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Abstract
Juglans regia L. is a species of great importance for environmental management due to attractive wood and nutritious fruits, but
also high invasive potential. Thus, uncertainties connected with its range shift are essential for environmental management. We
aimed to predict the future climatic optimum of J. regia in Europe under changing climate, to assess the most important climatic
factors that determine its potential distribution, and to compare the results obtained among three different global circulation
models (GCMs).We used distribution data from the Global Biodiversity Information Facility and completed it with data from the
literature. Using the MaxEnt algorithm, we prepared a species distribution model for the years 2061–2080 using 19 bioclimatic
variables. We applied three emission scenarios, expressed by representative concentration pathways (RCPs): RCP2.6, RCP4.5,
and RCP8.5 and three GCMs: HadGEM2-ES, IPSL-CM5A-LR, and MPI-SM-LR. Our study predicted northward shift of the
species, with simultaneous distribution loss at the southern edge of the current range, driven by increasing climate seasonality.
Temperature seasonality and temperature annual range were the predictors of highest importance. General trends are common for
the projections presented, but the variability of our projections among the GCMs or RCPs applied (predicted range will contract
from 17.4 to 84.6% of the current distribution area) shows that caution should be maintained while managing J. regia popula-
tions. Adaptive measures should focus on maintaining genetic resources and assisted migration at the southern range edge, due to
range contraction. Simultaneously, at the northern edge of the range, J. regia turns into an invasive species, which may need risk
assessments and control of unintended spread.
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Introduction

Climate is one of the most important factors determining spe-
cies ranges (Pearson and Dawson 2003; Hickler et al. 2012;
Scheffers et al. 2016). For that reason, global climatic changes
indicate the emerging need for further research to assess pos-
sible consequences in diverse ecosystems and shifts of partic-
ular species distributions (Walther 2010; Thuiller et al. 2011).
Increasing temperature and decreasing precipitation

contribute to the escalation of the negative effects of climate
change (Peng et al. 2004; Davidson and Janssens 2006).
These are strongly connected not only with biological diver-
sity (Thuiller et al. 2011; Scheffers et al. 2016) but also with
the economy and well-being of humankind (McMichael et al.
2006; Schmidhuber and Tubiello 2007). Although climate
change mostly threatens rare and specialized species, usually
with small extents of natural distribution (Czortek et al. 2018;
Walas et al. 2019), even widely dispersed species, constituting
the basis of management, seem to be endangered (Sykes and
Prentice 1996; Dyderski et al. 2018; Thurm et al. 2018).

Climate change affecting tree species distributions is a
good example of the wide magnitude of global changes
(McKenney et al. 2007; Kremer et al. 2012). From the phys-
iological point of view, higher CO2 concentration increases
the efficiency of photosynthesis C3 species, which is the most
widespread in transitional climates (Kozlowski and Pallardy
1997) and accelerates biomass production (Hobbie and
Chapin 1998; Liberloo et al. 2006). More recent papers also
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predict increase of primary production and annual volume
increments of trees, or even increased drought resistance
(Lindner et al. 2014). However, this effect will quickly sub-
side due to increased evapotranspiration. Moreover, increased
rates of tree growth will result in shorter lifespans (Büntgen
et al. 2019) and increased mortality caused by accelerated
competition for light resources (Luo et al. 2019). Dynamic
decreases of favorable conditions, intensified by catastrophic
winds, extensive fires, or insect outbreaks (Seidl et al. 2014),
can easily lead to decline of number of species and growth of
prices of wood used tomake paper and furniture or fruits at the
same time (Hertin et al. 2003), as well as to decrease economic
value of forests (Hanewinkel et al. 2013).

Another undesirable mechanism caused by climate change
is the increasing number of invasive species (Thuiller et al.
2007; Bellard et al. 2013). Although sometimes used as a
source of wood or other goods, alien tree species are highly
dangerous for both native biodiversity and the economy
(Vitousek et al. 1997; Chapin et al. 2000). Biological inva-
sions are already one of the most significant problems for
maintaining biodiversity today, but climate change will
strongly enforce their negative effects on the future environ-
ment (Stachowicz et al. 2002; Walther et al. 2009). These are,
e.g., reduced efficiency of wood production, loss of biodiver-
sity, hybridization with native species, or cascading changes
among habitats (Huxel 1999; Díaz and Cabido 2001).
Therefore, it is obvious that this topic is of interest for a wide
group of researchers and entrepreneurs (Mellert et al. 2015;
Kariyawasam et al. 2019).

One of the tools that allows predictions of species fu-
ture ecological optima is ecological niche modeling
(Pearson and Dawson 2003). Still, often unpredictable
processes of biological invasions and difficult to quantify
mechanisms of warming climate make projecting future
invasions a truly interdisciplinary challenge (Wiens et al.
2009). Confirmations of this difficulty are, e.g., different
emission scenarios and global circulation models (GCMs)
available and widely used in species modeling (Pearson
et al. 2006; Goberville et al. 2015). Moreover, as the
biogeographical origin of some species is not always
clearly determined, it is worth noting that determining
biogeographical origin is highly significant in the follow-
ing stages of preparing a projection. It is particularly
problematic in a case where naturalized species, already
occurring in certain areas for ages, starts to show a strong-
ly expansive character (Kowarik 1995). Moreover, some-
times it is unknown whether a biogeographic barrier, di-
viding primary and introduced ranges, could be spontane-
ously broken due to change of climatic conditions consti-
tuting the barrier. English walnut (Juglans regia L.) is an
example of a species being widely distributed in Europe
and exhibiting high invasiveness in its secondary range
(Lenda et al. 2018).

Despite its importance for food and wood production, up to
now there have been no studies predicting changes of J. regia
distribution in future climate conditions. The exception was a
study of Ranjitkar et al. (2016) testing possibilities of J. regia
introduction into agroforestry plantations in China. Therefore,
we aimed to (1) predict the future climatic optimum of J. regia
in Europe based on climatic data, (2) assess the most impor-
tant climatic factors that determine the potential distribution of
the species studied, and (3) compare the results obtained
among three different GCMs used.

Methods

Studied species

The English walnut (Juglans regia L., Juglandaceae) is a
long-lived, deciduous tree with silver-gray bark, reaching a
height of approximately 30 m (de Rigo et al. 2016). The tree,
of up to 2 m diameter, produces high-quality timber which
often achieves high prices, and can be used in agroforestry.
The wood is appreciated in terms of esthetics and easy to
process, often being used for luxury furniture or veneer.
Abundant in unsaturated fatty acids, proteins, and vitamins,
and characterized by a multiplicity of pro-health properties,
the nuts have numerous uses not only in dietetics but also in
medicine (Martínez et al. 2010; Carvalho et al. 2010).

The origin of English walnut in Europe is a contentious
issue. The species probably originally derived from the
Mediterranean and Central Asia. Palynological data sug-
gests that J. regia occurred in western Europe and the
Balkans already during the last glacial stage in glacial
refugia (Carrión and Sanchez-Gomez 1992; Pollegioni
et al. 2014). However, as the species has been widely
cultivated up to 6000 years ago, the primary distribution
of its range has not been precisely assessed (McGranahan
and Leslie 2009). However, it was both an attractive, du-
rable wood (Miller 1976) and has numerous possibilities
for use of the nuts (Özcan 2009) that led to intense plant-
ing of J. regia from the Middle Ages across the continent.
For the same reason, nowadays it is a tree species of high
economic importance, particularly in the Black Sea re-
gion, with Turkey being the third largest walnut producer
in the world (Ercisli et al. 2012). It can be found in almost
all of Europe, except for the northernmost areas (de Rigo
et al. 2016). The most favorable conditions for the species
cover mean annual temperatures ranging from 10.5 up to
15 °C, and annual precipitation exceeding 600 mm
(Bernyi et al. 1991).

Although it has relatively high habitat requirements,
nowadays J. regia is the most widely spread nut tree in
the world (de Rigo et al. 2016). Through the passing ages,
there were no symptoms of its invasion on the terrain of
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Europe; however, it was easily naturalized, propagated
both by seeds and vegetatively (Kowarik 1995). The last
decades showed the hidden invasiveness of the species by
the alarming rate of appearance of new, juvenile speci-
mens, even in harsh habitats (Loacker et al. 2007). This
may be caused by the lag-phase, relatively long for such
long-living organisms as trees (Wangen and Webster
2006). Today, multiple potential dangers of J. regia inva-
siveness are noticed in the context of nature conservation
and environmental management. The main source of these
threats is connected with English walnut’s allelopathic
properties (Aliskan and Terzi 2001), interfering with the
existing trophic networks and the potential of fast disper-
sion through zoochory. For that reason, the analysis of the
future range of this species in changing climate conditions
is particularly important in the context of its possible use
in economy and nature conservation.

Data collection

We collected data on the current J. regia distribution across
Europe (10° W to 45° E and 33° N to 72° N). This area was
divided into grids of 2.5′ resolution, with a total of 1,235,520
raster cells. We compiled a list of J. regia observations, based
on the Global Biodiversity Information Facility (GBIF 2019;
Fig. 1). We excluded observations from botanical gardens,
arboretums, parks, or noted before 1950. The lack of species
occurrence in eastern Europe in the model results from defi-
ciency of presence data rather than from lack of plantation or
climatic barriers inhibiting the spread of J. regia into the re-
gion of the Baltic countries, Belarus or Ukraine. Due to geo-
graphical sampling bias, connected with uneven distribution
of sampling (Rocchini and Garzón-López 2017), we complet-
ed it with literature data from Poland, increasing the amount of
data from the area of transitional climate (Lenda et al. 2018).

Fig. 1 Current distribution data of Juglans regia obtained from the Global Biodiversity Information Facility database (GBIF 2019) and Lenda et al.
(2018) after resampling (n = 998)
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Although it could influence our results, we believe that the
relatively well-mapped distribution in Western Europe helps
in revealing climatic-dependent trends in species occurrence.
The problem of low and uneven data coverage is frequent in
species distribution data (Cornwell et al. 2019). We decided
not to include geographical range information providing the
shape of extent of areas occupied by J. regia (de Rigo et al.
2016), as this species is scattered. Thus, a large proportion of
such an area represents potential, not actual, distribution of
J. regia. In total, we obtained 38,554 presence points. To
avoid uneven sampling bias and pseudoreplications, we
resampled observations using a larger grid (30′ resolution):
we randomly selected only one data point within each 30′ grid
square to obtain uniform density of distribution points, follow-
ing Dyderski et al. (2018). This procedure prevented having a
prevailing number of observations from a particular, well-
studied region, which could influence the results by multiply-
ing the weight of particular observations. After resampling,
we obtained 998 data points, which is sufficient for MaxEnt
modeling (Phillips et al. 2006), as for this approach minimal
sample size for effective estimation varies between 14 and 25
observations (van Proosdij et al. 2016).

For modeling, we used 19 variables describing variation in
temperature and precipitation, further called bioclimatic vari-
ables (Table 1), derived from monthly temperature and pre-
cipitation records (Hijmans et al. 2005; O’Donnell and Ignizio
2012). This set of variables is used in species distribution

modeling since the late 1980s (Booth et al. 2014; Booth
2017, 2018). We did not include other variables describing
habitat (e.g., land use, soil type), as at the continental scale
the climate is the main factor shaping species distributions
(Pearson and Dawson 2003). For climate change projections
for 2061–2080, we used projected values of 19 bioclimatic
variables obtained from three emission scenarios and from
three global circulation models (GCMs). Three emission sce-
narios are optimistic, moderate, and pessimistic, expressed by
the representative concentration pathways (RCPs)—differ-
ence of radiative forcing between the 1986–2005 period and
2100 (van Vuuren et al. 2011; Harris et al. 2014). The opti-
mistic scenario—RCP2.6—assumes that in 2100 CO2 con-
centration will reach 450 ppm, and global mean temperatures
will increase to 0.2–1.8 °C and has no strict reference in pre-
vious (AR4) IPCC guidelines. The moderate scenario—
RCP4.5—assumes 650 ppm CO2 and 1.0–2.6 °C in 2100
and refers to AR4 guideline scenario B1. The pessimistic sce-
nario—RCP8.5—assumes 1350 ppm CO2 and 2.6–4.8 °C in
2100 and refers to A1F1 scenario of IPCC AR4 guidelines
(van Vuuren et al. 2011; Harris et al. 2014). As GCMs differ
in projected responses, we used three of them which
Goberville et al. (2015) found reflecting low, moderate ,and
high changes in predicted distribution for two sample species.
These GCMs were HadGEM2-ES (Jones et al. 2011), IPSL-
CM5A-LR (Dufresne et al. 2013), and MPI-SM-LR
(Giorgetta et al. 2013). We downloaded raster maps of current

Table 1 Overview of bioclimatic
variables used in this study and
their importance in the species
distribution model

Abbreviation Parameter Variable importance
[%]

BIO1 Annual mean temperature [°C] 4.04

BIO2 Mean diurnal range (mean of monthly (max temp–min temp)) [°C] 0.84

BIO3 Isothermality (BIO2/BIO7) (* 100) [°C] 0.10

BIO4 Temperature seasonality (standard deviation * 100) [°C] 38.07

BIO5 Max temperature of warmest month [°C] 2.59

BIO6 Min temperature of coldest month [°C] 2.35

BIO7 Temperature annual range (BIO5-BIO6) [°C] 24.51

BIO8 Mean temperature of wettest quarter [°C] 0.08

BIO9 Mean temperature of driest quarter [°C] 0.86

BIO10 Mean temperature of warmest quarter [°C] 0.31

BIO11 Mean temperature of coldest quarter [°C] 9.88

BIO12 Annual precipitation [mm] 2.46

BIO13 Precipitation of wettest month [mm] 0.34

BIO14 Precipitation of driest month [mm] 0.17

BIO15 Precipitation seasonality (coefficient of variation: mean/SD * 100)
[%]

5.69

BIO16 Precipitation of wettest quarter [mm] 0.00

BIO17 Precipitation of driest quarter [mm] 3.69

BIO18 Precipitation of warmest quarter [mm] 0.59

BIO19 Precipitation of coldest quarter [mm] 3.42
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(1950–2000) and projected (2061–2080) bioclimatic variables
at 2.5′ resolution from theWorldClim 1.4 dataset (http://www.
worldclim.org/; Hijmans et al. 2005). For summary statistics
of these datasets, see supplementary materials in Dyderski
et al. (2018).

Data analysis

We performed the process of modeling following the method-
ology described by Dyderski et al. (2018). We used MaxEnt
modeling, as this procedure is widely used in species distribu-
tion modeling and it is robust to real absence data, which can
influence model outcome settings (Phillips et al. 2006, 2017;
Elith et al. 2011). MaxEnt tests the patterns of occurrence
(presence points) against randomly selected pseudoabsence
points. Model input is a layer with presence data (points)
and climatic variables (rasters), while model output is a raster
layer with predicted occurrence probabilities. This output can
be interpreted as the climatic optimum of the species
studied—a climatic niche sensu (Hutchinson 1957). For
modeling, we used the MaxEnt model with default settings
(Phillips et al. 2006, 2017; Elith et al. 2011), implemented in
the dismo package (Hijmans et al. 2017) in R software (RCore
Team 2019). We chose this approach as we obtained
presence-only data; thus, we cannot make conclusions about
absences. MaxEnt does not use absence data but instead it
generates background data (i.e., pseudoabsences)—randomly
selected points (in our study 10,000 points) within the study
area. As MaxEnt is oriented to detecting patterns of presence
points distinct from the background, we decided to use prev-
alence of background points to make the model more conser-
vative than in the case of equal numbers of presence and
absence points (Elith et al. 2011). For modeling, we used
80% of the data points (i.e., 800 data points), and the remain-
ing 20% (198) were used for independent testing by area un-
der receiver operator curve (AUC). This measure reflects
model performance according to its sensitivity and specificity.
For discrimination of MaxEnt results (probability) into pres-
ence/absence, we calculated the threshold value of probability
at which the sum of the sensitivity and specificity was highest,
to balance false positives and false negatives (Fielding and
Bell 1997), assuming that the model output is a geographic
range projected for each species representing the climatic op-
timum, i.e., climatic niche (Hutchinson 1957). We assessed
the importance of variables using a heuristic estimate based on
an increase of regularized gain in each iteration of model run,
implemented in the MaxEnt algorithm (Phillips et al. 2006,
2017; Elith et al. 2011). To assess J. regia response to partic-
ular bioclimatic variables, we provided partial dependence
plots, showing model response to single predictors. For the
assessment of the threat level, we used the resampled dataset
(n = 998) as a spatially stratified sample. We extracted values
of J. regia occurrence probability for these points for each

climate change scenario and GCM and calculated proportion
of points remaining within the climatically suitable area.

Results

Current distribution model

The current distribution model AUC reached 0.871, which
indicates good fitness of the model (Swets 1988). Among
bioclimatic variables, the most important predictors were tem-
perature seasonality (38.07%) and temperature annual range
(24.51%; Table 1). Mean temperature of the coldest quarter
had an importance of 9.88% and precipitation seasonality of
5.69%. The rest of the bioclimatic variables had the impor-
tance lower than 5%. Probability of J. regia occurrence de-
creased with increasing temperature seasonality and mean
coldest quarter seasonality (although its effect size was negli-
gible), while it increased with increasing temperature annual
range and precipitation seasonality (Fig. 2). Patterns of other
predictors were driven mainly by single observations. The
predicted current, climatic optimum range of J. regia covers
an extensive area in Europe, finding its climatic optimum in
western Europe, particularly in France, Germany, and the
southern part of Great Britain (Fig. 3). Moreover, southern
Europe, i.e., Spain, Italy, and the Balkans, as well as Poland
and southern Sweden, also lay within the threshold of the
species occurrence.

Projections of future J. regia distribution

The projections of J. regia climatic-based range for the period
2061–2080 revealed that the species can strongly shift its
range of occurrence northward (Fig. 4). The northward shift
of the potential distribution proceeds with increasing mean
annual temperatures assigned to specific climatic scenarios.
The least severe changes are projected by application of the
RCP2.6 scenario. It is quite similar to the current species range
and indicates moderate northward shift, for example, proving
that southern Scandinavia will meet the criteria of climatic
optimum for the species. That scenario is generally suitable
for J. regia to still occur in Italy, northern Spain, the Balkans,
and coasts of the Black Sea.

In the case of the RCP4.5, the potential distribution of
J. regia shifts northwest, projecting occurrence of the species,
for example, in Scotland, Denmark, and southern Sweden. At
the same time, there are losses of suitable area in the south,
i.e., in Spain, Italy, southern France, or the Balkans. Although
there are still numerous localities suitable for the species in
France, Germany, and England, it is visible that the potential
range is greatly less homogeneous.

As the harshest scenario, RCP8.5 indicates the sharpest
changes in the climatic optimum. Only a few, strongly
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Fig. 2 Partial prediction of Juglans regia occurrence probability along each of the bioclimatic variables (see Table 1 for abbreviations). Red line:
predicted response to a particular bioclimatic variable; small rugs at the bottom of each panel reflect the distribution of a particular independent variable
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fragmented suitable areas will remain in Italy, the Balkans,
Spain, and the Black Sea region. France, Germany, and
Poland will also lose a significant part of the currently suitable
places for J. regia growth.

While the main trends of changes were the same in all
combinations of scenarios and GCMs, we found differences
in the results among GCMs used in model preparation (Fig.
4). The least severe GCM was the MPI-SM-LR model, which
showed only slight differences among scenarios, and even in
the case of RCP8.5, a majority of the current range was still in
the climatic optimum. The most severe model was
HadGEM2-ES. In the case of RCP8.5, this model showed that
less than 15% of the current range will remain in Europe,
including great losses in France, Germany, Poland, Italy,
and the Balkans. IPSL-CM5A-LR was a moderate model,
transitional betweenMPI-SM-LR andHadGEM2-ES, indicat-
ing gradual changes among different climatic scenarios.

It is worth noting that in 50 years the area of the UK,
Denmark, and Pyrenees will be suitable for J. regia regardless
of the scenario or GCM applied, even though the more severe
the scenario, the less current distribution remains in the cli-
matic optimum zone.

Differences of range extent among global circulation
models

The percentage share of the current distribution remaining in the
climatic optimum varied among different GCMs (Fig. 5). The
general trend of the differences was independent from the

climatic scenario applied: the higher the temperatures predicted,
the less suitable areas for J. regia. However, the differences in
percentage share of the current distribution of J. regia remaining
in climatic optimum among GCMs deepened with increasing
severity of the climatic scenario. For example, for the RCP2.6
scenarios, the differences among adjoiningGCMs did not exceed
10%of the current distribution, and for the RCP8.5 scenarios, the
differences were higher than 20%. Comparing GCMs that dif-
fered the most, the differences for RCP2.6 did not exceed 15%,
while for RCP8.5, the differences were higher than 40%within a
particular climatic scenario.

Discussion

Comparison of J. regia distribution shift projections
with other species

According to our findings, future climatic optimum of
J. regia, regardless of the climatic scenario or GCM applied,
can shift northward in a significant way. Thus, current range
of the species, particularly on the southern border, can face
contraction of its climatic optimum within 50 years. This can
result in loss of valuable genetic resources of populations
(Schueler et al. 2014; Büntgen et al. 2019) located in southern
Europe, where the species remains one of the most economi-
cally important tree species (Ercisli et al. 2012; de Rigo et al.
2016). While considering future species distributions, a com-
parison between ecological requirements of species can be
useful in the context of forest management or nature conser-
vation (Dyderski et al. 2018; Thurm et al. 2018).

Our study showed that the main driver of distribution shift
will be increase of climate seasonality, connected with both
annual temperature range and temperature and precipitation
seasonality. These variables were also important for three cen-
tral European cold-sensitive tree species: Abies alba, Fagus
sylvatica, and Quercus petraea (Dyderski et al. 2018).
Increased climatic seasonality seems to be more important as
a limiting factor at the northern border of the current distribu-
tion, as this species is sensitive to frost (Loacker et al. 2007).
For that reason, low seasonality of precipitation and tempera-
ture will be the most responsible for predicted J. regia refugia
in oceanic and montane climates.

In our study, we predicted a northward shift of J. regia,
similar to the majority of studies on European tree species
(e.g., Metzger et al. 2008; Boisvert-Marsh et al. 2014;
Dyderski et al. 2018). However, that shift differs among spe-
cies of different ecological strategies. In recent studies includ-
ing analyses of the forest-forming species, the species show-
ing similar trends as J. regia were, e.g., Q. petraea, Q. robur,
or F. sylvatica (Dyderski et al. 2018). It can be easily seen that
those species have numerous common features with J. regia
(e.g., deciduousness, high seed mass, low frost resistance).

Fig. 3 Predicted habitat suitability for Juglans regia using the current
(1960–1990) climatic data. According to the maximum specificity and
sensitivity, pixels with habitat suitability > 0.4348 are claimed to be
within the predicted range
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This should lead to modification of plans for species compo-
sition of tree stands, as there is a need for alternative species
usable in forestry (Thurm et al. 2018). As tree species today
regarded as irreplaceable in Europe (as, e.g., Pinus sylvestris,

Picea abies) may suffer an unprecedented decline within sev-
eral decades (Hanewinkel et al. 2013; Dyderski et al. 2018;
Thurm et al. 2018), this is an issue of great economic impor-
tance, thus implying that species of late-successional stages,

Fig. 4 Predicted habitat suitability for J. regia using projected (2061–
2080) climate conditions for optimistic (RCP2.6), moderate (RCP4.5),
and pessimistic (RCP8.5) scenarios and three climate models. Green

area represents pixels with habitat suitability > 0.4348, claimed to be
within predicted range
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and also alien tree species, can be considered for our vision of
future European forests (Bolte et al. 2009; Thurm et al. 2018).
Ecological requirements of J. regia allow for an assumption of
similarity between J. regia and other mid- and late-
successional species. Thus, we can assume that the species
studied might also be an attractive alternative for boreal spe-
cies. However, the potential contribution of alien species such
as J. regia to the economy is also connected with possible
negative impacts on the native elements of the environment
(Brundu and Richardson 2016).

Sources of uncertainty

The first level of possible discrepancies is data collection, which
is connected with the concept of observer effect (De Boeck
et al. 2008; Warton et al. 2013). Moreover, the extent of data
makes strict control of data quality impossible. Also, uneven
sampling, resulting from varied data coverage in public repos-
itories, influences the quality of modeling (Cornwell et al.
2019). Nevertheless, the well-developed sector of citizen sci-
ence can also effectively use data collected by non-scientists
(Dylewski et al. 2017; Jagiełło et al. 2019), and get results even
better compared to those based on a small amount of observa-
tions collected by professionals (Tulloch et al. 2013; Lin et al.
2015). The nature of the data (presence-absence) is also a
source of uncertainty, as we cannot make fully quantified as-
sumptions about the current distribution of a species, as data on
the current distributions of most tree species is only partially

collected and available, and data on the non-colonized area is
not available at all (Warton et al. 2013). However, as has al-
ready been suggested, the drawbacks of such methods are not a
reason to disregard them (Oliver et al. 2016).

The next obvious source of uncertainty are the RCPs (van
Vuuren et al. 2011). There is high variability among the cli-
matic scenarios, resulting among other factors, from lack of
reliable estimates of emissions levels in future decades (Riahi
et al. 2011). With the dynamic development of niche model-
ing in modern ecology, the concept of including numerous
RCPs should become common (Thuiller et al. 2019).
However, previous research often limited the methodology
to only a single RCP (Remya et al. 2015; Camenen et al.
2016). This can lead to studies of implementational specifics
which do not take the uncertainty of varied scenarios into
account, which can greatly influence the results (Matsui
et al. 2009). A subjective choice of a single climatic scenario
can lead to serious consequences at the level of nature conser-
vation or ecosystem management. As the conclusions of nu-
merous studies on possible species ranges are often synthe-
sized while provided to decision-makers, entrepreneurs, and
conservationists (Beale and Lennon 2012), it is fundamental
not to blur the wide range of uncertainty while adapting the
methodology to the aim of the research.

The GCMs used are another often underestimated source of
uncertainty (Goberville et al. 2015). Meanwhile, the GCM
used is one of the most significant factors that impacts the
differentiation among projections (Thuiller et al. 2019). As

Fig. 5 Fraction of distribution
sample (n = 998, spatially
stratified sample) which remain in
climatically suitable area in 2061–
2080 under different climate
change scenarios and GCMs
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we proved, the GCM used can significantly influence the re-
sults of a projection, although the greatest differences among
scenarios were caused by varying the RCP. According to
Thuiller (2019), while considering projections which do not
take into account the dispersion rate, GCMs are the second
most important factor influencing the results obtained, after
RCPs. What is more, Goberville et al. (2015) found that the
variability arising from GCM was even greater for the next
decades compared to variability caused by the RCP used,
although the levels of these uncertainties achieved similar
values by 2100. It is worth noticing that, the more severe the
scenario, the greater the dispersion among the GCMs applied
(Fig. 4). Taking into consideration the possibility of climatic
changes similar to those projected by RCP8.5 (Riahi et al.
2011), the variability of possible model outcomes results in
lack of credibility of the implementation tips provided. To
avoid misunderstandings, it is necessary to test multiple
GCMs, as well as RCPs, or elements causing uncertainty at
other levels of modeling, such as species distribution models
(Goberville et al. 2015; Thuiller et al. 2019).

Consequences of model uncertainty

Considering the wide range of uncertainty sources (Pearson and
Dawson 2003; Thuiller et al. 2019), a thorough understanding
of uncertainty consequences is even more important in the con-
text of climate change. One of the biggest challenges of today’s
conservation is the maintenance of genetic diversity of species
(Rajora andMosseler 2001). The preservation of the wide range
of genetic diversity among populations can be implemented
only when potential range of distribution is assessed properly.
This can be a significant problem in the case of such long-living
organisms as trees, which are unable to create sustainable pop-
ulations under conditions of progressive changes (Kuparinen
et al. 2010). The concept of assisted migration is a proposed
solution to prevent extinction of certain parts of genetic re-
sources (McLachlan et al. 2007; Gray et al. 2011). It is a climate
change adaptation strategy consisting of large-scale transfer of
locally adapted populations into a more suitable climate.
However, a number of conditions must be met for such an
initiative to be successful. Even if such a project would meet
its expectations, progressive climate change will make it diffi-
cult to maintain the resources protected. Thus, the most prob-
lematic question of this alternative is where to plant the popu-
lations transferred, as they may be in the risk zone anyway.

On the other hand, extinction of species is not the only
danger connected with biodiversity loss of unprecedented scale
(Díaz and Cabido 2001). The spread of alien invasive species
displacing native species (Chapin et al. 2000), sometimes even
with the ability to transform the habitat occupied (Richardson
et al. 2000; Taylor et al. 2017), is also a driver of environmental
changes. Although it may vary among different schemes
(Křivánek and Pyšek 2006), risk assessment is crucial in the

context of managing both potentially threatening and threat-
ened populations (Rouget et al. 2002). Taking numerous com-
plex mechanisms determining the success of the invasion into
consideration (Ren and Zhang 2009), it is obvious that provid-
ing a model of future distribution of a potentially invasive spe-
cies is a difficult task. It should be highlighted that, when com-
bining the uncertainty of future species management strategies
to all the possible sources of uncertainty during the modeling
process, the level of uncertainty increases.

Conclusions

Climate change will strongly influence species distributions in
the forthcoming decades (Pearson and Dawson 2003). Hence, it
is a key issue not only to project future species ranges but also to
modify and adapt plans of forest management and environmen-
tal protection to the potential changes (Spittlehouse and Stewart
2003). The predicted future climatic optimum of J. regia in
Europe will shift northward, indicating the need for revising
our expectations of future productivity of English walnut
(Winter et al. 2009) plantations in southern Europe. Also, it will
be crucial to reconsider the status of J. regia in Europe, as results
indicate it may be threatened in the southern part of the conti-
nent, and potentially invasive in the northern areas. This high-
lights emerging challenges for conservationists, who should fo-
cus, among other issues, on the protection of genetic resources
of historic populations of J. regia. The most significant biocli-
matic variables that determine the potential species range were
three factors connected with climate seasonality, indicating a
shift from oceanic to continental climate. Therefore, attention
should be paid to those factors as theywill probably shape future
range of the species. Although the general trends are common
for the projections presented, the variability of our projections
among the GCMs or climatic scenarios applied shows that a
high dose of caution should be maintained when making deci-
sions about management of populations.
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