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Abstract
& Key message We forecasted the effects of climate change
and forest conversion options on common forest bird spe-
cies by employing nation-wide high-resolution models.
The results give details on how, where, and for which spe-
cies forest conversion can mitigate climate change effects.
& Context To mitigate effects of climate change on forests,
alterations are required to convert forests into less vulnerable
forest types. Coniferous forest that has been cultivated exten-
sively outside its natural range has been identified as being
more vulnerable to climate change effects than deciduous
forest.
& Aims The aim is to evaluate the effect of climate change
mitigation measures on biodiversity due to forest conversion.
& Methods We generated five forest scenarios for Germany in
which we systematically replaced coniferous with deciduous
forest types. We forecasted the effects of climate change and
forest conversion options on 25 forest bird species by
employing high-resolution models to predict their current
and future ranges and population size.

& Results Our simulations and modeling approach clearly pre-
dicted that climate change has a stronger impact on popula-
tions compared to distribution areas of common forest bird
species. Forest conversion was predicted to amplify (15 spe-
cies) and to weaken (10 species) the predicted gains and losses
of species’ population size due to climate change. Using the
total bird population size to evaluate the mitigation effect of
the different forest scenarios, forest conversion below an ele-
vation of 500 m a.s.l. was predicted to mitigate climate change
effects by 0.3 million breeding pairs (−10 %). The relatively
weak mitigation effect was mainly due to few generalist spe-
cies that inhabit coniferous forests in large abundances and did
not profit from a conversion to deciduous forests.
& Conclusion The results of the study give details on how,
where, and for which species forest conversion can mitigate
the anticipated effects of climate change.
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1 Introduction

Climate change is expected to affect forests ecosystems in
various ways. For example, the frequency and severity of
forest disturbances, forest growth and productivity, the devel-
opment of dead wood volume as well as forest succession
stages may be modified by climate change (Millar et al.
2007). To mitigate climate change effects on forests, alter-
ations are required to make forests less vulnerable to droughts,
heat, and storms (Bolte and Degen 2010). This is necessary
because many tree species have been cultivated extensively
outside their natural ranges (Spiecker 2003). In Germany,
Norway spruce Picea abies is the dominant tree species with
28 % cover (BMELV—Bundesministerium für Ernährung

Handling Editor: Thomas WOHLGEMUTH

Contribution of the co-authors Tobias E. Reiners: running the data
analysis and statistical and analytical advice

Electronic supplementary material The online version of this article
(doi:10.1007/s13595-014-0455-4) contains supplementary material,
which is available to authorized users.

T. K. Gottschalk (*)
University of Applied Forest Sciences,
Schadenweilerhof( 72108 Rottenburg, Germany
e-mail: gottschalk@hs-rottenburg.de

T. E. Reiners
Conservation Genetics Group, Senckenberg Research Institute and
Natural History Museum Frankfurt, Clamecystrasse 12,
63571 Gelnhausen, Germany
e-mail: tobias.reiners@senckenberg.de

Annals of Forest Science (2015) 72:335–348
DOI 10.1007/s13595-014-0455-4

http://dx.doi.org/10.1007/s13595-014-0455-4


2005) and was identified as one of the most vulnerable tree
species to climate change effects (Bolte et al. 2009).
Deciduous and mixed stands have been recognized as much
more tolerant to climate change (Bolte et al. 2009). Without
forest management, broad-leaved species would prevail in the
majority of German forests and only 0.3 % of all forest areas
in Germany would be covered by coniferous forests (Bohn
2011). However, coniferous trees account for 49 % of
German forests today (DFWR 2014). In order to increase both
resistance and resilience of forests (Schmidt et al. 2010), trans-
formation of coniferous forests to deciduous and mixed forest
types is taking place throughout Europe. How these forest
management measures will affect biodiversity is largely un-
known. Generally, the reliable prediction of ecological and
biogeographic responses to climate change and future
climate-driven land-use changes poses a serious challenge
for ecologists (Jackson et al. 2009). Intensive research has
been conducted on projecting climate-driven changes of spe-
cies distributions, but few studies have attempted to include
both climate and land-use variables for predicting species dis-
tribution change (Jetz et al. 2007; Braunisch et al. 2014).
Typically, spatial studies on the impact of climate change have
focused on the prediction of range contractions and range
shifts but not on the changes of population size. This is sur-
prising, because many bird species may exhibit population
change due to the impact of climate on survival rate and breed-
ing success, independent of a possible change of their geo-
graphic distribution (Crick 2004). Following this argument,
climate change might have a more immediate influence on a
bird species’ abundance than on its incidence. Unfortunately,
abundance data have often been unavailable on a national
scale, and this may have prevented a forecast of population
change. Recently, large-scale bird surveys have been imple-
mented, which provide sufficient data necessary to model spe-
cies distributions and abundances on a national scale (Brotons
et al. 2007). The German Common Breeding Bird Survey
(GCBBC) is one of the largest monitoring programs for birds.
We used this data to estimate the present abundance (2005–
2009) and to predict future changes of the distribution and the
population size of 25 forest bird species in Germany, compar-
ing the present climatic conditions with the Intergovernmental
Panel on Climate Change (IPCC) emission scenarios A1b and
A2 for the period 2021–2050. To forecast the contribution of
forest conversion towards mitigating climate change impacts,
we used the current distribution of forest types in Germany
together with five forest conversion scenarios. In these scenar-
ios, the lower elevation limit of coniferous forest stands was
sequentially raised and coniferous forest was sequentially re-
placed by deciduous and mixed forest types. The distribution
of deciduous and mixed forest was based on their natural
habitat according to a reconstruction of the current Potential
Natural Vegetation (PNV) of Germany (Bohn 2011).
Although natural habitats of tree species might change due

to future climate change (Lasch et al. 2002) and also non-
native species such as Douglas fir might be planted increas-
ingly, we considered the PNV as an important criterion to
direct future forest conversion options.

The objectives of our study were (1) to predict the impact
of climate change on the distribution and population of com-
mon forest bird species and (2) to evaluate whether forest
management measures, here a stepwise conversion of conif-
erous forests, could mitigate the impacts of climate change on
forest bird species. We predicted both species distribution and
population size over a large extent (358,077 km2) and at high
spatial resolution (25×25 m).

2 Materials and methods

We used four data sources for building the models: (1) bird
data from the GCBBS, (2) a high-resolution land-use map, (3)
the German digital terrain model, and (4) present climate con-
ditions derived from Deutscher Wetterdienst (DWD). To de-
velop climate and land-use scenarios, we used regional cli-
mate simulations of two IPCC emission scenarios (IPCC
2007): A1b and A2 and the PNV of Germany, respectively
(Fig. 1).

2.1 Bird data

Out of 25 common forest bird species used for this analysis
from GCBBS, 22 hold 4–20 % of the European population in
Germany (Table 1) and are of European conservation concern
(BirdLife International 2004). The GCBBS is the main
scheme for monitoring common andwidespread breeding bird
species in Germany (Sudfeldt et al. 2012) and is organized by
the Federation of German avifaunists (Dachverband
Deutscher Avifaunisten, DDA). The GCBBS takes place on
1,300 study plots of 1 km2 which were selected according to
the Ecological Area Sampling scheme (EAS). EAS follows a
stratified random sampling design, with the stratification
based on land use and ecological regions, across the entire
terrestrial area of Germany (Hoffmann-Kroll et al. 2003).
The GCBBS plots were monitored by highly qualified volun-
teers in the course of four visits per breeding season (10
March–20 June) using line transect counts of around 3–4-
km length inside each recording plot. These curved line tran-
sects usually cover a large part of the study plot in order to
record most of the birds present.

Bird data from 937 of the 1,300 study plots were available
for modeling the species’ occurrence probability and the spe-
cies’ abundance. Only those bird records showing breeding
behavior, such as singing birds or feeding young and which
were recorded within a maximum distance of 150 m from the
line transects, were analyzed. The exact locations of these
records were digitized. Birds flying over as well as migratory
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birds, as judged by the expected breeding season of each spe-
cies, were excluded (Südbeck et al. 2005). For this study we
used bird census data collected from study plots between 2005
and 2009. Using data of a 5-year period reduces the bias po-
tentially caused by year-to-year fluctuations in breeding pop-
ulations of some species, e.g., common chiffchaff, blue tit, and
winter wren (Gedeon et al. 2015).

For the presence-absence models, only one observation per
species and study plot was selected randomly to avoid auto-
correlation and pseudo replication. Thus, a maximum of 937
records per species was used for modeling the species’ occur-
rence probability. One absence point was randomly located in
each of those 937 study plots where the species was never
recorded as showing breeding behavior. For the abundance
models, densities of the 25 bird species within the 937 plots
were calculated using distance sampling (Thomas et al. 2010).
Therefore, all bird records within the plots were digitized to
measure the distance between the bird record and the observer.
The distances are needed to calculate the detection probability
of each species and between habitat types.With the help of the
detection probabilities, abundances were calculated by using
the program Distance 6.0 (Thomas et al. 2010), resulting in
one estimate per species and plot. The spatial locations of
presence-absence and abundance (geographic center of obser-
vations) were intersected with all predictor variables.

2.2 Land-use data and topographic map

Land-use data were obtained from the Authoritative
Topographic Cartographic Information System (ATKIS®),

an object-orientated vector database at the scale of 1:25,000
(http://www.adv-online.de/). Data on forest classes
(deciduous forest, mixed forest, coniferous forest, and
windthrow areas), orchards, and vineyards were extracted
from the Corine Landcover map (DLR 2010). Data on
dispersed urban areas were taken from Landsat 7 ETM+
pictures provided by Esch et al. (2009). To account for
species-specific habitat relationships, we used a land-use
map including 19 land-use classes with emphasis on forest
classes and different urban areas. The map was converted
from vector format into 25-m resolution raster maps.
Additionally, we employed information on single trees, ave-
nue trees, and hedges from ATKIS. This information together
with the forest classes was used to calculate distances of each
map pixel to (1) forests and (2) single trees, avenues, and
hedges.

Topographical data were derived from a German
digital terrain model of 25-m resolution provided by
Vermessungsverwaltungen der Bundesländer and BKG
(2009).

2.3 Climate data

Climate variables included temperature and precipitation. For
both values, (a) the annual mean and (b) the average of April,
May, and June, which corresponds to the birds’main breeding
time, were extracted (Table 2). Current climate data for the
period 1971–2000 were provided by the DWD (Deutscher
Wetterdienst 2010). For future climate projections, we used
the A1b and A2 scenarios of the Intergovernmental Panel on
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Climate Change (IPCC 2007). These projections are based on
the SRES A1b and A2 emission scenarios (Nakicenovic and
Swart 2000) and are projected for the period 2021–2050. In
both emission scenarios, a more economic rather than an en-
vironmentally sustainable development of the world is as-
sumed. The projected global average surface warming is
higher in scenario A2 compared to A1b, as the latter assumes
significant innovations in energy technologies. Future climate
projections on the scenario A1b were taken from the
Statistical Regional model (STAR) (Orlowsky et al. 2008).
STAR was developed to generate regional climate projections
for the near future and is constrained by a prescribed linear
temperature trend which makes it independent of the complex
output of general circulation models (GCMs). Simulations
made for the SRESA2 emissions scenariowere based on three
GCMs: CCCMA, HADCM3, and CSIRO (Hijmans et al.
2005). The scenario values were calculated and used to simu-
late the future distribution and abundance of forest bird spe-
cies. All climate data were processed in 1-km resolution maps.
Second-order polynomials were applied for temperature and
precipitation to account for possible nonlinear relationships
between predictor variables and dependent variable.

2.4 Species-habitat models

Species-habitat relationships were established using both local
characteristics of bird locations and characteristics of the land-
scape matrix surrounding each bird location (Hunter and
Gutiérrez 1995; Söderström and Pärt 2000). Local variables
included (1) geographic coordinates to account for spatial
trends, (2) elevation above sea level derived from the digital
elevation model, (3) climate data taken from the present cli-
mate map, and (4) the local land use taken from the land-use
map; landscape matrix variables encompassed (5) land-use
diversity (Shannon index) and (6) percentage cover of specific
land-use classes (see Supplementary Table S1 for details).
Landscape matrix variables were estimated within a radius
of 1,000 m and were calculated using the SLICER software
(Gottschalk et al. 2008). To avoid multi-collinearity, only var-
iables with correlation lower than 0.7 were considered
(Fielding and Haworth 1995). From groups of correlated var-
iables, only the variable with the most straightforward ecolog-
ical interpretation was included. Bibliographical references of

each forest bird species were used for preselection of variables
(Glutz von Blotzheim and Bauer 1998). For example, the
percentage cover of forest edges was only used for those spe-
cies known to be associated with forest edges, such as tree
pipit, garden warbler, and eurasian blackcap (see
Supplementary Table S1 for details).

Resource selection functions (RSF) were obtained using
generalized linear models (GLM) with binomial error distri-
bution and logit link function (logistic regression) for
presence-absence data (RSF 1), and with quasi-Poisson error
distribution and logarithmic link function for abundance data
(RSF 2). With the help of these functions, two maps, a species
occurrence probability map and a species abundance map,
were generated. Both maps were coupled in such a way that
the map pixels of the abundance map were ignored when the
occurrence probability was lower than or equal to 1 minus the
actual prevalence of the species (i.e., frequency of study plots
that contain the species), as the presence of the species is very
unlikely in these areas. While these areas were set to zero, all
other values of the presence-absence map were replaced by
the predicted values of the abundance map. This two-stage
process is known as a hurdle approach (Lack 1954), in which
a first model is used to distinguish between zero and positive
counts and a second model is used to predict the magnitude of
the positive values. The population size of each species was
calculated as the total abundance of all pixels of the map. The
models presented here were also used for the German
Breeding Bird Atlas (Gedeon et al. 2015). Therefore, they
were thoroughly checked for regional plausibility regarding
the distribution and population size by at least one expert of
each of the 16 states of Germany.

Stepwise selection of variables followed the corrected
Akaike Information Criterion (AICc) to ensure that themodels
were exclusively built on meaningful information. To assess
the predictive power of the presence-absence models, we cal-
culated the area under the receiver operating characteristic
curve (AUC) based on training and test data. This was done
by 100 iterations of selecting 80 % of all sampling points to
train the model and 20 % to estimate the performance. We
used the same approach to estimate the relative error in abun-
dance. The statistical programming environment R (R
Development Core Team 2013) was used for these analyses.
AUC values range from 0.5 for models with no predictive

Table 2 Climate variables used in this study and average climate situation in Germany under present and under future conditions (IPCC scenarios A1b
and A2, 2021–2050)

Climate variable Present 1971–2000 Scenario A1b 2021–2050 Scenario A2 2021–2050 Δ Present ->A1b Δ Present ->A2

Annual mean temperature (°C) 8.6 10.1 10.4 +1.5 +1.8

Spring temperature (°C) 11.8 13.8 13.2 +2.0 +1.4

Annual precipitation (mm) 788 738 708 −50 −80
Spring precipitation (mm) 202 176 202 −26 0
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ability to 1.0 for models giving perfect predictions. According
to the classification of Hosmer and Lemeshow (2000), AUC
values >0.9 describe ‘outstanding’, >0.8 ‘excellent’, and >0.7
‘acceptable’ discrimination abilities. The percentage deviance
explained by each model (D2) was used to quantify the overall
model fit and was regarded as the explanatory power of the
model.

The occurrence probability and abundance of each species
were predicted under present conditions and under the future
climate scenarios. The future scenarios partly extrapolate into
novel climates that are outside the range of the current climate
situation in Germany. Therefore, we calculated multivariate
environmental similarity surface (MESS) maps (Elith et al.
2010) to quantify potential prediction uncertainties within
Germany. Each species map was processed in 25-m resolution
and therefore contained 774 million pixels. Data preparation,
spatial analysis, and map construction were performed in
ArcGIS 10.0 (Environmental Science Research Institute Inc.,
Redlands, CA, USA).

2.5 Forest conversion scenarios

Five scenarios were generated where the amount of coniferous
forest was sequentially reduced (Fig. 2). As environmental
conditions are better for most coniferous tree species at higher
elevations (Bohn 2011), we therefore extended the elevation
limit stepwise (0–100, 0–300, 0–500, 0–700, 0–900 m a.s.l.)
up to which coniferous forest was replaced by deciduous for-
est or mixed forest in accordance with the current PNV of
Germany (Bohn 2011). Thus, the current distribution of co-
niferous forests was reduced stepwise until the “natural” con-
ditions of the PNV were reached. We did not project or use
information of the future distribution of the PNV (Hickler
et al. 2012). Deciduous forests increased from presently 9.5
to 21 % cover, and mixed forests increased from presently 6.3

to 9.4 % cover, at maximum. Coniferous forest decreased
from 15.4 to 0.8 % cover at minimum, i.e., when the elevation
limit of forest conversion was set to 900 m a.s.l. The effects of
forest conversion on the distribution and population of com-
mon forest birds were analyzed by keeping the climate situa-
tion constant.

3 Results

3.1 Present and future climate

Up to 2050, the annual mean temperature in Germany was
predicted to increase by 1.5 °C in climate scenario A1b and
by 1.8 °C in scenario A2 (Table 2). In contrast, the spring
mean temperature was predicted to rise more in scenario
A1b (+2.0 °C) than in scenario A2 (+1.4 °C). Precipitation
forecasts predicted a drier climate until 2050 (−50 and
−80 mm p.a., respectively). However, less change was pre-
dicted for spring precipitation until 2050 (A1b, −26, A2,
±0 mm). Of the total area of Germany, 7.3 and 13.4 % were
predicted to exceed the current mean of the spring and annual
climate conditions, respectively (Fig. 3).

3.2 Model performance

Generally, the models showed excellent performance with an
average AUC of 0.87, indicating that the models discriminat-
ed predominantly correctly between presence and absence of
the birds (Table 1). On average across all species, presence/
absence models explained 35 % of the deviance. However,
variation among species was high, ranging from D2=16 %
in the dunnock model to D2=61 % in the coal tit model
(Table 1). The performance of the abundance models was
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lower, explaining 30 % of the deviance on average. The low-
est model performance was attained for the marsh tit
(D2 = 7 %) and the best for the common blackbird
(D2=60 %). The relative error of the abundance model varied
between 5.6 and 27.0 % (mean value 12.4 %).

On average, D2 significantly decreased by about 17.0 %
when the climate variables were omitted from the models
and by about 33.2 % when the land-use variables were
omitted from the models (Wilcoxon signed rank test,
P<0.001). Similarly, the AUC value significantly de-
creased, on average, about 0.22 when the land-use variables
were omitted from the models and 0.09 when the climate
variables were omitted from the models (Wilcoxon signed
rank test, P<0.001).

All bird species responded at least to one of the cli-
mate variables. However, in a few single models, the
climate variables were not selected by the AICc (occur-
rence probability model of eurasian crested tit, abundance
model of European robin, Eurasian treecreeper, and spot-
ted flycatcher), but this was never the case in both
models (Table S1).

3.3 Predicted changes of bird distributions due to climate
change

The area within Germany that was modeled as suitable habitat
under present climate conditions variedwidely between the 25
bird species and ranged from 6.7 % for the spotted flycatcher
to 98.3 % for the common blackbird (Table 1, Fig. S1). The
distribution range was predicted to decrease for 19 and 21 bird
species (scenarios A1b and A2) and to increase for six and
four bird species (scenarios A1b and A2) within Germany,
owing to future climate change (Table 1, Fig. 4a). Strong

losses of more than 10 % decrease of distribution range were
predicted for the coal tit (scenarios A1b and A2), eurasian
treecreeper (scenarios A1b and A2, Fig. 5), garden warbler
(scenarios A1b and A2), and willow warbler (scenarios A1b
and A2). No species was predicted to gain suitable habitat of
more than 10 % in future climate scenarios.

3.4 Predicted changes of breeding populations due to climate
change

On average, the percentage change in breeding population size
(−10.4 and −12.5%)was higher than the percentage change of
distribution range (−3.2 and −3.6 %) in climate scenarios A1b
and A2, respectively. More than 10 % change in population
size was predicted for 13 (scenario A1b) and 15 species (sce-
nario A2) (Fig. 4b, Fig. S1). The eurasian treecreeper (scenar-
ios A1b and A2) and spotted flycatcher (scenario A1b) were
predicted to lose more than 50 % of their breeding population.
Four species were predicted to increase their population by
more than 10 % under scenarios A1b and A2. More than
50 % population increase was predicted for the eurasian jay
(+60 % in scenario A2). While six species were predicted to
increase their population, 19 were predicted to decrease their
population in both scenarios A1b and A2. In total, a loss of 2.7
and 3.6 million breeding pairs (−10.4 and −12.5 %) was pre-
dicted for scenarios A1b and A2 in Germany, respectively
(Fig. 6). Two species were predicted to lose more than 1 mil-
lion breeding pairs (Table 1, Fig. 6): common chaffinch (−1.0
million in scenario A1b, −1.2 million in scenario A2) and
winter wren (−0.9 million in scenario A1b, −1.0 million in
scenario A2). The three largest population gains were predict-
ed for eurasian nuthatch (+0.4 million in scenario A1b, +0.5

a bFig. 3 Potential prediction
uncertainties derived from MESS
maps. At least one variable
(precipitation or temperature of
scenario A1b or A2) has a value
beyond the current spring (a) or
annual (b) climate in Germany.
The darker the color, the farther
the predicted climate reaches out
of the present climate range
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million in scenario A2) and great tit (+0.5 million in scenario
A1b, +0.4 million in scenario A2).

Three species showed a contrasting response to climate
change of their distribution range and their population size.
This was most obvious in the eurasian jay (9.8 % loss of
distribution range but 60.5 % increase in population size in
scenario A2) and eurasian nuthatch (5.4 % loss of distri-
bution range but 34.9 % increase in population size in
scenario A2).

3.5 Predicted changes due to forest conversion

The population size of 14 out of the 25 bird species was
predicted to increase following the conversion of forests in

Germany (Table 3, Fig. 6). Below an elevation of
500 m a.s.l., the conversion of coniferous forest into decidu-
ous and mixed forest led to an increase of the total forest bird
population ranging between a gain of 0.2 million breeding
pairs (300 m elevation) and 0.32 million breeding pairs
(100 m elevation). In contrast, the total population was pre-
dicted to decrease by 0.50 million breeding pairs if the conif-
erous forests were converted below an elevation of
900 m a.s.l. In this scenario, the highest reduction was predict-
ed for chaffinch (−0.96 million), European crested tit (−0.64
million) and coal tit (−0.59 million breeding pairs) and the
highest increase for great tit (+0.44 million), blue tit (+0.43
million), hawfinch (+0.35 million), and marsh tit (+0.34
million).
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3.6 Predicted changes due to climate change and forest
conversion

Forest conversion-modulated climate change effects in such a
way that it amplified (15 species) and weakened (10 species)
the predicted gains and losses of the species’ population size
due to climate change (Fig. 6). Based on our results, forest
conversion mitigated the climate-driven effect of 19 bird spe-
cies losing and six bird species gaining in population size to
14 bird species losing and 11 bird species gaining in popula-
tion size (scenarios A2). Using the total bird population size to

evaluate the mitigation effect of different forest scenarios, the
forest conversion below an elevation of 500 m a.s.l. mitigated
climate-driven losses. The decrease of the total population size
could be mitigated by 10 % from −2.2 to −1.9 million breed-
ing pairs and from −3.5 to −3.2 million breeding pairs in
scenarios A1b and A2, respectively. The strongest mitigation
effects were predicted for marsh tit, hawfinch, blue tit, and
European robin, with forest conversion completely compen-
sating for climate-driven population losses in these species.
Nevertheless, the total population was predicted to decrease
if forest conversion were to be realized above 500 m a.s.l.

a bFig. 5 Present (a) and future (b)
distribution and abundance
pattern of the eurasian treecreeper
in Germany. This species is
predicted to lose large areas of its
distribution due to climate change
(IPCC scenario A2, 2021–2050).
Red color displays high
abundance; yellow color displays
low abundance. Maps on the
prediction of all forest bird
species used in this study are
provided as supporting
information
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4 Discussion

The objective of this study was to predict the responses of
common forest bird species to expected climate change and
to forest conversion across the area of Germany. Due to the
use of a detailed spatial land use and climate data model, the
performance indicated by AUC was relatively high as were
the model fits indicated byD2. Although the estimated error in
abundance revealed a certain level of uncertainty and the fact
that predictions of species distributions and abundances under
climate change are subject to different sources of uncertainty
(e.g., Barbet-Massin et al. 2010; Synes and Osborne 2011;
Braunisch et al. 2013), we strongly believe that our model
results at least allow relative comparisons between the current
situation and the scenarios. Our predictions of population
sizes were used to comparatively evaluate different scenarios
with the current reference condition. Therefore, one single
value of a predicted species population might not be used as
an absolute estimate of a future condition.

4.1 Predicted changes of species distribution

The models projected very different spatial distribution pat-
terns of the bird species in the climate scenarios. Nevertheless,
consistent effects regarding all common forest bird species
were predicted for Germany during the coming decades, with
concomitant consequences for the German forest avifauna.
More bird species were predicted to lose than to gain suitable
habitat following climate change. For example, the drastic
narrowing of the distribution range with loss of more than
10 % area in Germany was predicted for the eurasian
treecreeper and willow warbler. This is broadly in line with
the prediction for these species by Huntley et al. (2007), al-
though they forecasted a decline by more than 60 % up to
2100. The differences can be attributed to the dissimilar
methods used in the two studies. Huntley et al. (2007) used a
different climate scenario (SRES scenario B2), projected to a
different time period (2070–2099) and worked on a different
spatial scale (50-km resolution). Nationwide studies forecasting

Table 3 Predicted changes in
population size of 25 common
forest bird species in Germany
due to transformation of
coniferous forests to deciduous
and mixed forest types and taking
current climate conditions into
account

Transformation was conducted
step-by-step by increasing the
lower elevation limit of
coniferous forests stands.
Population sizes were rounded to
hundreds

Bird species Lower elevation limit of coniferous forest (a.s.l.)

100 m 300 m 500 m 700 m 900 m

Common chaffinch −212,900 −349,500 −623,800 −849,600 −955,000
European crested tit −206,200 −296,400 −490,200 −604,100 −638,500
Willow warbler −176,500 −239,100 −380,400 −426,100 −426,800
Coal tit −165,300 −255,900 −427,500 −536,500 −585,000
Firecrest −33,400 −75,400 −118,700 −171,200 −206,000
Eurasian jay −29,500 −45,600 −78,100 −106,300 −116,300
Tree pipit −27,500 −34,900 −53,100 −62,600 −64,000
Dunnock −26,100 −29,000 −22,700 −22,100 −24,400
Common blackbird −12,100 −65,600 −156,900 −228,200 −257,500
Garden warbler −4,700 24,800 96,200 149,200 164,700

Song thrush −3,000 −138,400 −41,300 −81,200 −104,900
Common chiffchaff 4,900 −8,300 −32,800 −60,600 −75,900
Spotted flycatcher 14,200 28,600 49,800 58,900 60,600

Common wood pigeon 23,600 33,800 53,000 54,100 50,800

Eurasian treecreeper 36,600 49,200 60,100 34,000 14,100

Great spotted woodpecker 42,300 54,700 72,100 67,100 60,600

Short-toed treecreeper 48,000 87,500 121,900 131,200 131,900

European robin 61,000 94,600 154,300 232,300 291,400

Winter wren 77,200 97,300 143,400 138,600 120,000

Eurasian nuthatch 110,100 174,400 283,400 306,100 298,400

Eurasian blackcap 126,100 161,100 249,000 238,500 206,200

Hawfinch 131,900 200,100 295,900 338,300 345,500

Marsh tit 149,600 203,000 303,800 333,900 335,000

Blue tit 179,100 246,000 371,500 423,900 433,800

Great tit 217,100 280,900 394,200 440,100 444,200

Total 324,500 197,900 223,100 −202,300 −497,100
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the distribution or population size of common bird species in
Europe are scarce and therefore we cannot compare our data
with many others. A study focusing on 27 northern land birds
of Finland (Virkkala et al. 2008) predicted much stronger
changes of distribution ranges. The authors forecasted an aver-
age area loss of 58 % for the period 2021–2050 (scenario A2).
This can be attributed to the stronger temperature increase and
faster climate change expected in the northern latitudes (Loarie
et al. 2009).

4.2 Predicted population changes

Our models clearly predicted that climate change will have a
relatively stronger impact on populations than on distribution
areas of forest birds. This may reflect the fact that we used
ubiquitous species with a wide distribution in Germany for
modeling. The distribution patterns of these species may be less
sensitive to moderate climate effects. In the climate scenarios,
different and even opposing trends of distribution area and pop-
ulation size were predicted for four bird species, suggesting that
the change of habitat and change of abundance are influenced
by different mechanisms. For example, the eurasian jay was
predicted to lose suitable habitat in urban areas as well as in
forests at lower elevations, but to resist climate change in forests
at higher elevations, where the species was predicted to increase
in abundance. Thus, in spite of a net habitat loss, the population
is expected to profit from climate change. Previous studies have
documented the fact that species do not always exhibit positive
abundance-occupancy (Chamberlain and Fuller 2001), which is
congruent with our model predictions.

We modeled breeding birds because the breeding period is
crucial within a bird’s life cycle. Our investigation clearly
focuses on climate effects in the breeding habitat. However,
climate change can affect survival during all seasons and can
cause temporal bottlenecks outside the reproduction period,
for example, if suitable habitat is reduced in the wintering
grounds (Saether 2000). Unfortunately, winter records of birds
in Europe and in Africa are not systematically collected and
are not available in the quality required to reach highmodeling
performance (Gottschalk et al. 2011). We do not envisage that
modeling climate effects on winter habitats of birds will be
possible in the near future. On a coarse resolution, Doswald
et al. (2009) explored the potential impacts of climatic change
on breeding and wintering ranges of Sylvia warblers. They
showed that migratory species can be expected to suffer great-
er negative impacts from climate change than resident species
because migration distances can substantially increase owing
to climate change.

We identified those areas where predicted future climate
conditions exceeded the present range of conditions in
Germany. Projections of bird distributions within these areas
bear a higher uncertainty. Barbet-Massin et al. (2010) sug-
gested that data from the entire distribution range is required

to correctly capture the full climatic potential of a species.
Thus, to overcome this type of uncertainty, we see two main
challenges which will control progress in the future: (1) the
establishment of spatially extensive and accurate bird records
and (2) the use of spatially extensive high-resolution land-use
data covering the whole distribution area of a species.

5 Scenarios on forest conversion

In order to limit the model complexity, we decided not to in-
clude socioeconomic drivers and some of the environmental
drivers such as soil conditions, surface inclination, and micro-
climate. We did not address interactions between climate
change and land use, which may have important consequences
(Oliver and Morecroft 2014), e.g., more frequent or more in-
tense disturbance, such as drought and windthrow, which can
result in an increase of mass insect outbreaks and therefore a
change in food availability. Climate change can also directly
influence plant species composition and even the climax vege-
tation type expected in any given region, which can affect hab-
itat quality, food resources, interspecific competition, or preda-
tor populations (Ockendon et al. 2014). Furthermore, we did
not consider non-native tree species, especially Douglas fir
Pseudotsuga menziesii which in some regions has become an
attractive alternative as a commercial tree species (Beinhofer
and Knoke 2010) and is predicted to be increasingly cultivated
in future Central European forests (Curt et al. 2001). Species-
habitat relationships of European bird species on Douglas fir
have not been studied extensively, but the study of Goßner and
Utschick (2002) suggests a lower food availability in winter and
the study of Müller and Stollenmaier (1994) a lower breeding
bird density. All these changes can affect bird abundances and
bird community composition. Climate change affects not only
composition and configuration of forests (Bolte and Degen
2010) but also forest structure and the relative performance of
tree species (Hanewinkel et al. 2013), which may on the one
hand amplify negative climate-related impacts on species’ hab-
itats but also offers additional potential for mitigation
(Braunisch et al. 2014).

We were not able to consider most of the points mentioned
here, as explicit spatial data (e.g., predictions on extreme cli-
mate events, maps on Douglas fir distribution, and maps on
forest structure) were not available at a highly spatial resolu-
tion and on a national scale to be used for our modeling ap-
proach. However, we used common generalist bird species,
which are not as dependent on specific forest structure as
specialists, such as woodpeckers or grouse (Sachot et al.
2003; Müller et al. 2009). It is possible that such specialist
birds will respond more strongly to both climate-driven and
management-driven changes of forests than is projected by
our models of common forest birds. All bird species involved
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in this study are known to occur in both coniferous and decid-
uous forest and even outside deep forests but show diverse
abundances in these habitats (Gottschalk and Huettmann
2011). This point strengthens the need to involve abundance
data if the effect of climate change and mitigation measures is
to be predicted. However, some of the species only occur in
coniferous or deciduous forests if sufficient breeding possibil-
ities are available, e.g., nest boxes for the marsh tit in even-
aged coniferous forest and young trees or an extensive shrub
layer for dunnock and garden warbler in coniferous forest
(Glutz von Blotzheim and Bauer 1998). The diverse abun-
dance of the species resulted in different magnitudes of the
mitigation effects.

The performance of the presence-absence bird models de-
creased more when land-use variables were omitted rather
than when climate variables were omitted as predictors. This
difference might partly be caused by the different grain sizes
of the two sets of data used, as Gottschalk et al. (2011) have
shown this phenomenon for land-use data. We found no evi-
dence that abundance or distribution pattern of common birds
might be affected by climatic differences smaller than 1 km in
resolution. Although this hypothesis needs further investiga-
tion, our results suggest a relatively higher importance of land
use in determining common bird species distributions. The
results of the study of Eglington and Pearce-Higgins (2012)
underpin our findings. They suggest that land-use change has
been a more significant driver of bird declines than climate
change. Thus, the investigated changes of land use, i.e., con-
version of forest types to mitigate climate change effects on
birds, seem to be a very promising approach. Our results in-
dicate that 11 out of 25 common forest bird species would
profit from a conversion of coniferous forest into deciduous
and mixed forest, as this would mitigate negative or positive
climate change effects on species’ population. This relatively
weakmitigation effect of forest conversion can be attributed to
a relatively low amount of changed land cover. Less than 15%
of the total German land cover was converted in this study and
changes affected forest types in which all bird species occur,
although in different densities. In particular, eurasian nuthatch,
marsh tit, hawfinch, blue tit, and garden warbler are well
known to prefer deciduous and mixed forest stands (Glutz
von Blotzheim and Bauer 1998). Furthermore, the relatively
weak mitigation effect of forest conversion on total popula-
tion loss is explained by a number of species which are very
abundant in coniferous forests, especially the common chaf-
finch, European crested tit, and coal tit (Gottschalk and
Huettmann 2011). They are predicted to decrease by 4.2
million breeding pairs if coniferous forest is converted be-
low 900 m a.s.l. The negative response of these birds effec-
tively counteracts a higher increase on the total forest bird
population. However, the total population cannot be used as
the sole measure to assess forest scenarios, as it depends on
the species selected for modeling and the fact that increasing

numbers in one species might not compensate for losses in
another species. Current bird species composition of
German forests does not indicate natural forest stands and
might not be considered a target situation in terms of forest
ecosystem functions and conservation in central Europe.
Independent of the low mitigation effect depicted for the
current bird species, the envisaged forest conversion to
more natural stands will increase the resilience of forest
ecosystems and therefore increase their capacity to absorb
external pressures of changing environmental conditions
over time.

6 Conclusions

In summary, our modeling approach is limited by lack of data
on change effects in the wintering grounds, on the implica-
tions of introducing new tree species, and on the importance of
habitat detail such as forest structure. In recognition of these
limitations, our models represent a pragmatic approach based
on what we know now, combining some of the best data
currently available on a national scale and the highest spatial
resolution we were currently able to handle. Probably the most
immediate progress in assessing the responses of forest birds
to climate change and forest conversion could be obtained by
sampling forest structure parameters in the GCBBS plots and
by assessing a broad set of forest structure change scenarios in
combination with changing climate.

Our models predict that distribution ranges and popu-
lation sizes of forest birds in Germany will be substan-
tially affected under climate change expected up to 2050.
A conversion of coniferous forests to deciduous and
mixed forests can partly though not completely mitigate
the anticipated negative effects of climate change on cur-
rent bird species populations. Due to the use of high-
resolution models, we can provide detailed spatial results
on a regional scale on how and for which species forest
conversion can mitigate the anticipated effects of climate
change.
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