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Abstract

Community assembly is determined by a combination of historical events and con-

temporary processes that are difficult to disentangle, but eco-evolutionary mecha-

nisms may be uncovered by the joint analysis of species and genetic diversity across

multiple sites. Mountain streams across Europe harbour highly diverse macroinverte-

brate communities whose composition and turnover (replacement of taxa) among

sites and regions remain poorly known. We studied whole-community biodiversity

within and among six mountain regions along a latitudinal transect from Morocco to

Scandinavia at three levels of taxonomic hierarchy: genus, species and haplotypes.

Using DNA barcoding of four insect families (>3100 individuals, 118 species) across

62 streams, we found that measures of local and regional diversity and intraregional

turnover generally declined slightly towards northern latitudes. However, at all hier-

archical levels we found complete (haplotype) or high (species, genus) turnover

among regions (and even among sites within regions), which counters the expecta-

tions of Pleistocene postglacial northward expansion from southern refugia. Species

distributions were mostly correlated with environmental conditions, suggesting a

strong role of lineage- or species-specific traits in determining local and latitudinal

community composition, lineage diversification and phylogenetic community
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structure (e.g., loss of Coleoptera, but not Ephemeroptera, at northern sites). High

intraspecific genetic structure within regions, even in northernmost sites, reflects

species-specific dispersal and demographic histories and indicates postglacial migra-

tion from geographically scattered refugia, rather than from only southern areas.

Overall, patterns were not strongly concordant across hierarchical levels, but consis-

tent with the overriding influence of environmental factors determining community

composition at the species and genus levels.
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a-diversity, b-diversity, community DNA barcoding, latitudinal gradient, multihierarchical
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1 | INTRODUCTION

Biodiversity encompasses multiple levels of biological organization,

from populations to ecosystems. Although recent work has begun to

integrate these various facets of biodiversity, identifying the mecha-

nisms of diversification and community assembly across various spa-

tiotemporal scales remains a major research challenge (Brooker et al.,

2009; Ricklefs, 2004; Vellend, 2016). For example, at the intraspecific

level, comparative phylogeographic studies have focused largely on

the genetic structure within one or a few species, linking population

demographic factors and vicariance to palaeoclimatic and biogeo-

graphical history (Avise, 2009; Marske, Rahbek, & Nogu�es-Bravo,

2013). At the interspecific level, molecular phylogenetic studies can

reveal the drivers of species diversification and their role in community

assembly from variation in functional and ecological traits (Gillespie,

2004; Losos, Jackman, Larson, de Queiroz, & Rodr�ıguez-Schettino,

1998). In parallel, community ecologists have studied turnover in local

species composition in attempts to identify contemporary processes

of community assembly (e.g., environmental filtering, dispersion dis-

tance, species interactions), while often ignoring the evolutionary his-

tory of the interacting lineages (De C�aceres et al., 2012; Myers et al.,

2013; Qian & Ricklefs, 2007). Although ecologists have recently incor-

porated phylogenetic distances between species into analyses of com-

munity assembly, these approaches have most often been used as

surrogates of ecological differentiation across communities (Cavender-

Bares, Kozak, Fine, & Kembel, 2009; Webb, Ackerly, Mc Peek, &

Donoghue, 2002), rather than as a means to study communities

through time. Hence, studies of community assembly have rarely been

conducted at multiple hierarchical levels from intraspecific genetic dif-

ferentiation to deeper lineage divergence, that is along a conceptual

time continuum in analogy to stratigraphic records (Rull, 2014).

If the factors causing intraspecific genetic diversification and

geographical structure (Leffler et al., 2012; Romiguier et al., 2014)

act over long timescales, the initial differentiation progressively leads

to species divergence and to deeper phylogenetic divergence of lin-

eages, resulting in evolutionary divergences across all levels (Diniz-

Filho & Bini, 2011; M�urria, Rugenski, Whiles, & Vogler, 2015;

Papadopoulou, Anastasiou, Keskins, & Vogler, 2009). With the

increasing scale of DNA sequencing studies, the uniform generation

of mitochondrial “DNA-barcodes” (based on the sequencing of the

cytochrome oxidase C subunit I, cox1) allows quantification of a

broad range of genetic differences within and across species simulta-

neously for entire communities (Baselga et al., 2013). Patterns of

variation from community-wide DNA barcodes reflect the action of

similar evolutionary processes at multiple hierarchical levels, leading

to: the divergence of populations and intraspecific genetic structure

(Avise, 2009), the formation of species evident from genetic clusters

(Hebert, Cywinska, Ball, & deWaard, 2003; Papadopoulou et al.,

2008; T€anzler, Sagata, Surbakti, Balke, & Riedel, 2012) and the phy-

logenetic divergence of species and higher clades (M�urria et al.,

2015; Papadopoulou et al., 2009). For example, a study of insects

across tropical highland rivers revealed high inter- and intraspecific

genetic structure and divergence among communities, which coin-

cided across distantly related lineages, suggesting long-term limited

dispersal across river sites as the main driver of community composi-

tion (M�urria et al., 2015). Hence, DNA sequencing of entire species

assemblages is a promising approach for exploring the ecological and

evolutionary mechanisms of community assembly.

Among widely studied macroecological patterns, the latitudinal

gradient of species diversity has been recognized in many groups of

plants and animals, showing a reduction in both local (a) and regional

(c) diversity towards the poles (Field et al., 2009; Gaston & Blackburn,

2000; Hawkins, Porter, & Diniz-Filho, 2003; Heino, 2011; Svenning,

Fløjgaard, & Baselga, 2011). Some studies also find a latitudinal

decrease in genetic diversity at the intraspecific level (Adams & Hadly,

2013; Bernatchez & Wilson, 1998; Martin & McKay, 2004; Miraldo

et al., 2016). In Europe, latitudinal decreases in species diversity have

been attributed to contemporary environmental factors such as

decreases in energy and productivity at northern latitude (Shah, Ton-

kin, Haase, & J€ahnig, 2015), or to historical factors such as distribution

shifts associated with climatic changes during the Pleistocene (Hewitt,

2000; Hof, Br€andle, & Brandl, 2008; Hortal et al., 2011; Stewart, Lis-

ter, Barnes, & Dal�en, 2010; Svenning & Skov, 2007). Similarly, the lati-

tudinal decrease in diversity at the intraspecific level has been
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attributed to slower rates of evolution at lower temperature (Adams &

Hadly, 2013; Miraldo et al., 2016; Oppold et al., 2016) or to genetic

drift during repeated fragmentation and northward postglacial range

expansion in the Pleistocene (Pfenninger & Posada, 2002).

In contrast to patterns of decreasing a- and c-diversity with lati-

tude, patterns of b-diversity (i.e., site-to-site variation in composition)

are more variable and the underlying processes have been actively

debated. For instance, decreasing b-diversity among local communi-

ties of native vascular plants with latitude in North America is asso-

ciated with lower climate differentiation at northerly latitudes and

postglacial dispersal limitation (Qian & Ricklefs, 2007). Similarly, spe-

cies richness in terrestrial Coleoptera across Europe exhibited signifi-

cant species richness decline in the north, presumably due to cold-

intolerance, whereas b-diversity among diverse southern regions was

driven by turnover of many specialist species with restricted distri-

butions (Baselga, 2010; Hortal et al., 2011). Shifting mechanisms

with latitude also explain b-diversity in tree communities as the pre-

dominant result of dispersal limitation in tropical forests but environ-

mental filtering in temperate regions (Condit et al., 2002; De

C�aceres et al., 2012; Myers et al., 2013).

In this study, we asked whether the dynamics of post-glacial recolo-

nization (i.e., past climate) or contemporary environmental conditions

were more important in determining diversity patterns in communities

of mountain freshwater macroinvertebrates across Europe. Despite their

known great species diversity, mountain freshwater ecosystems have to

date received surprisingly little attention with regard to genetic and spe-

cies diversity at the continental scale. We studied diversity patterns at

two geographical scales: among stream reaches within a single mountain

region and across these regions along a south–north transect from Mor-

occo to Scandinavia. These regions have been affected differently by

past climate and geological factors and differ in contemporary ecological

conditions. Specifically, the biotas at high latitudes occupy recently gla-

ciated areas and have formed in a comparatively short time. In addition,

local environmental factors such as litter inputs, seasonality in flow

regimes or frequency of discharge disturbance differ between the

mediterranean and scandinavian regions (Bonada & Resh, 2013). Water

bodies in these regions therefore differ greatly in spatio-temporal habitat

connectivity and stability (Hof et al., 2008; Ribera, Foster, & Vogler,

2003), as well as the amount and quality of available energy associated

with primary production dependent on latitudinal difference in insolation

(Bonada & Resh, 2013).

If biodiversity patterns are determined mainly by biogeographical

history of postglacial south-to-north range expansions (Hewitt,

2000), latitudinal a-, b- and c-diversity would decrease at high lati-

tudes. Southern communities are expected to accumulate high diver-

sity and strong intraregional structure due to long-term population

and species persistence in comparatively stable habitats (Hof et al.,

2008; Ribera & Vogler, 2004), whereas in postglacial northern

regions the communities should be recolonized by dispersive species

and therefore these regions are expected to show shallow local

diversification with little spatial structure at both the species (Ribera

et al., 2003) and genetic levels (Bernatchez & Wilson, 1998). Under

the “southern richness and northern purity” paradigm (Hewitt, 2000)

that has been confirmed for many terrestrial groups, we predict a

general trend of locally diverse and spatially highly structured com-

munities in southern Europe (high a- and b-diversity), and less

diverse northern communities, which constitute a nested subset of

those present in southern refugia (Baselga, 2010; Hof et al., 2008;

Hortal et al., 2011). At phylogenetic scales, diversity of northern

communities is reduced equally to include the most dispersive

(Hewitt, 2000) or warm-adapted clades (Hortal et al., 2011), which

may constitute lineages of related species that exhibit traits affecting

dispersal propensity or thermal tolerance, and thus, northern com-

munities may be phylogenetically clustered (Hortal et al., 2011).

Alternatively, if contemporary environmental conditions override

biogeographical–historical signatures, community composition should

be strongly correlated with environmental conditions within and

across regions (e.g., climate, streamflow, instream physical habitat

heterogeneity, particulate organic matter) and life history traits of spe-

cies that respond to these conditions. Given that not all environmental

factors vary in parallel across latitude, we can expect that they exert

selection on species traits, such as cold tolerance, and determine

diversity distribution. Therefore, according to this hypothesis, a-, b-

and c-diversity should not necessarily decrease with latitude. The

environmental hypothesis thus predicts that: (i) there is high turnover

of species diversity across regions in accordance with climatic differ-

ences, but only limited thinning towards northern latitudes (Svenning

et al., 2011); (ii) turnover of species distribution and community com-

position within narrowly defined regions is correlated with the degree

of local environmental heterogeneity (Astorga et al., 2014); (iii) phylo-

genetic community structuring reflects differences in species traits

across lineages, for example, a latitudinal decrease in phylogenetic b-

diversity for warm-adapted species (Hortal et al., 2011); and (iv)

intraspecific diversity and structure reflect species-specific dispersal

and demographic histories (determined by, for instance, the frequency

of floods and droughts or local barriers to gene flow; M�urria, Bonada,

Arnedo, Prat, & Vogler, 2013; Paz-Vinas & Blanchet, 2015), which is

independent of latitude, unless these parameters differ with latitude.

We investigated the patterns of community diversity at three

hierarchical levels: the intraspecific genetic level, by analysing varia-

tion of cox1 haplotypes within DNA-delimited species; the species

level, by delimiting putative species defined by cox1 clusters; and

the genus level, by identifying all major groups present at a site

based on morphology. We then assessed patterns of diversity at

these levels and at various spatial scales and tested for correlations

of diversity metrics across organizational levels. Only a historical sce-

nario driven primarily by the role of dispersal would predict such

correlation along the latitudinal gradient.

2 | MATERIALS AND METHODS

2.1 | Sampling sites, macroinvertebrates and
environmental variables

In total, 62 streams were sampled across six mountain regions cover-

ing three climatic zones (Figure 1): J€amtland in Sweden (Subarctic
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climate); Carpathians in Slovakia; Jura in France; Picos de Europa in

northern Spain (temperate climate); Betic in southern Spain; and Rif

in north Morocco (mediterranean climate) (Appendix S1). Intrare-

gional spatial arrangement of sites was as similar as possible

between regions: all sites were pristine, permanent (continuous flow

regime) first- or second-order headwater streams which were

located in calcareous zones and spatially independent (not flow-con-

nected). Calcareous soils were scarce in North Africa (Rif massif),

where fewer sites were sampled at shorter intersite distance

(Table 1). Similar limitations in temperate and subarctic regions

(European Soil Bureau Network European Commission, 2005) also

imposed a spatial sampling gap between the Carpathians and J€amt-

land and limited the choice of elevation in J€amtland. The elevation

of sampling sites was highest in the mediterranean Rif and Betic

regions, intermediate at the temperate regions and lowest in J€amt-

land (Table 1). In each stream, reaches of 150 m (hereafter, a “site”)

F IGURE 1 Location of the 62 sites in the six mountain regions in Europe and North Morocco. The regions sampled are the mountain
ranges of Rif, Betic, Picos, Jura, Carpathians and J€amtland. In each region, 9–11 sites were sampled [Colour figure can be viewed at
wileyonlinelibrary.com]
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were sampled twice in spring and fall of 2008, and both time points

were pooled for the current analysis.

Macroinvertebrates were sampled using both qualitative and

quantitative methods to assess occurrence and abundance at the

genus level. The qualitative sampling took place in all available habi-

tats using a 250-lm mesh kick net for at least 150 min (including

kick sampling together with material sorting and identification) until

no new taxa (visually identifiable) were captured in two consecutive

kick samples. Three quantitative samples were collected at randomly

selected spots within the site using a cylindrical Hess sampler

(Ø = 30.5 cm) with 250 lm mesh size. Qualitative and quantitative

samples were sorted in the laboratory and macroinvertebrates were

identified to genus level (Tachet, Richoux, Bournaud, & Usseglio-

Polaterra, 2010). Diptera, Gordiaceae and Oligochaeta were not

identified because of taxonomic complexity and were not used in

further analyses. Following standard methods in plant ecology

(cover-abundance index used by Braun-Blanquet; Poore 1955), the

overall abundance of each genus was assigned to one of four rank-

abundance categories (approximating equal bins of log-transformed

abundance) after combining the qualitative and quantitative data sets

collected in spring and autumn: 1 for 1–3 individuals, 2 for 4–10

individuals, 3 for 11–100 individuals and 4 for >100 individuals. The

abundant and widely distributed genera Baetis (Ephemeroptera:

Baetidae) and Hydropsyche (Trichoptera: Hydropsychidae), and all

members of the coleopteran families Elmidae (seven genera) and

Hydraenidae (three genera) were selected for molecular analyses and

morphologically identified at the species level (Appendix S2). These

four lineages differed in species diversity and life history traits such

as dispersal capabilities or body size. For instance, based on a combi-

nation of four biological traits (body size, number of generations per

year, dispersal strategy and adult life span), Elmidae, Hydraenidae

and Hydropsyche were inferred to exhibit strong flying propensity,

whereas it was weak in Baetis (Sarremejane, Mykr€a, Bonada, Aroviita,

& Muotka, 2017).

A total of 21 environmental variables related to stream habitat

characteristics (e.g., channel stability, substrate heterogeneity) and

water physicochemistry (e.g., pH, temperature, dissolved organic

matter) were measured in each site during the autumn collecting

campaign (Appendix S3). The number of variables was reduced to

eliminate the redundancy and collinearity among environmental vari-

ables, but capturing the key elements of environmental variation

without overfitting models. For pairs of highly correlated variables

(Pearson r > .8), we retained the one with a clearer ecological inter-

pretation (Dormann et al., 2013), yielding a total of 18 variables

(maximum and minimum stream width and total suspended solids

were removed). Moreover, a principal component analysis (PCA) was

performed on these 18 variables, and the first two orthogonal PCA

axes (i.e., perfectly uncorrelated; Dormann et al., 2013) were used in

the variation partitioning analyses. Geographical distances between

sites associated with likely movement routes were calculated as

least-cost path distances using elevation as the cost layer (i.e., layer

of impeding or facilitating movement). These measures of landscape

connectivity aim to account for the dispersal pathway of winged

adults (flying at low altitude) or for drifting larvae. Nevertheless, how

widely and how often freshwater invertebrates disperse passively or

actively remains unknown but differs greatly among taxa (Sarreme-

jane et al., 2017). Geographical distances were calculated using the

PATHMATRIX 1.1 ARCVIEW 3.2 extension tool (Ray, 2005). Digital eleva-

tion map data used as a cost layer were obtained from SRTM NASA

(90 9 90 m resolution; Jarvis et al., 2008), except for J€amtland,

where data were obtained from MDT EEA (1 9 1 km resolution;

EEA 2010).

2.2 | DNA sequencing and molecular species
delimitation

The cox1 gene was sequenced for up to 25 individuals per site for

each recognizable species of the 12 focal genera. DNA was

extracted from thorax or abdominal segments using Wizard SV 96

extraction plates (Promega, Southampton, UK). A 658-bp fragment

was amplified for Baetis species using a combination of the standard

oligonucleotide primers LCO1490 and HCO2198 (Folmer, Black,

Hoeh, Lutz, & Vrijenhoek, 1994). For Hydropsyche, a 644-bp frag-

ment was amplified using a combination of primers Dave and Inger

(Lehrian, Pauls, & Haase, 2009). An 822-bp fragment of cox1 was

amplified for Elmidae and Hydraenidae with primers C1-J-2183

(Jerry; Simon et al., 1994) and a modified TL2-N-3014 (S-PatR; Tim-

mermans et al., 2010). Amplification products were purified using

Millipore Multiscreen 96-well plates (Millipore, Billerica, MA, USA)

and sequenced in both directions using the ABI BigDye Terminator

kits and ABI PRISM3700 DNA Analyzer (Applied Biosystems, Foster

City, CA, USA). Sequences for all unique haplotypes were submitted

to GenBank under Accession nos KY656166–KY656253 and

MF783180–MF783882.

Putative molecular species were delimited using the generalized

mixed Yule-coalescent (GMYC) model (Fujisawa & Barraclough,

2013) after all identical cox1 sequences were collapsed into unique

haplotypes. The GMYC model optimizes the point of change in

branching rates at the species-population boundary to divide inter-

specific and intraspecific variation. GMYC was shown to be consis-

tent with other methods (e.g., ABGD, P ID(Liberal), PTP) (Hamilton

et al., 2014; Tang et al., 2014). A GMYC model was run separately

TABLE 1 Description of spatial extent and configuration of the
sites for each region

Region n
Intersite
range (km)

Intersite
mean
(km)

Altitude
range (m)

Altitude
mean
(m)

Rif 9 1.83–35.78 15.65 63–1,362 887.44

Betic 10 4.98–165.75 71.75 124–1,314 983.6

Picos 10 8.47–171.54 71.85 137–855 473.6

Jura 11 11.16–128.64 58.22 332–931 590.72

Carpathians 11 7.47–101.34 53.96 614–938 725.09

J€amtland 11 13.97–107.11 53.27 306–478 342.72

n, number of sites in each region.
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for each lineage. The GMYC analysis was conducted on a maximum-

likelihood phylogenetic tree obtained with RAXML 7.0.4 (Stamatakis,

2006) under a GTR + Γ substitution model after adding one out-

group per lineage (GenBank Accession nos: JQ663124; DQ156052;

DQ266502; JQ687925). The tree was made ultrametric using penal-

ized likelihood as implemented in R8S version 1.7 (Sanderson, 2003)

with the optimal smoothing parameter selected by cross-validation.

The GMYC analysis was conducted using the R package (R Develop-

ment Core Team 2013) SPLITS with the “single threshold” option (Fuji-

sawa & Barraclough, 2013), and the resulting clusters were used for

the analysis of the species level.

2.3 | Estimates of diversity at multiple
organizational levels

The same analytical framework for estimating diversity was used at

the three hierarchical levels: genus, species and haplotypes. a-diver-

sity was defined at the scale of the local site (reach) and c-diversity

was defined at the regional scale, summing up all variants within a

region. To assess whether intraregional composition was distinct

across regions, we conducted a correspondence analysis (CA) using

the site-by-taxon data tables to assess distinctiveness across sites

and to test if northern communities were a subset of southern com-

munities. Differences across regions were assessed using a Monte

Carlo procedure, which yielded a simulated probability obtained after

1,000 permutations (Dol�edec & Chessel, 1989). Next, compositional

differences (b-diversity) in pairs of regions were quantified following

Baselga (2010). This approach partitioned total b-diversity (bsor) into

nestedness (e.g., if northern taxa are a subset of southern taxa—bnes)

and turnover (i.e., replacement of taxa across regions—bsim), which

are additive factors of bsor (Baselga, 2010). For this analysis, we used

the presence/absence community matrix within a region, summing

up all sites, and the function “beta.pair” was run in the R package BE-

TAPART (Baselga & Orme, 2012).

b-diversity within each region was estimated using two indices,

for which the observed and expected values were estimated sepa-

rately to account for the statistical dependence of b-diversity on c-

diversity (Kraft et al., 2011). First, the Hellinger distance was used

to measure compositional dissimilarities between all pairs of sites,

and its total variance within a region was the estimate of b-diver-

sity, which is the average dissimilarity between sampling units (De

C�aceres et al., 2012; Legendre & De C�aceres, 2013). As abundance

at the genus level was coded as rank abundance, for this analysis

the abundances of species and haplotypes were also transformed to

rank categories. The null model involved 1,000 randomizations of

taxon occurrence in a region fixing c-diversity to the total richness

in the poorest region to remove effects of variation in c-diversity

among regions but keeping the original relative abundance of each

taxon in that region. Second, the Whittaker’s index of b-diversity

(b = 1 � c/ᾱ) was estimated (Whittaker, 1960). The expected values

for these analyses were obtained using a null model that randomly

shuffles individuals among sites while preserving c-diversity and the

total number of individuals per site for 1,000 iterations (Kraft et al.,

2011; Myers et al., 2013). This was possible only at the species and

haplotype levels. If differences between the observed and (mean)

expected dissimilarity divided by the standard deviations of

expected values were not significantly different from zero, local

communities were considered a largely random draw from the

regional (c) pool. In contrast, large deviations would indicate that

certain factors (e.g., biogeography, dispersal limitations, ecological

conditions) might be responsible for more aggregated (positive) or

dispersed (negative) species distributions than expected from

stochastic sampling alone (Kraft et al., 2011; Myers et al., 2013). To

disentangle the processes contributing to the b-partitioning, the

total variation of the Hellinger distance among sites within each

region was partitioned into four components: pure environment,

pure spatial structure (obtained from principal components of neigh-

bour matrices, PCNM; Borcard, Legendre, Avois-Jacquet, & Tuo-

misto, 2004; Griffith & Peres-Neto, 2006), spatially structured

environment and the unexplained variation (Peres-Neto, Legendre,

Dray, & Borcard, 2006).

Phylogenetic community structure was assessed based on ultra-

metric trees, by measuring the mean pairwise phylogenetic dis-

tances among species (ComDist index) occurring in two different

communities (i.e., phylogenetic b-diversity) within each region (Kem-

bel et al., 2010). The mean value of phylogenetic b-diversity for

each region was used for testing a trend with latitude. At the

intraspecific level, a-diversity was estimated as the local nucleotide

diversity p (the average number of nucleotide differences per site

between two sequences; Nei, 1987) for each species with at least

five individuals sequenced per site. Intraregional population genetic

structure (b-diversity) was estimated only for species with at least

five individuals sequenced per site and located in at least three

sites within a region using pairwise ΦST values, as calculated in AR-

LEQUIN version 3.1 (Excoffier, Laval, & Schneider, 2005). Finally, to

test for species–genetic diversity correlations (SGDC; Vellend,

2003), a-diversity at the genus level and the mean nucleotide diver-

sity p of species present at a site were correlated using Pearson’s

correlation coefficient.

The correlation between each estimate of diversity and latitude

was tested using Spearman rank-order correlation. These statistical

analyses were performed with the ADE4 (Dray & Dufour, 2007), STATS

(R Development Core Team 2013), APE (Paradis, Claude, & Strimmer,

2004) and VEGAN (Oksanen et al., 2015) packages of the R software

(R Development Core Team 2013).

3 | RESULTS

A total of 18 orders, 87 families and 197 genera of freshwater

macroinvertebrates were morphologically identified (Appendix S4).

Twenty of 197 genera were distributed across the entire latitudinal

gradient, which included genera used in molecular analyses and

others, such as Dugesia (Tricladida), Isoperla, Leuctra (Plecoptera) or

Rhyacophila and Wormaldia (Trichoptera). The Rif had the most

unique genera (13), followed by Picos (11), J€amtland (10) and Betic
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(9). The number of genera restricted to the mediterranean zone (15)

was higher than in the temperate (3) or subarctic (10) zones.

DNA sequences were obtained for 3,113 individuals representing

791 unique cox1 haplotypes and 118 species. The maximum-likeli-

hood trees were consistent with our species-level morphological

identification (Figs S1–S4). Baetis showed the highest richness (1,084

sequences, 298 unique haplotypes and 39 species, Appendix S5), fol-

lowed by Hydraenidae (666 sequences, 206 unique haplotypes and

33 species, Appendix S6), Hydropsyche (508 sequences, 88 unique

haplotypes and 25 species, Appendix S7) and Elmidae (855

sequences, 199 unique haplotypes and 21 species, Appendix S8).

The intraregional number of species was similar at all latitudes for

Baetis (8–11 species) and Hydropsyche (4–7 species). In contrast,

intraregional species richness for Elmidae and Hydraenidae

decreased from 10 to 11 species in Betic to two species per lineage

in J€amtland. None of the species was found across the entire gradi-

ent, and the most widely distributed species were located either in

southern (from Rif to Picos) or northern (from Jura to J€amtland)

areas. Most haplotypes were only found in a single region (Figure 2,

monocoloured bars), and Hydraenidae and Elmidae were the lineages

with the highest number of haplotypes shared across regions (Fig-

ure 2b, c, multi-coloured bars).

The a-diversity (at local reaches) ranged from 14 to 66 genera,

2–23 species, and 3–52 haplotypes (Figure 3a). The highest

estimates of a-diversity at all three levels were found at Picos, Betic

and Carpathians, whereas J€amtland harboured the lowest values. a-

diversity significantly decreased with latitude at the genus

(rho = �0.37, p < .01) and species (rho = �0.27, p = .03) levels, but

not at the haplotype level (rho = �0.2, p = .12). c-diversity (all

reaches within a region) was the highest in Betic and Picos and the

lowest in J€amtland; estimates ranged from 71 to 116 genera, 17–66

species and 82–194 haplotypes (Figure 3b). c-diversity decreased

with latitude at all hierarchical levels, but the correlation was signifi-

cant only for the number of genera, with a marginally significant

result at the species level (genus: Rho = �0.89, p = .03; species:

Rho = �0.77, p = .1; haplotype: Rho = �0.31, p = .56).

The first two CA-axes explained a low percentage of variance in

composition at the three levels: 9.99% and 6.79% of total variance

at the genus level, 7.56% and 6.48% at the species level and 3.40%

and 3.31% at the haplotype level (Figure 4a–c). The distinctiveness

of each region was significant (p = .001) at all three levels, indicating

overall high turnover across regions. Genus composition overlapped

across temperate sites (Picos, Jura and Carpathians), where intrare-

gional variability was the lowest, while the mediterranean and

subarctic zones were located at opposite sides of the ordination

axes. Species composition in the temperate zone and J€amtland

strongly overlapped and showed low intraregional variability,

whereas Rif and Betic were very distinct. At the haplotype level,
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Picos and Jura showed the largest intraregional variation, while turn-

over among regions was almost complete, and only Carpathians and

J€amtland shared any haplotypes. Compositional turnover among

regions varied for the three hierarchical levels. For genera, 42.1%

were widely distributed, 29.5% were limited to one climatic zone

and 28.4% were located at only one region, whereas the percent-

ages of species and haplotypes limited to a single region were 85.6%

and 99.97%, respectively (Appendixes S4–S8). Overall b-diversity

(bsor) between regions increased significantly with geographical dis-

tance at the genus and species levels, whereas haplotypes showed
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almost a complete turnover among all pairs of regions, regardless of

their physical proximity (Figure 4d). The turnover component of b-

diversity (bsim) between regions (as opposed to nestedness, bnes) was

the main contributor to overall b-diversity across regions: 85.76%,

93.75% and 99.10% at the genus, species and haplotype levels,

respectively.

The degree of intraregional b-diversity (using Hellinger distances)

was largely decoupled from latitude, apart from a marginally signifi-

cant negative relationship at the genus level (genus: Rho = �0.82,

p = .06; species: Rho = �0.43, p = .42; haplotypes: Rho = �0.37,

p = .5; Figure 3c). Similar trends were found using Whittaker’s index

of b-diversity (species: Rho = �0.6, p = .24; haplotypes:

Rho = �0.08, p = .91; Figure 3d). After controlling for differences in

c-diversity, null-model expectations and observed patterns were

coincident for Hellinger distances (Figure 3c), whereas observed esti-

mates of b-diversity using Whittaker’s index were greater than the

values in the null models (Figure 3d). Deviations of Whittaker’s index

were larger at species than haplotype levels, indicating a greater

level of aggregated distribution for species than haplotypes.

Environmental and spatial contributions to b-diversity varied

among organizational levels and regions, but the unexplained (resid-

ual) variance never increased with latitude. For example, at the

genus level, the contribution of pure environment and spatial dis-

tance was higher in northern regions, particularly in the Carpathians

(Figure 5a). At the species level, the pure environment component

was important (>15%) in all regions except Betic, and pure distance

contributed the most at Rif and J€amtland (~20%; Figure 5b). The

combined influence of environment and space was lowest at the

haplotype level, and the majority of variation was unexplained (Fig-

ure 5c).

Mean phylogenetic b-diversity (Figure 6) among communities

within a region clearly decreased from southern to northern latitudes

for Hydraenidae (rho = �1, p = .002) and Elmidae (rho = �0.94,

p = .01), while it was uncorrelated for Baetis (rho = 0.08, p = .91)

and Hydropsyche (rho = �0.31, p = .56). Nucleotide diversity p

ranged from 0 to 0.018 and decreased significantly albeit weakly

with latitude (R2 = �.03, p = .004; Figure 7a). The genus Baetis

showed the highest values of nucleotide diversity. Across the entire

gradient, 22 of the 37 species in the analysis showed significant

intraregional genetic structure ΦST (Figure 7b). The magnitude of ΦST

was not significantly related to latitude, and both significant and

nonsignificant ΦST values were found in all regions. All species in

J€amtland showed ΦST > 0.1. The ΦST was particularly high for Baetis

(maximum ΦST = 0.62) at Picos and Jura. Genus richness and aver-

age intraspecific nucleotide diversity p calculated for all species with

multiple individuals in a local site were positively correlated (SGDC:

N = 62, R2 = .072, p = .035), showing the highest values in Betic

and Picos, and lowest correlation in Jura and J€amtland (Figure 7c).

4 | DISCUSSION

4.1 | Support for environmental filtering from
distribution patterns at multiple organizational levels

In contrast to studies of terrestrial arthropods along the latitudinal

gradient in Europe that supported the postglacial recolonization

hypothesis (Entling et al., 2012; Hawkins, 2010; Hewitt, 2000; Hor-

tal et al., 2011), distributions of freshwater organisms examined here

only partly confirmed this model. Diversity within sites (a-diversity)

and regions (c-diversity) decreased with latitude (Figure 3a–b), but

the decrease was mostly limited to the genus level and weak at the

other taxonomical levels, as previously observed at the global scale

for freshwater taxa (Heino, 2011). In addition, we found numerous

species confined to either the mediterranean, temperate or subarctic

zones, including 10 genera located exclusively in the subarctic. These

observations indicate the influence of climatic differences and local

factors in determining species distributions among regions (Astorga

et al., 2014; Heino, 2011), rather than the dispersal from southern

refugia. We also found high levels of intraregional turnover (b-diver-

sity), even in northern regions (Figure 3c–d), which would not be
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expected if community assembly occurred through region-wide post-

glacial colonization of a limited number of expanding, southern taxa.

Instead, our findings support a scenario driven by environmental

conditions, which is corroborated by the following observations (see

Section 1): (i) inter-regional distinctiveness in community composi-

tion across regions was high (Figure 4a–c), with b-diversity showing

only a very small nestedness component (Figure 4d); (ii) the environ-

mental effect on community composition at the genus and species

levels was as strong or stronger at northern sites (Figure 5a–b),

where the northward migration scenario might have predicted more

stochastic (or unexplained) variation from the random long-distance

dispersal of lineages; (iii) latitudinal trends of phylogenetic commu-

nity structure varied among lineages (Figure 6) probably reflecting

species- or lineage-specific life history traits determining the geo-

graphical distributions; and (iv) nucleotide diversity p showed only a

weak tendency to decrease with latitude (Figure 7a). In addition,

intraspecific genetic differentiation among populations (ΦST) within a

region was fairly high at all latitudes (Figure 7b), contrary to
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expectations of reduced diversity and greater homogeneity in

recently established northern populations (Hewitt, 2000).

4.2 | Correlations of species diversity and
phylogenetic turnover with environment

Studying patterns of diversity at the three hierarchical levels simulta-

neously provided key insights into the eco-evolutionary mechanisms

that shaped community composition of mountain freshwater

macroinvertebrates. At the species level, we found that mediter-

ranean species are different from those in the temperate zones, and

only a few species (e.g., Baetis rhodani, Hydraena gracilis, Elmis aena)

are shared between the temperate and subarctic zones, while the

latter also harbours several exclusive species (Baetis fuscatus, Baetis

subalpinus, Hydraena britteni, Hydropsyche silfvenii). Phylogenetic b-

diversity of beetles significantly decreased with latitude because

Hydraenidae and Elmidae are strongly diversified in the mediter-

ranean zones, but not in the subarctic zone (Figures 2b–c, 6a–b).

Limited cold tolerance has likely reduced the northward expansion

and diversification of freshwater beetles, in agreement with findings

for terrestrial beetles (Baselga, 2010; Hortal et al., 2011). In contrast,

northern communities of Baetis (Figure 6c) were composed both of

species belonging to the widely distributed rhodani group and of dis-

tantly related, cold-tolerant species belonging to the niger, fuscatus

and subalpinus groups. Low-latitude Baetis assemblages were com-

posed of closely related and locally diverged species within the rho-

dani and maurus groups. Similarly, the latitudinal turnover of

Hydropsyche across regions (Figure 6d) affected species drawn from

the entire phylogeny (Figure 2d), without obvious region-specific fac-

tors structuring species replacement. Overall, patterns of phyloge-

netic b-diversity thus appear to reflect lineage-specific life history

traits in determining distributions and accumulation of species in dif-

ferent biogeographical regions, rather than the canonical south-to-

north postglacial dispersion from the mediterranean area (Heino,

2011; Provan & Bennett, 2008; Stewart et al., 2010; Taberlet, Fuma-

galli, Wust-Saucy, & Cosson, 1998). Since species-specific ecological

preferences presumably arose long before the contemporary climatic

gradients were established, it is more plausible that northern moun-

tain stream species expanded from a number of different glacial

refugia, presumably in parts of Central and southeastern Europe that

remained ice-free (Pauls, Lumbsch, & Haase, 2006; Stewart et al.,

2010; Theissinger et al., 2013), which would explain the high degree

of differentiation between contemporary southern and northern

communities. The strong latitudinal structuring of species ranges and

phylogenetic lineages, together with intraregional environmental

effects on species composition (in all regions except Betic, Fig-

ure 5b), indicates the role of environmental filtering.

4.3 | Intraspecific genetic structure of communities

The distribution of haplotypes differed from the species- and genus-

level patterns: intraregional b-diversity of haplotypes was largely

independent of environmental parameters. Cox1 sequence variation

is presumably neutral with regard to environment but instead is

expected to track the demographic history of species (Baselga,

G�omez-Rodr�ıguez, & Vogler, 2015; Craft et al., 2010). Therefore,

intraspecific genetic differentiation may be “unexplained” by any of

our measured variables (Figure 5c), but this does not contradict the

scenario of community assembly due to environmental filtering. We

also find that haplotype b-diversity was largely unrelated to geo-

graphical distance, contrary to expectations under a scenario of lim-

ited dispersal and gradual accumulation of genetic divergence

(Baselga et al., 2013; Fujisawa, Vogler, & Barraclough, 2015), but

consistent with large-scale migration from various source areas and

species distributions determined by the local environment. Within

regions, topography and physical habitats are generally highly

heterogeneous across mountain streams (Gooderham, Barmuta, &

Davies, 2007), thus leading to ecological differentiation of communi-

ties as we found here. In addition to environmental heterogeneity,

the mountain settings and dendritic connectivity present physical

barriers to dispersal among headwater streams, and thus can con-

tribute to community and population differentiation (Finn, Bonada,

M�urria, & Hughes, 2011; M�urria et al., 2013; Paz-Vinas & Blanchet,

2015). The strong genetic structure (ΦST, Figure 7b) in all regions (in-

cluding the subarctic J€amtland region) suggests limited dispersal

among streams, which exacerbates the constraints imposed by the

environment.

Genetic structure found in freshwater phylogeographic studies at

a regional scale has been commonly associated with Pleistocene

postglacial population expansion from periglacial refugia (e.g., Benke,

Br€andle, Albrecht, & Wilke, 2011; M�urria & Hughes, 2008; Pauls

et al., 2006) and high isolation across headwater streams and among

high elevation mountain ranges (B�alint et al., 2011; Finn, Khamis, &

Milner, 2013; Pauls, Nowak, Balint, & Pfenninger, 2013). The current

analysis confirms the earlier findings of limited dispersion, extending

the scope of the analysis to multiple species and to the continental

scale, and now also revealing isolated biogeographical climatic zones

and high intraspecific genetic structure unrelated to latitude. The

strongest genetic structure was found in the karstic landscapes of

Picos and Jura where several streams emerge from springs. These

habitats are stable and typically characterized by unique fauna and

limited gene flow across reaches (Barqu�ın & Death, 2006; Sei, Lang,

& Berg, 2009). In contrast, the few examples from existing studies of

genetically unstructured species (from various families along all lati-

tudes) might possibly be linked to local habitat characteristics that

promote homogenization, such as frequent disturbance by drought

or floods (Abellan, Millan, & Ribera, 2009; M�urria, Bonada, Ribera, &

Prat, 2010; Phillipsen et al., 2015).

4.4 | Diversity correlations across organizational
levels

Patterns of local diversity at multiple hierarchical (species and haplo-

type) levels might be coupled under various scenarios of stochastic

dispersal and community persistence (Vellend, 2003; Vellend et al.,

2014). We found a weak correlation of genus diversity and average
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nucleotide diversity of individual species within a community, which

is largely driven by the latitudinal decrease in diversity at both levels

(Figures 3a, 7c). Although assembly mechanisms appear to vary

across latitudes and lineages (Figure 5), certain factors (e.g., isolation

among regions, local ecological conditions and drift) might affect

genus and nucleotide diversity in similar ways. In previous studies,

no significant SGDC was found across latitude for plant or tree spe-

cies, likely due to different factors influencing diversity at the com-

munity (e.g., habitat diversity, environmental filtering) and population

levels (e.g., glacial and postglacial history, habitat instability) (Pus�cas�,
Taberlet, & Choler, 2008; Taberlet et al., 2012; Wei & Jiang, 2012).

Commonly, estimates of intraspecific genetic diversity were based

either on only one species or on data from several widely distributed

species analysed separately, thereby capturing most often species-

specific genetic trajectories. In contrast, community DNA barcoding

allows estimation of intraspecific genetic diversity by summing

genetic diversity for all species within a community, which provides

a more comprehensive genetic characterization of entire communi-

ties. For instance, positive SGDCs were explained by long-term habi-

tat stability and strong isolation that promoted divergence of both

communities and populations of tropical highland freshwater insects

(M�urria et al., 2015), or dispersal limitation that have influenced spe-

cies and genetic diversity of tenebrionid beetles similarly on the

Aegean Archipelago (Papadopoulou et al., 2011). Although we found

a significant SGDC here (Figure 7c), overall patterns of variation

were not strongly concordant across hierarchical levels, pointing to

an important role of species-specific selection, rather than a predom-

inant role of neutral processes that are thought to be generally

responsible for producing positive SGDCs (Baselga et al., 2013; Vel-

lend, 2003).

5 | CONCLUSIONS

We found that the a- and c-diversity of macroinvertebrates of

mountain freshwater communities at the genus level decreased with

latitude—a pattern well-established for terrestrial arthropods (e.g.,

Baselga, 2010; Hortal et al., 2011). However, the high level of turn-

over among regions and among sites within regions at multiple hier-

archical levels suggests an overriding influence of environmental

factors determining the large-scale community composition of fresh-

water macroinvertebrates (Astorga et al., 2014; Heino, 2011). The

novelty of our approach is in accounting for an evolutionary time

continuum, integrating diversity from populations through deeper

phylogenetic levels and examining the entire communities, to disen-

tangle the mechanisms underlying macroecological patterns. We

found pronounced differences in community composition across

European highland streams, each with their own evolutionary history

and local differentiation resulting in high levels of endemism. This

has practical relevance for biological assessments of water quality.

Because freshwater biodiversity is declining at faster rates than ter-

restrial biodiversity (Sala et al., 2000) due to losses of habitat quality

and connectivity (e.g., through pollution, river regulation, water

overextraction; Woodward, Perkins, & Brown, 2010; Markovic et al.,

2014), understanding the mechanisms of origin and maintenance of

freshwater diversity is crucial for management and conservation. To

date, freshwater biomonitoring has been assessed commonly at the

family taxonomic level for many groups, but there is an increasing

application of DNA sequencing technologies that allow high-resolu-

tion assessments at the genus or even species level (Leese et al.,

2016). Our findings highlight that future routine application in

biomonitoring will require a region-specific approach, taking into

account local and regional habitat differentiation to establish refer-

ence conditions and the ecological status of each water body.
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