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distribution of phototrophic biofilm assemblages
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Abstract Temporary streams are submitted to high

seasonal hydrological variations which induce habitat

fragmentation. Global change promotes longer non-

flow periods, affecting hydrological continuity and the

distribution of biological assemblages in river net-

works. We aimed to investigate the effects of hydro-

logical discontinuity on phototrophic biofilm

assemblages in a Mediterranean stream, at both

network and habitat scales. At the network scale

during basal flow conditions, mostly nitrate and DOC

concentrations were associated to the taxonomical and

trait distribution of algae and cyanobacterial assem-

blages. Cyanobacteria dominated at the upstream and

downstream sites of the network, while green algae

and diatoms were abundant in its middle part. At the

habitat scale, hydrological discontinuity promoted

large changes in biofilm composition between riffles

and pools, where pools were inhabited preferentially

by green algae and riffle habitats by cyanobacteria.

Our findings emphasize the myriad of factors affecting

the spatial distribution of phototrophic biofilms, which

become more heterogeneous according to water flow

interruption. Under the predicted climate change

scenarios, spatial heterogeneity in temporary streams

may increase, which will lead to change phototrophic

biofilm assemblages.

Keywords Algae � Cyanobacteria � Flow
disconnection � Traits � Taxonomy

Introduction

Temporary streams characteristically cease to flow at

some point in space and time (Boithias et al., 2014),

experiencing cycles of expansion, contraction and

fragmentation (Acuña et al., 2005). Temporary

streams make up at least 30% length of the global

river network (Acuña et al., 2014), this proportion

being larger in dry or semi-dry areas. In the
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Mediterranean basin, temporary streams receive both

natural and human-derived hydrological disturbances,

which cause highly seasonal and interannual hydro-

logical variations (Sabater & Tockner, 2009). The

Mediterranean region is also a ‘‘hot-spot’’ of biodi-

versity (Myers et al., 2000), as well as one of the areas

vulnerable to climate change (Giorgi & Lionello,

2008). These alterations will cause a likely reduction

of summer precipitation, up to 4�C warming, and

higher frequency of extreme precipitation events (i.e.

droughts and heavy rainfalls) (Sánchez et al., 2004),

which will translate to a higher flow variability and

longer periods of flow interruption in temporary

streams (Acuña et al., 2017).

Alterations in the river hydrological regime may

affect stream biota, privileging the most adaptive taxa

and causing local and regional changes in diversity

(Bonada & Resh, 2013). Being placed at the basis of

the stream trophic network, biofilms are complex

biological communities of bacteria, fungi, cyanobac-

teria, algae and protozoa (Lock 1984). In small

streams, phototrophic epilithic biofilms (developing

mostly on the upper parts of cobbles and rocks) are

usually dominated by eukaryotic algae and cyanobac-

teria (Lock, 1993; Romani & Sabater, 2000). These

are involved in the biogeochemical cycling of nutri-

ents and organic matter (Von Schiller et al., 2007;

Lange et al., 2011; Battin et al., 2016), and provide a

good quality food source for consumers (Bott &

Kaplan, 1990; Stevenson, 1996; Graba et al., 2013)

within river networks.

Variations in river hydrology and the magnitude

and frequency of flow pulse events, together with the

stream size, and its location within the network might

influence the spatial distribution of phototrophic

biofilms species in temporary streams. The composi-

tion and abundance of phototrophic epilithic biofilms

is responsive to variations in hydrology, substrata size

and texture, light irradiance, temperature, and nutrient

conditions (Stevenson, 1996; Battin et al., 2016). In

the hydrological transition between basal flow and

non-flow conditions (which may occur at the inter-

section between early spring and summer in Mediter-

ranean temporary streams), environmental differences

between the sites occur swiftly and are spatially

evidenced, and local factors impose large differences

at the habitat scale (Tornés and Sabater 2010, Stanley

et al., 2004; Ledger et al., 2008). The stream network

becomes fragmented, remaining into a patched

landscape of pools and riffles, leading to a mosaic of

contrasting habitats, to be colonized by phototrophic

biofilms. Their composition and abundance, as a

result, might differ both longitudinally (along the

channel) and laterally (across the channel), and

potentially produce characteristic patterns of alpha

and beta diversity between the sites (Socolar et al.,

2016; Pound et al., 2019). Beta diversity may increase

when habitat patches become disconnected in parallel

to the hydrological interruption (Larned et al., 2010).

Overall, the composition of biofilm communities

might be seen as the output of local (on-site) and

network scales.

In this study, we analysed the taxonomical and trait

distribution of phototrophic biofilm assemblages at the

network and habitat scales during this transitional

period in the hydrology of a Mediterranean river.

Species might possess traits facilitating their colo-

nization success as well as the individuals’ survival

(McAbendroth et al., 2005; Tornés & Ruhı́, 2013), and

therefore are informative of their adaptations to a

changing environment. Combining taxonomical and

trait-based approaches may be helpful to understand

the patterns of distribution of species assemblages

(Kelly, 2012; Tapolczai et al., 2016; Wu et al., 2017).

Through them, we aimed to test that the environmental

drivers characterizing the interphase between the basal

water flow period and the disconnection period would

consistently affect the composition and trait distribu-

tion of phototrophic biofilm assemblages at different

spatial scales. We assumed that (i) environmental

characteristics such as light availability, flow velocity,

and nutrient content would account for the distribution

of phototrophic biofilm species at the network scale.

Headwater sites have lower nutrient content and lower

light availability than downstream sites, and these

usually favour different patterns of taxonomical

composition and species traits (Sabater et al., 2006).

We expected that differences along the network would

be more important than potential variations within

each of the sites. We also aimed to test that (ii) at the

habitat scale, habitat type and the degree of hydro-

logical separation would be the most important drivers

of phototrophic biofilm communities. We expected

riffle habitats to sustain more homogeneous physical

and chemical conditions between them than isolated

pool habitats, and that these differences would revert

on distinct biofilm assemblages between them.

Finally, (iii) we assumed that differences along the
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network and between habitats would consistently

appear at both taxonomical and trait features.

Methods

Study area and sampling strategy

The study was performed in the Algars-Estrets river

network (NE Iberian Peninsula). This is a small basin

(405 km2) receiving a moderate human pressure,

mostly in its lower part in the form of agricultural

activities (CORINE land cover data 2006). In the

upper part of the basin coniferous forest and transi-

tional woodland-shrub dominate, and middle reaches

are characterized by a mixture of coniferous forest

with agricultural land. The basin has a Mediterranean

climate, with a dry summer period and a wet period in

autumn and spring, and the river network receives a

highly predictable and seasonal hydrological variation

(Gasith & Resh, 1999). During the drier period (May

to September), flow interruption affects hydrological

connectivity and increases habitat heterogeneity (Ga-

sith & Resh, 1999; Matthaei et al., 2003). A two-scale

sampling design was performed, aiming to unveil the

detailed (habitat, local scale) and general distribution

of algal river communities (sites scattered from

upstream to downstream along a river network).

Network scale

We performed a field survey for the assessment of the

spatial distribution of phototrophic biofilms species.

We selected 14 sites distributed throughout the

Algars-Estrets river network (Fig. 1), and sampled

during baseflow (February 2019), when longitudinal

hydrological connectivity was complete but lateral

connectivity was partial at some sites. We will refer to

samples from this fieldwork survey as the network

scale samples. The sampled sites alternated riffles and

pools, with streambed substrata of cobbles of decreas-

ing size downstream. In every site, three equidistant

transects including riffle and pool habitats were

defined and sampled. Discharge from the closest

gauge in the Algars was 0.17 m3s-1 (between sites A3

and A4; data from www.chebro.es).

Habitat scale

We also performed a separate second sampling

campaign during April 2019. Two of the sites already

sampled (sites A3 and A9, Fig. 1) were selected for a

detailed analysis of the spatial distribution of the

phototrophic biofilm assemblages. We will refer to

samples from this field survey as the habitat scale

samples. This period was still in baseflow (0.15 m3 s-1

between sites A3 and A4), but hydrological fragmen-

tation was apparent mostly in site A9. We selected

three different riffle habitats and two pool habitats in

each of the two studied sites, onto which 3 replicates

were sampled for each riffle or pool habitat and, each

replicate consisting of 3 independent cobbles.

Fig. 1 Location of the Algars-Estrets river network in the

Iberian Peninsula (map in the upper right corner). Yellow

thumbtacks indicate the sampling sites. A total of 9 sampling

sites of the Algars (‘A’) river and 5 sampling sites of the Estrets

(‘E’) river are shown
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Physical and chemical variables

Electrical conductivity (lS cm-1), pH, water temper-

ature (�C) and dissolved oxygen concentrations (mg

l-1) were measured three times using hand-held

probes (WTW, Weilheim, Germany) in situ, in each

of the sites and habitats. Three replicates of water

samples were collected in each reach or habitat type

for nutrient analyses (nitrogen nitrate (N-NO3
-, mg

l-1), nitrogen nitrite (N-NO2
-, mg l-1), nitrogen

ammonium (N-NH4
?, mg l-1), dissolved organic

carbon analysis (DOC, mg l-1) and cation and anion

analyses (Na?, K?, Mg2?, Ca2?, Cl- mg l-1)). Once

collected, water samples were filtered using 0.7 lm
GF/F filters (Whatman Int. Ltd., Maidstone, UK) and

kept at -20�C until analysis. Nitrite, nitrate, ammo-

nium and cations concentrations were determined on a

Dionex ICS-5000 ion chromatograph (Dionex Co.,

Sunnyvale, USA; Hach Company, 2002). DOC con-

centration was determined on a Shimadzu TOC-V

CSH coupled to a TNM-1 module (Shimadzu Co.,

Kyoto, Japan). Detection limits for nutrient analyses

were set at 0.004 mg N-NO2
-l-1 for nitrogen nitrite,

0.023 mg N-NO3
-l-1 for nitrogen nitrate and

0.01 mg N-NH4 l
-1 for nitrogen ammonium.

Biofilm identification

Three to four cobbles were randomly collected within

a 3 m area along each transect or habitat studied.

Biofilms were scraped off from cobbles, placed in

plastic tubes containing unfiltered stream water, and

preserved with 4 drops of 39% formaldehyde (4% final

concentration). Unfiltered stream waters in shallow

systems have a negligible contribution of drifting or

planktonic taxa.

Analysis and identification of the phototrophic

biofilm community was performed using microscop-

ical examination at 400x (Nikon Eclipse E200, Tokyo,

Japan). The analysis of the relative abundance of algae

and cyanobacteria followed a sequential approach.

First, the whole sample was placed in a petri dish;

patches, if any, were selected and separately identified

at the microscope. After all observations were com-

pleted, a weighted average of the relative abundance

of algae and cyanobacteria genera was produced for

each replicate. We used relative abundances instead of

raw count cells to account for the uncertainty associ-

ated to the large presence of colonial cyanobacteria in

many of the sites. The relative abundance of each

taxonomical entity (mostly genus) was ranked by

applying the following scale: 1 (very rare, � 5%), 2

([ 5 to � 20%), 3([ 20 to � . 40%), 4 ([ 40 to �
60%), 5 ([ 60 to � 80%) and 6 (very abundant, �
80%). We used these categories in the subsequent

statistical analyses, and as a compromise between the

presence-absence counting and the impossibility to

reliably consider the abundances of the genera present

in the sample. Once taxonomical identifications were

finished, the phototrophic biofilm genera were

assigned to 6 traits categories, encompassing a total

of 21 traits following Lange et al. (2016) (‘‘Appendix

A’’, Tables 1 to 2).

Statistical analysis

An abundance matrix including all genera with at least

one occurrence within the category 3 ([ 20 to �
40%) resulted in a total of 31 taxa determined at the

network scale, and 18 taxa determined at the habitat

scale. The ordination of phototrophic biofilms in the

samples was performed by means of a Principal

Components Analysis (PCA) using the Spearman rank

coefficient in a covariance matrix. Analyses were

performed using the ‘‘princomp’’ function of the

‘‘stats’’ and the ‘‘factorextra’’ packages (Team &

Worldwide, 2002; Kassambara & Mundt, 2017) in R

software version 3.3.0 (R Core Team, 2017). The

influence of the environmental variables on the

distribution of the algal communities was investigated

bymeans of a distance-based redundancy analysis (db-

RDA) using Bray–Curtis dissimilarity distances. This

was performed using the ‘‘capscale’’ function of the

‘‘vegan’’ package in Rstudio (Oksanen et al., 2013).

The db-RDA analysis was run only with environmen-

tal variables that had no collinearity between them and

that meaningfully explained the distribution of the

taxa.

A biofilm traits matrix was elaborated by multiply-

ing the matrix of genera abundances by the matrix of

assigned trait categories for each genus, using the

‘‘base’’ package in Rstudio. Trait categories had been
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previously converted to dummy variables. Subse-

quently, the spatial variability of traits was explored

with a non-Metric MultiDimensional Scaling analysis

(nMDS) using the ‘‘metaMDS’’ function. nMDS

analysis was performed using a Bray–Curtis distance,

Wisconsin double standardization and k = 2 dimen-

sions. Clusters grouping rivers and local habitat types

were shown using the ‘‘ordiellipse’’ function of the

‘‘vegan’’ package.

Finally, alpha, and beta (expressed as the Jaccard

index of dissimilarity) diversity were calculated on the

taxonomical data using the ‘‘vegdist’’ and ‘‘specnum-

ber’’ functions in the ‘‘vegan’’ package.

Results

Site characterization

Network scale

According to the dominant calcareous substrata water

conductivity ranged between 265 and 587 lS cm-1

and pH between 8 and 9.2, higher values being

recorded in the downstream A8 and A9 sites (‘‘Ap-

pendix B’’, Table 3). Water temperature in February

ranged between 7.2 and 12.1�C, and dissolved oxygen
ranged 7.4 to 13.4 mg l-1. N-NO2

- concentrations

were nearly undetectable, while nitrogen nitrate

concentrations were lower in the upstream sites

(0.13–0.27 mg N-NO3
- l-1) and increased down-

stream up to a maximum of 7 mg N-NO3
- l-1 in the

A5 site. Na?, K?, Mg2?, Ca2?, Cl- and DOC

concentrations also showed an increasing trend further

downstream in the Algars, peaking at A9 site, and a

less pronounced downstream increase in the Estrets

river (‘‘Appendix B’’, Table 3).

Habitat scale

Conductivity was higher in site A9 (1470-1514 lS
cm-1) than in site A3 (524-536 lS cm-1) (Appendix

B, Table 4). April water temperature in in the two sites

ranged between 16–19.5�C. pH values ranged between

7.5-8 and dissolved oxygen concentrations were

between 7.4 to 9.3 for riffle habitats and between

5.2-7.7 for pool habitats. Nutrients and cations and

anion concentrations were higher in the A9 site,

including nitrogen nitrates (4.8–5.3 mg N-NO3
- l-1

and 0.050–0.135 mg N-NO3
- l-1 in A3). DOC con-

centrations reached 1.47–2.2 mg C l-1 in the A9 site

and 0.987–1.44 mg C l-1 in A3; differences were not

observed between riffles and pools (‘‘Appendix B’’,

Table 4).

Phototrophic biofilm communities

Network Scale

Eighty-five taxa of algae and cyanobacteria were

identified in the network sites, eight of them identified

at a higher level than genus (‘‘Appendix D’’, Tables 6

to 8). The mean number of taxa (alpha diversity)

including all the sampling sites was 41.9, and the mean

beta dissimilarity between sites was 0.71 (‘‘Appendix

C’’, Table 5). In the Algars sites, diatoms (mostly

Cymbella and Fragilaria) were abundant in A1, a site

with the highest canopy cover, whereas in the forested

headwaters of the Estrets (site E10) Cladophora was

the most common (Fig. 2 and ‘‘Appendix D’’,

Tables 6 to 8). Cyanobacteria dominated in the lower

sites of the Algars (A6 to A9; and) and Estrets (E13 to

E16) (‘‘Appendix C’’, Fig. 8). The cyanobacteria

Dichothrix and Rivularia formed encrusting commu-

nities scattered all over the network, mostly in open

areas (such as sites A9 and E16, Fig. 2). The

filamentous Cladophora and Audouinella were abun-

dant in sites characterized by higher water velocity and

moderate human pressure (mostly sites A4 and A5).

The unattached filaments of Zygnema, Mougeotia and

Spirogyra prevailed in sites with low water velocity

throughout upper and middle parts of the two rivers

(Fig. 2).

The b-diversity estimates indicated that the

upstream sites were the most distinct to each other

(b-div 0.655), while sites in the middle part and lower

part of the river were relatively alike (b-div 0.495 and
0.496, respectively). This contrasted to the higher a-
diversities from upstream (61 genera) to middle (62

genera) and downstream (79 genera) (‘‘Appendix C’’,

Table 5).

The first axis of the PCA analysis (PC1; eigen-

value = 6.617; 19.8% of the total variance; Fig. 2)

separated the genera Cladophora and its epiphyte

Cocconeis, dominant in sites A4, A5 and E10, from the

cyanobacterial community of Scytonema and Di-

chothrix characteristic of sites A2, E13 and E14. The

scores of sites A2, A3, A6, A9 and E10 occupied a
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wide space on the first axis, revealing high within-site

variability. Indeed, the b-diversity between the sites in
the different sections of the river network enlarged

when all replicates were considered (‘‘Appendix C’’,

Table 5). The second axis (PC2; eigenvalue = 4.029;

12.1% of the total variance) separated the genera

Palmella, Achnanthes and Gloeothece, abundant in

sites A7 and A8, from Spirogyra, Mougeotia and

Zygnema, prevalent in sites A1, A2 and E12. The

scores of sites A2, A9 and E12 spanned through axis 2

and showed a large within-site variability.

The db-RDA analysis correlates the environmental

variables with phototrophic biofilm genera (Fig. 3).

The environmental variables that were selected by the

db-RDAs and accounted for the distribution of algae

and cyanobacteria in the different sites were DOC,

N-NO3
-, N-NH4

?, Mg2? and Ca2? concentrations, as

well as habitat type. The first axis (db-RDA1)

separates phototrophic biofilm genera and associated

sites in a similar manner to that shown by the first axis

of the PCA analysis, separating A4, A5 and E10 to A2,

E12, E13 and E14 sites. Axis 1 was correlated mainly

with N-NO3
- and N-NH4

? (eigenvalue = 0.2687;

25.4% of the total variance), and relate them with

the occurrence of Cladophora, Cocconeis and Au-

douinella. The second axis (db-RDA2; eigen-

value = 0.1490; 14.1% of the total variance) was

correlated mainly with DOC concentration and sepa-

rated site E12 dominated by Zygnema fromDichothrix

and Rivularia from sites A7 and A8 (Fig. 3).

Finally, for the analysis of the genera traits, nMDS

analysis (stress = 0.179, Fig. 4) displayed a wide

variety of traits present within several sites (A2, A5,

A6, A7, A8, A9, E10 and E12). This was shown by the

Fig. 2 Results from the

PCA analysis at the network

scale for the phototrophic

biofilm genera assemblage.

The PCA axis 1

explains 19.8% of the

variance found and the PCA

axis 2 explains 12.1% of the

variance. The abbreviations

indicate the different

sampling sites, including 9

sampling sites from the

Algars river (‘A’) and 5 sites

from the Estrets river (‘E’)
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distance between the replicates of the sites (Fig. 4).

The trait ‘‘high attachment’’ was characterized by site

A4, ‘‘low attachment’’ for site A1 and ‘‘nitrogen

fixation’’ and ‘‘colonial life form’’ for site A7. Sites

E13 and E14 were characterized by the trait ‘‘medium

attachment’’ (‘‘Appendix A’’, Table 2).

Habitat scale

At the local habitat scale, a total of 93 phototrophic

biofilm genera were identified in A3 and A9, including

13 undetermined genera (‘‘Appendix D’’, Tables 9 to

10), during the corresponding sampling. Assem-

blages’ composition varied according to the sites, as

well as according to the habitats and even the

replicates (‘‘Appendix C’’, Fig. 9). For example, the

three riffle habitats of site A3 were correspondingly

inhabited by red algae (first riffle), diatoms (second

riffle) or cyanobacteria (third riffle). Green algae and

diatoms dominated the two pool habitats of site A3.

The three riffle habitats of site A9 were abundant in

cyanobacteria and diatoms. Pool habitats of site A9

recorded dominances in green algae (first pool) or

cyanobacteria (second pool).

Of the 93 identified phototrophic biofilm genera, 80

were found in pool sites and 82 in riffle sites, with 12

genera exclusive to pools, and 11 exclusives to riffles.

The average alpha diversity of habitats was 50.4, with

a mean number of 51.5 genera in pools and 49.7 genera

present in riffles (‘‘Appendix C’’, Table 5). The

average dissimilarity (b-diversity) in both sites A3

and A9 was lower between pools (0.29–0.33) than

between riffles (0.42–0.43).

Fig. 3 Results from the db-RDA analysis at the network scale

including phototrophic biofilm genera and environmental

variables. The db-RDA axis 1 explains 25.4% of the variance

and db-RDA axis 2 explains 14.1% of the variance. Pho-

totrophic biofilm genera are displayed in grey and sampling sites

are displayed in black, including 9 sampling sites from the

Algars river (‘A’) and 5 sites from the Estrets river (‘E’). The

blue arrows indicate the included environmental variables (N-

NO3
-, N-NH4

?, Magnesium (Mg2?), Calcium (Ca2?) and DOC

concentrations and habitat type (mixed habitats with 2 pools,

mixed habitats with 2 riffles, riffle habitats)
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The PCA analysis performed with the habitats

separated the A3 riffle habitats from the A3 pool

habitats and all the other habitat types fromA9 (62.4%

of total variance; Fig. 5). The first axis (PC1; eigen-

value = 3.963; 24.7% of the total variance) separated

the genera Rivularia, Schizothrix, Dichothrix and

Zygnema from Palmella, and A9 samples from A3

samples. Palmella was abundant in pool habitats from

A3 and coexisted with Gloeocapsa or Zygnema in in

riffle habitats with low water velocity. The second axis

(PC2; eigenvalue = 2.319; 14.5% of the total vari-

ance) separated the genera Chaetophora, Batrachos-

permum and Schizothrix from Palmella and Zygnema,

and the A3 riffles from the other habitats. Sites with

higher flow velocity (i.e. riffle sites, R sites) were

abundant in diatoms such as Gomphomena, Cymbella,

or Navicula, cyanobacteria such as Calothrix, Schizo-

thrix or Dichothrix, green alga like Chaetophora, and

red alga like Batrachospermum (Fig. 5). Habitats with

high light availability (such as A9P2, A9R1-3)

favoured the occurrence of Rivularia and Dichothrix,

while the red alga Batrachospermum dominated in

shady habitats (such as A3R1, A3R3). The environ-

mental variables that were selected by the db-RDAs

and accounted for the distribution of algae and

cyanobacteria in the different habitats and sites, were

DOC, nitrate, Ca2? and dissolved oxygen concentra-

tion (Fig. 6). The RDA analysis showed a strong

correlation of site A9 samples with N-NO3
-, Ca2? and

DOC concentrations (first axis; eigenvalue = 0.2450;

29.3% of the total variance) (Fig. 6). The second axis

(eigenvalue = 0.176; 21% of the total variance) was

correlated mainly with dissolved oxygen concentra-

tions (DO) and separated the pool and riffle habitats of

site A3. Pool and riffle habitats from site A9 were also

separated, but to a lesser extent. Most phototrophic

biofilm genera were clustered around the centre.

Fig. 4 Results from the nMDS analysis at the network scale.

The abbreviations indicate the different sampling sites, includ-

ing 9 sampling sites from the Algars river (‘A’) and 5 sites from

the Estrets river (‘E’). The clusters indicate the different

sampling sites from each river (A and E)
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The nMDS analysis (stress = 0.137, Fig. 7) clus-

tered riffle habitats from site A3 and A9 associated

with the traits ‘‘unicellular life form’’, ‘‘medium

attachment’’, ‘‘attached’’ and ‘‘nitrogen fixation’’.

Pool habitats from site A3 were associated with the

traits ‘‘colonial life form’’ and ‘‘drifting’’, while the

first pool from A9 had taxa characterized by ‘‘drift’’

and ‘‘low attachment’’ and the second pool was linked

with the traits ‘‘filamentous life form’’ and ‘‘resistance

structures’’ (Fig. 7).

Discussion

Phototrophic biofilm assemblages changed in compo-

sition and abundance driven by the local conditions of

conductivity, nutrients, DOC and cation

concentrations, which accentuated their differences

downstream probably favoured by the base-flow

conditions during the sampling. The local conditions

of high nitrate and DOC, and the non-limiting light

availability in the downstream sites, contrasted with

the poor nutrient concentrations, shaded conditions

and higher water velocities in the upstream sites.

Replicates within the sites showed high variability in

composition, reflecting a large within-site environ-

mental variability. This was confirmed through the

detailed analysis at the habitat scale in two of the sites,

in a subsequent period with higher hydrological

fragmentation.

Fig. 5 Results from the

PCA analysis for the

phototrophic biofilm genera

assemblage at the habitat

scale. PCA axis 1 explains

24.7% of the variance found

and PCA axis 2 explains

14.5% of the variance. The

abbreviations indicate the

different habitat types,

including 2 pool habitats

from site A3 (A3P1, A3P2),

3 riffle habitats from site A3

(A3R1, A3R2, A3R3), 2

pool habitats from site A9

(A9P1, A9P2) and 3 riffle

habitats from site A9 (A9R1,

A9R2, A9R3)
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Network scale

At the network scale, local conditions of nitrate,

ammonium and DOC concentrations were identified

by the db-RDA as the major drivers of the structure of

phototrophic biofilm assemblages. Nitrogen-fixing

Scytonema was abundant at the upstream sites A2,

E13 and E14, which had low nitrogen concentrations.

The occurrence of nitrogen-fixing cyanobacteria is

negatively correlated to the availability of nitrate

(Porter et al., 2008; Stancheva et al., 2012). However,

in the downstream Algars sites (A6, A8, A9) the

nitrogen-fixing cyanobacteria Gloeothece, Rivularia

and Dichothrix massively covered the riffle sections,

likely as result of the strong nitrogen demand (as well

as of their extensive cover of the streambed), and

despite the relatively high nitrate concentrations. Even

though we could not attribute the DOC presence to

human or natural origin, higher DOC concentration in

the sites with massive cover of nitrogen-fixing

Dichothrix might be a direct or indirect product of

their abundance (Brauer et al., 2015).

Further downstream (sites A4, A5 and E10),

Cladophora mats prevailed, also probably as a

response to the higher nitrate levels (Penick et al.,

2012) in those sites. Cladophora mats in site A5 (and

others) were heavily colonized by the epiphytic

diatom Cocconeis and other epiphytes (Bellinger &

Sigee, 2010). The abundance of grazers (Gastropoda)

on the epiphytes probably favoured Cladophora since

itself is highly resistant to grazing (Dodds & Gudder,

1992; Bellinger & Sigee, 2010), while epiphytes are a

cause of decay for the alga (Whitton, 1970).

Cladophora could also take advantage of high water

velocity (Biggs, 1996; Tornés & Sabater, 2010), which

together with nutrients, provided with an advantage

over nitrogen-fixing cyanobacteria, and account for its

abundance on riffle habitats.

Upstream sites with lower DOC concentrations and

higher canopy cover (A1, A2, and Estrets river sites)

Fig. 6 Results from the db-RDA analysis including pho-

totrophic biofilm genera at the habitat scale. The db-RDA axis

1 explains 29.3% of the variance and the db-RDA axis 2

explains 21% of the variance. Phototrophic biofilm genera are

displayed in grey. The different symbols and colours display the

different habitat types, including 2 pool habitats from site A3

(A3P1, A3P2), 3 riffle habitats from site A3 (A3R1, A3R2,

A3R3), 2 pool habitats from site A9 (A9P1, A9P2) and 3 riffle

habitats from site A9 (A9R1, A9R2, A9R3).The blue arrows

indicate the included environmental variables (N-NO3
-, Ca2?,

DOC and DO% (dissolved oxygen concentration))
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hosted abundant mats of Zygnema. These green algae

tolerate both high-nutrient (Vis & Sheath, 1996;

Leland & Porter, 2000; Lukavsky et al., 2006; Lange

et al., 2016; Lukács et al., 2018), and low-nutrient

conditions (Stancheva et al., 2012), and are well-

adapted to excess light, and prefer slow-flowing

conditions (Aboal, 1988; Schwaderer et al., 2011;

Romanı́ et al., 2013; Lukács et al., 2018). The

Zygnema present at the forested site A1 occurred only

in spots, where canopy cover was low. At site A2,

Zygnema prevailed on sections with bedrock substrata

on which water flow velocity was also low and in spots

with low canopy cover. Zygnema was abundant at site

E12, where the shallow stream had the lowest water

velocity of all sites.

The spatial heterogeneity within the sites was

associated to a great variability in phototrophic biofilm

traits, and makes a practical point to perform a

multihabitat sampling to account for it. For example,

site E10 was dominated by Cladophora (‘‘high

attachment’’) in one transect, but by Gloeothece

(‘‘nitrogen-fixing’’) in other transects. Likewise, site

A5 was abundant in Cladophora at one riffle, but

inhabited by Spirogyra (‘‘resistance structures’’) at

another riffle. Restraining the sampling in routine

monitoring to single locations (i.e. riffles) in tempo-

rary streamsmight lose a relevant fraction of diversity.

Despite these variations, though, some patterns were

consistent with the environmental changes throughout

the network. Headwaters were dominated by ‘‘drifting

algae’’ and ‘‘resistance structures’’. Further down-

stream, riffles had prevalence of ‘‘attached’’ forms,

while the slowly flowing sites were abundant in

‘‘colonial’’, and ‘‘nitrogen-fixing’’ taxa. Our results

Fig. 7 Results from the nMDS analysis of the algal traits at the

habitat scale. The abbreviations indicate the different habitat

types, including 2 pool habitats from site A3 (A3P1, A3P2), 3

riffle habitats from site A3 (A3R1, A3R2, A3R3), 2 pool habitats

from site A9 (A9P1, A9P2) and 3 riffle habitats from site A9

(A9R1, A9R2, A9R3). The clusters indicate the different

habitats (pools and riffles) and sites (A3 and A9)
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confirmed that traits such as life form, nitrogen

fixation ability, or spore formation capacity are

individuals’ responses to flow velocity and nitrogen

concentration conditions, in the manner already sug-

gested by Lange et al. (2016).

Both the taxonomical and trait approaches empha-

sized the role of water chemistry (i.e. nitrate, ammo-

nium and DOC concentrations) and physical

conditions (as water flow velocity) seen by the

increase of green algae relative to cyanobacteria in

the middle stream sites. Still, the within sites variabil-

ity was mostly associated to local variations of water

flow velocity and accounted for the large diversity of

taxa as well for the heterogeneous trait distribution on

each of the sites within the network. These findings

emphasize the importance of longitudinal changes in

water chemistry and physical conditions on prompting

large changes in phototrophic biofilm assemblages.

Habitat scale

The detailed analysis of the phototrophic biofilm

assemblages within two of the sites confirmed that

habitats accounted for high differences which accen-

tuated those already existing between the two sites

(one more incised and nitrate-poor A3, the other wide

open and nitrate-rich, A9). Pools showed lower

dissolved oxygen concentrations than riffles, particu-

larly in site A3 because of their higher hydrological

disconnection. During the hydrological disconnection

pools become small lentic waterbodies and may host a

specific assemblage of loosely attached taxa (Passy

2007). Previous research suggests that pools can

sustain higher species richness than riffles (Müllner

& Schagerl, 2003; Potapova & Charles, 2005). Fur-

thermore, their composition was more homogeneous

to each other (lower b-diversity) than in the case of

riffles, as also was observed in our detailed study.

The phototrophic biofilm assemblages in the riffle

habitats of sites A3 and A9 had different taxonomical

composition, but similar traits. Most taxa were tightly

attached, and filamentous forms with trichomes and/or

the ability for nitrogen fixation prevailed. In the

second sampling campaign, when the two sites had

low flow conditions and moderate nutrient concentra-

tions, filamentous mats and nitrogen-fixing cyanobac-

teria could be favoured (Fairchild & Lowe, 1984;

Fairchild et al., 1985; Peterson & Grimm, 1992;

Sabater et al., 2008). Masses of Chaetophora and

Batrachospermum in site A3 could appear as a

response to phosphate limitation (Gibson & Whitton,

1987). Also, the tube-forming diatom Encyonema and

the stalk-forming diatoms Cymbella and Gomphom-

ena were abundant in riffle habitats of A3, likely

favoured by the open flow and abundant light condi-

tions (Rimet & Bouchez, 2012; Béres et al., 2017).

Rivularia and Dichothrix were dominant in the riffle

habitats of site A9, forming ‘‘crust-forming’’ colonies

which are able to resist desiccation (Sabater, 2000;

Timoner et al., 2014). They possess a high ability to

recover its activity after flow return (Romani &

Sabater, 1997). Also the mucilaginous colonies of

Nostoc in site A9 might be understood as a protective

structure to desiccation stress (Stanley et al., 2004;

Fleming & Castenholz, 2007). Overall, the composi-

tional differences between sites A3 and A9 was

probably related to their hydrological conditions, site

A9 being more prone to flow intermittency and habitat

fragmentation than those in A3, which had a lower

annual flow variability and remained permanent.

Mucilage-forming taxa were less common in site

A3, likely because this protective structure was not so

much necessary (i.e. desiccation events).

Contrary to the differences between sites, the

taxonomic composition in site A9 between pools and

riffles was similar, but traits associated to the habitat

types, based on all taxa present, were different.

However, in site A3 both the taxonomic and trait

composition were pronouncedly different between

riffles and pools. This site had a more constrained

channel than A9, this facilitating higher habitat

fragmentation and distinct hydrological conditions

between habitats under low flow (Ledger et al., 2008).

Though the number of days of the hydrological

disconnection between the different habitats was

unknown, it was sufficient to allow strong biogeo-

chemical differences between them (Fazi et al., 2013).

The phototrophic biofilm assemblages present in the

A3 pools were mostly unicellular or colonial life

forms, probably accounting for a strategy of enhancing

nutrient uptake because small sized algae and

cyanobacteria have higher surface area to volume

ratio which allows them to be more efficient

(Chisholm, 1992). Small cell sizes have been also

proposed as an adaptation to stream drying because it

allows cells shifting into deeper layers of the biofilm or

being preserved between substratum particles (Lange

et al., 2016). The taxa present in the site A9 pools had
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the ability to construct resistance structures to drought

(Sabater, 2000; Romanı́ et al., 2013). Amongst them,

Zygnema filaments are able to produce resting spores

(Romanı́ et al., 2013) and its traits ‘‘low attachment’’

and ‘‘drifting’’ allow it to allocate nutrients in the

water column (Lange et al., 2016). The variety of traits

associated with the genera in the pool habitats may

have been driven by a combination of low nutrient

concentrations and drying conditions (Biggs & Smith,

2002; Fazi et al., 2013).

Overall, the spatial heterogeneity associated with

habitat fragmentation was a major driver of the

metacommunity structure in the two sites (Passy,

2001; Huey et al., 2011). Alpha diversity was higher

during the hydrological fragmentation (i.e. low flow

conditions) than during the base-flow hydrological

conditions. It might be considered, though, that the

time elapsed between the two samplings could have

influenced these results (Tornés and Sabater, 2010).

As an example, several taxa absent in site A3 or in site

A9 in winter (February) became dominant in spring

(April). For example, Zygnema appeared in the first

pool of A9, Gomphomena in the pools of site A3 and

Chaetophora in the riffles of site A3. Overall, site A9

was characterized by an increase of cyanobacteria and

a decrease of diatoms, a common pattern under drying

conditions (Romani et al., 1998; Rothrock & Garcia-

Pichel, 2005; Pohlon et al., 2013). Beyond the

comparison between the two samplings, hydrological

disconnection led to lower beta diversity, mostly in the

pools, which were often dominated by a single taxon.

Previous research found similar changes in diatom

communities during increased habitat fragmentation

(Tornés & Ruhı́, 2013).

Concluding remarks

The drying and warming of Mediterranean streams

(Giorgi & Lionello, 2008; Acuña et al., 2017) alter the

connectivity and habitat persistence (Huey et al.,

2011). Our results show that nitrate and DOC

concentrations were the major drivers on the pho-

totrophic biofilm communities during base-flow con-

ditions at the network scale. Additionally, the small-

scaled spatial heterogeneity of phototrophic biofilm

communities prevailed during hydrological discon-

nection where algal communities from pools and

riffles clearly differ. It might be assumed that changes

in phototrophic biofilm communities and adaptation

strategies can be expected in response to the predicted

increase in extreme weather events and overall drying

and warming of Mediterranean temporary streams.
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Colonisation processes in benthic algal communities are

well reflected by functional groups. Hydrobiologia 823:

231–245.
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