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size-based metrics under different sampling intensi-
ties (one- vs. four-pass electrofishing) and compared 
control vs. diverted stream stretches. Results revealed 
that water diversion had a negative effect on fish com-
munity average and median length, while size spec-
trum and size diversity metrics showed no responses 
to the impact. Altitude was positively related with 
body size metrics and was the strongest natural driver 
affecting them. Moreover, we found that all the size-
based metrics exhibited consistent values under dif-
ferent sampling efforts. Our findings suggest that 
size-based metrics could be useful indicators for bio-
assessment of river flow alteration and that one-pass 
electrofishing was robust enough to characterize the 
stream fish community size structure in our study.

Keywords Biomonitoring program · Fish body 
mass · Flow alteration · Functional indicator · Run-of-
river hydropower plants · Water abstraction

Introduction

Flow alteration due to large dams (≥ 15  m high or 
with reservoir volume capacity exceeding 3  mil-
lion   m3) (WDC, 2000) and small instream barri-
ers for hydropower plants have been described as 
one of the main drivers of ecosystem degradation 
and biodiversity loss in freshwater ecosystems (Poff 
& Zinnermann, 2010; Dudgeon, 2019). The effects 
of large hydropower plants (≥ 30  MW) (according 

Abstract Water diversion for hydropower plants 
is one of the leading causes of habitat alteration 
and biotic homogenization. The impacts of small 
hydropower plants on fish communities are usually 
assessed using taxonomic composition and struc-
ture indicators. Size-based indicators are useful tools 
to evaluate the effects of environmental factors and 
anthropogenic perturbations on riverine ecosystems. 
In this study, we investigated the impact of water 
diversion on fish community body size structure in 16 
small hydropower plants in the upper Ter River basin 
(NE Iberian Peninsula). We tested the use of multiple 
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to U.S Department of Energy) in rivers have been 
much more documented than those of small hydro-
power plants (< 10 MW) (Santos et al., 2012; Couto 
& Olden, 2018), even though the latter’s impacts on 
habitat and hydrology may be similar to or stronger 
than those produced by large hydropower plants 
(Kibler & Tullos, 2013; Couto et al., 2021). The high 
occurrence of small instream barriers (WCD, 2000; 
Belletti et  al., 2020) and the rising trend in small 
hydropower plant construction to supply non-oil-
dependent energy (Couto & Olden, 2018) demand 
more research focused on the assessment of small 
hydropower plants’ impacts on river ecosystems.

Small hydropower plants have important conse-
quences on river ecosystems including flow regime 
alteration due to water diversion (Anderson et  al., 
2015). The streamflow depletion caused by water 
diversion results in shallower water habitats and a 
loss of fish refuges downstream of the weir, causing 
negative impacts on fish community composition and 
structure (e.g., Kubečka et al., 1997; Tiemann, 2004; 
Anderson et al., 2006; Slawski et al., 2008; Alexandre 
& Almeida, 2010; Mueller et al., 2011). Taxonomical 
metrics that evaluate the community composition and 
structure (e.g., richness, abundance, diversity, guild/
trait group) are commonly used approaches to assess 
the response of communities to the presence of low-
head dams associated to run-of-river small hydro-
power plants (Fencl et al., 2017; Pereira et al., 2020). 
However, biological methods that provide a direct 
link to trophic structure and respond to hydrological 
pressures and flow modification are demanded (Rey-
jol et al., 2014; European Commission, 2016).

Body size is defined as a key trait in ecology that 
integrates metabolic and trophic traits and can evalu-
ate ecosystem functionality (Woodward et al., 2005). 
Body size structure can be used as an alternative to 
characterize the structure of fish communities, espe-
cially in situations of low taxonomic richness, such as 
fish communities in Mediterranean streams or head-
water reaches (Murphy et  al., 2013; Maceda-Veiga 
et al., 2022) or sites with a paucity of taxonomical or 
functional knowledge (Benejam et  al., 2018). Some 
of the species-based responses to water diversion can 
revert to the individual body size, potentially alter-
ing the trophic structure of the whole fish commu-
nity. For instance, previous studies have observed 
a decrease of large-sized individuals and/or species 
or an increase in small-sized individuals in diverted 

reaches (Kubečka et al., 1997; Walters & Post, 2008; 
Benejam et  al., 2016a; Merciai et  al., 2017; Boddy 
et al., 2020). Another detected response is a reduction 
in fish density and biomass of native species, such as 
brown trout (Salmo trutta Linnaeus, 1758) (Almodó-
var and Nicola., 1999). Even though fish size struc-
ture has been extensively used to evaluate ecological 
impacts on marine (Blanchard et al., 2017) and lake 
(Emmrich et  al., 2011) fish communities, research 
that apply multiple size-based metrics to evaluate the 
impacts on stream fish communities are still arising, 
and to our knowledge, just few studies have already 
assessed the impact of water diversion for small 
hydropower plants in stream fish assemblages apply-
ing a size-based approach (Walters and Post, 2008; 
Boddy et al., 2020).

Three main size-based approaches are widely used 
among aquatic ecologists and can inform different 
aspects of the community body size structure regard-
less of species information. First, simple-size metrics 
as average body length have been shown to respond to 
anthropogenic perturbations on stream fish (Walters 
& Post, 2008; Murphy et  al., 2013; Benejam et  al., 
2016a). A second approach is the community size 
spectrum, which describes the relationship between 
body size and the abundance or biomass of the indi-
viduals in a community (Sheldon, 1972; Platt & Den-
man, 1977). The size spectrum slope, intercept, and 
linearity can be considered indicators of the ecologi-
cal health of ecosystems (Petchey & Belgrano, 2010). 
The slope can be used as a descriptor of the relative 
abundance of small- and large-sized individuals in the 
community and can be related to key ecosystem func-
tions such as the trophic transfer efficiency (Mehner 
et al., 2018). The intercept can be interpreted as the 
total production of the community and is a proxy of 
the community carrying capacity (Sprules & Barth, 
2016). The linearity can be an indicator of community 
stability and can be used to measure the disturbance 
when compared to a reference (non-impacted) state 
(Benoît & Rochet, 2004). These three size spectrum 
metrics have responded to anthropogenic pressures 
in stream communities including changes in land 
use urbanization (Benejam et  al., 2016b; Sutton & 
Jones., 2019), flow alteration (Kopf et al., 2018; Vila-
Martínez et  al., 2019; Boddy et  al., 2020), nutrient 
concentration (Murry & Farrell., 2014; Arranz et al., 
2021), or biological invasions (Kopf et  al., 2018; 
Vila-Martínez et al., 2019; Arranz et al., 2021). Third, 
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functional size diversity and evenness have also been 
applied to evaluate anthropogenic impacts in rivers, 
such as changes in land and urban cover (Benejam 
et  al., 2016b; Sutton & Jones, 2019; Jiménez-Prado 
& Arranz, 2021), by accounting for the intraspecific 
size variability within a community. Taken together, 
using multiple size-based metrics to represent the fish 
size structure at the community level could contribute 
to potentially assessing the impacts of water diversion 
on the fish trophic structure.

The present study aimed to evaluate the effects of 
water diversion by small hydropower plants on stream 
fish communities by using multiple size-based met-
rics under different sampling intensities. To do this, 
we used a fish data documenting 36 fish surveys in 
the upper Ter River basin (NE Iberian Peninsula) 
sampled in 16 small hydropower plants in 2010. Spe-
cifically, we evaluated the impact of water diversion 
on fish body size structure over the influence of envi-
ronmental gradients (Objective 1) and the influence 
of different sampling efforts on the fish size-based 
metrics (Objective 2). We hypothesized that the size 
structure of the fish community would be altered in 
impacted sites with respect to non-impacted sites due 
to water diversion (Kubečka et  al., 1997; Benejam 
et al., 2016a; Boddy et al., 2020) (Hypothesis 1). This 
alteration would result in (i) a lower average, median, 
and maximum fish body length; (ii) a steepening of 
size spectrum slope, a decline in community carry-
ing capacity (Y-axis size spectrum intercept), and a 
decrease in community stability (size spectrum lin-
earity); and (iii) a decrease on functional size diver-
sity (less size diversity and evenness). Moreover, we 
hypothesized that the body size structure of fish com-
munities will be robust regardless of the sampling 
effort intensity, resulting in no significant changes in 
size-based metrics when using successive electrofish-
ing passes (Sutton & Jones, 2019) (Hypothesis 2).

Materials and methods

Study site

The Ter River (Catalonia, NE Iberian Peninsula) 
rises in the eastern Pyrenees mountains and flows 
into the Mediterranean Sea. It is partially subject to 
a snow-fed regime and influenced by the continental 
wet Mediterranean climate in its upper section and 

by Mediterranean climate fluctuations in the lower 
regions (Boix et  al., 2010; Benejam et  al., 2016a). 
The drainage area is artificially divided by the Sau 
and Susqueda reservoirs into two subbasins: the 
upper Ter basin (1799   km2) and the lower Ter basin 
(1156   km2). The study site is located in the upper 
Ter River basin where the river has good water qual-
ity (Espinosa et al., 2021) but holds a long-standing 
thread of instream barriers that alters the flow regime, 
increasing the risk of non-compliance with Water 
Framework Directive on environmental flows (ACA, 
2010). Most of the weirs and barriers of the upper 
Ter basin were built in the 19th and early twentieth 
century and were associated with small hydroelec-
tric plants that supplied energy for textile industries, 
small urban areas, and industrial colonies. Currently, 
there are 133 documented barriers in the upper Ter 
basin (ACA, 2022) and 85 operating small hydro-
power plants that provide electric energy to be com-
mercialized (ACA, 2010). The main criterion for 
the selection of the small hydropower plants for the 
study was the presence of a control stream stretch to 
be compared with the diverted stream stretch (see fur-
ther details in Study design). We excluded any study 
site under the influence of discharge from wastewater 
treatment plants’ effluents. Moreover, we assured that 
no stocked populations of brown trout were present 
in the study sites. Although recreational fishing may 
influence the population size structure of brown trout 
(Almodóvar & Niccola, 2004), we did not evaluate 
the effects of recreational fishing because most sites 
occurred in protected freshwater areas where fishing 
without release is forbidden (ACA, 2022b; DOGC, 
2023). Only three sites at low altitudes (< 639 m.a.s.l) 
were located in areas not excluded from fishing (site 
13, 14, and 15) (Fig.  1a). Moreover, the population 
size of brown trout in these sites was considerably low 
(between 3 and 17 individuals in control stretches and 
between 5 and 26 individuals in diverted stretches) 
by the fact that brown trout occur in the limit of their 
geographical distribution (Aparicio, 2016).

In total, we selected 16 small hydropower plants 
in several headwater tributaries and the mainstem 
of the Ter River (Fig.  1a). All were run-of-river 
hydropower plants without reservoirs and with 
small weirs (< 15 m) created to divert water through 
a channel to supply energy for electricity produc-
tion. The altitudinal distribution ranges from 434 
to 1,246 m.a.s.l. The average weir height across all 
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small hydropower plants was 3.3  m (from 1.1 to 
9  m). Water diversion causes an important reduc-
tion in streamflow below weirs in which the water-
depleted reaches had an average length of 2  km 

(from 0.5 to 7  km) (Table of the characteristics of 
the small hydropower plants and weirs on Online 
Resource 1). All the hydropower plants selected 
for the study generate less than 10 MW (from 37 to 
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2847 kW), considered small hydropower plants (but 
this threshold may vary among countries, Couto & 
Olden, 2018).

Study design

Two stream stretches, one control and one diverted, 
were sampled at each of the 16 small hydropower 
plants. The control stream stretches were located out 
of the influence of the small hydropower plants, in 
natural flow reaches. The diverted stream stretches 
were sampled in the water-depleted section, situ-
ated below the scour pool formed at weir base but 
above the tailrace outlet, where water is returned 
after electricity production, to avoid the potential 
hydropeaking effect (Fig.  1b). In addition, at four 
small hydropower plants (1, 2, 3, and 5) one control 
or diverted sampling stretch was included upstream 
and downstream of the weir (Table of the charac-
teristics of the sampled stream stretches on Online 
Resource 2). These additional sampling stream 
stretches were added when the control or diverted 
reach was long enough to perform an extra sampling 
stretch while maintaining similar habitat condition 
(Benejam et al. 2016a). We treated these additional 
samplings as independent control and diverted sam-
ples to increase sample size and statistical power 
in further statistical analyses. Thus, in total there 
were 18 control stretches and 18 diverted stretches. 
In each sampled stream stretch, the average depth 
(cm) was estimated from measures of depth in 10 
sections along the 100-m sampled stream stretches.

Fish sampling

One sampling was carried out in each stream stretch 
in 2010, from July to September, to avoid the influ-
ence of spawning events. The fish sampling consisted 
of 100-m transects from downstream to upstream 
using the electrofishing technique (250–350  V, 2–3 
A, fully rectified triphasic DC). A single electrofish-
ing pass without block nets was conducted at most 
of the sites, following the European standard (CEN, 
2005). The sampling was performed using one or 
two anodes according to the stream width. All stream 
stretches were sampled by the same electrofishing 
crew, which maintained a consistent sampling effort. 
Consequently, sampling stretches with larger areas 
required more time to sample than those with smaller 
total area. Stunned fish were collected with dip nets; 
all caught individuals were identified to species, 
measured (fork length, mm), and weighed (0.1 g pre-
cision). Fish were returned to the same stream stretch 
where they were sampled.

To assess the influence of sampling effort on 
the fish community size structure, we performed a 
removal fish sampling method (Peterson et al., 2004) 
in a subset of 16 stream stretches: 7 control and 9 
diverted stretches (Table of the characteristics of the 
sampled stream stretches on Online Resource 2). The 
method requires 3–4 consecutive electrofishing passes 
(with 30-min non-fishing intervals) in a restricted 
area blocked by nets (5 mm mesh size), and applying 
the same time/effort for each electrofishing pass. The 
caught fish were identified, measured, and weighed 
separately for each electrofishing pass. The applica-
tion of the removal method allowed to compare the 
size metrics (average, median, and maximum length, 
slope, intercept, and linearity of the size spectrum, 
and functional size diversity and evenness) across the 
first, second, third, and fourth electrofishing passes. 
This procedure aimed to determine whether increas-
ing sampling effort could entail changes on body size 
metrics.

Calculation of size-based metrics

We integrated several body size measures for fish 
weight and length to ensure that the variation in fish 
size structure along the environmental gradient is 
comprehensively captured. We employed fish lengths 
for calculating size diversity metrics because previous 

Fig. 1  a Location of Ter River in Europe (in blue) and geo-
graphical position of the small hydropower plants within the 
Ter River Basin (Catalonia, NE Iberian Peninsula). The small 
hydropower plants are marked in orange dots and are mainly 
located in the headwater parts of the upper Ter River Basin, 
upstream Sau and Susqueda reservoirs (the blue arrow indi-
cates the flow direction), b General schematic representation of 
the sampling design in each site (small hydropower plant). The 
sampled stream stretches were located at non-impacted reaches 
(control sampled stretches) and water diversion-impacted 
reaches (diverted sampled stretches) for each small hydro-
power plant. Control sampled stretches (100  m) were located 
in reaches with natural flows, usually upstream of the weir and 
always above the impounded reach. Diverted sampled stretches 
(100 m) were downstream of the weir, in water-depleted reach, 
below the scour pool formed at weir base and above tailrace 
outlet, to avoid potential hydropeaking effects

◂
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research demonstrated significant response of length 
size diversity to environmental gradients (Emmrich 
et al. 2011). Instead, we used fish body mass for cal-
culating size spectrum parameters because it is a met-
ric more related to energy fluxes (Andersen, 2019). 
Simple-size metrics were represented by the geomet-
ric average length (mm), median length (mm), and 
maximum length (mm) in each fish community. We 
also calculated the community fish size spectrum for 
each stream stretch. To do this, we first classified the 
fish body mass into seven size classes following a 
geometric series of 2 (Table of size classes on Online 
Resource 3). The width of the size classes increased 
progressively, so the larger they were, the wider the 
size class. Given that the electrofishing method is less 
efficient to catch small-sized individuals, we grouped 
the smallest individuals into the first size class, as has 
been done in other fish studies in the same geographi-
cal area (Arranz et  al., 2021). Because the width of 
the size classes is not constant across the size dis-
tribution, we normalized the fish abundance of each 
size class by dividing it by the width of each size 
interval (Sprules & Barth, 2016). The size spectrum 
parameters were obtained by an ordinary-least-square 
(OLS) regression between the  log2 fish normalized 
abundance (Y-axis) and the  log2 midpoint of individ-
ual size classes (X-axis) (formally referred to as Nor-
malized Abundance Size Spectrum—NASS; Sprules 
& Barth, 2016). Statistical artifacts emerged from 
the strong correlation between intercept and slope 
(Sprules & Barth, 2016). To remove slope effects 
from intercept effects, the ordinary-least-square 
regression for each location was centered in the mid-
point of the mass range (X-axis): the midpoints of 
the size intervals used in the calculations were fixed 
at X = 0. This transformation allowed us to calcu-
late the slopes of the regression without any con-
straints on the intercept (Sprules & Barth, 2016). We 
obtained the slope (b), the Y-axis intercept (or mid-
point height), and the coefficient of regression  (R2) 
for each sampled community. Finally, we calculated 
two functional size diversity metrics in each stream 
stretch. The size diversity (µ) and size evenness (Je) 
were determined using the length of fish individuals 
following the method described by Quintana and col-
leagues (Quintana et al., 2008, 2016). These metrics 
provide insights into the body size distribution and 
equitability within the community. Higher values of 
µ indicate that the fish community will be represented 

by a high size diversity and high values of Je indicate 
that the body size distribution follows a homogeneous 
distribution (Quintana et al. 2016).

Statistical analysis

We applied Generalized Linear Mixed Models 
(GLMMs) to test the water diversion impacts on fish 
body size structure (Objective 1). Stream stretches 
were nested within small hydropower plants, so we 
used GLMMs to account for the hierarchical structure 
of fish data. The GLMMs can allow to treat stream 
stretches as independent observations while control-
ling the variation that it could be within the hydro-
power plants. We also incorporated the influence 
of environmental gradients in the GLMM because 
changes in size structure can also be affected by 
environmental factors. Therefore, the fixed part of 
the model was composed of the two continuous pre-
dictors, altitude (m.a.s.l) and mean depth (m), and 
the two discrete predictors, stream order and water 
diversion impact. We tested the collinearity for each 
predictor by using the variance inflation factor (vif 
values) and the collinearity was low (< 3), indicating 
that these predictors could be applied to the analysis. 
We carried out a previous standardization of the con-
tinuous predictors to standardize the units for com-
parison among model coefficients. Additionally, we 
checked for correlation within variables to reduce 
the number of variables and their multicollinearity in 
the models, but all predictors showed low correlation 
values (Pearson’s correlation < 0.7). We also tested 
spatial autocorrelation by evaluating the relationship 
between body size metrics and the geographical dis-
tance among sites using Mantel correlogram tests 
with 999 permutations (Smouse et al., 1986). Spatial 
autocorrelation was performed with the package eco-
dist (Legendre & Fortin, 1989) through the R envi-
ronment. In all cases, we did not detect any significant 
effect of the spatial autocorrelation on all size-based 
measures (Mantel correlogram test; p-value < 0.05). 
Then, we performed eight GLMMs for each size-
based metric that corresponded to (i) simple-size 
metrics (i.e., length average, median, and maximum), 
(ii) size spectrum metrics (i.e., slope, intercept, and 
linearity), and (iii) functional size diversity metrics 
(i.e., size diversity and evenness). We considered 
small hydropower plant as a random effect in the 
model to treat control stretches and diverted stretches 
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as independent stream locations. For each size-based 
metric, we compared different GLMMs by removing 
variables one by one from the fixed part (i.e., stepwise 
backward selection) while maintaining the random 
part. The final (best) fixed structure was determined 
as the model with the lowest AIC value (Akaike, 
1974) (Details on the candidate models on Online 
Resource 4). Finally, we performed a Kruskal‒Wallis 
nonparametric test to compare the size-based metrics 
according to the sampling effort (from one electro-
fishing pass to four passes) (Objective 2). All statis-
tical analyses were performed using R version 4.3.1 
software (R Core Team 2023).

Results

Community composition and size structure

A total of five fish species were identified with a total 
abundance of 6,029 individuals in the 36 sampled 
stream stretches (18 control and 18 diverted stream 
stretches). The fish community composition was rep-
resented by two native species, brown trout (60.5% of 

the total abundance) and Mediterranean barbel (Bar-
bus meridionalis Risso, 1826; 7.1% of the total abun-
dance). But the fish community was also compounded 
by three non-native species Phoxinus sp. (27.1%), 
Barbatula sp. (5.3%), and common carp (Cyprinus 
carpio Linnaeus, 1758, 0.1%). Brown trout was pre-
sent in all the samples and was the only species found 
in 23 of the 36 sampled stream stretches. Mediter-
ranean barbel was at 16 of the stream stretches, fol-
lowed by Phoxinus sp. and Barbatula sp. at 12 and 
11 stream stretches, respectively. The least frequently 
occurring species was common carp, which was 
sampled in only two locations. All stream stretches 
that belonged to headwater tributaries had a com-
munity entirely represented by native species, while 
non-native species appeared in most of the mainstem 
stretches located in lower sections of the study site 
(Fig. 2 and Size variability among species on Online 
Resource 5).

Size-based metrics differed among the stream 
stretches. Community average lengths ranged from 
50.5 to 177.2  mm (112.9 ± 31.4  mm), commu-
nity median lengths ranged from 41.0 to 172.0  mm 
(104.2 ± 35.5 mm), and community maximum lengths 

Fig. 2  Fish counts by species in each sampling stream stretch, 
along the altitudinal gradient. Sites are sorted by altitude rang-
ing from site 1 at 1246 m.a.s.l to site 16 at 434 m.a.s.l and indi-
cating control and diverted stretches. (Barbatula and Phoxinus 

are not named at species level because its determination is 
pending of genetic studies in some catchments of NE Iberian 
Peninsula)
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ranged from 138.3 to 485.0  mm (258.7 ± 60.3  mm) 
(Values for each size-based metric on Online 
Resource 6). The size spectrum parameters also 
showed high spatial variability in the size spectrum 
slopes from -4.3 to -1.0 (-2.0 ± 0.5) and size spectrum 
intercept from -4.17 to 0.8 (-1.6 ± 1.0), but almost all 
stream stretches presented high size spectrum linear-
ity from 0.5 to 0.99 (0.8 ± 1.1), validating the robust-
ness of our approach (Values for each size-based 
metric on Online Resource 6). Finally, functional size 
measures varied consistently with size diversity rang-
ing from 1.1 to 2.8 (2.0 ± 0.3) and size evenness rang-
ing from 0.7 to 1.0 (0.8 ± 0.1) (Values for each size-
based metric on Online Resource 6).

Drivers of community size structure

Our results showed that the flow reduction due to 
water diversion had a significant negative effect on the 
average (β = -0.206; t-value = -2.189; p-value < 0.01; 
95% CI [− 0.395, − 0.017]) and median fish length 
(β = -0.248; t-value = -2.435; p-value < 0.01; 95% CI 
[− 0.453, − 0.043]), suggesting that fish on diverted 
stream stretches presented smaller sizes (Table 1 and 
Fig. 3). However, the results did not show any signifi-
cant effect of water diversion on maximum length or 
other size-based metrics including the size spectrum 

(slopes, intercept, and linearity) and functional size 
diversity (size diversity and size evenness) (Table 1).

Concerning the effects of the environmental vari-
ables on community size structure, our analysis 
revealed that altitude was significantly positively 
associated with most of the size-based metrics 
(Table 1). Fish community average length (β = 0.681; 
t-value = 4.649; p-value < 0.001; 95% CI [0.386, 
0.975]), median length (β = 0.634; t-value = 4.251; 
p-value < 0.001; 95% CI [0.333, 0.934]), and 
maximum length (β = 0.474; t-value = 2.491; 
p-value ≤ 0.05; 95% CI [0.091, 0.858]) significantly 
increased with altitude  (Table  1 and Fig.  4), sug-
gesting that communities at higher altitudes pre-
sented higher abundances of large-sized individuals 
than those in lower altitudes. Altitude also affected 
the size spectrum slopes (β = 0.344; t-value = 2.127; 
p-value ≤ 0.05; 95% CI [0.015, 0.673]) with flat-
tered slopes at higher altitude, indicating a relative 
increase of large-sized individuals at higher altitudes 
(Table 1 and Fig. 4). Finally, size spectrum linearity 
(β = 0.464; t-value = 3.117; p-value < 0.01; 95% CI 
[0.164, 0.765]) positively responded to altitude, indi-
cating that communities at higher altitudes were more 
stable and well-sized structured (Table 1 and Fig. 4). 
Furthermore, functional size diversity and the size 
spectrum intercept did not present any evidence to be 
influenced by altitude. Regarding the other analyzed 

Table 1  Top ranked Generalized Linear Mixed Models for 
each size-based metric. Values show the estimate of the signifi-
cant predictor. For each size-based metric, only the significant 
predictors (those with a p-value < 0.05) were retained from the 
most parsimonious model following the automatic stepwise 
procedure. Size-based metrics without any predictors indicate 

that the best model is the intercept-only model and, conse-
quently, the predicted values are equal to the mean. In paren-
thesis is the standard error for each predictor. P-value ≤ 0.05 
“*”; p-value < 0.01 “**”; and p-value < 0.001 “***”. The 
Akaike information criterion was used to determine the best 
model

Driver Simple-size metrics Size spectrum metrics Functional size diversity 
metrics

Length aver-
age

Length 
median

Max. length Size spec-
trum slopes

Size 
spectrum 
intercept

Size spec-
trum  R2

Size diver-
sity

Size evenness

Altitude 0.681*** 
(0.146)

0.634*** 
(0.149)

0.474* 
(0.191)

0.344* 
(0.161)

0.464** 
(0.149)

Stream order
Mean depth
Water diver-

sion impact
− 0.206** 

(0.094)
− 0.248** 

(0.101)
Observations 36 36 36 36 36 35 35 35
Akaike info. 

Crit
80.54 84.25 104.79 104.61 103.65 96.27 103.41 103.11
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environmental variables, our results did not reveal 
any evidence that stream order and mean depth influ-
ence any of the studied size-based metrics (Table 1).

Assessing sampling effort

The frequency distributions of size-based metrics 
showed minimal differences when comparing increas-
ing sampling intensity (from one to four electrofish-
ing passes) (Fig.  5). Moreover, we found no sig-
nificant differences for any of the size-based metrics 
when applying the Kruskal–Wallis test to compare 
from one to four electrofishing passes (Table 2), sug-
gesting that there was no influence of sampling effort 
on the determination of the fish community size 
structure. These results indicate that one-pass electro-
fishing could be enough to determine the size struc-
ture of the studied communities.

Discussion

The novelty of this work arises from the use of mul-
tiple size-based metrics, instead of quantifying the 
impacts of water diversion on community structure 
and taxonomic composition (e.g., Kubečka et  al., 
1997; Cumming, 2004; Anderson et al., 2006; Poulet, 
2007; Jumani et  al., 2018). Our results showed that 

water diversion had a negative effect on fish com-
munity size structure as evidenced by a decrease 
in community average and median fish lengths in 
diverted stream stretches (Hypothesis 1-i). However, 
size spectra and functional size diversity showed no 
response to water diversion, contrary to our hypoth-
esis (Hypothesis 1-ii, iii). Furthermore, results indi-
cated that the altitudinal gradient was the most 
important natural driver shaping the community size 
structure, with a higher proportion of small-bodied 
individuals inhabiting the lower sampled stream 
stretches. Finally, the values of size-based metrics did 
not differ under different sampling efforts, suggesting 
that community size structure could be characterized 
with one-pass electrofishing sampling, matching with 
Hypothesis 2.

Our results were consistent with previous research 
assessing the impact of water diversion in fish body 
size (Kubečka et  al., 1997; Walters & Post, 2008; 
Benejam et al., 2016a; Merciai et al., 2017), suggest-
ing that community average length may be a useful 
indicator for this impact. The decline in community 
average body length in diverted stream stretches could 
be explained by the modifications in stream hydro-
morphology. Diverted stream stretches in the study 
area presented less maximum water depth, less fish 
refuges, lower abundance of riffles, higher abundance 
of pools, and more streambed exposition (Benejam 

Fig. 3  Main effects of water diversion impacts (X-axes) on fish community average and median length (Y-axes)
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et  al., 2016a), which are characteristics frequently 
associated to water diversion (Kubečka et  al., 1997; 
Gillette et  al., 2005; Anderson et  al., 2006; Muel-
ler et al., 2011; Kuriqi et al., 2021). Water diversion 
can cause low-flow conditions that involve a reduc-
tion of aquatic physical habitat, habitat heterogene-
ity, resource availability, and changes on water veloc-
ity that can lead to less opportunities to large-bodied 
individuals (Rolls et  al., 2012; Lake, 2003; Walters, 
2016). For example, previous works reported that 
the survival of larger individuals of wild brook trout 
[Salvelinus fontinalis (Mitchill 1814)] was reduced in 
extreme summer low-flow conditions in small tribu-
taries while smaller individuals were not affected (Xu 
et  al., 2010). When the available aquatic habitat is 
reduced, large-bodied individuals are more likely to 
experience respiratory stress because they have more 
oxygen demands (Magalhães, 1993; Elliott, 2000). 
Moreover, large-bodied fish can appear more vulner-
able to predators such as mammals or birds in shal-
lower habitats where large fish have difficulties to 
find refugia (Power, 1987; Harvey & Stewart, 1991; 
Magalhães, 1993). Besides, the higher mobility of 
large-bodied individuals potentially enables them 
to move to other reaches when flow permanence is 
reduced (Young, 1994; Davey & Kelly, 2007). The 
loss of large-bodied fish could be also associated to an 
increase of small-sized individuals’ abundance due to 
a decrease on fish predation pressure. For example, in 
headwater streams from Australia, small native spe-
cies expanded or contracted their geographical distri-
butions corresponding with the absence or presence 
of the predator non-native brown trout, which totally 
disappeared in streams with flow reduction (Closs & 
Lake, 1996). These results could also be related with 
the environmental filtering theory (Weiher et  al., 
1998). Previous works found that water velocity and 
habitat structural complexity act as universal envi-
ronmental filters (Bower & Winemiller, 2019), and 
that the filters that tend to favor small body sizes 
(e.g., shallow water depths and scarcity of large shel-
ters) are predominantly responsible for shaping spe-
cies distributions in more isolated small streams (1–4 

Strahler order) (Schmera et al., 2017; Oliveira et al., 
2022). Taken together, large-bodied individuals may 
be less able to succeed in diverted stream stretches, 
which could be reflected in our results through a 
reduction of fish community average and median 
length. Yet, our results showed a lack of response to 
water diversion in size spectrum and size diversity 
metrics. This suggests that although these size-based 
metrics can reflect changes related to trophic struc-
ture, the impact of water diversion may be insufficient 
to cause changes on the trophic structure. In contrast, 
previous research found that habitat alteration in 
diverted reaches caused the loss of large-sized species 
(brown trout) but an increase of small-bodied fishes’ 
abundances that led to steeper size spectrum slopes 
(Boddy et al., 2020). These changes in size spectrum 
slopes were explained because, despite basal resource 
not being affected by flow reduction, the total absence 
of brown trout (top predator) caused an alteration of 
trophic interactions (Boddy et al., 2020).

Altitude was the strongest natural driver that 
affected most of the size-based metrics. Stream 
fish communities are structured along environmen-
tal gradients (Osborne & Wiley, 1992; Magalhães 
et  al., 2002; Benejam et  al., 2018). The relationship 
between altitude and body size is usually negative 
because headwaters can support small-sized individu-
als, while lower sectors, deeper, more stable, and pro-
ductive, can sustain older age groups and large-sized 
individuals (Schlosser, 1982; Larscheid & Hubert, 
1992). In our study, the positive relationship between 
altitude and body size metrics could be explained 
by the high relative abundance of small-bodied non-
native species such as Phoxinus sp. or Barbatula sp. 
in lower stream stretches and the absence of these fish 
species in upper stream stretches, where only brown 
trout was present. Phoxinus sp. can reach 100  mm 
as maximum length (Aparicio, 2016; in our data-
set, a mean of 54.4 ± 12.8  mm) and Barbatula sp. 
100–120 mm (Aparicio, 2016; in our dataset, a mean 
of 63.9 ± 11.1 mm), while brown trout in NE Iberian 
Peninsula can reach sizes up to 700  mm but just in 
large, productive rivers, lakes, and reservoirs (Apari-
cio, 2016; in our dataset, a mean of 130.5 ± 49.9 mm).

We cannot ignore the potential influence of 
cumulative effects of small hydropower plants, as 
it has been studied for large dams. These effects are 
reflected in hydrological alteration, habitat loss, and 
water quality degradation (Alexandre & Almeida, 

Fig. 4  Main effects of altitude (X-axes) on the different body 
size metrics (Y-axes). Blue dots and lines represent the con-
trol stream stretches and red dots and lines the diverted stream 
stretches. Blue and red shadows refer to the 95% CI of control 
and diverted stream stretches, respectively

◂
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Fig. 5  Frequency distribu-
tions of size-based metrics 
according to the number of 
passes from electrofishing 
for the subset of 16 stream 
locations where more than 
one electrofishing pass was 
carried out. Y-axes are the 
number of electrofishing 
passes and X-axes indicate 
the values of each size-
based metric. Colors on 
distributions indicate the 
number of electrofishing 
passes (from one to four 
passes; from blue, yellow, 
orange to brown, respec-
tively) when fish individu-
als were caught
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2010; Kibler & Tullos, 2013; Timpe & Kaplan, 2017; 
Jumani et  al., 2020; Morden et  al., 2022). Another 
associated impact is the habitat fragmentation, limit-
ing organisms’ dispersal, fish migrations, and reduc-
ing populations’ connectivity. Those effects can lead 
to genetic loss, local extinction and may alter life-
history strategies and ecosystem functioning (San-
tucci, et al., 2005; Sheer & Steel, 2006; Lange et al., 
2018; Couto et al., 2021). However, in our study site, 
there exists a strong correlation between the accumu-
lated number of small hydropower plants and alti-
tude (Pearson’s correlation = 0.91; p-value < 0.001). 
This high correlation does not allow us to separate 
the single effects of altitude from the cumulative 
effects, as we are unable to make comparisons with 
stream sites unaffected by small hydropower plants 
in an undammed stream. Concurrently to cumula-
tive effects, the potential increasing anthropogenic 
pressures in stream stretches at lower altitudes (e.g., 
changes in land use or pollution) could revert on the 
body size patterns and condition of fish individuals 
(Benejam et al., 2016b; Sutton & Jones, 2019). Pre-
vious work with the same data base and study site 
found that the condition of brown trout was lower 
in diverted stream stretches and decreased in lower 
sites (Benejam et  al., 2016a). The upper sections of 
the catchment, with less potential anthropogenic pres-
sures, could support less disturbed habitats that favor 
stable communities characterized by high abundance 
of small individuals and low abundance of larger 

individuals. But the cumulative effects of downstream 
barriers may have played a role in the reduction of 
small-sized individuals at higher stream stretches in 
the study site. We found higher values of size spec-
trum linearity at higher sites, indicating that the 
fish community was more stable, and this is related 
to less perturbed habitats. Contrarily, the lower val-
ues of linearity on the lower sites could be a reflect 
of a more perturbed or less stable habitat (Benoît 
et al., 2004; Arranz et al., 2019). Non-salmonid non-
native species tend to primarily colonize rivers with 
low-altitude and low-discharge in the southern part 
of the European Alps region (Niedrist et  al., 2023), 
as we found in our study site. The higher abundance 
of small-sized non-native individuals could be also a 
consequence of habitat impoverishment, especially 
as a response to low flows since non-native fish often 
are tolerant species and occur in more degraded sites, 
as dammed rivers (Marchetti et  al., 2004; Maceda-
Veiga et  al., 2017). Moreover, the presence of weirs 
in the mainstem and tributaries and the loss of dis-
charge due to water diversion can block or disrupt 
upstream fish movements (Ovidio & Philippart, 2002; 
Lake, 2003; Gosset et al., 2006; Gavioli et al. 2018). 
Such movement constraints could be increased when 
there are cumulated barriers; while fish may be able 
to overcome single barriers, passage over multiple 
barriers is not guaranteed because it is energetically 
costly (Jones et  al., 2021). Thus, the small-bodied 
non-native species, which have limited abilities to 
overcome obstacles (Ordeix et al., 2011; Jones et al., 
2021), are more likely to be found in lower sections 
of the basin, thus contributing to the alteration of the 
natural patterns of body size structure along environ-
mental gradients.

We found that all size-based metrics did not vary 
under different sampling effort. This suggest that, 
although electrofishing sampling can show biases 
associated to individual body size (Bayley & Dowl-
ing, 1993; Anderson, 1995; Dolan & Miranda, 2003; 
Peterson et al., 2004), the size structure of the studied 
fish communities could be described with one-pass 
electrofishing. Similar results were found in Ontario 
streams, where the mean size decreased at increas-
ing sampling intensity but not the size range, the 
size diversity, and the size evenness (Sutton & Jones, 
2019). Also, in New Zealand headwater streams, there 
was a high correlation when comparing size range 
and maximum size for one and three electrofishing 

Table 2  Kruskal–Wallis test for each size-based metrics 
according to sampling effort (i.e., number of electrofishing 
passes from one to four)

Size-based 
approach

Size-based metrics Kruskal–
Wallis 
statistic

P-value

Simple
Average length 0.009 1.000
Median length 0.031 0.999
Max. Length 0.020 0.999

Size spectrum
Size spectrum slopes 0.067 0.999
Size spectrum intercept 0.259 0.967
Size spectrum  R2 0.048 0.997

Functional size diversity
Size diversity 0.014 1.000
Size evenness 0.037 0.998
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passes, suggesting that single-pass electrofishing was 
valid and robust for measuring size structure (Fraley 
et  al., 2018). Other studies have found that the effi-
ciency of electrofishing was not influenced by body 
size under appropriate environmental conditions 
including conductivity or depth in streams (Allard, 
2014) and temperature in reservoirs (Bodine et  al., 
2011). On the other hand, other authors detected that 
a single electrofishing  pass is insufficient to accu-
rately represent the community size structure, particu-
larly when comparing streams with different conduc-
tivity (Pusey et al., 1998). Other works have proposed 
models to account for size bias in electrofishing, as 
this can affect estimates of biomass (Richter et  al., 
2022). Taking into consideration that the European 
Community guidelines advise that size-based indica-
tors should be included in river monitoring (European 
Commission, 2016), our results in headwater stream 
stretches showed evidence that one-pass sampling 
can fully represent fish community size structure. 
This would be beneficial in fish biomonitoring allow-
ing to cover large temporal and spatial variability and 
reducing costs and efforts. However, these results are 
restricted to be applied to streams with similar size 
and abiotic attributes, where capture efficiency would 
be comparable.

Conclusion

Run-of-river hydropower plants are affecting a large 
number of streams and rivers. Consequently, water 
diversion in streams is causing significant modifica-
tions to river habitats and fish communities (Carl-
isle et al., 2011; Dudgeon et al., 2019). Under global 
change scenarios with increasing drought episodes, 
water diversion could exacerbate the negative effects 
of flow reduction in fish community size structure, 
leading to negative impacts on both biodiversity and 
ecosystem processes (Xenopoulos et  al., 2005; Dar-
wall & Smith, 2006; Ledger et al., 2013; Carosi et al., 
2019). Thus, by incorporating body size approaches 
together with taxonomical approaches, we can gain 
comprehensive understanding of how small hydro-
power plants can impact river ecological status and 
identify potential mechanisms behind changes in food 
web structure. However, further research in trophic 
relationships is needed to provide insights to better 
understand the mechanisms involved in the impact of 

small hydropower plants on fish communities. Imple-
menting body size approaches for river assessment 
can offer useful complementary tools to quantify and 
understand the ecosystem response to water diversion 
and habitat fragmentation, improving the success of 
stream conservation and restoration programs.
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