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Habitat homogenization has been a major impact in stream ecosystems, and it is
considered one of the main drivers of biotic homogenization as well, leading to
the loss of water quality and fish diversity. In this study, we added artificial woody
structures and leaf packs in physically impacted streams to test if the additions can
improve habitat complexity and change the taxonomic and functional structure
of fish communities. The experiment was done in eight streams impacted by
siltation, deforestation, and habitat homogenization, inserted in an agricultural
landscape from the Upper Paraná River Basin, and lasted 112 days. The provision
of artificial microhabitats increased instream habitat diversity by creating patches
of organic matter deposits, changing flow, and providing substrate for grass
colonization of the instream habitat. The experimental manipulation also changed
fish species abundance. Nine species contributed to these changes, five decreased
and four increased in abundance, indicating species responded differently to
the experimental manipulation. However, overall species richness, diversity,
and community functional traits remained unaltered. These results indicate that
short-term habitat restoration on a local scale may not be enough to promote
changes in fish community attributes of streams that are heavily impacted.
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Fish response to instream habitat restoration

A homogeneização de habitats tem sido um importante impacto nos ecossistemas
de riachos e também é considerada um dos principais fatores de homogeneização
biótica, levando à perda da qualidade da água e da diversidade de peixes.
Neste estudo, adicionamos estruturas artificiais de madeira e pacotes de folhas
em riachos fisicamente impactados para testar se as adições podem aumentar
a heterogeneidade do habitat e alterar a estrutura taxonômica e funcional
das comunidades de peixes. O experimento foi realizado em oito riachos
impactados por assoreamento, desmatamento e homogeneização de habitat,
inseridos em uma paisagem agrícola da bacia do Alto Paraná, com duração de
112 dias. O fornecimento de microhabitats artificiais aumentou a diversidade
de habitat criando manchas de depósitos de matéria orgânica, alterando o
fluxo e fornecendo substrato para a colonização de grama no interior do canal.
A manipulação experimental também alterou a abundância de espécies de
peixes. Dentre as nove espécies que contribuíram para essas alterações, cinco
diminuíram e quatro aumentaram em abundância, indicando que as espécies
responderam diferentemente à manipulação experimental. No entanto, a riqueza
geral de espécies, a diversidade e as características funcionais da comunidade
permaneceram inalteradas. Esses resultados indicam que a restauração de habitat
a curto prazo em escala local pode não ser suficiente para promover mudanças
nos atributos da comunidade de córregos que são fortemente impactados.
Palavras-chave: Biodiversidade, Complexidade Estrutural, Gestão de Habitat,
Madeira, Riachos Neotropicais.

INTRODUCTION
The riparian forest of stream ecosystems is responsible for maintaining water quality
and instream habitat diversity, influencing the composition and trophic dynamics
of aquatic communities (Pusey, Arthington, 2003; Lorion, Kennedy, 2009; Cetra et
al., 2017). Therefore, the removal or modification of the riparian forest is one of the
major impacts to stream ecosystems (Pusey, Arthington, 2003). Consequences include
increased runoff, which promotes sediment inputs and accelerates stream siltation and
substrate homogenization (Silva et al., 2007). Additionally, the channel becomes more
exposed to sunlight, increasing water temperature and evaporation and reducing water
depth (Pusey, Arthington, 2003; Sweeney, Newbold, 2014). Deforestation also disrupts
the supply of allochthonous organic material (such as roots, leaf litter, and woody
debris), reducing the availability of microhabitat patches critical to the occurrence of
many fish species (Crook, Robertson, 1999; Neumann, Wildman, 2002; Bond, Lake,
2003). Finally, this set of changes favors the presence of generalist species (Casatti et al.,
2015) and the loss of biotic integrity (see Pinto et al., 2006).
Woody debris from the riparian forest promotes physical complexity in aquatic
environments. They influence stream hydraulic profile (Brooks et al., 2004; Paula
et al., 2013; Roni et al., 2015) and contribute to organic matter retention, providing
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increased availability of food resources and shelter (Scealy et al., 2007; Schneider,
Winemiller, 2008). These combined factors can influence ecological processes, such as
organic matter breakdown and nutrient cycling (Lepori et al., 2005a; Flores et al., 2011).
They can also enhance trophic interactions by promoting richness and abundance of
macroinvertebrates (e.g., Ceneviva-Bastos et al., 2017). Therefore, woody debris and leaf
litter can be a key factor for the maintenance of diversity in both natural and restored
reaches (Neumann, Wildman, 2002; Selego et al., 2012). Thus, the foundation of several
freshwater restoration projects worldwide (e.g., Pretty et al., 2003; Palmer et al., 2014)
lies in the assumption that habitat complexity promotes biodiversity (Ricklefs, Schluter,
1993; Allan, Castillo, 2007). Studies in temperate regions revealed positive relationships
between increased habitat complexity and fish richness, with relevant changes in fish
functional groups (e.g., Bond, Lake, 2003; 2005; Schneider, Winemiller, 2008; Lorenz et
al., 2013). However, other studies had demonstrated that the enhancement of structural
complexity alone is not enough to improve the biotic quality of heavily impacted
environments (e.g., Kondolf, 1998; Palmer et al., 2010; Flores et al., 2011; Langford et
al., 2012).
In tropical streams, patterns of fish community responses to restoration are yet to
be discovered because this knowledge is limited to few studies (e.g., Wright, Flecker,
2004). Besides, it is presumable to assume that fish community responses to restoration
strategies in tropical streams may diverge from those observed in temperate streams,
given that tropical streams have different sunlight conditions, temperature, organic
material supply, and distinct trophic structure and ecosystem functioning (Boyero et
al., 2009). In one of the first studies on experimental wood addition in the tropics, in an
Andean piedmont stream, Wright, Flecker (2004) observed a marked increase in fish
richness and abundance in the experimental stream reaches, and that fish composition
became more similar to areas with naturally occurring woody debris. In Brazil, though,
experimental studies concerning the effects of restoration on stream communities are
restricted to the study of Ceneviva-Bastos et al. (2017), who found that the addition
of woody debris and litter bags promoted food web complexity in terms of links and
species, with macroinvertebrates responses more prominent than those of fish. Hence,
our work is the first, to our knowledge, to target the responses of fish assemblages to
habitat improvement.
Despite the scenario of intense deforestation (Achard et al., 2002) and biotic integrity
loss in tropical streams (e.g., Pinto et al., 2006), even a few patches of riparian forest
can contribute to the maintenance of more specialized and sensitive species (Lorion,
Kennedy, 2009; Cruz et al., 2013), probably due to the provision of leaf litter and woody
debris to the stream. In this context, we aimed to investigate if short-term stream
restoration by the addition of woody structures and leaf packs can improve habitat
complexity and change fish community and functional structure. We investigated the
hypothesis that the addition of woody structures and leaf packs in simplified streams
(i.e., impacted by deforestation, high siltation, and habitat homogenization) increases
habitat complexity and changes fish taxonomic and functional structure. We predicted
that the woody structures and leaf packs would: (1) increase water depth and velocity
and increase habitat complexity; (2) increase fish richness and taxonomic diversity;
(3) change the representativeness of trophic guilds and habitat use by fish. In this last
case, we expected to find increased representativeness (richness and/or abundance) of
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nektonic drift feeders (due to increased amount of items dragged by the current), grazer
detritivores (due to the increased supply of consolidated substrate and organic matter
retention), substrate speculators (that use leaves and wood as shelter or foraging site),
and predators (that exploit these refuges); and (4) change the functional richness and
functional composition of the fish community.

MATERIAL AND METHODS
Study area. This study was conducted in northwestern São Paulo State, southeast Brazil
(Fig. 1). The area belongs to the Serra Geral geological formation, with basaltic and
sedimentary rocks of the Bauru and Cauiá groups and deep aquifers in the Botucatu
and Pirambóia sand formations (IPT, 2018), which makes it highly susceptible to soil
erosion (Silva et al., 2007). The climate is classified as tropical Aw type, with annual
rainfall between 1,100–1,300 mm (Alvares et al., 2014). Native forest in the region
occupies less than 6% of its original cover area, and it is limited to few, sparse, and
unconnected forest fragments (Nalon et al., 2008).
We investigated the hypothesis by experimentally adding woody structures and leaf
packs in eight second order streams from the Tietê, São José dos Dourados, and TurvoGrande watersheds, Upper Paraná River basin. We selected four streams from the Tietê
basin (P1, P2, P6, and P7 streams), two from the São José dos Dourados (P3 and P4),
and two from the Turvo-Grande (P5 and P8) (Fig. 1). All selected streams were inserted
in pasture areas and were physically degraded, i.e., characterized by the absence of
native forest cover along all streams, abundant grasses on their margins, homogeneous
substrate (predominantly composed by sand, with > 80% cover), and homogeneous
mesohabitats, with the predominance of runs (i.e., intermediate conditions between
shallow, fast-flowing habitats and deep, slow-flowing habitats, sensu Teresa, Casatti,
2012). This set of habitat features has been reported to be typical of highly impacted
streams in the study region (Casatti et al., 2015).
Experimental design. The experiment was set in three 5-meter reaches of each
stream, placed 25 meters apart from each other. These reaches corresponded to three
different treatments: ‘wood’ (W), in which a wood structure was attached to the
substrate; ‘wood and leaf packs’ (WL), in which a wood structure was installed with
leaf-packs attached to it, and ‘control’ (C), which remained unaltered. Each 5-meter
reach was considered a replica, so each stream had a replica of each condition (C, W
and WL). All treatments were set in a similar environment of stream degraded section.
The display sequence of treatments was randomized among streams and each stream
contained the three treatments. The experiment lasted 112 days, counting from day
1, when the experimental structures were installed, until day 112, when they were
removed right before the beginning of the rainy season. The experimental periods
hereafter are referred to as pre- and post-restoration periods.
Habitat assessment and fish sampling were carried out in all streams before day one
and after 112 days. The control reaches in pre- and post-restoration periods remained
unaltered by experimental manipulation, being subject only to natural variation. The
W and WL reaches were similar to the control reach in the pre-restoration period,
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FIGURE 1 | Map of the study area, highlighting the state of São Paulo and the location of the streams within the watersheds: Tietê River
(streams P1, P2, P6 and P7), São José dos Dourados River (P3 and P4), and Turvo River (P5 and P8).

though were subject to the effect of wood and wood and leaf-packs in the postrestoration period. The experiment was conducted between April and August 2011,
the period of lowest rainfall (average accumulated precipitation was 20.6 ± 22.3 mm/
month – CIIAGRO, 2011), selected for favoring the experimental structure stability, the
sampling procedure and for minimizing possible seasonal variations in fish assemblage
structure.
Experimental settings. The wood structures consisted of eight wood slats (1.2 x
0.10 x 0.01 m) and four battens (0.60 x 0.10 x 0.02 m), arranged in two layers (top and
bottom) with four slats each (see details in Fig. 2). For the WL reach, three of the four
battens received a leaf pack (0.10 x 0.50 m) with 21.87 ± 1.32 g of native angiosperm
leaf litter collected in the same region (Fig. 2). Litter bags and wood structures were
used as surrogates of the original allochthonous material supply. The leaf packs were
tied behind the battens, protected from floods.
We used eucalyptus masts (0.9 m length and 0.08 m diameter) to set the structure into
the streams and prevent dragging from possible runoff events, which could compromise
experimental progress. The masts were buried in stream banks and used to attach wires
to bind the wood structure and prevented its horizontal displacement (Fig. 2). Also, five
“U”-shaped iron rods (0.4 m length and 0.0127 m diameter) were used to fix the wood
structure to the substrate, preventing its vertical movement (Fig. 2). The structures were
installed near one of the margins and always in the center of the five-meter reach.
Habitat assessment. To assess the physical habitat structure of each reach, we
measured channel width, depth and flow. Measurements were taken along three
transverse transects in each of the five-meter stream reach. In each transect, three
measurements were recorded: one near the left bank, one in the middle of the channel,
and one near the right bank. We visually estimated the proportion of macrophyte types
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FIGURE 2 | Details of the structure used in the experiment. A. top view; B. side view; C. representation of the placement of the leaf-packs;
D. cross section of the stream channel showing details of how the structure was placed in the stream; E. top view of the structure showing
the points where the iron rods were installed.

(rooted, submerged or floating), algae (adhered or floating), litter, branches and trunks,
and the proportion of different substrate types, classified according to particle size as
silt (< 0.05 mm), sand (0.05–2.0 mm), gravel (2.0–10.0 mm), pebble (10.0–30.0 mm),
and rocks (> 30.0 mm). These variables are considered important descriptors of habitat
conditions, shelter and food availability for stream fishes (Gorman, Karr, 1978). In the
visual evaluation, each descriptor analyzed received a percentage value according to its
representativeness along a five-meter reach, with the sum of the percentages of all the
variables totaling 100%.
Instream habitat diversity was assessed using the Shannon-Wiener index, with
habitat descriptors as variables. We also measured physical and chemical variables, such
as water temperature, conductivity, dissolved oxygen, pH, and turbidity with electronic
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equipment (Horiba, U-10 model). Physical and chemical variables were measured to
ensure that any changes were due to experimental manipulation and not to changes in
any of these parameters. The environmental assessment was performed in the pre- and
post-restoration periods.
Fish sampling. Fish were sampled in each reach with the standardized effort of
three electrofishing passes (stationary generator, AC, 220 V, 50-60 Hz, 3.4–4.1 A, 1,000
W, see details in Castro et al., 2003) after blocking the upstream and downstream 5 m
reach limits with 3-mm-mesh block nets. At the end of the experimental period, the
electrofishing protocol was repeated, and the wood structures were removed from the
stream and washed over a tray to collect fish specimens trapped therein. We identified
fish species and their taxonomic position based on Reis et al. (2003), Britski et al. (2007),
Buckup et al. (2007), Ota et al. (2018), and the “FishBase” (Froese, Pauly, 2019) and “CAS Catalog of fishes” (Frick et al. 2020) electronic databases. All captured specimens (license
number 11435) were euthanized, by eugenol overexposure (300 mg / L), subsequently
fixed in 10% formalin solution and, after 48 h, transferred to 70% EtOH solution. Fish
were deposited at the fish collection of IBILCE/UNESP (DZSJRP19173–19199).
Taxonomic and functional structure of fish assemblages. We used species
richness and diversity to assess fish assemblage taxonomic structure. Richness was given
by the number of species in each sampling unit and diversity was calculated using the
Shannon-Wiener index. The functional structure of fish assemblages was assessed by
describing species according to functional traits related to feeding and habitat use (Tab.
1). These important niche dimensions (Winemiller et al., 2015) are essential to explain
the distribution of fish species along habitat complexity gradients (Ribeiro et al., 2016).
We used the mean pairwise distance (MPD) and the mean nearest taxon distance
(MNTD) to characterize functional diversity in fish assemblages. First, we constructed
a functional distance matrix using a generalization of the Gower coefficient, according
to Pavoine et al. (2011). Then, we generated a functional dendrogram, which was used
to calculate the MPD and MNTD indices. The MPD is the average of the distances
between pairs of species that co-occur in the community, and it is sensitive to changes

TABLE 1 | Description of five functional traits and 22 trait categories used to characterize fish species,
including aspects of ecology, feeding behavior and habitat use. 1 Casatti (2002), Casatti et al. (2003), and
Teresa, Casatti (2012). 2 Casatti et al. (2001), Casatti (2002) and personal observations.
Traits

Trait categories
Ecology and feeding behaviour
Diet1

Omnivore, periphytivore, insectivore, carnivore or
detritivore

Water column feeding, substrate speculation,
Feeding tactic2 stealth, predation, grazing, nocturnal predation or
digging
Habitat use1
Flow preference Slow, intermediate or fast
Stable substrate preference High, moderate or low
Position in water column Surface, nektonic, nektobenthic, margins or benthic
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closer to the dendrogram root. The MNTD represents the average distance between
the nearest species pairs and is more sensitive to changes in the terminal branches of the
dendrogram (Webb, 2000). Indices were calculated in the R software (R Development
Core Team, 2012) using the picante package (Kembel et al., 2010).
Data analysis. To evaluate the changes in water depth, flow, and instream habitat
diversity, we compared the values of pre- and post-restoration periods by using a
dependent t-test for each variable. Before all analysis, we evaluated the assumptions
of normality and homoscedasticity by using a graphical inspection of residuals and the
Levene’s test, respectively.
We compared the patterns of taxonomic and functional diversity among reaches and
between pre- and post-restoration periods by using a two-way Analysis of Variance
(ANOVA), with treatments (C, W, and WL) and periods (pre- and post-restoration) as
within-subject factors.
We tested the effects of periods (pre- and post-restoration) and treatments (C,
W, and WL) in species composition, abundance, and functional composition of fish
communities with a Permutational Multivariate Analysis of Variance (PERMANOVA).
PERMANOVA tests for differences among factors were defined a priori (periods and
treatments, in our case) having a dissimilarity matrix as a response variable. We used
the Jaccard and Bray-Curtis coefficients to assemble the dissimilarity matrices of species
composition and abundance, respectively. To assess functional composition, we used a
dissimilarity matrix obtained from a Double Principal Coordinate Analysis (DPCoA)
(Pavoine et al., 2004). The DPCoA analyzes the relationship between a matrix containing
the functional differences among species (Euclidean distance) and a matrix containing
species abundance across stream reaches (Pavoine et al., 2004). This analysis provides the
dissimilarities among communities deduced by functional differences among species
and their distribution across samples (Pavoine et al., 2004).
Complementarily, we assessed whether the changes in species composition,
abundance and functional composition between pre- and post restoration periods (i.e.,
the dissimilarity between periods) was greater in the W and WL reaches than in the
Control by using an ANOVA with repeated measures, complemented by the Tukey
post-hoc test. The dissimilarity in species composition and abundance was assessed by
the Jaccard and Bray-Curtis dissimilarity coefficients, respectively, calculated between
the two periods for each stream reach (they were obtained by subtracting the similarity
indices from 1). We obtained the functional composition dissimilarity with a Double
Principal Coordinate Analysis (DPCoA) (Pavoine et al., 2004). When differences were
found, we plotted community patterns by using a Non-metric Multidimensional Scaling
and performed a Similarity Percentage Analysis (SIMPER) to determine which species
(or functional traits) contributed the most to the differences between periods (we
highlighted species that contributed more than 5% to the dissimilarity between periods).

RESULTS
After the experimental period, the wood structures from two streams were buried by
fine sediment (P2 and P5) (Fig. 3A), making resampling unfeasible. Hence, we removed
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these streams from our data set and performed the analyzes with the remaining six
streams.
No significant changes in reach depth were registered between pre- and postrestoration periods (dependent t-test: C treatment t = 1.014, df = 5, p = 0.356; W
treatment t =0.096, df = 5, p =0.927; WL treatment t=0.405, df = 5, p=0.702). Water flow,
on the other hand, was reduced in the post-restoration period in all reaches, including
the control reaches (C treatment t = 3.241; df = 5, p = 0.02; W treatment t = 4.209, df = 5,
p=0.008; WL treatment t = 1.571, df = 5, p=0.088). Instream habitat diversity increased
in the W and WL treatments (W treatment t = -3.7, df = 5, p=0.013; WL treatment t =
-7.42, df = 5, p=0.001), but not in C (t = 0.254, df = 5, p = 0.809) (Fig. 4). Organic matter
retention was one of the major changes caused by woody debris addition; the presence
of wood locally reduced water flow, creating patches of fine particulate organic matter
(FPOM) deposits (compare Fig. 3B to Fig. 3C). Moreover, grasses from stream banks
entered the instream habitat, using part of the structures as substrate, and items drifted
by the current (mainly plant debris) were retained in the wire threads that bound the
structures (Fig. 3D), expanding the range of habitat patches available for colonization.
Periphyton and algae also colonized the wood structures by the end of the experiment
(Fig. 3E–F).
A total of 1,695 fish belonging to 36 species and five orders were collected (Tab. S1,
available only in the online version). The functional traits of the sampled species can be
viewed in Tab. S2, available only in the online version. There were no significant effects
of periods, treatments or interactive effects of periods and treatments on the taxonomic
(richness and Shannon diversity) or functional (MPD and MNTD) diversity (two-way
ANOVA, p > 0.08) (for detailed statistical results see Tab. 2 and Tab. S3, available
only in the online version). Similarly, species composition, abundance, and functional
composition were not significantly different between pre- and post-restoration periods
and among reaches (PERMANOVA, p > 0.54) (Tab. S3, available only in the online
version). Changes in species composition and functional composition for each stream
reach were also not significant (repeated measures ANOVA, p = 0.13). However,
species abundance (pairwise dissimilarity) was significantly different among reaches in
the pre- and post-restoration periods (repeated measures ANOVA, F2,10 = 6.29, p =
0.01). Specifically, changes of species abundance and composition in WL were greater
than in C (Tukey post-hoc test, p = 0.01) (Fig. 4). The higher dissimilarity between preand post-restoration periods in the WL reach resulted from the decreased abundance of
Piabina argentea Reinhardt, 1867, Poecilia reticulata Peters, 1859, Aspidoras fuscoguttatus
Nijssen, Isbrücker, 1976, Imparfinis schubarti (Gomes, 1956), and Astyanax cf. paranae
Eigenmann, 1914, and increased abundance of Cetopsorhamdia iheringi Schubart, Gomes
1959, Hypostomus variipictus (Ihering, 1911), Hisonotus francirochai (Ihering, 1928), and
Oligosarcus pintoi Amaral Campos, 1945 in the post-restoration period (Tab. 3).
DISCUSSION
The results revealed that the addition of woody structures and leaf packs promoted a
significant increase in habitat diversity and organic matter retention, corroborating our
first prediction. However, in the short term (112 days), these modifications were not
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FIGURE 3 | Physical changes in stream reaches: A. Picture of the buried structure in P2; B. P3 stream reach at the beginning of the
experiment; C. P3 stream reach at the end of the experiment, illustrating organic matter retention by the woody structure; D. macrophytes
retention by wire in P8; E. growth of periphyton on the wood; F. growth of algae on the wood.

enough to significantly affect stream fish community structure, except for a change in
species abundance in reaches with the addition of wood and leaves. Changes in species
abundance are one of the first community-level alterations in response to environmental
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FIGURE 4 | Changes in environmental parameters (mean ± sd) depth, flow and structural diversity
in pre and post-restoration conditions. C= Control treatment, W= Wood treatment, WL= Wood/leaf
treatment, *= p-values <0,05.
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TABLE 2 | Taxonomic and functional diversity of stream fish communities in each stream (P1-P8), for the pre- and post-restoration periods,
and across the three treatments (Control, Wood and Wood/Leaf). Mean and standard deviation (sd) are also shown.

Functional
diversity (MPD)

Functional
diversity (MPD)

Taxonomic
diversity
(shannon)

Taxonomic
diversity
(richness)

Response
variable

Sites

Control

Wood

Wood/Leaf

Pre

Post

Pre

Post

Pre

Post

P1

6

7

10

9

8

8

P3

6

3

3

3

5

4

P4

8

7

7

12

6

8

P6

4

10

7

6

5

10

P7

10

7

9

6

5

5

P8

9

10

12

5

8

6

Mean±sd

7.2±2.2

7.3±2.6

8.0±3.1

6.8±3.2

6.2±1.5

6.8±2.2

P1

1.39

1.48

2.02

2.02

1.66

1.44

P3

0.61

0.29

0.79

0.95

1.34

1.21

P4

1.37

1.25

1.51

2.04

1.59

1.92

P6

1.07

1.72

1.61

1.61

1.61

1.96

P7

1.71

1.70

1.73

1.43

1.23

1.44

P8

1.69

1.76

2.01

1.36

1.82

1.54

Mean±sd

1.30±0.41

1.37±0.56

1.61±0.45

1.57±0.42

1.54±0.22

1.58±0.30

P1

0.65

0.63

0.75

0.74

0.72

0.76

P3

0.75

0.68

0.82

0.82

0.70

0.81

P4

0.61

0.71

0.71

0.72

0.68

0.75

P6

0.74

0.73

0.74

0.74

0.76

0.74

P7

0.75

0.67

0.72

0.73

0.73

0.72

P8

0.73

0.74

0.74

0.69

0.69

0.73

Mean±sd

0.70±0.06

0.69±0.04

0.75±0.04

0.73±0.06

0.71±0.03

0.75±0.03

P1

0.18

0.42

0.35

0.33

0.36

0.41

P3

0.46

0.54

0.82

0.82

0.31

0.77

P4

0.19

0.35

0.48

0.38

0.50

0.49

P6

0.60

0.43

0.38

0.48

0.60

0.35

P7

0.48

0.38

0.37

0.45

0.48

0.45

P8

0.37

0.41

0.37

0.38

0.29

0.36

Mean±sd

0.38±0.17

0.42±0.06

0.46±0.18

0.47±0.18

0.43±0.12

0.47±0.16

TABLE 3 | Species contribution to dissimilarity between the pre- and post-retoration periods of the Wood/Leaf treatment. a = Contribution
of each species to the mean dissimilarity between groups. b = Mean dissimilarity between groups ± standard deviation. c = Contribution
percentage of each species (> 5.0%) to the dissimilarity between groups.

Species

Mean dissimilarityb

Contribution %c

0.11

8.74 ± 0.98

11.61

0.17

0.1

7.67 ± 1.32

10.19

Cetopsorhamdia iheringi

0.04

0.12

6.53 ± 0.86

8.67

Aspidoras fuscoguttatus

0.12

0.03

5.82 ± 0.94

7.73

Imparfinis schubarti

0.14

0.1

5.8 ± 1.42

7.71

Astyanax cf. paranae

0.1

0.06

5.46 ± 1.01

7.26

Pre

Post

Piabina argentea

0.13

Poecilia reticulata

Hypostomus variipictus
Oligosarcus pintoi
Hisonotus francirochai
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0

0.1

5.15 ± 0.46

6.84

0.01

0.09

4.87 ± 0.55

6.47

0

0.08

3.8 ± 0.92

5.05
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variations (Mouillot et al., 2013), occurring either before declining species become locally
extinct or before favored species have already colonized the habitat. Notwithstanding,
the restoration effort was not sufficient to change taxonomic diversity or the functional
structure of fish assemblages, refuting our second and fourth predictions. These results
indicate that small-scale physical habitat restoration with wood structures and leaf
packs has subtle effects on the ichthyofauna of heavily degraded regions. The studied
streams are located in areas with strong anthropogenic influence and high soil erosion
susceptibility (Silva et al., 2007), so that siltation is one of the primary impacts limiting
aquatic communities (Casatti et al., 2015). The burial of the wood structures in two
reaches illustrates the intensity of sediment inputs and discharge and demonstrates how
habitat homogenization can be a rapid and continuous process in deforested watersheds,
with the power to hamper other restoration strategies.
Fish species composition, abundance, and functional composition did not differ among
periods and reaches, but combined changes in species abundance and composition
between pre- and post restoration periods were greater in WL reaches. This apparent
mismatch may be explained by i) a high inter-stream variability that is greater than the
resulting effect of period and treatments, so that differences could not be captured by the
PERMANOVA analysis; ii) an idiosyncratic response of communities to restoration in the
WL reaches. In this case, changes in species abundance after restoration occurred in a nondirectional way, with communities of each stream responding differently (Matthews et al.,
2013). The reach-specific response, illustrated by different trajectories of communities at
post-restoration period (shown as arrows in Fig. 4), apparently amplified the inter-stream
variability, resulting in the absence of a clear differentiation among reaches.
The local scale of the experiment (5-meter reaches) and the short experimental
duration (112 days) may also have influenced the little restoration effects observed. Many
studies have shown that macroinvertebrate colonization of litter bags takes only a few
days (e.g., Janke, Trivinho-Strixino, 2007; Ligeiro et al., 2010; Moulton et al., 2010). Since
macroinvertebrates are the primary food for several fish species, we believed that this
timescale of intervention would be sufficient to promote changes in fish community. In
addition, a recent study (Ceneviva-Bastos et al., 2017) with a very similar experimental
design found that three months were enough to allow the colonization of woody debris
and litter bags by macroinvertebrates and fish, promoting food web complexity in terms
of links and species; however, responses from macroinvertebrates were more prominent
than those of fish (Ceneviva-Bastos et al., 2017). Differential species responses to
restoration depend on how restoration procedures influence niche- and dispersal-based
processes. For example, the improvement of stream network connectivity would favor
the dispersion to previously inaccessible but suitable habitats (Höckendorff et al., 2017).
On the other hand, restoration practices that include changes in local environmental
conditions can make suitable reaches that were previously unsuitable for several stream
fishes (Shirey et al., 2016). The processes involved in the latter were probably more
influential to our study system, as our restoration practices were designed to improve
local physical habitat complexity rather than enhance connectivity.
The four species with increased abundance in the restored reaches are known to
require specific habitat conditions, partially corroborating our third prediction.
Among them, Hisonotus francirochai and Oligosarcus pintoi are usually associated with
macrophytes. The first uses macrophytes to graze on epiphyton; the second is an ambush
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predator of invertebrates (Casatti, 2002). The other two species, Hypostomus variipictus
and Cetopsorhamdia iheringi, are bottom dwellers associated with hard substrates; the
first is a detritivore grazer and the second is a substrate speculator insectivore (Teresa,
Casatti, 2012). Conversely, species with reduced abundance after restoration included
the generalist drift feeders Astyanax cf. paranae and Piabina argentea, and also species that
are tolerant to hypoxia, often associated with silted habitats, such as Poecilia reticulata
and Aspidoras fuscoguttatus (Teresa, Casatti, 2012). Interestingly, one of the species that
decreased in abundance was Poecilia reticulata, a non-native species in the studied area.
After the restoration, the reduction of the abundance of P. reticulata is possibly due to
the decrease in the availability of the main microhabitat explored by this species, which
are small pools close to the streambanks (e.g., Roa-Fuentes, Casatti, 2017). These results
indicate that the experimental debris and leaf packs provided better habitat conditions
for more sensitive species and probably influenced the interactions among organisms to
the point of affecting the abundance of non-native species (e.g., biotic resistance effect,
Elton, 1958). However, the assessment of functional traits at the community level did
not capture the observed variation in species abundance between periods. Most sampled
species were little affected by treatments, so the influence of a few sensitive species
may not have been enough to influence overall functional patterns of the community.
Furthermore, it is possible that species’ responses were driven by functional traits with a
higher resolution than those used herein (Laughlin, 2014), or by a specific combination
of traits rather than considering all of them (Saito et al., 2016).
Recovery strategies should target different spatiotemporal scales. First, it is necessary to
protect areas with high-quality habitats (i.e., refugia with key habitats and high diversity
and abundance of native species) to ensure a diversified regional species pool. Second,
long-term monitoring actions following restoration should be encouraged. For instance,
many studies have shown that fish respond positively to changes on a mesohabitat scale,
which includes distinct key habitats such as resting or reproductive areas (Lorenz et al.,
2013; Hickford, Schiel, 2014), but those positive results only appeared after eight years,
on average, following restoration (e.g., Lepori et al., 2005b; Morandi et al., 2014). Based
on these trends, changes in species richness and functional diversity would appear over
a longer timespan (if the regional species pool is not entirely depleted), though it would
probably require habitat manipulation on a broader spatial scale.
The response of aquatic biodiversity to restoration depends not only on habitat
complexity itself, but also on the quality of the regional species pool (Palmer et al., 2010).
In regions with a diversified regional species pool, some species can overcome dispersal
and habitat constraints and become part of the restored community (Lake et al., 2007).
Nevertheless, the loss of sensitive and specialist species concurs with the dominance
of highly tolerant opportunistic species in regions where impacts are severe (Scott,
Helfman, 2001). In this scenario, restoring the physical habitat would not promote
species addition to local assemblages (Lake et al., 2007) because potential colonizers in
neighboring communities are absent (Sunderman et al., 2011; Stoll et al., 2013). Thus,
it is also possible that the lack of response of species diversity to restoration observed in
our study was due to a long-term homogenization of neighboring communities, with
loss of potential colonizers and dispersal constraints. The homogenization of stream fish
assemblages was reported by previous studies conducted in the region (Casatti et al.,
2015; Teresa, Casatti, 2017). Indeed, the studied region has been historically impacted
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and remaining forests are limited to few, sparse, and unconnected fragments, and
such degradation extends to the riparian buffer (Silva et al., 2007). Therefore, in these
degraded conditions, recolonization will be affected by this reduced regional species
pool. Such regional (and riparian) degradation would affect the local scale dynamic and,
consequently, the success of restoration efforts.
Synergetic restoration measures including the recovery of water quality (by reducing
or stopping the pollutant discharge), the restoration of the watershed and riparian forest
cover, habitat connectivity improvement, floodplain connection, and the control of
soil erosion, are necessary to ensure proper conditions and resources for the aquatic
biota (Roni et al., 2008; Palmer et al., 2010; Lorenz et al., 2013). Nevertheless, the
combination of all these actions can only be possible if encouraged and supported by
adequate public policies. Meanwhile, we encourage additional studies about stream
restoration in Brazil. New attempts should consider the recovery of riparian forests
and ways to promote regional connectivity combined with instream manipulation on
a broader scale (e.g., by covering a larger area with woody debris) and test the efficiency
of different materials (e.g., large wood, bricks or rocks). Even in a small spatial scale and
relatively short period, our results showed that the addition of woody debris and leaf
packs in heavily impacted streams can change fish abundance, increasing the abundance
of more sensitive species and decreasing the abundance of generalist species. These
results can represent a first step towards a better understanding of habitat restoration for
stream fishes in the Neotropical region.
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