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Abstract

Ecological theory suggests that communities are not random combinations of spe-

cies but rather the results of community assembly processes filtering and sorting

species that are able to coexist together. To date, such processes (i.e., assembly

rules) have been inferred from observed spatial patterns of biodiversity combined

with null model approaches, but relatively few attempts have been made to assess

how these processes may be changing through time. Specifically, in the context of

the ongoing biodiversity crisis and global change, understanding how processes

shaping communities may be changing and identifying the potential drivers underly-

ing these changes become increasingly critical. Here, we used time series of 460

French freshwater fish communities and assessed both functional and phylogenetic

diversity patterns to determine the relative importance of two key assembly rules

(i.e., habitat filtering and limiting similarity) in shaping these communities over the

last two decades. We aimed to (a) describe the temporal changes in both functional

and phylogenetic diversity patterns, (b) determine to what extent temporal changes

in processes inferred through the use of standardized diversity indices were congru-

ent, and (c) test the relationships between the dynamics of assembly rules and both

climatic and biotic drivers. Our results revealed that habitat filtering, although

already largely predominant over limiting similarity, became more widespread over

time. We also highlighted that phylogenetic and trait-based approaches offered

complementary information about temporal changes in assembly rules. Finally, we

found that increased environmental harshness over the study period (especially

higher seasonality of temperature) led to an increase in habitat filtering and that bio-

logical invasions increased functional redundancy within communities. Overall, these

findings underlie the need to develop temporal perspectives in community assembly

studies, as understanding ongoing temporal changes could provide a better vision

about the way communities could respond to future global changes.
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1 | INTRODUCTION

How, and by which mechanisms, biodiversity will be impacted by

global changes across space is a central issue in contemporary

ecological studies (Bellard, Bertelsmeier, Leadley, Thuiller, & Cour-

champ, 2012; Jarzyna & Jetz, 2017; Sala et al., 2010). While species

richness has been largely used to quantify the impact of global

changes on diversity (Dornelas et al., 2014), the need to incorporate
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differences between species in diversity measurements is now rec-

ognized (Webb, Ackerly, McPeek, & Donoghue, 2002). For this pur-

pose, functional and phylogenetic diversities have been proposed to

take into account the differences between the co-occurring species

within assemblages (Lopez et al., 2016; Webb et al., 2002). Func-

tional diversity measures trait diversity by integrating species charac-

teristics into diversity measures (Petchey & Gaston, 2006) such as

physiology, ecology as well as morphology (Violle et al., 2007). On

the other hand, phylogenetic diversity quantifies the evolutionary

history accumulated by the co-occurring species (Cavender-Bares,

Kozak, Fine, & Kembel, 2009; Webb et al., 2002). Both functional

and phylogenetic diversity are increasingly used to quantify diversity

and inform the underlying processes shaping community structure.

It is now widely accepted that communities are not random

assemblages of species but are rather structured according to spe-

cies sorting processes, namely the assembly rules (Webb et al.,

2002). Two main processes are generally accepted as assembly rules

constraining the co-occurrences of species in local assemblages:

habitat filtering and limiting similarity (G€otzenberger et al., 2012;

Keddy, 1992; Mayfield & Levine, 2010; Webb et al., 2002). When

habitat filtering is the major constraint on community, environmental

conditions are hypothesized to act as a filter and select species with

specific characteristics that allow them to inhabit specific conditions

(MacArthur & Levins, 1967; Mayfield & Levine, 2010). Ultimately, all

species able to persist in those environments will show similar traits

and overall, at the community level, functional diversity is expected

to be low given the number of species because of an important

functional similarity between species (Webb et al., 2002). On the

other hand, species cannot be too ecologically similar because of

niche overlap (Darwin, 1859; MacArthur & Levins, 1967). Important

niche overlap is likely to result in strong competition between spe-

cies, ultimately leading to some species outcompeting others. Even-

tually, only species with dissimilar traits (i.e., no niche overlap) will

co-occur leading to high functional diversity given the species rich-

ness within the assemblage (Webb et al., 2002). These two pro-

cesses are not mutually exclusive but rather occur simultaneously

and the use of diversity measures and null model approaches allow

ecologists to assess the balance between the two processes (Gotelli

& Graves, 1996; Mason & de Bello, 2013).

Assembly rules are usually determined by means of either func-

tional or phylogenetic diversity but rarely by the simultaneous use of

both facets. Phylogenetic diversity is supposed to be a better surro-

gate of functional diversity than a given set of traits since phylogeny

incorporates the global variability in functional characteristics of spe-

cies (Gerhold, Cahill, Winter, Bartish, & Prinzing, 2015). This

approach is supported in the case of phylogenetic conservatism of

traits, namely that the more closely related species are, the more

they share functional characteristics (Losos, 2008) because they tend

to retain ancestral traits (Blomberg, Garland, & Ives, 2003). In this

particular case of phylogenetic conservatism, temporal trends in both

facets should be the mirror of each other and be congruent. How-

ever, several studies have shown that lability of traits might be influ-

enced by the phylogenetic scale at which it is tested (Cavender-

Bares, Keen, & Miles, 2006; Newton, Jones, Helmus, & McMahon,

2007; Swenson & Enquist, 2007; Swenson, Enquist, Pither, Thomp-

son, & Zimmerman, 2006). Especially, traits might be less labile

across a large phylogeny (Cavender-Bares et al., 2009). Overall, the

relation between functional and phylogenetic trends could be

affected by the phylogenetic scale dependency of trait conservatism.

Facing the ongoing global changes, many taxa have experienced

distributional shifts (Chen, Hill, Ohlem€uller, Roy, & Thomas, 2011; La

Sorte & Jetz, 2012) due to local extinctions and colonizations ulti-

mately resulting in temporal changes in patterns of species co-occur-

rence as well as in diversity. For instance, Monnet et al. (2014)

found that bird taxonomic and phylogenetic diversity had increased

since 1989 in France. Similarly, Jarzyna and Jetz (2017) highlighted

that functional and phylogenetic diversity of birds increased until

2000 and then decreased. Since assembly rules are directly linked to

those patterns of diversity, they are likely to be impacted by global

changes. However, few studies have been interested in describing

and understanding the dynamics of assembly rules, by integrating

functional and/or phylogenetic information about species (but see

Rooney, 2008; Blois, Zarnetske, Fitzpatrick, & Finnegan, 2013; Li &

Waller, 2017), except in the framework of ecological plant succes-

sions (Drake, 1991; Li et al., 2016).

Assembly rules are likely linked to environmental conditions. In

the mid 1990s, Weiher and Keddy (1995) proposed that environ-

mental harshness favors habitat filtering: the stress-dominance

hypothesis (SDH; Swenson & Enquist, 2007). Although it can be

beneficial for some warm-dwelling species (e.g., Edwards, 2011) or at

some limits of a species distribution, for a large range of taxa, cli-

mate change is related to range contractions (e.g., Erasmus, Van

Jaarsveld, Chown, Kshatriya, & Wessels, 2002; Rubidge et al., 2012)

as well as increased extinction risk (Thomas et al., 2004). These pat-

terns suggest that environmental stress is increasing, partially

because of climate change, and likely to be leading to stronger habi-

tat filtering on assemblages.

Besides climate change, non-native species might also modify

the patterns of diversity as well as the underlying processes. Dar-

win (1859) proposed two hypotheses regarding the competition

between non-native invaders and native communities: Darwin’s

naturalization conundrum (Diez, Sullivan, Hulme, Edwards, & Dun-

can, 2008; Thuiller et al., 2010). The first hypothesis, Darwin’s nat-

uralization hypothesis (DNH), states that successful invasive

species will have different characteristics from native species. In

the framework of assembly rules, dissimilarities between species

are related to limiting similarity. Combining these two theories,

one might expect that because of limiting similarity, successful

non-native species would have different characteristics from native

species. If DNH is verified in a given system, non-native species

invasion should lead to an increase in diversity and an increase in

the signal of limiting similarity as the main process structuring the

community ultimately suggesting that avoidance of competition is

increasingly important. On the other hand, Darwin also proposed

that successful non-native species need traits that allow them to

cope with their new environmental conditions (Daehler, 2001;
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Darwin, 1859; Ricciardi & Mottiar, 2006). Thus, one might expect

that those traits would be similar to the ones already present in

the native community. This second hypothesis, the preadaptation

hypothesis (PAH), will lead to an increase in similarity between

species and thus to a decrease in functional diversity given the

species richness (i.e., standardized by the number of species)

indicating, according to the theory related to assembly rules, stron-

ger habitat filtering on communities after non-native species

arrive.

In the current study, we aimed to understand how assembly

rules changed over time and what were the underlying drivers.

We used 460 time series of freshwater fish community composi-

tion, distributed homogeneously across France and starting in the

1990s. We aimed to describe how assembly processes changed

over time while taking into account both functional traits and the

evolutionary history carried by species. We then assessed whether

these temporal changes in two facets of diversity were congruent.

Finally, we tested whether the observed dynamics in assembly

processes were linked to current global changes, especially climate

change and biological invasions. Climatic conditions (e.g., increase

in mean temperature and/or seasonality) might act as a stressor

and according to SDH, climate change might lead to a stronger

signal in favor of habitat filtering over time. Biological invasions,

depending on how they influence diversity patterns, might give

insights in favor of either DNH or PAH. Especially, an increase in

diversity (i.e., species less similar than previously) due to non-

native species might support DNH, while a decrease would be in

accordance with PAH.

2 | MATERIALS AND METHODS

2.1 | Community data, functional traits, and
phylogeny

Fish community data were taken from the database of the French

Office national de l’eau et des milieux aquatiques (ONEMA; available

online: www.image.eaufrance.fr), where stream reaches were surveyed

following a standard electrofishing protocol during low flow months

(Poulet, Beaulaton, & Dembski, 2011) and fish were identified at spe-

cies level, counted, and released. Among all surveyed sites, we selected

460 sites that had been visited at least eight times since 1990. Time

series were on average 16 years long (SD = 4 years). We eventually

had abundance data for 75 stream fish species among which 23 were

documented as non-native species. In our database, non-native species

represent, on average, 2% of the total fish abundance recorded in a

given community, albeit this proportion varies from 0% to 66%.

We quantified functional diversity (FD) based on 14 traits related

to habitat use, feeding, morphology, and life history strategy (Sup-

porting information Appendix S1) that are known to be responsive

to environmental gradients (e.g., Hoeinghaus, Winemiller, & Birn-

baum, 2007; Iba~nez et al., 2009; Winemiller, Fitzgerald, Bower, &

Pianka, 2015). Especially, FD was quantified by the means of func-

tional richness, as proposed by Vill�eger, Mason, and Mouillot (2008),

for each community and each year. To do so, based on the func-

tional traits, we computed a distance matrix between species using

Gower’s distance and then ran a Principal Coordinates Analysis

(PCoA) and retained four axes explaining 78% of the total variance

(Supporting information Appendix S2). From the four retained axes,

we built a functional space and computed the functional volume

occupied by all species from the regional pool (Cornwell, Schwilk, &

Ackerly, 2006). Then, for each year, we computed FD as the propor-

tion (i.e., between 0 and 1) of the functional space occupied by all

the co-occurring species in a given assemblage. This volume is com-

puted as the minimal volume including all species in a given commu-

nity (i.e., convex hull volume) and then standardized by the volume

occupied by all studied species (i.e., regional pool).

We computed the phylogenetic diversity index (PD) proposed by

Faith (1992) based on the most comprehensive time-calibrated phy-

logeny available for fishes (n = 7,822 species) published by Rabosky

et al. (2013). Based on this phylogeny, we extracted the subset con-

sidering all our studied species (i.e., 75 fish species) and calculated

PD as the sum of branch lengths linking all the co-occurring species

in a given assemblage.

Finally, we estimated the degree of phylogenetic signal of the

functional PCoA scores using a method recently proposed by Adams

(2014), which consists of a generalization of Blomberg’s K statistic

(Blomberg et al., 2003) to multivariate traits. This value (Kmult) pro-

vides a statistical measure of phylogenetic signal relative to expecta-

tions under Brownian motion (expected value of 1.0), and the

significance of Kmult was tested through a permutational procedure

(Adams, 2014; Blomberg et al., 2003).

2.2 | Null models and standardized effect sizes

In order to determine which process (i.e., habitat filtering or limiting

similarity) shaped community structure, we compared observed FD

and PD values to expected ones. To do so, we computed 999 values

of FD and PD based on assemblages generated with random func-

tional and phylogenetic structure, for each community and each

year. Specifically, we randomly distributed trait values among species

and species along the phylogeny and kept constant the species rich-

ness for each sample as well as the total number of occurrences of

each species. Then, we computed FD and PD for each randomiza-

tion. Finally, we calculated standardized effect sizes (SES) for both

FD and PD as SES = (Xobs � Mean Xrandom)/SD Xrandom, with Xobs

being the observed FD or PD for a given assemblage and Xrandom

being the vector of the 999 simulated FD or PD for this assemblage

(Gotelli & Graves, 1996). Mean Xrandom and SD Xrandom are the mean

and the standard deviation, respectively, of random indices. Positive

values of SES mean that diversity is greater than expected given the

species richness and thus that limiting similarity is the most impor-

tant process shaping community while negative values indicate that

diversity is lower than expected given the species richness and that

habitat filtering is the major process occurring (Webb et al., 2002).

Hereafter, FD refers to SES based on FD and PD refers to SES

based on PD.
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2.3 | Temporal trends in diversity facets and
congruence between trends

In order to quantify temporal trends in diversity indices at each site,

we first fit a simple linear model to both FD and PD annual values

over the period of time considered. Since Jarzyna and Jetz (2017)

highlighted the potential nonlinearity of temporal changes in diver-

sity and thus the need to acknowledge this potential pattern, we

also used polynomial (quadratic) regressions. Since the linear model

had a better Akaike criterion than the polynomial model for 309 and

310 the sites regarding trends in FD and PD, respectively, we used

first-order regressions to describe trends in PD and FD over time.

Specifically, a positive slope for a given community suggested the

relative importance of limiting similarity increased over time (i.e.,

decreasing habitat filtering and/or increasing limiting similarity). At

the opposite, a negative slope indicated that the relative importance

of habitat filtering increased over time (i.e., increasing habitat filter-

ing and/or decreasing limiting similarity). By simultaneously looking

at the SES values and direction of the temporal changes (i.e., sign of

slopes), we identified six categories of potential changes (Figure 1).

Finally, we assessed congruence between trends in FD and PD

using linear regression.

2.4 | Drivers of observed temporal trends

For each site, distance from the source was extracted from the

Theoretical Hydrographic Network (RHT) of streams in France (Pella,

Lejot, Lamouroux, & Snelder, 2012) and the values were log-

transformed (DIST).

Daily climatic data (temperatures and precipitation) were pro-

vided by M�et�eo France and extracted from the high resolution (8 km

by 8 km grid) SAFRAN atmospheric analysis over France (Le Moigne,

2002). For each site and each year, we calculated the annual mean

temperature, annual temperature seasonality, annual precipitation,

and precipitation seasonality. Temperature seasonality was computed

as the standard deviation of temperatures 9 100 while precipitation

seasonality was calculated as the coefficient of variation in precipita-

tion over the year as proposed by Fick and Hijmans (2017). Finally,

we quantified non-native fish species relative abundances for each

community and for each year. For both climatic and non-native

abundance data, we calculated temporal trends as we did for FD and

PD, using linear regression (TEMP: trend in annual mean tempera-

ture; TSEAS: trend in temperature seasonality; PREC: trend in annual

precipitation; PSEAS: trend in precipitation seasonality; NNS: trend

in abundance of non-native species).

To test the effects of drivers underlying temporal trends in

diversity, we performed generalized least squares models (GLS),

using nlme package (Pinheiro, Bates, DebRoy, & Sarkar, 2017), with

temporal trends in SES as response variable. The explanatory vari-

ables were the four climatic trends (i.e., TEMP, TSEAS, PREC,

PSEAS), the trend in abundances of non-native species (NNS), and

the distance from the source (DIST), and were all standardized to

compare the relative strength of the predictors. We took into

account spatial autocorrelation by including in models either Gaus-

sian or exponential correlation structure, chosen according to the

semivariograms fitted for each response variable.

Data from RHT were extracted with QGIS 2.6.1 and all statistical

analyses were performed with R 3.1.3 (R Core Team, 2017).

3 | RESULTS

A significant phylogenetic signal in studied traits was observed

(Kmult = 0.45, p < 0.001), and the level of phylogenetic

F IGURE 1 Theoretical expectations about the potential changes
in community assembly between two time periods. Positive values
of standardized effect sizes (SES) indicate higher diversity than
expected given the number of species, revealing limiting similarity
(LS) as the main process shaping community. Negative values of SES
indicate lower diversity than expected given the species richness,
meaning that habitat filtering (HF) is the major process shaping
community structure. By contrasting historical (x-axis) and
contemporary (y-axis) SES values and the sign of the temporal
trends (negative, below the x:y line or positive, above the x:y line),
six categories of temporal trends can be defined: negative values of
SES the first and last sampled year and negative slope (i.e., increase
in habitat filtering strength; dark blue); negative values of SES the
first and last sampled year and positive slope (i.e., decrease in
habitat filtering strength; light blue); negative value of SES the first
year and positive value of SES the last year (i.e., change from habitat
filtering to limiting similarity; orange); positive values of SES the first
and last sampled years and positive slope (i.e., increase in limiting
similarity strength; dark red); positive values of SES the first and last
sampled year and negative slope (i.e., decrease in limiting similarity
strength; light red); and positive value of SES the first year and
negative value of SES the last year (i.e., change from limiting
similarity to habitat filtering; green)
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conservatism was below the value of 1.0 suggesting that the trait

evolution did not fit an unconstrained Brownian model of evolution-

ary process.

3.1 | Temporal trends in diversity

Temporal trends in FD were randomly distributed across France and

were, on average, almost null (�0.002 � 0.040), with 258 and 202

sites which exhibited negative and positive trends, respectively

(mean of negative slopes = �0.027 � 0.025, mean of positive

slopes = 0.031 � 0.029; Figure 2a). Based on the changes in FD

over the study period, we found that most common dynamics were

either stronger habitat filtering or weaker habitat filtering (194 and

157 sites, respectively) (Figure 3a).

Similarly, trends in PD were homogeneously distributed across

France (Figure 2b) and we found, on average, weakly negative

trends in PD (�0.009 � 0.046). Among the 460 sites, 256 and

204 experienced a decrease and an increase, respectively, in PD

(mean of negative slopes = �0.04 � 0.03, mean of positive

slopes = 0.029 � 0.027; Figure 2b). Changes in PD over the

study period mostly revealed either stronger habitat filtering

or weaker habitat filtering (188 and 155 sites, respectively)

(Figure 3b).

Finally, a significant relationship between trends in functional

and phylogenetic SES has been found (R2 = 0.26, p < 0.05; Fig-

ure 4) Overall, while 42% showed inconsistency between the two

facets, 58% of sites showed similar temporal trends in terms of

direction for both FD and PD (Figure 4). However, only 6% of the

460 sites showed significant temporal trends for both FD and PD.

We found 12% of sites for which temporal trends in FD were sig-

nificant but not in PD and 12% of sites presented the opposite

pattern.

3.2 | Drivers of the observed changes

Regarding climatic trends, we found, on average, an increase in

temperature and precipitation over time (mean � SD =

0.019 � 0.031°C per year and 3.1 � 3.5 mm per year) while we

found a decrease in seasonality (�6.0 � 8.8 and �0.35 � 0.75 for

temperature and precipitation seasonality, respectively). Finally, on

average, non-native abundances increased over time (0.045 � 0.41

individuals per year). Especially, among communities where non-

native species were recorded, 44% experienced increased in non-

native species abundances (0.27 � 0.44 individuals per year) while

others showed a decrease (�0.19 � 0.38 individuals per year).

Using GLS, we found a positive relationship between temporal

trends in FD and DIST (estimate = 0.11, p = 0.02) (Table 1) indicat-

ing that headwaters experienced a decrease in FD, while FD

increased downstream. We also found a negative one with NNS (es-

timate = �0.11, p = 0.02) (Table 1). Thus, increase in abundances of

non-native species was related to a decrease in FD over time.

Regarding temporal trends in PD, we found a negative relationship

with TSEAS (estimate = �0.14, p = 0.01) and PREC (esti-

mate = �0.012, p = 0.03) (Table 1). Thus, positive temporal trends

in PD were linked to a decrease in temperature seasonality and in

annual precipitation over time.

F IGURE 2 Temporal trends in standardized effect sizes (SES) for (a) functional and (b) phylogenetic diversity. Each dot represents a studied
site and red and blue values represent positive and negative slopes in SES, respectively. Size of circles is proportional to the length of time
series
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4 | DISCUSSION

4.1 | Dynamics of assembly rules and congruence
between diversity facets

In the 1990s, based on standardized diversity indices, habitat filter-

ing appeared as the main process acting on and structuring stream

fish communities. This finding supports previous studies highlighting

that fish communities in temperate regions were mainly under the

influence of habitat filtering (Giam & Olden, 2016; Jackson, Peres-

Neto, & Olden, 2001; Troia & Gido, 2015). However, assembly rules

are dynamics over time as demonstrated by Mendez et al. (2012). In

their study, the authors showed that habitat filtering decreased and

that wader communities were now random assemblages of species

probably because of milder winter conditions allowing new species

to colonize, without strong trait selection (Mendez et al., 2012).

However, few studies seek to understand the temporal dynamics of

these structuring processes on assemblages and relate these tempo-

ral changes to current global change. To our knowledge, Li and Wal-

ler (2016) is the only study which aims to understand these changes

in relation to some components of global changes, especially frag-

mentation. The authors found that fragmented areas were mainly

structured by biotic interactions but that species interactions

decreased over the last 50 years while processes remained the same

over time in intact environments. Here, we found that the signal

indicating that habitat filtering is the most important structuring pro-

cess either increased or decreased, based on the significance of tem-

poral trends in SES, indicating that the dynamics of assembly rules

are community-specific or highly unpredictable (Beckage, Gross, &

Kauffman, 2011). Finally, diversity patterns suggest that habitat fil-

tering remained the main process shaping community diversity.

Overall, our results suggest that temporal trends in functional

and phylogenetic facets of diversity are weakly congruent. Although

some studies used both functional and phylogenetic structure to

infer assembly rules (de Bello et al., 2017; Gerhold et al., 2013;

Saito, Cianciaruso, Siqueira, Fonseca-Gessner, & Pavoine, 2016),

most works on community assembly have focused on either func-

tional (Bernard-Verdier et al., 2012; Kraft, Crutsinger, Forrestel, &

Emery, 2014) or phylogenetic structure (Allan et al., 2013; Helmus,

Savage, Diebel, Maxted, & Ives, 2007). For 42% of studied communi-

ties, we found inconsistency between temporal changes in facets

while the correlation between these changes was, albeit significant,

weak. As suggested by Monnet et al. (2014), the weak congruence

between trends in different facets might indicate that those facets

are independent from each other because of differential inertia.

These results suggest that temporal changes in functional and phylo-

genetic diversity are complementary and both are necessary to have

a better depiction of the impacts of global change on communities.

Our findings confirm that functional traits and phylogeny cannot be

used as a good proxy for each other (Devictor et al., 2010; Swenson

et al., 2012), especially in the framework of assembly rules in which

they should be used as complementary measures of community

structure (Lopez et al., 2016; Saito et al., 2016). Moreover, traits

might be less labile across a large phylogeny (Cavender-Bares et al.,

2009) than in one particular clade in which character displacements,

adaptive radiations or divergent selection might increase between

F IGURE 3 Changes in standardized effect sizes (SES) for (a) functional and (b) phylogenetic diversity over time. Historical and
contemporary values are predictions from linear models of SES versus time for the first and last year of each time series, respectively. Size of
points is proportional to the absolute value of the temporal trend (i.e., slope of the linear regression). Colors represent the six categories
identified in Figure 1 and the barplots show the percentage of sites corresponding to each of the six categories
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species differences in trait (Cavender-Bares et al., 2009). At a finer

phylogenetic scale, the lack of congruency between phylogenetic

and functional diversity changes over time that we observed here

should be the same because the lability of traits is expected to

increase making more striking the incongruence between the two

diversity facets.

As the two processes structuring communities, habitat filtering

and limiting similarity are viewed as dependent and balanced pro-

cesses (Webb et al., 2002). However, in the current study, we

emphasize that, based on the inference from diversity indices, these

two processes can increase (or decrease) in their relative role of

structuring community, simultaneously and independently from each

other. This might be due to the differences in traits they are acting

on. Different traits respond differently to environmental conditions

and to biotic interactions (Ackerly & Cornwell, 2007).

Others processes might act on community structure such as pre-

dation, dispersal limitation as well as disturbance (Allan et al., 2013;

Englund, Johansson, Olofsson, Salonsaari, & €Ohman, 2009). Predation

has been shown as one determinant of co-occurrence patterns within

communities. For instance, Englund et al. (2009) found that predation

in lakes by two predatory species (Northern pike and European

perch) influenced patterns of co-occurrence among fish species.

Especially, Srivastava, Cadotte, MacDonald, Marushia, and Mirotch-

nick (2012) and Bersier and Kehrli (2008) suggested that high rate of

predation in a system would lead to decreased abundances of some

specific phylogenetic groups and thus to a decrease in phylogenetic

diversity. Dispersal has also been proposed as an assembly rule con-

straining community structure (Hardy & Sonk�e, 2004; Hubbell, 2001).

However, Northern French freshwater fish communities have been

shown to be mainly structured by habitat filtering rather than disper-

sal limitation (Cilleros, Allard, Grenouillet, & Brosse, 2016). Finally,

disturbance might also affect diversity patterns. For instance, Bhat

and Magurran (2007) suggested that Indian impacted fish communi-

ties by dams and water quality might tend to randomness contrary to

nonimpacted communities.

4.2 | Determinants of assembly rules dynamics

We found evidence of spatial pattern of temporal trends in diversity

according to the upstream–downstream gradient. Especially,

increased habitat filtering and/or decreased limiting similarity was

observed upstream. This result suggests that upstream communities

that were already mainly structured by habitat filtering (Carvalho &

Tejerina-Garro, 2015; Jackson et al., 2001) become increasingly sen-

sitive to environmental conditions and might be more vulnerable to

future environmental changes. On the other hand, downstream com-

munities experienced increasing limiting similarity making those com-

munities likely more sensitive to increased competition that might

due to biological invasions.

We found that decrease in temperature seasonality as well as

in precipitation were related to a decrease in habitat filtering over

time. Climatic conditions are a key determinant of stream fish

assemblage structure (Jackson et al., 2001) and the current climate

change is well-known to impact communities (Daufresne & Bo€et,

2007). Our results suggest that milder climatic conditions over time,

especially less variable temperature across year, lead to less impor-

tant habitat filtering on stream fish since the 1990s. These results

are in agreement with the stress-dominance hypothesis (SDH),

which states that assemblages present in a harsh environment are

mainly constrained by habitat filtering (Weiher & Keddy, 1995).

Environmental variability, such as temperature seasonality, tends to

decrease diversity (Jackson et al., 2001) by preventing species not

able to cope with variations in environmental conditions to settle

TABLE 1 Estimates and standard error (in brackets) of the influence of drivers on temporal trends in functional (FD) and phylogenetic (PD)
diversity from generalized least squares models

Response variable TEMP TSEAS PREC PSEAS NNS DIST

FD �0.067 (0.049) �0.085 (0.055) �0.064 (0.054) �0.083 (0.049) �0.11 (0.047) 0.11 (0.046)

PD �0.055 (0.049) �0.14 (0.056) �0.12 (0.054) �0.034 (0.050) 0.049 (0.047) 0.084 (0.048)

Notes. Significant coefficients are in bold.

TEMP, TSEAS, PREC, PSEAS, and NNS: temporal trends in mean annual temperatures, in temperature seasonality, in annual precipitation, in precipita-

tion seasonality, and in non-native abundances, respectively; DIST: distance from the source.

F IGURE 4 Relationship between temporal trends in functional
(FD) and phylogenetic (PD) diversity. Significant trends are indicated
in dark gray for FD, light gray for PD, or black for both FD and PD
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and maintain viable populations. Ultimately, increased environmen-

tal variability increases the relative role of habitat filtering in struc-

turing communities. Surprisingly, temporal changes in mean

temperature did not play a role in determining temporal changes in

the processes that shape community structure despite being a well-

known determinant of diversity patterns, especially for stream fish

communities (Jackson et al., 2001). On the other hand, our results

showed that an increase in annual precipitation resulted in stronger

habitat filtering. Precipitation changes over time might alter hydro-

logical regimes of streams that are strong determinant of commu-

nity structure (Jackson et al., 2001). Thus, increased precipitation

could lead to increase flood ultimately leading to stronger habitat

filtering as the main process structuring communities. Our results

provide evidence that averaged climatic conditions might not be

sufficient to properly describe climate change and its multidimen-

sionality should be addressed to avoid underestimation of its

impact on biodiversity (e.g., when only mean temperature is consid-

ered). Moreover, our study is one of the first to support SDH in a

temporal rather than a spatial framework, providing evidence that

the relationship between habitat filtering and environment harsh-

ness is not only spatial but also temporal.

Previous studies highlighted that non-native species could have

an important effect on communities by altering, in a short period of

time, the processes that shaped them. For instance, Sanders, Gotelli,

Heller, and Gordon (2003) showed that a biological invasion was

rapidly followed by a shift from limiting similarity to randomness.

Similarly, we found that non-native species impact assembly rules

structuring stream fish assemblages in France. In particular, increase

in non-native species abundances led to stronger detection of envi-

ronmental filtering as the main process, higher functional redundancy

within communities and loss of functional diversity (Leprieur, Beau-

chard, Blanchet, Oberdorff, & Brosse, 2008; Matsuzaki, Sasaki, &

Akasaka, 2013). Loss of functional diversity over time related to an

increase in non-native species could be due to specific functional

groups with unique functional traits, highly sensitive to biological

invasions, that go locally extinct (e.g., Matsuzaki, Sasaki, & Akasaka,

2016). On the other hand, our results provide evidence, namely the

increase in functional redundancy with increase in non-native abun-

dances, in favor of the preadaptation hypothesis (PAH) which states

that successful non-native species are functionally preadapted to the

conditions of the system they invade by sharing functional traits

with native species (Daehler, 2001; Ricciardi & Mottiar, 2006). Suc-

cessful non-native species increased functional redundancy and

decreased functional diversity because they are functionally similar

to native species. Non-native species are widely recognized as a

major threat for diversity (e.g., Vitousek, D’Antonio, Loope, & West-

brooks, 1996) because they are likely to cause community reorgani-

zation (Gurevitch & Padilla, 2004). Our results do not support this

assertion but rather give evidence in favor of an increase in func-

tional redundancy within communities, suggesting that successful

non-native species are sliding in alongside native species, performing

similar functional roles, but not replacing them. However, this

increased functional similarity among species might result in the

decline of native species because of increased biotic interactions

(e.g., Olden, Poff, & McKinney, 2006). Although local extinctions of

native species are far from desirable, non-native species, by being

functionally similar to native species could ensure functions and ser-

vices as substitutes for potential extinct native species (Schlaepfer,

Sax, & Olden, 2011).

Human activities are now recognized to be important determi-

nants of community reorganizations (e.g., Lalibert�e et al., 2010; Stu-

art Chapin et al., 2000). Here, although the influence of biological

invasions, one component of anthropogenic changes, on assembly

rules shaping fish community structure was assessed in this study,

one might expect that other components such as changes in land

use or pollutants could have a strong impact on diversity and under-

lying processes. For instance, Flynn et al. (2009) showed that func-

tional diversity of birds and mammals communities was decreased by

increased land use intensification. Because their functional index was

independent from species richness, this result suggests that habitat

filtering importance was increased by agricultural land use intensity.

Similarly, Pakeman (2011) found a strong relationship between dis-

turbance and assembly rules governing plant communities. Thus, it

appears that further studies should explore the relationship between

temporal trends in several anthropogenic factors and assembly rules

changes over time.

Finally, although a large number of communities have experi-

enced a decrease in either functional or phylogenetic diversity facing

global changes, freshwater fish communities exhibited a slight

decrease in both facets. This result is in accordance with previous

studies highlighting a decrease in several diversity facets. For

instance, Jarzyna and Jetz (2017) showed a decrease in taxonomic,

functional, and phylogenetic diversity of bird communities since

2000 across North America. However, few studies aimed to describe

temporal changes in diversity for stream fish communities in

response to current global changes and our study seems to be one

of the first to tackle this question for freshwater fish communities.

Overall, diversity of stream fish communities is decreasing and this

loss in diversity might have consequences in terms of resilience and/

or resistance to disturbances and other environmental changes (Stu-

art Chapin et al., 2000).
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