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Body size influences the effect of individuals and assemblages on ecosystem
functioning and defines how they respond to ecosystem changes. We evaluated
how body size structure of fish assemblages and functional groups respond to
human modifications at catchment, riparian and local scales in 40 streams of the
Pampa grasslands, southern Brazil. To describe body size structure, we calculated
the mean, coefficient of variation, skewness, and kurtosis, using individual
biomass data for the entire fish assemblages and separately by functional group.
The results suggested that body size response depends on body size metrics,
functional group, and the spatial scale of land use. From 11 functional groups,
only five showed a clear response to land use. In general, most functional groups
had a higher concentration of small sizes (left-skewed) in response to increased
land use measured at distinct spatial scales (local, riparian, and catchment), and
a greater concentration of sizes in a narrow and central distribution (higher
kurtosis). However, the responses were complex and varied between the
functional groups. We conclude that considering ecomorphological and trophic
features separately by functional group and assessing multiple body size metrics
contributed greatly to detecting the influence of land use on fish body size.
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Effect of land use on fish body size

O tamanho corporal influencia o efeito de indivíduos e assembleias no
funcionamento dos ecossistemas e define como estes respondem à alterações
ambientais. Investigamos como a estrutura do tamanho corporal de assembleias e
grupos funcionais de peixes responde ao uso da terra quantificado em três escalas
espaciais (sub-bacia, ripária e local), em 40 riachos do Pampa, sul do Brasil. Para
tanto, calculamos média, coeficiente de variação, assimetria e kurtose usando
biomassa individual em nível de assembleia e grupo funcional. As respostas
do tamanho corporal dependeram da métrica utilizada, do grupo funcional e
da escala de uso da terra. Entre os 11 grupos funcionais identificados, apenas
cinco mostraram uma resposta clara ao uso da terra. Em geral, a maioria dos
grupos mostrou uma assimetria na distribuição em favor de menores tamanhos
corporais e uma concentração de tamanhos em uma distribuição estreita e central
(alta kurtose) em resposta ao uso da terra quantificado nas três escalas espaciais.
Entretanto, as respostas foram complexas e variaram entre grupos funcionais. A
consideração de atributos ecomorfológicos e tróficos separadamente por grupo
funcional e a avaliação de múltiplas métricas contribuem de forma importante
para detectar a influência do uso da terra no tamanho corporal de peixes.
Palavras-chave: Agricultura, Avaliação ambiental, Biomassa, Campos Sulinos,
Escala espacial.

INTRODUCTION
Land use influences habitat integrity and biological diversity of riverine ecosystems at
multiple spatial scales (Allan, 2004). Agricultural activities, such as farming and cattle
ranching, are the predominant drivers of change in land use globally (Díaz et al., 2019).
Land use effects on the landscapes promote impacts on Neotropical streams (Leitão et al.,
2018), changing riparian vegetation, macrophyte cover, organic matter concentration,
and channel morphology, leading to siltation, substrate homogenization, and changes
in ecosystem functioning (Sweeney et al., 2004; Casatti et al., 2009; Dala-Corte et al.,
2017). Among riverine organisms, fishes are commonly studied to identify biological
responses to environmental modifications, especially after Karr (1981) used multiple fish
community metrics to compose an index to assess the biological integrity of freshwaters.
On the other hand, fish community metrics have also been evaluated separately, such as
fish species richness (Hanchet, 1990), growth rates (Fraker et al., 2002), survival (Jeffries
et al., 2008), and, more recently, functional traits (Casatti et al., 2015; Ribeiro et al., 2016).
The relation of body size to specific functions is not always straightforward (Keppeler
et al., 2020), although it can be an important predictor of functions intraspecifically or
within-functional groups (Blake, 2004; Keppeler, Winemiller, 2020). Nevertheless, we
still lack a detailed consideration of body size structure in assessments of the effects of
land use on stream fish communities.
Body size can be related to the probability of species extinction (Olden et al., 2007;
Ripple et al., 2017) and to trophic position and trophic relationships as well (Woodward
et al., 2008; Griffiths, 2013). Body size has direct and indirect relations to various human
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stressors (Townsend, Thompson, 2007). Indirectly, it can be associated with trophic
cascades (Jones, Jeppesen, 2007). Murphy et al. (2013) suggest that average body size
may increase with anthropogenic perturbations measured at multiple scales, but also
that species-specific responses may preclude the use of overall body size metrics for
assemblage-level (i.e., using a single body size metric for the entire community). On the
other hand, Maloney et al. (2006) observed that the average body size of two fish species
decreased in highly disturbed streams. These divergent results suggest that body size can
respond very distinctly to human impacts depending on the fish species studied and its
traits. Therefore, we expect that detailed data about body size at the functional group
or species level can better inform about environmental changes and their impact on fish
trait diversity patterns.
The divergent results in studies on how fish body size responds to anthropogenic
gradients are probably not only caused by species-specific responses, but also by
how body size has been assessed, by the metrics used to express size, and whether the
investigation considered intraspecific variation in size within the studied communities.
In general, studies on freshwater fish report an overall decline in body size as response to
terrestrial vegetation cover change (Rowe et al., 2002; Fernandes et al., 2015). However,
Benejam et al. (2016) observed an increased diversity of fish body sizes in stressed stream
environments, resulting from an increase in the occurrence of tolerant species with
larger body sizes.
Another possible factor explaining the diverse results in studies of fish body size response
to environmental gradients is that these responses may vary depending on particular
functional or trophic groups (Fritschie, Olden, 2016). In agricultural watersheds, large
piscivores may be the first to show changes in body size distribution (Wichert, Rapport,
1998). Benthic insects may suffer reductions with land use intensification (Hallmann et
al., 2017), affecting invertivorous fish. Removal of riparian vegetation reduces the input
of terrestrial invertebrates and increases sunlight incidence and primary production,
favoring periphyton eaters, detritivores, or nektonic fish associated with macrophytes
(Lorion, Kennedy, 2009). In addition, the increased siltation of stream bottom can
reduce the presence of species that feed upon rough, heterogeneous, and solid substrates
(Rabeni, Smale, 1995). Therefore, much information about ecological processes can be
gained by addressing functional groups separately (Murphy et al., 2013).
We investigated how the body size of fish assemblages and functional groups
responds to anthropic influence at three spatial scales in Pampa grassland streams.
Specifically, we investigated body size structure considering individual biomass
variation at (1) assemblage-level and (2) functional group-level. At the assemblagelevel, we tested whether body size and land conversion in grassland streams are related.
At the functional-group level, we predicted an increase in body size with land use for
herbivorous and detritivorous groups, but a decrease in body size for insectivores and
insectivores. We tested for local habitat influence on body size, particularly whether
stream size (wetted width) and substrate size would affect the body size of stream fishes.
In addition, in contrast to other studies (but see Benejam et al., 2016), we did a
more in-depth investigation of body size structure beyond the conventional measure
(mean body size). We explored body size distribution responses to anthropic influence
and used four metrics to express body size distribution in assemblages or functional
groups: (i) mean values, informing general tendency as commonly used in the literature;
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(ii) coefficient of variation (CV), which provides information diversity of body sizes;
(iii) skewness, which informs if the distribution of body size values is skewed towards
smaller sizes (negative skew) or larger sizes (positive-skew); and (iv) kurtosis, in which
high values (leptokurtic distribution) indicate a concentration of body sizes in the
distribution center (forming a narrow peak), and low values (platykurtic distribution)
indicate a flat or more uniform distribution of body sizes (Griffiths, 2013), which can
also be interpreted as a measure of size diversity (Fig. 1). Positive skewness implies that
environmental filters would favor smaller body sizes at the assemblage or functional
group levels, while negative skewness would favor larger body sizes. High kurtosis
values imply that environmental filters are strong, favoring only a limited range of
body sizes. Because land use at multiple spatial scales has been shown to affect stream
fish assemblages in Pampa streams (Dala-Corte et al., 2016, 2019b), we also investigated
how these fish body size metrics respond to land use at local, riparian, and catchment
scales.

MATERIAL AND METHODS
Study area. We used data from 40 streams sampled in the Pampa grasslands, in southern
Brazil (Fig. 2). The Pampa grasslands represent about 2.07% of the Brazilian territory, in
Southern Brazil. Their distribution extends to Uruguay and Argentina. It is a transitional
zone between tropical and temperate climates (subtropical), where native grasslands and
shrublands are predominant (Overbeck et al., 2007). In the riparian areas, forest and
shrub vegetation are common. Despite its high biodiversity, the Pampa grasslands are
neglected by the Brazilian environmental laws (Overbeck et al., 2007); only 3.2% of its
area is protected by officially protected areas (Palazzi, 2018). The growing conversion
of natural landscapes for exotic grasslands, silviculture, and temporary croplands are
currently the main threats to Pampa (Overbeck et al., 2007). Less than 40% of the natural
Pampa vegetation remains in Brazil (Andrade et al., 2015). In the studied region, common
land uses are cattle ranching on native grasslands, temporary croplands (soybean, corn,
wheat, and rice) or Eucalyptus tree plantations (Vélez-Martin et al., 2015; Oliveira et al.,
2017). Urban land use is negligible in the studied stream watersheds (< 0.1%) [see DalaCorte et al. (2016) for further detail].
Fish sampling and environmental data. Fish sampling and habitat measurements
were taken in 40 streams during spring and summer (October-March) 2013 and 2014.
Fish assemblages were sampled by electrofishing a 150-m long reach in each stream (see
further description in Dala-Corte et al., 2016). Sample effort per site was standardized
to about three hours of intensive sampling. Only wadable streams of second to third
Strahler order were sampled. Each sampling site comprised an independent stream
with an independent upland drainage area. Species names were updated according
to Eschmeyer’s Catalog of Fishes (Fricke et al., 2021). The collected specimens are
deposited at the UFRGS fish collection, in Departamento de Zoologia, Universidade
Federal do Rio Grande do Sul (UFRGS), Porto Alegre, Brazil.
Eight variables describing local habitat along the sampled 150-m stream reaches were
used in this study: i) flow velocity; ii) substrate heterogeneity; iii) substrate size; iv)
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FIGURE 1 | Description of the four body size metrics used to investigate body size patterns in overall
stream fish communities and in distinct functional groups. A. Skewness describes the tendency
of value distribution being biased towards the right (negative-skewed) or left (positive-skewed). B.
Kurtosis describes if the distribution of values is more flatted (platykurtic) or biased towards the
center (narrow). Mean values can be the same for distinct kurtosis. Coefficient of variation (CV)
describes the variation in values standardized to the mean.

FIGURE 2 | Location of the 40 stream sites where fish communities were sampled in South Brazilian
grassland biome (Pampa).
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stream wetted width; v) water depth; vi) canopy openness; vii) vegetation cover on
stream banks (shrubs plus trees); and viii) local human influence (estimated visually). All
these variables were measured along 11 cross-sections of each stream reach, comprising
one measure at each 15-m along the 150-m reaches. Mean values of the 11 measures
were used to represent the local habitat variables of each stream. The exception was
substrate heterogeneity, which was calculated as the Shannon-Wiener diversity of the
substrate size classes cover. For a detailed description of how variables were measured,
see Dala-Corte et al. (2016).
In addition to these local habitat variables, we used two landscape variables
describing land use based on the classification of 5-m resolution RapidEye satellite
images (acquisition dates 09/08/2011 and 23/11/2012). These include i) percentage of
agricultural cover estimated at the upland catchment area of each sampling site; and ii)
percentage of riparian vegetation cover in a 50-m wide riparian corridor 1-km upstream
from sample sites (Dala-Corte et al., 2016).
Pearson’s correlations (r) among the eight local habitat and two landscape variables
were evaluated. Three of the local habitat variables were moderate to highly correlated (r
> |0.6|), namely canopy openness, vegetation cover on banks, and local human influence
(Fig. S1). We kept only local human influence among these three variables. Therefore,
all subsequent analyses included six local variables plus two landscape variables.
Body size. Biomass (g) of fish individuals was used as a measure of body size. First,
we counted the total number of individuals of each species for all sites. For species
with 10 or less individuals, we weighted all the individuals. For species with more than
10 individuals, we separated all the individuals into five size classes, with equivalent
class intervals, considering maximum and minimum body size per species. Then, we
weighed two individuals of each size class per species and calculated the mean biomass
(g) expected by each size class for each species. Subsequently, we counted the number
of individuals per size class by species and by site. With these data, we had a rough
estimate of individual biomass per site and obtained intraspecific body size variation per
sample site. These data were used to calculate body size metrics at assemblage-level and
functional group-level. Assemblage-level considered all the fish species present in each
site (metrics for the whole community), while for functional group we separated the
species within sites by groups as described below. Four metrics were used to represent
body size: 1) mean; 2) coefficient of variation (CV); 3) skewness and 4) kurtosis (Fig.
1). CV was calculated as the standard deviation of individual biomass divided by mean
biomass. For calculating skewness and kurtosis, we used the package psych (Revelle,
2020) for R environment (R Core Team, 2020). For the functional group analysis
only, sites with less than five individuals per functional group were excluded from this
calculation, as the values could be biased by the low representativeness.
Functional groups. Ecomorphological and trophic data were used to define
functional groups (FGs) of each species [available in the supplementary material
of Camana et al. (2020)]. Ecomorphological data include indexes that are associated
with habitat use and occupation, calculated from fish morphometric measures. Eleven
ecomorphological indexes were used per species, including relative caudal fin area;
relative caudal peduncle compression, relative body compression index, relative eye
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area, relative eye position, relative mouth position, relative pectoral fin position, relative
head length, relative caudal peduncle length, relative body height, and biomass (see
description in Dala-Corte et al. 2016). Trophic classification comprised a 0-3 ordinal
classification of each fish species into detritivorous, herbivorous, invertivorous, and
piscivorous groups [see Camana et al. (2020)].
Assignment of fish species to FG was made according to cluster analysis based on
the euclidean distance of the species-by-traits matrix and Ward’s clustering method.
The average silhouette method was employed to define the number of clusters, using
the factoextra package (Kassambara, Mundt, 2020) for R environment (R Core Team,
2020). Each cluster represents a distinct FG. A total of 11 FGs were defined. Species in
each group are more similar in their trophic-ecomorphological traits (Fig. 3; Tab. S2).

FIGURE 3 | Clusters of
fish species based on
ecomorphological and trophic
traits, resulting in 11 functional
groups (FG). Full species names
by FG are available in S2.
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Statistical analysis. We generated multiple linear models (MLM) to investigate the
effect of eight explanatory variables on fish body size. Models were built separately for
the entire fish assemblage and each one of the 11 FGs. Response variables in the MLM
were one of the four body size metrics: mean, CV, skewness, and kurtosis. Three out
of the eight explanatory variables are more directly related to human environmental
alteration, which was measured at distinct scales: human influence (local scale); upstream
riparian vegetation cover (riparian scale); and upland agricultural cover (catchment
scale). The other five predictors are more related to natural features of the streams but
can be affected by human influence, as shown by Dala-Corte et al. (2016). From the full
MLM, a backward model selection procedure was performed based on p-values of the
explanatory variables. Only significant variables (p < 0.05) were kept in the reduced final
models. Later, we investigated if species body size could be related to their abundances
per site. For this, we tested the Pearson’s correlations between mean body size and site
abundance separately for all the species with 10 or more occurrences across sites.

RESULTS
In general, a mean of 397 fish individuals (ranging from 113 to 1,212) were captured
per site. Mean species richness was 18.7 fish species per site, ranging from six to 33
species. The most abundant species, in percentage of total captured individuals, were
Bryconamericus iheringii (19.6%), Heptapterus mustelinus (17.2%), and Diapoma alegretense
(7.1%). Most individuals were small-sized; 90.5% weighed less than 10 g. Mean biomass
was 4.86 g (0.09 to 131.49 g). For the functional groups, mean number of individuals
was 1430 (77 to 5,785 individuals), while mean biomass by functional group was 3.95
g (0.33 to 14.75 g) (Tab. 1).

TABLE 1 | Functional groups (FG) and their respective names, number of individuals (N ind), frequency of occurrence in sites (N sites),
mean biomass and standard deviation (SD).
Code

Group names

FG1

Benthic algivores/herbivores

FG2

Small compressed surface/nektonic invertivores

FG3

Lenthic invertivores/omnivores

FG4

Small compressed nektonic omnivores

FG5

Mixed elongated invertivores

FG6

Lenthic detritivores

FG7

Fusiform nektobenthic invertivores

FG8

N ind

N sites

Mean biomass

SD biomass

693

26

1.89

1.31

1810

27

1.03

0.36

432

18

4.58

2.18

5785

39

2.88

1.42

77

8

4.81

3.02

149

6

6.13

6.79

1435

34

2.24

2.45

Lenthic small fusiform omnivores

751

11

0.33

0.19

FG9

Large carnivores

605

30

14.75

12.88

FG10

Elongated benthic invertivores

3336

39

3.05

1.38

FG11

Benthic flat algivorous/invertivores

663

31

1.74

1.21
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Community results. At the assemblage level, local habitat was in general more
influential on body size than anthropic gradients. Three body size metrics at the
assemblage level responded clearly to local habitat, while only one was influenced by
a larger scale variable. Physical habitat and human influence at the local scale affected
mean body size (adj-R2 = 0.224; F3,36 = 4.75; P = 0.007), which was positively related to
substrate size (std-b = 0. 364; p = 0.023); stream width (std-b = 0. 327; p = 0.044), and
human influence (std-b = 0. 312; p = 0.049). Models of body size skewness and kurtosis
were significant (skewness, adj-R2 = 0.109, F1, 38 = 5.75, P = 0.021; kurtosis, adj-R2 =
0.167, F1, 38 = 8.86, P = 0.005), but these response variables were affected only by stream
substrate size (std-b = 0.363; p = 0.021; and std-b = 0.434; p = 0.005, respectively), and
not by human influence at any of the three spatial scales (local, riparian and catchment).
Body size variation (CV) was the only body size variable affected by anthropic influence
at a larger spatial scale (adj-R2 = 0.132; F1, 38 = 6.94; P = 0.012). Assemblage-level body
size CV increased with higher agricultural cover percentage at catchment scale (std-b =
0.393; p = 0.0121). In most species, there was no correlation between species body size
and abundance (p > 0.05; Tab. S3). From the 26 species with 10 or more occurrences,
a significant and negative correlation was only observed for Heptapterus mustelinus (r =
-0.39; p = 0.015), and a marginally significant and negative correlation for Psalidodon
dissensus (r = -0.58; p = 0.078) (Tab. S3).
Functional groups. Relations between anthropic gradients and body size at the
functional group level were not straightforward and varied with spatial scale (local,
riparian, or catchment) and body size metric. Significant responses of fish body size
were observed for 7 out of 11 functional groups (Tab. 2). The most frequent response
variable was body size skewness (6 FGs), followed by kurtosis (5 FGs), coefficient of
variation (5 FGs), and mean body size (2 FGs) (Tab. 1). When we analyzed functional
groups separately, several predictors remained after model selection. The most frequent
predictors in the models were local human influence (27.8% of the significant models),
flow velocity (27.8%), wetted width (22.2%), substrate size (22.2%), riparian vegetation
cover (22.2%), substrate heterogeneity (16.6%), and catchment agricultural cover
(11.1%) (Tab. 2).
Five functional groups (FG) were more clearly affected by anthropic environmental
alteration, with local human influence being related to body size metrics of three
functional groups, riparian cover affecting body sizes in two functional groups, and
agricultural cover at the catchment scale affecting body size in only one FG (Tab. 2; Fig.
2). Anthropic influence affected mostly the rheophilic animal consumers (invertivores
and carnivores), while detritivorous and omnivorous species, common in slow water
habitats within streams, showed no response to human-related variables.
Body form and water column habitat users (surface, nektonic, nektobenthic, and
benthic fish) did not show a particular relation with anthropic influence, since the
five sensitive FG include several levels of these traits. More specifically, the sensitive
FG included compressed, fusiform, elongated, and flat body shapes, as well as surface,
nektobenthic and benthic habitat users (Tab. 2). The response metrics (mean, CV,
skewness, and kurtosis) and the type of response (direct or inverse relation with human
influence) were also heterogeneous among FG but, in general, the anthropic influence
seems to promote smaller body sizes and less size diversity in the functional groups
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(Tab. 2). Exceptions to this tendency are FG 7 (fusiform nektobenthic invertivores) and
FG10 (elongated benthic invertivores), in which decreasing riparian cover was related
to a wider variation in body sizes (CV).
Natural instream habitat influenced body size structure of five functional groups in
different ways. Flow velocity and substrate size were directly related to size structure
metrics in two FG each. (Flow, FG11 and FG4; and substrate size, FG1 and FG4), while
substrate heterogeneity had a positive effect on elongated benthic invertivores (FG10)
only. Wetted width was positively related to mean body size of small compressed
nektonic omnivores (FG4) and was inversely related to skewness, implying a tendency
for larger sizes.
TABLE 2 | Multiple linear models for predicting fish body size (biomass) at the entire assemblage and separately for 11 functional groups
(FG). Body size was measured by four response variables. Only significant overall final models and selected predictors are shown (P <
0.05). Models were built separately by response variable describing body size structure (mean, coefficient of variation - CV, skewness and
kurtosis). Backward selection was applied to select important predictors (p < 0.05). Effect size of predictors are represented by standardized
model slope coefficients (std-beta). Variable abbreviations are: 1) Flow_velo = flow velocity; 2) Sub_hete = substrate heterogeneity; 3) Subs_size
= substrate size; 4) Width = wetted width; 5) Riparian_cover = riparian vegetation cover within 50-m wide 1-km upstream corridor; 6) Human_
infl = local human influence estimated visually; 7) Agr_catch = agricultural cover estimated at upland catchment area.

Organization level

Response
variables
Mean

Assemblage-level

FG1 Benthic algivores/invertivores

Overall
adj-R2
0.22

Overall
P-value

Selected predictors

Std-beta

p-value

0.007

Subs_size

0.364

0.023

Width

0.327

0.044

Human_infl

0.312

0.049

CV

0.13

0.012

Agr_catch

0.393

0.012

Skewness

0.11

0.021

Subs_size

0.363

0.021

Kurtosis

0.17

0.005

Subs_size

0.434

0.005

CV

0.15

0.031

Width

0.42

0.031

Skewness

0.44

< 0.001

Subs_size

0.68

<0.001

Kurtosis

0.54

< 0.001

Subs_size

0.75

<0.001

Mean

0.34

0.006

Subs_size

-0.37

0.036

Width

-0.43

0.016

Human_infl

-0.53

0.005

FG2 Small compressed surface/
nektonic invertivores

FG4 Small compressed nektonic
omnivores

FG7 Fusiform nektobenthic
invertivores

FG9 Large carnivores

FG10 Elongated benthic
invertivores

FG11 Benthic flat algivores/
invertivores

10/19

CV

0.13

0.040

Subs_hete

-0.40

0.040

Mean

0.34

< 0.001

Subs_size

0.33

0.025

Width

0.41

0.007

CV

0.09

0.040

Flow_velo

0.33

0.040

Skewness

0.18

0.012

Flow_velo

0.39

0.013

Width

-0.33

0.035

Kurtosis

0.17

0.005

Flow_velo

0.44

0.005

CV

0.10

0.035

Riparian_cover

-0.36

0.035

Skewness

0.20

0.005

Agr_catch

0.47

0.005

Kurtosis

0.26

0.004

Agr_catch

0.40

0.013

Riparian_cover

-0.32

0.041

Skewness

0.14

0.024

Human_infl

0.41

0.024

Kurtosis

0.26

0.003

Human_infl

0.53

0.003

CV

0.30

0.001

Subs_hete

-0.37

0.009

Riparian_cover

-0.46

0.002

0.016

Subs_hete

-0.32

0.040

Riparian_cover
Flow_velo
Human_infl

-0.34
0.38
0.44

0.028
0.026
0.011

Flow_velo

0.34

0.037

Human_infl

0.52

0.003

Skewness

0.16

Skewness

0.24

0.009

Kurtosis

0.28

0.004
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DISCUSSION
Body size metrics. We found support for the hypothesis that land use directly or
indirectly affects body size structure of fish by studying four body size metrics (mean,
CV, skewness, and kurtosis). At the assemblage level, mean body size of assemblages
increased with stream wetted width and local human influence. Agriculture percentage
at catchment was related to CV, meaning that variation in body sizes for the entire
fish assemblage was higher in agricultural watersheds. However, metrics responded
quite differently when we separately analyzed each functional group (FG). Significant
effects were found for seven out of 11 FGs. Skewness was the body size metric that
most captured the effects of predictors (significant in six out of seven FG), followed
by body kurtosis (five FG), CV (five FG), and mean body size (two FG). Therefore,
mean body size was not a good metric for describing how body size structure responds
to environmental changes for most of the FGs, meaning that the use of this rough
descriptor alone will provide a poor and incomplete representation of stream fish body
size and its response to environmental gradients.
Land use effects. At assemblage-level, only mean body size and CV exhibited
responses to variables more directly related to human modifications. Mean body size of
fish assemblages increased with local human influence (presence of anthropic structures,
waste materials, agriculture, or livestock in or adjacent to the streams). Although we
predicted a negative response, this result is not surprising because other studies have
reported positive, negative, or even neutral responses of body size to anthropogenic
gradients (Maloney et al., 2006; Melcher et al., 2012; Fernandes et al., 2015; Benejam
et al., 2016). Body size variation (measured as CV) at assemblage-level was positively
related with higher percentages of agriculture at the upland catchment scale. In the
Pampa grasslands, Benejam et al. (2016) have also observed a higher diversity of fish
body sizes and a higher size range in degraded streams where anthropic land use was
dominant. Those authors commented that the presence of large-sized tolerant fish
(as the armored catfish, Hypostomus spiniger, and the marbled swamp eel, Synbranchus
marmoratus) in degraded streams was responsible for increasing variability in body size.
Similar to Benejam et al. (2016), our results suggest that overall body size diversity or
variability of stream fish assemblages may not always decrease with human impacts.
One possible explanation for this is that land use may induce changes in stream habitats
in such a way that fish species more typically found in large streams and rivers expand
their distribution to smaller streams (Dala-Corte et al., 2019a).
A more detailed picture of body size responses to land use was revealed when we
analyzed functional groups separately. Four functional groups exhibited responses of
body size skewness to variables directly related to land use: FG7, FG9, FG10, and FG11.
In general, land use indicators at any spatial scale (either local, riparian, or catchment)
increased skewness values. Higher positive skewness means left-skewed distribution
(Fig. 1A), that is, a bias towards smaller body sizes (see detailed discussion about FGs
below). In addition, for one functional group (FG2), mean body size decreased with
human influence at local scale. Therefore, our results for five functional groups agree
with the expectation of decreased body size owing to human disturbance effects, which
is more commonly reported by studies (Benejam et al., 2016).
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A relation between land use and body size kurtosis was also observed when analyzing
functional groups separately. Body size distribution of three groups (FG7, FG9, and
FG11) showed an increased kurtosis in response to human influence locally, catchment
agriculture, or reduction of riparian cover (a negative relation to the percentage of
native vegetation cover in the riparian corridor). Higher values of kurtosis indicate a
leptokurtic distribution (Fig. 1B), where most body size values tend to the center, not
to the tales of the distribution. In this case, particularly for three functional groups,
scale-dependent land use seems to favor a higher frequency of intermediate body sizes
in a subset of assemblage species. A similar effect, where disturbance is associated with
the loss of small and big body size species has been already reported, as intermediatesized species seem to have a smaller risk of extinction locally (Gibb et al., 2018, for ant
assemblages) and globally (Ripple et al., 2017, for vertebrates, including freshwater fish).
However, the mechanism underlying this pattern is unknown.
Body size coefficient of variation of FG7 and FG10 decreased with higher riparian
vegetation cover. Because species in FG7 and FG10 are benthic or nektobenthic
insectivores typical of less disturbed streams, we cannot associate this higher body size
variation with the presence of a few tolerant and large-sized species, as suggested by
Benejam et al. (2016). Therefore, other mechanisms not investigated here could be
involved in changes of body size distribution in elongated benthic and nektobenthic
insectivores, such as indirect effects of riparian vegetation loss upstream, including
increased substrate siltation, reduced flow speed and substrate heterogeneity, increased
sunlight and temperature, and changes in channel morphology.
Response of functional groups. Not all functional groups responded to land use.
Seven out of 11 FG showed significant responses of body size variables, and from these,
only five FG (45.4%) exhibited responses to land use. This result is important because it
shows why an assemblage-level assessment can have a weak, undetected or misleading
effect of anthropic gradients on fish body size structure. The Neotropical fish fauna is
much more diverse than those of temperate or even other tropical regions, both in species
number and functional diversity (Toussaint et al., 2016). Then, microhabitat occupation,
life history traits, niche space use, and body size of species are also much more diverse. It
thus makes sense that summarizing all this diversity into a single assemblage metric, as
mean body size across all species, would provide a poor indicator for the links between
body size structure, environmental changes, and ecosystem functioning.
Considering the five functional groups for which body size metrics were significantly
related to land use variables, FG2 comprises small-sized, lateral compressed, surface,
and nektonic invertivores, including the characids Diapoma, Mimagoniates, and
Pseudocorynopoma. Mean body size of this functional group decreased in response to
local human impact. Terrestrial insects and other invertebrates that come from riparian
vegetation are important food resources for these species (Dufech et al., 2003; Graciolli
et al., 2003), which feed mostly by visual stimulus, so that increasing water turbidity
and reducing the input of allochthonous insects due to local impacts may explain this
response.
Three body size metrics expressed responses of nektobenthic invertivores with
fusiform/elongated bodies (FG7) of small to intermediate sizes, such as Characidium,
Imparfinis, Pimelodella, and Rhamdella. In general, land use was related to a bias towards
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small sizes and a higher concentration of individuals in a few size classes of FG7.
Removal of riparian vegetation cover and replacement of native cover by agriculture
lead to siltation of stream bottom, suppressing these benthic microhabitats (Dala-Corte
et al., 2016), possibly affecting large substrate size classes and substrate roughness, which
are important for these fish as cover and as ground for feeding on benthic insects.
Elongated benthic invertivores of small size (FG10), including species of Ituglanis,
Scleronema, and Heptapterus, responded to land use at the upstream riparian scale. They
also exhibited a bias towards smaller sizes with reduction of native vegetation cover
in the riparian zone. Similar to FG7, these elongated benthic fish of FG10 are largely
dependent on substrate integrity, and removal of upstream riparian cover may cause
profound changes on the stream bottom, not only locally, but also at downstream
reaches (Jones et al., 1999). This assumption is also supported by the significant bias
towards large-sizes (negative-skewed) in FG10 individuals in more heterogeneous
substrates.
The large carnivorous species of FG9, including Hoplias, Rhamdia, Crenicichla, and
Oligosarcus, similar to FG7 and FG10, showed a tendency to size distributions biased
towards smaller sizes (positive-skewed) and concentration of body sizes in a central
and narrow distribution. However, FG9 only responded to land use made locally, on
adjacent stream banks, indicating the need of assessing multiple scales. These results for
FG2, FG7, FG9, and FG10 support our initial predictions that land use would reduce
the overall body size of piscivorous and invertivorous fishes, as suggested in other
studies (e.g., Wichert, Rapport, 1998), owing to changes in habitat, trophic structure
and amount of food (energy and material) available for fish.
Finally, body size of FG11, comprising flat-bodied benthic algivorous species of
Rineloricaria and one Pseudohemiodon species, was also related to human influence at
local scale. Feeding of these species is mostly based on grazing the periphyton layer of
substrates and on detritus associated with fine substrates and mud. Although these species
are sometimes considered detritivores, the diet of Rineloricaria and Pseudohemiodon can
include algae, higher plants, detritus, and even aquatic invertebrates (Lujan et al., 2012).
Their habits and diets are thus very distinct from other lenthic detritivore fish (FG6),
such as curimatid species (Cyphocharax, Steindachnerina), for which our prediction of
increased body size with anthropic influence was not supported. Although we had no a
priori expectation for FG11, other studies, such as Barbosa et al. (2020), found a decline
in foraging specialist species, like benthic grazers, in streams with decreasing native
forest vegetation cover. So this functional group seems to be sensitive to environmental
changes caused by land use.
Indirect effects. The effects observed on the body size of different functional groups
can be related to multiple modifications of instream habitat caused by land use at multiple
spatial scales (Dala-Corte et al., 2016). These include changes in primary production,
trophic structure, and the type and amount of food available (Bojsen, Barriga, 2002;
Lobón-Cerviá et al., 2016), as well as alterations in channel morphology, substrate
characteristics, flow velocity, water quality, and microhabitat types and diversity (Pusey,
Arthington, 2003).
In addition to the variables directly related to land use, we observed that flow
velocity, substrate size, substrate heterogeneity, and channel width were also significant
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predictors of changes in body size structure at assemblage-level and functional grouplevel. Although these variables are descriptors of natural features of the streams, they
can also be affected by land use, mostly developed locally and at riparian scale, as found
by Dala-Corte et al. (2016). However, responses of body size metrics to these instream
habitat characteristics were complex and depended differently on which functional
group was evaluated.
Changes in body size of a given population can sometimes be associated with changes
in population abundance. In theory, increased body size is usually accompanied by
a reduction in population abundance, while decrease in body sizes is expected to be
associated with an increase in population abundance (White et al., 2007). Therefore, one
can predict that changes in body size structure could be driven indirectly by the effects
of land use on population abundance. Nonetheless, after we evaluated all the species
with 10 or more occurrences, only two fish species presented a negative correlation
between population body size and abundance (Tab. S2). Hence, the effects herein
observed on fish body size structure, either at the assemblage or the functional group
level, cannot be attributed to changes in population abundances.
Conclusion and implications. The diversity of results we found in responsive body
size metrics, scales of land use quantification, and functional groups suggests a complex
scenario to understand how land use affects fish size structure in stream ecosystems.
One implication is that evaluating only one metric, and particularly the commonly
used mean body size at assemblage-level, will probably fail in detecting the effects
of environmental gradients. Skewness and kurtosis added relevant information about
fish body size response to land use and should be further investigated. Among the 11
functional groups, only five exhibited a clear response to land use at distinct spatial
scales and the effect was dependent on the functional group considered. This suggests
that using an assemblage-level approach to detect changes in functional patterns related
to body size may hinder the detection of the effects caused by anthropic modifications.
Assessing body size structure in Neotropical fish assemblages and functional groups
is relatively easy because it does not require precise identification of fish species, and we
demonstrated that body size can be highly responsive to land use if analyzed in greater
detail. This finding opens a new perspective to understand how fishes are affected by
anthropic changes; for instance, via studies of the mechanisms that select individual
body sizes and how they are linked to the extinction risk (Olden et al., 2007; Ripple et
al., 2017; Gibb et al., 2018) or to changes in ecosystem functioning. Body size metrics
should also be reconsidered for multimetric indices aiming to assess environmental
change and integrity in streams (Karr, 1981; Santos, Esteves, 2015; Carvalho et al.,
2017). Studying fish body size fish has great potential to reveal the effects of land use
and instream habitat structure, but the detection of these effects requires an in-depth
investigation of body size structure and body size distribution considering individual
variation within assemblages. Research should then consider measuring land use change
at different spatial scales, using diverse metrics of individual body size distribution and
assessing responses separately by functional group.
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