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Abstract
Aim: This study investigates whether, and how, the composition of riparian bird 
communities has been affected by climate warming and habitat change. Although 
these two forces act separately, their respective contributions are rarely examined. 
Moreover, while the response of a given community may be a function of latitude 
and altitude, most studies have focused on these gradients separately. Riparian eco-
systems are an opportunity to investigate community change along latitudinal and 
elevational gradients.
Location: France, three major rivers (the Doubs, the Allier and the Loire)
Taxon: Birds.
Methods: Drawing upon bird community monitoring data over a period of 31 years 
(1982–2013, n = 1,286 point counts), we assessed community adjustment to tem-
perature increase with the Community Temperature Index (CTI), and the homogeni-
zation pattern following habitat conversion with the Community Specialization Index 
(CSI). We evaluated the spatial climatic debt accumulated by communities, and the in-
teraction between CTI and CSI trends. Furthermore, we tested differences in trends 
for lowland and highland elevations.
Results: Over the study period, the temperature increased by 1.17°C, and the CTI by 
0.12°C, which corresponds to a spatial climatic debt of 4.9 km/year. Lowland com-
munities adjusted to warming but not highland communities, which have experienced 
a decline in species abundance. CSI trends revealed biotic homogenization in both 
lowland and highland communities. This finding was uncorrelated with the CTI in-
crease, and is thought to be due to the pressure from land use change on community 
composition.
Main conclusions: Riparian breeding bird communities have been affected by a tem-
perature increase and, potentially, habitat change. Highland communities are most 
vulnerable to climate warming. Both climate warming and habitat change appear to 
have rapidly affected the composition of local communities, with expectable con-
cerns on their diversity and specificity in the long term.
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1  | INTRODUC TION

Climate warming is impacting community composition. The effects 
are seen in both latitudinal and elevational shifts in species distribu-
tion (Chen et al., 2011), and a key challenge is to differentiate these 
effects. Continental and large-scale meta-analyses seek to average 
effects that may, in fact, differ among biogeographical regions (Chen 
et al., 2011). Furthermore, many studies are based on administrative 
zones (national/regional monitoring or atlases) with little ecological 
or/and biogeographical relevance (e.g. Devictor et al., 2012; Hickling 
et al., 2006). Few studies have considered both latitudinal and ele-
vational impacts of climate warming on the same group, based on a 
standardized protocol (but see, Hickling et al., 2006).

A second challenge is to separate the effects of climate warming 
and habitat change (Gaget et al., 2020). A few studies have explic-
itly investigated their simultaneous impacts; see, for example, de 
Frenne et al. (2013), Oliver et al. (2017), Auffret and Thomas (2019), 
Fourcade et al. (2019) and reviews by Oliver and Morecroft (2014), 
Sirami et al. (2017), and Williams and Newbold (2019). Yet, changes 
attributed to climate warming or habitat change can be confounded 
when they interact (Côté et al., 2016; Oliver & Morecroft, 2014). For 
instance, an increase in the abundance of a species that is dependent 
on a specific habitat and a high temperature could be a consequence 
of a higher local temperature, local habitat changes or a combination 
of both (Clavero et al., 2011).

Both climate and habitat change can be assessed by indices that 
track community responses. The community temperature index (CTI) 
reflects the relative abundance of species-specific thermal pref-
erences (the species temperature index, STI) within assemblages, 
and has been shown to be effective in quantifying how, following 
a temperature increase, warm-dwelling species (with high STI) in-
crease their abundance relative to cold-dwelling species (Devictor 
et  al.,  2008). Furthermore, increases in CTI have been shown to 
be consistent among different taxa (Auffret & Thomas,  2019; 
Devictor et al., 2012; Fourcade et al., 2019; de Frenne et al., 2013; 
Oliver et al., 2017), countries (Devictor et al., 2012), spatial scales 
(Lindström et al., 2013), and to closely match local temperature vari-
ations (Gaüzère et al., 2015). A comparison of CTI and temperature 
trends makes it possible to measure the potential delay accumu-
lated by the community, that is, the spatial climatic debt (Devictor 
et al., 2012).

Similarly, the community specialization index (CSI) quantifies the 
relative abundance of habitat specialists and generalists, based on a 
species specialization index (SSI) (Devictor et al., 2007). A decrease in 
CSI is observed when local communities are increasingly composed 
of generalists (species with low SSI). The study of spatial and tem-
poral CSI trends has revealed that the relative abundance of species 
with higher tolerance to habitat change has increased over time in 
both local (Devictor, et al., 2008; Devictor et al., 2007) and regional 

assemblages (Le Viol et al., 2012). Thus, CSI/CTI trends should be 
a useful way to determine which factor dominates in the long term 
(Galewski & Devictor, 2016). This approach, however, remains to be 
tested with empirical data that combines elevational and latitudinal 
gradients of climate warming and land use change, and in areas that 
are naturally delineated (rather than artificial, administrative zones).

Like almost all ecosystems, riparian ecosystems are simultane-
ously exposed to climate and habitat change (Capon et al., 2013). 
In Europe, most riparian landscapes have been deeply affected 
by human activities since the mid-nineteenth century, and con-
tinue to be altered by agricultural and urban pressures (Tockner 
et al., 2009). Although the influence of habitat structure on ripar-
ian bird communities has been well documented (Roché, 1989; 
Wenger, 1999), there are few longitudinal studies, and effects are 
generally assessed over a short time-scale or with predictive mod-
els (Yabuhara et al., 2015).

Regarding spatial change, the continuous structure of riparian 
habitats makes it possible to investigate whether communities are 
affected by warming along an elevational gradient. In Europe, pop-
ulations of both lowland and highland bird species have declined at 
a similar magnitude (Lehikoinen et al., 2019), but the role played by 
climate warming along this gradient remains unclear. Higher tem-
peratures force species to move to a higher location, which reduces 
their geographical distribution (Huntley et al., 2007) and the size of 
the local population (Lehikoinen et al., 2019).

In theory, a local change in CTI should closely match a local 
change in temperature in highland areas (Gaüzère et al., 2017) be-
cause species only need to make a small shift in elevation to find 
cooler temperatures, leading to a null, or small, climatic debt. In 
lowland areas, however, species must make a greater latitudinal 
shift to compensate for a local change in temperature, thus there 
should be a time lag between a local change in CTI and a local 
change in temperature (Devictor et al., 2012). Moreover, this lat-
itudinal shift is more likely to be obstructed by human activities, 
which are generally more developed in lowland areas. The theory 
is illustrated by Bertrand et al. (2011) who reported that, for plant 
communities, changes in CTI were observed in highland areas, 
while the response to temperature change was slower in lowland 
areas. Their findings suggest that lowland communities accumu-
late greater climate debt than highland communities. However, the 
theory has never been investigated in the same type of ecosystem 
for mobile species.

Therefore, this study investigates whether, and how, the compo-
sition of riparian bird communities can be related to recent climate 
warming. We analysed three standardized longitudinal datasets (15, 
22 and 31 years) related to riparian communities along three major 
French rivers. Specifically, we used the CTI/CSI approach to (a) eval-
uate community adjustment to temperature increase, and the subse-
quent spatial climatic debt; (b) investigate the biotic homogenization 
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response; (c) test the influence of elevation (lowland versus highland) 
on the observed trend and (d) assess the consequences in terms of 
population trends. We also determined which species were involved 
in community changes by computing their contribution to commu-
nity index trends. We expected to find both CTI and CSI changes 
over time, and a higher spatial climatic debt in lowland areas, due 
to the greater distance needed to compensate for a local change in 
temperature.

2  | MATERIAL S AND METHODS

2.1 | River and bird data

We studied three major French rivers (Figure 1a): the Loire (1,018 km), 
the Allier (415 km) and the Doubs (lower reach only, 50 km). Both 
the Loire and the Allier have significant upstream–downstream gra-
dients, which makes it possible to observe the impact of climate 

F I G U R E  1   (a) Location (in bold) of the sampled river segments in France (the Loire and Doubs are shown in black, the Allier in grey). 
Rectangles indicate highland areas (elevation > 300 m) of the Loire and the Allier. (b) Elevation profiles (black lines) and temperature (grey 
lines). The bold grey temperature line is the mean for the 6-month breeding season March–August, for the years 1983–1987; the dotted grey 
temperature line is the mean for the years at the end of each monitoring period (Loire 2007–2011, Allier 2002–2006, Doubs 2008–2013)
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change in very contrasting environments—ranging from subalpine 
grazed (1,500 m asl) to floodplains and intensively cultivated areas 
(0 m), including continental landscapes with small mountains, forest 
and hedgerows. All three rivers are characterized by a large, braided 
and non-channelized low bed (100–400 m wide) surrounded by ri-
parian forest (<100 m wide) in a heterogeneous landscape shaped 
by strong fluvial dynamics.

Breeding birds were monitored in spring during a longitudinal 
long-term scientific study that recorded point counts of any species 
heard or seen (Blondel et al., 1981). Two sessions were run (20 min 
in April and 20 min between mid-May and mid-June), and the highest 
abundance for each species between the two sessions was retained. 
Point counts were regularly spaced along the riverbank (1–5  km 
depending on the river) to limit the risk of double counting birds 
moving across a large area, and were strictly identical for each ses-
sion (Table S1). The final sample consisted of 319 point counts dis-
tributed as follows among the three rivers: nAllier = 90, nLoire = 198, 
nDoubs = 31 (Figure 1).

The Loire, Allier and Doubs were monitored, respectively, in 
1989–2011, 1991–2006 and 1982–2013. During these periods, 
the Loire's birds were monitored four times, the Allier's birds three 
times, and the Doubs's birds 14 times, leading to a dataset of 1,286 
bird census counts (Table  S1). In total, 174 species were recorded 
(present at least twice), of which 115 were terrestrial, and 59 were 
generally considered as aquatic. Only terrestrial species were con-
sidered in the analyses. This was because SSI indices are calculated 
from the French Breeding Bird Survey (FBBS), which is not appro-
priate for monitoring local, restricted wetland habitats (species are 
listed in Table S2). Variability associated with observers was limited, 
as only 12, experienced ornithologists conducted all censuses, and 
a given point count was monitored by the same observer, who ad-
opted the same protocol each year.

To estimate the temperature at each local point count position 
for each year, we used data from the SAFRAN meteorological model 
(Quintana-Seguí, 2008), which provides mean, monthly 2-m air tem-
perature for an 8 km*8 km grid over France. These high-resolution 
data were matched with each point count position for each year, and 
we then computed the average monthly temperature for the period 
March–August.

2.2 | Species indices

Two main species indices were estimated: the STI and the SSI. 
The STI (species temperature index) is expressed in °C (Devictor, 
et al., 2008) and represents a species thermal preference. It is cal-
culated as the average temperature experienced by a species across 
its geographical range during the breeding season. STI values were 
computed from 0.5°*0.5° temperature grids (April–July averages for 
the period 1950–2000; WorldClim database) coupled with species 
Western Palearctic distributions at a 0.5° resolution, taken from 
The EBCC Atlas of European Breeding Birds (Hagemeijer & Blair, 1997) 
(Table S2). STI values are higher for species that breed in areas with 

higher temperatures (i.e. southerly distributed) and they have been 
used in several studies to show the sensitivity of warm- versus cold-
dwellers to climate warming (Jiguet et al., 2010).

The SSI (species specialization index) (Devictor et al., 2007) was 
calculated for each species. The SSI is the coefficient of variation 
of the density of that species recorded for 18 habitat classes iden-
tified by the FBBS. It thus represents the evenness of the relative 
abundance of species among habitats, and is understood as a proxy 
for habitat specialization. Godet et al. (2015) proposed a correction 
to the index for French avifauna, to account for variation in species 
commonness. It is to be expected that common species, with wider 
distribution and/ or larger populations will tend to be found more 
often in more habitats. Following their method, our raw SSI values 
were corrected by subtracting the expected SSI from the random-
ization of habitat classes among FBBS-surveyed plots (Table  S2). 
Consequently, SSI values are higher for species that are concen-
trated in fewer habitats than predicted by chance.

Finally, as population trends may differ with elevation 
(Archaux, 2007), species were divided into three elevation classes: 
‘mountain’ (n = 23), ‘mountain/plain’ (n = 59) and ‘plain’ (n = 33) (from 
Clamens, 2010, see Table S2). Mountain and plain species are highland 
and lowland specialists, respectively, while mountain/plain species 
can be found both at lower and higher elevations (Clamens, 2010). It 
should be noted that STIs for plain species were significantly higher 
than those for mountain species (t test, t1,52 = 3.51, p < 0.001), and 
mountain/plain species (t test, t1,92 = 3.05, p = 0.004). The difference 
between mountain and mountain/plain species was not significant (t 
test, t1,80 = 1.62, p = 0.12). SSI values were significantly higher for 
mountain/plain than mountain species (t test, t1,80 = −2.15, p = 0.04), 
but no difference was found for the other cases (t test, p > 0.2).

2.3 | Community-weighted mean trait indices

Within a community, the aggregated community-weighted mean trait 
index represents the expected trait value of a randomly sampled 
community. It is calculated for a given assemblage as the averaged 
trait value of the species present in this assemblage, weighted by 
its relative abundance. For each community, and for each monitored 
year, we calculated the community temperature index (CTIy,s, based 
on the STI), and the community specialization index (CSIy,s, based 
on the SSI). A given community-weighted mean trait index was then 
calculated as follows:

where CXIy,s corresponds to the community-weighted mean trait index 
based on the trait X (respectively, STI or SSI) of a species (i) recorded 
at a given point count (s) for a given year (y), weighted by their respec-
tive abundances at that particular point count and year (Abi,y,s). Each 
of these indices was expected to increase following a local, relative in-
crease in individuals belonging to species with higher X values, and/or 

CXIy,s=

∑Ny,s

i=1

�

Abi,y,s×SXIi
�

∑Ny,s

i=1
Abi,y,s
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a local, relative decrease in individuals belonging to species with lower 
X values.

2.4 | Data analysis

2.4.1 | Community indices and temperature change

We used generalized additive mixed-effects models (GAMM) to de-
termine average variation in CTI, CSI and spring temperature over the 
study period. In the model, the response variable was the point count-
level CTI (or CSI, or temperature) regressed over the years 1982–2013 
(expressed as a continuous variable). To avoid any violation of the as-
sumption of independence, we accounted for the influence of spatial 
gradients among point counts, and temporal autocorrelation among 
years. We accounted for spatial autocorrelation by fitting point counts' 
geographical coordinates using a smoothing function (two-dimen-
sional, thin plate regression splines) as a trend-surface of the Y variable 
(Dormann et al., 2007) according to the method given in Wood (2006). 
Temporal autocorrelation among years was addressed by adding a 
temporal (first-order autoregressive function) correlation structure 
to the model's error term. As a certain amount of variability between 
point counts (observers, habitat, regional species pool and the specific 
conditions of each of the three rivers) added uncontrolled variability to 
the analysis, we allowed for random variation of the intercept on each 
point count by adding point counts as a random intercept term nested 
within each river.

This model provided average temporal trends in community indi-
ces (CTI and CSI) and temperature for (a) the overall dataset; (b) each 
river and (c) lowland and highland elevations. Following Malavoi and 
Gautier (2000), a threshold of 300 m was set to reflect the geomor-
phological transition between lowland and highland landscapes for 
the Loire and the Allier (number of sites; Allier, nLowland = 40, nHigh-

land = 50; Loire, nLowland = 137, nHighland = 61).
We used the same model to plot year-on-year average change 

in temperature (with year as a factor), and community indices, ac-
counting for the above-mentioned sources of error, and spatial and 
temporal non-independence in the error. We then plotted yearly 
variation in community indices to visually check for potentially non-
linear trends, or a particular year with extreme climatic events.

To assess river-specific trends, the same statistical framework 
was applied to subsets of the overall dataset, corresponding to the 
river in question. All analyses used R v.3.4.3 statistical software (R 
Core Team 2017), and the nlme (Pinheiro et al., 2014), lme4 (Bates 
et al., 2007) and mgcv (Wood, 2015) packages.

2.4.2 | Independence between CTI and CSI changes

We assessed whether changes in CTI and CSI impacted the same 
species. First, we evaluated the correlation between STI and SSI. 
Second, we tested the relation between species contributions to the 
trend in CTI, and species SSI. To compute the species contribution 

to the CTI trend, we used a jack-knife approach to remove each of 
the 115 species one-by-one, and re-estimated the temporal trend 
in CTI with the remaining species pool. A comparison of each of the 
115 CTI trends with the full species trend gave the contribution of a 
given species to the temporal trend (Gaget et al., 2020). Finally, we 
used a linear model to test the relationship between the species con-
tribution to the trend in CTI and species specialization (scaled varia-
bles) for the overall dataset, and lowland and highland communities.

2.4.3 | Climatic debt

As temperature can increase faster than the CTI (Devictor 
et  al.,  2012), we investigated whether there was a spatial lag in 
communities' adjustment to temperature over the study period. 
Following the method given in Devictor, et al. (2008), the difference 
between temperature change and CTI change can be converted into 
a spatial lag. In France, both temperature and CTI have a decreasing 
spatial gradient running from south to north; hence, it is possible to 
estimate and compare spatial shifts in temperature and CTI corre-
sponding to temporal trends. We assumed that the relation between 
temperature and CTI (Figure  S1) and their spatial gradients were 
similar to observations reported in France by Devictor, et al. (2008). 
Namely, temperature: 0.45°C  ±  0.07; CTI: 0.119°C  ±  0.004 for 
100 km.

For example, a spatial climatic debt of 150 km will result from 
a thermal isocline shift corresponding to 200  km over 20  years 
((0.045°C/year * 20 year)/(0.45°C/100 km)), and a CTI shift corre-
sponding to only 50 km ((0.003°C/year * 20 year)/ (0.119°C/100 km)) 
in the same period. We were therefore able to compute the climatic 
debt (rounded to three decimal places) for the overall dataset, for 
each river, and for each elevation class (lowland and highland).

2.4.4 | Species abundance trends

Finally, we investigated longitudinal trends in abundance for the 
three elevation classes (plain, mountain/plain and mountain). We as-
sessed the change in abundance in mountain bird species in highland 
(>300 m), the change in abundance in plain bird species in lowland 
(<300 m) and the change in abundance in mountain/plain bird spe-
cies in both lowland and highland. To do that, we used the same 
GAMM models as previously described (but with a Poisson error 
distribution and the natural log link function), with abundance as the 
dependent variable and species as a random effect.

3  | RESULTS

3.1 | Community indices and temperature change

During the three decades covered by the study (1982–2013), both 
temperature and the CTI increased significantly (β = 0.037°C/year, 
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β = 0.004°C/year, respectively, Table 1), although with high annual 
fluctuations (Figure 2). Conversely, the CSI trend was significantly 
negative (β = −0.051, Figure 2, Table 1). We did not find a correlation 
between the SSI and STI (rPearson = 0.13, p = 0.16), nor a relation-
ship between species' contribution to the CTI trend and species SSI 
(β = 0.022 ± 0.094, p = 0.81). The latter findings suggest that climate 
and habitat changes are not mutually confounding, and act as addi-
tive, rather than interactive drivers of community changes.

Considering the three rivers separately, we found a significant 
increase in both spring temperature and CTI (temperature, Loire: 
β  =  0.026°C/year, Allier: β  =  0.093°C/year, Doubs: β  =  0.037°C/
year; and CTI, Loire β  =  0.003°C/year, Allier: β  =  0.004°C/year, 
Doubs: β = 0.007°C/year, Figure 2, Table 1). The CSI also declined 
significantly for all three rivers (Loire: β = −0.051, Allier: β = −0.050, 
Doubs: β = −0.071, Figure 2, Table 1).

Although the temperature increased at a similar rate in both low-
land and highland areas (β  =  0.043°C/year; β  =  0.041°C/year, re-
spectively, Table 1), the CTI increased significantly in lowland but not 
highland areas (β = 0.006°C/year; β = 0.0001°C/year, respectively, 
Table 1). Over the study period, the CSI decreased significantly in 
both lowland and highland areas (β = −0.059; β = −0.049, respec-
tively, Table 1). We found no relationship between species' contri-
bution to the CTI trend and species SSI in the two altitudinal classes 
(lowland, β = 0.046 ± 0.094, p = 0.62; highland, β = −0.051 ± 0.094, 
p = 0.59).

3.2 | Climatic debt

Overall, the temperature increased faster than the CTI, suggest-
ing that bird communities accumulated a lag in their adjustment 
(Figure 2). Over the 31 years that elapsed during the study period, 
the increase in temperature (+1.17°C) and CTI (+0.12°C) correspond 
to a 255 km (8.2 km/year) and 104 km (3.4 km/year) spatial shift in 
temperature and CTI, respectively. This indicates that breeding birds 
have accumulated an approximately 151 km lag over the study pe-
riod (climatic debt of 4.9 km/year). The delay estimated for each river 
corresponded to 3.3 km/year in the Loire (1990–2011), 17.3 km/year 
in the Allier (1991–2006) and 2.3 km/year in the Doubs (1982–2013). 
The climatic debt in lowland areas was 4.5  km/year, compared to 
9.0 km/year in highland areas.

3.3 | Abundance trends

Over the study period, no significant abundance trend was observed 
for plain bird species (β = 0.012 ± 0.010, p = 0.19), while a decreas-
ing trend was observed for mountain species (β = −0.119 ± 0.023, 
p  <  0.001). Mountain/plain species abundance decreased in 
both lowland (β  =  −0.034  ±  0.005, p  <  0.001) and highland 
(β = −0.042 ± 0.007, p < 0.001) areas.

4  | DISCUSSION

Our longitudinal analysis of change in CTI and CSI in riparian breed-
ing bird communities highlighted an increase in the relative abun-
dance of warm-dwelling and generalist species. This finding is likely 
to be the result of two ecological drivers that acted simultane-
ously: temperature change and habitat change. If we assume that 
the reshuffling of the community corresponds to an adjustment to 
a warmer climate, the response was slower than the temperature 
increase, leading to a spatial climatic debt. In addition, although we 
found no community adjustment to temperature increase in high-
land elevations, we did observe a general decline in species abun-
dance. Temperature, CTI and CSI trends were fairly similar for all 
three rivers (Figure 2). Although it is clear that local topographic or 
environmental variability can affect species assemblages (Gaüzère 
et al., 2017), overall, the observed community changes suggest that 
both bird response and environmental constraints were consistent 
at the broad geographical scale.

4.1 | An increase in warm-dwelling and 
generalist species

This study documents an inferred breeding bird range shift of 3.4 km/
year, which is similar to results at the French (5.0 km/year, Gaüzère 
et al., 2017) and European (2.1 km/year, Devictor et al., 2012) lev-
els. Although we focused on riparian ecosystems, point counts along 

TA B L E  1   Changes in temperature, community temperature 
index (CTI) and community specialization index (CSI) for all data, 
for each river (Loire, Allier and Doubs) and for lowland and highland 
elevations (threshold 300 m)

Data Variable β SE df p

All Temperature 0.037 0.002 964 <0.001

CTI 0.004 0.005 964 <0.001

CSI −0.051 0.009 964 <0.001

Loire Temperature 0.026 0.003 593 <0.001

CTI 0.003 0.001 593 <0.001

CSI −0.051 0.008 593 <0.001

Allier Temperature 0.093 0.002 179 <0.001

CTI 0.004 0.002 179 0.002

CSI −0.050 0.010 179 0.003

Doubs Temperature 0.037 0.010 190 <0.001

CTI 0.007 0.001 190 <0.001

CSI −0.071 0.010 190 <0.001

Lowland Temperature 0.043 0.001 681 <0.001

CTI 0.006 0.001 681 <0.001

CSI −0.059 0.008 681 <0.001

Highland Temperature 0.041 0.010 282 <0.001

CTI 0.000 0.001 282 0.890

CSI −0.049 0.014 282 <0.001
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rivers correspond to similar assemblages detected using line tran-
sects over other geographical landscapes in France. In addition to 
river-related species such as Yellow Wagtail (Motacilla flava), other 
species from more open or closed habitats were fairly common, 
such as the Skylark (Alauda arvensis) or the Nuthatch (Sitta europaea) 
(Table S2).

Riparian ecosystems are ecological corridors that support hab-
itat connectivity, and are likely to increase species' movements 
(Tockner et  al.,  2009). In our study, the limited number of years 
sampled for each river (3–14) is likely to have impacted the ac-
curacy of CTI trend measurements. Moreover, other local envi-
ronmental variables are probably highly heterogeneous among 
those very different systems. However, our results suggest that 
the increase in CTI and decrease in CSI are general and consistent 
tendencies for riparian communities. This result should however 
be confirmed with additional data conducted on different rivers 
or groups. Nevertheless, there is no strong evidence of better, or 
worse, community adjustment to a warming climate in this particu-
lar habitat, beyond what has been documented for the overall bird 
community in France (Gaüzère et al., 2017). This could be related 
to bird dispersal capacities, or to other ecosystem constraints 
linked to habitat or topography (Clavero et al., 2011).

Riparian ecosystems are highly vulnerable to land use changes 
due to human activities (Tockner et al., 2009). The decreasing CSI 
trend observed in our study is coherent with the biotic homogeniza-
tion response to land use change, which has been observed in many 
ecosystems (Clavel et al., 2011). Our study found that the relative 
increase in generalist species was about 10 times higher than for 
European breeding birds (Le Viol et al., 2012). This rapid homoge-
nization may indicate significant pressure from habitat change on 
riparian, and surrounding, breeding bird communities. Riparian hab-
itats concentrate many human activities, as their water resources 
are used to support agriculture, industry and recreational activities. 
Threats mainly correspond to the conversion of natural, wetland 
ecosystems on farmland, or man-made wetlands (Geijzendorffer 
et  al.,  2019; Perennou et  al.,  2018). One example is artificial riv-
erbanks, which humans use to shape stream corridors to prevent 
flooding hazards. Over time, such pressures can have strong impacts 
on breeding bird communities, and lead to profound homogenization 
(Galewski & Devictor, 2016).

Community-weighted mean trait indices should be used with 
caution when interpreted as reliable proxies for community changes 
in response to very specific pressures. Interacting pressures can 
make it difficult to identify the corresponding trend in community 

F I G U R E  2   Temporal variation along the three sampled rivers (grouped and analysed separately): (a) March to August temperature; (b) the 
community temperature index (CTI); and (c) the community specialization index (CSI). It should be noted that, nationally, France experienced 
an anomalous extreme temperature in 2003. The solid line shows the annual, temporal variation for each index (the standard error is shown 
in dark grey), while the dotted line depicts the temporal trend over the period considered (the standard error is shown in pale grey)
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composition (Bowler & Böhning-Gaese,  2017). In general, interac-
tions between drivers of biodiversity changes are synergic (positive 
correlation with the driver), antagonistic (negative correlation with 
the driver) or additive (addition without amplification or attenuation) 
(Côté et al., 2016).

Our study found no correlation between the SSI and the STI, 
and species contributions to the CTI trend were not related to spe-
cies specialization. The relative increase in warm-dwelling species 
was neither positively nor negatively correlated to the relative in-
crease in generalist species. Thus, our results suggest the addition 
of climate warming and habitat changes, rather than a synergic 
or antagonistic interaction. At the same time, however, we can-
not exclude an interaction for some species. For example, both 
climate warming and habitat change acting simultaneously could 
benefit warm-dwelling, generalist species such as the Collared 
Dove (Streptopelia decaocto) or the Cetti's Warbler (Cettia cetti) 
whose populations have increased along the Loire and Allier rivers 
during the past 20 years (Eraud et al., 2007; Roché & Faivre, 2013). 
Demographic analyses are required to disentangle the relative ef-
fects of climate and riparian ecosystem changes at the species 
level.

4.2 | Elevation and community changes

Contrary to earlier work (Bertrand et al., 2011) or previous assess-
ments of breeding birds (Gaüzère et al., 2017), and despite a similar 
temperature increase in lowland and highland elevations, a com-
munity adjustment was detected in lowland but not highland areas. 
Interestingly, CSI trends were almost identical in the two altitudinal 
classes, once again suggesting that the factors driving the effects 
on the CTI and the CSI are independent. Several alternative, non-
exclusive hypotheses could explain why the spatial climatic debt ac-
cumulated by breeding birds in highland areas was two times higher 
than in lowland areas.

First, directional habitat change may buffer the impact of climate 
warming. Increasing afforestation at higher elevations (Lehikoinen 
et al., 2019) could favour forest and cold-dwelling species. For ex-
ample, Clavero et al. (2011) found a decrease in the CTI in habitats 
ranging from open to closed (e.g. from agricultural to forest). The au-
thors argued that this was because the thermal preference of forest 
species is, on average, lower than the rest of the community, due to 
their evolutionary history (Blondel, 1990, 2017). It is therefore pos-
sible that old forest stands can buffer the negative impact of climate 
warming on some thermally sensitive species (Betts et  al.,  2018). 
However, our study provides little support for this theory, as we 
found a decline in abundance of mountain species, which is coherent 
with results at the European level (Lehikoinen et al., 2019).

Second, our study focused on temperature change, but other 
factors may drive shifts in species distribution. One possibility is 
precipitation change, which may also explain CTI variation, although 
to a lesser degree than temperature change (Gaüzère et al., 2015). 
Investigating the effect of precipitation, and subsequent stream 

dynamics, would be a highly relevant way to further explore change 
in the riparian bird community.

Last, it is possible that technical limitations may have affected 
our results. The spatial resolution we adopted may be insufficient 
to detect an elevation shift (Hickling et  al.,  2006), along with the 
temperature change. Our study used the SAFRAN meteorological 
model, which is based on measures of temperature for an 8 km*8 km 
grid over France. Even this fine-grain resolution may not be accurate 
enough to reliably capture temperature changes in stream corridors, 
where micro-climate conditions can form. It is possible that the tem-
perature increase was dampened along these corridors, and masked 
bird responses.

4.3 | Conservation implications

The overall process of homogenization and the spatial climatic debt 
accumulated by riparian breeding bird communities reveal that 
human activities can have a negative impact on vulnerable communi-
ties. Riparian ecosystems are ecological corridors that are expected 
to facilitate shifts in species distribution, in response to climate 
warming (Capon et  al.,  2013). But our study found no evidence 
that community adjustment in these corridors was any better than 
the average French breeding bird community adjustment (Gaüzère 
et al., 2017). Our results, therefore, question the function of these 
riparian corridors, at least for birds. Both urbanization and agricul-
tural intensification alter the riparian habitat structure (Tockner 
et al., 2009)—for example, by reducing the amount of natural veg-
etation around the river. Increasing riverbank management increases 
habitat homogenization (Cavaillé et al., 2013). Wetland conservation 
should be more effective (Finlayson et al., 2019) and based on both 
land use and climate change considerations (Malek et al., 2018).

Highland ecosystems are particularly vulnerable, and the wor-
rying decline in mountain bird populations highlights their extinc-
tion risk under climate warming scenarios (Sekercioglu et al., 2008). 
Our study found that highland bird communities suffered most, 
with rapid homogenization, an absence of significant adjustment 
to climate warming, and species abundance decline. Although our 
finding is in line with the predicted impact of climate warming 
(Huntley et al., 2007), it could be attributed to other causes, such 
as intense land use change due to pastoralism, afforestation or rec-
reational activities (Lehikoinen et al., 2019). Given these pressures, 
and their consequences for biodiversity, water management policies 
should be strengthened to enhance riparian conservation and re-
covery (Tockner et  al.,  2009). Appropriate landscape management 
may increase species' resilience to temperature increases (Carroll 
et al., 2015). More broadly, the role of protected areas in preserv-
ing mountainous riparian corridors should be investigated in depth, 
given their ability to reduce anthropic pressures on ecosystems, and 
facilitate change in species distribution in response to climate warm-
ing (Gaüzère et al., 2016).

Finally, little is known about specific trends in riparian bird pop-
ulations, and they are needed to assess whether common species 
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are declining more quickly or more slowly than at the national or 
European level (Inger et al., 2015). Overall, our results support the 
development of longitudinal surveys and conservation actions ded-
icated to riparian bird communities. Not only are these assemblages 
among the richest in Europe, but they are also highly exposed to 
both land use and climate change.
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