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ABSTRACT ARTICLE HISTORY

Land cover change for agricultural expansion exerts strong pressures on Received 10 September 2016
tropical streams. We examined the relative contributions of catchment Accepted 20 January 2017
land cover, local environmental features, and spatial patterns on stream KEYWORDS

fish communities (n = 43). Explained variation in fish community structure Hierarchical classification:
was partitioned (p-RDA) between the explained fractions as follows: pure stream ecology; riparian
local 10%, pure catchment 1%, pure spatial 3%, and shared environmental cover; riparian width; reach-
and spatial 7%. Among the possible reasons for the lack of effect of scale variables; Neotropical
catchment-scale variables on stream fish structure we can cite (1) weak stream fish; agricultural
associations between catchment-scale and local-scale features that are landscape

affecting stream fish communities, (2) major influence of past land cover

on the present-day fish community structure compared to current land

cover, or (3) the small variability in catchment variables (e.g.

homogeneous landscape) is not able to overcome the impact of local-

scale variables. The best practice to improve the ecological integrity of

streams would be the restoration at the catchment-scale, which is

impossible for agricultural lands. In areas with intense land use for

agriculture and pasture, our study indicates that restoration of riparian

forests and manipulation of local conditions may be an option to reduce

the impacts of anthropogenic activities on the stream fish communities.

Introduction

Every key aspect of river ecosystems, river geomorphic systems, and river chemical systems starts in
headwater streams (Freeman et al. 2007). Headwater streams provide ecosystem services from local to
global, serve as ecological refuges, and supply water for human activities (Lehner et al. 2011). Human
activities commonly associated with headwater stream modification include land cover change, road
construction, mining, agricultural drainage, and reservoir construction. Land cover change for agricul-
tural expansion exerts strong pressures on freshwater ecosystems through augmented inputs of
nutrients, contaminants, sediments, and modification of riparian zones (Sala et al. 2008; Laurance et al.
2014). Particularly in tropical streams, land cover change is projected to have a paramount effect on
biodiversity when compared with other factors, such as climate and biotic exchange (Sala et al. 2008).
The concept of hierarchical classification of stream systems provides a useful framework for inte-
grating the multiple scales over which ecological processes that organize stream communities are
supported (Frissell et al. 1986; Angermeier & Winston 1998; Feld 2013). An important assumption
of this framework is that the structure and dynamics of stream habitat (e.g. pool/riffle morphology
and sequence) and biological patterns are determined by the surrounding catchment (Hynes 1975;
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Frissell et al. 1986). By considering the environmental features in a hierarchical framework, it is
expected that catchment-scale variables impact the local-scale variables (i.e. at the reach-scale),
which then in turn affect stream fish community structure (Fitzpatrick et al. 2001; Wang et al. 2003;
Dembkowski & Miranda 2014).

Although there is a substantial number of studies that address this issue (Lammert & Allan 1999;
Diana et al. 2006; Johnson et al. 2007; Cianfrani et al. 2012), including in tropical streams (Cruz
et al. 2013; Casatti et al. 2015; Santos et al. 2015), the relative importance of catchment- versus
local-scale factors for stream biota has remained elusive (Roth et al. 1996; Cianfrani et al. 2012).
Studies addressing the issue are necessary because the assessment of catchment-stream relationships
using a hierarchical classification can aid in conservation, restoration, and management of freshwa-
ter systems (Frissell et al. 1986; Cianfrani et al. 2012; Feld 2013; Dembkowski & Miranda 2014) and
provides a more efficient and holistic view of these (Dembkowski & Miranda 2014).

This study addresses the relative contributions of catchment land cover, local environmental fea-
tures, and spatial patterns on stream fish community structure, and discusses possible implications
for management and/or restoration of streams located in heavily modified tropical landscapes. We
expected that both local and catchment variables will influence the stream fish community structure
since catchment variables would have indirect connections with ichthyofauna through their direct
influences on local variables (Fitzpatrick et al. 2001; Wang et al. 2003; Dembkowski & Miranda
2014). We also hypothesized that spatial structure should be weak or non-significant because, as for
stream organisms assessed within single, small drainage basins, environmental control prevails over
spatial constraints (Heino & Mykra 2008; Heino et al. 2015 and references therein).

Methods
Study area

The 43 stream reaches were located in the Turvo-Grande and Sao José dos Dourados basins in the
northwest region of Sao Paulo State, south-eastern Brazil (Figure 1). These two basins belong to the
same biogeographical province, where the fish communities have a shared evolutionary history
(Géry 1969). The study area is located in the Serra Geral geological formation, presenting a relatively
flat slope and plains of quaternary fluvial sedimentary nature (IPT 1999). The soil has a high erosive
potential since it is composed of unconsolidated sand and clay sediments (Silva et al. 2007). The cli-
mate is tropical and hot, with two well-defined periods: a dry season with lower rainfall (28 mm
mean) and cooler temperatures (21.4 °C mean) between June and September, and a wet season
between December and February with higher rainfall (208.9 mm mean) and hotter (25.8 °C mean)
temperatures (IPT 1999; CEPAGRI 2017).

Originally, this region was covered by semi-deciduous seasonal forest (Silva et al. 2007); however,
the landscape has been fragmented since the beginning of the last century (1900) for the develop-
ment of coffee crops, followed by livestock grazing (Victor et al. 2005), and more recently by sugar-
cane plantations (Rudorff et al. 2010). Currently, the native vegetation is restricted to less than 4%
of its original area, distributed in small and unconnected fragments embedded within agricultural
matrices (Nalon et al. 2008) or limited to riparian areas (Silva et al. 2007). As in other Sao Paulo
state river basins (e.g. Corumbatai basin; Gerhard & Verdade 2016), the stream fish fauna of the
study area may be considered as homogenized due to species introductions (Rahel 2002; Casatti
et al. 2009), habitat destruction and simplification led by an extensive, dynamic, and long history of
land cover change (Victor et al. 2005; Silva et al. 2007; Rudorff et al. 2010).

Site selection and land cover characterization

For site selection, first we mapped the land cover in the Sao José dos Dourados and Turvo-Grande
basins through the digital processing of LANDSAT-5/TM satellite images for 2004, 2005, 2007 and
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Figure 1. Sampling units (43 different catchments = 43 independent reaches) along Sao José dos Dourados and Turvo-Grande
River basins at northwest region of Sao Paulo State (gray area in the country map), south-eastern Brazil. Some catchments were
neighbors therefore it is not possible to differentiate on the map.

2011 (221-74, 221-75 e 222-74 scenes; 30 m spatial resolution). Four classes of land cover were
defined through visual estimate using Google Earth™: native forest, pasture, sugarcane, and other
land cover. Second, we preselected catchments with an area between 400 and 1400 ha (first to third-
order streams according to the Strahler system). Using this procedure we identified 128 catchments,
from which we selected 43 reaches (from independent catchments) for study based on accessibility
and landowner support. Finally, to increase the reliability of the land cover data, we re-classified
land cover in each of 43 selected catchments, but this time using orthorectified aerial photographs
(‘orthophotos’) with a 1 m spatial resolution (years 2010/2011). Overall, eight classes of land cover
were defined using orthophotos (Table A1), but we grouped them into four broad classes: native for-
est, pasture, sugarcane, and other land cover.

For the digital preparation, processing, and classification of LANDSAT-5/TM satellite images and
orthophotos, we used ERDAS IMAGINE 9.2 and ArcGis 9.3 software. LANDSAT-5/TM satellite
images were provided by the Instituto Nacional de Pesquisas Espaciais (INPE). Orthophotos were sup-
plied by Empresa Paulista de Planejamento Metropolitano SA - EMPLASA (CLU N° 060/14). For the
sugarcane land cover class, the CANASAT project (sugarcane crop monitoring in Brazil; Rudorff et al.
2010) provided data about area location and culture of sugarcane in Sao Paulo State for 2012.

Fish sampling

In each stream, a 75 m-long reach was blocked using 5-mm-mesh stop nets according to stan-
dardized methods of fish collection for the region (see Casatti et al. 2009 for details). The
stream reaches were sampled using a Smith Root Model LR-24 backpack electrofisher (pulsed
DC, 50-990 V, 1-120 Hz, 40 A peak max, 400 W) with settings adjusted based on ambient
conditions (i.e. with the quick set-up feature activated, which automatically sets output voltage,
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frequency, and duty cycle) and on observations of fish behavior and recovery times. A two-
pass electrofishing technique was conducted for a total of 45 minutes of standardized time in
each reach. Each electrofishing pass was conducted from downstream to upstream, covering
from bank to bank in order to sample all available habitats. Captured specimens were fixed in
10% formalin solution and transferred to a 70% EtOH solution. Fishes were identified to spe-
cies and counted. Voucher specimens were deposited at the fish collection of the Departa-
mento de Zoologia e Botanica da Universidade Estadual Paulista (DZSJRP 19264-19326), Sao
José do Rio Preto, Sao Paulo, Brazil. Fish sampling was carried out in the dry season between
July and September 2013.

Predictor variables

Local-scale features

Ten local-scale descriptors related to in-stream features, riparian physical structures, water physico-
chemical properties, stream morphology, habitat composition, and heterogeneity were estimated at
each reach (Table A2). We measured these descriptors following standardized protocols for the
study area. These descriptors are commonly used in studies of stream fish community structure in
this region (see Casatti et al. 2009).

Catchment-scale features

For each catchment, the proportions of native forest, pasture, sugarcane, and other land cover in
the whole catchment area, as defined by the orthophotos processing (years 2010/2011), were
grouped in three different sets comprising a total of 12 catchment descriptors (Figure 2 and
Table A2). The definition of the sets was based on Strayer et al. (2003) as follows: catchment,
which includes the land cover in the entire catchment area from each sampling site; drainage
network, which comprises land cover within a 30 m buffer zone around the river network (min-
imum width established by the current Brazilian Forest Code); and local radius, which includes
the land cover within a circle (150-m radius) centered on the sample site (adapted from Strayer
et al. 2003; Figure 2).

Spatial variables

We considered distance between sites as network distance (i.e. the distance between sites concerned
with the dispersal pathways dictated by the riverine dendritic network, Brown & Swan 2010; Alter-
matt 2013). The network distance between sites was calculated using Hawth’s Analysis Tool (Beyer
2004) for ArcGIS 9.3.

From the network distance matrix, principal coordinates of neighborhood matrix (PCNM) was
calculated to generate spatial variables. We retained only PCNM eigenvectors with positive spatial
correlation since we were mainly concerned with patterns produced by spatially contagious pro-
cesses (Borcard et al. 2011). For this, we used the PCNM’ function from the PCNM package (Legen-
dre et al. 2013). The threshold value used in the PCNM analysis was the minimum distance giving
connected network. All analyses were carried out in the R environment (R Development Core Team
2014).

Analytical methods

First, we conducted a principal components analysis (PCA) to describe the main environmental gra-
dients. The PCA was performed separately for each scale, namely, one for the local-scale and
another for the catchment-scale. For PCA, environmental variables were standardized to zero mean
and unit variance. Subsequently, exploratory data analysis (box-plot and quantile-quantile plots)
was used to assess predictor variable normality and the presence of outliers. Since we used a linear
model based on multiple linear regression (see explanation below), data transformations were
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Figure 2. Schema illustrating a hypothetical catchment representing the three different sets at which land cover was assessed.

applied to (1) linearize the relationships, (2) make the frequencies of distributions as symmetric as
possible, and (3) reduce the effect of outlier data (Legendre & Legendre 2012). Consequently, the
logit transformation was applied to the proportion variables (Warton & Hui 2011) and for variables
in other units, square root transformation was used (Table A2). Since collinearity among predictor
variables should be reduced prior to RDA (Legendre & Legendre 2012), we checked for strong linear
dependencies, assessed separately within each scale, using a Spearman’s correlation p > 0.7 as a
threshold (Dormann et al. 2013). Forest in the catchment and network, pasture in the catchment
and local radius, and sugarcane in the catchment and local radius displayed p > 0.7. We discarded
forest in the catchment, and pasture and sugarcane in the local radius for the subsequent statistical
analyses (Table A3). Afterward, predictor variables were standardized to zero mean and unit vari-
ance to be used in the successive analyses.

To reduce the initial number of predictor variables we performed a forward selection procedure
(Blanchet et al. 2008; Table A5). To prevent the inflation of Type I error in a forward selection pro-
cedure, a global test needs to be done prior to any variable selection (Blanchet et al. 2008). Therefore,
we carried out three global tests (10,000 permutations each): one with the local-scale variables,
another with the catchment-scale variables, and last one with the PCNM eigenvectors with positive
spatial correlation. We also used two stopping criteria in the forward selection procedure: (1) the
corrected alpha level of rejection of null hypothesis (i.e. only if the global test was significant, the
corresponding set was used to continue with forward selection procedure) and (2) the adjusted R*
statistic (Rzadj) of the global test (Blanchet et al. 2008).

Finally, to identify the influence of local-scale, catchment-scale, and spatial features on stream
fish community structure we performed a partial redundancy analysis (p-RDA). The p-RDA
allowed the variance partitioning of the response variable (i.e. community structure assessed
through the abundance of species) into fractions explained by each set of explanatory variables (i.e.
local-scale, catchment-scale, and spatial features) (Legendre et al. 2011; Legendre & Legendre 2012).
The Hellinger transformation was applied to the fish data prior to the p-RDA (Legendre & Gallagher
2001); however, before applying the Hellinger transformation the abundance data were square-root-
transformed in order to reduce the asymmetry of the species distributions as recommended by
Legendre & Legendre (2012). We used permutation procedures (10,000 permutations; p < 0.05) to
test the partial contribution of each predictor variable set and to test the significance of
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environmental variables assessed individually. For forward selection and p-RDA analyses, we used
the ‘forward.sel’ and ‘rda’ functions of ‘packfor’ (Blanchet et al. 2008) and ‘vegan’ (Oksanen et al.
2015) packages, respectively, in the R environment (R Development Core Team 2014).

Results

A total of 3859 individuals belonging to 51 fish species, 17 families, and 6 orders were collected in
the 43 stream reaches (Table A4). The first two PCA axes accounted for 46% (local-scale variables)
and 59% (catchment-scale variables) of the variation in environmental features (Figure 3). Regard-
ing the local-scale variables, PC1 represented a gradient from streams with more pools and better
physical habitat conditions to streams with more grasses and unconsolidated substrate; PC2 repre-
sented streams with faster waters to wider channels (Figure 3(A)). For catchment-scale variables,
the PC1 revealed the gradient from streams with more sugarcane in the catchment and forest in the
network contrasting to those ones with more pasture in the catchment; PC2 separated streams with
more forest and pasture in the network contrasting to those ones with other land uses (Figure 3(B)).

Poecilia reticulata, Knodus moenkhausii, Astyanax altiparanae, and Aspidoras fuscoguttatus were
the most abundant species, accounting for 65% of total abundance. Overall, a small proportion of
variability in fish abundance data was accounted for by the predictor variables (RzAdj, =0.20,p =
0.001). Among the predictor variables, environmental variables were more influential than spatial
variables. Explained variation in fish community structure was partitioned between the fractions as
follows: pure local 10% (p = 0.001), pure catchment 1% (p = 0.166), pure spatial 3% (p = 0.045),
and shared environmental and spatial location 7% (fraction not testable).

The environmental variables significantly related to community structure were mean depth, pro-
portion of grasses (mostly Brachiaria spp.), proportion of pools, water temperature, mean width,
and proportion of unconsolidated substrate (include clay, silt, and sand; Table 1). Sugarcane propor-
tion in the entire catchment, the only catchment-scale variable retained by the forward selection
procedure, was not significant (Table 1). Only one PCNM eigenvector with positive spatial correla-
tion influenced fish community structure but its effect was weak (Table 1).

The biplot of p-RDA depicting the pure local-scale fraction effect (i.e. considering the local varia-
bles that were significantly related to community structure; Table 1) indicated that Poecilia reticulata
and Hypostomus cf. nigromaculatus were mainly associated with wide and shallow sites, while
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Figure 3. Environmental gradients represented by the local (A) and catchment (B) variables in the studied sites. For variable codes,
see Table A2.
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Imparfinis cf. schubarti, Rhamdia quelen, and Moenkhausia sanctaefilomenae displayed preference
for deep and narrow environments (Figure 4). Species such as Gymnotus cf. sylvius and Aspidoras
fuscoguttatus were associated with sites displaying high proportion of grasses, whereas the propor-
tion of pools influenced the abundance of Astyanax altiparanae and H. cf. nigromaculatus, among
others species (Figure 4).

Discussion

The objective of this study was to identify and compare local-scale, catchment-scale, and spatial
determinants of stream fish communities in a highly modified tropical region. We found that local-
scale variables contributed most to the total explained variability of fish community structure
whereas catchment-scale and spatial features displayed non-significant or weak relationships with
stream fish diversity. These results do not support our initial hypotheses that both local and catch-
ment environmental features will explain variation in the stream fish community structure. Influen-
ces of local-scale environmental factors on the structure of stream fish communities have been
recognized widely. For instance, variation in fish community structure has been associated with the
addition of deeper areas (Sheldon 1968; Schlosser 1982), widespread propagation of marginal vege-
tation as grasses (mostly Brachiaria spp.; Casatti et al. 2009), increased extent and volume of pool
habitats (Schlosser 1982), and stream width (Angermeier & Karr 1983; Lammert & Allan 1999).

Table 1. Predictor variables significantly related to fish community structure. Test based on 10,000 permutations. In bold p < 0.05.

Variance F p
Mean depth 0.04 3.91 0.001
Proportion of grasses 0.03 2.46 0.002
Proportion of pools 0.03 248 0.002
Water temperature 0.03 2.36 0.004
Mean width 0.02 2.07 0.008
Proportion of unconsolidated substrate 0.02 1.80 0.027
Proportion of sugarcane in the catchment 0.02 1.42 0.108
PCNM eigenvector 1 0.02 2.04 0.010
PCNM eigenvector 3 0.01 1.25 0.215
PCNM eigenvector 2 0.01 0.85 0.656
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Figure 4. Biplot of p-RDA depicting the pure local-scale fraction effect on stream fish community structure. Note that the biplot

(scaling = 2) shows only pure effect associated with local-scale variables, excluding the effects of catchment-scale and space loca-
tion. For species codes, see Table A4.



288 C. A. ROA-FUENTES AND L. CASATTI

These local-scale variables are related with the vertical habitat used by fish (Sheldon 1968), availabil-
ity of food resources (Angermeier & Karr 1983), and structural complexity of stream habitat (Casatti
et al. 2009; Montana & Winemiller 2010; Carvalho & Tejerina-Garro 2015). These results suggest
that species’ niche differences, in terms of environmental characteristics, contribute to the variability
in stream fish community structure at the spatial scale evaluated by us (Heino & Mykra 2008). This
outcome is in accordance with species sorting, the typical mechanism structuring stream communi-
ties (Heino & Mykra 2008; Carvalho & Tejerina-Garro 2015).

On the other hand, previous studies have identified that catchment-scale variables, together with
local-scale features, are also important determinants of stream fish fauna. For instance, land cover var-
iables, as proportion of agriculture, measured at entire catchment, drainage network and local radius,
influence stream fish community structure in the temperate streams (Fitzpatrick et al. 2001; Strayer
et al. 2003). In tropical streams, although studies about scale-related effects are still scarce, the findings
are similar to those of temperate environments. For example, in tropical agricultural landscapes both
catchment- and local-scale features affected both functional and taxonomic diversity of stream fish
communities (Cruz et al. 2013; Bordignon et al. 2015; Santos et al. 2015; but see Casatti et al. 2015).
However, it should be mentioned that although catchment variables are important (Roth et al. 1996),
in most cases local-scale variables accounted for the most variation in fish community structure (Lam-
mert & Allan 1999; Wang et al. 2003; Diana et al. 2006; Johnson et al. 2007).

In our study, among the possible reasons for the lack of effect of catchment-scale variables on
stream fish structure could be (1) weak associations between catchment-scale and local-scale features
that are affecting stream fish communities (Heino et al. 2008), (2) greater influence of past land cover
on the present-day fish community structure than current land cover (Harding et al. 1998) due to
stream fish communities crossing the threshold of response to catchment modification, suggesting
that post-threshold communities display a weak response to additional agricultural intensification
(Balmford 1996; Fitzpatrick et al. 2001), or (3) the low variability in catchment variables
(e.g. homogeneous landscape) is not able to overcome the impact of local-scale variables (Heino et al.
2007; Casatti et al. 2015).

Despite the significant effect of the environment on the stream fish community structure, its con-
tribution was relatively low (<20% of explained variation). This could be related to the occurrence
of a considerable number of less abundant and rare fish species in the data set. According to Heino
and Mykri (2008), the more prevalent these species are, the greater the amount of community struc-
ture that will not well-explained by environmental features. In addition, in communities with a high
ratio of habitat generalist species, as in our study area (Casatti et al. 2009), environmental variations
might not necessarily result in strong variations in local community structure (Heino 2013). Stream
environments are characterized by recurrent disturbances in terms of flash floods (Heino & Mykra
2008; Marques et al. 2013) and, in agricultural landscapes, by sporadic events of high pesticides con-
centration, increased water temperatures, and low oxygen concentrations (Hawkins et al. 2015).
These random and spatially variable disturbances could also restrain the association between stream
fishes and the environment, leading to important amounts of variation that are not accounted by
environmental factors (Heino & Mykrad 2008; Heino et al. 2015).

Although spatially structured environment component could hamper the explanation of the rela-
tive importance of environmental and spatial control of community structure (Heino & Mykra
2008), we found a weak effect of the pure spatial fraction (i.e. network distance between sites) on the
stream fish community structure. This supports our hypothesis that spatial structure should be
weak, as dispersal limitation will not be important at this spatial extent (i.e. within a drainage basin;
Heino & Mykra 2008; Heino et al. 2015). Weak spatial structure coupled with the absence of strong
environmental influence on the community structure could suggest that the fish communities at
studied sites were already homogenized. This would be related to the fact that the most sensitive spe-
cies to changes in environmental features had already been extinct within the system (Brook et al.
2003). However, it should be noted that dispersal is an important determinant of stream fish popula-
tion and community structure (Skalski & Gilliam 2000), and even though it is expected that it would
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not influence the community structure at the spatial extension evaluated by us, data about dispersal
rates and distances for majority of freshwater organisms are lacking almost completely (Bohonak &
Jenkins 2003; Heino & Mykra 2008). This obstructs the use of more appropriate divisions according
with different dispersal abilities of species (Heino & Mykra 2008). In addition, the influence of bar-
riers built massively in agricultural landscapes (e.g. dams used by livestock; personal observation) on
spatial structure is, as far as we know, still unknown. Future studies on dispersal in Neotropical
stream fish will be fundamental to better understand the processes mediated by space, as studies for
temperate stream fish suggest that variability in phenotypic traits is related to variability in move-
ment behavior (Skalski & Gilliam 2000) and may explain, for example, cases of species invasions
(Shigesada et al. 1995; Skalski & Gilliam 2000).

Ecological applications

The assessment of environmental features from a hierarchical perspective offers a suitable framework
for integrating the multiple scales over which ecological processes organize stream fish communities
(Angermeier & Winston 1998), allows identification of appropriate spatial scale(s) at which environ-
mental features impact the freshwater systems (Feld 2013), and gives essential information to direct
funds in stream and catchment restoration (Sheldon et al. 2012; Feld 2013). Results of this study
reveal, in an unexpected way, that stream fish community structure in a tropical agricultural landscape
was affected mainly by features operating at a single spatial scale (i.e. local scale). Therefore, local-scale
variables, such as depth, proportion of grasses, proportion of pools, water temperature, width, and
proportion of unconsolidated substrate could be manipulated for stream restoration purposes.

Despite of these findings, stream restoration is a major challenge for ecologists. For example, if
the intention of restoration is the ecological integrity recovery, the enhancement of physical stream
characteristics alone (i.e. channel reconfiguration and/or improving in-stream structural complex-
ity) should not be the main guide for restoration efforts (Palmer et al. 2010). It is important to con-
sider that other factors control stream biodiversity (e.g. water quality, disturbance regime, regional
species pools, differences in species dispersal capacity, degraded hydrological regimes; Palmer et al.
2010 and references therein). Obviously, restoration at the catchment-scale is more effective in
improving the ecological integrity of streams (Lake et al. 2007; Palmer et al. 2010), and therefore
should be the first action to be considered. However, in areas like those studied herein, it is unlikely
that agricultural lands would be replaced by forests in order to improve ecological integrity. There-
fore, among other strategies, restoration of riparian forests plus manipulation of some local features
may mitigate the impacts of anthropogenic activities in streams (Saunders et al. 2002; Palmer et al.
2010; Sweeney & Newbold 2014).
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Appendices

Table A1. Description of land cover classes.
Land cover class Description

Native forest Areas occupied by the different native forest found in the study area (i.e. savanna and
semi-deciduous seasonal forest).

Herbaceous and shrub vegetation Areas occupied by herbaceous and shrub vegetation, which also included species of
cattail (Typha spp.).

Pasture Areas used for intensive and extensive livestock, also including areas covered by native
grasses but to a lesser extent.

Sugarcane Areas covered with sugarcane culture (Saccharum spp.) or that showed evidences of
being used for this culture.

Perennial culture Areas covered with perennial cultures (e.g. Citrus spp., Hevea spp., Coffea spp.).

Reforestation Included planted forests and restored areas with Eucalyptus spp. or Pinus spp.

Urban area Include towns and villages.

Other land cover It groups rural installations, temporary cultures, highways and exposed soil.
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Table A2. Predictor variables measured at the 43 sampling sites, Turvo-Grande and Sao José dos Dourados River basins at the
northwest region of Sao Paulo State, south-eastern Brazil. Mean and standard deviation (SD) of each variable are also presented.

Category Variable Unit Transformation Code Mean =+SD
Local-scale variables
Stream physical habitat Physical Habitat Index Absolute Square root phi  87.56 33.00
condition value
Mesohabitat Pools Proportion Logit pool 020 0.13
Physicochemical descriptors Water temperature °C Square root tem 1991 3.57
Substratum Unconsolidated substrate: clay, silt, and ~ Proportion Logit usu 068 0.21
sand
Stream morphology Mean width m Square root wid 174 0.66
Standard deviation of width - - widSD  0.59 0.25
Mean depth m Square root dep 020 0.08
Mean water velocity m/s Square root vel 0.14 0.06
Standard deviation of water velocity - - velSD 0.07 0.05
Marginal vegetation Grasses (mostly Brachiaria spp.) Proportion Logit gra 038 0.27
Catchment-scale variables
Entire catchment Native forest Proportion Logit Cfor  0.09 0.08
Pasture Proportion Logit Cpas 035 030
Sugarcane Proportion Logit Csug 038 034
Other land cover Proportion Logit Coth 018 0.12
Drainage network Native forest Proportion Logit Nfor 028 0.23
Pasture Proportion Logit Npas 0.11 0.08
Sugarcane Proportion Logit Nsug  0.01 0.02
Other land cover Proportion Logit Noth 059 0.25
Local land cover Native forest Proportion Logit Lfor 025 0.24
Pasture Proportion Logit Lpas 028 0.28
Sugarcane Proportion Logit Lsug 0.18 0.23
Other land cover Proportion Logit Loth 029 0.23
Spatial variables
Network distance PCNM eigenvectors with positive spatial - - v, - -
correlation

Table A3. Spearman’s correlation (rho) for catchment-scale features (see Table A2 for features codes). In bold, features with
rho > 0.7.

Cfor Cpas Csug Coth Nfor Npas Nsug Noth Lfor Lpas Lsug
Cpas —0.2
Csug 0.1 —0.9
Coth 0.0 0.2 —0.5
Nfor 0.8 —0.4 0.4 —0.2
Npas 0.0 0.6 —0.5 0.1 0.0
Nsug 0.0 —0.2 0.4 —0.2 0.3 0.1
Noth —0.7 0.2 -0.2 0.1 —0.9 -03 —04
Lfor 0.5 —0.2 0.2 —0.2 0.6 0.0 0.0 —0.5
Lpas —0.2 0.7 —0.6 0.2 —0.4 0.5 —0.1 0.2 —-04
Lsug 0.1 —0.7 0.8 —05 0.3 —05 0.3 —0.2 0.1 —0.6

Loth —0.2 0.1 —0.2 0.3 —0.5 —0.1 —0.1 0.4 —06 -0.1 -03
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Table A4. Fish species collected in the 43 stream reaches.

Order and families, species and authors Codes
Characiformes

Parodontidae

Apareiodon affinis (Steindachner 1879) Apaaff
Apareiodon piracicabae (Eigenmann 1907) Apapir
Parodon nasus Kner 1859 Parnas
Curimatidae

Cyphocharax vanderi (Britski 1980) Cypvan
Crenuchidae

Characidium gomesi Travassos 1956 Chagom
Characidium zebra Eigenmann 1909 Chazeb
Characidae

Astyanax altiparanae Garutti & Britski 2000 Astalt
Astyanax fasciatus (Cuvier 1819) Astfas
Astyanax paranae Eigenmann 1914 Astpar
Hasemania sp. Hassp
Hemigrammus marginatus Ellis 1911 Hemmar
Hyphessobrycon eques (Steindachner 1882) Hypequ
Knodus moenkhausii (Eigenmann & Kennedy 1903) Knomoe
Moenkhausia sanctaefilomenae (Steindachner 1907) Moesan
Oligosarcus pintoi Amaral Campos 1945 Olipin
Piabina argentea Reinhardt 1867 Piaarg
Planaltina britskii Menezes, Weitzman & Burns 2003 Plabri
Serrapinnus heterodon (Eigenmann 1915) Serhet
Serrapinnus notomelas (Eigenmann 1915) Sernot
Acestrorhynchidae

Acestrorhynchus lacustris (Liitken 1875) Acelac
Erythrinidae

Erythrinus erythrinus (Bloch & Schneider 1801) Eryery
Hoplias malabaricus (Bloch 1794) Hopmal
Lebiasinidae

Pyrrhulina australis Eigenmann & Kennedy 1903 Pyraus
Siluriformes

Callichthyidae

Aspidoras fuscoguttatus Nijssen & Isbriicker 1976 Aspfus
Callichthys callichthys (Linnaeus 1758) Calcal
Corydoras aeneus (Gill 1858) Coraen
Hoplosternum littorale (Hancock 1828) Hoplit
Lepthoplosternum pectorale (Boulenger 1895) Leppec
Megalechis thoracata (Valenciennes 1840) Megtho
Loricariidae

Hisonotus francirochai (Ihering 1928) Hisfra
Hypostomus ancistroides (lhering 1911) Hypanc
Hypostomus cf. nigromaculatus (Schubart 1964) Hypnig
Pterygoplichthys ambrosettii (Holmberg 1893) Pteamb
Pseudopimelodidae

Pseudopimelodus mangurus (Valenciennes 1835) Pseman
Heptapteridae

Imparfinis cf. schubarti (Gomes 1956) Impsch
Pimelodella cf. avanhandavae Eigenmann 1917 Pimava
Rhamdia quelen (Quoy & Gaimard 1824) Rhaque
Gymnotiformes

Gymnotidae

Gymnotus paraguensis Albert & Crampton 2003 Gympar
Gymnotus cf. sylvius Albert & Fernandes-Matioli 1999 Gymsyl
Sternopygidae

Eigenmannia trilineata Lopez & Castello 1966 Eigtri
Cyprinodontiformes

Rivulidae

Melanorivulus pictus (Costa 1989) Melpic

(continued)
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Order and families, species and authors Codes
Poeciliidae

Phalloceros harpagos Lucinda 2008 Phahar
Poecilia reticulata Peters 1859 Poeret
Synbranchiformes

Synbranchidae

Synbranchus marmoratus Bloch 1795 Synmar
Perciformes

Cichlidae

Cichlasoma paranaense Kullander 1983 Cicpar
Crenicichla britskii Kullander 1982 Crebri
Crenicichla haroldoi Luengo & Britski 1974 Crehar
Geophagus brasiliensis (Quoy & Gaimard 1824) Geobra
Laetacara araguaiae Ottoni & Costa 2009 Laeara
Oreochromis niloticus (Linnaeus 1758) Orenil
Satanoperca pappaterra (Heckel 1840) Satpap

Table A5. Results of forward selection procedure for stream fish community structure and each set of predictor variables (i.e. local,

catchment, spatial). For variable codes, see Table A2. In bold p < 0.05.

Predictor variables RzAdj Selected variables
Local 0.19 dep, gra, pool, tem, wid, usu
Catchment 0.05 Csug

Spatial (PCNM) 0.09

PCNM1, PCNM3, PCNM2
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