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Abstract: In Brandenburg, north-eastern Germany, climate change is associated with increasing
annual temperatures and decreasing summer precipitation. Appraising short rotation coppices (SRCs),
given their long-time planning horizon demands for systematic assessments of woody biomass
production under a considerable spectrum of climate change prospects. This paper investigates
the prospective growth sensitivity of poplar and black locust SRCs, established in Brandenburg to
a variety of weather conditions and long-term climate change, from 2015 to 2054, by a combined
experimental and simulation study. The analysis employed (i) a biophysical, process-based model to
simulate the daily tree growth and (ii) 100 realisations of the statistical regional climate model STAR
2K. In the last growing period, the simulations showed that the assumed climate change could lead
to a decrease in the woody biomass of about 5 Mg ha−1 (18%) for poplar and a decrease of about
1.7 Mg ha−1 (11%) for black locust trees with respect to the median observed in the reference period.
The findings corroborate the potential tree growth vulnerability to prospective climatic changes,
particularly to changes in water availability and underline the importance of coping management
strategies in SRCs for forthcoming risk assessments and adaptation scenarios.
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1. Introduction

As outlined by the European Commission in the Energy Roadmap 2050 [1], the share of renewable
energy sources must increase in gross final energy consumption to at least 55% and in electricity
consumption to at least 64%, while simultaneously striving for a low-carbon goal. Stemming from
these efforts to reduce energy wastage, fossil fuels, and greenhouse gas emissions, to mitigate climate
change and the availability of natural resources, the potential of raw materials for bio-based sectors is
growing in recognition progressively [1].

Since biomass is regarded as a flexible primary energy for the generation of energy, heat, fuel,
bio-based materials, and chemicals, it can play an important role in achieving the renewable energy goal
set by 2050 [2,3]. Biomass generated from dedicated energy crops such as short rotation coppices (SRCs)
is accompanied by many advantages such as efficient nutrient utilization, low erosion potential [4],
and low to no requirement for pesticide and fertilizer [5]. Furthermore, SRCs have shown high biomass
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yields [6], adequate fuel properties [7], and low emissions from alternative fuels and flexibility to
consumer demand [5]. In Europe, the high demand for woody biomass for energy purposes increased
the planting popularity of fast-growing tree species belonging to the genera Populus, Eucalyptus, Pinus,
Acacia, and Salix [8–14].

Understanding whether SRCs are economically profitable and environmentally sustainable
requires long-term assessments of woody biomass production in strong relation to changes in
environmental conditions like the ongoing climate change [5,15,16]. During the past decade, increasing
annual temperature and tendencies towards decreasing summer and increasing winter precipitation
were reported in north-eastern Germany [17,18]. In Central Europe, projections of future climate
assume increasing climate variability and number of extreme weather events [19,20].

However, evaluating the climate change impacts on the tree woody biomass from observational and
experimental studies has been subject to various limitations regarding the influence of interacting factors.
Moreover, potential future climate changes have been reported to go beyond historical observations [21].

Therefore, simulation studies have been widely applied to model the tree growth in relation
to environmental factors [22,23], assessing climate change impacts on the growth performance of
aspen (Populus tremula L.), Norway spruce (Picea abies L. Karst.), Scots pine (Pinus sylvestris L.),
European beech (Fagus sylvatica L.), oak (Quercus robur L. × Quercus petraea Liebl.), and Douglas fir
(Pseudotsuga menziesii (Mirb.) Franco) [24–27]. Field experiments for short rotation forestry were
carried for Populus and Salix and for breeding of clones [28,29]. However, long-term studies on the
variability of woody biomass production under different climatic conditions for certain tree species
such as black locust (Robinia pseudoacacia L.) and for management practices such as short-term forestry
are rare [8].

The objective of this paper was to evaluate the potential growth vulnerability of two fast-growing
tree species established in Brandenburg, Germany and managed as short rotation coppices (SRCs),
to a considerable spectrum of weather conditions and long-term climate change. By a combined
experimental and simulation study, we investigated the prospective growth of hybrid poplar clone
“Max I” (Populus nigra L. × P. maximowiczii Henry) and black locust (Robinia pseudoacacia L.) trees in
terms of above-ground woody biomass production, from 2015 to 2054.

Based on the implications of this study for the studied clones, it will be possible to develop and
optimize the designs of SRCs and to provide a reliable estimation of achievable woody biomass yields
according to tree species, management, and climate change effects.

2. Materials and Methods

In order to handle uncertainties in assessing the climate change impacts on tree growth due to
interrelations between various factors, Medlyn et al. [30] suggested an integration of experimental
and simulation studies. Thus, our methodology to investigate the impacts of weather conditions
and long-term climate change on the above-ground woody biomass of poplar and black locust trees
employed (i) an experimental site with SRCs in Brandenburg, Germany, (ii) a biophysical, process-based
model to simulate the daily tree growth on the basis of tree parameters, soil physical characteristics,
and weather data [31], and (iii) 100 realisations of a scenario of the statistical regional climate model
STAR, which assumed an increase in annual temperature of 2K, as well as a decreasing annual
precipitation by 30–40 mm, between 2000 and 2055 [16,32,33].

2.1. Site Description

The study site at Neu Sacro (51◦46′54” N, 14◦37′18” E, 67 m a.s.l.) is situated in Lower Lusatia,
in the south of the German Federal State of Brandenburg. The SRC is established 500 m away from
the Lusatian Neisse river, comprising around 5 ha, out of which black locust trees (planted in spring
2010) spread over 2 ha and poplar trees (re-planted in spring 2011) spread over 2.5 ha. These two tree
species were planted in double rows, resulting in a planting density of about 8700 trees per hectare
(0.75 m × 0.90 m spacing with a 1.80 m tree strip along the tree row) [34].
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The climate in the area has an average temperature of about 8.9 ◦C and an average annual
precipitation of 563 mm a−1 (standard reference period: 1960–1990; weather station Cottbus of the
German Weather Service, about 25 km west of the site) and an average temperature of about 9.9 ◦C
and an average annual precipitation of 577 mm a−1 (current period: 1990–2015).

The site is characterized by a Gley-Vega and Pseudogley-Vega soil with a sandy loam texture.
The ploughing horizon (0–30 cm depth) is characterized by a mean particle size distribution of 65%
sand, 29% silt, and 6% clay, a content of soil total organic carbon of 10.44%, a content of total nitrogen
of 0.95%, and a pH (CaCl2) value of 5.75. The groundwater level varies between 0.8 m and 2.0 m below
the surface [34].

2.2. Yearly Measurements of Above-Ground Woody Biomass

The rotations were five years (2010–2014) for black locust and four years (2011–2014) for poplar.
These growing periods correspond to the length of a medium rotation cycle [35]. Tree shoot basal
diameters were measured at the end of every year. At the end of the vegetation period, in 2014,
fifty poplar and fifty black locust trees were harvested about 10 cm above the ground for the
measurement of fresh weight. The stem and branches of these trees were shredded into wood
chips, and sub-samples of every shredded tree were taken to the laboratory for the determination of
above-ground tree dry woody biomass by drying at 105 ◦C until constant weight [36].

Subsequently, the above-ground woody biomass was estimated for the earlier years by using
an allometric equation, as given in Equation (1) [37,38]:

B = a·Db (1)

where B is the above-ground tree dry woody biomass (kg), D is the shoot basal diameter (cm), and a
and b are constants. By applying a least-square linear regression of natural-logarithmic-transformed
data for the diameter and tree biomass measured in 2014, a and b were determined as the intercept and
slope of the regression, respectively. Thus, the obtained values were a = 0.0551, b = 2.2963 for poplar
(R2 = 0.98, RMSE = 0.92) and a = 0.0396, b = 2.5594 for black locust (R2 = 0.96, RMSE = 1.91).

For comparison purposes, this study focused on the above-ground woody biomass over the
growing period of four years from 2010 to 2013 for black locust and from 2011 to 2014 for poplar.

2.3. Modelling the Above-Ground Woody Biomass

2.3.1. Description of the Yield-SAFE Model

For the simulations of site-specific, long-term tree yields under competitive conditions, we used
the Yield-SAFE model (Yield Estimator for Long-term Design of Silvoarable AgroForestry in Europe),
a parameter-sparse, eco-physiologically based model [31,39,40], as implemented in MATLAB [41].

Heretofore, the performance of the Yield-SAFE model was evaluated with respect to long-term tree
yields measured across 19 landscape test sites in Spain, France, and the Netherlands [42]. Yield-SAFE
was parameterized and validated for cherry, poplar, walnut, and oak trees given data from the Atlantic
and Mediterranean regions of Europe [31,39,40,42–44].

The model requires information about the trees (species, dimensions, planting density, day of
budburst, day of leaf-fall), soil physical characteristics (soil texture, bulk density), and daily weather
data (global radiation (W m−2), air temperature (◦C), and precipitation (mm)). The potential tree
growth is modelled in terms of resource use efficiency of primarily air temperature (due to the
developmental and phenological processes), global radiation (as the main driver for photosynthesis),
and, to a lesser extent, water [31]. Under this potential growth assumption, nutrient availability is not
considered to be a yield-limiting factor [45].

Consequently, the Yield-SAFE simulations require four state equations regarding: (1) the tree
biomass, used to derive temporally-integrated timber volumes by means of tree harvest index,
dry wood density, and a factor accounting for the proportion of biomass that produces timber;
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(2) the tree leaf area, for the regulation of the radiation capture, thus of the dry matter production and
the water losses through transpiration; (3) the number of shoots per tree, for the annual potential leaf
area; and (4) the soil water content, with respect to the water holding properties of the given soil and
the degree of water limitation (such as precipitation, soil depth).

In the Yield-SAFE model, the water uptake is implemented by means of a root inter-zone between trees.
The model assumes one soil layer, homogeneous in its physical characteristics, whose volumetric water
content is calculated in terms of precipitation, drainage of soil water below the potential tree rooting zone,
and the actual soil evaporation. The evaporation is calculated in terms of heat of vaporization, radiation
incident on the soil, and a factor that accounts for the reduction in soil evaporation. Altogether, the water
used by the trees per unit area per day is implemented so that it accounts for the biomass reductions due to
respiration losses or senescence and is calculated by multiplying the water-limited growth rate per tree with
the tree density and the transpiration coefficient [31,39].

A detailed description of the assumptions, equations, and parameters embodied in the Yield-SAFE
model can be found in van der Werf et al. [31] and Keesman et al. [39], together with default parameter
values for a substantial range of tree species, as determined by Burgess et al. [42].

2.3.2. Sensitivity Analysis of the Yield-SAFE Model

In order to minimize uncertainties and gain insight into which parameters influence the model
output the most, a one-at-a-time sensitivity analysis was conducted (Equation (2)). This meant that the
nominal value of each previously calibrated parameter was changed by ±10% while fixing the other
parameters at their default values [39]. The sensitivity, S was calculated by:

S =
Bt(+10) − Bt(−10)

X(+10) − X(−10)
(2)

where Bt is the modelled tree biomass (g tree−1) obtained through Yield-SAFE simulations with a±10%
change in parameter X. In order to compare the parameter sensitivity independently of scale, a relative,
normalized sensitivity was computed (Equation (3)):

Snorm. = S· X
Bt

(3)

Accordingly, all parameters with an absolute normalized sensitivity higher than 0.1 were labelled as
dominant, as they exhibited a comparative high influence on the model output. The sensitivity analysis
regarding the climatic inputs was performed using weather data from the German Weather Service, station
Cottbus. Throughout this paper, this weather data is referred to as a reference timeframe.

2.3.3. Parameterization and Validation of the Yield-SAFE Model

The Yield-SAFE model was parametrized separately for poplar and black locust trees, given their
distinct growth behaviour and the site-specific conditions, such as weather and edaphic conditions.
Initial estimates of tree and soil parameters were adapted from field measurements and studies
performed by Keesman et al. [39], Graves et al. [41], and Wösten et al. [45] (Table A1).

The start and end of vegetation period were given as static inputs (poplar: DOYbudburst = 105,
DOYleaf-fall = 280; black locust: DOYbudburst = 125; DOYleaf-fall = 310; [46]). Therefore, the weather data
have been analysed for the distinctive vegetation periods of the tree species.

The historical weather data were taken from the weather station Cottbus. As global radiation
was not measured at this weather station, it was estimated for the years 2010–2015, according to the
Ångström regression equation modified by Page [47] (Equation (4)):

H = H0

(
a + b· n

N

)
(4)
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where H is the monthly average daily radiation on the horizontal surface, H0 is the monthly average
daily extra-terrestrial solar radiation, n is the monthly mean daily sunshine duration, and N is
the monthly mean maximum possible sunshine duration. The empirical coefficients a and b were
derived from the German Weather Service station Lindenberg (52◦20′85” N, 14◦11′80” E; 98 m a.s.l.,
about 90 km north-west of the experimental site) and transferred to the weather station Cottbus.
Accordingly, a = 0.14 and b = 0.47 for the months between November and February, a = 0.24 and
b = 0.40 for June, July, and August, and a = 0.36 and b = 0.23 for the rest of the months.

As a reference basis, a growing period from 2010 to end of 2013 for black locust and from 2011
to end of 2014 for poplar was simulated. The resulted values for the modelled tree woody biomass
were validated against the measured values in order to test the applicability of the Yield-SAFE model
to simulate and subsequently project the tree woody biomass production under various prospective
weather conditions. The performance of the model was evaluated visually by comparing the measured
and modelled tree woody biomass, as well as by the normalized root-mean-square error (NRMSE),
the coefficient of determination (R2), and the bias function of the modelled woody tree biomass.

For comparison purposes, the projected timeframe 2015–2054 was divided into ten hypothetical
four-year growing periods under the assumption that shoots and seedlings were replanted at the
beginning of each growing period in the same system and under the same management and soil
conditions. Accordingly, the trees were assumed to grow within the characteristics of a first rotation.
This was implemented in the Yield-SAFE model by reducing the above-ground biomass and number
of shoots to their initial values every four years (similar to pruning).

2.4. Prospective Climate Change

Once validated, the Yield-SAFE model simulated the tree woody biomass production under
prospective weather conditions from the statistical regional climate model Statistical Analogue
Resampling scheme (STAR, scenario STAR 2K) [32,33].

STAR generates daily time series of meteorological variables by stochastically resampling
segments of daily observations at climate stations. The resampling is conditioned by a predefined air
temperature increase. The scenario STAR 2K assumes a linear increase of the mean annual temperature
of 2K from 2000 to 2055 [16,33]. Under the assumption that the relationships between meteorological
variables will persist in the future, the scenario is associated with decreases of the mean annual
precipitation in the wider region of the experimental site of interest for this study. In a comparison
study on the Lusatian river catchments of Spree, Schwarze Elster, and Weißer Schöps in North-Eastern
Germany [48], the outcomes of STAR have been evaluated as warm and dry, compared to results of
dynamic regional climate models, such as REMO or CCLM. STAR has been widely applied as climate
input to simulate potential climate change impacts on hydrology and plant growth [24,49].

We performed model simulations driven by air temperature, global radiation, and precipitation of
100 realisations of STAR 2K for the time period from 2015 to end of 2054, with respect to the vegetation
period of both tree species, and taking into consideration a first rotation lasting four years.

Consequently, the 100 realisations were adjusted given the specific vegetation period of each
tree species and classified according to their intent as follows: identifying realisations with minimum,
mean, and maximum (1) average precipitation sum and (2) mean temperature values for the timeframe
2015–2054 compared to 1974–2014, as a base period, and analyzing the correspondences with the tree
woody biomass; identifying realisations with minimum and maximum (3) average precipitation sum
and (4) mean temperature values with respect to the ten hypothetical four-year growing periods,
and analyzing the correspondences with the tree biomass; (5) identifying the main realisations
that rendered minimum and maximum woody biomass after each of the ten growing periods;
and (6) identifying realisations that rendered minimum and maximum woody biomass increments
over the 2015–2054 timeframe.
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3. Results

3.1. Observed Woody Biomass Productivity of Poplar and Black Locust Trees

The dry woody biomass observations showed considerable differences between the tree species
over the investigated four years of growth (Table 1). The tree sampling intensity was taken into
consideration for the determination of the standard deviation and was chosen according to the
diameter classes, which were estimated from year to year using the same methods, on the same field,
and on the same tree species managed in the same way.

Table 1. Mean (±standard deviation) dry woody biomass for poplar and black locust trees with respect
to the planting density and number of samples (n).

Species Biomass after
1 Year (Mg ha−1)

Biomass after
2 Years (Mg ha−1)

Biomass after
3 Years (Mg ha−1)

Biomass after
4 Years (Mg ha−1)

Poplar 0.4 ± 0.1 (n = 333) 2.0 ± 0.5 (n = 150) 12.9 ± 0.1 (n = 242) 28.2 ± 2.7 (n = 50)
Black Locust 0.1 ± 0.1 (n = 360) 3.6 ± 0.5 (n = 306) 9.1 ± 1.4 (n = 152) 15.3 ± 3.4 (n = 219)

The growth difference between the two tree species in terms of woody biomass varied inter-
annually, but after four years, poplar trees grew almost twice as much as black locust trees in terms of
woody biomass. The standard deviations obtained for each year and with respect to the number of
samples showed large differences, underlying the variability of observations.

3.2. Sensitivity Analysis of the Yield-SAFE Model

Parameters with an absolute value of the normalized sensitivity in the model output higher than 0.1
were considered as main influencing parameters and are presented in Figure 1. Conversely, all parameters
with a normalized sensitivity <0.1 were considered as being of minor importance due to a comparably small
influence on the model output and thus were not included in a deeper evaluation.
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Figure 1. The normalized sensitivity of the model’s output to tree and soil parameters, as well as
to climatic inputs for both poplar and black locust. Tree parameters include the initial number of
shoots (nShoot0), radiation use efficiency (εt), maximum leaf area for a single shoot (LAss

max), radiation
extinction coefficient (kt), and the initial biomass (Bt0). The soil parameters consist of the pF value at
field capacity (pF (FC)), potential evaporation (η), saturated volumetric water content (θs), soil depth,
the critical pF value for evaporation (pFc), the permanent wilting point (PWP), the soil hydraulic
conductivity at saturation (ks), and the van Genuchten parameters (α and nSoil).

The model output displayed high sensitivities to the tree parameters: initial number of shoots
(nShoot0), radiation use efficiency (εt), radiation extinction coefficient (kt), and maximum leaf area for
a single shoot (LAss

max) in descending order. Dominant soil parameters in descending order were:
pF value at field capacity (pF(FC)), potential evaporation (η), saturated volumetric water content
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(θs), and soil depth. Regarding the climate inputs, the modelled output was highly sensitive to
global radiation (TR) and precipitation (TP) but unresponsive to changes in average air temperature,
which had a null value. A negative normalized sensitivity value for a parameter indicated that
an increase of the said parameter value would lead to a decrease in the modelled woody biomass.
Conversely, a positive normalized sensitivity implied that an increase in said parameter would lead to
an increase in the modelled woody biomass [41].

Minor important tree parameters were the time constant of leaf area growth after budburst until
reaching maximum leaf area (tt), with a normalized sensitivity value of −0.1 and 0.0 for poplar and
black locust, respectively, the maximum number of shoots (nShootmax), and the transpiration coefficient
of the trees (γt), both of which had null values. The soil parameters that had a small influence on the
model output were the residual volumetric water content (θr), with a normalized sensitivity value
of −0.1 and 0.0 for poplar and black locust, respectively, the initial volumetric water content (θ0),
and a factor affecting the drainage rate below the root zone (δ), both of which had null values.

3.3. Model Validation

Concerning the above-ground tree woody biomass production accumulated after four years of growth,
the Yield-SAFE model rendered good correspondences with the measured tree woody biomass (Figure 2).
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Figure 2. Measured woody biomass (dots) and modelled accumulated woody biomass (line) for: (a) poplar
over a rotation period from 2011 to the end of 2014, and with regard to the planting density and number
of samples (n = 50:333) and (b) black locust over a rotation period from 2010 to the end of 2013, and with
regard to the planting density and number of samples (n = 50:360).

The modelled tree woody biomass values accumulated during the four years of growth nearly
matched the measured biomass values for both tree species, except for a higher deviation in the second
growing year of poplar. However, at the end of the investigation period, the deviation of measured to
modelled biomass values accounted for +0.3% for poplar and +2.8% for black locust, implying very
small overestimations of modelled accumulated tree woody biomass.

The relative errors of the modelled fits were low (NRMSE values of 4.6% and 5.5% for the
Yield-SAFE validations of poplar and black locust, respectively, always with a p value < 0.0001) and
the fit was highly significant (R2 values of 0.99 and 0.97 for poplar and black locust, respectively).

3.4. Modelled Woody Biomass under STAR 2K Weather Realisations

3.4.1. A Forty-Year Comparison with Respect to the Average Precipitation Sum

Our analysis was performed with both varying precipitation and temperature values.
Table 2 presents the categorized realisations in terms of minimum, mean, and maximum average
precipitation sum and air temperature for the timeframe 2015–2054 compared to the values for
the timeframe 1974–2014, which served as a base period in this study, and with respect to the
vegetation period of each tree species. In order to gain a deeper insight into the chosen realisations,
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Table 2 provides the values for both precipitation and air temperature, the subsidiary value being
starred below the values of interest.

Table 2. Realisations (R, highlighted in parentheses) that rendered minimum, mean, and maximum
average precipitation sum (P) and air temperature (T) values with respect to the vegetation period of
both tree species and under a timeframe of forty years.

Average Values for the
Vegetation Period

Poplar Black Locust

Base Period
(1974–2014)

Min.
(2015–2054)

Mean
(2015–2054)

Max.
(2015–2054)

Base Period
(1974–2014)

Min.
(2015–2054)

Mean
(2015–2054)

Max.
(2015–2054)

P [mm]
T [◦C] * 324

254
17.3 *
(R13)

296
17.1, 17.4 *
(R4, R27)

327
17.5 *
(R41)

336
271

16.7 *
(R13)

303
17.1, 17.3 *
(R28, R58)

335
17.2 *
(R82)

T [◦C]
P [mm] * 16.0

17.0
283 *
(R35)

17.2
299, 299 *

(R15, R86)

17.5
283 *
(R38)

15.3
16.2
315 *
(R84)

16.6
298 *
(R43)

16.9
298, 332 *

(R32, R41)

* These values are subsidiary to the values of interest presented above.

The average precipitation sum during the vegetation period of the base period corresponded to
the maximum values indicated by the projected time period in the case of both poplar and black locust.
This would suggest that, taking into account all 100 realisations over a forthcoming timeframe of forty
years, a maximum of 2.5 mm more precipitation would be achieved in the vegetation period of poplar
and only 0.8 mm less in the vegetation period of black locust. The long-term average precipitation of
the realisations representing mean values is about 10% lower than the base period (28 mm in case of
poplar, 33 mm in case of black locust). Also, it was noticed that the values for the average precipitation
sum were revealed by different realisations for the two considered tree species, which made the usage
of vegetation periods specific to each tree species relevant. The long-term average precipitation in the
vegetation period for the driest realisation, R13, is approximately 20% lower than the average of the
base period (poplar: 70 mm, black locust: 65 mm).

Simulations of tree growth under the aforementioned realisations with minimum, mean,
and maximum average precipitation sum values were performed in terms of woody biomass for
poplar (Figure 3) and black locust (Figure 4) in order to visually analyze the correspondences with the
tree woody biomass accumulated after four years of growth.
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Figure 4. Projected accumulated woody biomass of black locust trees under realisations that rendered
minimum (R13, orange), mean (R28, light green; R58, dark green), and maximum (R82, blue) average
precipitation sum values during the vegetation period from 2015 to the end of 2054.

While it could be generally said that a lack of precipitation leads to lower woody biomass and that
a higher amount of precipitation leads to a higher woody biomass accumulated in four growing years,
it was not always the case. Realisation 13, for example, had the lowest average precipitation sum in the
forty-year timeframe but rendered the maximum accumulated biomass in the first period (2015–2018)
for both tree species as well as in the fourth (2027–2030) and fifth period (2031–2034) for black locust.
This result implied that in order to find a clear correlation between a climatic input and the production
of tree woody biomass, the established growing periods or even the individual vegetation periods
should be evaluated.

3.4.2. A Forty-Year Comparison with Respect to the Mean Temperature

The mean temperature during the vegetation period of the base period (poplar: 16 ◦C, black locust:
15.3 ◦C) was 1.2 ◦C lower than the mean values and 1.5 ◦C lower than the maximum values indicated
by the 100 realisations under the projected time period, in the case of both poplar and black locust
(Table 2). Also, it was noticed that the values for the mean, minimum, and maximum temperature
were revealed by different realisations each for the two considered tree species, which made the usage
of vegetation periods specific to each tree species relevant.

Consequently, simulations of tree growth under aforementioned realisations with minimum,
mean, and maximum mean temperature values were performed in terms of woody biomass for poplar
(Figure A1) and black locust (Figure A2) in order to visually analyse the correspondences with the tree
woody biomass accumulated after four years of growth.

For poplar, it seemed that medium average temperature values during the vegetation period rendered
the highest woody biomass, with the exception of the sixth period (2035–2038), where the realisation with
a maximum value for temperature also achieved a maximum accumulated woody biomass.

Generally, the results showed that extremities in mean temperature rendered lower accumulated
woody biomass. For black locust, there seemed to be no explicit pattern correlating mean temperature
with the production of tree woody biomass, as the highest woody biomass was achieved in different
periods by realisations rendering both extreme and mean temperature values.

3.4.3. Comparison between the Ten Year Growing Periods in Terms of Average Precipitation Sum

In this step, ten hypothetical four-year growing periods from 2015 to 2054 were simulated under
the assumption that shoots and seedlings were replanted at the beginning of each growing period,
in the same system, and under the same management and soil conditions. Accordingly, two reference
periods were created in terms of average precipitation sum, mean temperature, and global radiation
accounting for the distinct vegetation period and planting year of poplar (2011) and black locust
(2010) trees.
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The main realisations with minimum and maximum values for the average radiation sum,
precipitation sum, and temperature for the established growing periods from 2015–2054 are presented
in Table A2 with respect to the vegetation period of each tree species.

A directly proportional relationship can be noticed between the average radiation sum and the
mean temperature, as averaged over the vegetation period.

Subsequently, four compound-realisations were created by using realisations that rendered either
a minimum or a maximum average precipitation sum in the given growing period. For example,
the first compound-realisation, which contained the highest precipitation values for poplar, was made
by putting together R31, R7, R43, R41, R98, R96, R60, R10, R78, and R39, from the first period
(2015–2018) to tenth period (2051–2054), respectively. Simulations were carried out under these four
compound-realisations for poplar (Figure 5) and black locust (Figure 6).Forests 2018, 9, x FOR PEER REVIEW  10 of 24 
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A strong, directly-proportional correlation between the average precipitation sum and the woody
biomass accumulated after four years of growth was noticed for both tree species. However, even if
the base period for both tree species had an average precipitation sum lower than any of the maximum
values found for the projected periods, the accumulated biomass after four years of growth was
sometimes higher in the base period than in the projected timeframes.

Additionally, it was noticed that R79 has a strong intra-annual variability of precipitation shown
by a shift between the minimum and maximum values for precipitation over the vegetation period.
However, this realisation does not seem to render marginal values for accumulated tree biomass,
except for black locust, in period 6 (2035–2038). Therefore, a compilation of climographs was made for
realisation 79 with respect to the established growing periods and according to the vegetation period
(Figure A3). The average radiation sum and the accumulated biomasses for both tree species were
added for comparison purposes.
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Regarding the mean monthly temperature, it seemed that those growing periods with a warm April
(≈12 ◦C) rendered lower biomass values than those periods that had a colder April (≈9 ◦C). This happened
perhaps due to late April frosts that can affect tree growth. Alternatively, no strong influence of mean
temperature on the accumulated tree biomass could be seen over the years. Concerning the average monthly
precipitation, meaningful shifts were noticed, especially between earlier growing periods (2015–2018) and
later growing periods (2047–2050). Accumulated tree biomass also seemed to have a noticeable increase in
those periods where precipitation was high between May and July. The average radiation increased from
period to period, albeit without enhancing the projected biomass.

3.4.4. Comparison between the Ten Year Growing Periods in Terms of Mean Temperature

Similarly to Section 3.4.3, four compound-realisations were created by using realisations that
offered either a minimum or a maximum mean temperature in the given growing period (Table A2).
The tree growth was simulated in terms of woody biomass under these four compound-realisations
for poplar (Figure A4) and black locust (Figure A5).

3.4.5. Comparison between the Ten Year Growing Periods in Terms of Accumulated Woody Biomass

Table 3 presents the minimum and maximum woody biomass accumulated after four growing
years for both tree species, with respect to the established growing periods, and together with their
corresponding realisation.

Table 3. Realisations (R, highlighted in parentheses) that rendered minimum and maximum
accumulated woody biomass values for both tree species with respect to the ten established
growing periods.

Accumulated
Woody Biomass

[Mg ha−1]

2015–2018 2019–2022 2023–2026 2027–2030 2031–2034 2035–2038 2039–2042 2043–2046 2047–2050 2051–2054

Poplar

Max. 24.7 31.3 34.7 33.8 39.4 34.5 30.6 33.1 33.5 38.8
Realisation (R13) (R27) (R6) (R49) (R100) (R37) (R75) (R82) (R75) (R62)

Min. 15.0 14.6 15.9 12.9 13.7 15.3 13.5 10.9 12.9 12.9
Realisation (R26) * (R56) * (R18) (R2) * (R10) * (R35) (R69) * (R2) * (R16) (R90)

Black Locust

Max. 15.3 18.3 16.8 17.9 20.6 19.1 18.0 19.61 18.2 21.8
Realisation (R51) (R27) (R6) (R74) (R100) (R96) * (R75) (R82) * (R75) (R63)

Min. 9.4 8.9 10.0 7.9 8.6 9.3 8.5 7.1 8.0 8.2
Realisation (R19) * (R56) * (R18) (R2) * (R10) * (R79) * (R87) (R2) * (R16) (R24)

* Realisations that rendered low accumulated woody biomass while having a low precipitation input or on the
contrary, that rendered a high accumulated woody biomass while having a high precipitation input.

According to these results, Figure 7 was created for poplar and black locust, respectively, as a bandwidth
of accumulated woody biomass from all realisations from 2015 to the end of 2054.
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Figure 7. The range of possible accumulated woody biomass shown by maximum (blue) and minimum
(red) values obtained after four years of growth with respect to the ten established growing periods for
(a) poplar and (b) black locust. Trend lines for the woody biomass are described by dash-dotted lines.
The dashed lines represent the woody biomass, as per reference period.
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An initial decrease in accumulated woody biomass was noticed between the reference and the first
projected period for both tree species. However, this was expected, as the realisations that rendered
maximum values for accumulated biomass (R13 and R51 for poplar and black locust, respectively) had
lower average values than those of the reference period for all climatic inputs.

Following the trend lines of biomass increase for poplar, it could be said that in the most optimistic
case, an increase of about 10 Mg ha−1 (35%) would be achieved in the last period (2051–2054) compared
to the reference period and in the most pessimistic case a decrease of about 15 Mg ha−1 (54%). For black
locust, the accumulated woody biomass in the last period would be subjected to either an increase
of about 7 Mg ha−1 (43%), in the most optimistic case, or a decrease of 7 Mg ha−1 (47%), in the most
pessimistic case. However, when accounting for the variability of observations, the simulations showed
that the assumed climate change could lead to a decrease in the median woody biomass accumulated
in the last period of about 5 Mg ha−1 (18%) for poplar and 1.7 Mg ha−1 (11%) for black locust trees
with respect to the median observed in the reference period.

Additionally, it was noticed that in the first period (2015–2018), the maximum accumulated
biomass of poplar was given by realisation R13 (biomass value of 24.7 Mg ha−1; average radiation sum
of 3284 W m−2), whereas the maximum precipitation input for the first period is given by realisation
R31 (biomass value of 23.2 Mg ha−1; average radiation sum of 3023 W m−2). In order to establish what
other climatic factors were involved in the tree woody biomass production, Figure A6 was created.

As also observed in Figure A3, the accumulated tree woody biomass seemed to have a noticeable
increase in those periods where precipitation was high between May and July. Also, the average
monthly radiation sum was significantly higher in realisation R13 than R31 with respect to the
vegetation period, except for 2017, where values dropped slightly behind for realisation R13 than R31.
Likewise, the average monthly temperature was significantly higher in realisation R13 than R31 with
respect to the vegetation period, except for 2017, where values dropped slightly behind for realisation
R13 than R31.

3.4.6. Comparison between the Ten Year Growing Periods in Terms of Woody Biomass Increment

The minimum and maximum woody biomass increments for both tree species under a timeframe
of forty years are presented in Table 4, together with their corresponding realisation. Taking into
consideration the average values for precipitation and temperature of all realisations under the entire
projected timeframe of forty years, an overall mean temperature and precipitation sum were established
and highlighted.

Table 4. Realisations that rendered minimum, mean, and maximum average woody biomass increment
values for both tree species under a timeframe of forty years, together with their climatic characteristics
in terms of average annual values for precipitation sum and air temperature.

Average Woody
Biomass Increment

[Mg ha−1 a−1]

Projected Period
(2015–2054) R2 R44 R45 R70 R62 R25

Poplar Black
Locust Poplar Black

Locust Poplar Black
Locust Poplar Black

Locust
Black
Locust Poplar Black

Locust

- - 4.5 2.8 5.4 3.3 5.4 3.3 3.3 6.5 3.8

P [mm a−1] 296 303 270 279 313 316 304 301 310 306 313
T [◦C a−1] 17.2 16.6 17.3 16.9 17.1 16.5 17.3 16.7 16.6 17.3 16.6

Furthermore, labels were given to the realisations presented in Table 4 by comparing their average
annual precipitation and temperature values with those values obtained for the entire projected
timeframe from 2015 to the end of 2054. Consequently, R2 was regarded as dry-warm for both tree
species, R44 as wet-cold, R45 as wet-cold, R70 as wet-warm for poplar and dry-warm for black locust,
R62 as wet-medium, and R25 as wet-warm for poplar and wet-medium for black locust. The yearly
woody biomass increments were projected for poplar (Figure 8) and black locust (Figure 9) trees under
these realisations with respect to the ten established growing periods.
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The empirical data for the yearly woody biomass increment, regarded as the reference period values,
were significantly higher than the maximum values achieved under the timeframe of forty years. However,
given the established growing periods, an increase in biomass increment was noticed after the fifth period.
For poplar, this increase exceeded the reference period value with merely 1.7 Mg ha−1 a−1 (24%), whereas for
black locust it decreased with at least 0.6 Mg ha−1 a−1 (11%). Regarding the mean temperature obtained for
the given growing period, it seemed that realisations labelled as both cold and warm rendered minimum,
medium, and maximum biomass increments.

4. Discussion

The results of this study corroborated the growth vulnerability of poplar and black locust trees
in terms of woody biomass to prospective climate change and particularly to changes in water
availability. Similar results were obtained by Weemstra et al. [50], who found that summer drought
decreased tree growth of ten deciduous tree species at an experimental forest setting in The Netherlands.
Using climate-tree-growth relationships for study sites in Mecklenburg-Vorpommern, north-eastern
Germany, Scharnweber et al. [51] have identified a strong dependency of growth of common European
beech (Fagus sylvatica L.) and pedunculated oak (Quercus robur L.) on water availability, especially
during early summer. Comprehensive studies were conducted with Populus and Salix in field
experiments for short-rotation forestry and for breeding of clones [28,29].

In contrast to the previous tree species, information about the implication of environmental and
climatic factors on the growth performance of black locust is rare. As a pioneer tree, black locust is
regarded as a drought-adapted tree species, showing high morphological and physiological plasticity
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and therefore, it is planted even in regions with annual precipitation sum values below 600 mm
a−1 [52]. Subjected to water limitation, the leaf area of black locust reduces drastically in order to
minimize transpiration, although affecting the growth performance [53,54], whereas the production
of nodules for biological nitrogen fixation increases in order to overcome the limitation of nitrogen
uptake from the soil [55].

Field investigations at our study site in Neu Sacro during a summer heat period in 2015
indicated that both poplar and black locust tree species maintained a high photosynthesis and growth
performance under maximum daily temperatures of 30–34 ◦C due to the fact that water uptake from
the groundwater was guaranteed [56]. Under such well-watered conditions, black locust did not
down-regulate the transpiration and was regarded as a water-saving tree species [57]. However,
long-term studies aiming to understand the biomass production under different climatic conditions do
not exist for black locust and for management practices such as SRC.

4.1. Parameterization and Validation of the Yield-SAFE Model

The low relative errors of the woody biomass fits and the high coefficient of determination
suggested a satisfactory agreement between the modelled and observed woody biomass yields and
thus, a high model performance, accounting for a great proportion of the variance.

However, some differences existed between the modelled biomass and the measured one,
which could be reduced by revising those parameters which influenced the modelled output the
most. One of the parameters that would need a better appraisal would be the initial biomass,
which was assumed to be 0.87 Mg ha−1 in the Yield-SAFE model, whereas the measured biomass was
of 0.4 Mg ha−1 for poplar and 0.001 Mg ha−1 for black locust after the first year of growth. Evidently
the initial biomass of the cuttings (poplar) and rooted seedlings (black locust) should be adjusted in
the future to a more realistic situation.

Another solution would be to improve the Yield-SAFE model by a dynamic vegetation period
determination depending on weather conditions rather than the static approach using tabulated values
of the day of budburst and leaf fall of the year. The adaptation could be based on a weighting model
determined by the atmospheric drivers (i.e., daily values for air temperature, precipitation, and global
radiation), in order to boost or hinder the tree vegetation period to a more realistic situation. Shifts in
the phenological phases have already been observed in the region [58,59] and further changes are
expected for the future. Since this solution would use existing parameters, it would not increase the
parameter range in the Yield-SAFE model and therefore, the model would remain parameter-sparse.

4.2. Evaluating the Woody Biomass Productivity under Prospective Climate Realisations

The above-ground woody biomass, as simulated by the Yield-SAFE model, was highly sensitive to
global radiation and precipitation but to a lesser extent to changes in average air temperature. This was
also supported by the results of the sensitivity analysis. However, strong correlations were detected
between global radiation and air temperature and therefore, the variations noticed in the tree woody
biomass production were attributed to various extents to all three climatic inputs.

In our comparison between realisations R13 and R31 under the first growing period (2015–2018)
for example, a higher woody biomass production was provided by R13 than by R31. We firstly linked
this difference to the monthly precipitation sum values, which were higher in R13 than in R31. This was
especially important for the months May, June, and July, where the modelled output increased with
increasing precipitation values, as also observed in experimental studies by Gallardo [60] for poplar
trees and Mantovani et al. [57] for black locust trees.

Additionally, the average monthly radiation was significantly higher in realisation R13 than
R31 with respect to the vegetation period, except for 2017, where values dropped slightly behind
for realisation R13 than R31. Likewise, the average monthly temperature was significantly higher in
realisation R13 than R31 with respect to the vegetation period, except for 2017. This indicated that the
tree growth depended somewhat on global radiation, but most predominantly on precipitation.
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Water availability during the main vegetation period has been confirmed to be an important factor
in the determination of the eco-physiological and growth performance of trees [50,51,61–63]. Especially
when subjected to extreme summer droughts, as expected for the ongoing climate change, the soil
water availability can imprint a long-lasting effect on tree growth performance, forest functioning and
management [64–66].

Numerous studies have emphasized the complex effects of climate change on common forest
trees [65,67]. The increasing air temperature was reported to alter the plant phenology and length of the
vegetation period, which in turn affects plant productivity [58,59]. Bud phenology of many temperate
trees depends on air temperature and photoperiod [68–70]. Regional warming might increase the
length of the growing period, albeit increasing evaporative demand, especially in combination with
decreasing precipitation, may limit growth [9,71].

The climate change impacts on short rotation coppices with aspen were assessed by Lasch et al. [24]
across Eastern Germany and increasing growth rates were reported on most sites together with high ranges
based on three selected realisations of STAR 2K. A European-wide simulation study showed inconsistent
tendencies of changes in tree growth in Central Europe with high uncertainties of climate change impacts
on tree growth arising from climate models [26].

Due to the non-linear responses of tree growth to interacting factors such as global radiation,
air temperature, precipitation, and soil moisture, estimating climate change impacts on tree growth is
challenging and subject to large uncertainties [30,72,73].

As noted by Medlyn et al. [30], the comparability of simulation results of tree growth under
climate change can be hampered by various uncertainties, many of those related to the underlying
assumptions in the tree growth model. The simulations run by the Yield-SAFE model do not account
for the tree mortality, nutrients or pests. In reality, however, these growth limiting factors hinder the
overall tree woody biomass production. Our results also indicated that climate changes, as assumed in
STAR 2K, may result in high uncertainties of the simulated tree growth, even for the same scenario and
regional climate model. This might be attributed to the fact that different realisations of one scenario
may cause more pronounced differences in forest productivity than different regional climate models
or emission scenarios, as found by a European-wide comparison study [26].

STAR 2K has been used in several studies to estimate the potential climate change effects
on hydrology whereby the direction of change was in agreement towards increasing potential
evapotranspiration and declining discharge and groundwater recharge [48,49,74], but only the
magnitude of change showed high differences between individual realisations. The potential tree
growth might also be subjected to hindrance by the declining groundwater recharge, as investigated
by Pohle et al. [49] for bio-energy crops in the wider study region under STAR and WettReg.

These results are in line with the findings of our study concerning the uncertainties in climate
variability implications on the growth performance of poplar and black locust trees, both in terms of
direction and magnitude of potential future changes.

5. Conclusions

By a combined experimental and simulation study, we investigated the potential growth vulnerability
of two fast-growing tree species managed as short rotation coppices (SRCs) to a considerable spectrum of
weather conditions and long-term climate change. We achieved this by means of field measurements
in an SRC established in Brandenburg, Germany, and simulations using the Yield-SAFE model and
100 realisations of the regional climate model Statistical Analogue Resampling scheme STAR, scenario 2K.

The Yield-SAFE model simulated the daily above-ground woody biomass of poplar clone “Max I”
and black locust with satisfactory accuracy and responded sensitively to changes in the meteorological
input data. The model showed a strong sensitivity to tree parameters such as the initial number of
shoots, the radiation use efficiency and the radiation extinction coefficient, as well as the maximum
leaf area per shoot and to a lesser extent, to soil parameters. In terms of climatic inputs, the modelled
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output was highly sensitive to global radiation and precipitation but to a lesser extent to changes in
average temperature.

Our findings showed that the tree yields in an SRC were positively impacted by air temperature
increase and negatively by decreasing precipitation. Additionally, the notion that climate change
impacts cannot be categorized as solely positive or negative was reinforced, as tree yield productivity
has shown to react diametrically contrary to shifts in climate: higher temperature values might boost
tree growth due to a prolonged vegetation period, or contrarily, it might hinder tree growth due to
higher evapotranspiration and lower soil water availability.

However, as the extreme events are to be intensified in their frequency and intensity within the
framework of the anticipated climate changes, the investigation of the effects of extreme weather
conditions will be given more prominence in the future. Also, there may be some restrictions on
production as groundwater levels might decline under climate change [49], restricting the future
possibilities for the use of groundwater for irrigation, especially of agricultural land.

Based on the implications of this study for the studied clones, it will be possible to furthermore
develop and optimize the SRC designs with respect to the specific field conditions and to provide
a reliable estimation of achievable woody biomass yields according to tree species, management,
and climate change effects.

A multi-rotation tree growth model is paramount for simulating the tree woody biomass
production in SRCs and systematic monitoring of second, third, and following tree rotations managed
as SRCs is a vital part for validating the performance of the model. In the future, the model of this
study could be extended to situations that demand more details such as different nutrient levels,
different species of trees, and interactions between plants. This is especially relevant with the current
need for diversification of land-use and the generation of not only food, feed and fibre on arable land,
but also fuel with respect to the water-energy-food nexus.
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Appendix A

Table A1. Tree and soil parameter values used for the parametrization of the Yield-SAFE model for the
SRC in Forst (north-eastern Germany).

Symbol Description Unit Tree Species Value Source

Tree Parameters

Initial Conditions

nShoots0 Initial number of shoots per tree tree−1 Poplar 0.3362 Own
dataBlack Locust 0.2520

Bt0 Initial tree biomass g tree−1 Poplar
100 [39,41]Black Locust

LAt0 Initial tree leaf area m2 tree−1 Poplar
0 [39,41]Black Locust

Parameters

εt Radiation use efficiency g MJ−1 Poplar 0.2137 Own
dataBlack Locust 0.4820

kt Light extinction coefficient – Poplar
0.8 [39,41]Black Locust

tt

The number of days after budburst at
which the leaf area has reached 63.2% of

its maximum leaf area LAss
max

d
Poplar

10 [39,41]Black Locust

LAss
max Maximum leaf area for a single shoot m2 Poplar 0.05 [39,41]

Black Locust 0.025 [54]

nShoots
max Maximum number of shoots per tree tree−1 Poplar

10000 [39,41]Black Locust

Kmain Relative attrition rate of tree biomass d−1 Poplar
10−4 [39,41]Black Locust

γt Transpiration coefficient of the trees m3 kg−1 Poplar 0.35 [41]
Black Locust 0.42 [54]

(pFcrit)t Critical pF value for trees log (cm) Poplar
4.0

[39]
Black Locust [54]

(pFpwp)t pF value at permanent wilting point log (cm) Poplar
4.2 [39]Black Locust

Tree Leaf Behaviour

DOYbudburst,
DOYleaffall

Day of year for budburst and leaf fall DOY
Poplar 105, 280

[46]Black Locust 125, 310

Management Tree Density

ρt Planting density trees ha−1 Poplar
8700 [34]Black Locust

Soil Parameters

Initial Conditions

θ0 Initial volumetric water content m3 m−3 Poplar
0.552 [39,41]Black Locust

Parameters

δeva Potential evaporation per unit energy mm MJ−1 Poplar
0.15 [41]Black Locust
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Table A1. Cont.

Symbol Description Unit Tree Species Value Source

D Depth of the soil compartment mm Poplar
1500 [45]Black Locust

α Van Genuchten parameter – Poplar
0.0383 [45]Black Locust

nsoil Van Genuchten parameter – Poplar
1.3774 [45]Black Locust

δ
Parameter affecting the drainage rate

below root zone
– Poplar

0.07 [45]Black Locust

PWP Permanent wilting point log (cm) Poplar
4.2 [39,41]Black Locust

(pFcrit)E Critical pF value for evaporation log (cm) Poplar
2.3 [39,41]Black Locust

pFFC Water tension at field capacity log (cm) Poplar
2.3 [39,41]Black Locust

Ks
Soil hydraulic conductivity

at saturation mm d−1 Poplar
60 [45]Black Locust

θs Saturated volumetric water content m3 m−3 Poplar
0.403 [45]Black Locust

θr Residual volumetric water content m3 m−3 Poplar
0.025 [45]Black Locust

Table A2. Realisations (R, highlighted in parentheses) that rendered minimum and maximum average
precipitation (Pmin, Pmax), air temperature (Tmin, Tmax), and global radiation (Rmin, Rmax) values in the
established ten growing periods with respect to the vegetation period of both tree species. The reference
period for poplar (2011–2014) and black locust (2010–2013) trees accounted for their distinct vegetation period.

Average
Values

Reference
Period 2015–2018 2019–2022 2023–2026 2027–2030 2031–2034 2035–2038 2039–2042 2043–2046 2047–2050 2051–2054

Poplar

Pmax.[mm]
T [◦C] *

366

389
16.0 *
(R31)

435
15.9 *
(R7)

413
17.3 *
(R43)

378
16.8 *
(R41)

442
16.8 *
(R98)

450
16.9 *
(R96)

376
17.6 *
(R60)

406
16.8 *
(R10)

413
17.3 *
(R78)

416
17.6 *
(R39)

Pmin.[mm]
T [◦C] *

225
16.5 *
(R26)

201
17.5 *
(R56)

211
16.9 *
(R11)

184
17.5 *
(R2)

212
16.8 *
(R10)

205
17.2 *
(R79)

203
17.4 *
(R69)

176
17.9 *
(R2)

197
17.1 *
(R8)

190
18.3 *
(R79)

Black Locust

Pmax.[mm]
T [◦C] *

395

400
15.8 *
(R79)

440
15.4 *
(R7)

423
16.6 *
(R43)

408
16.3 *
(R50)

459
16.3 *
(R98)

445
16.4 *
(R96)

390
17.1 *
(R60)

413
17.0 *
(R82)

422
16.9 *
(R78)

429
17.1 *
(R39)

Pmin.[mm]
T [◦C] *

226
16.1 *
(R19)

207
17.0 *
(R56)

222
16.8 *
(R11)

188
17.1 *
(R2)

205
16.6 *
(R10)

209
17.1 *
(R79)

192
17.3 *
(R79)

196
17.2 *
(R2)

188
17.7 *
(R46)

200
16.9 *
(R13)

Poplar

Tmax. [◦C]
P [mm] * 16.6

17.5
384 *
(R16)

17.6
269, 304 *

(R33,
R69)

18.0
273 *
(R55)

17.9
274 *
(R98)

18.2
235 *
(R62)

18.3
247, 271 *
(R1, R17)

18.3
311 *
(R97)

18.3
234, 306 *

(R36,
R81)

18.6
227 *
(R37)

18.5
327 *
(R47)

Tmin. [◦C]
P [mm] *

15.2
368 *
(R71)

15.9
435, 317 *
(R7, R79)

16.1
294 *
(R75)

15.9
324 *
(R1)

16.1
362 *
(R3)

16.5
325, 373 *

(R42,
R95)

16.5
325 *
(R26)

16.8
406, 330 *

(R10,
R94)

16.4
329 *
(R66)

17.1
289 *
(R91)

Black Locust

Tmax. [◦C]
P [mm] *

15.6

16.6
257, 257 *

(R64,
R74)

17.1
336 *
(R41)

17.1
344, 342 *

(R27,
R83)

17.4
278 *
(R4)

17.3
277 *
(R96)

17.4
246 *
(R26,
R65)

17.6
248 *
(R22)

17.7
336 *
(R4)

17.8
291 *
(R51)

17.8
265 *
(R73)

Tmin. [◦C]
P [mm] *

14.6
391 *
(R71)

15.3
267 *
(R84)

15.6
280 *
(R67)

15.4
324 *
(R1)

15.2
377 *
(R3)

15.9
361 *
(R81)

16.0
341 *
(R26)

16.1
334 *
(R31)

16.0
350 *
(R66)

16.5
285 *
(R91)
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Table A2. Cont.

Average
Values

Reference
Period 2015–2018 2019–2022 2023–2026 2027–2030 2031–2034 2035–2038 2039–2042 2043–2046 2047–2050 2051–2054

Poplar

Rmax.
[Wm−2]

3119

2926
(R64)

3002
(R53)

3017
(R22)

3016
(R4)

3069
(R13)

3133
(R17)

3082
(R24)

3165
(R100)

3146
(R37)

3158
(R79)

Rmin.
[Wm−2]

2497
(R71)

2640
(R34)

2709
(R60)

2701
(R1)

2593
(R3)

2653
(R95)

2741
(R26)

2745
(R67)

2789
(R3)

2738
(R3)

Black Locust

Rmax.
[Wm−2]

2966

2812
(R11)

2932
(R51)

2887
(R22)

2913
(R4)

2898
(R6)

2952
(R46)

2958
(R79)

3045
(R100)

2981
(R13)

3003
(R79)

Rmin.
[Wm−2]

2379
(R71)

2560
(R79)

2538
(R67)

2573
(R41)

2419
(R3)

2517
(R95)

2621
(R8)

2597
(R67)

2632
(R3)

2559
(R3)

* These values are subsidiary to the values of interest presented above.
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17.6 * 
(R60) 

406 
16.8 * 
(R10) 

413 
17.3 * 
(R78) 

416 
17.6 * 
(R39) 

Pmin.[mm] 
T [°C] * 

225 
16.5 * 
(R26) 

201 
17.5 * 
(R56) 

211 
16.9 * 
(R11) 

184 
17.5 * 
(R2) 

212 
16.8 * 
(R10) 

205 
17.2 * 
(R79) 

203  
17.4 * 
(R69) 

176 
17.9 * 
(R2) 

197 
17.1 * 
(R8) 

190 
18.3 * 
(R79) 

  Black Locust 

Pmax.[mm] 
T [°C] * 

395 

400 
15.8 * 
(R79) 

440 
15.4 * 
(R7) 

423 
16.6 * 
(R43) 

408 
16.3 * 
(R50) 

459 
16.3 * 
(R98) 

445 
16.4 * 
(R96) 

390 
17.1 * 
(R60) 

413 
17.0 * 
(R82) 

422 
16.9 * 
(R78) 

429  
17.1 * 
(R39) 

Pmin.[mm] 
T [°C] * 

226 
16.1 * 
(R19) 

207 
17.0 * 
(R56) 

222 
16.8 *  
(R11) 

188 
17.1 * 
(R2) 

205 
16.6 * 
(R10) 

209 
17.1 * 
(R79) 

192 
17.3 * 
(R79) 

196 
17.2 * 
(R2) 

188 
17.7 * 
(R46) 

200 
16.9 * 
(R13) 

  Poplar 

Tmax. [°C] 
P [mm] * 16.6 

17.5 
384 * 
(R16) 

17.6  
269, 304 * 
(R33, R69) 

18.0 
273 * 
(R55) 

17.9 
274 * 
(R98) 

18.2 
235 * 
(R62) 

18.3 
247, 271 * 
(R1, R17) 

18.3 
311 * 
(R97) 

18.3  
234, 306 * 

(R36, 
R81) 

18.6 
227 * 
(R37) 

18.5 
327 * 
(R47) 

Tmin. [°C] 
P [mm] *  

15.2 
368 * 
(R71) 

15.9  
435, 317 * 
(R7, R79) 

16.1 
294 * 
(R75) 

15.9 
324 * 
(R1) 

16.1 
362 * 
(R3) 

16.5 
325, 373 * 
(R42, R95) 

16.5 
325 * 
(R26) 

16.8 
406, 330 * 

(R10, 
R94) 

16.4 
329 * 
(R66) 

17.1  
289 * 
(R91) 

  Black Locust 

Tmax. [°C] 
P [mm] * 

15.6 

16.6  
257, 
257 * 
(R64, 
R74) 

17.1  
336 * 
(R41) 

17.1 
344, 
342 * 
(R27, 
R83) 

17.4 
278 * 
(R4) 

17.3 
277 * 
(R96) 

17.4 
246 * 

(R26, R65) 

17.6 
248 * 
(R22) 

17.7 
336 * 
(R4) 

17.8  
291 * 
(R51) 

17.8 
265 * 
(R73) 

Tmin. [°C] 
P [mm] * 

14.6  
391 * 
(R71) 

15.3  
267 * 
(R84) 

15.6 
280 * 
(R67) 

15.4 
324 * 
(R1) 

15.2 
377 * 
(R3) 

15.9 
361 * 
(R81) 

16.0  
341 * 
(R26) 

16.1 
334 * 
(R31) 

16.0 
350 * 
(R66) 

16.5 
285 * 
(R91) 

  Poplar 

Rmax. [Wm−2] 
3119 

2926  
(R64) 

3002  
(R53) 

3017  
(R22) 

3016  
(R4) 

3069  
(R13) 

3133  
(R17) 

3082  
(R24) 

3165  
(R100) 

3146  
(R37) 

3158  
(R79) 

Rmin. [Wm−2] 2497  
(R71) 

2640  
(R34) 

2709  
(R60) 

2701  
(R1) 

2593  
(R3) 

2653  
(R95) 

2741  
(R26) 

2745  
(R67) 

2789  
(R3) 

2738  
(R3) 

  Black Locust 

Rmax. [Wm−2] 

2966 

2812  
(R11) 

2932  
(R51) 

2887  
(R22) 

2913  
(R4) 

2898  
(R6) 

2952  
(R46) 

2958  
(R79) 

3045  
(R100) 

2981  
(R13) 

3003  
(R79) 

Rmin. [Wm−2] 
2379  
(R71) 

2560  
(R79) 

2538  
(R67) 

2573  
(R41) 

2419  
(R3) 

2517  
(R95) 

2621  
(R8) 

2597  
(R67) 

2632  
(R3) 

2559  
(R3) 

* These values are subsidiary to the values of interest presented above. 
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