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Abstract

The usefulness of species distribution models (SDMs) in predicting impacts of climate

change on biodiversity is difficult to assess because changes in species ranges may take

decades or centuries to occur. One alternative way to evaluate the predictive ability of

SDMs across time is to compare their predictions with data on past species distributions.

We use data on plant distributions, fossil pollen and current and mid-Holocene climate

to test the ability of SDMs to predict past climate-change impacts. We find that species

showing little change in the estimated position of their realized niche, with resulting

good model performance, tend to be dominant competitors for light. Different

mechanisms appear to be responsible for among-species differences in model

performance. Confidence in predictions of the impacts of climate change could be

improved by selecting species with characteristics that suggest little change is expected in

the relationships between species occurrence and climate patterns.
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I N T R O D U C T I O N

The earth is currently experiencing rapid, anthropogenic

climate change (Houghton et al. 2001) that is expected to

impact species diversity, distribution and persistence

(Thomas et al. 2004; Thuiller et al. 2005; Botkin et al.

2007). For example, the ranges of insects and birds are

already expanding northward as more northerly areas

become increasingly suitable (Walther et al. 2002; Parmesan

& Yohe 2003). Similarly, plants in mountainous regions are

responding by shifting elevation ranges upwards (Grabherr

et al. 1994; Gehrig-Fasel et al. 2007). Potential effects of

climate change on the distributions of species are often

evaluated using niche-based species distribution models

(SDMs), in which current climate and species distribution

data are used to model the realized climatic niche

(Hutchinson 1957). Niche models are then projected in

geographic space using estimates of future climate patterns

(Guisan & Zimmermann 2000; Guisan & Thuiller 2005).

Models suggest that species with limited dispersal abilities

and ⁄ or high-elevation habitats will become threatened with

extinction as suitable habitat becomes reduced and new

areas remain unreachable due to natural and anthropogenic

barriers to dispersal (Hannah et al. 2002; Broennimann et al.

2006). Nonetheless, predicted changes in species distribu-

tion are difficult to evaluate with empirical data because the

predicted changes may take decades to centuries to occur

(Lang 1994; Araújo et al. 2005; Bradshaw & Lindbladh 2005;

Araújo & Rahbek 2006).

Predictions from SDMs can be affected by factors such as

data resolution, sampling extent and choice of modelling

algorithm (Elith et al. 2006; Randin et al. 2006; Guisan et al.

2007a; Thuiller et al. in press). While such effects may be

mitigated by careful design regarding these aspects, shifts in

species niche that are caused by dynamic ecological or

evolutionary processes could bias or invalidate predictions

of the biotic effects of climate change obtained from SDMs

(Pearman et al. 2008). Prediction using SDMs of species�
future distributions assumes that species niches do not

change over the relevant time scale. However, some plant

species seem to have undergone rapid niche shifts (Broen-

nimann et al. 2007) while other plants appear to experience

long periods of niche stability (Huntley et al. 1989). The

unassessed potential for niche shift casts doubt upon the
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validity of SDM-based predictions of climate-change

impacts (Pearman et al. 2008). While future niche changes

are unlikely predictable for particular species, increased

reliability of SDM-based predictions may depend on

understanding how potentials for niche change vary among

species. The consistent association of species characteristics

with unchanging distribution–climate relationships would

assist ecologists in determining the quality of predictions

and increase confidence in projected climate-change impacts

obtained from SDMs.

The modelling and prediction of climate-change impacts

on species distributions additionally assumes that species

have migrated to fill the distribution that is accessible given

the environmental requirements of the species and the

outcome of competitive interactions (Pearson & Dawson

2003). If this is not the case, it may be difficult to develop

SDMs that accurately represent species� niches. A difference

in time between changes in the geographic distribution of

climatic conditions that are suitable for a species and the

colonization of newly suitable areas by the species (or

transient persistence of slowly declining populations in areas

no longer suitable) could be indistinguishable from a shift in

a species niche. Changes in the observed relationship

between climate and species distributions could, thus, be

generated by temporal changes in proportion occupancy of

a species potential geographic range (Davis & Shaw 2001;

Svenning & Skov 2004). For example, European beech

(Fagus sylvatica L.) might currently occupy most of its

potential range and be at distributional equilibrium (Huntley

et al. 1989) while Abies alba L. could occupy only 37% of its

potential range (Svenning & Skov 2004). Incomplete range

filling currently might result from dispersal limitation of

range expansion from Pleistocene refugia (Svenning & Skov

2004). If so, then partial range filling may have been even

more pronounced in some species during the mid-Holo-

cene. It follows that if such limitations have already lasted

thousands of years, dispersal limitation would likely be

substantial in response to rapid climate warming. This

would clearly impede accurate projections of future plant

distributions unless dynamic dispersal is implicitly taken into

account in the modelling (Thuiller et al. in press). Nonethe-

less, the effects that niche shifts and partial range filling may

have on predictions from niche-based SDMs have never

been investigated using appropriate independent data and

rigorous statistical methods.

In this paper, we test the predictive ability of SDMs using

forecasting and hindcasting of species distributions as

functions of past and current climates (Araújo & Rahbek

2006). Forecasting is the process of fitting statistical models

using data on present climate and distributions, and then

projecting species potential distributions into the future

using estimations of future climate. Similarly, one might

calibrate models using data on past climate and species

distributions and then evaluate model forecasts for current

species distributions by comparing the predictions to known

current distributions. In contrast, hindcasting is the process

by which one calibrates models using data on current

climatic conditions and species distributions, and then

projects the modelled relationships into the past using

independent estimates of prior climates. So far, only a few

studies have used hindcasting to estimate previous species

distributions, for example, in testing for niche changes

between last glacial maximum and the present (Martinez-

Meyer & Peterson 2006). Here, we explore hindcasting as a

method to assess quantitatively the accuracy of predictions

of climate-change impacts on biodiversity and species

distributions, and of how predictions of species distribu-

tions vary when the assumptions behind predictive appli-

cation of SDMs are violated.

To assess model predictive performance during hindcast-

ing and forecasting, one needs sufficient, independent data

on current and historical species distributions, and on

present and past climate. We use atlas data on current plant

distributions, pollen core data from two European databases

and climate estimates from a global circulation model

(GCM) to conduct an independent assessment of SDM

performance upon hindcasting the distributions of tree

species at the mid-Holocene, 6 ky BP. Similarly, we forecast

current distributions of these species by using pollen data on

species� mid-Holocene distributions to calibrate (i.e. fit) the

models. We use multivariate techniques to estimate change

in the niche position (i.e. change in �marginality� of species in

multivariate climate space, sensu Dolédec et al. 2000) of each

species between the mid-Holocene and the present. We then

evaluate the relationship between these estimated niche

shifts and model predictive performance. Models for species

would not likely perform identically as a consequence of

potential interspecific variation in range filling, niche

stability and data quality. We quantify the uncertainty

surrounding among-species differences in model perfor-

mance by providing bootstrapped 95% confidence intervals.

Finally, we interpret variation in model performance among

species in terms of species ecological characteristics,

interspecific competition and range expansion.

D A T A A N D M E T H O D S

Species distributions

Current distributions of plant species in Europe were taken

from the digital Atlas Florae Europaeae (AFE) database

(Jalas & Suominen 1972–1999). We eliminated off-shore

grid cells, leaving a total of 1973 cells with which we

determined species presence ⁄ absence. To determine species

distributions at 6 ky BP, we examined pollen composition in

the pooled sample of cores in the Alpine Palynological
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Database and the European Pollen Database (http://

www.europeanpollendatabase.net). Pollen data included

the interval 6 ± 0.5 ky BP, using calibrated C14 dates.

Pollen from wetland and aquatic plants were removed from

the data so that the data reflected each species� pollen as a

proportion of pollen from terrestrial species. We then

averaged pollen percentages for each species across the 10

100-year periods.

Direct species-level determinations are generally not

possible for pollen morphotypes because pollen differs

little among species within a genus. To allow SDMs of

species, we selected only those types of pollen that

represented a single species in northern and central Europe

and thus could not be confused with pollen arising from

other members of a genus. To achieve this, we restricted

chosen pollen sites to be north of a line drawn from the

Adriatic Sea north-eastward, passing through northern

Romania and continuing eastward c. 200 km north of the

Black Sea. This left an area of continental Europe,

Scandinavia and the United Kingdom ⁄ Ireland, and removed

cores where species common in central and northern

Europe might overlap in range with other congeners. We

used data from all remaining 312 cores to maximize

opportunity for model calibration and testing (Table 1).

Once the study species were identified, we established

two threshold pollen percentages per species, based on

expert knowledge, for determining species pres-

ence ⁄ absence. A lower threshold per cent for species

presence was established to signify a level below which we

considered the species unlikely to be present. Likely this

would capture relatively small and recently established

populations, but species presence determinations might be

influenced by long-distance pollen transport (see Discussion

in Latalowa & van der Knaap 2006). An upper threshold per

cent, if exceeded, led us to consider a species as definitely

present, minimizing the influence of pollen transport. For

each species, pollen percentages were evaluated using the

average percentages over the 10 100-year period centred on

6 ky BP. Here, we present results using the lower threshold,

based on the observation that plant macrofossils often

indicate a date for species arrival that is earlier than pollen

evidence (Kullman 2001; Magri et al. 2006). Because of this

phenomenon, the use of our high pollen thresholds for

model calibration and evaluation may be unnecessarily

conservative and in our data sets some species showed an

insufficient number of presences for reliable modelling. We

present analyses using the upper threshold in supplementary

online materials.

Current climate

We used interpolated climate data at 1-km resolution from

the WorldClim data set (Hijmans et al. 2005), downloaded

31 March 2006. We chose to use the variables �annual mean

temperature�, �mean temperature of the coldest month�,
�total annual precipitation�, �precipitation December–March�
and �precipitation June–August� because of the close

relationship of these or very similar variables to plant

physiological limitations (Bartlein et al. 1986; Prentice et al.

1992). In a geographic information system, we sampled each

climate variable map at locations corresponding to the

centre of each of the 1973 AFE cells.

Mid-Holocene climate estimate

The use of climate estimates reconstructed from pollen

composition in cores (Davis et al. 2003) for hindcasting mid-

Holocene plant distributions would have generated circu-

larities in the results. This is because the same pollen data

were used to determine species distributions and resulting

Table 1 Current species distributions (presence ⁄ absence) based on Atlas Floreae Europaeae (AFE ) and mid-Holocene presence ⁄ absence

based on pollen percentages from the combined holding of the European Pollen Database and Alpine Palynological Database

Species

Current Mid-Holocene

AFE Pollen thresholds* Presences ⁄ absences

Presences ⁄ absences Low High Low threshold High threshold

Abies alba 410 ⁄ 1573 0.01 0.02 71 ⁄ 241 62 ⁄ 250

Carpinus betulus 1000 ⁄ 983 0.005 0.02 14 ⁄ 289 8 ⁄ 304

Corylus avellana 1423 ⁄ 560 0.01 0.03 198 ⁄ 114 145 ⁄ 167

Fagus sylvatica 990 ⁄ 993 0.01 0.02 47 ⁄ 265 31 ⁄ 281

Juniperus communis 1486 ⁄ 497 0.01 0.02 21 ⁄ 291 10 ⁄ 302

Larix decidua 135 ⁄ 1848 0.005 0.015 19 ⁄ 293 12 ⁄ 300

Picea abies 783 ⁄ 1200 0.01 0.02 119 ⁄ 193 93 ⁄ 219

*Employed threshold values necessary for species presence when considering mean pollen percentage over 10 consecutive 100-year time

periods in which pollen of the genus was detected.
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biome maps upon which reconstructed climate estimates

were ultimately based. To avoid this circularity we estimated

mid-Holocene climate using two data sets. To obtain an

estimate of the European climate anomaly between the

current period and the mid-Holocene, we obtained pro-

jected climate data from the UBRIS-HadCM3 AO GCM

(Gordon et al. 2000), generated as a part of the PMIP2

climate modelling comparison project (Gladstone et al.

2005). Comparison of the results of this GCM with climate

reconstructions and other models show that the direction of

climate change is in general correctly estimated in the

PMIP2 models, although the degree of cooling in southern

Europe is generally underestimated (Brewer et al. 2007). The

UBRIS-HadCM3 model results were available for both the

present (c. 1950) and for a 100-year period centred around

6 ky BP. We obtained average values for each variable for

each month over the 100-year period. We then generated an

anomaly map for each variable by subtracting values for the

present, as modelled by the GCM, from the GCM estimated

mid-Holocene values. These anomaly maps were then

interpolated to 1-km resolution using inverse-distance

weighting among the four nearest cells in ARCGIS 9.1 (ESRI

2005). Values in these interpolated maps were then added to

the corresponding WorldClim values to generate estimated

climate maps at 1-km resolution for Europe at the mid-

Holocene. From these maps, we extracted climate data at

the 312 pollen core sites from which we had obtained

species presence ⁄ absence information.

Species distribution modelling

We modelled species distributions using an iterative

computer learning algorithm called the gradient boosting

machine (Friedman 2001; Ridgeway 2006). We used the

algorithm as implemented in the package �gbm: Generalized

Boosted Regression Models�, available on the R website

(http://cran.r-project.org). Boosted regression trees are

becoming increasingly popular in niche modelling because

of their often superior performance in prediction (Elith et al.

2006; Thuiller et al. in press). For a full description of gbm

and additional references, see Appendix S1 in Supplemen-

tary Material. We employed the �area under the receiver

operator characteristic curve� (AUC ) as a criterion for

evaluating the fit of gbm models to the calibration data set

and in evaluating predictive performance (Fielding & Bell

1997). This measure of model fit is suited for comparing

probabilistic predictions to observed presence–absences

because it requires no arbitrarily defined threshold proba-

bility with which to establish prediction of species presence.

In calibrating the model for each species, we generated an

additional estimate of AUC by conducting 10-fold cross-

validation on a calibration data set that was selected

randomly from the complete data set and that conserved

the overall proportion of presences ⁄ absences that was in the

full data set (Efron & Tibshirani 1998; Randin et al. 2006).

We retrieved directly from the gbm model (in fact, an

R-object) the proportional contribution of each climate

variable to the model.

We also developed a basis for understanding the statistical

significance of differences in model performance among

species by bootstrapping 95% percentile confidence inter-

vals for AUC values of both model fit (i.e. to the calibration

data) and upon prediction (Efron & Tibshirani 1998). To

evaluate confidence intervals around the AUC value of

model fit, for each species we generated 1000 bootstrap data

sets from the calibration data (i.e. from the original 1973

observations from the AFE data set). For each bootstrap

data set, we fit a gbm model and determined the AUC for

model fit to the bootstrap data. We established the

confidence interval for AUC by selecting values corre-

sponding to the upper and lower 2.5% quantiles of the

bootstrapped AUC distribution. We considered non-over-

lapping 95% confidence intervals as a sign of significant

difference between species AUC values. Finally, preparing

presence–absence maps for each species from probabilistic

predictions requires use of a threshold. Therefore, we used

maximized Kappa (Fielding & Bell 1997), choosing the

threshold providing the maximum value for the Kappa

coefficient of agreement (Cohen 1960), as reported by

Randin et al. (2006).

Quantifying change in climate–distribution relationships

We determined the relationship between model predictive

ability and change in species� estimated niche position by

comparing these values between the mid-Holocene and the

current period. For both periods, we estimated niche

position (i.e. marginality) for all species simultaneously by

multiplying the transpose of the species occurrence matrix

by the corresponding matrix of normalized observed

environmental values. We then conducted a principal

components analysis on the difference between estimated

current and mid-Holocene niche position for all species (for

full details, see Appendix S2). Thus, the change in

marginality for each species was calculated relative to the

change in marginality of a hypothetical average species in

the multivariate space spanned by both current and mid-

Holocene climate data sets, using species presence ⁄ absence

data.

Finally, we assessed model predictive performance as a

function of estimated change in niche position by regressing

species values of AUC on the absolute value of change in

niche position from the PCA. We repeated the entire

process that is described above to forecast current species

distributions based on gbm models that were calibrated with

the mid-Holocene data sets.
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R E S U L T S

Species and distributions

We studied seven unambiguously identifiable taxa for which

pollen data, when we excluded south-eastern Europe,

represented the approximate distributions of the species at

the mid-Holocene (Table 1). These species included four

trees (Abies alba, Fagus sylvestris, Larix decidua and Picea abies)

and three shrubs or small trees (Carpinus betulus, Corylus

avellana and Juniperus communis) that varied in the AFE data

regarding their current distribution across Europe (Figs 1a

and 2a; also see Figs S1a–S5a, supplementary online

materials). The species varied over an order of magnitude

in the degree to which they were represented in pollen count

(a) (b)

(c) (d)

Figure 1 The current and mid-Holocene distributions of Picea abies, from empirical data and from niche-based species distribution models

(SDMs). (a) The current distribution of the species in Europe, as determined with a digital version of the Atlas Florae Europaeae (AFE). (b)

Presence of the species in pollen cores at the mid-Holocene, evaluated at two thresholds. Red squares indicate locations of cores in which

pollen frequency of the species reached an average of 2% over the period 6 ky BP (± 500 years). Yellow points indicate additional cores in

which the average pollen concentration of the species was ‡ 1% but < 2%. (c) A map of the probability of occurrence of the species

currently, obtained by fitting an SDM with AFE data and projecting it over the study area. The probabilities are indicated by a colour band

labelled �Prob.�. (d) Map of the predicted distribution of the species at the mid-Holocene, established using an SDM-generated probability

map for the species (i.e. in hindcasting) and a threshold determined by the maximum Kappa criterion, derived from pollen core data. The

value of maximum Kappa was calculated using species presence according to high pollen (2%, red) and low pollen (1%, yellow) thresholds.

The map thus represents the combination of a model of the estimated current realized niche and pollen data species distribution at 6 ky BP.
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data (Table 1, Figs 1b, 2b and S1b–S5b). When evaluated at

the high pollen threshold, three species had only a

marginally sufficient number of presences (i.e. < 20) for

model evaluation on hindcasting and model calibration in

forecasting (Table 1).

Modelling results and evaluation

Although models calibrated with current distribution data

described well the current distribution of the species (model

verification, Figs 1c, 2c and S1c–S5c), model performance

was poor for some species upon hindcasting mid-Holocene

distributions (model validation; Figs 3a,c and S6a,c). When

models were calibrated with current species distribution and

climate data, all species models attained an AUC > 0.8 and

had overlapping 95% confidence intervals for AUC in

model verification (Figs 3a and S6a). Thus, we obtained

useful models for all species (Swets 1988; Araújo et al. 2005)

and model performance in fitting the calibration data was

statistically indistinguishable among species (Figs 3a and

S6). Total annual precipitation together with average annual

temperature made by far the strongest contributions to all

models (> 90%). In model validation (i.e. evaluation of

hindcasted predictions) with the pollen data set and the low

threshold for species presence, non-overlapping percentile

confidence intervals indicated significant among-species

differences in model performance (Fig. 3a), with a notably

poor model performance for J. communis.

Forecasting current species distributions based on model

calibration with pollen-based occurrence data demonstrated

substantial uncertainty in the fit of models to the mid-

Holocene calibration data, as shown by comparatively wide

(a) (b)

(c) (d)

Figure 2 The distribution of Juniperus communis, with pollen thresholds as labelled. Otherwise as in Fig. 1.
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95% confidence intervals (Figs 3b and S6b). Overlapping

confidence intervals indicated that there were no significant

differences among species upon model fitting. In contrast,

species� models varied greatly in their abilities to forecast

current species distributions (Fig. 3b). As in hindcasting, the

model for J. communis performed much better in describing

species occurrence in the calibration data (mid-Holocene)

than in prediction (Fig. 3b). Two species� models performed

similarly both in fitting the calibration data and in

forecasting current distribution (C. betulus and P. abies). In

both the forecasting and hindcasting exercises, there was

generally less uncertainty in model performance (i.e.

narrower confidence intervals) when using the data sets

on current climate and species distributions than when using

the mid-Holocene climate estimates and pollen data for

model calibration.

Some notable disagreement existed between pollen-based

species distribution and hindcasted predictions. Fagus

sylvatica was predicted to be present in northern Europe

but had not occupied this area by 6 ky BP (Fig. S4). Larix

decidua occurred further south during the mid-Holocene

than predicted upon hindcasting (Fig. S5). Picea abies was

predicted to occupy Scandinavia but there we encountered

no pollen evidence for this as of the mid-Holocene (Fig. 1).

Finally, J. communis was largely absent from central and

eastern Europe, although hindcasting predicts that these

areas lie within the species potential mid-Holocene range

(Fig. 2).

Figure 3 Mean values of the area under the receiver operator characteristic curve (AUC) and 95% confidence intervals (a and b), and model

performance as a function of magnitude of niche shift (c and d). Top panels show (a) hindcasting with calibration of models using current

distribution data and evaluation of predictions based on low pollen percentage thresholds; (b) forecasting current species distributions using

mid-Holocene pollen data (low thresholds) for models calibration. Confidence intervals are bootstrapped percentage intervals (95%).

Diagonal lines represent equal model performance in fitting and prediction. Species are Abies alba (s), Carpinus betulus (d), Corylus avellana (h),

Fagus sylvatica ( j ), Juniperus communus (n), Larix decidua (m) and Picea abies (,). The lower panels show the predictive success of models as a

function of estimated shift of a species niche position. The x-axis is the absolute value of change in estimated niche position, determined in

principal component analyses by using low pollen thresholds for species presence. The y-axis presents AUC values obtained upon prediction,

as seen in panels (a) and (b). Evaluations are of hindcasting mid-Holocene distributions (c) and forecasting current species distributions (d).

The trend lines are from least-squares regression and are statistically significant. These regressions (c and d) remain significant with removal of

J. communis. The three colonizing species (C. avelana, J. communus and L. decidua) demonstrate the greatest observed niche shift and the lowest

model performance upon prediction.
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Estimated niche position change and model performance

Species varied in estimated difference between their current

and mid-Holocene niche positions. Picea abies and C. betulus

experienced less change in estimated niche position when

compared to the other species (Figs 3c and S6c). In

contrast, the estimated change in niche position of

J. communis far exceeded that of the other species. The

magnitude of species� niche shifts and performance of the

models were strongly related, both in hindcasting and in

forecasting. Models for species whose niche position had

changed little between the mid-Holocene and the present

generally performed better than models for species whose

niche position had changed substantially relative to the other

species (Fig. 3c,d; see also Fig. S6c,d). The significant

negative relationships between change in niche position

and model performance held for both hindcasting and

forecasting, using both low- and high-pollen thresholds. The

change in niche position and low AUC value of J. communis

strongly influenced the regression equations (Table 2; see

also Table S1). Nonetheless, a significant negative regres-

sion persisted when J. communis was not included (Fig. 3c,d;

analysis not shown).

D I S C U S S I O N

The results demonstrate that the effectiveness of niche-

based SDMs in predicting species distributions over a period

of 6 ky varies among species. In this way, our results are

similar to those on the transfer of SDM predictions in

geographic space (Randin et al. 2006; Broennimann et al.

2007), in which species varied in the accuracy with which

they could be predicted in areas other than those where the

models were calibrated. These results suggest that work is

needed to identify species for which the relationship

between distribution and climate likely remains unchanged

over relevant time periods. There are a number of reasons

why the distributions of some species may be predictable

while for others, predictions are markedly erroneous. The

realized environmental niche of species may change, either

because of changes in either positive or negative biotic

interactions in the community or because of evolutionary

adaptation to the biotic and abiotic environment (i.e. a

change in fundamental niches and realized niches; Broen-

nimann et al. 2007; Pearman et al. 2008). As change in

geographical patterns of climate proceeds, species can also

vary in their ability to track these changes. These possibil-

ities suggest further that a change in the mechanisms that

limit a species distribution could alter the observed

relationship between species distribution and climate (Gui-

san & Thuiller 2005). Additionally, prediction error might

arise from any of the sources of data we used. Thus,

understanding which species are more or less likely to be

affected by these phenomena will improve confidence in

predictions of climate-change impacts provided by niche-

based SDMs.

Niche dynamics and species distribution

The degree to which species� niches remain unchanged over

time has received substantial attention (Wiens & Graham

2005). Despite this, there has been no clearly identifiable

pattern of niche dynamics useful in choosing species that

likely provide reliable predictions of climate-change impacts

(Pearman et al. 2008). We found that species vary in the

degree to which estimates of their climate–distribution

relationship (i.e. estimated niche position) differed between

the mid-Holocene and the present. Picea abies and C. betulus

had little estimated niche change relative to other species. In

contrast, the estimated niche and predicted distribution of

J. communis appears to differ radically between the mid-

Holocene and the present. In general, although we have

only seven data points, our analysis suggests that species that

specialize in disturbed habitats and which are intolerant of

shade might have been more likely than competitively

dominant species to undergo shifts in estimated climate–

distribution relationships during the last 6 ky (Fig. 3).

Likely, at the time scale we investigate here, initial post-

glacial expansion of some pioneer species to near their full

potential range was followed by reduction in density and ⁄ or

exclusion from some areas by competitors (Lang 1994). In

contrast, we suggest that species could respond differently

to rapid climate change (and over a short period), relative to

one another, than they do to changes over hundreds or

Table 2 Regression statistics and estimated coefficients for two scenarios, in an analysis of model performance (AUC) as a function of

observed change in species estimated niche positions

Prediction Pollen threshold Adjusted r2 b0 b1 SSmodel MSerror F * P-value

Hindcasting Low 0.87 0.86 )0.16 0.199 0.004 46.97 0.001

Forecasting Low 0.81 0.74 )0.15 6.42 · 10)14 2.36 · 10)15 27.186 0.003

Values for r2, b0 and b1 describe regression lines illustrated in Fig. 1c,d. Statistics were obtained after transformation to meet assumption of

normally distributed residuals. See Table S1 in supplementary online material for results using high pollen thresholds.

*All F-statistics have one numerator and five denominator degrees of freedom.
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thousands of years. The actual species for which model

projections produce accurate representation of changes in

distribution in response to climate change could differ

depending on the rate of change and the length of period

over which the projections are made. In this regard,

competitive ability, time to distribution equilibrium, niche

size and the magnitude of displacement of the projection of

the niche in geographic space could have large influences.

Future research could use hindcasting and other methods to

explore these possibilities.

Range filling and dispersal limitation

Similar to cases in which species niches are not stable over

time, a tendency for limited range filling for some species

would equally suggest that SDM-based predictions of

climate-change impact on the geographic distribution of

species may be encumbered with error. Incomplete range

filling could affect model performance when making

predictions of changes in species ranges over time. For

example, L. decidua might fill < 18% of its current potential

range (Svenning & Skov 2004). This species was predicted in

hindcasting in the present study to occupy an area extending

from the French Alps through the central Alps to eastern

Austria. As of the mid-Holocene, evidence for L. decidua

comes from the central Alps and north of the Adriatic Sea,

but is missing from the great portion of the eastern part of

its predicted range. A pattern of consistently wide confi-

dence limits for L. decidua in both calibration and prediction

(Fig. 3a,b) suggests that climate only partially determined

the species� climate–distribution relationship by the mid-

Holocene. This may in part be due to one or more known

ecological properties of L. decidua, such as low migration

rates, low competitiveness for light, ability to colonize poor

soils or anthropogenic effects (Lang 1994; Gobet et al. 2003;

Bradshaw & Lindbladh 2005). It might also be that although

the mid-Holocene climate in central Europe is generally well

predicted by GCMs (Brewer et al. 2007), some errors in

climate estimation could be influential. Comparison of

models derived from a variety of GCMs could be

informative regarding these effects.

In another example, F. sylvatica was missing from much of

the northerly portion of its predicted range as of the mid-

Holocene (Fig. S4). Our models over-predict the mid-

Holocene range of the species in northern Europe, as do

physiological models (Giesecke et al. 2007). Those models

predict a much broader distribution as of 6 ky BP than do

the SDM results described here, although the two results are

not directly comparable because of differing methodology

and response variables. Fagus sylvatica only spread into its

predicted suitable range with the advent of anthropogenic

fires in the late-Holocene, in areas that up to that point were

dominated by P. abies (Gobet et al. 2003; Bradshaw &

Lindbladh 2005). We cannot, using only our data, distin-

guish with certainty the degree to which observed changes

in estimated niche position and geographic range filling

result from niche shift, competitive exclusion or some

degree of dispersal limitation. Nonetheless, these results

suggest that the mechanisms limiting the distribution of

F. sylvatica may have changed over 6 ky.

Mechanisms influencing species distribution and niche
position

Multiple processes surely influence species distributions and

might change in importance over time, to the degree that the

role of climate in limiting species distributions could have

changed between the mid-Holocene and the present. This

could result in a change in estimated niche position in

multivariate climate space. For example, P. abies was a widely

distributed species as of the mid-Holocene (Fig. 1b).

Notably, J. communis had a similarly large predicted mid-

Holocene range as P. abies. Pollen records show that

J. communis was common and present at some sites in

northern and western Europe before arrival of P. abies and

full forest development (Lang 1994), suggesting that the late

glacial and early Holocene distribution of J. communis was

limited primarily by climate, not by competition. However,

little pollen evidence for J. communis presence is available

from much of its predicted mid-Holocene range in central

Europe (Fig. 2b). Much of this area was by this time

occupied by P. abies and mixed forest species (Lang 1994).

Juniperus communis is a colonizer of disturbed and open areas

due to its requirement for light and can tolerate soils with

little development (Zoller 1981). This suggests that as of the

mid-Holocene, competition had a larger influence on the

distribution of J. communis than did climate.

It is unlikely that J. communis was completely absent

from most of central Europe as of the mid-Holocene (i.e.

absence of evidence is not evidence of absence), but the

patterns we observe suggest that this species was at low

density or absent across extensive areas of its potential

range, which had come to be dominated by P. abies and

other trees of closed canopy forest. The broad range but

scattered distribution of J. communis in recent times

(Fig. 2a) suggests that the species has benefited greatly

from expanding anthropogenic disturbance, but may still

be excluded from many optimal habitats by stronger

competitors. Similar reasoning may explain the relatively

poor fit of hindcasted models of C. avellana, a species

which may have been absent locally within its predicted

mid-Holocene range because of competition for light in

closed canopy forest (Oberdorfer 1990; Burga & Perret

1998).

One further cause of prediction errors is that the

mechanisms limiting species distributions could be hetero-
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geneous, not just in time, but also over the range of

the species. For example, it might be that in mapping

J. communis occurrences in the mid-Holocene we included

more (nominally) intraspecific variation by pooling closely

related species or ecologically distinct populations when

making or evaluating predictions. Another possibility is

that just one or a few populations could be responsible

for changes in species distribution. A case of differential

range (and niche?) expansion of populations is known for

F. sylvatica, in which only one population is thought to have

expanded from its Pleistocene refugium to cover much of

western Europe (Magri et al. 2006). This suggests that a

niche shift affected this population, perhaps similar to the

expansion of populations of invasive species in their

introduced range (Broennimann et al. 2007). Intraspecific

variation may also influence the local distribution and degree

to which L. decidua is excluded by forest species such as

A. alba and F. sylvatica (Zoller 1981).

Paleo-data, SDMs and prediction uncertainty

Fossil pollen data is often incomplete and the adequacy of

the pollen record in representing species prior distribu-

tions can vary among species. For example, L. decidua

produces and spreads small amounts of pollen (Zoller

1981). The pollen data on L. decidua, even at the low

threshold we used here, probably underestimate the

distribution of the tree. Larix decidua grows densely in a

narrow elevation belt in mountains today (Fig. S5). Thus,

pollen sites outside this belt likely record very little or no

L. decidua pollen even when the species occurs relatively

short distances away.

In another example, P. abies potentially might fill < 85%

of its potential range currently (Svenning & Skov 2004).

While the authors of that study (as here) may have failed

to include one or more variables that are important to

determining species distribution, this does not appear to

affect model performance greatly upon hindcasting the mid-

Holocene distribution of this species. Other species may be

affected by choice of climate variables, but this is not

possible to evaluate here. One possible explanation is that

SDM performance may depend more on the degree to

which a species has expanded to the limits of its niche than

on expansion to its potential geographic range. Another

possibility is that the spatial distribution of pollen cores

might influence model performance differentially among

species. For example, P. abies was absent from areas in

Scandinavia that we predicted as suitable habitat as of the

mid-Holocene. Over-prediction of the species in this area

could conceivably have little influence on model fit because

of the paucity in our data set of pollen cores from the area

that is over-predicted, which corresponds to central Sweden

(Fig. 1).

Limitations to the approach and future directions

We have shown that hindcasting and forecasting of species

distributions using data from pollen cores are ways to

evaluate model performance across time. While we used all

available pollen data we could acquire electronically,

continued growth of pollen databases will allow improved

assessment of the effects on model performance of the

choice of pollen thresholds. Increasing availability of plant

macrofossils may eventually be sufficient as an additional

source of data for modelling the distributions of some

species. This may improve projections for species that can

be present at low densities or otherwise produce little

pollen.

A further limitation is that the equilibrium distribution of

species cannot be estimated independently from competitive

effects. Ideally, one would estimate the fundamental niche

of a species, then constrain it with estimates of the effects of

competitive interactions (Guisan et al. 2007b; Pearman et al.

2008). However, even with an understanding of the

physiological limits that determine the fundamental niche,

an estimation of the equilibrium distribution will require an

operational understanding of how competitive interactions

constrain the fundamental niche and result in an expected

distribution based on the realized niche.

Future research on predictive modelling may result in

better techniques, or an ensemble of techniques, with which

to address effects of migration rates and predict levels of

range filling (Botkin et al. 2007; Thuiller et al. in press). In

the present study, we faced the additional problem of

choosing a GCM for estimating past climate, because we

were further constrained not to use comparison of GCM

results with pollen-based climate reconstructions as a basis

for our choice. Future work may approach effects of

variation in predictions of past climate as a random factor to

quantitatively estimate uncertainty generated by choice of

climate model. For example, by model performance could

be evaluated with a larger number of historical GCM runs

for mid-Holocene climate (e.g. Brewer et al. 2007). Further-

more, variability in data quality that arises from any of our

data sources could influence the observed relationship

between distribution and climate (i.e. the realized climatic

niche). Consideration of these issues and careful choice of

additional species for analysis, both in Europe and

elsewhere, will help improve our understanding of the

ecological characteristics of species and the structural

characteristics of data sets that influence predictions of

plant response to climate change.

C O N C L U S I O N S

The increasing availability of data on plant distribution

and climate allows testing SDMs by hindcasting and
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forecasting. Model performance upon prediction depends

on the estimated shift in a species’ climate–distribution

relationship. The ability to compete for light may be one

factor that influences the relationship between a species

distribution and geographic variability in climate. Addi-

tional effects likely include those of dispersal (migration)

ability and range filling, elapsed time over which a

prediction is made, and qualities of invariably imperfect

data. The long time span used here, relative to predicted

future climate change, likely affected in contrasting ways

the estimated niche position changes in the study species.

Future research should seek to improve quantitative

understanding of the effects of these factors on predic-

tions across time that are made with SDMs.
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