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Abstract

Context The replacement of native vegetation by
exotic grasses for livestock production is driving
landscape homogenization, habitat fragmentation and
reducing connectivity between habitat patches in
floodplains ecosystems.

Objective In this context we examined how changes
in native and exotic vegetation cover, connectivity and
water depth affect the attributes of the small [standard
length (SL) < 80 mm as adults] and large-sized fish
assemblages (SL > 80 mm as adults).
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Method We assessed the effects of water depth,
exotic and native vegetation cover and habitat con-
nectivity on the abundance, species richness, body size
and biomass of fish assemblages in a 25 km? area of the
seasonal habitats of the Pantanal wetland over 5 years.
Results We showed that fish assemblage response to
meso-scale variation in water depth, vegetation cover
and habitat connectivity in seasonal habitats is size-
dependent. The gradient from exotic to natural vegeta-
tion cover did not affect the assemblages of small-sized
fish, which were mostly regulated by water depth, habitat
connectivity and the gradient from grassland to forest.
However, besides being affected by water depth and
habitat connectivity, large-sized fish were also affected
by the gradient from exotic to natural vegetation cover.
Conclusion Our results indicate that transformations
in the landscape and changes in the dynamics of
inundation may have negative consequences for the
long-term persistence of fish assemblages in the
Pantanal wetlands.

Keywords Temporary habitat - Effective distance -

Landscape connectivity - Exotic species - Water
depth - Cattle ranching impacts - Pantanal

Introduction

Floodplains are among the most diverse and produc-
tive natural systems in the world (Tockner et al. 2000).
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These systems are periodically inundated by the
overflow of water from the main river, lateral channels
and floodplain lakes, and they also receive significant
inputs from direct precipitation and groundwater.
Inundated lowlands form ephemeral aquatic habitats
that are colonized by aquatic organisms from nearby
permanent water bodies (Henning et al. 2007) and by
individuals who emerge from the resting eggs, seeds or
propagules that were left in the soil during the previous
inundation (Heckman 1994; Shréder 2001; Brock
etal. 2003). During the dry season, precipitation is low
and evapotranspiration is high, so these systems return
to their terrestrial phase and become occupied by
plants and animals that are not adapted to aquatic
conditions. At this time, the aquatic organisms become
stranded, die or are forced to return to permanent
waterbodies (Penha et al. 1998; Rebellato and Nunes
da Cunha 2005; Jenkins and Boulton 2007; Junk et al.
2014). These characteristics make the floodplain a
very productive system and have encouraged humans
to establish growing settlements along the margins of
large river systems. As a consequence, the anthro-
pogenic pressure on these ecosystems has increased
with the need for more energy, agriculture and
livestock production. These pressures cause habitat
loss and fragmentation (Samson and Knopf 1994;
Steinman and Rosen 2000; Walters et al. 2006), the
two major threats to terrestrial biodiversity (Prugh
et al. 2008).

The majority of studies that assess the spatial
distribution of species in the floodplain have focused
on the scale of the sampling unit (Baber et al. 2002;
Steinman et al. 2003; Babbitt et al. 2009; Fernandes
et al. 2010), but few studies have assessed both local
and broad scale process (Scherer et al. 2012; Fernan-
des et al. 2014). Biological diversity in temporary
wetlands is highly dependent on the dynamics of
colonization and extinction, which maintain the habi-
tat connectivity that enables the dispersal and re-
colonization of unoccupied habitat patches (Gilpin
1980; Loehle 2007), seasonal migration among
populations, and metapopulation persistence at the
landscape scale (Hanski 1998; Jacobson and Peres-
Neto 2010; Rayfield et al. 2011). In addition to the
factors at broad (i.e., dispersal) and intermediate scales
(i.e., landscape composition), local habitat character-
istics (i.e., water depth, hydroperiod, patch area)
and biological interactions (e.g. competition and
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predation) are important to the structure and compo-
sition of local species (Power 1984; Harvey and
Stewart 1991; Englund and Krupa 2000).

Abundance and species richness are among the
most common descriptors of community structure
(Magurran 2004), though body size and biomass
provide information about the system productivity in
aquatic habitats. These data have been used to guide
fisheries management decisions. In river-floodplain
systems such as the Brazilian Pantanal, fish species
depend heavily on the resources available in the
temporary habitat formed during the wet season
(Agostinho et al. 2001; Cucherousset et al. 2007).
Therefore, when the connectivity between permanent
water bodies and the temporary habitats is compro-
mised by the replacement of the native vegetation with
exotic grasses (Brooks et al. 2004; Hoffmann et al.
2004; Hejda et al. 2009; Alho et al. 2011; Junk and
Nunes da Cunha 2012; Simberloff et al. 2013), there
are negative effects on the fish use of the floodplain
and fishery productivity in subsequent years (Sommer
et al. 2001; Opperman et al. 2010).

The Brazilian Pantanal, one of the biggest wetlands
of the world, is mainly threatened by landscape
changes caused by livestock production and dams that
were built for flood control (Zeilhofer and Moura 2009;
Girard 2011). Alterations of the spatial configuration of
habitat and the characteristics of areas between patches
in the landscape may reduce the connectivity between
temporary and permanents aquatic habitats (Prugh
et al. 2008; Zhao et al. 2012) and may prevent their use
by aquatic organisms. To improve our understanding
about how landscape changes affect the dynamics of
fish in wetlands and to increase our ability to guide
management, we evaluated how changes in water
depth, native and exotic vegetation cover and connec-
tivity affect the abundance, species richness, body size
and the biomass of fish assemblages. Based on
previous studies (Harvey and Stewart 1991; Kodric-
Brown and Brown 1993; Englund and Krupa 2000;
Taylor and Warren 2001; Casatti et al. 2009), we
hypothesize that water depth and connectivity have a
positive effect on these assemblages attributes. More-
over, we hypothesized that diverse, complex habitats
of native vegetation would increase the abundance,
species richness, body size and biomass compared to
exotic pastures, which are dominated by few plant
species and provide a less complex habitat.
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Materials and methods
Study area

The Pantanal is a seasonally flooded wetland that
ranges over an area of approximately 160,000 km?. It
is in the central region of South America between
parallels 16° and 22°S and 55° and 58°W, which
includes portions of Brazil, Paraguay and Bolivia. In
the late eighteenth century to the early nineteenth
centuries, livestock production became important in
Brazilian territories (Silva et al. 2000). Until 1970, the
natural grasslands were used to feed cattle, and there
were low-intensity farming practices (Seidl et al.
2001). Due to the low nutritive value of natural
grasslands (carrying capacity = 0.81 individuals ha™"),
farmers have been replacing the natural grasslands
by an exotic African grass (Urochloa humidicola
(Rendle) Morrone & Zuloaga, carrying capacity =
1.02 individuals hafl) (Seidl et al. 2001; Junk et al.
2006), resulting in the loss of 17.5 % of the original
vegetation (Harris et al. 2005).

This study was performed in the Pantanal long-term
sampling sites (PLTSS) located in the northern portion
of the Brazilian Pantanal (Fig. 1). The PLTSS occu-
pies an area of 25 km? (56°21'W, 56°18' E, 16°19'N,
16°22'S) throughout three private properties where the
main activity is livestock production. The PLTSS
consists of a square grid containing 30 plots (250 m
length x 1 m width) that follow the topographic
gradient and are located 1 km apart (for more details
see Fernandes et al. 2010; Signor and Pinho 2011). In
this region, the wet season is from December to June
and the dry season is from July to November. Situated
approximately 10 km from Cuiaba River, the research
site is characterized by a highly heterogeneous land-
scape with different types of vegetation cover (Fantin-
Cruz et al. 2010a). Within and nearby the PLTSS,
there are 25 small permanent ponds (mean 0.1 ha and
range 0.01-0.36 ha) and one lake (222 ha) that fish use
as refuges during the dry season and that serve as a
source of colonization of the floodplain during the wet
season.

Fish sampling
Fish were sampled between March and April of

each year across all flooded plots (2006—22 plots,
2008—22 plots, 2009—21 plots, 2010—18 plots and

2011—22 plots). These are the months in which flood
peaks usually happen, and most of the plots are flooded
for at least 2 months (Fantin-Cruz et al. 2010b). Fish
were collected by two methods: throw traps and gill
nets. Throw traps consist of metal cubes (1 m>) that
are covered by a 1.5 mm nylon mesh, and they were
employed six times per plot (every 50 meters). The
individuals enclosed by the trap were retrieved with a
triangular fish trap until no additional specimen was
collected after 10 consecutive sweeps. In addition,
seven gill nets (20.0 x 1.5 m; mesh size: 12, 15, 18,
20, 25, 30 and 50 mm between opposing knots) were
distributed along each plot. In 2006, the gill nets were
set between 0700 and 0800 h and removed between
1800 and 1900 on the same day; in other years, the gill
nets they were set between 1600 and 1700 h and
removed on the following day between 0800 and
0900 h. The change in sampling period improved
sampling during the sunset and sunrise when fish are
more active. As a consequence of this change, catfish
became more abundant than cichlids in the samples,
though the dominance of the characids was main-
tained. The methods were not employed on the same
day to minimize the effects of the disturbance on fish
assemblage. The combination of active and passive
sampling methods allows the capture of both mobile
and sedentary species, as well as individuals of a large
range-size (Weaver et al. 1993; Jackson and Harvey
1997; Lapointe et al. 2006). All individuals captured
were euthanized with Eugenol, fixed in 10 % formalin
solution, preserved in 70 % ethanol and identified to
the species level. Finally, each individual was weighed
and measured by standard length (SL) (details in
Fernandes et al. 2010).

Environmental variables

For each plot, altitude was recorded by a simple
frequency geodetic global positioning system that
tracked for 10 min, or until the error was <50 mm. As
each plot has the same topographic altitude from
beginning to the end, one measurement was enough to
represent the entire plot (see details in Magnusson
et al. 2005). The water depth in each plot was the
average of six measurements that were taken where
the throw trap was launched. Each year during the
sampling, we visited higher altitude plots that were
presumably dry to ensure that they did not become
inundated.
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Fig. 1 Map of the PLTSS L
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A rectangular area of approximately 35 km? that
includes the PLTSS area and its surroundings was
extracted from Google Earth™ images and transformed
into a shapefile. The vegetation patches were then
manually marked as polygons. The vegetation on each
polygon was later categorized based on field informa-
tion into one of five vegetation classes: wet grassland,
wet pasture, dry pasture, wet forest and dry forest.
Grasslands include mostly native grasses species and
aquatic macrophytes (submerged, emergent and float-
ing), pastures are composed mainly of exotic African
grass [Urochloa humidicola (Rendle) Morrone &
Zuloaga], and forests are composed of shrubs and trees
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without detectable undergrowth plant species (Rebella-
toetal. 2012; Nunes da Cunha et al. 2010). Although we
used an image from 2003, all of the areas were visited
annually from 2004 to 2011 and neither natural nor
human landscape changes were observed.

The percentage of each vegetation class was
calculated in a 450 m circular buffer around the center
of each plot. The percentage or proportion of vegeta-
tion cover in any buffer is a type of data that are highly
correlated. Therefore, we applied a correspondence
analysis (CA) to reduce the dimensionality of the data
(Jackson 1997), and these CA axes were used to
represent vegetation cover in all subsequent analyses.
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Connectivity metric

Landscape connectivity is the extent to which the
landscape facilitates or prevents movement of organ-
isms among patches (Taylor et al. 1993). Connectivity
can be measured in different ways (Prugh 2009), and it
has been commonly classified into two main types,
namely functional and structural. Functional connec-
tivity incorporates data about individuals’ movements
throughout the landscape. On the other hand, measures
of structural connectivity express how the spatial
arrangement of different habitat and potential barriers
in the landscape may affect species dispersion
(Theobald et al. 2011).

Here, we used the probability of connectivity index
(PC), which is based on the habitat availability
concept, the probabilities of dispersal among patches
and graph structure (Saura and Pascual-Hortal 2007).
It measures the probability of two animals randomly
placed within the landscape falling into habitat areas
that are reachable from each other (interconnected)
(Bodin and Saura 2010). As we are interested in local
connectivity, we used a version of the probability of
connectivity index that is based on patches (PCgqyy)
and permits the measurement of the local contribution
of each patch to the global PC index (Foltéte et al.
2014):

Z?: 1 aiajp?j

A2
where n is the number of habitat patches in the
landscape, ai and gj are the volumes of the patches i
andj and A is the total landscape area (both habitat and
non-habitat); p;; is the probability that an individual in

PCﬂux(]) =

patch i will disperse to patch j. The dispersal
probability p;; was computed using a negative expo-
nential function (Urban and Keitt 2001; Saura and
Pascual-Hortal 2007): p;; = exp(—ad;;); o was deter-
mined so that pl’fj = 0.05 when dj; is a maximum

distance, and dj; is a least-cost distance between patch i
and patchj. Thus, the parameter p;; expresses a greater
or lesser decrease in the probability of flux (p) with
distance (d). Our 30 plots, 25 small permanent ponds,
and one lake were considered as preferential habitat
and were the nodes of the connectivity index.

The effective distance (least-cost distance) was
calculated using data about vegetation cover, water
level and altitude. We used a previously constructed

raster grid (Fernandes et al. 2014) to represent the
vegetation cover data. The 30 plots’ water depth and
altitude data were interpolated to build the water level
and elevation layers by means of ordinary kriging,
with the assumption of a spherical model to build the
semivariogram (Zimmerman et al. 1999). Because
altitude and vegetation cover did not change through-
out the study, only one layer was built to represent
these variables in the analyses, while for water level
we used one layer for each year. Effective distance
was calculated as a function of the factors that
facilitate individual movement across the landscape
(flooded areas such as wet forest, wet grassland and
wet pasture) or restrict it (dry forest and dry pasture).
Therefore, the effective distance between two patches
represents the minimum cumulative effort (least-cost
distance) of moving across the resistance layer
(Theobald et al. 2011). To create the resistance layer,
we assigned a resistance value cost of 1 to wet forest, 2
for wet grassland, 3 for wet pasture and 100 for dry
forest and dry pasture (PC index 4, see more details in
the supplementary material). We chose 1 for wet forest
because this vegetation class occurs in areas of low
altitude that are the first to be inundated, so it may form
important dispersion corridors; 2 for grassland be-
cause despite being an important habitat, they are in
patches with lower hydroperiods (the number of days
that a wetland holds water during the wet season), and
they are shallower than wet forests (Fantin-Cruz et al.
2010a); wet pasture was scored 3 because these are
patches where wet grassland and wet forest were
replaced by exotic pasture; dry forest and dry pasture
was scored 100 because these habitats are permanently
dry and represent permanently impassable barriers to
fish. The water level and altitude layers were reclas-
sified with resistance values ranging from 1 to 10, and
higher resistance values were imposed for high
elevations and shallower regions. After reclassifica-
tion, the three layers were combined to build the
resistance layer. Given its greater accuracy, vegetation
data were given a higher weight (0.5) on the final
resistance layer. Water level and elevation, which
were estimated by interpolation, were given lower
weights (0.4 and 0.1, respectively) (see Adriaensen
et al. 2003 for more details about the methods).
Recognizing that our resistance value costs for
vegetation cover are arbitrary, we assess the sensibility
of our results given this decision. To perform the
sensibility analysis, we calculated the least-cost

@ Springer



1426

Landscape Ecol (2015) 30:1421-1434

distance using different resistance values cost to
vegetation classes and used these value to calculate
connectivity. However, our primary results did not
change (see supplementary material). All the steps
were performed in ArcGIS (ESRI 2006). The least-
cost layer was calculated among plots and permanent
ponds using the “costDistance” function of the
‘gdistance’ package (Etten 2012) in the R 2.15.3
Statistical Software (R Core Team 2013). Because
water level changed throughout the sampling period
but vegetation cover (or altitude) did not, the changes
among years in the least-cost-distances were solely
due to the water level. The variables ‘vegetation cover
type’ and ‘altitude’ only affected the spatial variability
in the least-cost metric.

Data analysis

We separated small-sized and large-sized fish based
on published data on the maximum adult body size
(SL) from each species (Reis et al. 2003). Small-sized
fish (SL < 80 mm as adults) are numerically domi-
nant taxa, whereas large-sized fish (SL > 80 mm as
adults) are less abundant but dominant in biomass.
This threshold length was the same as that used by
Chick et al. (2004) to separate small and large fish
species of the Florida Everglades, and we adopted it
here due to the similarity between the two systems
(both are extensive shallow wetlands). We combined
data from the two types of sampling gear to compute
abundance (number of individuals captured), and
species richness (total number of species) for each
size class (i.e., small and large-sized fish) in each plot
and year. Body size was calculated as the mean SL of
all individuals and fish biomass as the sum of the
weight of all individuals. To evaluate whether abun-
dance, species richness and fish biomass differ among
size class, we applied a Kruskal-Walllis test (Sokal
and Rohlf 1995).

We used information theoretic approach to model
selection in order to assess the importance of the
connectivity, water depth and vegetation cover on fish
community attributes (Burnham and Anderson 2002).
Twenty different models were built for each depen-
dent variable (i.e., abundance, species richness, body
size and biomass). These models contained different
combinations of the independent variables [water
depth, vegetation cover (represented by CAl and
CA2) and connectivity (PCgyy)]. The models were
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constructed using the generalized additive model for
location, scale and shape (GAMLSS, Rigby and
Stasinopoulos 2005) because the relationship between
dependent and independent variables was not always
linear. The GAMLSS is a semi-parametric regression-
type model introduced by Rigby and Stasinopoulos
(2005) to overcome some limitations of generalized
linear models (GLMs) and generalized additive mod-
els (GAMs). It is parametric in that it requires a
parametric distribution assumption for the response
variable, and “semi” in the sense that the modelling of
the parameters of the distribution may involve the use
of non-parametric smoothing functions. GAMLSS is
flexible enough to address linear and non-linear
relationships between the response and predictor
variables in the same model because the exponential
family assumption for the response variable (Y) can be
relaxed and replaced by a general distribution family
(Landi et al. 2014).

The effects of water depth and connectivity (PCgyy)
on fish community attributes were modeled with a
cubic spline smoothing function (cs). The cs function
is based on the smooth. spline function from stats
package of R and can be used for univariate smoothing
(Rigby and Stasinopoulos 2005). The year of sampling
was modeled as random-effect. The best distribution
of each response variable was chosen from among
Normal, Gamma and Poisson distributions for abun-
dance and species richness and Normal or Gamma
distributions for body size and biomass based on the
Akaike information criterion (AIC) (Zuur et al. 2009).

We also used AIC to compare the 20 models and
select the best model (Burnham and Anderson 2002).
In addition to the AIC value, where the lower values
indicate the best models, we used another two metrics
to visualize the differences between models. These
were Ai values, which are used to evaluable the
acceptability of each model (Ai < 2 = strong support
in the data; Ai > = 2 and < 7 = little support in the
data; Ai > 10 = without support in the data) and AIC
weight (wi), which is the probability of a given model
in the cases of re-sampling the available data (Burn-
ham and Anderson 2002).

All of the independent variables were standardized
using z-score transformations (Legendre and Legen-
dre 2012), and the collinearity among them was tested
using a variance inflation factor (VIF) (Zuur et al.
2009). GLMLSS were implemented using the gamlss
package (Rigby and Stasinopoulos 2005) and values of
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the AIC, Ai, wi and k were calculated using the bbmle
package (Bolker 2014). All analyses were performed
in R 2.15.3 Statistical Software (R Core Team 2013).

Results
Environmental characteristics

The temporary aquatic habitats in the PLTSS were
shallow throughout the study period. The lowest
values of mean water depth and connectivity were
found in 2010, when the inundation level was atypical
(18.6 cm), while the highest values were found in
2008 (28.2 cm, supplementary material).

The vegetation cover was dominated by wet
grassland (36.8 %) and wet forest (30.2 %); wet
pasture (14.7 %), dry forest (14.1 %) and dry pasture
(4.1 %) made lower but important contributions. Two
axes were extracted using the broken stick model
(Jackson 1993), and they accounted for 84.9 % of the
variation in vegetation cover. We performed Pearson
correlation matrices between CA axes and the vegeta-
tion classes to identify which classes contributed more
to axes formation. The first axis accounted for 56.3 %
and showed high positive correlation with wet grass-
land (r = 0.69; p < 0.001), dry forest (r = 0.74;
p = 0.004) and a negative correlation with dry pasture
(r = —0.72; p < 0.001) and wet pasture (r = —0.84;
p < 0.001). In sum, this first axis represented the
gradient from exotic to natural vegetation cover. The
second axis accounted for 28.6 % of the variation and
was positively correlated to wet forest (r = 0.83;
p < 0.001) and negatively correlated to wet grassland
(r = —0.74; p = 0.001) and dry forest (r = —0.47;
p = 0.02). The CA2 axis mainly represented the
variation in vegetation cover from wet grassland to
wet forest.

Fish community

Throughout the 5 years of sampling, a total of 6813
individuals from 70 species were collected; ap-
proximately 62 % (4220) were small-sized fishes (Mean
body size = 15.08 mm and range 3.4—70.3 mm of SL)
and 38 % (2593) were large-sized fishes (Mean body
size = 93.20 mm and range 8.0-371.3 mm of SL). The
small-sized fish (Mean = 39.11 and range 1-131) were
more abundant than large-sized fish (Mean = 25.72 and

range 1-143) (Kruskal-Wallis test: H = 5.16, df = 1
and p = 0.023). On the other hand, body size, species
richness (Kruskal-Wallis test: H = 9.77, df = 1 and
p = 0.001) and fish biomass (Kruskal-Wallis test:
H = 137.13, df = 1 and p < 0.001) were greater for
large-sized fish. The mean species richness was 5.6
(range 1-14) for small-sized fish and 7.27 (range 1-19)
for large-sized fish, while the mean fish biomass was
8.96 g (range 0.03-151.99 g) for small-sized fish and
931.65 g (range 0.500-7222 g) for large-sized fish.
Additional information such as captured species, num-
bers of individuals (abundance), mean body size and
biomass is presented in the supplementary material.

Model selection

For small-sized fishes, the best ranked model for
abundance included a non-linear effect of connectivity
and linear effects of the gradient from wet grassland to
wet forest (CA2) and year (wi = 0.52). A second
model including the gradient from exotic to natural
vegetation cover (CAIl) was selected as equally
plausible (Ai = 1.8; wi = 0.21; Table 1). The best
ranked model for richness included a non-linear effect
for connectivity and water depth and an effect of year
(wi = 0.23), but an equally plausible model included
an additional effect of CA2 (Ai = 1.3; wi = 0.12),
and another included the effect of CAl (Ai = 1.7;
wi = 0.1; Table 1). For body size, the best model
included a non-linear effect for connectivity and depth
in addition to the linear effect of CA2 and year
(wi = 0.65), but another plausible model included the
effect of CA1 (4i = 1.4; wi = 0.31; Table 1). The
model selected for biomass had a linear effect for
water depth, CA1, CA2 and year (wi = 0.19). Addi-
tional models included the linear effect of connectivity
(Ai = 0.4; wi=0.16) and a non-linear effect of
connectivity and depth (Ai =0.9; wi=0.12;
Table 1).

For large-sized fishes, the best ranked model for
abundance included a non-linear effect of connectivity
and depth and a linear effect of the gradient from
exotic to natural vegetation cover (CAl) and year
(wi = 0.54). An additional model included CA2
(Ai = 1.8; wi = 0.22; Table 2). The best ranked
model for richness included a linear effect for
connectivity CAl, CA2 and year (wi = 0.49;
Table 2). For body size, the best model included a
non-linear effect for connectivity and water depth in
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Table 1 Results of model selection for small-sized fishes based on a Akaike information criterion (AIC) comparison of 20 models

Rank Models AIC Ai Wi k
Abundance
Md20 cs (PCqux) + CA2 + random (year) 891.3 0.0 0.52 11
Md18 cs (PCqux) + CA1 +CA2 + random (year) 893.0 1.8 0.21 12
Species richness
Md16 cs (PCqux) + cs (water depth) + random (year) 548.4 0.0 0.23 11
Md17 cs (PCqyux) + random (year) 458.6 0.3 0.20 8
Mdl5 cs (PCqux) + cs (water depth) + CA2 4 random (year) 459.6 1.3 0.12 12
Md14 cs (PCqux) + cs (water depth) + CAl + random (year) 460.1 1.7 0.10 12
Md20 cs (PCqyux) + CA2 + random (year) 460.4 2.0 0.08 9
Body size
Mdl5 cs (PCqux) + cs (water depth) + CA2 + random (year) 575.0 0.0 0.65 15
Md13 cs (PCqux) + cs (water depth) + CA1 + CA2 + random (year) 576.4 1.4 0.31 16
Fish biomass
Md6 Water depth + CA1l + CA2 + random (year) 608.5 0.0 0.19 6
Mdl PCpqux + water depth + CA1 + CA2 + random (year) 608.9 0.4 0.16 6
Mdl5 cs (PCqux) + cs (water depth) + CA2 + random (year) 609.4 0.9 0.12 11
Md3 PCqux + Water depth + CA2 + random (year) 609.1 1.1 0.11 5
Md13 cs (PCqux) + cs (water depth) + CAl 4+ CA2 + random (year) 609.7 1.2 0.10 12
Md8 Water depth + CA2 + random (year) 609.8 1.3 0.10 4

These models were constructed using GAMLSS with abundance, species richness, body size and fish biomass from small-sized fish as
dependent variables and PCy,, water depth, vegetation cover (represented by CA axis) as independent variables. cs is a cubic spline
smoothing function and was used to adjust the non-linear relationship. Only models with Ai < 2 are presented

addition to the linear effects of CAl, CA2 and year
(wi = 0.63; Table 2). The model selected for biomass
had a non-linear effect for connectivity and water
depth, and linear effects for CAl, CA2 and year
(wi = 0.96; Table 2).

Effects of connectivity, vegetation cover and depth
on fish assemblages

To understand how independent variables are af-
fecting assemblage attributes, we inspected the beta
coefficients of the best model for each dependent
variable (Table 3 and supplementary material). For
small-sized fish, the best model indicated that more
individuals were found in patches that were more
connected and fewer individuals were found in
patches with more wet forest cover (i.e., more
connected than patches with more wet grassland)
(see supplementary material). Species richness was
higher in deeper and more connected patches, while
small-sized fish from deeper patches also had larger
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body size and biomass. Body size and biomass also
increased with the amount of wet forest cover and
decreased with the amount of wet grassland. In
contrast to the abundance and species richness,
which were higher on the more connected patches,
body size was greater in less connected patches
(Table 3).

For large-sized fishes, we found that abundance,
species richness, body size and fish biomass were
higher in deeper and more connected patches than in
shallow and less connected patches (Table 3). Patches
dominated by native vegetation cover (wet grassland
and dry forest) had more individuals, higher species
richness, more larger-bodied individuals and higher
biomass than those with exotic grass (dry and wet
pasture). Furthermore, patches where wet forest was
dominant had larger individuals and higher fish
biomass (Table 3) than patches with wet grassland
(see supplementary material).

In summary, both small and large-sized fish were
affected by connectivity, water depth and the gradient
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Table 2 Results of model selection for large-sized fish based on a Akaike information criterion (AIC) comparison of 20 models

Rank Models AIC Ai wi k
Abundance

Mdl14 cs (PCqux) + cs (water depth) + CAl + random (year) 770.8 0.0 0.54 15

Md13 cs (PCqux) + cs (water depth) + CAl 4+ CA2 + random (year) 772.6 1.8 0.22 16
Species richness

Md1l PCqux + water depth + CA1l + CA2 + random (year) 452.0 0.0 0.49 9

Md2 PCqux + water depth + CAl + random (year) 452.8 0.8 0.33 10
Body size

Md13 cs (PCqyux) + cs (water depth) + CA1 4+ CA2 + random (year) 863.0 0.0 0.63 16

Md18 cs (PCqux) + CA1 +CA2 + random (year) 864.9 1.9 0.24 12
Fish biomass

Md13 cs (PCqux) + cs (water depth) + CAl 4+ CA2 + random (year) 1462 0.0 0.96 16

These models were constructed using GAMLSS with abundance, species richness, body size and fish biomass from large-sized fish as
dependent variables and PCy,,, water depth, vegetation cover (represented by CA axis) as independent variables. cs is a cubic spline
smoothing function and was used to adjust the non-linear relationship. Only models with Ai < 2 are presented

Table 3 Coefficients of the generalized additive model for location, scale and shape (B and standard error) for small and large-sized
fish community attributes in relation to environmental variables

Variables Water depth CAl CA2 Connectivity (PCqyx)
B SE B SE B SE B SE
Small-sized fish
Abundance - - - - —0.20 0.06 0.62 0.06
Species richness 0.23 0.05 - - - - 0.13 0.04
Body size 0.09 0.02 - - 0.09 0.02 —0.13 0.02
Fish biomass 0.61 0.10 0.15 0.09 0.32 0.09 - -
Large-sized fish
Abundance 0.33 0.06 0.15 0.05 - - 0.34 0.06
Species richness 0.24 0.04 0.09 0.04 - - 0.16 0.04
Body size 4.09 1.89 5.19 1.59 6.14 1.58 3.47 2.14
Fish biomass 0.48 0.10 0.31 0.07 0.26 0.07 0.57 0.10

The CA1 represents the gradient from exotic to native vegetation and the CA2 represents the gradient from wet grassland to wet
forest (see Environmental variables). Fish biomass is expressed in grams and body size in mm. —indicates variable is not present in
the best model

from wet grassland to wet forest (Table 3). However,
the effect of the predictor variables changed between
the two groups as reflected by the different slopes, an
effect that was strongest for abundance and body size
(see estimates of beta and standard error in Table 3).
Finally, size-classes differences were remarkable in
that large-sized fish respond positively to native cover
and negatively to exotic cover, while small-sized fish
were not affected by these environmental variables.

Discussion

Our results show that the fish community response to
meso-scale variation in water depth, vegetation cover
and habitat connectivity in seasonal habitats of the
Pantanal wetland is size-dependent. Size-dependent
responses to depth and vegetation cover can arise
because small organisms respond more strongly to fine
scale variation in the environment than large
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organisms (Soininen et al. 2007) and because envi-
ronmental factors act at different spatial scales (Dray
et al. 2012). While water depth is a local variable and
can reflect fine-scale habitat volume, vegetation cover
should be an indirect measure of the habitat available
at intermediate scale. Size-dependent responses to
connectivity can arise because dispersal distance is a
function of body size in fish (Griffith 2006). Thus,
patches that are more connected are found by both
small and large-sized individuals, while only large
organisms can find more isolated patches.

In temporary aquatic systems such as seasonal
wetlands, both shallow and deeper regions support a
diversity of habitats created by the abundance and
diversity of aquatic macrophytes (Barbour and Brown
1974; Schessl 1999), which add structural complexity
and provide food and shelter from predators for both
small and large-sized fish, increasing both abundance
and species diversity (Tonn and Magnuson 1982;
Kodric-Brown and Brown 1993; Mayo and Jackson
2006; Thomaz et al. 2008). Although we used patches
of the same surface area, deeper patches have larger
habitat volume and diversity than shallow patches, are
a more effective target for both active and passive
immigration (Lomolino 1990) and are less prone to
extinction, while shallow patches have fewer habitat
types and are subject to stochastic extinction (Miya-
zono and Taylor 2013). In addition, biological inter-
actions such as predation determine the fish body size
distribution patterns between shallow and deeper
patches (Power 1984; Englund and Krupa 2000). This
occurs because the predation pressure from terrestrial
predators forces large-sized fish to seek deeper waters;
piscivorous fish, which are more abundant in these
habitats, force small-sized fish to find escape in
shallow water (Harvey and Stewart 1991; Englund
and Krupa 2000), which contributes to local assem-
blages composition. We think this is a plausible
explanation for the water depth effect on the fish
community of the Brazilian Pantanal, due to the high
abundance and diversity of piscivorous birds (Signor
and Pinho 2011) and predatory fish (Fernandes et al.
2010) found there. However, field experiments are
necessary to support this idea.

More connected patches are more likely to be
colonized by more species than less connected ones
(Taylor and Warren 2001; Arrington et al. 2005;
Jacobson and Peres-Neto 2010) because high connec-
tivity allows species to colonize the habitat regardless
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of their dispersal ability (Baber et al. 2002). In
contrast, patches with less connectivity will only be
colonized by species with high dispersal ability
(Fernandes et al. 2014) and are less likely to be
rescued (Brown and Kodric-Brown 1977) from local
extinction events. Finally, the larger body size of
small-sized fish in less isolated patches can be
explained by two factors that are not mutually
exclusive. First, there is the aforementioned correla-
tion between dispersal distance and body size, i.e.,
only larger individuals can reach patches that are more
distant and less connected (Griffith 2006); and second,
density-dependent growth in more connected patches,
i.e., an increase in abundance, leads to a reduction in
body size in floodplain habitats (Penha et al. 2015).
Landscape changes from natural to exotic grass
seem to have a negligible effect on small-sized fishes
because those species respond mainly to factors acting
at local scales, such as the availability of shelter and
food and the presence of predators (fine grained
species, sensu MacArthur and Levins 1964). Another
factor that can attenuate the effect of exotic pasture
cover on the small-sized fish fauna is the seasonal
alternation of flood and drought periods (Junk et al.
1989). These drastic environmental changes result in
the temporal substitution of plant species throughout
the hydrological cycle (Schessl 1999; Prado et al.
1994; Rebellato et al. 2012), mainly in wet pasture and
wet grassland. When associated with the presence of
cattle grazing, the seasonality prevents the dominance
of exotic or arboreal species (Collins et al. 1995;
Marty 2005; Questad et al. 2011; Junk and Nunes da
Cunha 2012). During the dry season, the landscape is
dominated by short-lived terrestrial plants that cannot
endure the hydrological stress of flooding and am-
phibious plant species that can photosynthesize in both
terrestrial and aquatic environments (Maberly and
Spence 1989). With the onset of the floods, a rich
assemblage of strictly aquatic plant species joins the
amphibious plants (Rebellato and Nunes da Cunha
2005). Native assemblages of aquatic plants grow over
both native grasslands and exotic pastures, though not
in wet forest patches, so the similarity in vegetation
structure across grassland habitats increases during the
flood season. Thus, one should expect a high similarity
in habitat structure, shelter availability and food
supply between native grasslands and exotic pastures
at a local scale during the flood season, which most
likely explains the similarities in some attributes of the
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small-sized fish communities between these environ-
ments. On the other hand, the negative effect of the
exotic grasses on large-sized fish may occur because at
a landscape scale, differences are maintained and
larger individuals respond mainly to land-use change
at intermediate and broad scales (coarse grained
species, sensu MacArthur and Levins 1964).

Finally, the almost total lack of aquatic macro-
phytes in wet forests may reduce the habitat available
for small-sized fish in aquatic habitats dominated by
larger fish (many of which pose a predation threat).
The success of the larger fish on wet forests occurs
because the lower densities of terrestrial predators
makes them safer dispersal routes for larger fish (and
they serve as important foraging grounds; q.v. Gould-
ing, 1980). Thus, small individuals may be pushed to
shallow habitats where the abundant vegetation
decreases predation risk. This would explain the clear
preference by small-sized fish for patches of shallow
grass and the higher fish biomass and body size of the
large-sized fish in wet forest compared to grassland
habitats.

Conclusion

The results of this study support our initial hypothesis
that water depth, connectivity and native vegetation
cover have a positive effect on community attributes,
while exotic vegetation cover has a negative effect.
The increasingly frequent introduction of exotic
grasses for cattle grazing threatens the native vegeta-
tion in the Brazilian Pantanal, reducing native cover
and causing habitat loss and fragmentation. Replacing
wet forest with wet grassland or pasture could increase
the abundance of small-sized fish, which are important
to biodiversity. However, these species have only a
small contribution to the community biomass, so
encouraging their proliferation might reduce fishery
productivity and change the trophic chain including
people. Approximately 17 % of the native habitat of
the Brazilian Pantanal has been replaced by exotic
grasses, and continued conversion or degradation
could change the landscape structure and connectivity
between habitats patches due to a reduction in the
matrix permeability, thereby preventing the species
dispersal. This, in turn, could negatively affect the
dynamics of colonization and extinction of the tem-
porary aquatic habitat during the flood season

(Fernandes et al. 2014). Therefore, conservation
policies should focus on the protection of all habitats
(from grasslands to forests) to maintain a highly
heterogeneous landscape and preserve the natural
hydrological dynamics and connectivity of the flood-
plain, so fish species (and other organisms) could
successfully complete their life-cycles and maintain
the high biodiversity of the Pantanal.
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