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We investigated the mechanisms involved in the relationship between landuse changes and aquatic biodiversity, using stream fish assemblages of the
Brazilian Savanna (i.e., Cerrado) as a study model. We tested the prediction that
landscape degradation would decrease environmental heterogeneity and change
predominant physical-habitat types, which in turn would decrease the functional
diversity and alter the functional identity of fish assemblages. We sampled
fish from 40 streams in the Upper Paraná River basin, and assessed catchment
and instream conditions. We then conducted an ecomorphological analysis
to functionally characterize all species (36) and quantify different facets of the
functional structure of assemblages. We detected multiple pathways of the impacts
from landscape changes on the fish assemblages. Catchment degradation reduced
the stream-bed complexity and the heterogeneity of canopy shading, decreasing
assemblage functional specialization and divergence. Landscape changes also
reduced the water volume and the amount of large rocks in streams, resulting
in decreased abundances of species with large bodies and with morphological
traits that favor swimming in the water column. We conclude that land-use
intensification caused significant changes in aquatic biodiversity in the Cerrado,
reinforcing the need to pay special attention to this global hotspot.
Keywords: Biodiversity hotspot, Functional traits, Human impacts, Landscape
degradation, Stream physical habitat.
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Landscape degradation and fish functional diversity

Investigamos os mecanismos envolvidos na relação entre mudanças de uso da
terra e biodiversidade aquática, utilizando a ictiofauna de riachos do Cerrado
como modelo de estudo. Testamos a predição de que a degradação da paisagem
reduz a heterogeneidade ambiental e muda os tipos predominantes de habitat,
por sua vez, diminuindo a diversidade e alterando a identidade funcional de
comunidades de peixes. Amostramos 40 riachos da bacia do Alto Rio Paraná,
e avaliamos as condições da drenagem e do habitat físico local. Em seguida,
conduzimos uma análise ecomorfológica para caracterizar funcionalmente
todas as espécies (36) e quantificar diferentes facetas da estrutura funcional das
comunidades. Detectamos múltiplos caminhos de impacto das alterações da
paisagem sobre a ictiofauna. A degradação das bacias de drenagem reduziu
complexidade do leito e heterogeneidade no sombreamento pelo dossel,
diminuindo especialização e divergência funcional das comunidades. Alterações
na paisagem também reduziram volume de água e quantidade de pedras grandes
nos riachos, resultando em diminuição na abundância de espécies de maior
porte e com atributos morfológicos que favorecem a natação na coluna d’água.
Concluímos que a intensificação dos usos da terra causa alterações significativas
para a biodiversidade aquática no Cerrado, reforçando a necessidade de especial
atenção a este hotspot global.
Palavras-chave: Atributos funcionais, Degradação da paisagem, Habitat físico de
riachos, Hotspot de biodiversidade, Impactos humanos.

INTRODUCTION
A primary goal of contemporary ecology is to understand how biotic communities
respond to increasing human-induced pressures across ecosystems. Natural landscapes
are being strongly modified by land-use changes, a widespread process on Earth, but
especially critical for the tropics (Dirzo et al., 2014). Besides holding huge amounts of
biodiversity, the tropics are marked by the conflicting relationship between unsustainable
economic growth and the maintenance of ecosystem functioning and services (Costanza
et al., 1997; Gardner et al., 2013). The Neotropical Savanna (hereafter Cerrado) is a
typical example of such relationships. Although it harbors high levels of species richness
and endemism, the Cerrado is one of the most threatened vegetation domains in South
America; therefore, it is considered a global biodiversity hotspot for conservation (Myers
et al., 2000; Mittermeier et al., 2004). Because of favorable climate, relief and soils (Goedert,
1989), the Cerrado has undergone intense agribusiness pressure in recent decades. As a
result, more than 80% of the original vegetation has been modified for anthropogenic
uses (Silva et al., 2013), but only 7% of the area is legally protected (Soares-Filho et al.,
2014). This increasing rate of landscape degradation has led to extensive and intensive
impacts on several ecosystems (Santos et al., 2017), including headwater streams and their
biota (Carvalho, Tejerina-Garro, 2015; Agra et al., 2021).
Because of the riverscape hierarchical configuration, the replacement of natural
vegetation cover by agricultural or urbanized areas in a basin promotes a variety of
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changes in the physical-habitat structure of streams (Wang et al., 2006; Leal et al.,
2016; Hughes et al., 2019). For example, catchment deforestation drives soil erosion
and sedimentation, and reduces leaf and wood inputs into streams. These processes
result in altered substrate types (e.g., from rocky substrate and leaf banks to sand-clay
dominated streams), and lower levels of stream-bed complexity and stability, among
many other alterations in channel morphology (Leal et al., 2016; Castro et al., 2018;
Leitão et al., 2018). Reduced canopy cover means reduced inputs of allochthonous
items (e.g., terrestrial insects, fruits and seeds) and increased light penetration, altering
energy dynamics for stream food webs (Nakano et al., 1999; Bojsen, Barriga, 2002;
Carvalho et al., 2017a). These alterations create two fundamental changes for stream
systems: reduced environmental heterogeneity and a shift in predominant habitat types.
Consequently, biological assemblages are expected to respond both in terms of diversity
and identity/type of species.
The distribution of species over environmental gradients is considered a product
of organism-habitat adjustments mediated by their functional traits (e.g., morphology,
physiology or behavior). Thus, it is expected that a set of coexisting organisms in a
given assemblage reflects, at least in part, the relationship of their traits with the local
habitat (Poff, Ward, 1990). Such relationships can be understood both in terms of the
variability (i.e., functional diversity) and the predominance of traits (i.e., functional
identity) within a biological assemblage (Mouillot et al., 2013). Therefore, in the
context of land-use impacts on stream physical habitat, we can expect that reduced
environmental heterogeneity would result in lower levels of functional diversity (i.e.,
Biodiversity-Heterogeneity Hypothesis; MacArthur, MacArthur, 1961). Moreover
functional identity may be directly affected by changes in predominant habitat types
(i.e., Habitat Templet Hypothesis; Southwood, 1977).
Given the capacity to reveal mechanistic processes driving community assembly
(Mouillot et al., 2013), and better performance of functional indexes than pure taxonomic
indicators (Teresa, Casatti, 2017), functional approaches have been increasingly applied
to understand biodiversity changes over degradation gradients. Particularly for Brazilian
headwaters, there has been a remarkable increase in literature focusing on the effects of
land use on the functional structure of fish assemblages (Bordignon et al., 2015; Casatti
et al., 2015; Roa-Fuentes et al., 2019; Zeni et al., 2020; Teresa et al., 2021). However,
some authors have pointed out the context-dependency of this relationship, showing
significant differences between study regions resulting from particularities such as
geomorphology, landscape degradation level and history (Teresa, Casatti, 2017; Leitão
et al., 2018). Additionally, those studies seldom explicitly considered the hierarchical
structure of the landscape-habitat-ichthyofauna relationship (but see Dala-Corte et
al., 2016 and Leitão et al., 2018). These factors potentially limit our capacity to detect
general patterns in the biodiversity response to degradation, and to propose efficient
conservation and management strategies for stream fish assemblages. In this context,
we conducted a study along a wide gradient of landscape degradation and used path
analysis to investigate how land use and cover, mediated by alterations in local physical
habitat, affect the functional structure of Cerrado stream fish assemblages. We tested the
predictions that landscape degradation would decrease environmental heterogeneity
and change predominant physical-habitat types, which in turn would decrease the
functional diversity and alter the functional identity of fish assemblages.
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MATERIAL AND METHODS
Sampling design. We sampled 40 stream sites (150 m long) from first to third order
(Strahler, 1957) in September 2013 (dry season), all of them draining to Nova Ponte
Reservoir in the Araguari River basin, Upper Paraná River, Minas Gerais, Brazil
(Figs. 1–2; more details in Fagundes et al., 2015). The sites were selected by using
the Generalized Random-Tessellation Stratified (GRTS) method (Stevens, Olsen,
2004; Olsen, Peck, 2008) and therefore were statistically representative of the mosaic
of land uses in the region, such as mechanized agriculture (e.g., soybeans, corn, and
coffee), pastures, and urban areas, and natural Cerrado vegetation. With this procedure
we covered a wide gradient of landscape degradation while maintaining the spatial
independence of sampling sites (Macedo et al., 2016).
Landscape degradation. Land use types were assessed using fine resolution images
(0.6-5 m spatial resolution; images from Google Earth, 2010) to obtain information
about the shape and texture of the elements. We also obtained multispectral images
from the TM Landsat sensor, which yields different spectral responses for each type of
land use or vegetation cover (Macedo et al., 2014, 2016). Three land uses were then
identified and quantified according to their percentages within the entire catchment
upstream from each sampled site: pasture, agriculture, or urban. Finally, we calculated
the Catchment Disturbance Index (CDI; Ligeiro et al., 2013), which is weighted
according to each land-use type as follows:
CDI = (4 x % urban areas) + (2 x % agricultural areas) + (1 x % pasture areas)

FIGURE 1 | Headwater streams (N = 40; black dots) sampled for fish and local physical habitat. All sites drain to Nova Ponte Reservoir in the
Araguari River basin, Upper Paraná River, Minas Gerais, Brazil.
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FIGURE 2 | Examples of landscape and local-habitat conditions of the streams sampled across a degradation gradient in the Cerrado: A.
Streams with a small strip of riparian forests in landscapes dominated by mechanized agriculture; B. Stream with relatively well-preserved
local conditions, including forest on both banks; C. Stream surrounded by intermediate riparian cover; and D. Stream running in pasture
areas without any forest.

This index ranges from 0 (absence of the three land-use types) to 400 (catchment fully
occupied by urban areas); the higher the CDI value, the greater the level of catchment
degradation upstream from each sample site (Ligeiro et al., 2013). The weights established
for each type of land use were based on previous studies that considered their severity
to the hydromorphological degradation for streams on both temperate (e.g., Böhmer et
al., 2004; Feld, 2004; Rawer-Jost et al., 2004) and tropical regions. The latter includes
previous assessments conducted for quantifying gradients of catchment anthropogenic
disturbance in our study area or in other hydrological units in the Cerrado (e.g., Ligeiro
et al., 2013; Carvalho et al., 2017b; Silva et al., 2017; Firmiano et al., 2020; Martins et
al., 2020).
Stream physical habitat. Physical habitat measurements were made along the
entire 150 m site, which was divided into ten sections by 11 equidistant cross-sectional
transects (see Fig. S1; adapted from Peck et al., 2006). At each of the 11 transects, we
obtained: the width of the seasonal bed and of the wetted area of the stream, using a
metric tape; the canopy coverage in six points, using a convex densiometer; the angles
of both margins, using a clinometer; five equidistant measurements of water depth,
using a bathymetric ruler, with respective estimates of the embeddedness level, type of
substrates (e.g., coarse gravel, fine gravel, sand, leaf bank, roots), and proportion of the
transect with fish shelter (e.g., large wood, macrophytes, undercut banks, overhanging
vegetation). In secondary transects placed between a pair of contiguous transects, we
also measured the wetted width of the stream channel and five equidistant estimates of
substrate types. Along the thalweg profile in each of the ten sections, we obtained 10
equidistant longitudinal measurements of water depth, presence of fine sediments (i.e.,
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clay and sand), and type of meso-habitats (e.g., riffles, smooth flow, pool). Along the
total area of each section, we also quantified large wood (> 1.5 m long and > 10 cm in
diameter) and channel slope (by clinometer).
These measures yielded more than 200 metrics describing several aspects of the
stream physical habitat (e.g., channel morphoplogy, substrate, fish shelter; Kaufmann et
al., 1999; Hughes, Peck, 2008; Kaufmann, Faustini, 2012). We selected a subset of 13
variables representative of habitat heterogeneity, complexity, stability and type to run
our models based on (i) our expert knowledge and (ii) the literature showing which
variables can both be affected by land use and affect stream fish assemblage structure
(Kaufmann et al., 1999; Junqueira et al., 2016; Castro et al., 2018; Leal et al., 2018; Leitão
et al., 2018). Next, we excluded two variables because of their high correlation with
others (Pearson correlation > 0.70) (see Fig. S2), reaching a final subset of 11 variables
(Tab. 1). The selection of a reduced subset of variables was important to comply with
the analytical constraints of the structural equation modeling (see below) in which the
number of variables needs to be balanced against the number of samples.

TABLE 1 | The 11 metrics used to describe the physical habitat of streams from the Araguari River basin. Calculation and ecological meaning
based on Kaufmann et al. (1999), Hughes, Peck (2008), and Kaufmann, Faustini (2012).

Physical-habitat metric

Code

Unit

Calculation

Ecological meaning

Mean residual pool area

RP100

m2/100m

m2 / 100 m of channel

Bed complexity and heterogeneity
provided by residual pools

Large wood volume

V1W_MSQ

m3/m2

Large wood volume (> 1.5 m long and > 10
cm in diameter)/ stream area

Channel structural complexity and
heterogeneity provided by large wood

Relative bed stability

LRBS

log10
(mm/m)

Log (critical substrate diameter)

Stability of the stream bed indicated by
the critical substrate diameter

Natural fish shelter

XFC_NAT

%

X (∑ natural shelter)

Habitat heterogeneity and complexity
provided by natural shelter coverage

Mean canopy cover

XCDENMID

%

X (% canopy cover)

Habitat type provided by canopy shading

Variation of the canopy cover

VCDENMID

%

S (% canopy cover)

Habitat heterogeneity provided by canopy
shading

Diversity of meso-habitats

DIV_MH

%

1 – Simpson's diversity index

Habitat heterogeneity provided by
different meso-habitats types

Wetted area

XWXD

m2

(X thalweg depth) *(X channel width)

Habitat type indicated by stream water
volume

Large rocky substrates

PCT_BIG

%

% Large rocky substrates (> 16mm in
diameter)

Habitat type provided by large rocky
substrates coverage

Fine Sediments

PCT_FN

%

% Fine sediments (clay, silt and sand)

Habitat type provided by fine sediments
coverage

Fast-flowing meso-habitats

PCT_FAST

%

Sum of frequencies of all fast-flowing
habitats

Habitat type provided by fast-flowing
meso-habitats
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Fish sampling. Fish were collected during daylight hours, using semicircular sieves
(80 cm in diameter, 1 mm mesh) and seines (4 m long, 2 m high and 5 mm mesh). The
effort was standardized over a period of two hours (12 min per section) of sampling
by three people along the 150-m site. In the field, all specimens were anesthetized in
a lethal dose of Eugenol’s solution, and then fixed in 10% formalin. In the laboratory,
fish were preserved in 70% alcohol and identified to species using keys and consultation
with specialists. Voucher specimens of all species are deposited in the Fish Collection
at the Federal University of Lavras (CIUFLA), Minas Gerais, Brazil (voucher numbers
in Tab. S3).
Functional structure of the fish assemblages. To assess the functional structure of
the fish assemblages, an ecomorphological analysis was first performed. For this, body
mass and morphometric measurements (see Fig. S4) were taken in adult specimens (one
to seven per species) and then combined into 12 quantitative ecomorphological traits.
Together, these traits represent complementary functional characteristics, such as habitat
use, foraging and locomotion (Tab. 2; see Leitão et al., 2018 for further details). The
mean values of each trait by species were first scaled (mean = 0 and standard deviation
= 1) and used to build a matrix of Euclidean distance between each pair of species.
Based on this matrix, we performed a Principal Component Analysis (PCA) to reduce
dimensionality and build the functional space with the species pool (i.e., all species
sampled in the study). We kept the first three axes of the PCA (64.8% of accumulated
variance), which were necessary to accommodate the high quality of the functional
space and minimize the loss of information (Villéger et al., 2008; Maire et al., 2015).
However, this procedure still led to the exclusion of 10 sites that lacked enough species
to calculate the functional indexes in a three-dimensional functional space.
Based on the position of fish species in the three-dimensional functional space, and
their relative abundances, five complementary indices were calculated to represent the
functional diversity of each assemblage: Functional Richness (FRic), Functional Evenness
(FEve), Functional Divergence (FDiv), Functional Originality (FOri), and Functional
Specialization (FSpe). FRic is the volume of the functional space filled by the species of
an assemblage, representing the combination of the functional traits. FEve measures the
regularity of the distance among species and the uniformity of their abundances in the
functional space. FDiv indicates how species abundance is distributed in relation to the
assemblage centroid in the functional space, being low when more abundant species are
closer to the centroid, and high when the most abundant species are at the edges of the
functional space (Villéger et al., 2008). FOri quantifies the degree of uniqueness, being
expressed by the distance of each species to its closest neighbor in the functional space.
FSpe quantifies the degree of specialization of a species, expressed by its distance to the
centroid of the functional space, considering all the species pool (Mouillot et al., 2013).
FOri and FSpe are initially calculated for each species and then scaled for the assemblage
by calculating the mean value of the species in an assemblage. To estimate functional
identity, we used the community-weighted mean of a trait (CWM; Lavorel et al., 2008).
Because we used an ordination technique (PCA) to construct the functional space (i.e.,
we did not build the functional space directly with the original ecomorphological traits
as the functional dimensions), CWM is expressed as the abundance-weighted average
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TABLE 2 | The 12 ecomorphological traits used to functionally characterize fish species of streams from the Araguari River basin and their
ecological significance. Codes for the initial morphological measurements used to calculate traits according to Fig. S4.

Ecomorphological trait

Code

Oral-gape shape

Calculation

Ecological meaning

References

Osh

Capture mode of the food item

Karpouzi, Stergiou (2003)

Oral-gape position

Ops

Feeding strategy in the water
column

adapted from
Sibbing, Nagelkerke (2001)

Eye size

Edst

Prey detection

adapted from
Boyle, Horn (2006)

Eye position

Eps

Vertical position in the water
column

Gatz (1979)

Body transversal shape

Bsh

Vertical position in the water
column and hydrodynamics

Sibbing, Nagelkerke (2001)

Body transversal surface

Bsf

Distribution of mass throughout
the body for hydrodynamics

Villéger et al. (2010)

Pectoral-fin position

PFps

Manuverability

Dumay et al. (2004)

Aspect ratio of the pactoral fin

PFar

Pectoral fin propulsion

adapted from
Fulton et al. (2001)

Caudal-peduncle throttling

CPt

Swimming efficiency by reducing
water resistance

Webb (1984)

Aspect ratio of the caudal fin

CFar

Propulsion and steering by caudal
fin

Webb (1984)

Fins surface ratio

Frt

Main type of propulsion

Villéger et al. (2010)

Mass

logM

Metabolism, endurance and
swimming ability

Villéger et al. (2010)

value for each PC axis (i.e., CWM1, CWM2 and CWM3), and the loading of each
trait is considered in the subsequent interpretations regarding the CWM values. All
functional indices were calculated using the multidimFD package in R (R Development
Core Team, 2019).
Data analysis. Structural equation modeling (SEM) was performed to investigate
the possible ways by which landscape degradation, mediated by changes in stream
physical habitat, affect fish assemblage functional structure. This method is capable of
simultaneously evaluating several pathways to represent the functioning of the system
from relationships between variables at different spatial extents and representing a
mechanistic approach to ecological studies (Shipley, 2000). Based on the literature
focusing on the relationships between land use, physical habitat and stream biodiversity
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(e.g., De Paula et al., 2011; Casatti et al., 2012; Teresa, Casatti, 2012; Junqueira et al.,
2016; Castro et al., 2018; Leitão et al., 2018), we tested two hypothetical models, both
with the CDI as a predictor of environmental degradation at the landscape spatial extent
(Fig. 3).
The first model presents a structure in which the biological response is the assemblage
functional diversity expressed by the five above-mentioned indices (i.e., FRic, FEve,
FDiv, FOri and FSpe) and the site predictive variables are metrics that represent stream
habitat heterogeneity and environmental stability (Fig. 3A; see ecological meaning of
each physical-habitat metric in Tab. 1). Because of the processes associated with soil
erosion, sedimentation, and removal of forest vegetation, we expected that catchment
degradation would negatively affect streambed complexity (RP100) and stability
(LRBS), meso-habitat diversity (DIV_MH), wood volume (V1W_MSQ), the variation
in channel shading by riparian vegetation (VCDENMID), and the amount of natural
shelters for fish (XFC_NAT) (Fig. 3A).
The second model presents a structure in which the biological response is the functional
identity of the fish assemblages (i.e., CWM1, CWM2 and CWM3), and the predictive
variables are the site habitat types (Fig. 3B; Tab. 1). In this sense, we expected changes
in the functional identity in response to landscape degradation mediated by decreased
wood volume in the channel (V1W_MSQ) and mean canopy shading (XCDEMID).
We also expected that functional identity changes would result from catchment erosion
and sedimentation processes that could reduce wetted area (XWXD), the amount of
large substrates (PCT_BIGR) and the frequency of fast-flowing meso-habitats (PCT_
FAST), while increasing the amount of fine sediments (PCT_FN) (Fig. 3B).

FIGURE 3 | Predictions tested using structural equation modeling, indicating the expected pathways (arrows) for the effects of catchment
degradation (CDI) on stream physical habitat and, consequently, on the functional structure of the fish assemblages. Land use is expected
to influence the functional diversity mediated by alterations in habitat heterogeneity and stability (A), and to influence functional identity,
mediated by changes in habitat type (B). Arrows indicate expected effects between predictive and response variables, which can be positive
(black continuous line), negative (gray continuous line) or non-directional (dashed lines). For physical-habitat codes, calculation and
ecological meaning, see Tab. 1.
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We used Bollen–Stine bootstrap (1000 draws) to evaluate the overall fit of the models,
which is an adaptation of the chi-square statistic considered robust to non-normal data
distributions (Bollen, Stine, 1992) and measures the correspondence between the model
and the observed data structure. Standardized path coefficients that were not statistically
significant were retained in the model (i.e., we did not re-specify the structural model
a posteriori) but were not included in figures to simplify visualization of the significant
paths. Modeling was conducted through use of the lavaan package in R (R Development
Core Team, 2019).

RESULTS
Fish assemblage composition. A total of 5,460 individuals from 36 species, 12 families
and six orders were collected (see Tab. S3), with mean richness of 8.3 species (4 – 14)
and mean abundance of 187 individuals (10 – 696) per site. The family with the most
species (11) and individuals (3.130) was Characidae, followed by Trichomycteridae (S =
4; N = 877) and Loricariidae (S = 4; N = 726).
Effects of landscape degradation on functional diversity. Catchment degradation
was negatively associated with residual pools (RP100), stream-bed stability (LRBS), and
canopy cover variability (VCDENMID). Given that RP100 was positively associated
with FDiv (+0.40), FEve (+0.32) and FSpe (+0.27), CDI had a negative indirect effect
on these three functional diversity metrics through this pathway (Fig. 4A; see the
product of the two significant direct effects linking them, from CDI to RP100 and
from RP100 to functional indexes, in Tab. 3). VCDENMID was positively associated
with FSpe (+0.38), FRic (+0.36) and FOri (+0.51), meaning a negative indirect effect of
CDI on these functional metrics (Fig. 4A; Tab. 3). On the other hand, VCDENMID
was negatively associated with FEve (-0.28) and LRBS was negatively associated with
FRic (-0.32) and FOri (-0.36), meaning a positive indirect effect of CDI on functional
diversity through these pathways (Fig. 4A; Tab. 3). Summing up the multiple pathways
of land use impacts on functional diversity, there was a stronger total negative effect on
FSpe (sum of the products of all paths from CDI to FSpe = -0.23) and FDiv (-0.16), a
small negative effect on FEve (-0.03) and FOri (-0.03), and no effect on FRic (Tab. 3).
Although FRic was positively influenced by the diversity of meso-habitats, the latter
was not associated with the CDI. The number of species strongly and positively affected
FRic, but it was not affected by any physical habitat predictor. Large wood volume and
natural shelters for fish were positively associated with CDI, but they had no effect on
any biodiversity metric (Fig. 4A).
Effect of landscape degradation on functional identity. Landscape degradation at
the catchment extent (CDI) also affected aspects of fish assemblage functional identity,
mediated by a reduction of the wetted area (XWXD) and the amount of large substrates
(PCT_BIGR) in the stream channel (Fig. 4B). Both physical-habitat metrics were
positively associated with CWM2, leading to an indirect and total negative effect of
CDI on this functional index (sum of the products of all paths from CDI to CWM2 =
-0.35; Tab. 3). This means that the greater the CDI score, the less the water volume
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and large substrate, and the lower the abundance and occurrence of species positioned
at the positive extreme of PC2 (see Fig. 5). Besides having heavier bodies (body mass
(logM) with high positive loading for PC2; Fig. 5; Tab. S5), these species have deep
caudal fins (positive loadings of CFar for PC2; Fig. 5; Tab. S5), pectoral fins positioned
lower on the body (negative loadings of PFps for PC2; Fig. 5; Tab. S5), and lower
values for body transversal surface (negative loadings of Bsf for PC2; Fig. 5; Tab. S5).
The mean canopy shading and the amount of fine sediment were positively associated
with, respectively, CWM1 and CWM2, but those physical-habitat metrics were not
influenced by catchment degradation (Fig. 4B). CWM3 was not affected by any habitat
metric.

FIGURE 4 | Structural equation model diagrams showing the effects of landscape degradation (CDI) on the functional structure of stream
fish assemblages from the Araguari River basin. CDI influenced functional diversity mediated by alterations in habitat heterogeneity and
stability (A. Model fit: X2 = 32.8, df = 25, p = 0.51). CDI also influenced functional identity, mediated by changes in habitat type (B. Model fit:
X2 = 44.9, df = 18, p = 0.13). Arrows indicate positive (black) and negative (gray) significant direct effects (p < 0.05; *p < 0.10), with thickness
proportional to their power (standardized path coefficients along arrows). Biodiversity metrics – FRic: Functional Richness; FDiv: Functional
Divergence; FEve: Functional Evennes; FSpe: Functional Specialization; FOri: Functional Originality; CWM1-3: Functional Identity. For
physical-habitat codes, calculation and ecological meaning, see Tab. 1.
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TABLE 3 | Total and indirect effects of catchment degradation (CDI), mediated by instream physical-habitat metrics, on the functional structure
of the stream fish assemblages from the Araguari River basin. FDiv: functional divergence, FOri: functional originality, FSpe: functional
specialization, FRic: functional richness, FEve: functional evenness, Nb_sp: number of species, CWM1-3: functional identity. The indirect effect
of CDI on each functional index, mediated by instream physical habitat, is calculated by multiplying the standardized path coefficients (taking
into account the signal, positive or negative) of the two significant direct effects linking them (arrows in Fig. 4): i) from CDI to a physical-habitat
metric; ii) from that physical-habitat metric to the functional index. For instance, the indirect effect of CDI on FDiv via RP100 is -0.16 ((-0.39) *
(+0.40)). The total effect of CDI on a given functional index is the sum of all significant indirect effects linking them. For instance, the total effect
of CDI on FSpe is -0.23 (via RP100 (-0.11) + via VCDENMID (-0.12)). See graphical representation and the direct-effect paths in Fig. 4.
Variable

Code

FDiv

FOri

FSpe

FRic

FEve

CWM1

CWM2

CWM3

Catchment disturbance index

CDI

-0,16

-0,03

-0,23

0,00

-0,03

-

-0,35

-

RP100

-0,16

-

-0.11

-

-0.12

-

-

-

V1W_MSQ

-

-

-

-

-

-

-

-

LRBS

-

0.13

-

0.12

-

-

-

-

XFC_NAT

-

-

-

-

-

-

-

-

Variation of the canopy cover

VCDENMID

-

-0.16

-0.12

-0.12

0.09

-

-

-

Mean canopy cover

XCDENMID
DIV_MH

-

-

-

-

-

-

-

-

XWXD

-

-

-

-

-

-

-0.13

-

PCT_BIGR

-

-

-

-

-

-

-0.22

-

PCT_FN

-

-

-

-

-

-

-

-

PCT_FAST

-

-

-

-

-

-

-

-

Nb_sp

-

-

-

-

-

-

-

-

Residual pools
Volume of wood
Relative bed stability
Natural fish shelter

Diversity of meso-habitats
Wetted area
Large rocky substrates
Fine sediments
Fast-flowing meso-habitats
Number of species

FIGURE 5 | Ecomorphological space showing the position of each fish species (36) from the Araguari River basin. Each plot represents two
axes of a principal component analysis (PCA), where species are plotted according to their respective trait values. Codes at the ends of the
arrows are the most important ecomorphological traits for each PCA axis. For trait and species codes, see Tab. 2 and Tab. S3, respectively).
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DISCUSSION
In this study we aimed to understand mechanisms that explain the relationship between
land uses (i.e., agriculture, pasture and urbanization) and aquatic biodiversity, using
stream fish assemblages of the Cerrado as a model. This relationship was investigated by
focusing on how the variability and types of fish functional traits responded to instream
habitat changes associated with landscape degradation. We used two independent and
complementary frameworks, the first hypothesizing that decreased environmental
heterogeneity would decrease functional diversity, and the second hypothesizing that
changes in stream habitat types would alter the functional identity of assemblages. We
observed multiple pathways and various intensities of impacts of landscape degradation
on fish assemblages, in great part corroborating our expectations. Catchment degradation
(CDI) reduced the heterogeneity and stability of stream habitats, leading to a decrease
in four (FDiv, FSpe, FEve and FOri) out of the five functional diversity indexes tested.
Changes in catchment condition also resulted in changes in the habitat types, altering
the predominant functional traits (i.e., functional identity) within assemblages. These
results were allied to the fact that all the physical habitat metrics that were negatively
influenced by catchment degradation (i.e., RP100, LRBS, VCDENMID, WXWD,
PCT_BIGR) were those that mediated the paths of land-use effects on the assemblage
functional structure. Therefore, we can conclude that land-use intensification resulted
in significant changes and losses in aquatic biodiversity in the Cerrado, reinforcing the
need to pay special attention to this global hotspot.
The negative impacts of landscape degradation on the functional diversity of fish
assemblages were mediated by a decrease in residual pool volume. This variable (RP100)
is expressed as the relative residual thalweg depth (Kaufmann et al., 1999, 2009), which
contributes to micro-habitat diversity resulting from the variability in depth along the
stream (Petty, Grossman, 1996), and is inversely related to silting processes (Kaufmann
et al., 1999). Therefore, reduced levels of RP100 are likely explained by soil erosion from
watersheds (Allan et al., 1997; Allan, 2004), a typical result of agrobusiness activities
in the Cerrado (Casatti et al., 2006; Castro et al., 2018). Given that RP100 is a direct
indicator of stream-bed complexity (Kaufmann, Faustini, 2012), its reduction should
affect diversity components of the fish assemblages. Indeed, this degradation pathway
reduced assemblage functional divergence (FDiv), specialization (FSpe) and evenness
(FEve).
Another important pathway of impact resulting from landscape degradation is the
reduced variability in channel shading by canopy vegetation (VCDENMID), also an
indicator of reduced environmental heterogeneity of these systems (e.g., deforested
areas can be completely homogeneous in terms of shading over the channel). The
distribution of organisms within streams frequently follows patch dynamics because of
the heterogeneous distribution of habitat and food resources (Petty, Grossman, 1996;
Leitão et al., 2015). For example, several fishes forage in leaf banks or close to tree roots
and branches, which are more frequent where marginal vegetation is denser (Da Silva
Gonçalves et al., 2018). On the other hand, periphyton feeders tend to occur in areas
with greater light incidence and greater algae production (Bojsen, Barriga, 2002), a
condition found even in pristine systems (e.g., wider stream stretch not fully covered by
the canopy or running in natural riparian-forest clearings). Therefore, scaling up these
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specificities to the assemblage level, we can expect a positive relationship between the
variation in shading over the stream channel and functional diversity. This expectation
was corroborated in this study, given that three different functional diversity metrics
(FRic, FSpe and FOri) were positively associated with VCDENMID.
Overall, the most negatively affected metrics of functional diversity were FSpe and
FDiv. The first was doubly reduced, by both the decrease in RP100 and VCDENMID
in degraded catchments, and the latter was the most negatively affected metric
considering a single pathway. In biological and ecological terms, reducing FSpe and
FDiv means reducing the level of specialization and the number of individuals with
highly specialized ecomorphological traits (i.e., far from the center of gravity of the
functional space; Villéger et al., 2008). Assuming the fine-tuned relationship between
morphology and function (Winemiller, 1991), the loss of such traits from an assemblage
can represent the disruption of important ecological processes within the system (Leitão
et al., 2016), such as the use and partitioning of habitat and food, with consequent
changes in patterns of species packing (Winemiller, 1991), and several other ecological
interactions among coexisting species (Mouillot et al., 2013).
Not only diversity, but fish functional identity was also significantly affected by
land use changes. Landscape degradation reduced the wetted area (XWXD) and the
percent of large substrates (PCT_BIGR) in the stream channel, which led to a decrease
in abundance and occurrence of species with larger bodies and with morphological
traits that favor fast swimming and endurance in the water column (e.g., deep caudal
fins, pectoral fins positioned lower on the body, and lower values for body transversal
surface). Given that XWXD takes into account the channel width and the thalweg
depth, it is an indication of the amount of water in the system (Kaufmann et al., 1999;
Hughes, Peck, 2008). Large rocks also contribute to the formation of deep mesohabitats, such as pools and backwater, by retaing water and shaping the stream channel
(Rincón, 1999). Therefore, reducing XWXD and PCT_BIGR represents the loss of
critical habitats for large and mid-water column feeders (e.g., Astyanax and Psalidodon
species in the studied systems). On the other hand, shallow streams would favor smaller
fishes with high body transversal surface, represented here by the poeciliids, especially
the widespread invasive species, Poecilia reticulata Peters, 1859 (see its position in the
ecomorphological space, Fig. 5).
These results partially corroborates Carvalho et al. (2017b), who developed fish-based
multimetric indices (MMI) to assess the condition of Cerrado streams. Carvalho et al.
(2017b) studied our sampled sites in the Araguari River basin and other hydrological
units from the Upper Paraná River, and found that higher abundances of characiforms
and P. reticulata were indicative of, respectivelly, least- and most-disturbed streams.
Besides occupying deeper areas, several stream-dwelling characins are allochthonous
feeders, and dependent on least disturbed habitats and adjacent forest (Ferreira, Casatti,
2006). On the other hand, P. reticulata is extremely tolerant to poor water quality (Terra
et al., 2013; Carvalho et al., 2019). Therefore, although using completely different
aproaches (ecomorphological versus biological/physiological traits), it was possible
to identify convergent patters in the relationship between landscape degradation and
stream fish assemblages in the Cerrado.
Although the overall results of this study corroborated our initial predictions about
the negative relationship between land use changes, stream physical habitat and the
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functional structure of the fish assemblages, we also found unexpected relationships.
For instance, although negatively associated with CDI, the relative bed stability of
streams (LRBS) reduced FRic and FOri, and VCDENMID reduced FEve. Therefore,
summing up all pathways of impacts, the total effect of catchment degradation on each
of these three functional diversity metrics was almost null (i.e., negative and positive
effects compensated each other by different pathways). Another unexpected result was
the positive relationship of CDI with the amount of natural shelter and wood volume
within streams. A possible interpretation for this result is the influence of deforestation
history in the Cerrado, particularly of the riparian forests. Streams surrounded by more
vegetation are likely to have greater wood volume in their channels (Leal et al., 2016).
However, in the initial periods following riparian deforestation, high amounts of
wood inputs can be expected (De Paula et al., 2011). Also, riparian deforestation leads
to increased abundance of aquatic macrophytes, which offer considerable shelter for
fishes. Further investigations evaluating landscape degradation history and deforestation
timing (e.g., Brejão et al., 2018) may clarify these unexpected relationships.
Tropical landscapes are facing intense alterations, especially resulting from the
expansion of agricultural lands over natural ecosystems (Malhi et al., 2014), severely
threatening global hotspots of biodiversity such as the Cerrado (Mittermeier et al.,
2004). Particularly regarding Brazilian freshwaters, environmental legislation seems
insufficient to preserve the ichthyofauna (Dala-Corte et al., 2020; Leal et al., 2020).
Additionally, conservation strategies still largely neglect aquatic biota, although it
was recently shown that focusing on this component of biodiversity would represent
impressive gains with minimal extra financial costs (Leal et al., 2020). Therefore,
continued efforts and innovative tools are urgently needed to better understand, control
and remediate the human-induced impacts on the functioning of freshwater ecosystems
(Leitão et al., 2018). We are in accordance with the growing consensus that one of these
tools is to seek for and quantify biological responses taking into account the multiple
facets of biodiversity (Mouillot et al., 2013; Teresa, Casatti, 2017). For instance, we did
not detect changes in taxonomic diversity (i.e., the number of fish species), despite the
fact that different aspects of the functional structure of fish assemblages were clearly
responsive to alterations in stream habitat type and heterogeneity. Therefore, we believe
that, by demonstrating pathways by which land-use changes affect the functional
diversity and identity of stream fish assemblages, this study bring important insights to
improve conservation and management strategies to one of the most ecologically and
economically important regions of the Neotropics.
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