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and Geology, Babeş-Bolyai University, 400015

Cluj-Napoca, Romania, 5Institute of Biological

Research, 400015 Cluj-Napoca, Romania,
6Department of Geographical Sciences,

University of Bristol, University Road, Bristol

BS8 1SS, UK, 7Geography and Environment,

University of Southampton, Highfield,

Southampton SO17 1BJ, UK

ABSTRACT

Aim Species distribution models (SDMs) based on current species ranges under-
estimate the potential distribution when projected in time and/or space. A multi-
temporal model calibration approach has been suggested as an alternative, and we
evaluate this using 13,000 years of data.

Location Europe.

Methods We used fossil-based records of presence for Picea abies, Abies alba and
Fagus sylvatica and six climatic variables for the period 13,000 to 1000 yr bp. To
measure the contribution of each 1000-year time step to the total niche of each
species (the niche measured by pooling all the data), we employed a principal
components analysis (PCA) calibrated with data over the entire range of possible
climates. Then we projected both the total niche and the partial niches from single
time frames into the PCA space, and tested if the partial niches were more similar
to the total niche than random. Using an ensemble forecasting approach, we cali-
brated SDMs for each time frame and for the pooled database. We projected each
model to current climate and evaluated the results against current pollen data. We
also projected all models into the future.

Results Niche similarity between the partial and the total-SDMs was almost
always statistically significant and increased through time. SDMs calibrated from
single time frames gave different results when projected to current climate, provid-
ing evidence of a change in the species realized niches through time. Moreover, they
predicted limited climate suitability when compared with the total-SDMs. The
same results were obtained when projected to future climates.

Main conclusions The realized climatic niche of species differed for current and
future climates when SDMs were calibrated considering different past climates.
Building the niche as an ensemble through time represents a way forward to a better
understanding of a species’ range and its ecology in a changing climate.
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INTRODUCTION

The geographical distribution of a species depends on a wide

variety of biotic, abiotic and historical processes operating at

different spatial and temporal scales (Guisan & Thuiller, 2005),

with climate playing a prominent role especially at larger spatial

scales. Bioclimatic species distribution models (SDMs) repre-

sent one of the most important available tools to assess the likely

impact of global warming, and their use is growing rapidly in

many areas of ecology and conservation (Nogués-Bravo et al.,

2008; Maiorano et al., 2011).

Probably the most important underlying ecological concept

for SDMs is a species’ ecological niche. Hutchinson (1957)

defined the fundamental niche as comprising those environ-

mental abiotic conditions that allow a species to maintain sus-

tainable population growth, and the realized niche as the part of

the fundamental niche that can be occupied when competition

or other forms of biotic interactions are included. Although the

aim when using SDMs to project species distribution in time

and space is to represent the fundamental niche as closely as

possible (Colwell & Rangel, 2009), SDMs are in fact based on the

empirical relationships between observed species distributions

and environmental variables (Guisan & Thuiller, 2005). Thus,

SDMs essentially characterize bioclimatic envelopes based on

the realized niche, since observed species distributions are con-

strained by non-climatic factors, including biotic interactions

(Meier et al., 2011a).

When projecting SDMs in space and/or in time a number of

issues may influence the results, ranging from theoretical

assumptions (Guisan & Thuiller, 2005), to model techniques

(Hijmans & Graham, 2006), to projections in non-analogue

climates (Williams & Jackson, 2007). However, the two most

important assumptions are related to niche stability and to the

equilibrium between species distribution and climate (Araújo &

Pearson, 2005; Pearman et al., 2008a).

Niche stability assumes that the range of climatic conditions

that allows a single species to persist in its geographical range

through time does not change, and that no significant evolu-

tionary and/or ecological changes affected a species’ niche, even

when environmental conditions change in time or space.

However, evidence suggests that niche shifts may have occurred,

at least for some species (Pearman et al., 2008b), possibly as the

result of genetic variation in traits related to climate (Eberling

et al., 2008), thus expressing a change in the fundamental niche,

or possibly linked to shifts in competition among species over

time (Nogués-Bravo, 2009), expressing a change in the realized

niche.

SDMs further assume equilibrium between species distribu-

tion and climate (Araújo & Pearson, 2005). Yet the species may

not colonize potentially suitable areas due to dispersal limita-

tions and/or to biotic interactions. Currently, for example, many

tree species in Europe do not seem to be fully in equilibrium

with climate (Normand et al., 2011), probably as a consequence

of post-glacial dispersal limitations (Svenning et al., 2008).

Even if all theoretical assumptions hold, SDMs trained from

data on current species ranges risk underestimating the poten-

tial suitable environment and geographical range for species

when projected to new areas or time periods (Dormann, 2007)

because of dispersal limitation, biotic interaction or other con-

straining factors. In fact, even in the absence of biotic and/or

dispersal limitations, SDMs calibrated considering a single time

period will only provide a partial view of the fundamental niche,

as it is likely that current conditions do not encompass the

complete climate space that a species could potentially occupy

(Varela et al., 2009).

Different approaches have been suggested to overcome the

problems due to deviations from the assumptions of niche sta-

bility and equilibrium. The classic solutions have been to con-

sider only species that are at or near equilibrium with climate

(Nogués-Bravo, 2009), and to sample as much as possible of the

global distribution of a species (Broennimann & Guisan, 2008).

However, Varela et al. (2009) demonstrated that even a combi-

nation of these two solutions is not sufficient and can actually

result in limited model transferability in time. A more direct

solution is to measure the physiological tolerance of the species

to climatic conditions directly (Kearney & Porter, 2009), but

application is limited to a few well-studied species.

A new approach, based on multi-temporal model calibration,

has recently been suggested as a viable alternative (Nogués-

Bravo, 2009; Varela et al., 2009). This approach was first sug-

gested by Broennimann & Guisan (2008) who calibrated a SDM

for Centaurea stoebe by pooling presence data from the native

and invaded ranges in Europe and North America. They found

that projections from pooled SDMs showed a better fit and

reduced uncertainty under future projections. Nogués-Bravo

et al. (2008) transposed the same approach to time when cali-

brating models for the woolly mammoth. Here, the climatic

niche of the mammoth was calibrated using the geographical

location of dated fossil remains belonging to three different time

periods. The projection of this multi-temporal climatic niche,

evaluated against independent fossil data, accurately modelled

the distribution of the species. The theoretical background

behind this approach is simple: a hypothetical species X is shift-

ing its realized climatic niche through time; assuming no change

in the fundamental niche of X, a SDM obtained through multi-

temporal calibration would provide a better approximation of

the fundamental niche (Nogués-Bravo, 2009) or at least a more

complete realized niche covering a broader range of possible

climate responses than is observable with one single time

period.

Using palaeoclimate simulations and fossil records of three

tree species (i.e. Picea abies (L.) H. Karst., Abies alba Mill. and

Fagus sylvatica L.), we adopted an ensemble forecasting

approach to build a multi-temporal climate envelope consider-

ing Europe for the past 13,000 years. We combine SDMs devel-

oped from past climate and fossil records to project them to

future climates and quantify the contribution of each time

frame to the total species niche to demonstrate the value of the

multi-temporal approach. Specifically, we build SDMs related to

each single time frame (partial-SDM) and to all time frames at

once (total-SDM), and we project all models to the current

climate evaluating the projections against the current pollen
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samples. We also project the total-SDM into the future in order

to obtain improved predictions of the potential response of

species to climate change.

MATERIALS AND METHODS

Species data

Records of presence for spruce (P. abies), silver fir (A. alba) and

beech (F. sylvatica) from 13,000 to 1000 yr bp were obtained

from two main sources: (1) the European Pollen Database

(EPD; http://www.europeanpollendatabase.net) and (2) a re-

view of published data including both pollen and macrofossils

(Terhürne-Berson et al., 2004; van der Knaap et al., 2005; Lata-

lowa & van der Knaap 2006; Magri et al., 2006). All locations

with the associated pollen records from the EPD were associated

to one or more single-millennium time frames (� 500 years)

using calibrated 14C dates. The number of occurrences varies in

each time frame, for a total of 1078 points for the silver fir, 801

for beech and 2217 for spruce (Table 1). Pollen percentages

obtained from the EPD were registered as species presences

using a 1% threshold as recommended by van der Knaap et al.

(2005). The same threshold was applied to modern pollen

samples available from the EPD (core tops only) and from Guiot

et al. (1996), for a total of 341 points for the silver fir, 633 for

beech and 668 for spruce (Fig. S1 in Supporting Information).

The current species distribution (presence/absence records) for

the three species was obtained from the Atlas Florae Europaea

(Jalas & Suominen, 1972–1999).

Current climate and climate projections

We considered a set of six bioclimatic variables assumed to be

important for the ecology and physiology of the species consid-

ered: total annual precipitation, summer (June, July and August)

precipitation, winter (December, January and February) pre-

cipitation, annual mean temperature, summer mean tempera-

ture and winter mean temperature.

Data on current climate (averaged from 1950 to 2000) and

future climate projections (average from 2070 to 2100) were

obtained from the Climatic Research Unit (Mitchell et al., 2004).

Simulations of past climate were obtained for the same time

period considered for the fossil pollen data from a global ocean–

atmosphere climate model with a temporal resolution of 1000

years and a spatial resolution of 3.75° ¥ 2.5° (Singarayer &

Valdes, 2010) based on the Hadley Centre climate model

(HadCM3). We first calculated climate anomalies by contrasting

the past monthly temperature and precipitation values against

the pre-industrial climate as obtained from the same simulation

(Singarayer & Valdes, 2010). Then, given the existing offset of

several degrees in temperature between the pre-industrial simu-

lation and the current climate, we calculated a second set of

climate anomalies by contrasting climate means for 1901–20

against the current climate (both obtained from Mitchell et al.,

2004), assuming that the former provides an approximation

closer to the real pre-industrial climate than the available simu-

lations. The combination of these two anomalies allowed us to

correct for the bias inherent in each climate model output. This

avoids transition inconsistencies when combining measured

(current) and simulated (past/future) climates, because simu-

lated climate runs do not match exactly with measured climate

averages. Anomalies were calculated in both cases as absolute

temperature difference (D°C) and relative precipitation differ-

ences (% change).

Using bilinear resampling, we downscaled the first set of

anomalies (past climate against pre-industrial) to 0.5° of spatial

resolution, corresponding to the spatial resolution of the current

climate dataset. Then, we applied the anomaly corrections to

obtain monthly maps of past temperature and precipitation at a

0.5° spatial resolution. Finally, we calculated all derived climate

maps mentioned above.

To be consistent with the climate model considered in the

past, for future projections we considered the same HadCM3

climate change model and two of the IPCC’s (Intergovernmen-

tal Panel on Climate Change) climatic scenarios, the B1 sce-

nario, describing a world with reduced use of natural resources

and the use of clean and resource-efficient technologies, and the

A2 scenario, where the rate of emission of greenhouse gases

continues to increase.

Niche expansion through time

To measure the contribution of each time step (i.e. data from the

available 1000-year frames) to the total niche of the species (i.e.

the niche as measured considering all available points), we con-

sidered the framework proposed by Broennimann et al. (2012):

niche similarity is measured in a gridded and smoothed princi-

pal components analysis (PCA) environmental space, taking in

account environmental availability (i.e. the values of the climate

variables over the study area for each time frame).

We represented the total environmental space by means of the

first two axes of a PCA calibrated over the entire range of

Table 1 Number of points of presence available for each species
in each time frame (number of macrofossils in parenthesis).

Years before

present Abies alba Fagus sylvatica Picea abies

13,000 6 (0) – 17 (0)

12,000 15 (1) 3 31 (7)

11,000 13 (1) 5 52 (9)

10,000 11 (6) 16 (3) 72 (18)

9000 24 (11) 25 (0) 98 (20)

8000 52 (10) 40 (3) 127 (42)

7000 90 (8) 73 (5) 153 (49)

6000 106 (11) 110 (4) 202 (57)

5000 122 (0) 136 (4) 253 (89)

4000 125 (0) 185 (0) 286 (81)

3000 125 (0) 208 (1) 301 (79)

2000 214 (0) – 310 (47)

1000 175 (0) – 315 (45)
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possible environments in the study area (i.e. considering all

climate variables as measured for 2000 random points drawn for

each time frame). Then, we pooled all pollen data through time,

measured the values of the climate variables corresponding to

pollen locations and time frames, and projected them into the

PCA space to delineate the total niche space for each species. We

followed the same process for each time frame separately, pro-

jecting all the points of presence for each millennium in turn

into the total PCA space in order to delineate the partial niches

for each species per time frame. Then we compared the partial

niches with the total niche following Broennimann et al. (2012)

and tested if the partial niches were more similar to the total

niche than random using Schoener’s D (an index of overlap). To

account for prevalence effects (i.e. a different number of occur-

rences between total and partial niches due to the nested nature

of the data), we randomly resampled the same number of occur-

rence data for the total niche as we had available for a given

partial niche. We repeated the analysis for 100 subsamples of the

total niche, thus obtaining a distribution of 100 Schoener’s

D-values and P-values for the niche similarity test for each time

frame.

Species distribution models

We considered each time frame separately to estimate a climate

envelope (hereafter partial-SDM), and then pooled all data

together to obtain a total climate envelope (hereafter total-

SDM) that should provide a closer approximation of each

species’ fundamental niche (Nogués-Bravo, 2009) when com-

pared to the partial-SDMs. For each time frame, we generated a

set of 2000 random points that were used as pseudo-absences

together with observed presences to calibrate the SDMs. We

excluded the time frames for 12,000 and 13,000 yr bp for beech

because only three observations of presence were available in the

former and none in the latter (Table 1).

To model species distributions we used an ensemble forecast-

ing approach as implemented in biomod (Thuiller et al., 2009).

We considered the following seven models: (1) generalized

linear models (GLMs); (2) generalized additive models (GAMs);

(3) artificial neural networks (ANNs); (4) generalized boosted

models (GBMs); (5) random forests (RFs); (6) flexible discrimi-

nant analysis (FDA); and (7) multivariate adaptive regression

spline (MARS). The main references for each model are avail-

able in Thuiller et al. (2009).

We calibrated models using a random sample of 80% of the

original data, and model performance was assessed using the

remaining 20% of the data (internal evaluation) by measuring

the area under the curve (AUC) of the receiver operating char-

acteristic (ROC) curve (Swets, 1988). The entire procedure was

repeated 10 times allowing for the calculation of an average AUC

value for each model type and for each time frame. A final model

(one for each modelling technique considered) was calibrated

using the entire database for each time frame (Thuiller et al.,

2009). SDMs with internal AUC value greater than 0.7 (Swets,

1988) were projected onto the current and future climate. Then,

for each species and for each set of points considered, we

obtained a final consensus forecast of species distribution cal-

culated as the weighted average of all available models (weights

for each model based on the respective AUC score as in

Marmion et al., 2009). The consensus forecast projected onto

the current climate was evaluated by fitting the AUC values

against modern pollen data (external evaluation). We trans-

formed the continuous consensus forecasts for both current and

future climate into binary predictions of species presence and

absence using a threshold that maximizes the sum of sensitivity

and specificity as measured against the modern pollen data

(Nenzén & Araújo, 2011).

RESULTS

Niche expansion through time

The first two axes of the PCA calibrated over all time frames and

considering all variables accounted for 88% of the total variabil-

ity in climate (51% of variability along the first axis, 37% along

the second axis; Fig. 1d), with two main gradients, one corre-

sponding to precipitation and one to temperature. All time

frames provided a contribution to the total niche, which

increases in size whenever a new time frame is considered

(Fig. 1a–c). For silver fir, the oldest occurrences (Fig. 1a) pro-

vided an almost complete coverage of the temperature gradient

exploited by the species. In contrast, the response along the

precipitation gradient during the earliest available time frames

was characterized by presences at both the drier and wetter ends

of the gradient, whereas presence at intermediate precipitation

values only occurred later in time. Beech (Fig. 1b) showed an

almost continuous expansion through time along both the pre-

cipitation and the temperature gradients, occupying areas with

lower precipitation and intermediate temperature in the earlier

time frames and expanding towards wetter and both colder and

hotter conditions in the time frames closer to the present.

Spruce (Fig. 1c) had the widest niche and occurred at the lowest

temperature values, while overall it showed a pattern compa-

rable to the one outlined for silver fir.

The overlap between the partial and the total niche increased

through time for all species (Fig. 2), being low at 13,000 yr bp

and reaching a plateau towards 5000–7000 yr bp (Fig. 2). For

beech and fir the oldest time frames showed a low average

Schoener’s D (0.01 and 0.12, respectively), while the overlap was

higher for spruce (average Schoener’s D = 0.48). Maximum

overlaps were reached between 2000 and 3000 yr bp (average

Schoener’s D = 0.86 at 2000 yr bp for silver fir; average Schoen-

er’s D = 0.80 at 3000 yr bp for beech; average Schoener’s D = 0.80

at 3000 yr bp for spruce). Spruce showed the highest fluctua-

tions in the overlaps between partial and total niches (Fig. 2).

Niche similarity was statistically significant for all comparisons,

with the exception of three instances for beech (the partial

niches between 11,000 and 13,000 yr bp; average P-values 0.07,

0.06 and 0.11, respectively), two for fir (11,000 and 13,000 yr bp;

average P-values 0.06 and 0.11, respectively) and one for spruce

(13,000 yr bp; average P-value 0.05).

Multi-temporal niche and species potential distribution
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Species distribution models

We generated 77 SDMs for each species and for each time frame

(7 modelling techniques by 10 repetitions plus 7 models cali-

brated on the entire database), for a total of 1001 models for

silver fir and spruce, and 693 models for beech. On average,

internal evaluation provided good results (sensu Swets, 1988)

with most AUC values being > 0.85 (Table S1). No modeling

algorithm was consistently worse than any other, with FDA

having on average the lowest AUC value for silver fir, MARS

having the lowest value for beech and ANN for spruce

(Table S1). A GAM provided on average the best fit for both

silver fir and beech, and was ranked as the third highest algo-

rithm for spruce (GBM being the best model for the latter).

The AUC values calculated by comparing modern pollen data

against the consensus forecasts of species distribution under

current climate revealed that all models can be considered

‘useful’ (sensu Swets, 1988) with the exception of the partial-

SDM obtained for silver fir and spruce calibrated from fossils

from 13,000 yr bp (Table 2). In general, model accuracy

increased with time frames closer to the present and with

increasing sample sizes. Maximum AUC values were obtained by

calibrating data from 2000 yr bp for silver fir, from 3000 yr bp

for beech, and from 4000 yr bp for spruce. The total-SDM was

the best model in the external evaluation for spruce only

(Table 2).

For fir and beech, total annual precipitation and summer

precipitation were by far the most important variables across all

time frames (Tables 3 & S2), followed by summer mean tem-

perature for fir and by annual mean temperature for beech. For

spruce, summer precipitation was consistently the most impor-

tant variable, followed by summer mean temperature and

winter mean temperature (Tables 3 & S2).

The partial-SDMs gave different results when projected over

the current climate (Fig. S2), suggesting change in the species

realized niches through time (Fig. 2). For each of the three

species considered, the total-SDMs (Fig. 3a, c, and e) predicted a

climatic suitability larger than any of the partial-SDMs (Fig. 3,

Table 4), with the only exception of the partial-SDM for the

silver fir calibrated with pollen data from 12,000 yr bp. This was

PC 1

PC 2

PC 1

PC 2

PC 1

PC 2

a b c

d

Ps
Pt

Pw

Tw
Tt

Ts

PC 1 
(51%)

PC 2 (37%)

1,000 to 2,000 years BP

3,000 to 5,000 years BP

6,000 to 8,000 years BP

9,000 to 11,000 years BP

12,000 to 13,000 years BP

Figure 1 Species niches (a, silver fir; b, beech; c, spruce) projected in the environmental space defined by a principal components analysis
calibrated on all environmental variables and all time frames (see text for more details). PC 1 (principal component 1) and PC 2 (principal
component 2) represent the first two principal components, explaining 88% of the total variability. Dots in a, b and c represent species
distribution in the environmental space with different colours for different time frames. (d) Correlation circle with the variance
contribution of axis 1 and 2. Ps = summer precipitation; Pt = annual precipitation; Pw = winter precipitation; Ts = summer mean
temperature; Tt = annual mean temperature; Tw = winter mean temperature.
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especially the case at higher latitudes (Fig. S3). In general, the

areas inside the current distribution ranges were characterized

by higher suitability values in the total-SDM than in any partial-

SDM (Table 4). Moreover, the total-SDMs for the three species

also predicted high climate suitability outside of the current

distribution range (especially for silver fir and beech), suggest-

ing that: (1) the species considered might not be currently in

equilibrium with climate or that (2) the balance of competition

has changed.

No matter which climate scenario is considered, the future

climate suitability as obtained from the total-SDM for the three

species (Fig. 4) is projected to decrease substantially, while a

clear northward shift in the species distribution is predicted. The

highest decrease is projected for spruce, which will lose suitabil-

ity in almost 58% of the study area under the A2 scenario

(compared with the current potential distribution obtained

with the same total-SDM). The lowest decrease is projected for

fir, which under the B1 scenario will lose suitability in almost

40% of the study area. When projected into the future, the

Thousands of years before present

O
ve

rl
ap

 (
S

ch
oe

ne
r’

s 
D

)

Figure 2 Comparison between partial niches and total niche for
all species (a, silver fir; b, beech; c, spruce). Box plots represent
Schoener’s D-values measured considering 100 random
subsamples of the total niche with a sample size equivalent to the
occurrence data available for each time frame. Light gray boxes
show non-significant similarities.

Table 2 Area under the curve (AUC) values calculated for each
model using modern pollen data (external evaluation).

Years before

present Abies alba Fagus sylvatica Picea abies

13,000 0.664 – 0.625

12,000 0.843 – 0.904

11,000 0.844 0.780 0.867

10,000 0.735 0.739 0.742

9000 0.767 0.807 0.853

8000 0.843 0.842 0.817

7000 0.834 0.879 0.830

6000 0.830 0.922 0.855

5000 0.819 0.809 0.867

4000 0.810 0.957 0.906

3000 0.804 0.959 0.889

2000 0.850 – 0.882

1000 0.829 – 0.823

All years 0.700 0.897 0.917

Table 3 Relative importance of climate variables for silver fir,
beech and spruce. Only the most important variable is shown
(complete results in Table S1). Results for unreliable species
distribution models (as measured through area under the curve
values; see the text for more details) are not reported.

Years before

present Abies alba Fagus sylvatica Picea abies

13,000 – – –

12,000 PRCS – PRCS

11,000 PRCT TAVT PRCS

10,000 PRCT TAVT PRCS

9000 PRCT PRCT PRCS

8000 PRCT PRCS PRCS

7000 PRCT PRCS PRCS

6000 PRCT PRCS PRCS

5000 PRCT PRCS PRCS

4000 PRCT PRCT PRCS

3000 PRCS PRCT PRCS

2000 PRCT – PRCS

1000 PRCS – PRCS

All years PRCT PRCS PRCS

TAVW, winter average temperature; TAVT, average annual temperature;
PRCT, total annual precipitation; PRCS, summer precipitation.
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partial-SDMs for the three species provided potential distribu-

tions that were almost always underestimates compared with

those obtained from the total-SDM (especially for beech; Fig. 4);

again results were highly variable from one time frame to

another (Figs S4 & S5).

DISCUSSION

Our results demonstrate that the realized climatic niche of the

species considered in this study may have changed sufficiently

through the Holocene that, when used in bioclimatic SDMs to

project current and future distributions, different results are

obtained depending upon which observed niche(s) are used to

calibrate the models. This may be due to several factors, includ-

ing changes in competition through time, or non-analogue cli-

mates that occurred in the past. Of particular interest is the

pattern of change in bioclimatic niches that we measured. Beech

had an almost continuous expansion through time along both

the precipitation and the temperature gradients. This may

reflect that known glacial refugia for beech located in the

Pyrenees, the western Alps, the eastern Alps, southern Italy, the

Balkans and the Carpathians (Magri et al., 2006) represent

restricted climate space, compared with the potential climate

space beech can occupy. Its Holocene expansion was accompa-

nied by cooler and wetter conditions, occurring around 8000 yr

bp in southern Central Europe and between 4000 and 2000 yr bp

in northern Europe (Tinner & Lotter, 2006). For both fir and

spruce, the oldest occurrences provided an almost complete cov-

erage of the temperature gradient exploited by the species as

measured by the total niche, but not of the precipitation gradi-

ent; again this probably reflects the location of their glacial

refugia (Tollefsrud et al., 2008; Liepelt et al., 2009). The expan-

sion of the two species was accompanied by changing climatic

factors, like wetter conditions around 8000 yr bp (Tinner &

Lotter, 2006), but was probably also influenced by competition

with beech and other species and by fire and other human

disturbances (Lang, 1994).

In most cases, the partial climatic niches (i.e. the climatic

niche estimated using one time frame at a time) showed a sig-

nificant overlap with the total niche (i.e. the climatic niche esti-

mated using all data at once), with maximum values of average

Schoener’s D being equal or greater than 0.8 (i.e. 80% of

overlap) for all species, and with nearly all values being above 0.5

after 10,000 yr bp for all species (Fig. 2). Yet, we never obtained

an average Schoener’s D equal to 1, indicating that no individual

time frame provided a complete agreement with the total niche.

Moreover, when considering only the oldest time frames (i.e.

before 10,000 yr bp) no statistically significant Schoener’s

D-values were achieved, indicating that for these time frames

and species the partial niches were not more similar to the total

niche than random niches built in the same study area. However,

the older time frames are also those with lower sample sizes, thus

downgrading the power in statistical tests. All partial-SDMs

when projected over the current climate gave different patterns

of a species’ potential distribution (Figs 3 & S2) demonstrating

that the effectiveness of bioclimatic SDMs in projecting species

distribution varies among species and also among time frames.

Our results parallel, at least in part, those of SDM transfer-

ability in geographical space (Randin et al., 2006) and time

(Dobrowski et al., 2011), in which the accuracy of SDMs varies

as a function of several factors, including species ecology, geo-

graphical area and time frame considered. A number of factors

can lead to changes in the realized niche of a species, including

dispersal limitations, competition and other historical and bio-

logical factors such as human disturbance (Meier et al., 2011a;

Normand et al., 2011). Currently the evidence for niche stability

(and conservatism) in the literature is mixed (Wiens & Graham,

2005; Peterson, 2011) and often lacks a distinction between fun-

damental and realized niche. Starting from a literature review,

Peterson (2011) proposed a framework in which the main com-

ponent in determining niche stability and conservatism is time.

Peterson (2011) refers particularly to the evolutionary conser-

vatism of coarse-resolution Grinnellian ecological niches and

suggests that recent and short-term events, from decadal and

Table 4 Percentage of the total
European land area (% Europe) and of
the actual distribution range (% Range)
predicted as presences. Presence was
obtained from modelled probabilities by
applying a threshold that maximizes the
sum of sensitivity and specificity as
measured against modern pollen data.
Results for unreliable species distribution
models (as measured through area under
the curve values; see the text for more
details) are not reported.

Years before present

Abies alba Fagus sylvatica Picea abies

% Europe % Range % Europe % Range % Europe % Range

13,000 – – – – – –

12,000 16.5 45.5 – – 30.8 65.2

11,000 7.1 29.6 8.7 17.1 29.8 64.0

10,000 3.0 17.8 15.7 27.4 11.1 27.8

9000 6.4 26.7 13.6 26.6 12.3 34.1

8000 8.4 39.1 12.6 30.5 14.8 38.6

7000 8.1 40.5 8.4 27.7 15.7 41.6

6000 6.9 39.8 13.0 42.7 16.0 42.3

5000 9.3 45.5 12.6 41.8 20.2 53.6

4000 8.1 52.9 15.9 63.8 21.1 56.5

3000 6.7 46.9 17.2 66.3 18.5 49.6

2000 9.8 66.4 – – 19.4 49.6

1000 9.1 60.7 – – 16.9 44.5

All years 15.5 61.1 37.3 91.7 34.8 75.0
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century-scale species invasions to distributional shifts at the end

of the Pleistocene and throughout the Holocene, show a consid-

erable tendency towards niche stability, while longer-term

events show increasing degrees of breakdown of stability.

We measured non-significant niche differences through the

entire Holocene. However, even if differences in the realized

niche were small and non-significant for time frames closer to

the present, the effects on potential distribution were important,

cautioning against the use of bioclimatic SDMs in predicting

species responses to global changes (Meier et al., 2011a,b). Most

partial-SDMs predicted high climate suitability values for areas

inside the current distribution range (Table 4), suggesting that

bioclimatic reconstructions from fossil data are able to fit

current species ranges. However, we measured important differ-

ences outside the current range, specifically in areas the species

are projected to colonize following climate change. This suggests

that limited (and not statistically significant) changes in the

realized niche may have profound consequences on the pro-

jected new distribution of the species.

All SDMs provided a reasonable reconstruction of species

niche when compared with data from the literature. In particu-

lar, precipitation (total or summer) was consistently the most

important variable through all time frames for the three species,

a pattern that is confirmed by different studies (e.g. Lang, 1994).

Summer and winter mean temperatures were also fairly impor-

tant for spruce, confirming again what has been measured in the

field (Lang, 1994). These climatic controls can have important

consequences for projections into future climates, particularly

because precipitation patterns are projected to change as much

as temperatures, but with far greater uncertainties in amount,

direction and spatial patterns (IPCC 2007). This suggests that

ensemble approaches are crucial when forecasting under such

uncertainties (Araújo & New, 2007).

The partial-SDMs projected to current climate almost always

gave high AUC values. For all species (but particularly for

spruce), the SDM providing the highest AUC values when pro-

jected to current climate and measured against current pollen

data was not the one calibrated closest to present, indicating that

factors other than climate (e.g. human activities) have been

playing an important role in shaping species ranges, at least in

the last two or three millennia. However, these results should be

considered with caution, given that the temporal trends found

in AUC values (Table 2) may be confounded with sample size

(Table 1), suggesting that there is at least a possibility that the

patterns observed are also influenced by the increased sample

size, as opposed to resulting from ecological phenomena per-

taining to the species niches.

For all species, the potential current distribution projected

from the total-SDM approximated fairly well the southern

boundaries of the current distribution, but high suitability

values were predicted at the northern and eastern edges, where

species are currently absent, probably because of dispersal limi-

tation, increased competition, or because of the interaction of

competition and climate. The total-SDM, with the exception of

spruce, did not provide the best model when projected under

current climate and evaluated against modern pollen data.

However, the aim of the total-SDM approach is to provide an

estimate of the niche that is closer to the fundamental niche for

each species, and thus, by definition, it is possible to obtain an

over-estimation of the current species distribution (see above;

Colwell & Rangel, 2009).

The projections for future climate show that partial-SDMs

systematically produce smaller estimates of the potential species

distribution compared with total-SDMs, with a dramatic differ-

ence in the case of beech. These results have important conse-

quences for studying the responses of biodiversity to global

change. First, we obtained a clear indication that previous results

may have underestimated the capacity of tree species to respond

to climate change, suggesting that the severity of future threats

to biodiversity may have been overestimated in some cases.

However, although our projections suggest a potential increase

in habitat suitability at higher latitudes, the natural colonization

of areas that become suitable under climate change can be slow

and difficult. Beech exemplifies a species which has not finished

colonizing suitable habitats after the retreat of the ice at the end

of the last ice age (Bradshaw & Lindbladh, 2005), and which can

be expected to adjust its range only very slowly (Meier et al.,

2011b).

The multi-temporal approach we followed has been proposed

as an improvement over classical SDMs to project species dis-

tributions in time (Nogués-Bravo, 2009; Varela et al., 2009).

Compared with previous studies (e.g. Nogués-Bravo et al., 2008;

Pearman et al., 2008b) we considered a greater number of time

frames, which should have provided a more complete coverage

of the species niche (thus more closely approaching the funda-

mental niche for the entire Holocene). Furthermore, we were

able to demonstrate fluctuations of the realized niche in time.

Obviously, we did not provide a complete representation of the

fundamental niche of any species. In fact, the range of environ-

mental conditions that characterize the observed geographical

distribution of a species may fail to reveal the full extent of its

fundamental niche, for three main reasons (Colwell & Rangel,

2009): (1) part of a species’ fundamental niche does not corre-

spond to any combination of environmental variables; (2) dis-

persal limitations or (3) species interactions may prevent the

occupation of given patches. The total niche estimated through

the multi-temporal approach does not provide a complete solu-

tion to these three points but at least provides a larger sample of

environmental conditions and, presumably, species interactions,

and it allows for a relaxation of dispersal limitations, ensuring a

better representation of the species ecology overall.

We adopted an ensemble forecasting approach (Thuiller

et al., 2009), overcoming some of the shortcomings of previous

single modelling approaches (Hijmans & Graham, 2006). A

number of limitations still remain. In particular, we considered

only a single global circulation model (GCM) for estimating

past climate, although results of SDMs can vary substantially

with different GCMs (Buisson et al., 2010). It would be interest-

ing to adopt a full ensemble forecasting approach (sensu Araújo

& New, 2007) considering not only many different statistical

modelling algorithms for niche calibration, but also a full suite

of GCMs for reconstructing past climate. In any case, even con-
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sidering the ideal setting with regard to data availability (for

both climate and species), species ecology and modelling frame-

work, the multi-temporal approach, as we outlined here, cannot

deal properly with novel climates (Williams & Jackson, 2007).

Moreover, with the multi-temporal approach, especially when

considering longer time frames, there is also the risk of includ-

ing different ecotypes (Benito Garzón et al., 2011) in the same

model, or even changes in the fundamental niche resulting

through rapid evolution (Peterson, 2011).

Ideally, in order to predict species responses to climate

changes, one should use the physiological limits to obtain a

complete representation of the fundamental niche of a species

and then constrain it with biotic interaction and dispersal limi-

tation effects (Meier et al., 2011a). Hybrid SDMs representing

seed dispersal and species interactions are currently available

(Engler & Guisan, 2009; Meier et al., 2011b), and important

research efforts are ongoing in order to understand the best way

in which they can be combined with classical static SDMs

(Guisan & Rahbek, 2011). However, a clear and complete knowl-

edge of a species’ physiology is limited to a few, very particular

cases (Kearney & Porter, 2009), and thus a reconstruction of the

fundamental niche is currently out of reach for the great major-

ity of species. Building the niche through time can provide a way

towards a better understanding of species distribution and

ecology in a changing climate.
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Figure S1 Current species distribution and modern pollen

samples available for the three studied tree species.

Figure S2 Species distribution models calibrated with fossil data

and projected on current climate for the three studied tree

species.
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Figure S3 Binary projections of species distribution under

current climate for the three studied tree species.

Figure S4 Species distribution models calibrated with

fossil data and projected on future for the three studied tree

species.

Figure S5 Binary projections of species distribution under

future for the three studied tree species.

Table S1 Average area under the curve values calculated in the

internal model evaluation for each modelling algorithm

considered.

Table S2 Average relative variable importance for the three

studied tree species.
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