Luvisol/Stagnic Luvisol, and clay content is around 35 %.
The forest is dominated beech (about 95 % in terms of com-
position) plus other deciduous tree species. Mean tree height
was around 17 m in 2005, and basal area was 20.7 m2 ha−1.
Due to canopy closure, understory vegetation is very sparse
(Granier et al. 2008).

Collelongo is in Central Italy. It has aMediterraneanmoun-
tain climate, with cool summers and cold winters (Scartazza

et al. 2013). Soil is classified as a humic alisol. The flux tower
site is surrounded by a beech forest with a stand density of 825
trees ha−1, the mean age in 2008 was 115 years, basal area was
40.6 m2 ha−1 with a mean diameter of 25 cm and mean height
of 21.2 m (Guidolotti et al. 2013).

2.2 Study data

Daily weather data needed to initialize BIOME-BGC were
obtained from a Pan-European level 1-km daily dataset pro-
duced recently byMoreno and Hasenauer (2015) downscaling
the original E-OBS dataset (Haylock et al. 2008).

Fig. 1 Map of potential beech distribution in Europe (Bohn et al. 2004) with geographical position of the four study sites
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The major benefit of these downscaled data is the inclusion
of the orographic effects on a local scale in the original E-OBS
dataset (Moreno and Hasenauer 2015). A daily dataset of
minimum and maximum temperature and precipitation from
1950 to 2013 is now freely and publically available at ftp://
palantir.boku.ac.at/Public/ClimateData/.

The reference daily weather and GPP data of the four study
sites were obtained from the European Fluxes Database
Cluster (http://www.europe-fluxdata.eu/home/sites-list) (see
Table 1). The CO2 fluxes of these sites were measured by
applying the eddy covariance technique following the stan-
dard EUROFLUX methodology (Aubinet et al. 2000;
Baldocchi 2003). The flux data utilized in this study belong
to level 4, meaning that the daily data have been gap-filled,
filtered and quality checked following the database’s method-
ology; partitioning the net CO2 fluxes in GPP and ecosystem
respiration is then done using the approach by Reichstein et al.
(2005).

The analysis uses data collected during the decade 2000–
2009 for all sites with the exception of Hainich, for which the
reference period is 2000–2007.

2.3 Data analysis

2.3.1 Assessment of BIOME-BGC GPP estimates

BIOME-BGC is a biogeochemical model that can estimate the
storage and fluxes of water, carbon and nitrogen within terres-
trial ecosystems (Running and Hunt 1993). As input, it re-
quires daily weather data (i.e. minimum and maximum tem-
perature, precipitation, solar radiation, vapour pressure deficit
and day length) and information on the environment (i.e. alti-
tude, latitude, soil texture and depth, etc.); it also requires
parameters describing the eco-physiological characteristics
of vegetation. BIOME-BGC is capable of finding a quasi-
equilibrium with local eco-climatic conditions through the
spin-up phase, which quantifies the initial amount of all car-
bon and nitrogen pools. This enables proceeding towards the
estimation of all fluxes and allocation processes for the study
years (Churkina et al. 2003).

The version of the model used (BIOME-BGC version 4.2)
was calibrated for European beech in Italy following the

methodology described in Chiesi et al. (2007), introducing
two modifications. The first concerned the activation of the
model phenology option, aimed at allowing weather-driven
inter-annual variations in the start and end of the growing sea-
sons. As fully explained by White et al. (1997), these pheno-
logical phases are determined based on site temperature, radia-
tion and day length; more particularly, the start of the season is
predicted on the basis of temperature and radiation summa-
tions, while the end is simulated including the effect of day
length. Second, the parameters related to the maximum photo-
synthetic efficiency (i.e. the content of leaf nitrogen in Rubisco)
and maximum stomata conductance were modified to account
for a model tendency to underestimate beech GPP that was
highlighted by Chirici et al. (2016). Both modifications were
made following the calibration exercise conducted by Pietsch
et al. (2005) at Pan-European level. A summary of the eco-
physiological parameters finally adopted is reported in Table 6.

None of the selected study sites has the complete daily
weather data of the 10-year study period which were required
for running BIOME-BGC in a spin-up-and-go mode. Daily
minimum and maximum air temperature and precipitation
were therefore derived from the downscaled E-OBS dataset
of Moreno and Hasenauer (2015). Daily global solar radiation
was then estimated by the mountain microclimate simulator
(MT-CLIM) algorithm (Thornton et al. 2000) and converted
into PAR through a coefficient equal to 0.464 (Iqbal 1983).

Precise information on soil depth and texture was not avail-
able for all sites. In particular, soil depth was uncertain, which
directly controls BIOME-BGC simulation of water retention
capacity and, consequently, evapotranspiration and photosyn-
thesis processes (Chiesi et al. 2011). For example, the soil
depth reported for Soroe ranges from 0.5 to 2.5 m (Trusilova
et al. 2009); at Hainich and Collelongo, the soil depth is
around 0.5–0.6 and 0.8 m, respectively, but with wide spatial
variations due to the presence of a rocky substrate (Knohl et al.
2003; Chiti et al. 2010). The low spatial resolution soil maps
that could be used to drive the model application on a regional
scale are affected by similar or even higher uncertainty (Zhu
1997). For this reason, the mean values of the soil infor-
mation reported in the cited literature were utilized (see
Table 1). Next, BIOME-BGC was applied to estimate the
daily GPP of the decade 2000–2009 for all sites.

Table 1 Main geographical and climatic characteristics of the four beech study sites (see also Pilegaard et al. 2011; Granier et al. 2008; Knohl et al.
2003; Scartazza et al. 2013)

Site Country Position (°) Altitude
(m a.s.l.)

Soil depth
(m)

Soil texture
(% sand, silt, clay)

Mean annual
temperature (°C)

Mean annual
rainfall (mm)

Soroe Denmark 55.49 N, 11.65 E 40 1.5 54, 32, 14 8.5 564

Hainich Germany 51.07 N, 10.45 E 445 0.6 4, 56, 40 7.5–8 750–800

Hesse France 48.67 N, 7.07 E 300 1.5 6, 67, 27 9.2 820

Collelongo Italy 41.55 N, 13.59 E 1570 0.8 30, 40, 30 7.1 1088
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The accuracy assessment was made using all available
daily eddy covariance measurements from each study site.
The GPP estimated from the model for each site was
compared to the respective eddy covariance observations
both averaged for a complete annual profile and on a daily
basis. The results of the comparisons were summarized by
means of common accuracy statistics: coefficient of deter-
mination (r2), root mean square error (RMSE) and mean
bias error (MBE), computed as the difference between
estimated and measured averages.

The meteorological statistics reported in Table 2 confirm the
findings of Maselli et al. (2012), i.e. that while the E-OBS
dataset correctly reproduces mean temperature (maximum er-
rors around 1 °C), it variably underestimates annual rainfall (up
to 30 %). The effects of these errors were assessed by linearly
adjusting the E-OBS data to the common tower measurements
of each study site. In the case of temperature, this was done by
developing and applying site-specific linear regression equa-
tions between observed (tower) and E-OBS daily data, while
the E-OBS daily rainfall data of each site were multiplied by a
ratio between observed and E-OBS mean annual totals. No
correction was applied to the precipitation patterns. The whole
simulation experiment was then repeated using the corrected
data, obtaining new GPP estimates that were re-evaluated as
above against the available eddy covariance GPP data.

2.3.2 Evaluation of the effect of temperature and water stress

The second part of the analysis consisted of evaluating the
influence of major environmental factors on the inter-annual
variability of beech GPP for each site. European beech grows
in temperate-humid zones, where both thermal and water lim-
itations act with different intensities and in different periods of
the year (Bréda et al. 2006). The thermal effect is dominant at
the beginning of the growing season, when beech starts its “bud
break” phase depending on photoperiod and air temperature
(Falusi and Calamassi 1997). The water factor acts mainly in
dry summer periods, when rainfall is low and the evaporative
demand is maximum (Piovesan et al. 2008;Maselli et al. 2014).

The analysis was therefore focused on assessing the impact
of spring temperature (from February to May) and spring-
summer dryness (from April to September) on both observed
and simulated beech GPP. Concerning the GPP observations,
the analysis was restricted to the years with complete daily flux
measurements during the growing season. First, the growing
season was divided into two parts around the mean start of the
dry season (SDS), which indicates the period before and after
which the effects of thermal and water limitations are expected
to be most relevant, respectively (Maselli et al. 2014). The date
corresponding to mean SDS was found for each site by using
the water stress factor (Cws) proposed byMaselli et al. (2009);
it was obtained from a normalized ratio between precipitation
and potential evapotranspiration (PET), both cumulated over a
2-month period. Daily Cws values were computed for the four
sites using the corrected daily rainfall and PET predicted by the
method proposed by Jensen and Heise (1963). These values
were then converted into SDS using the linear equation pro-
posed byMaselli et al. (2014). Total GPPs before and after this
date were then computed from both tower GPP observations
and BIOME-BGC simulations.

The impact of spring temperature in the GPP of the first
part of the growing season (GPP1) was assessed using the
MODIS temperature correction factor for deciduous
broadleaved forests (Tcor). It is computed as a linear ramp
function of daily minimum temperature and acts reducing
photosynthesis when the ambient temperature is far from the
optimum (Heinsch et al. 2003). A linear regression analysis
was therefore performed for each test site between mean Tcor
computed around the start of the growing season (independent
variable) and the GPP of the first part of the season (dependent
variable). After some trials, a 100-day period was identified
for computing mean Tcor ranging from the end of February to
the end of May. The effect of growing season dryness on the
GPP of the second part of the growing season (GPP2) was
evaluated using Cws. In particular, new linear regression anal-
yses were performed for each test site between the mean Cws
of spring–summer (independent variable) and the observed
and simulated GPP in the second part of the season (dependent
variable).

2.3.3 Analysis of the impact of expected climate changes

The study concluded with an evaluation of the impact of two
different emission scenarios: a medium–high non-mitigation
baseline scenario (A1B) and a mitigation scenario (E1). The
considered expected changes in temperature and precipitation
for the whole Europe are given in Table 3; more details can be
found in Christensen et al. (2011). These temperature and rain-
fall deltas were applied to modify the daily values of the mete-
orological data previously used, obtaining two new datasets.
Their impact on beech GPP was evaluated by two methods:

Table 2 Mean temperatures and precipitations observed at each tower
site and derived from the 1-km E-OBS dataset

Site Mean
observed
annual
temperature
(°C)

Mean 1-km E-
OBS annual
temperature
(°C)

Mean
observed
annual
rainfall
(mm)

Mean 1-km
E-OBS
annual
rainfall (mm)

Soroe 8.6 9.6 749 532

Hainich 8.3 8.4 806 757

Hesse 10.3 10.6 990 844

Collelongo 9.2 8.0 928 715

Simulation of beech GPP in Europe 717



– First, the temperature, precipitation and PET changes
from the two scenarios were transformed into Tcor and
Cws changes during the previously defined periods. The
Tcor changes were, in turn, converted into GPP changes
for the first part of the season using the slopes defined in
the previous regression analyses. The same was done
using the Cws changes for the second part of the season.
Total annual GPP changes were finally reconstructed by
summing the two GPP partials.

– Second, the same GPP changes were predicted by driving
BIOME-BGC with the weather datasets of the A1B and
E1 scenarios.

The GPP changes obtained by the statistical and simulation
methods were finally inter-compared by the same statistics as
above.

3 Results

3.1 BIOME-BGC GPP estimates

When examining the results of the simulations performed, two
considerations should be kept in mind. First, all modelling
exercises were driven exclusively by weather and soil data,
both concerning the length of the growing season and the
daily GPP magnitude. Second, the four sites examined cover
different eco-climatic situations, where beech growth is vari-
ably controlled by thermal, water and edaphic constraints. As
previously noted, these two facts assure the wide applicability
of the method and representativeness of the results but also
limit the maximum accuracy achievable at the local scale.

Figure 2a–d shows the average annual GPP fluxes ob-
served and simulated for all four study sites. As expected,
the linear corrections applied to the E-OBS temperatures pro-
duce marginal effects, i.e. differences in mean annual GPP
lower than 3 %; consequently, the results of the simulations
with corrected temperatures are not shown. Slightly higher
differences are obtained from the rainfall correction, whose
results are reported in the same figures.

Figure 2a showsmeanGPP fluxes for Soroe,which is situated
close to sea level (Table 1). The mean observed growing season

lasts from about day 90 to day 290 and is correctly reproduced by
the model. BIOME-BGC instead fails to reproduce the clear
GPP peak that is observed in late spring; the reference GPP
maximum reaches 16 g Cm−2 day−1, whereas the model, in both
the original and corrected configuration, yields peak estimates
around 12 g C m−2 day−1. The E-OBS rainfall values are
underestimated, but the correction applied only gives a minor
improvement in the determination coefficients, since water avail-
ability is usually guaranteed by the deep soil.

Figure 2b shows the observed and estimated mean GPP
fluxes for Hainich, which is situated at 430 m a.s.l. The grow-
ing season lasts about 6 months long, frommid-spring to mid-
autumn, and the full canopy development simulated by the
model is faster than that observed at this site. The observed
maximum GPP peak is about 12 g C m−2 day−1, while the
simulated is lower (around 11 g C m−2 day−1). The two sim-
ulated annual fluxes are almost identical due to the accuracy of
the 1-km E-OBS rainfall dataset (measured annual average of
806 versus 757 mm). The global agreement is good
(r2 >0.825), but the model overestimates and underestimates
GPP in spring and summer, respectively.

GPP evolution for Hesse is shown in Fig. 2c. The growing
season is slightly longer than in the previous sites, and the
annual peak is similar to that observed for Hainich. The start
of the growing season simulated by BIOME-BGC is earlier
than that of the tower observations, while the maximum peak
is well reproduced. Also in this case, the slight rainfall under-
estimation of the E-OBS dataset causes onlymarginal changes
in simulated GPP due to the deep soil.

Figure 2d refers to Collelongo, which is the most southern
and elevated site (Table 1). The growing season in this forest is
relatively brief (from late-spring till mid-autumn) and is not
reproduced well by the model, which slightly anticipates the
start and delays the end of the season. The total annual GPP
observed by the tower is about 1400 g C m−2 year−1 (Fig. 3),
while the GPP simulated by both approaches is lower, mainly
due to an underestimation during the driest summer months.
The corrected rainfall is around 30 % higher than the original
and increases the simulated summer GPP, which, however,
remains lower than that observed by the tower (MBE from
−0.63 to −0.30 g C m−2 day−1).

The same accuracy statistics computed on a daily basis are
shown in Table 4 for the entire data series. As expected, the
global agreements are always lower than those obtained using
the annual averages. The model shows a variable tendency to
underestimation with the exception of Hesse. The accuracies
achieved using the corrected dataset are still only slightly bet-
ter than those obtained using the original 1-km dataset.

This last finding is fundamentally confirmed when ana-
lyzing the spatial variability of the annual GPP averages.
Figure 3 shows these annual averages observed and simu-
lated using the two rainfall datasets; the marginal underes-
timation obtained with the original dataset is again slightly

Table 3 Projected changes for global Europe in mean temperature (°C)
and precipitation (mm per season) for 2071–2100 minus the 1961–1990
baseline for the A1B and E1 emission scenarios for winter and summer
(see Christensen et al. 2011, for details)

Temperature (°C) Rainfall (mm/season)

Scenario Winter Summer Winter Summer

A1B 3.01 2.73 9.53 8.57

E1 1.53 1.40 4.0 4.34
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reduced by the rainfall correction (MBE from −70.5 to
−50.8 g C m−2 year−1).

In summary, these results indicate that the use of the 1-km
E-OBS dataset yields reasonable accuracies which are only
marginally improved by the rainfall correction. On this basis,
all following BIOME-BGC simulations were performed using
the original dataset, which is obviously the only available at
Pan-European level.

3.2 Effect of spring temperature and spring-summer
dryness

The SDS dates that were found to divide the growing season
into temperature and water-limited periods were all around the
beginning of July, ranging from 24 June for Collelongo to 9
July for Hainich. The regression analyses between Tcor and
Cws and observed GPP before and after these dates were not
feasible in the case of Collelongo, for which the number of
years with nearly complete daily GPP measurements (i.e. with

less than 30 missing days per year) was insufficient for a
regression. The analyses were instead possible for the other
three sites, which had at least eight nearly complete years of
measurements. The results of the regression analyses between
spring Tcor and GPP of the first part of the growing season are
shown in Fig. 4a. All correlations are high and significant
(P<0.05) for Hainich and highly significant (P<0.01) for
Hesse and Soroe. The regression slopes range from about
1000 g C m−2 day−1 Tcor−1 for Hainich and Soroe to 2200 g
C m−2 day−1 Tcor−1 for Hesse. Most differences among these
slopes are due to the respective range of inter-annual GPP
variation, which is narrowest for Hainich and widest for
Hesse.

Figure 4b shows the same results concerning the regres-
sions between spring-summer Cws and GPP in the second
part of the growing season. All correlations are positive but
lower than those found for Tcor, in particular for Soroe and
Hesse; the correlation is significant only for Hainich. The
three regression slopes are quite similar and low, ranging from

Fig. 2 Mean GPP evolution obtained from the tower observations
(dotted black line) and applying BIOME-BGC fed with the original
(grey line) and rainfall-corrected (black line) E-OBS datasets. The four

graphs refer to Soroe (a), Hainich (b), Hesse (c) and Collelongo (d) (all
correlation coefficients are highly significant, P< 0.01)
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about 750 g C m−2 day−1 Cws−1 for Soroe to 1160 g
C m−2 day−1 Cws−1 for Hesse.

The regressions performed between the same factors and the
simulatedGPP of the first and second parts of the season yielded

the results summarized in Table 5. In the first case (Tcor on
GPP1), the correlation coefficients are still all positive but lower
than those in Fig. 4a; the correlation is significant for Collelongo
and highly significant for Soroe. The regression slopes follow a

Fig. 2 continued.

Fig. 3 Annual reference (dark
grey) GPP averages of the four
study sites compared to those
obtained by BIOME-BGC fed
with the original (medium grey)
and rainfall-corrected (bright
grey) datasets (the bars indicate
the standard errors)
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similar pattern, ranging from about 450 g C m−2 day−1 Tcor−1

for Hainich to 2000 g C m−2 day−1 Tcor−1 for Soroe. The effect
of the water factor on the simulated GPP in the second part of
the season is instead mostly overestimated. This is particularly
evident for Hainich, where both correlation and slope are nota-
bly higher than those in Fig. 4b.

3.3 Impact of expected climate changes

The results of the statistical analyses and simulation exercises
concerning the impact of expected climate changes are com-
pared in Fig. 5. The statistical analyses yield total GPP that
always increases in the two scenarios, and particularly for
A1B, mostly due to the positive effect of Tcor on GPP1.
Cws instead exerts a lower depressive effect on GPP2, due
to the increased evaporative demand caused by the two sce-
narios that is only partly counteracted by the increased rainfall.
More particularly, the GPP2 decrements due to Cws decreases
are around 23 % of corresponding GPP1 increments due to
Tcor increases. The total GPP increments from the statistical
analyses are around 50–90 and 110–180 g C m−2 year−1 for
the E1 and A1B scenarios, respectively. BIOME-BGC simu-
lates similar increments for Soroe and Hesse, while lower
increments are obtained for Hainich. The projection uncer-
tainties obtained from the statistical analyses are higher than
those from BIOME-BGC simulations mainly due to the low
correlations in Fig. 4b, but the differences between the two
prediction methods are generally not significant.

4 Discussion

This paper investigates the possibility of simulating a major
ecosystem process (GPP) for one of the most widespread
European tree species, beech, using a recently produced con-
tinental daily weather dataset. This simulation, which is also a
fundamental step forward towards the analysis of beech re-
sponse to possible environmental changes, involves several
critical aspects mostly related to the input data used and the
model logic and parameter settings. These topics will be treat-
ed separately in the next two subsections, followed by a

discussion on the impact of major climatic factors (i.e. rainfall
and temperature) and the effect of expected climate changes.

4.1 Input data used

The assessment of model performances strictly depends on the
adopted model inputs, whose accuracy will be briefly
discussed here.

The 1-km weather dataset currently used to drive BIOME-
BGC has been produced by Moreno and Hasenauer (2015) as
a downscaled version of the original 0.25° E-OBS dataset.
Due to the well-known difficulty in extending ground point
measurements over large areas (Hofstra et al. 2009), these
meteorological data are associated with different levels of ac-
curacy depending on the considered variable. In general, rain-
fall is more difficult to interpolate/extrapolate than tempera-
ture, due to its greater spatial variability and to its more irreg-
ular dependence on the main orographic and geographic fac-
tors (elevation, latitude, continentality, etc.) (Thornton et al.
1997). This trend was confirmed for the E-OBS dataset by
research conducted in Italy by Maselli et al. (2012), which
indicated that daily temperatures are estimated quite accurate-
ly while rainfall is variably underestimated. Similar results are
found in the current investigation, according to which the 1-
km E-OBS mean temperature errors are small for all sites
while this is not the case for rainfall, which is variably
underestimated (Table 2); the possible impact of this rainfall
underestimation is discussed in the next section. Among the
other meteorological drivers, radiation exerts a major effect on
the simulation of GPP (Waring and Running 2010). The ac-
curacy of the radiation estimates obtained by MT-CLIM in
Central Europe was assessed by Thornton et al. (2000), who
found reasonable precision and accuracy also in rugged
terrain conditions. Those findings are confirmed by the
current analyses versus tower measurements (data not
shown), which indicate that mean radiation errors are rel-
atively small (up to 10 %) and temporally variable. In par-
ticular, periods of underestimation and overestimation are
found at each site that could be partly due to the problem-
atic functioning and/or tuning of the sensors utilized for the
ground measurements.

Table 4 Accuracy statistics
obtained comparing the daily
tower GPP observations to the
BIOME-BGC estimates driven by
the original and the corrected
rainfall datasets (all correlations
are highly significant, P< 0.01)

1-km E-OBS dataset 1-km E-OBS with corrected rainfall

Site r2 RMSE (g
C m−2 day−1)

MBE (g
C m−2 day−1)

r2 RMSE (g
C m−2 day−1)

MBE (g
C m−2 day−1)

Soroe 0.845 2.30 −0.40 0.857 2.37 −0.46
Hainich 0.679 2.69 −0.43 0.638 2.61 −0.35
Hesse 0.769 2.57 0.62 0.843 2.48 0.51

Collelongo 0.540 3.20 −0.64 0.712 3.14 −0.30
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As regards the other model inputs, BIOME-BGC is partic-
ularly sensitive to soil features and particularly to depth
(Chiesi et al. 2011). This can be explained by the simplified
model treatment of the site water budget, which considers a
unique soil layer without horizontal water displacements
(Running and Hunt 1993). At regional scale, soil information
can be derived from currently available Pan-European maps,
which, however, are affected by high uncertainty due to the

notable spatial heterogeneity of soil features (see http://
eusoils.jrc.ec.europa.eu/). A possible alternative is the use of
a standard soil depth of 1 m to drive the model, which could be
preferable when the available soil information is suspected to
be inaccurate. In this regard, it should be noted that the soil
rooting depth that guides BIOME-BGC simulations may not
correspond to the soil depth measured “in situ”, particularly in
rugged, heterogeneous terrains. In these cases, in fact, the
actual soil depth is spatially variable, which can locally in-
crease the soil layer explored by tree roots. Some experimental
trials confirm that the use of a standard soil depth reduces the
excessive model sensitivity to the water factor at Hainich and
Collelongo (results not shown). Soil texture is instead less
influential, leading to only minor changes of predicted GPP.
These results highlight the importance of using correct soil
depth information to drive BIOME-BGC, which would be
even more necessary for future climate simulations.

4.2 Model logic and parameter setting

A full discussion about the potential of BIOME-BGC logic to
simulate the main processes of temperate-humid forest eco-
systems can be found in Pietsch and Hasenauer (2002),
Churkina et al. (2003) and Jochheim et al. (2009). These in-
vestigations showed that the model is generally capable of
reproducing the seasonal growth of these ecosystems, with
particular reference to the continent of Europe. These authors
also recognized the importance of a proper model parameter
setting and of using good quality input data for correctly esti-
mating the carbon budget of forest ecosystems.

The beech parameter setting adopted here was identified
during a calibration exercise performed in Italy by Chiesi
et al. (2007). As previously noted, however, the maximum
photosynthetic efficiency and stomata conductance were
modified following Pietsch et al. (2005) and Chirici et al.
(2016) in order to cope with more diversified environmental
conditions and consequent stronger limitations that characterize
the current model applications. The correctness of this choice
was confirmed by the good accuracy obtained in the simulation
of GPP for all four study sites. A residual tendency to
underestimating GPP remains in the most northern site,
Soroe, mainly due to the incorrect reproduction of the high
late spring GPP peak. In general, these results support the use
of high maximum photosynthetic efficiency and low stomata
conductance for simulating forest carbon fluxes at the
continental level, where a variety of environmental conditions
can limit the growth of tree species. On the other hand, the use
of the complete parameter settings of Pietsch et al. (2005) led to
slightly decrease the simulation accuracy due to the prediction
of lower GPP values during summer water stress periods (re-
sults not shown).

The effect of water stress on GPP remains, however, a crit-
ical point for the current simulations. The adopted version of

Fig. 4 a Linear regressions between mean spring temperature correction
factor (Tcor; adimensional) and reference GPP of the first part of the
growing season (GPP1) for Soroe, Hainich and Hesse. b Linear
regressions between mean spring-summer water stress factor (Cws;
adimensional) and reference GPP of the second part of the growing
season (GPP2) for the same three sites (in both cases, Collelongo was
excluded due to the lack of complete annual GPP data, see text for details)
(*P < 0.05, significant correlation; **P < 0.01, highly significant
correlation)
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BIOME-BGC is, in fact, likely still too sensitive to summer
water shortage, as shown by the results for Hainich and, above
all, Collelongo. In this last case, summer dryness is particularly
evident and determines a clear drop in simulated GPP which is
not observed for the tower data. This problem adds to that
coming from the variable underestimation of total rainfall,
which can increase the model oversensitivity to water stress.
The effects of this underestimation, however, are generally
attenuated by the relative rarity of strong water limitation
events for beech, which generally grows in temperate-humid
areas. This is confirmed by the current findings, which indicate
that the use of the uncorrected 1-km E-OBS rainfall estimates
implies only a marginal worsening of BIOME-BGC perfor-
mances. A similar reasoning applies to the possible inaccuracy
in the reproduction of actual rainfall patterns by the down-
scaled E-OBS dataset, whose effects could not be assessed.
Water availability, however, can become an important control-
ling factor during extremely dry summer seasons, such as that
of 2003, when beech production in Europe was strongly lim-
ited by the well-known heat and drought wave (Ciais et al.
2005; Granier et al. 2007). This is also supported by both the
current observations and model simulations for all sites except
Soroe, where the heat wave was less effective; in all other

cases, the 2003 summer GPP was markedly lower than the
multi-year average (data not shown).

The model configuration applied identifies the start and
end of the growing season by the model phenology subroutine
(White et al. 1997). This subroutine is known to suffer from a
critical functioning in areas that differ from those temperate-
cold for which it was originally tuned (Trusilova et al. 2009).
In particular, these authors found that the subroutine can pre-
dict the end better than the start of the season. Such findings
agree with those from the current experiments, which indicate
that the end of the growing season is predicted well for three
sites (Soroe, Hainich and Hesse), while the start of the season
is predicted well only for Soroe. The simulated start of the
growing season is instead variably anticipated for Hainich,
Hesse and Collelongo; in the last case, the end of the
season is also delayed. The model difficulty in capturing
the start of the growing season is likely due to the
higher dependence of beech bud break on day length
than on temperature (Falusi and Calamassi 1997). This
would suggest a need to improve the model subroutine
concerning the synchronized accounting for the effects
of temperature, radiation and day length (see also the
following subsection).

Table 5 Determination coefficients and slopes found from the regression analyses between mean spring Tcor and spring/summer Cws (independent
variables) and annual GPP simulated by BIOME-BGC in the first and second part of the growing season, respectively (dependent variables)

Site r2 Tcor/GPP1 Slope Tcor/GPP1
(g C m−2 day−1 Tcor−1)

r2 Cws/GPP2 Slope Cws/GPP2
(g C m−2 day−1 Cws−1)

Soroe 0.662** 1996 0.185 537

Hainich 0.069 453 0.812** 1543

Hesse 0.306 1228 0.611** 1193

Collelongo 0.506* 1608 0.525* 1850

N= 10

*P< 0.05, significant correlation; **P< 0.01, highly significant correlation

Fig. 5 Effects of the two climate
scenarios on annual beech GPP
predicted by the linear regressions
of Fig. 4 (dark grey) and
simulated by BIOME-BGC
(bright grey) (the bars indicate the
standard errors; *P< 0.05,
significant correlation)
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4.3 Impact of climatic factors

The previous considerations highlight the importance of air
temperature as the environmental variable that usually
most affects beech growth, particularly during spring.
Spring temperature, in fact, directly influences the start of
the growing period and consequently its total length and
intensity (Myneni et al. 1997; Jolly and Running 2004;
Delpierre et al. 2009). The relevance of this factor has been
assessed through statistical analyses of tower GPP obser-
vations. The results obtained support the relevance of
spring temperature in determining beech production in all
examined sites. In particular, this factor explains most of
the inter-annual GPP variability in the first part of the sea-
son (r2 > 0.64 for the three sites). This is in accordance with
Lebourgeois et al. (2012), who found a positive effect of
April temperature on the growth of Pinus nigra that in-
creased moving towards higher altitudes. As spring tem-
peratures determine leaf unfolding and cambial reactiva-
tion, warmer springs can modify the timing of leaf devel-
opment, wood formation and photosynthetic activity en-
hancing growth and carbon uptake (Lebourgeois et al.
2010; Delpierre et al. 2009).

The statistical analyses of the tower GPP observations
also indicate the secondary importance of the water factor
in driving inter-annual beech GPP variations. In general,
water limitation is restricted to the summer and is variably
effective, depending on both climatic and edaphic condi-
tions. More specifically, spring-summer dryness affects
the GPP in the second part of the season to a degree
which is lower and more irregular than that of the thermal
factor.

The regression analyses performed on the model simula-
tions confirm that the version of BIOME-BGC used is still too
sensitive to the water factor, particularly in the area with the
shallowest soil depth (Hainich). This behaviour can again be
explained by the previous considerations on the model inputs
and functioning.

4.4 Effects of expected climate changes

A final experiment analysed the effects of expected cli-
mate changes on beech production. While a complete sim-
ulation of future climate scenarios would have required
the consideration of multiple concurring factors (IPPC
2014), the current simplified approach focused on
assessing the impact of expected temperature and rainfall
increases on beech GPP. More specifically, two basic tem-
perature and rainfall scenarios were used corresponding to
different mitigation conditions, E1 and A1B. The effects
of these scenarios were evaluated using two independent
methods, i.e. projecting the linear equations previously
defined based on GPP observations and applying new

BIOME-BGC simulations. The results of the two methods
are generally concordant, indicating that GPP levels pro-
gressively rise with increasing temperatures and rainfall.
A major discrepancy is found only for the most continen-
tal site, Hainich, where the GPP increments from the sta-
tistical analysis are notably higher than those from
BIOME-BGC simulations. This pattern can be attributed
to the previously noted excessive sensitivity of BIOME-
BGC to water limitation, which is exacerbated by the
shallow soil in this site.

5 Conclusions

The research concerned the analysis of GPP patterns in four
European beech sites representative of various environmental
conditions. The following main conclusions can be drawn
from the experiment:

1. The considered Pan-European 1-km daily weather dataset
can drive BIOME-BGC for reproducing the tower GPP
observations of the examined ecosystems with reasonable
levels of accuracy.

2. The observed annual GPP of these ecosystems is primar-
ily sensitive to air temperature around the beginning of the
growing season. A secondary effect is exerted by spring-
summer dryness.

3. The GPPs simulated by BIOME-BGC follow a similar
pattern but with a higher sensitivity to water limitation
that depends mainly on soil characteristics.

4. The proposed modelling approach can approximately
simulate the effects of expected temperature and rainfall
increases in all examined sites, with some limits related to
the critical accounting for the water factor.

It can consequently be concluded that, in spite of
some limitations of both the input data and model used,
BIOME-BGC fed with the 1-km E-OBS dataset can be a
prognostic tool for simulating beech GPP variations con-
sequent to expected climate changes over the continent
of Europe.
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Appendix

Table 6 Parameter settings of
BIOME-BGC utilised for beech
(see text for details)

Keyword Fagus sylvatica
(DBF)

Transfer growth period as fraction of growing season (prop.) 0.2

Litterfall as fraction of growing season (prop.) 0.2

Annual leaf and fine root turnover fraction (1/year) 1

Annual live wood turnover fraction (1/year) 0.7

Annual whole plant mortality fraction (1/year) 0.007143

Annual fire mortality fraction (1/year) 0

Allocation new fine root C/new leaf C (ratio) 1.2

Allocation new stem C/new leaf C (ratio) 2.2

Allocation new live wood C/new total wood C (ratio) 0.16

Allocation new coarse root C/new stem C (ratio) 0.22

Allocation current growth proportion (prop.) 0.5

C/N of leaves (kg C/kg N) 25

C/N of leaf litter (kg C/kg N) 55

C/N of fine roots (kg C/kg N) 48

C/N of live wood (kg C/kg N) 48

C/N of dead wood (kg C/kg N) 550

Leaf litter labile proportion (dim) 0.38

Leaf litter cellulose proportion (dim) 0.44

Leaf litter lignin proportion (dim) 0.18

Fine root labile proportion (dim) 0.34

Fine root cellulose proportion (dim) 0.44

Fine root lignin proportion (dim) 0.22

Dead wood cellulose proportion (dim) 0.77

Dead wood lignin proportion (dim) 0.23

Canopy water interception coefficient (1/LAI/day) 0.045

Canopy light extinction coefficient (dim) 0.54

All sided to projected leaf area ratio (dim) 2

Canopy average specific leaf area (m2/kg C) 32

Ratio of shaded SLA/sunlit SLA (dim) 2

Fraction of leaf N in Rubisco (dim) 0.162

Maximum stomatal conductance (m/s) 0.003

Cuticular conductance (m/s) 0.00003

Boundary layer conductance (m/s) 0.01

Leaf water potential: start of conductance reduction (MPa) −0.34
Leaf water potential: complete conductance reduction (MPa) −2.2
Vapour pressure deficit: start of conductance reduction (Pa) 1100

Vapour pressure deficit: complete conductance reduction (Pa) 3600
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