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Abstract: The effects of human-induced stressors on riverine fish assemblages are still poorly un-
derstood, especially in species-poor assemblages such as those of temperate South American rivers.
In this study we evaluated the effects of human-induced stressors on the taxonomic and functional
facets of fish assemblages of two central-southern Chilean rivers: the Biobío River (flow regulated
by multiple dams) and the Valdivia River (free-flowing). The study design considered reference
condition, urban polluted, and urban-industrial polluted sites. To evaluate the effects of stressors on
fish assemblages we assessed: (i) components of beta diversity; (ii) spatial and temporal patterns of
fish structure using a multivariate approach; and (iii) functional diversity (specialization, originality,
dispersion, and entropy) using linear models. We found a strong association between taxonomic
and functional fish assemblage facets with a predominance of natural processes in the Valdivia
River reflected in marked temporal dynamics. In contrast, the Biobío River showed a clear loss of
association with seasonal pattern, and both taxonomic and functional facets appeared to respond
significantly to pollution zones. Implementation of stricter environmental policies and integrated
river basin management are instrumental for conserving species-poor fish assemblages in Chilean
temperate rivers characterized by low functional traits redundancy.

Keywords: beta diversity; functional diversity; pollution; functional traits; temperate rivers

1. Introduction

A variety of human activities associated with river ecosystems worldwide have gener-
ated different stressors that negatively affect these ecosystems and their biota [1,2]. These
stressors will be superimposed by climate emergency and are expected to cause significant
impacts on both short and medium temporal scales. For instance, winter precipitation
and associated river discharges are expected to decrease about 40% within three decades
in central-southern Chile [3,4]. This discharge decrease, in turn, will exacerbate effects of
other stressors (e.g., water pollution) by directly increasing concentrations of pollutants [5].
Furthermore, whereas examples of effective management of freshwater ecosystems that
are focused on improvement of water quality in all freshwater ecosystems are available
(e.g., European Union policies), in Chile and Latin America environmental public policies
are still often inefficient to ensure good ecological status and effective management of
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freshwater ecosystems [6]. As a consequence, accelerated deterioration of water and its
ecological qualities are currently evidenced in multiple river basins across Chile [5].

Our knowledge of the effects of the interplay of stressors on freshwater biota is still
rudimentary, even though some recent studies in European rivers have provided empir-
ical evidence of these effects using examples of fish and macroinvertebrate assemblages
(e.g., [7–10]). Until the last few decades, assessment of the effects of individual stressors
was often applied. However, human induced stressors have currently incremented in num-
ber and intensity and evaluation of individual stressors is frequently not valid [7,11,12].
Industrial residuals, waste-water effluents, flow regulation, and invasive species are the
most common human-induced stressors that interact to affect rivers often causing severe
changes in their ecological functioning [1,12,13]. Therefore, representative assessment
necessitates consideration of at least two different stressors in order to obtain some insights
into an integrated ecological response [14]. Furthermore, many studies of the effects of
stressors concentrate on sub-individual responses, whereas studies that concentrate on
biological assemblages’ composition and function are ecologically relevant and can be
instrumental to evaluate whether stressor effects are chronic [15].

Fish assemblages in Chilean river systems are highly endemic and species-poor [16–18].
The singularity of these assemblages is caused by geological history with recent glaciation
event (18,000 years ago), isolation by geographic barriers as well as short length, steep
slopes, and oligotrophic waters of Chilean rivers [16,18,19]. Furthermore, many species
that form these unique assemblages are presently highly threatened with more than 80%
classified as vulnerable, endangered or critically endangered [20]. A recent study of fresh-
water fish assemblages in Chilean rivers documents their homogenization and loss of beta
diversity due to declines of native species [21]. These changes are mainly driven by human
activities [21,22]. Indeed, multiple recent studies have shown that changes in beta diversity
can be an excellent indicator of the response of fish assemblages to human activities [22–24].
Next to beta diversity based on taxonomy, functional facets of biodiversity can also be
evaluated to assess integrated response of biota to stressors as loss of key functions can
help to understand the severity of stressor impacts and their potential consequences [25].
Functional facets of fish assemblages in Chilean rivers and their response to stressors have
not been studied (with the exception of one recent study that documented loss of func-
tional stability: [26]). Still, functional diversity facets related to community singularity and
complexity (e.g., specialization, originality, entropy) that can give insights into responses of
assemblages to stressors have not yet been evaluated [25]. The evaluation of the functional
aspects is especially relevant in species-poor assemblages given their low functional redun-
dancy level and associated vulnerability to stressors [27,28]. As such, an integral approach
to assess the effects of stressors on fish assemblages should incorporate both taxonomic
and functional facets since they deliver complementary information [8,25,29].

The Biobío and Valdivia River basins are located in central-southern Chile and each
accommodate a total of 18 fish species [26]. This total number is reflected in a mean number
of five to eight species coexisting in local habitats [30]. Both the Biobío and Valdivia River
basins are under the influence of a range of anthropogenic activities that are significantly
more intensive in the Biobío River basin. As such, the Biobío River accommodates several
major hydropower plants, of which three are located in the main stem and significantly alter
its natural flow regime [31,32]. Furthermore, the Biobío River receives important quantities
of both industrial and domestic pollutants with three operational pulp mill plants and
eleven urban centers within the basin [33,34]. It is worth mentioning that pulp mill plants
that operate in the Biobío River basin use outdated technologies and as a consequence
their effluents contain different organic residuals such as PHAs and phenols [33,35]. The
Valdivia River basin is free of major hydropower dams. It accommodates one pulp mill
plant located in the Cruces River tributary and it has fewer urban centers (three) compared
to the Biobío River basin [36–38].

The present study aimed to assess the effects of the interplay of the three principal
human-induced stressors (flow regulation by hydropower, industrial pollution and ur-
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ban pollution) on taxonomic and functional diversity of species-poor fish assemblages in
Chilean temperate rivers. Specifically, we assessed beta-diversity as it has been shown to be
an excellent indicator of stressor induced biodiversity loss [24]. Furthermore, we evaluated
the responses of four complementary functional diversity facets (functional specialization,
originality, dispersion and entropy) to the interplay of these stressors. These facets were
chosen as they have been previously shown to be suitable for species-poor assemblages
such as those in central-southern Chilean rivers [8,39]. We expected significant alteration
(reflected by both taxonomic and fictional indicators) of fish assemblages in the Biobío
River due to high intensity pollution stressors and flow regulation that affect it. In contrast,
fish assemblage in the Valdivia River was expected to follow more natural dynamics due to
lower stressor intensity and absence of anthropogenic flow regulation.

2. Materials and Methods
2.1. Study Area

The study area is located in central-southern Chile in the Biobío and Valdivia River
basins (Figure 1). The Biobío River, with a catchment area of 24.260 km2, accommodates
high fish species richness but is also severely affected by human activities [40]. Eleven cities
discharge waste-water to the river and extract water for drinking from it, and three pulp mill
industries use it intensely. As a consequence, deterioration of water quality and biodiversity
has been registered during last decades (e.g., endocrine disruption, presence of toxic
metabolites in fish, etc.) [33,36,41]. Furthermore, the Biobío River is currently fragmented
by 18 hydropower dams and is projected for further rapid hydropower development
with up to 158 dams in 2050 [31]. Finally, the Biobío River receives diffuse pollution as
a consequence of land-use intensification and conversion of native forest to agriculture
and forest plantations dominated by Pinus radiata and Eucalyptus sp. [35,42]. Valdivia
River, with a catchment area of 11,468 km2, originates from a chain of eight lakes that
function as buffer for nutrients and sediments and as a consequence is characterized by
ultra-oligotrophic water in upper main stem of the river. The Valdivia River accommodates
important touristic activities due to its largely natural riparian zones with a leafy temperate
rainforest, clear waters, and scenic landscapes within the basin. The Cruces River is the
main tributary of the Valdivia River which originates at the footsteps of the Andes. It does
not accommodate headwater lakes and is characterized by oligotrophic water [43]. The
Lower Cruces River accommodates extensive wetlands inundated after the 1960 earthquake
and tsunami. These wetlands are characterized by high diversity of macrophytes and ferns,
and presence of a high number of aquatic birds. Presently the wetland is protected as
a Nature Reserve (Carlos Anwandter Nature Sanctuary) and is the first Ramsar site in
Chile (established in 1975). There are few industrial activities registered in the basin and
main ones are low scale milk production and a pulp mill plant that is currently highly
regulated [44]. Valdivia River basin is to date free of hydropower dams in the main stem
and accommodates only one dam (48.6 MW) installed in a small tributary (Huanahue River)
of one of the headwater lakes (Panguipulli Lake).

2.2. Study Design and Fish Sampling

In order to assess the structure of the fish assemblages and determine its response to
multiple stressors, a total of 12 sampling sites were selected (6 in the Biobío River basin
characterised by the flow regime highly altered by hydropower development and 6 in the
Valdivia River basin with no flow regime alterations). The study design considers two
reference condition sites (REF), two sites affected by urban pollution (PU) and two sites
affected by urban and industrial pollution (PIU) in each basin (Figure 1). Polluted and
reference sites were selected based on stressor distribution within each river network. It was
ensured that all sampling sites were characterized by similar geomorphology and similar
Strahler order. Fish were sampled in four seasons: spring (SP), summer (SU), autumn
(AU) and winter (WI) in order to assess the temporal pattern of assemblage structure in
each basin. In addition, at each sampling site, in situ water quality variables (temperature,
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pH, dissolved oxygen, conductivity, total dissolved solids) were measured using hand-
held devices (Hanna HI-9828 and Hanna HI-98703, Woonsocket, RI, USA). Furthermore,
concentrations of nitrite, nitrate, ammonium, phosphate and total hardness were measured
using colorimetric test kit VISOCOLOR® (MACHEREY-NAGEL GmbH and Co., KG.,
Dueren, Germany).

Figure 1. Study area. The Biobío River basin (top) and Valdivia River basin (bottom) located in the
central-southern Chile. Sampling sites are indicated by coloured dots (blue, reference sampling sites;
green, urban pollution sites; black, urban and industrial pollution sites).

Fish were sampled by two complementary capture methods: backpack electrofisher
(Halltech HT-2000, Guelph, ON, Canada) and beach seine (1.5 m high, 10 m long and
6 mm stretched mesh size). Each electrofishing sample took 30 min of active fishing and
covered riffle and pool habitats (electrofisher settings: 250 volts, 50 A). Beach seine samples
were collected in littoral/shoreline habitats at each site with three to four hauls at each site
depending on littoral habitat availability. Fishing effort did not significantly differ among
sites and sampling events, therefore total numbers of fish collected by both methods were
pooled for analyses. Fish collected at each site were anaesthetized, identified in situ to
species level, counted and released back to their original habitats.

2.3. Beta Diversity Analyses

Beta diversity was estimated using Sørensen and Bray-Curtis indices for presence-
absence and abundance matrices, respectively, with betapart package [45]. Beta diversity
reflects variation of species composition of biological assemblages and provides information

5783



Water 2022, 14, 355 5 of 19

about processes that drive assemblage structure when turnover and nestedness components
are considered [46]. This information is highly relevant for assessment of the effects of
stressors as these components reflect antithetic processes: species replacement and species
loss [13,45]. Therefore, we computed following specific components of beta diversity:
(1) total beta diversity based on Sørensen dissimilarity index (βSOR), (2) beta turnover
estimated from Simpson dissimilarity index (βSIM), and (3) beta nestedness calculated by
subtraction of turnover effect from the total beta diversity (βNES = βSOR − βSIM) [45]. These
components of beta diversity were calculated for each basin in order to allow comparisons.
Using an analogous reasoning, Bray-Curtis dissimilarity (dBC) is separated into balanced
variation (dBC-bal) and abundance gradient (dBC-gra) components [47]. Then, Bray-Curtis
dissimilarity is the addition of two antithetic sources of dissimilarity, namely balanced
changes in species abundances and unidirectional abundance gradients [47].

Subsequently, we evaluated the hypotheses that variability in spatial and temporal
patterns of fish assemblage composition and abundance (pair-wise beta diversity) could be
explained by water quality variables (logx+1 transformed) related with human-induced
stressors (i.e., conductivity, pH, nitrate). The hypothesis was tested using distance-based
linear models (DISTLM; [48,49]). DISTLM performs partitioning of the variation in data ma-
trices similar to regression and it generates probability values by a permutation routine [49].
Probability values were obtained for predictor variables by 9999 permutations. Initially,
models were run to identify significant predictors of fish assemblage structure (based on
Bray-Curtis resemblance matrix from fourth-root transformed abundance dataset) when
fitted individually (marginal test) and then sequentially using BEST selection procedure.
Model parsimony was assessed by corrected Akaike’s Information Criterion (AICc). The
best-fit model was visualized in multidimensional space using dbRDA ordination. These
analyses were performed in PRIMER-E software (v.6) [49].

2.4. Estimation of Functional Diversity Indices

Estimation of functional diversity was based on functional traits and fish abundance
matrices. Seven eco-morphological and ecological traits were selected to describe different
functional roles of species in assemblage structure (Table 1). The traits were selected
based on available knowledge about Chilean native fish species. Trait data were extracted
from online sources https://www.fishbase.se (accessed on 15 January 2021) and http:
//especies.mma.gob.cl/ (accessed on 15 January 2021), and published articles [18,50,51].

Functional diversity (FD) indices of fish assemblages were estimated using different
dissimilarity algorithms based on the Gower distance matrix computed from trait-pairs of
a given species within the total trait pool [25,29,39]. A multidimensional functional space
was defined using Principal Coordinates Analysis (PCoA) in order to position traits in
space [29]. We used four FD indices that can be calculated from species composition in each
sampling site: functional specialization (FSpe), functional originality (FOri), functional
dispersion (FDis) and functional entropy (FEnt, [39]). The choice of FD indices was based
on species-poor system criterion proposed by [39] and applied to empirical data by [8,9].
As species pool within the assemblage differs between the Biobío and Valdivia River basins,
indices were calculated separately for each basin.
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Table 1. Biological and ecological traits used to estimate functional diversity of the fish assemblage
in the Biobío and Valdivia rivers. These traits were selected based on available knowledge about
Chilean native fish species. Trait data were extracted from online sources https://www.fishbase.se
(accessed on 15 January 2021) and http://especies.mma.gob.cl/ (accessed on 15 January 2021)), and
published articles (Habit et al. 2006 [18], Valdovinos et al. 2012 [50], Vila et al. 2015 [51]).

Trait Type Function Trait Categories Categorical Value

Ordinal Trophic interaction Trophic guilds Detritivore 1
Omnivore-invertivore 2
Omnivore-piscivore 3
Omnivore 4

Ordinal Habitat use Vertical position Benthic 1
Benthopelagic 2
Pelagic 3

Velocity preference Reophilic 1
Limnophilic 2
Eurytopic 3

Floodplain use Frequently 1
Scarcely 2

Ordinal Life history Migration Facultative
amphidromous 1

Anadromous 2
Facultative
catadromous 3

Non-migratory 4

Continuous Morphology Mean length
Maximum length

FSpe was calculated as the abundance-weighted mean distance in the functional space
to the average value of all of the species present at the basin scale [52]. It shows high
values when the species with the highest abundance has the most extreme traits within
the basin species pool. FOri was estimated as the abundance-weighted mean distance
to the closest species within functional space [25]. It reaches high values when species
with unique trait combinations have the highest abundances in the community. FDis was
estimated as abundance-weighted deviation of species trait values from the center of the
functional space [53]. The center of FDis presents the highest values when trait abundances
are similar [53]. Finally, FEnt was estimated as the abundance-weighted sum of pairwise
functional distance among species within the community [54]. FEnt increases when species
with the highest abundances are functionally distinct [25].

2.5. The Effects of Stressors on Functional Diversity

Principal component analysis (PCA; the function principal, R package psych) was
applied in order to summarize eight water quality variables (logx+1 transformed) in form
of principal component axes. Resulting two first PC axes (that explained more than 50% of
the accumulated variation) were re-named as gradients of human-induced stress based on
the stressors that were associated with them (Table 2): ‘water quality’ (PC1) and ‘nutrients’
(PC2). The ‘varimax’ rotation facilitated the interpretation of axes, and the number of
axes was selected based on explanatory power [55]. Generalized linear models (GLM, the
function glm, car package R) were used to assess the effects of the gradients of human-
induced stressors (summarized in PCA axes, Table 2) on functional diversity indices (FSpe,
FOri, FDis, FEnt). As other human-induced stressor related directly with study design and
indirectly with non-included variables, we included pollution zones (REF, PU, PIU) and
seasons (natural temporal gradient) in the models. Quasibinomial errors/logit link was
used for proportions of each functional index (FSpe, FOri, FDis and FEnt), whereas Poisson
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errors/log link was used for species abundance data. Model validation was executed by
visually inspecting diagnostic plots of residuals. The analysis was executed in R software
with car package.

Table 2. Loadings for axes 1 and 2 according to PCA built using water quality variables. Values ≥ |0.65|
are showed in bold.

Biobío River Valdivia River

PC1 (39%) PC2 (33%) PC1 (38%) PC2 (35%)

pH 0.6076 −0.2326 0.8375 0.0959
Temperature 0.7225 0.4152 0.8939 0.1486
Conductivity 0.7607 -0.1050 0.6449 −0.2490
Hardness 0.6277 0.0108 0.0454 −0.6015
Nitrite 0.0970 0.9186 0.2425 0.7647
Nitrate −0.0948 −0.1542 −0.0858 0.7947
Ammonium −0.3662 0.6901 −0.0176 −0.0382
Phosphate 0.2669 0.4748 0.1685 0.4762

To determine the relative contribution of each functional trait in the fish assemblage-
water quality relationships, we used fourth-corner and RLQ analyses based on the criterion
introduced in [56]. RLQ is a multivariate technique that provides ordination scores to sum-
marize links among species distributions across sampling sites, environmental variables,
and species traits. This analysis was computed with R package ade4.

3. Results
3.1. Taxonomic Assemblage Structure and Environmental Effects

A total of 21 species was registered in this study, 14 in the Biobío River, and 15 in
the Valdivia River. Eight species were shared between the basins. Among these, three
were non-native (Salmo trutta, Oncorhynchus mykiss and Gambusia holbrooki) and five were
native (Basilychthys microlepidotus, Galaxias maculatus, Geotria australis, Percichthys trucha,
Trichomycterus areolatus) (Table A1). The species registered only in one basin are inside their
endemic distribution ranges; in the Biobío River these were Bullockia maldonadoi, Cheirodon
galusdae, Percilia irwini and Percichthys melanops, and in the Valdivia River, Diplomystes
camposensis, Cheirodon kiliani, Aplochiton taeniatus and Hatcheria macrei.

Decomposition of beta diversity based on species presence-absence revealed significant
differences in fish assemblages structuring between the Biobío and Valdivia River basins.
Even though βSOR had a similar range between basins, the Valdivia River was characterized
by higher density (number of species registered by site) compared to the Biobío River
(this was reflected in peak of gross curves (Figure 2)). Furthermore, Valdivia River is
characterized by a strong turnover (βSIM) compared to the Biobío River, which in turn
is characterized by marked nestedness (βSNE) (Figure 2). Nevertheless, decomposition
of beta diversity based on Bray-Curtis dissimilarity estimated from fish abundance data
showed less marked pattern and DBC-gra as well as DBC-bal were characterized by similar
range values in both rivers (Figure 2). These results indicate that beta diversity patterns
of fish assemblage in these rivers are primarily driven by species composition and less by
assemblage structure based on abundances.

DISTLM models and dbRDA ordination revealed significant differences in species
abundances among sampling sites and their associations with water quality variables
(Figure 3). Indeed, the fish assemblage structure in the Biobío River showed clear separation
among pollution zones (Figure 3, left). Specifically, fish assemblages in reference sites were
significantly different from those in sites characterized by both urban as well as urban and
industrial pollution (pseudo F = 2.12; p = 0.04). The most different group was strongly
influenced by conductivity (pseudo F = 1.241; p = 0.03) and nitrate concentration (Figure 3,
left). A different pattern was observed in fish assemblage structures in the Valdivia River
with little separation among pollution zones but marked grouping among seasons with
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significant differences between warmer (spring and summer) and colder (autumn and
winter) seasons (Figure 3, right). Differentiation among seasons was mostly explained by
physical and chemical water quality variables: temperature (pseudo F = 3.378; p = 0.008)
and pH (pseudo F = 5.130; p = 0.001).

Figure 2. Beta diversity decomposition for the Biobío River (black) and Valdivia River (blue), based on
Sørensen dissimilarity (top, species presence-absence matrix) and Bray-Curtis dissimilarity (bottom,
species abundance matrix). Sørensen dissimilarity βSOR was partitioned into βSIM (turnover) and
βSNE (nestedness) and Bray-Curtis dissimilarity into balanced variation (dBC-bal) and abundance
gradient (dBC-gra) components.

3.2. The Effects of Stressors on Functional Diversity

Functional assemblage structure based on traits and abundance of registered species
in the study area showed different patterns in each analyzed river (Table 3, Figures 4
and 5). As such, functional dispersion and entropy of the fish assemblage in the Biobío
River significantly responded to the pollution zones. Indeed, ANOVA results highlighted
that these functional facets were characterized by a higher range of values in the reference
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zone compared to polluted zones (Table 3, Figure 4). Different patterns were observed in
the Valdivia River where functional diversity indices of the fish assemblage responded to
nutrient pollution. Specifically, functional specialization, dispersion, and entropy decreased
with increasing concentration of nutrients (PC2) and increased with the increasing of
temperature, conductivity, and pH (PC1) which occurs in warmer seasons (Table 2, Figures 4
and 5). Furthermore, in contrast to the Biobío River, the functional specialization, dispersion
and entropy of the fish assemblage in the Valdivia River was characterized by significant
temporal dynamics with the highest values in summer and spring, and lowest in winter
and autumn (Table 2, Figure 5).

Figure 3. Redundancy analyses (RDA) based on BrayCurtis dissimilarity matrix. Species abundance
data were fourth-root transformed. Environmental variables were logx+1 transformed. Graphs show
grouping of study sites and their associations with environmental variables (lines) for the Biobío
River (left) and Valdivia River (right), and for pollution levels (top) and seasons (bottom).
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Table 3. Results of ANOVA based on the general lineal model (GLM) for functional indices estimated
for fish assemblages from the Biobío and Valdivia rivers; functional specialization (FSpe), functional
originality (FOri), functional dispersion (FDis) and functional entropy (FEnt), as a function of axes
from environmental factors PCA (Varimax). Significant probabilities are showed in bold. Levels of
significance are indicated by (*): * p <0.01, ** p < 0.05 and *** p < 0.001.

FSpe FOri FDis FEnt

Chi sq p Chi sq p Chi sq p Chi sq p

Biobío
Physical water quality (PC1) 4.9166 0.0266 * 0.4903 0.4838 2.0049 0.15679 1.9758 0.1598
Zone 6.4841 0.03908 * 7.7944 0.0203 *

Valdivia
Nutrient pollution (PC2) 5.280 0.02157 * 1.2546 0.2627 3.1996 0.07366 4.5285 0.008486 **
Season 30.343 <0.001 *** 23.2988 <0.001 *** 2.9122 0.40537 11.6996 0.033334 *

Figure 4. Significant relationships of functional diversity indices with pollution zones in the Biobío
River (cyan, reference; green, urban pollution; dark blue, urban and industrial pollution). The bars
are means, whiskers 95% CI, dots sample sites, and bean data density.
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Figure 5. Significant relationships of functional diversity indices with nutrients and water quality
(PC1 and PC2), and season (red, summer; violet, autumn; dark blue, winter; Indian red, spring) in the
Valdivia River.

The observed decrease of the values of functional indices reflects the loss or deple-
tion of some functional traits. In the Biobío River, the most affected traits were trophic
guilds associated with pollution zone, and floodplain use associated with water quality
and presence of non-native species (Australoheros facetus and Gambusia holbrooki, Figure 6).
A different pattern was observed in the Valdivia River where the strongest association was
observed between migratory life-histories (Geotria australis and Aplochiton taeniatus) and
seasons that reflect natural flow fluctuation (Figure 7). Floodplain use and trophic guilds
also appeared as relevant traits that structured the natural seasonal dynamic of the fish
assemblage (Figure 7).
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Figure 6. Results of the first two axes of the RLQ analysis for the Biobío River: (A) coefficients for
traits (descriptions in Table 1); (B) coefficients for environmental variables; (C) species scores (see
Table A1 for species codes). The values of d give the grid size indicate stress data level.

Figure 7. Results of the first two axes of the RLQ analysis for the Valdivia River: (A) coefficients for
traits (descriptions in Table 1); (B) coefficients for environmental variables; (C) species scores (see
Table A1 for species codes). The values of d give the grid size indicate stress data level.
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4. Discussion

This study is the first to assess the effects of human-induced stressors on the functional
and taxonomic aspects of fish assemblage structure in South American temperate rivers
and represents an important contribution to advancing our understanding of the effects of
interplay of stressors on species-poor assemblages. First, we showed that beta diversity
structuring significantly differed between the Biobío and Valdivia rivers; the Biobío River
showed marked nestedness whereas turnover in the Valdivia River was more significant.
Secondly, we showed that the fish assemblage structure and function in the Biobío River was
strongly driven by human-induced stressors reflected in water quality alterations, whereas
fish assemblage in the Valdivia River was characterized by more natural seasonal dynamics.

The Biobío and Valdivia river basins are characterized by the highest fish species
richness and diversity among Chilean river basins [30,57]. However, significant human-
induced alterations during the last few decades have strongly influenced composition
and structure of fish assemblages in the Biobío River basin and resulted in native fish
diversity loss. Ref. [57] reported a significant decrease in fish abundance and diversity as a
consequence of human activities such as forestry, pulp mill plants, and hydropower dam
operation. Currently, there are 18 hydropower plants operating in the Biobío River basin
and were shown to influence pollutant concentration in water column and affect sediments
dynamics [34]. Furthermore, these hydropower dams have been shown to significantly
obstruct fish movement, affect population genetic diversity, and cause local population
extirpations [22,58,59].

Hydropower dams that operate in hydropeaking regime directly affect habitat avail-
ability for native benthic and benthic-pelagic species such as Trychomycterus areolatus and
Percilia irwini [60,61]. Severe flow alteration caused by hydropeaking strongly affects the
natural temporal dynamic of riverine habitats [61]. Possibly as an effect of this, habitat use
traits and specifically floodplain use has emerged among the most affected traits in the
Biobío River according to the RLQ results. Lateral habitats and floodplains are essential for
reproduction and recruitment of many fish species and often serve as feeding grounds or
provide food subsidies [62,63]. Trophic traits also appeared affected, most probably since
several macro-benthos species are sensitive to hydropeaking and due to changes in the
nutrient concentrations and organic matter accumulation in the substrate [32,64]. Indeed,
in the most polluted zones, invertivorous fish such as Percilia irwini and Percichthys trucha
disappeared or diminished notably their abundances in Biobío River. As such, the loss of
specialist species contributes to the loss of trophic roles in the most impacted reaches [65].
Furthermore, these declines could have been also influenced indirectly by changes in sedi-
ment dynamics downstream of hydropower dams and/or high amount of organic matter
from pulp mill residues due to inefficient waste treatment.

In the Valdivia River, the absence of hydropower dams and the presence of only one
pulp mill in the middle section of the tributary is reflected in fish assemblage that seems to
preserve more natural structure and dynamics. Water column preference traits are linked
with season, which reflects the natural seasonal flow fluctuations. In summer, discharge
and water velocity decrease, and this decrease is associated with an increase of abundance
of pelagic and decrease of benthic species in littoral fish samples [30]. Furthermore, the
presence of specialist reophilic and invertivorous species such as Diplomystes camposensis
in the Valdivia River indicates that diverse traits and functions are still present in the
system [21]. In the Biobío River, the sister specialist species Diplomystes nahuelbutaensis has
not been registered within this study. Species from the Diplomystes genus are characterized
by high dispersal capacities and low genetic diversity [66–68]. Furthermore, they require
highly oxygenated water and a substrate with a low content of sediment and organic
matter [69,70]. These characteristics make species of this genus highly sensitive to river
network fragmentation and water quality deterioration. Indeed, operations of hydropower
dams and water pollution have caused D. nahuelbutaensis habitat loss in the Biobío River
and a gradual decrease of its abundance that may explain its absence in our samples [71].
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These vulnerable species support singular functions in riverine species-poor assemblages
that are weakly buffered against functional diversity loss due to low trait redundancy [27].

The results of beta diversity analyses corroborate these findings, as the marked nested
assembly pattern found in the Biobío River may reflect a loss of specialist species incor-
poration to the assemblage as a consequence of human-induced stressors. Indeed, the
prevalence of a nested pattern rather than a turnover one has been shown to characterize
river biota assemblage influenced by anthropogenic stressors in Mediterranean rivers and
in Spain and Chile [13,21]. Such a pattern indicates that new species are poorly incorpo-
rated in the assembly process. Indeed, in the Biobío River, this pattern principally reflects
invasive and generalist species such as Australoheros facetus and Gambusia holbrooki that are
added to the assemblage in polluted reaches. Furthermore, the addition of these species to
assemblages in the most severely affected reaches also explains changes in trophic guilds.
Non-native species in degraded systems gain importance in species-poor assemblages,
especially if non-native species functional characteristics significantly differ from those of
native fish [8,9]. In contrast, Valdivia River fish assemblages show a marked turnover beta
diversity pattern most probably driven by natural processes, as human-induced stressors
are not significant to remove specialist species in the assembly process [21,26].

This contrasting pattern between the Biobío and Valdivia rivers is also reflected in
the results of redundancy analyses. Fish assemblages in the Biobío River are characterized
by spatial grouping with a clear differentiation of reference and pollution locations that
reflect distinct fish assemblages. Furthermore, no significant differences in fish assemblages
were observed between polluted zones, suggesting significant effects of flow regulation
at the interplay with pollution at both pollution intensities. In contrast, fish assemblages
in the Valdivia River are characterized by differentiation among seasons, that suggests
more natural dynamics of a functional structure significantly associated with functional
specialization, dispersion, and entropy patterns. Furthermore, functional specialization
and entropy also significantly decreased along the nutrient concentration gradient with
low specialization of fish assemblages in spring. This pattern may be related to seasonal
inundation of floodplain habitats and the associated increase of accumulation and decom-
position of organic matter of both natural and anthropogenic origins [72]. In addition,
inundated floodplain habitats are used principally by pelagic galaxiids (Galaxias maculatus)
and silversides (Basilychthys microlepidotus), whereas in summer, the river channel narrows
and most fish species occupy shoreline habitats to some degree increasing the functional
specialization of the sampled littoral fish assemblage.

Alteration of water quality variables such as conductivity and nitrate concentration
may have influenced the observed pattern. The effects of nutrient pollution on riverine
fish assemblages have been widely studied (e.g., [73–75]). Concentrations registered in
Chilean rivers remain low compared to other rivers, but the natural oligotrophic state of
southern Chilean rivers makes them highly sensitive to nutrient concentration increase [6].
Already in 2010, a significant (up to six-fold) increase of concentrations of nitrate was
registered in the Biobío and Valdivia rivers [76]. These significant increases of nutrient
concentrations are expected to continue and affect riverine biota, including fish [6]. The
sensitivity of species-poor riverine biota that inhabits these rivers to pollution could have
been clearly evidenced in 2004 in the Cruces River (tributary of the Valdivia River) which
has undergone ecosystem collapse due to nutrient pollution and water quality decreasing
as consequence of inefficient operation of a pulp-mill plant [44]. During the collapse,
various taxonomic groups of organisms died massively due to bottom-up effect [37,77].
Currently, an increase in depuration technology standards has allowed for the improvement
of the rivers’ ecological status, reflected in the composition and functional structure of fish
assemblages in the Cruces River (which does not seem to be highly affected by pollution
according to our results). However, strict environmental policies should be applied in
order to control nutrient pollution increase and hydropower development, as these have
significant effects on fish assemblages (as shown with the example of the Biobío River basin).
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5. Conclusions

We found a strong association between taxonomic and functional fish assemblage
facets with a predominance of natural processes in the Valdivia River, reflected in its marker
temporal dynamics. In contrast, the Biobío River showed a clear loss of association with
temporal seasonal pattern and, instead, both taxonomic and functional facets of the fish
assemblage appeared to respond significantly to pollution zones. High quantity of pollu-
tants in the Biobío River and their significant effects on its species-poor fish assemblages
necessitates management actions if ecological health of the river is to be improved. These
actions are especially urgent given future climate scenarios and a projected significant
decrease of precipitations and river discharges in the region which will further increase
pollutant concentrations in river waters, exacerbating the risk of functional traits loss.
Therefore, stricter environmental policies should be generated by governmental entities in
order to preserve the biodiversity and ecosystem services of central Chilean rivers. These
should focus on: (1) obtaining spatially and temporally explicit diagnosis of pollution
distribution and its effects on organisms and ecosystem function; (2) decreasing number
and concentration of pollutants by technological improvements in pulp-mill industry and
urban waste-water treatment; (3) generating strategies that assure conservation of native
fish species, especially those with restricted distribution ranges, with a long-term biomoni-
toring; and (4) the implementation of integrated river basin management in order to plan
human activities in balance with natural ecosystem functions to assure water quality and
species conservation.
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Appendix A

Table A1. List of species registered in each studied river basin indicating species code, local Chilean
common name and family (X, species presence).

Species Code Common Name Family Origin
Basin

Biobio River Valdivia River

Australoheros facetus Af chanchito Cichlidae non-native x
Aplochiton taeniatus At peladilla Galaxiidae native x
Bullockia maldonadoi Bma bagrecito Tricomycteridae native x
Basilychthys
microlepidotus Bmi pejerrey chileno Atherinopsinae native x x
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Table A1. Cont.

Species Code Common Name Family Origin
Basin

Biobio River Valdivia River

Brachylaxias bullocki Bb puye rojo Galaxiidae native x
Cyprinus carpio Cc carpa Ciprinidae non-native x
Cheirodon kiliani Cha pocha Characidae native x
Cheirodon galusdae Chg pocha Characidae native x
Diplomystes camposensis Dc tollo Diplomystidae native x
Geotria australis Ga lamprea Geotriidae native x x
Gambusia holbrooki Gh pez mosquito Poeciliidae non-native x x
Galaxias maculatus Gm puye Galaxiidae native x x
Galaxias platei Gp puye grande Galaxiidae native x
Hatcheria macrei Hm bagre grande Tricomycteridae native x
Onchorrynchus mykiss Om trucha arcoiris Salmonidae non-native x x

Percilia irwini Pi carmelita de
Concepción Perciilidae native x

Percilia gillissii Pg Carmelita Perciilidae native x
Percicthys melanops Pm perca negra Percichthyidae native x
Percicthys trucha Pt perca Percichthyidae native x x
Salmo trutta St trucha café Ssalmonidae non-native x x
Trichomycterus areolatus Ta bagre chico Tricomycteridae native x x
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