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• French stream invertebrate communi-
ties exhibited strong changes over the
last decades

• Climate change and water quality im-
provement mutually influenced the
community trends

• Several lines of evidence show the
1997-2003 community shift being a
trophic amplification

• This trophic amplification mechanism
has supported a strong diversity in-
crease

• As such, it could have wider implica-
tions by reinforcing community recov-
ery
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The positive effects of water quality improvement on stream biodiversity in the temperate regions are expected
to be at risk with the projected climatic changes. However, the processes and mechanisms behind the predicted
threats remain uncertain. From long-term series of benthic invertebrate samples from temperate rivers and
streams in France, we analyzed diversity and composition shifts over time in relation to geographic elements
and human stressors. Mechanisms for community changes were investigated with a trait-based analysis for
the entire dataset and for a selected caddisfly community module. We observed a 42% increase in the taxonomic
richness of stream invertebrate communities over the last 25 years. A gradual trend induced bywater quality im-
provement was distinguished from amore abrupt climate change-induced shift in communities around the year
2000. Trophic amplification – the intensification of trophic interactions and pathways through the food web –
was identified as the mechanism behind the strong community shift. Four lines of evidence for this trophic am-
plification are highlighted: (i) higher dissolved oxygen concentrations indicated a shift in primary production,
(ii) the trait-based analysis of entire communities showed a bottom-up food web amplification, (iii) the trait-
based analysis of the community module evidenced feeding strategy shifts and increased food web interactions,
and (iv) the abundance analysis of the community module showed a productivity increase. These results lend
credit to persistent investments in water quality for improving stream biodiversity, and contrary to expectation,
climate change impacts seem so far to have reinforced these positive effects.
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1. Introduction

Given the uncertainties of actual predictions, real-world observa-
tions combined with more evidence-focused approaches to climate
change impacts are required (Fordham, 2015). Predictive frameworks
for climatic changes are now being developed that identify strong
risks of species loss in aquatic ecosystems, especially of benthic inverte-
brates over temperate regions (Bonada et al., 2007; Poff et al., 2012).
Forecasts and extrapolations of climate change for stream macroinver-
tebrates over Europe predict a substantial decrease in the numbers of
climatically suitable areas for most species (Domisch et al., 2013). Com-
parable exercises predict a significant decrease in the diversity of fish
communities (Buisson et al., 2013; Comte & Grenouillet, 2013; Logez
& Pont, 2013). Conversely, water qualitymanagement in this temperate
region over the past decades has successfully contributed to a recovery
of the biological quality thought to be at risk under further climatic
changes (Durance & Ormerod, 2009). Warming temperatures and
flow changes can aggravate environmental risks for pollution sensitive
species (Verberk et al. 2016), hence a confounding factor in detecting
trends is the distinction between responses to water quality improve-
ment programs and those to climate change.

Improved mechanistic understanding of climate change interaction
with other stressors is urgently required for effective adaptation tomin-
imize warming impacts. Temperature increase for France is reported to
have reached 1 °C over the last three decades for air temperature mea-
surements, a high value compared with global averages (Fig. S1). For
water temperature an even higher average increase of 2 °C over the
same period is reported (Daufresne & Boët, 2007; Floury et al., 2012).
Trends of increasing winter flows and decreasing summer flows have
also been recorded over the region in the last three decades (Stahl
et al., 2010; Giuntoli et al., 2013). Up to now, stream invertebrate com-
munity changes inWestern European studies have been documented as
gradual (Langford et al., 2009), and their recovery throughwater quality
improvement is assumed to have so far outweighed the impact of cli-
mate change, as observed for English streams (Vaughan & Ormerod,
2012).Mechanisms of change in relation to climate changes correspond
not only to temperature preferences, but also to responses to the
Fig. 1. Significant winners and losers and r
described hydrological and climate regime disturbances, in terms of
food web fragmentation (Woodward et al., 2010), greenhouse gas forc-
ing (Parmesan et al., 2013) and trophic ecosystem shifts (Beaugrand
et al., 2014). The trophic amplification of climate change is described
as a productivity increase along one or more trophic pathways (Kirby
& Beaugrand, 2009, Chust et al., 2014). The use of taxonomic composi-
tion alone may not suffice to detect such processes of functional com-
munity change; we therefore applied a trait-based approach to
assessing responses in stream communities based on the biological
trait profile of a community (Webb et al., 2010).

Our main objective was to determine the prevailing mechanisms of
change in river benthic invertebrate communities, in the light of actual
co-occurring processes of water purification and climate warming. In
particular, we hypothesized following Vaughan & Ormerod that (i) the
two processes worked antagonistically, and (ii) recovery resulting
from water quality improvement still outweighed the climatic change-
induced effects on invertebrate communities. To test these hypotheses,
we gathered a long-term dataset of annually sampled stream and river
sites in France, spanning the last three decades andover 1000 km in lon-
gitude and latitude (Fig. S2). We tested the responses to environmental
and climatic changes in taxonomic composition and in trait profiles to
detect the mechanisms behind the changes. Water purification effects
should be observed in a gradual increase in pollution-sensitive species.
Climate change effects are expected in trait profiles of temperature tol-
erance and trophic groups, in increased productivity and food web
interactions.

2. Materials and methods

2.1. Invertebrate dataset construction

In collaboration with experienced hydrobiologists of the regional
services for stream and river monitoring we compiled a long-term
(LT) dataset spanning 25 years (1987–2012) from monitoring sites
throughout France sampled annually for aquatic invertebrates with
confidence in procedure and operators through time (most sites sam-
pled by same operator throughout). 91 sites matched these criteria
ichness increase over the time series.
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(Fig. S1). The sites ranged from streams to large rivers (annual mean
discharges in the range 9–192 m3/s) spanning over 1000 km and with
an altitude range of 8–977 m above sea level. In addition to the 91 se-
lected sites (the ‘national case’), two large rivers (Doubs and Gave de
Pau) provided consistent 35-year monitoring results with seven sites
distributed throughout the river length for each river. These datasets
(‘regional cases’) were retained to check for scale-dependence of de-
tected trends and reveal any differences between regional and
national-scale shifts. Finally a distinct set of undisturbed reference con-
dition sites – assessed based on catchment land use and water quality
criteria – was assembled comprising 51 annually sampled sites. As the
French reference monitoring network started only in 1992, this refer-
ence dataset is shorter in time than the other two long-term datasets.
The spatial spread of both monitoring networks was chosen to repre-
sent the variety of river types and catchment areas. The reference condi-
tion sites allowed us to cross-check general trends against those
associated with no immediate human impacts, i.e. to separate direct
human-induced effects from climatic change-induced trends
(Vaughan & Ormerod, 2012). For robustness of the data analyses of
the different datasets and in the light of the single annual biota sam-
pling, we constructed eight 3-year periods of analysis (middle years of
periods are presented in Fig. 1) to avoid accidental gaps in the series
(b8%) and to dampen meteorological irregularities. For each period
one sample per site was retained for the LT series analysis. Per period,
the samples of themost representative year– selected formost sampled
and absence of climatological anomalies – were primarily selected.

The sampling protocol for all the sites consisted in sampling a reach
ten times the stream width, for which a number of unitary samples
were collected with a Surber sampler with mesh size 500 μm and area
0.05m2. Eight samples representative of the reach's mesohabitats – cat-
egorized by both substrate type and water velocity – were considered.
For the sampled reach the substrates (sand, gravel, bryophytes, etc.)
were recorded over the reach in percentage cover. This information
was used in the ordinations as habitat diversity (number of substrate
types) and type (dominant type).

All the invertebrates in the samples were identified, but the level of
taxonomic resolution varied with time period and region.We therefore
retained the most consistent level available: the family level. This level
has been shown to be the most robust when analyzing macroinverte-
brate diversity changes at large spatial scales because biogeographical
differences in species pools limit the detection of general patterns at
finer levels of taxonomic resolution (Heino, 2014). We are aware of
the low taxonomic resolution in addressing our questions, but can rely
on other work that shows that for larger spatial scale datasets, the tax-
onomic level does not change the observed community change patterns
and relationships with environmental elements (Heino, 2014; Jähnig
et al., 2009; Mueller et al., 2013). We also assessed sensitivity to taxo-
nomic resolution by verifying the community composition gradient in
ordination at genus level for the first and last period, for which we
had data at this finer taxonomic level. Likewise, we looked in detail at
the species level for the periods when this information was available
to check for consistency in the results and conclusions.

2.2. Environmental data

For water quality parameters corresponding to human pressure, we
used monthly measured ammonium, nitrites, nitrates and orthophos-
phates according to national standards (Villeneuve et al., 2015). For cli-
mate change parameters, unfortunately directmeasurements of change
in temperature, carbon dioxide (bicarbonates) and light intensity for
the sites over the time series are not available (irregular in timing) for
the analysis. Therefore, we look at dissolved oxygen content as this is
generally used as measure for aquatic primary productivity (Odum,
1956). Mean values of concentrations were calculated on the monthly
water samples for a time span of 11 months before and 1 month after
the biological sampling.
Catchment disturbance and water pollution (based on the chemical
water quality) were used as the environmental factors representing the
main stressors to river biodiversity. The human disturbance of the sites
is described with the land use in the catchment. Naturalness of the up-
stream catchment (percentage cover) was calculated for each site based
on CORINE Land cover data (for the year 2006)with the first order clas-
sification, which distinguishes near-natural land use of forests and ex-
tensively used grasslands. Altitude and river size (with proxy Strahler
order) were entered into the analysis as geographical parameters, to
complete the environmental gradient of river conditions potentially
explaining macroinvertebrate community structuring. At the sample
site level, type and diversity of substrates were retained as habitat
variables.

2.3. Trend detection

To identify trends, patterns of taxonomic richness change for both
the 91 LT sites and the 51 reference sites were first investigated by aver-
aging the taxonomic richness over the sites per time period. We used a
linear regression for occurrence frequency over the eight time periods
to identify significantly changing taxa distributions, and selected the
significant trends (p b 0.05), with control of the residual correlation
and visual control of occurrence graphs. We used regression slope as
an estimation of strength of trend (Fig. 1). This resulting value is compa-
rable to the odds ratio for describing taxon trends (e.g. Chessman,
2009), and detects the same strongly changing taxa, but this approach
is better adapted to data with many sporadic and fluctuating occur-
rences. Trends in water quality parameters were tested by ANOVA
over the time periods for the different sets of sites.

To characterize general trends in community composition, a within-
class correspondence analysis (WCA)was run on the LT sites and the re-
gional cases. This test performs a particular case of an orthogonal prin-
cipal component analysis, in which a single factor acts as covariate
(Lebreton et al., 1991). The aim of this ordination was to perform a cor-
respondence analysis that summarizes biological trends, whilemasking
site influence (seen as the class effect to be removed). For the commu-
nity analyses all abundances were log + 1 transformed, and rare taxa,
occurring at b5% relative abundance of the whole study dataset, were
removed.

The link between environmental data and the biological composi-
tional changes through time were then characterized for the LT sites
with partial canonical correspondence analysis (pCCA). The aim of this
ordination was to summarize biological trends according to environ-
mental data, just like a standard CCA, while co-varying out site influ-
ence. As with the WCA, geographical distance between study sites was
expected to be one of the most strongly prevailing gradients, and was
considered again as a class effect to be removed. Water quality parame-
ters and the selected geographical, human disturbance and local habitat
variables were included, and relationships between environmental pa-
rameters and invertebrate trends were tested in the pCCA for the pur-
pose of estimating the percentage of total inertia explained by
environmental parameters.

To determine the mechanisms of responses in stream communities,
we assessed the trait profiles of communities, as biological traits can in-
dicate functional relationships between biota and environmental char-
acteristics (Dolédec & Statzner, 2008). We calculated community traits
by implementing a fuzzy coding approach using the affinity of each
taxon for trait modalities (Usseglio-Polatera et al., 2000). The biological
traits (Supporting Information Table S1) relate to the life history of or-
ganisms (e.g. size, number of reproductive cycles) or features that con-
fer resilience or resistance beyond that provided by life history traits
(e.g. attachment), as well as more general biological and physiological
features (e.g. feeding groups, respiration).

Trait-based indicators were constructed to identify the impact of cli-
mate change and water quality improvement; using traits of tempera-
ture tolerance and pollution sensitivity respectively. Trait modalities
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were ranked from highly sensitive (psychrophilic for temperature and
very sensitive for pollution) to tolerant (thermophilic and eurythermic
for temperature and very tolerant for pollution). Relative frequencies
of tolerance categories were expressed on a scale ranging from 0 (not
present at the site) to 1 (100% individuals belonging to this category).
Tolerance indicator values ranged from 0 to 1, with 1 corresponding to
maximum resistance or tolerance to warming and pollution. To detect
river type specific trends, a distinction in river sizes was applied for
first- and second-order streams, medium-sized rivers (Strahler order
3–4) and large rivers (orders 5–6).

To analyze the entire set of community traits and properties of sites
through time, a fourth-corner analysis approach was used (Dray et al.,
2013) that distinguishes significant differences in trait composition
over time. This method tests the associations between individual traits
and predictor variables weighted by species abundances. Here we
used time as single variable to analyze trait compositional changes
over the sample sites, with the successive time periods investigated in
terms of disjunctive variables. In the analysis we used as input matrices
the taxon trait matrix, the sample species abundances and the sample
time periods. Fourth-corner outputs are statistical parameters to be in-
corporated into causal ecological models describing the mechanisms
determining the observed correlations, rather thanmodelling technique
outputs. Results are Pearson correlation coefficients for each pair be-
tween trait modalities and periods. Their significances were tested re-
spectively by a permutation of both rows (samples) and columns
(taxa). For the eight time periods, traitmodalities thatwere significantly
positively or negatively (p b 0.05) associated with a period were
detected.

2.4. ‘Community module’ analysis

To make the analysis of community changes conclusive, given that
measures of spatial and temporal variation can vary when the size of
the species pool varies (Chase &Myers, 2011), we analyzed the changes
for a ‘constant’ species pool in a determined community module in the
sense of Gilman et al. (2010). This group selection allows to look how
large-scale processes influence biodiversity and community assembly.
To counter the generally assumed homogenization caused by global
change (Olden & Poff, 2004; Poff et al., 2012), the community assembly
has to show a response diversity that is only weakly spatially structured
– not fully governed by geographical and environmental gradients
(Ruokolainen et al., 2009; Chase, 2010). Using partial Mantel tests, we
tested for this absence of spatial and environmental structuring.

As communitymodule we selected the Trichoptera families in which
we saw the most marked changes, but which showed fairly continuous
presence over time. The high diversity of life strategies in caddisflies –
covering the full extent of the food web occupied by the invertebrate
fauna – has already prompted scientists to use this order in studies to
gain a better understanding of the effects of climatic changes on aquatic
ecosystems (Hering et al., 2009). The selected community module
consisted of the 12 most frequent families of the Trichoptera order, for
which sites were selected with at least 6 out of 12 families present,
and with continuous presence before and after the year 2000, thereby
ensuring temporal continuity. 79 out of the 91 LT sites had data that
met the module selection criteria. Spatial β diversity was measured for
abundance data as Bray-Curtis dissimilarities between sites for the dif-
ferent periods. Shifts in the spatial variation were investigated with
ANOVA. To test whether a general thermal regime shift occurred, or
else a spatial structuring in the presence of environmental forcing, the
Mantel test of similarity between communities over the spatial gradient
can be conclusive for this dataset. Partial Mantel tests for the environ-
mental factors and the geographical distance allow us to decouple
pure spatial from environmental structuring, and look for differentia-
tion over time (Anderson et al., 2011). We also looked at the trait
changes for the community module in time to confirm the trait-based
analysis. To look for overall productivity changes we calculated overall
abundance of the community module for the different periods,
based on the logarithmic site abundance values for the selected
caddisfly taxa (for the 79 sites). All testingwas donewith R statistical
packages.
3. Results

3.1. Long-term trends in invertebrate communities

We found a strong continuous diversity increase in the LT sites, the
mean taxonomic richness rising by 42% over 25 years (Fig. 1). For the
community composition, in theWCA ordination 55% of the total inertia
was retained with co-varying out site effect. The first axis, correspond-
ing to the temporal change, explains 26% of the variance. Two distinct
trend periods were detected (Fig. 2). The first covered the period
1980–2000, and showed a gradual albeit slow increase in pollution-
sensitive taxa such as Perlidae, Ephemerellidae, Blephariceridae and
Heptagenidae. A shift in the trend occurred around the year 2000
(Fig. 2), with stronger compositional changes taking place thereafter.
For this second period the changewas towardmoremobile and tolerant
taxa such as Hydroptilidae, Coenagrionidae, Gyrinidae and Empididae.
Taxa with the strongest increasing trends (‘winners’) over the long-
term time series (Fig. 1, see also ordination result in Supplementary
Table S2) belonged to the Diptera, Odonata and especially the Trichop-
tera, with more than half (9 out of 17 taxa with regression slope N 2)
of the strongly increasing taxa in this order. Only two taxa exhibited de-
creasing trends (‘losers’), which were associated with lentic environ-
ments. The invasive taxa Corbiculidae and Hydrobiidae also belonged
to the winners. Finally, neither excluding the invasive taxa from the
dataset, nor performing the ordination on presence/absence of data
(rather than abundance of data) modified the observed patterns.

Stream invertebrate familieswith significant trends in the long-term
time series are presented by the regression slope values for occurrence
frequency over the sites in time (Trichoptera families are underlined).
The inset graph shows the evolution of taxonomic diversity (average
richness and SD) for the long-term time series and the undisturbed ref-
erence sites.

We checked the above trends against the changes in the set of refer-
ence condition sites. For the 51 reference sites, the period before 2000
showed constant diversity, unlike the recent period (after 2000),
which showed a 23% increase in taxonomic richness (Fig. 1). The new
millennium trend was the same as for the LT set. While water quality
showed significant trends (p b 0.01) for the LT sites, with diminishing
concentrations of orthophosphates (average decrease over all sites
−0.09 mg/l, Supporting Information Fig. S3), ammonium (−0.05 mg/
l) and nitrites (−0.05 mg/l), in the reference sites no tendency was
present in any of thewater quality parameters (at p b 0.1). Dissolved ox-
ygen showed significant trend taking place only from 1997 onwards
(Fig. S3); in air temperature recordings we observed an earlier shift,
with a significant warming since 1990 (Fig. S2).

In the partial-CCA ordination, the first two axes explained 71% of the
variability in chemical water quality. Consequently, the two trend pe-
riods can be significantly associated with patterns of change in the
chemical water quality. The first periods 1–4 were closely correlated
with the nutrients (mostly to orthophosphates), while periods 5–8
were correlated with dissolved oxygen. However, only 3.2% of the bio-
logical variation can be specifically attributed to these water quality
changes, whereas substrate composition alone explained 8.5% of the bi-
ological variation. For the trait-based indicators, significant changes
were observed for pollution sensitivity; no overall trend in temperature
tolerance was present (Fig.3). For the pollution sensitivity, the signifi-
cant changes covered the entire period and all the river sizes. For tem-
perature tolerance, a trend was present only in the small streams, and
was not indicative of the predicted climate-induced changes to more
thermophilic and eurythermic taxa.



Fig. 2. Community changes in time for the national and two regional scale cases. The
ordination values of the first temporal WCA axis are shown for the long-term time
series and the two regional cases. The ecosystem shift around the year 2000 is marked.
Strong community changes are present for the most recent decade.

Fig. 3. Trait-based pollution and temperature tolerance indicator trends. Centered
weighted scores for the temperature and pollution tolerance trait indicators over time
periods for large,medium and small rivers. Significant changes are indicated by solid lines.
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3.2. Bottom-up trophic amplification

The fourth corner analysis revealed significant community trait
changes around 2000 for the trait categories of functional feeding
groups and food resources. Significant functional group increases
occur gradually higher up the food web with time (Fig. 4a), starting
with filter feeders associated with the period 1997–1999 (p = 0.006).
The first years of the newmillennium (2000−2002) were significantly
associated with microphyte scrapers (p = 0.004), followed by piercer
herbivores (piercers 2003–2005 p = 0.03, macrophyte feeders
2003–2010 p = 0.001), which were significantly associated with the
2003–2005 period, in turn followed by a period of predator increase
(p = 0.02). This trophic amplification process was significantly identi-
fied in the community module (Fig. 4b), with a strong increase in
small filtrer and biofilm-feeding taxa (Hydroptilidae, Psychomyiidae)
from a presence in 20% of the LT sites to an omnipresence of N75% occu-
pation of sites, followed by amore gradual increase in larger herbivores
(mixed group feeding on detritus, algae andmacrophytes), and finally a
faster increasing group consisting of medium-sized predatory
Polycentropodidae, Leptoceridae, Ecnomidae and Rhyacophilidae, which
showed a retarded response, but with a strong, rapid increase a few
years after the first group, which consisted of prey species. Further evi-
dence for the productivity increase and trophic amplificationwas found
in the community module abundance shifts. Summed abundances for
the community module not only significantly increased, but even rose
3-fold between period 1 (187) and period 8 (539) (see Fig. 5). This
site abundance increase nevertheless did not result from a dominance
or homogenization process, as the community module showed an in-
crease in β diversity over time, and no invasive taxa were present, a
sign of boosting of regional pools. Response diversity led to the high dis-
similarity in the caddisfly communitymodule (mean dissimilarity 0.47),
resulting in strong spatial differentiation in abundances and dominance
(Fig. 5). The Mantel tests showed that the dissimilarity was not corre-
lated with geographic distance or environmental gradients (same
counts for the overall LT dataset, see Supporting Information).

4. Discussion

As our objective was to determine how far long-term changes in the
macroinvertebrate assemblages could be attributed to water quality
changes versus climatic warming, we first differentiated responses to
water chemistry and responses to temperature. Despite the persisting
risks for water quality (Malaj et al., 2014), the improvement effects
were clearly identified in the recovery of pollution-sensitive taxa. On
the other hand, the climate change effect was not present in our trait-
based indicator of thermal tolerance of the assemblages, and the



Fig. 4. (a) Observed bottom-up food web amplification with significant community trait changes for feeding groups and habits in time, showing gradual increase of trophic levels with
time. (b) Frequency of caddisfly families over the long-term series (presence of taxa over 91 sites; on first axis the center year of period). Three groups can be distinguished: (1) the
first steeply responding group of the smallest caddisfly families mainly filter feeding on algae (red solid lines), (2) a large herbivore group displaying a gradual increase (blue dotted
lines), and (3) the last responding strongly expanding group of medium sized predatory taxa (orange dashed lines).
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oppositewas even observed. The gradual trend over thewhole period to
more pollution-sensitive taxa outweighed a thermal response signal, as
pollution sensitive taxa are often psychrophilic.

Hence in this single response analysis the water quality improve-
ment still seems to outweigh climate change effects. The fact that no
change in temperature tolerance was observed, even under the re-
corded strong temperature increase,may also be due to low responsive-
ness of this trait. Most invertebrate families in European rivers have
large geographical ranges within and beyond the Palaearctic, which im-
plies high thermal tolerance. Furthermore, there is a strong variance in
temperature requirements among invertebrate species within families
(Hildrew & Edington, 1979). Hence observation of warming effects
might be more likely at the species level than at broader taxonomic or
functional levels (Bonada et al., 2007), although several studies have de-
tected significant trends based on family-level data (Chessman, 2009;
Durance & Ormerod, 2009).

Nevertheless, we observed a strong climate change-induced trend
breaking into the gradual water quality improvement trend. While
Vaughan and Ormerod (2012) were unable to identify the share of cli-
mate change in community changes in a context of water quality im-
provement of English streams, we can confidently attribute the shift
occurring in the communities studied to climate change. The shift is
identified as independent of the water quality changes by (i) a control
set of reference condition sites, and (ii) a correspondence analysis per-
formed between biotic and water quality variations.

The mechanism for the observed shift is trophic amplification. Four
lines of evidence for this trophic amplification are highlighted: (i) the
shift in dissolved oxygen indicates an increased primary production,
(ii) the trait-based analysis of entire communities showed a bottom-
up food web amplification, (iii) the trait-based analysis of the commu-
nity module evidenced feeding strategy shifts and increased food web
interactions, and (iv) the abundance analysis of the community module
showed a productivity increase. The sequential trophic group increase
and preponderance in time reflected the ecosystem response of a
bottom-up food web increase starting with small filtering and biofilm-
feeding taxa, followed by the larger-sized taxa higher up in the food
web. The caddisfly functional groups were boosted not only in fre-
quency of occurrence (up to 90% of the sites), showing the generality
of the trend over France, but also in overall abundances. The amplifica-
tion doubled taxonomic richness and tripled abundances. This mecha-
nism of magnification up the food web corresponds to the trophic
amplification described in the introduction. It is associatedwith a strong
increase in both richness and abundance of the taxa, thus involving an
intensification and multiplication of pathways through the food web.
Increasing productivity attributed to climate change has already been
documented in France for marine (Beaugrand et al., 2014) and forest
ecosystems (Bontemps et al., 2012), showing synchronous shifts occur-
ring at the turn of the millennium. The reported climatic change-
induced shifts for the French marine environment, also occurring be-
tween 1997 and 2003, were also attributed to a trophic amplification
(Goberville et al., 2014). At the origin of the ecosystem shift we assume
a productivity increase to generate the trophic amplification. Climate
change is documented to increase primary production of streams, as
higher temperatures and carbon dioxide result in higher bacterial and
photosynthetic activity (Wrona et al., 2006; Finlay, 2011). This in-
creased primary production we observed in the dissolved oxygen



Fig. 5. The site sample abundances for the first period (1987–1990) and themost recent period (2008–2011) of the selected taxon group of frequent caddisfly families. Strong increases in
both abundances and richness are seen (note in thefigure that the logarithmic scale for the two periods is different; for thefirst period logarithmic abundance scaled 1.3 corresponds to 1.9
in right-hand figure). The recent period shows highly diverse communities with high abundances of caddisflies showing both locally and regionally strong evenness.
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increase, as oxygen production is an approved measure of stream pro-
ductivity (Odum, 1956; Kevern & Ball, 1965). Recent evidence also
shows that warming can in some cases enhance the diversity of phyto-
plankton communities, increasing productivity (Yvon-Durocher et al.,
2015). These mechanisms still need further investigation for their spa-
tial distribution and geographic context. The observed trophic amplifi-
cation is in line with the suggested absence of competitive exclusion
for stream invertebrates (Death, 2002), enabling higher diversity with
increasing productivity (Tonkin et al., 2013). The mechanism of trophic
amplification governing the richness increase is comprehensible as
more species can co-exist thanks to more resources in the absence of
competitive limitation. Especially, its synchronized manifestation over
such a large spatial scale and within such a short time frame is an ex-
traordinary phenomenon. To the question of why such a trend in biodi-
versity increase had not been noted before, or only in part (Dornelas
et al., 2014), we can reply that analyses of large-scale long-term trends
are still scant. To our knowledge, there are no reports of three-decade,
continuously sampled sites of stream communities over a spatial scale
as large as the dataset we have analyzed. Nevertheless, the observed
trend may not be ubiquitous. We believe that water quality improve-
ment played a trigger role in the synchronicity of the observed diversity
increase. Growth and dispersion over the river network are enabled
once water quality reaches a basic quality level, as already documented
for English chalk streams (Durance & Ormerod, 2007). Hence although
the spatial pattern of strong water quality improvements did not corre-
spond to the strongest shifts in communities, the general improvement
determined for the chemical parameters obviously contributes to the
observed increase in biological diversity. One further factor that poten-
tially enabled this trend was the broad geographical variety of the
French territories studied,withmany preserved headwaters and stream
sections. Finally, streams and rivers, more than terrestrial and lentic
ecosystems, are characterized by strong natural perturbations, and
their communities are very well-adapted to changing conditions.

For our temperate-region rivers, the risk remains that toomuch pro-
ductivity and temperature increase may induce negative responses.
Cold water species obviously do not benefit as much as eurythermal
species in our observations. Also, expected changes to flow regimes
might degrade conditions. For instance, for Arctic freshwater ecosys-
tems, the projected increase in productivity with climatic changes is ac-
companied by profound hydroregime changes, strongly confounding
biotic responses (Wrona et al., 2006). Projected climate-induced inten-
sification of floods and droughts might cause species loss in time. The
recent period does include extreme hydro-climatic events in the region
studied that have impacted strongly on communities at the local scale
(Daufresne & Boët, 2007; Floury et al., 2013), but with no evidence of
impact in the large-scale long-term trends. Given estimations that tem-
perate ecosystems are those that will experience the least biodiversity
change (Sala et al., 2000), we conclude, based on the strong changes ob-
served in our study, that uncertainties in the current predictions of
global change are many times larger than often presumed (see also
Heino et al., 2009).

Climate change effects are obviously not restricted to shifts forced by
thermal preferences. The need tomove toward understanding the com-
plex interactions between ecological impacts of climate change is topi-
cal (Parmesan et al., 2013; Hipsey et al., 2015). With some other
authors (e.g. Woodward et al., 2010; Parmesan et al., 2013), we suggest
that new concepts for more functional climate change analysis are
needed, oriented to increasing and adapting productivity and mobility.
At present, most studies use distribution-climate models and invoke a
lack of adaptability to environmental changes (Heino et al., 2009; Poff
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et al., 2012). In our data, however, we clearly observe an increase in di-
versity that is not limited to a small group of species appearing every-
where, but a more powerful expression of regional species pools and a
productivity increase that strengthens food web interactions. The per-
sistent investments in water quality have thus had positive effects on
biodiversity, and have been reinforced by climate change effects up to
the present time. Our results argue for concerted regional efforts to im-
provewater quality and species dispersal, and reinforce regional species
pools and their resilience to further climate change.
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