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ABSTRACT

Aim We aimed to quantify how stream fish species have responded to short-
term variability in climate across eight consecutive periods over the last

20 years by comparing biotic (velocities of observed species range shifts) to

expected bioclimatic (velocities of climate-induced shift in the suitable habitat
of species) velocities, a measure combining species-specific exposure and sensi-

tivity to climate.

Location French streams.

Methods Occupancy models were developed to model the distribution of 14
species across eight consecutive time periods between 1992 and 2011 and to

project climate-induced changes in the distribution of suitable area over time.

Based on the projected changes in habitat suitability, we first estimated the bio-
climatic velocities for each species and each transition between consecutive

periods. We then applied the same approach to the observed changes in suit-

able habitat to estimate the observed biotic velocities. Finally, the velocities of
range shifts were compared to those expected on the basis of climate changes

for each reach of the hydrographic network and the consistency of distribu-
tional responses – and potential lags – across species and transitions were

quantified.

Results We found that biotic velocities were overall consistent with expecta-
tions, with observed responses matching both the direction and magnitude of

bioclimatic velocities. Nonetheless, we also show that species consistently lagged

behind climate (mean = 4.64 m.year!1). Lags in habitat gain were more pro-
nounced than those in habitat loss and revealed differential vulnerability of

local populations within species distributions.

Main conclusions These findings demonstrate that integrating species-specific

sensitivities to climate into measures of climatic velocities (namely bioclimatic

velocities) provide improved expectations for observed range shifts. They also
suggest that stream fish may display both low ability to persist under short

periods of unfavourable climate and limited capacity to disperse upstream

towards newly suitable habitats.

Keywords
Climate variability, colonization, extinction, occupancy models, range limits,

vulnerability.

INTRODUCTION

Species vulnerability to climate change is a function of both

extrinsic and intrinsic factors that determine species exposure

and sensitivity, mediated by their adaptive capacity to adjust

to these changes (Williams et al., 2008; Pacifici et al., 2015).

Species range shifts are expected to be one of the main

responses of species to recent climate change and have now

been documented for many taxa (Root et al., 2003; Par-

mesan, 2006). However, quantifying whether those shifts are
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allowing species to keep pace with climate change and isolat-

ing unambiguous climatic effects remain two of the main

challenges for assessing species vulnerability to climate

change (Angert et al., 2011; Hockey et al., 2011).

Growing interest and research efforts have been focused

on using the velocity of climate change (Loarie et al., 2009;

Burrows et al., 2011) to infer shifts in species distributions

(Burrows et al., 2014). While palaeoecological evidence sug-

gests that past climate velocities have left important legacies

in contemporary range sizes through selective extirpations of

small-ranged, weakly dispersing species (Sandel et al., 2011),

geographical variations in recent climate velocity has also

been correlated to observed range shifts (Chen et al., 2011a;

Pinsky et al., 2013; Poloczanska et al., 2013). However, many

studies have suggested a lag between the velocity of climate

change and both species distributional responses (Hiddink

et al., 2012; La Sorte & Jetz, 2012; Zhu et al., 2012) and the

resulting reshuffling of communities (Bertrand et al., 2011),

with several mechanisms potentially involved. First, complex

patterns of microclimates and topography can create gaps in

climate paths that prevent range shifts (Lyons et al., 2010;

Early & Sax, 2011), and microrefugia where species might

persist locally (Lenoir et al., 2013). Secondly, non-climatic

drivers (e.g. habitat degradation or fragmentation) or indi-

rect effects (e.g. competitive interactions through climate-

related biological invasions) can affect the ability of species

to cope with climate change (Walther et al., 2009; Hof et al.,

2011). Finally, individualistic traits (e.g. ability to disperse,

ecological specialization) can also be of major importance in

enabling species to respond successfully to climate change

(e.g. Anderson et al., 2009; Hof et al., 2012). These delayed

distributional responses may have considerable impacts on

species interactions, which remain to be studied to prefigure

forecasted changes in ecosystem functioning and integrity

(Walther, 2010; Devictor et al., 2012).

To date, most previous studies have focused primarily on

simple unidimensional climate description (mainly isotherm

shifts) and implicitly disregarded idiosyncratic sensitivities to

climate. However, the direction and magnitude of range

shifts are shaped by interactions between several climatic

variables (Crimmins et al., 2011; VanDerWal et al., 2013)

and the species-specific sensitivity to climate changes (e.g.

physiological tolerance, resilience and potential to adapt)

(Deutsch et al., 2008; Huey et al., 2012). As climate velocity

can demonstrate divergent climate vectors between climatic

variables (Dobrowski et al., 2013), considering the multidi-

mensional nature and complex mosaic of local climate

changes may be critical in understanding the variation

observed among range shifts of individual species (Ackerly

et al., 2010; Tingley et al., 2012; Pinsky et al., 2013). Simi-

larly, recent human-driven environmental changes have

influenced species geographical ranges (Newbold et al., 2014;

Di Marco & Santini, 2015) and the importance of human

impacts as drivers of range shifts may override the climate

change signal (Hockey et al., 2011). Accordingly, accounting

for current anthropogenic pressures and describing changes

in climatic suitability for individual species, rather than in

a single, physical climate variable would provide a more

biologically meaningful assessment of where species likely

need to move to track their climatic niches (e.g. Lawler

et al., 2013).

Empirical evidence also supports the hypothesis that fine-

scale variability in climate can drive species range dynamics

(Early & Sax, 2011; Bennie et al., 2013). Indeed, patterns of

climate change are spatially heterogeneous and often highly

dynamic (Burrows et al., 2011; Chen et al., 2011a), with con-

siderable short-term fluctuations superimposed upon long-

term climate trends (Karl et al., 1995). As a result, species

range shifts are typically characterized by intermittent epi-

sodes of expansion and contraction (Bennie et al., 2013).

Considering short-term variability in climate could thus be

critical when characterizing range edges (Zimmermann et al.,

2009), determining species persistence through time (Bat-

eman et al., 2012) and understanding species responses to

rapid climate change (Reside et al., 2010; Beever et al.,

2011). To date, most studies assessing biotic velocities have

only focused on range shifts between two periods. This has

thus prevented the evaluation of possible changes in velocity

across time (Beever et al., 2011; Ordonez & Williams, 2013),

or identifying the extent to which range shifts occur gradu-

ally or as abrupt changes when environmental thresholds are

exceeded (Harley & Paine, 2009; Jackson et al., 2009).

Besides being intuitively essential for climate change impact

assessments, as it informs about how fast species track shift-

ing climate or accumulate a climatic debt over time, very lit-

tle attention has been devoted to assessing range shifts

between multiple time periods.

Recently, bioclimatic models have been proposed to depict

the velocity of changes in species climatic suitability (Serra-

Diaz et al., 2014). This approach has the potential to reveal

species-specific exposure to shifting climatic habitats and

makes it possible to compare the velocities of observed range

shifts to those expected on the basis of spatially complex and

multidimensional climate changes. While Serra-Diaz et al.

(2014) have illustrated the usefulness of their approach to

investigate the predicted velocities of species exposure to cli-

mate change under future scenarios, its application to

observed range shifts offers a promising way to better under-

stand how species are responding to ongoing climate change.

Here, we assessed how species of stream fish shifted their

ranges across multiple time periods over recent decades in

France. Stream fishes provide particularly relevant model

organisms for studying climate-induced distributional

responses, as these ectotherms are likely to be strongly

impacted by changes in thermal habitat and alteration of

flow regimes and water availability (Crozier & Hutchings,

2014). By comparing species ranges modelled for eight con-

secutive periods, while accounting for imperfect species

detection and potentially confounding non-climatic drivers,

we analysed both species-specific exposure and species distri-

butional responses to shifting climates. In particular, we

aimed to (i) describe spatial patterns in species-specific paces
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of climate change exposure and (ii) compare the velocities of

observed range shifts to those expected on the basis of cli-

mate changes. As far as we are aware, this is the first time

that velocities of observed range shifts have been compared

to bioclimatic velocities, a measure of changes in climatic

suitability likely to reflect both species-specific exposure and

sensitivity to climate change.

METHODS

Approach

We used a dynamic modelling approach to model the

observed distribution of species across eight consecutive peri-

ods over the last 20 years and to project climate-induced

changes in the distribution of suitable areas over time

(Fig. 1). Based on the observed changes in suitable habitat,

we estimated the observed biotic velocities for each species

and each transition between consecutive periods. We applied

the same approach to the predicted changes in suitable habi-

tat to estimate the expected bioclimatic velocities. In parallel,

we calculated the climatic velocities between consecutive time

periods using a multivariate measure of climate changes. We

then compared the velocities of observed range shifts to

those expected on the basis of climate changes (climatic and

bioclimatic) and quantified the consistency of distributional

responses to short-term climate variability – and potential

lags – across species and transitions.

Environmental data

Climate data were derived from the French weather service

model SAFRAN, a gauge-based analysis system computing

daily data for various meteorological parameters. As fish are

known to be sensitive to extreme conditions and climatic

seasonality (Matthews, 1998), from this high-resolution

(8 km x 8 km) database, we used daily data for temperature

and precipitation to derive six climate variables that are rele-

vant as regards their influence on stream fish distributions:

mean temperature of the coldest quarter (Tcold, °C), mean

temperature of the warmest quarter (Twarm, °C), tempera-

ture seasonality (Tvar, SD 9 100), cumulated precipitation

of the wettest quarter (Pwet, mm), cumulated precipitation

of the driest quarter (Pdry, mm) and precipitation seasonali-

ty (Pvar, CV). Climate variables were calculated for each

studied year and then averaged within each time period, with

a shift in time window of one year. To avoid collinearity,

these climate variables were reduced into two independent

axes using principal component analyses (PCA) before being

included in the models. PC1 represented a gradient from

cooler, wetter areas to warmer, drier areas, whereas PC2 con-

trasted areas with relatively stable climatic conditions with

time

Period 1 Period 2 Period 3

Transition 1 Transition 2

Occupancy
model - P2

observed
range

P2

projected
range

P2

(biotic velocities)

expected 
range shift - T1

(bioclimatic velocities)

observed 
range shift - T1

Occupancy
model - P1

observed
range

P1

Occupancy
model - P3

observed
range

P3

projected
range

P3

(biotic velocities)

expected 
range shift - T2

(bioclimatic velocities)

observed 
range shift - T2

distribution
data
P1

climate
P1

habitat
distribution

data
P2

climate
P2

habitat
distribution

data
P3

climate
P3

habitat

Figure 1 Dynamic modelling framework developed to assess species range shifts between consecutive time periods (depicted here for
two transitions between three periods). For each period, occupancy models were developed to model the observed ranges of each species
according to climate conditions of the considered period, as well as various static habitat descriptors over the study period (topography,
upstream–downstream gradient, land use, degree of fragmentation and urbanization). Confronting these observed ranges to those
projected onto the environmental conditions of the following period makes it possible to describe range shifts expected on the basis of
climate changes (i.e. bioclimatic velocities reflecting both species-specific exposure and sensitivity to climate change), while these
expected range shifts can be compared to observed ones (i.e. biotic velocities) to assess climate tracking for each transition.
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areas showing greater variability (see Appendix S1 in Sup-

porting Information).

Each stream reach of the hydrographical network (CCM2;

Vogt et al., 2007) was further described based on two topo-

graphic variables, elevation (m, extracted at the centre of

each reach) and slope (&, computed between both ends of

each reach). A synthetic variable representative of the

upstream–downstream gradient was obtained by the first axis

of a PCA combining two variables, the full area drained by

the upstream area (km²) and the cumulated length of the

upstream flow network (m) (variability explained = 97.8%).

To account for the potential effects of anthropogenic distur-

bances on freshwater fish distributions, we also included

three anthropogenic-related variables. The degree of frag-

mentation was calculated as the number of high-size dams

(> 15 m) within natural sub-basins based on Strahler level

aggregates (Onema, 2010). Land use was described through

the first axis of a PCA including two variables extracted from

the second and third classes of the updated Corine Land

Cover database (CLC 2000; Bossard et al., 2000) and

expressed as percentages of agricultural and forested lands of

the sub-basin total areas (variability explained = 98.6%). The

degree of urbanization was estimated through the first axis

of a PCA including the percentage of urbanized land (i.e.

first class of CLC 2000) and the mean density of human

population (HYDE 3.0; Klein Goldewijk et al., 2011) within

natural sub-basins (variability explained = 87.6%).

Species data

Species distribution data covering the period from 1992 to

2011 were taken from the French National Agency for Water

and Aquatic Environments database, where 3627 sampling

sites (mean sampled area = 813 m2 " 486 SD) were moni-

tored following a standard electrofishing protocol during low

flow months. To study the distributional responses of species

to short-term climate fluctuations, we then divided the data

set into several consecutive short-time periods where sites

were resurveyed repeatedly within each period. Due to the

uneven sampling effort across the overall studied period,

eight short-time periods of two to four years were defined to

maximize the number of visits per site within each period, as

well as to minimize the potential effects of spatial and envi-

ronmental heterogeneity across periods (Fig. S1, Fig. S2 and

Table S1 in Supporting Information Appendix S1): 1992–
1995 (P1); 1996–1997 (P2); 1998–1999 (P3); 2000–2001 (P4);

2002–2003 (P5); 2004–2005 (P6); 2006–2008 (P7); 2009–
2011 (P8). From the full set of species detected, we restricted

our analyses to 14 of the most prevalent species.

Species distribution models

We modelled the distribution of species in each time period

using single-season occupancy models explicitly accounting

for species detectability (MacKenzie et al., 2006). Following a

model averaging procedure using different parameterizations

for the probability of detection p (Julian day and the

upstream–downstream position of the survey) and the prob-

ability of occurrence Ψ (aforementioned climatic, topo-

graphic and anthropogenic covariates), we obtained one

composite model for each species and time period (see

Table S2 and Table S3 in Supporting Information Appendix

S1). Those models were subsequently used to reconstruct

species distributions (i.e. observed ranges) in each time

period and climate-induced shifts in suitable areas (i.e.

expected range shifts) within time intervals across the French

hydrographic network. For each species, the projected suit-

able habitats were forecast by projecting the models of each

time period onto the environmental conditions of the

following one.

Climate velocity

Climate velocity is usually expressed as the instantaneous

horizontal (latitudinal) or vertical (altitudinal) velocity of cli-

mate change derived from the ratio of temporal (climatic

changes per unit of time) and spatial (climatic changes per

spatial unit) gradients (Loarie et al., 2009; Burrows et al.,

2011). To characterize climatic changes over the last

20 years, we extended the climatic velocity approach devel-

oped by Loarie et al. (2009) to a multivariate measure of cli-

matic velocity. We first calculated the climate velocities (V~i )

between consecutive time periods using a multidimensional

representation of the climatic space based on a PCA includ-

ing the six purely physical climatic variables as previously

described.

V~i ¼ ððdc=dtÞ=ðdc=dxÞ; ðdc=dtÞ=ðdc=dyÞÞ

For each transition between two consecutive periods, the

temporal gradient in climatic conditions (dc/dt) was com-

puted as the mean difference in the coordinates of each

stream reach along the two PCA axes expressed per unit of

time (i.e. year). The spatial (i.e. altitudinal) gradient (dc/dxy)
was computed as the ratio of the Euclidean distance within

the two-dimensional PCA climatic space by the altitudinal

distance between adjacent reaches using a neighbourhood

weighting (Burrows et al., 2011) (Fig. S4 in Supporting

Information Appendix S1).

We also calculated the multivariate climate velocity across

the eight consecutive time periods, associated with a measure

of divergence in short-term climate velocities through time.

To describe the climate velocity across all time periods, we

calculated the net mean velocity (V~net ) of the velocity vec-

tors defined for each transition between consecutive time

periods as follows:

V~net ¼
Pp

i¼1 V~i

p

where p is the number of transitions.
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Then, we assessed divergence in the velocity vectors,

defined as the mean scalar difference between the net mean

velocity and the velocity vectors defined for each transition:

r:F ¼
Pp

i¼1 V~i!V~net

!! !!
p

when ∇.F = 0, the vectors share the same magnitude and

directions (i.e. consistent climate changes among transitions),

while large values of ∇.F indicate vectors that diverge in

direction and magnitude (Dobrowski et al., 2013).

Bioclimatic and biotic velocity

We used the approach introduced by Serra-Diaz et al. (2014)

to calculate the bioclimatic velocities (i.e. velocities of climate-

induced shift in the suitable habitat of species) and the biotic

velocities (i.e. velocities of observed species range shifts) for

each species and transition. Instead of using purely physical

climatic variables, this approach allows to explicitly take into

account the species-specific sensitivities to climate. In the

equations for climate velocity calculation, changes in climate

conditions are replaced by changes in habitat suitability

obtained using the occurrence probabilities from species distri-

bution models (SDMs). For the bioclimatic velocities, the tem-

poral gradient was calculated as the differences in probabilities

per unit of time between the observed distribution in a given

time period, and the expected distribution in the following

one, forecasted by projecting the model of the focal time per-

iod onto the climatic conditions of the consecutive one. Simi-

larly to the climate velocities, the spatial gradient was

calculated as the altitudinal differences in probabilities across

the observed suitable habitat (see above).

Biotic velocities were calculated using the same equations,

except that we used the differences in probabilities within

consecutive observed distributions for the temporal gradient

calculation. To avoid the influence of outliers, 5% of the

velocities at both ends of the distribution for each species

and transition were removed prior to analysis.

Comparing measures of velocity

To determine whether biotic velocities matched those

expected based on climate changes, we first averaged veloci-

ties for each species and each transition between two consec-

utive periods. To account for the differences in suitability

across space, the velocities were weighted by the probabilities

of the presence at the beginning of the time interval within

species range (i.e. more weight is given to reaches where the

probabilities of presence were the highest). We then tested

whether overall biotic velocities matched bioclimatic veloci-

ties using a Type-II linear model because both predictor and

response variables have variability (Ordonez & Williams,

2013). Second, we fitted weighted linear regressions account-

ing for the differences in suitability within species range to

the different measures of velocities (biotic versus bioclimatic)

calculated for each reach of the hydrographic network. Based

on the estimated slopes of the models, we determined

whether the velocities were congruent (i.e. slope > 0,

P < 0.05) or not for each species and time interval. The pro-

portion of congruent directions pobs was then tested against

the random expectation of an equal probability of observing

velocities in either direction using binomial tests (H0:

pobs = 0.5).

To determine whether observed velocities were higher or

lower than those expected, for each species and transition,

we calculated the mean relative difference in velocities (i.e.

negative values indicated lag and positive values credit),

weighted by the probabilities of species presence at the begin-

ning of the time interval. We then tested whether the overall

mean difference between biotic and bioclimatic velocities was

different from zero (i.e. if species were lagging behind or

leading ahead climate change) using a one-sample t-test. We

then proceeded to the same tests but excluding responses for

which the observed versus expected directions were different

to avoid inflating the estimated rates of lag due to potential

antagonist confounding effects (Poloczanska et al., 2013).

Finally, to find out whether the observed responses were con-

sistent overall, climate tracking was separately assessed for

the different species and transitions, while considering the

direction of the expected velocities (i.e. gains versus losses of

suitable habitat and upslope versus downslope changes).

Analyses were performed in R 3.1.2 (R Core Team, 2014)

using the packages unmarked (Fiske & Chandler, 2011) for

developing the models, maptools (Bivand & Lewin-Koh, 2014)

for spatial analyses and ade4 (Dray & Dufour, 2007) for PCA.

RESULTS

Patterns of climate velocities

We found considerable spatial and temporal variation in

climate velocities (Fig. 2). This heterogeneity reflected short-

term fluctuations (i.e. between consecutive periods, Fig. 2a)

superimposed upon temporal climatic trends over the

20-year period showing patchy spatial patterns (Fig. 2b).

Overall, long-term trends were directed towards increasing

variability in temperature and precipitation and a warmer

and drier climate in southern France. Likewise, divergence in

climate velocities through time was spatially heterogeneous,

with more diverging patterns in south-eastern France

(Fig. 2c). As a result, averaged climate velocities within spe-

cies ranges revealed varying patterns of exposure to shifting

climates (Fig. 2a).

Comparing climate and bioclimatic velocities

Climate velocities and bioclimatic velocities were not

significantly correlated when averaged across species ranges

(Type-II regression, P = 0.071). Bioclimatic velocities varied

significantly more (F = 3.608, P < 0.001) than climate

Diversity and Distributions, 1–13, ª 2015 John Wiley & Sons Ltd 5

Bioclimatic velocity and species range shifts



velocities (Fig. 3) and showed contrasting (i.e. shrinking or

expanding) patterns both between- and within-species ranges

(Fig. 3b). Nonetheless, these predicted losses or gains in suit-

able habitat represented a substantial part of the hydro-

graphic network for all species (mean = 84.8% " 9.8 SD,

Table S4 in Supporting Information Appendix S2).

Comparing bioclimatic and biotic velocities

Across all species and transitions, expected and observed

velocities were of similar magnitude (paired t-test, P = 0.370)

and showed consistent spatial patterns (Fig. 3b). When aver-

aged across the whole hydrographic network, biotic and bio-

climatic velocities showed a significant positive relationship

(Type-II regression, r = 0.25, P = 0.029, Fig. 3c), suggesting

that biotic velocities were overall paced by those expected

based on climate changes. Moreover, the directions of the

velocities where highly consistent when considering the

observed:expected slopes for each species and each transition

(70.4% of positive relationships, binomial test, P < 0.001).

This agreement remained predominant when species with

non-significant slopes were excluded (68.4%, binomial test,

P < 0.001). At the stream reach scale, consistency between

biotic and bioclimatic velocities varied between species but

remained constant through time (Table S4 and Fig. S5 in Sup-

porting Information Appendix S2). Overall, 54.4% and 56.8%

of the observed velocities matched expectations towards gains

and losses of suitable habitat, respectively. Proportions of

observed velocities consistent with expectations were signifi-

cantly non-random for all species (binomial tests, P < 0.001),

demonstrating that species were tracking fine-scale shifting cli-

mates. Nevertheless, differences between observed and

expected velocities were also apparent and showed strong geo-

graphical patterns where observed responses lead and lag

expected responses (Fig. S6 in Supporting Information

Appendix S2). By contrast, when expected velocities were null,

most biotic velocities were also null (56.1%) or marginal,

without any spatial pattern in those unexpected responses.
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Figure 2 (a) Short-term climate fluctuations over the study period. The correlation circle shows projections of the six climatic
variables onto the first two axes of a principal component analysis. In this bidimensional climatic space, changes in the position of each
reach of the hydrographic network between two consecutive periods allowed the direction (i.e. angular coordinate) and magnitude (i.e.
radial coordinate) of changes in climate to be measured. Polar diagrams show frequencies of occurrence and directions of climate
change for each transition, with grey scale proportional to mean amplitude of changes. Red arrows portray climate velocity vectors
(both directional and magnitude components) calculated for the 14 species within their respective distribution areas. (b) Temporal trend
in climate velocities across all time periods of study. (c) Divergence between climate velocity vectors calculated for each transition.
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Lags in observed range shifts

We found that on average species lagged in their distribu-

tional responses (mean = 6.08 m.year!1, one-sided t-test,

P < 0.001, inset Fig. 3c). These lags remained significant

when null responders were excluded (mean = 4.64 m.year!1,

one-sided t-test, P = 0.001). Lags in habitat gain appeared to

be more pronounced than those in habitat loss (mean = 4.49

and 2.04 m.year!1, respectively, Fig. 4a). Although biocli-

matic velocities were of the same magnitude in both direc-

tions (paired t-test, P = 0.558), observed velocities were

significantly lower (paired t-test, P < 0.001) for habitat gains.

Nevertheless, lags in distributional responses varied consider-

ably among species (Fig. 4b). Indeed, some species such as
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Figure 3 (a) Patterns in climate velocities illustrated for the first transition and (b) corresponding patterns in bioclimatic and biotic
velocities for four exemplar species. (c) Relationship between biotic and bioclimatic velocities calculated for each species and each
transition. Solid line indicates the best fit regression. Inset is the difference between biotic and bioclimatic velocities measured for each
species and transition with the histogram of difference values across the seven transitions. Negative values indicate lags in observed
species responses (i.e. gains or losses of suitable habitat) compared to those expected on the basis of changes in climatic suitability.
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brown trout (Salmo trutta) and European chub (Squalius

cephalus) appeared to have shifted at a pace sufficient to

track climate fluctuations between periods. In contrast, bull-

head (Cottus gobio) showed the highest expected velocities

(mean = 29.37 m.year!1), resulting in mean lag in distribu-

tional response of 24.09 m.year!1. For this weakly dispersing

species, lags in habitat gain were up to three times higher

than those in habitat loss. Lags in habitat gain were also sig-

nificantly more variable across species than those in habitat

loss (F = 3.886, P = 0.020). While the magnitude of lags in

habitat gain was positively correlated to expected velocities

(r = 0.79, P < 0.001), no significant relationship was

observed between expected velocities of habitat loss and the

corresponding lags. Finally, lags were significantly

(P = 0.021) higher when habitat gains were directed towards

upper rather than lower elevation. Conversely, lags in habitat

loss did not differ between lower- and upper-elevational

boundaries of species distribution (Fig. 5).

DISCUSSION

Although growing evidence indicates that range shifts of

many taxa follow the velocity of climate both in the ocean

(Pinsky et al., 2013; Poloczanska et al., 2013) and on land

(Chen et al., 2011a), considerable lags in responses or failure

to detect the expected range shifts have also been docu-

mented (Devictor et al., 2012; Zhu et al., 2012). Here, our

analyses reveal a complex mosaic of patterns in climate

velocities characterized by considerable short-term fluctua-

tions, along with climate shifts over the last 20 years. We

show that, by depicting species-specific exposure to shifting

climates, the velocities of changes in species climatic suitabil-

ity provide improved expectations for observed range shifts.

The comparison with observed velocities further reveals that

although stream fish species were consistently lagging behind

climate changes, the ability of species to track short-term

fluctuations in their climatic niche over time may be much

faster than previously thought.

We show large magnitude and rapid rates of change in

bioclimatic velocities over time, with geographical areas dis-

playing increases or decreases in species climatic suitability.

These contrasted patterns resulted both from the combina-

tion of species exposure to climatic fluctuations and intrinsic

climate sensitivity, ultimately defining species vulnerability

(Moritz & Agudo, 2013). For instance, while bleak (Alburnus

alburnus), a warm-water -adapted species, showed large areas

of positive bioclimatic velocities in northern France and neg-

ative values in southern France between the first two time

periods, the opposite pattern was identified for Salmo trutta,

a cold-water species. The fact that bioclimatic velocities were

not correlated to climate velocities reinforces the importance

of taking species sensitivity into account and questions the

assumption that climate velocities (even averaged across spe-

cies range) provide sufficient estimates to infer the velocity

of range shift required by species to track their climatic

niche. Accordingly, by integrating complex interactions

between multidirectional shifts in climatic space and species-

specific sensitivities to climate, bioclimatic velocities may

provide improved expectations for evaluating species vulner-

ability in a changing climate and reconcile current

approaches based either on purely climatic patterns (e.g.

Burrows et al., 2014) or on species-specific attributes (e.g.

Pearson et al., 2014).

We demonstrate that observed velocities were overall con-

sistent with expectations, with species range shifts matching

both the direction and magnitude of bioclimatic velocities.

–30 –20 –10 0 10

Cottus gobio

Alburnus alburnus

Squalius cephalus

Gobio gobio

Alburnoides bipunctatus

Tinca tinca

Barbatula barbatula

Gymnocephalus cernua

(b)(a)

Difference between biotic and bioclimatic velocities (m.year –1)

Salmo trutta

Phoxinus phoxinus

Gasterosteus aculeatus
Cyprinus carpio
Perca fluviatilis

Ameiurus melas

–20 –10 0 10

T1

T2

T4

T6

T7

T5

T3

Figure 4 Mean differences (+SE) between biotic and bioclimatic velocities calculated for (a) each transition (from T1 to T7) and (b)
each species. Bioclimatic velocities correspond to expected velocities for habitat gains (i.e. positive velocities) or habitat losses (i.e.
negative velocities). Differences between observed and expected velocities are calculated separately for habitat gains (in grey) and losses
(in black), respectively, and indicate lags in observed distributional responses when negative (i.e. observed velocities lower than
expected).
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This result has several implications as understanding short-

term species distributional responses is essential for quantify-

ing species climatic limits and assessing species potential vul-

nerability to rapid climate changes (Reside et al., 2010).

Neglecting temporal variation in climate using long-term

averages may overestimate species climatic suitability (Reside

et al., 2010) and underestimate the velocity of species

responses by smoothing intermittent episodes of expansion

and contraction (Bennie et al., 2013). This may ultimately

result in misleading assessments of the potential impacts of

future climate changes (Beever et al., 2011; Bateman et al.,

2012). Empirical studies have supported the hypothesis that

fine-scale climatic variations influence species ranges (Beever

et al., 2011) and several approaches have begun to address

the effects of climate variability to improve our ability to

reveal species range dynamics (Early & Sax, 2011; Bennie

et al., 2013). By documenting rapid species responses to

short-term climate fluctuations, our results suggest that the

velocities of observed range shifts may be faster than previ-

ously thought (Comte & Grenouillet, 2013), evidencing spe-

cies-specific expansion–contraction dynamics rather than

gradual and directional shifts over time.

We also demonstrate that stream fish species are consis-

tently lagging behind climate changes. This result adds to a

growing body of evidence that many taxonomic groups will

be unable to track ongoing climate change (e.g. Zhu et al.,

2012). Ectotherms are more likely to be more directly

affected by climate warming, and taxonomic groups with

short generation time, such as the species considered here,

are expected to exhibit faster responses to climate-induced

selective pressures (Devictor et al., 2012). Aquatic organisms

are also typically viewed as being limited in their dispersal

capabilities because of the constraints imposed by the spatial

structure of hydrographic networks, the presence of natural

or anthropogenic barriers to dispersal and the directionality

of asymmetric water flows (Sharma et al., 2007; Sorte, 2013).

Moreover, a wide range of traits may be involved in species

distributional responses (Comte et al., 2014) and within-

taxon variation in those traits may preclude broader taxo-

nomic generalizations (e.g. Hickling et al., 2006). Thus,

whether different taxonomic groups are tracking climate

changes at the same rate is still unclear (Devictor et al.,

2012) and deserves more attention.

Further, we find higher observed velocities for habitat

losses than for habitat gains, despite expectations of similar

magnitude for both directions. While range expansions have

been widely documented, evidence for range retractions at

trailing margins remains comparatively weak (Thomas et al.,

2006). Asymmetric boundary shifts have been hypothesized,

with leading margins likely to shift faster than trailing mar-

gins retreat (Chen et al., 2011b) due to a greater importance

of biotic constraints than climate in determining species lim-

its at trailing margins. Our finding that observed velocities

were significantly lower for habitat gains challenges this

hypothesis as a generality, which might rather depend on

species sensitivity and the capacity of populations to buffer

climatic impacts (Ordonez & Williams, 2013). With lags in

habitat gain more pronounced than those in habitat loss (in

particular for habitat gain directed towards upper elevation),

species of stream fish exhibit both low ability to persist

under short periods of unfavourable climate and limited

capacity to disperse upstream towards newly suitable habi-

tats. These results confirm two key range-shift processes (i.e.

population persistence and dispersal) likely to be critical
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when evaluating species vulnerability (Anderson et al., 2009;

Early & Sax, 2011).

A better understanding of range-shift processes is still

needed to develop a robust evaluation of species vulnerabil-

ity to climate change (Angert et al., 2011; Bates et al.,

2014). In this context, our framework may enhance the

assessment of the capacity of species to respond to climate

change and offer new insights for conservation planning.

Numerous studies have assessed whether individualistic

traits are linked to species range shifts (e.g. Angert et al.,

2011), but the weak relationship often reported has been

suggested to result from different mechanisms acting at both

range limits (Comte et al., 2014). By quantifying lags in

both habitat gain and loss, our framework may be used to

test whether the intrinsic species characteristics (e.g. dis-

persal ability, life-history strategy) are involved in complex

climate-induced distributional responses. Comparing

observed range shifts to those expected under short-term

climate tracking also makes it possible to identify geographi-

cal areas where species are lagging behind climate change.

By disentangling the lags in habitat gains and losses, this

framework can inform landscape permeability (i.e. accessibil-

ity of colonizable habitats) and local population persistence

at spatial and temporal scales relevant to conservation inter-

ventions (Vos et al., 2008). This can be particularly helpful

to refocus strategies from protected areas towards landscape

networks that also consider intermediate landscapes and

connectivity (Opdam & Wascher, 2004). Such insights could

thus help decision-making intended to facilitate species

range shifts and improve population persistence (e.g. land-

scape management for habitat corridors, increasing habitat

patch size) (Ackerly et al., 2010; Early & Sax, 2011; Lawson

et al., 2012). Finally, as variations in climate change can cre-

ate gaps in climate paths that prevent range shifts (Early &

Sax, 2011), considering short-term fluctuations in climate

can also be crucial when forecasting climate-driven move-

ments, improving our ability to identify where species will

likely need to move in response to future climate changes

(Lawler et al., 2013).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the

online version of this article:

Appendix S1 Supporting methods.

Table S1 Characteristics of the sampling design across the

eight time periods.

Figure S1 Spatial distribution of the sampling sites in France

and along the altitudinal gradient (histogram) across the

eight time periods.
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Figure S2 Correlation circle (left) and coordinates of the

sites within the bi-dimensional space of a principal compo-

nent analysis performed on the environmental conditions of

the sites (G = upstream-downstream gradient; Frag. = degree

of fragmentation; Elev. = elevation) sampled across the eight

time periods.

Figure S3 Inter-annual variability in climatic conditions over

the study period.

Figure S4 Weightings used to calculate the average altitudinal

gradient between a given reach (in red) and upstream and

downstream reaches depending on the structure of the hydro-

graphic network: (a) without or (b) with upstream tributaries.

Table S2 Variable importance for the occupancy component for

each species expressed as the percentage of times the variables

were selected within the best set of models across the eight time

periods.

Table S3 Average regression coefficients for the occupancy com-

ponent for each species across the eight time periods based on

scaled and centered variables.

Appendix S2 Consistency between bioclimatic and biotic veloci-

ties.

Table S4 Percentages of hydrographic network for which posi-

tive, negative or null bioclimatic velocities are expected, and

corresponding consistencies (% of hydrographic network) with

biotic velocities for each fish species.

Figure S5 Consistency (% of hydrographic network) between

bioclimatic and biotic velocities across species for the different

transitions (T1 to T7).

Figure S6 Spatial patterns in differences between biotic and bio-

climatic velocities.
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