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Riparian vegetation structure and seasonality influence
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Abstract The Amazon rainforest has experienced
rapid land-use changes, including extensive deforesta-
tion of riparian areas, putting at risk among the most
diverse freshwater fish assemblages on the planet. At
nine study reaches distributed among three Colombian
blackwater streams, we described and quantified how
variability in riparian vegetation structure—during
both dry and rainy seasons—influenced the taxonomic
and functional diversity of fish assemblages. We
observed 117 species across our study reaches, but
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taxonomic measures such as species richness and
evenness were not different among low, intermediate,
or high levels of riparian vegetation coverage. Fish
assemblage composition was also not different by
riparian vegetation, although we observed significant
seasonal shifts—only 16% of species were observed in
both rainy and dry seasons. Evenness and effective
number of species derived from Simpson’s Index were
7 and 38% greater in the dry season than in the rainy
season, respectively. Diet varied by riparian zone
condition: 56% of fish stomach contents were of
allochthonous origin in stream reaches with intact
vegetation versus 37% in streams with altered riparian
vegetation. We also observed that the relative propor-
tion of detritivorous fishes was 13% greater in the
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rainy season, while the proportion of invertivores was
26% greater in the dry season. Both functional
divergence and dispersion—measures of the variabil-
ity of species’ traits—were higher in reaches with
more intact vegetation during the rainy season. Our
findings highlight the importance of the interaction of
riparian vegetation and seasonality, and both longitu-
dinal and lateral hydrological connectivity, for fish
functional diversity of Amazonian streams.

Keywords Aquatic biodiversity - Functional
ecology - Forest cover change - Trophic guilds -
Tropical ecosystems - Blackwater streams

Introduction

Agriculture, grazing, hydropower, and human settle-
ment have transformed > 1.4 million km? of the
Amazon basin (~ 20% of total area; Hansen et al.
2013; Arantes et al. 2018). Changes to land cover have
altered up to 50% of riparian forests in some regions of
the Amazon (Ren6 et al. 2011), with implications for
stream ecosystems including loss or impairment of
aquatic habitat, increased erosion, and altered aquatic
primary productivity, as well as shifts in flooding
regimes leading to changes in species composition and
biogeochemical cycling (reviewed in Castello and
Macedo 2016). Collectively, these perturbations have
put at risk among the most diverse freshwater fish
assemblages on the planet: ~2,500 fish species are
found in the Amazon basin—with approximately half
endemic to streams (Junk et al. 2007; Winemiller et al.
2008). Despite human activities posing increasing
threats to Amazonian streams and the relatively
ineffective legislation in place to protect them (Leal
et al. 2018), these systems have received limited
research attention (but see, e.g., Lorion and Kennedy
2009; Leitao et al. 2018).

Streams are tightly connected to their adjacent
riparian zones through exchanges of energy and
material (Hynes 1975; Vannote et al. 1980; Junk
1989). Terrestrially derived organic matter inputs
from riparian zones can strongly influence the diver-
sity and biomass of fish assemblages (Wondzell and
Bisson 2003; Kail et al. 2015; Thompson et al. 2018).
Arthropods, for example, provide important nutri-
tional subsidies that support aquatic food webs
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(Nakano et al. 1999; Nakano and Murakami 2001;
reviewed in Baxter et al. 2005; Kautza and Sullivan
2015). Wood entrained into streams from riparian
zones provides refuge from predators such as birds and
piscivorous fishes (Everett and Ruiz 1993; Koehn et al.
1994; Crook and Robertson 1999), and many fishes
exhibit positive associations with large wood for
spawning (egg attachment, nest materials), nursery
habitat, or feeding (Dolloff and Warren 2003; Gurnell
et al. 2005). In addition, the composition and structure
of riparian vegetation influence stream ecosystems by
controlling light incidence and temperature (Osborne
and Kovacic 1993; Abell and Allan 2002; Pusey and
Arthington 2003), regulating nutrient concentrations
and export (Dodds and Oakes 2008; Larson et al.
2019), and mediating aquatic-terrestrial connectivity
(Naiman et al. 1993; Alberts et al. 2013; Alberts and
Sullivan 2016). These factors, alone and in concert,
influence fish physiology, assemblage composition,
and trophic dynamics (Pusey and Arthington 2003;
Robinson et al. 2010; Blevins et al. 2013).

In Amazonian streams, environmental heterogene-
ity is a critical variable related to the diversity of fish
assemblages (Ramirez et al. 2015). Environmental
characteristics, including variability in riparian vege-
tation, have been shown to affect both the taxonomic
and functional diversity of fish assemblages (Ilha et al.
2018, 2019; Santos et al. 2019). Several studies have
observed negative impacts on taxonomic diversity
associated with changes in riparian forest cover and
land use. For example, streams with grasslands or
plantation agriculture in their riparian zones exhibit
more homogenous fish assemblages due to lower
species diversity and higher relative abundance of
generalist species (Casatti et al. 2009; Leite et al.
2015; Juen et al. 2016). Leitdo et al. (2018) report
decreases in functional uniformity of fish assemblages
associated with deforestation, and Brejao et al. (2018)
and Bordignon et al. (2016) observed an increase of
generalist and a decrease of specialist species as
instream habitats are simplified and homogenized.
However, higher taxonomic diversity of fishes has also
been associated with deforested areas (Burcham 1988;
Toham and Teugels 1999; Bojsen and Barriga 2002).
Overall, although these findings suggest that the
relationship between riparian zones and stream fish
assemblages in the Amazon is driven by multiple
processes and factors operating across spatiotemporal
scales (Montag et al. 2019). However, additional
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research is needed in order to generate broader
patterns on the effects of changes in riparian vegeta-
tion on fish assemblages.

Riparian zones are inundated during the Amazon
rainy season, increasing the water-mediated availability
of terrestrial organic matter and allochthonous energy to
stream ecosystems (Pringle 2001; Freeman et al. 2007).
This seasonal flooding is especially relevant in streams
(Wantzen and Junk 2006; Dos Anjos and Zuanon 2007)
such as blackwater ecosystems (sensu Sioli 1950).
These blackwater streams are characterized by a high
concentration of fulvic and humic acids and a low
concentration of dissolved solids and nutrients (olig-
otrophic systems) that limit the productivity of aquatic
primary producers (Lowe-McConnell 1987; Junk 2013;
Mendonga et al. 2005). Indeed, a high proportion of fish
biomass in blackwater streams of the Colombian
Amazon is supported by fruits, arthropods, and plant
detritus (Arbeldez et al. 2004; Ramirez et al. 2015;
Correa and Winemiller 2018).

Our aim was to describe and quantify how
variability in riparian vegetation structure (i.e., canopy
cover) and seasonality affects: (i) assemblage struc-
ture, (ii) trophic structure, and (iii) taxonomic and
functional diversity of fishes in blackwater streams of
the Colombian Amazon. We hypothesized that stream
reaches where riparian forest vegetation has been
altered—Ileading to reduced canopy cover and altered
instream conditions (as described above)—would
exhibit more homogeneous fish assemblages. In
addition, under these conditions, we anticipated that
generalist species would dominate the assemblage.
Relative to trophic structure, we expected that altered
stream reaches exhibit reduced allochthonous inputs,
and therefore, a high percentage of fish diet would be
of autochthonous origin. We also hypothesized that
fish assemblages in altered reaches would show
reduced functional dispersion, functional divergence,
and functional evenness. In contrast, we predicted a
more even assemblage, including specialist species
(invertivores, piscivores), at sites with more intact
riparian forest vegetation. We also predicted that the
taxonomic and trophic structure of fish assemblages
would shift seasonally as a result of changes in
resources availability (e.g., those associated with
flooded riparian forests) and environmental condi-
tions (e.g., water depth, transparency, dissolved oxy-
gen). Specifically, we expected to find a higher
proportion of detritivorous fishes during the rainy

season as well as seasonal differences in the taxo-
nomic composition of fish assemblages (e.g., migra-
tory and other species entering streams due to
increased connectivity with floodplain lakes and the
Amazon River in the rainy season) mediated by
changes in environmental conditions.

Materials and methods
Study area and sampling design

Sampling was performed in three blackwater streams
(Yahuarcaca, Arenosa, Pichuna) in the Department of
Amazonas, southern Colombia (Fig. 1) during the
rainy and dry seasons of 2018. The region is charac-
terized by a monthly temperature range between
25-27 °C (1978-2016), with a 0.7 °C mean increase
over the last 40 years (Duque et al. 2018). Annual
rainfall averages 3,315 + 410 mm (1969-2016), with
arainy season from November to May (monthly mean
precipitation = 335.4 &= 31.0 mm), followed by a
drier season from June to October (monthly mean
precipitation = 201.9 £ 34.9 mm; data from Aerop-
uerto Vazquez Cobo weather station, 04°11” S, 69°56’
W). Yahuarcaca (4° 9’ 42.5” S, 69° 58’ 0.6"” W) is a
third-order stream of approximately 16.8 km length
(Duque et al. 2018). This stream is characterized by a
muddy-to-sandy substrate flowing over Upper Ama-
zonian Tertiary soils (Galvis et al. 1979) and emptying
into Lake Yahuarcaca in the floodplain of the Amazon
River. Arenosa (4° 7' 39.9” S, 69° 57" 12.8' W) is a
first-order, sandy-bottom stream with a length of
8.5 km, draining over nutrient-poor soils from alluvial
plains of tertiary Amazonian blackwater rivers (Duque
etal. 1997). Pichuna (4°5'39” S,70°1' 5.4” W), also a
first-order stream, flows through soils of the Upper
Amazonian Tertiary and empties directly into the
Amazon River with a drainage area of 4.6 km? (Sinchi
2017), a length of 12 km (Duque et al. 1997), and a
muddy-to-sandy substrate.

Three 400450 m-long reaches in each stream were
selected to represent three different levels of riparian
alteration: low canopy cover (LCC), intermediate
canopy cover (ICC), and high canopy cover (HCC; n =
9 study reaches). Despite that there were multiple study
sites (n = 3) per stream, there is considerable distance
among them: the minimum distance among reaches was
2,275 m and the mean distance was 3,642 m, thus
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Fig.1 Location of the nine study reaches on the Yahuarcaca (4°
9'42.5" S,69° 58 0.6” W), Arenosa (4° 7' 39.9” S, 69° 57" 12.8'
W), and Pichuna (4° 5’ 39” S, 70° 1’ 5.4” W) streams in the
Colombian, Amazon, along with the level of canopy cover
(low canopy cover LCC, intermediate canopy cover ICC,

maximizing independence among study reaches to the
degree possible. Although riparian canopy cover was
primarily determined based on the percentage of canopy
cover (owing to the influence of riparian canopy cover in
the structuring of fish fauna in relation to longitudinal
distribution and deforestation; Jones et al. 1999; Marsh-
Matthews and Matthews 2000), proximity to roads or
other built infrastructure (e.g., houses) and the width of
the riparian zone (Silveira and Izzo 2015) were also
factors considered. Thus, low canopy cover represented
highly altered and deforested (< 40% canopy cover)
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high canopy cover HCC) for each. For Yahuarcaca, the
sequence of treatment (upstream to downstream) was: high,
intermediate, low; for Arenosa: high, low, intermediate; and for
Pichuna: low, intermediate, high

stream reaches with low-to-absent riparian forest, a
predominance of herbaceous vegetation, and closer
proximity to roads and houses. Intermediate canopy
cover (40-60%) represented moderate riparian alteration
with riparian forest > 10 m wide. High canopy cover
(> 70% canopy cover; i.e., forested) streams exhibited
riparian-zone widths > 25 m and represented our con-
trol sites. Canopy cover (%) was estimated and analyzed
with the Gap Light Analysis Mobile Application
GLAMA V3.0 software (Tichy 2015) using canopy
photographs taken looking upward through a fisheye lens
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at six points spaced uniformly along the center of each
stream reach (Bojsen and Barriga 2002).

Physicochemical properties and riparian
vegetation

At each study reach, three lateral transects across the
stream were established at upstream, mid, and down-
stream locations. At each transect, physicochemical
characteristics were measured at three locations (left,
midstream, right) during both the rainy (May) and dry
(October) seasons (n = 27 sampling points per study
reach) of 2018. Water-column transparency (cm) was
estimated with a Secchi disk. Water depth (m) was
estimated using a manual echo-sounder (Hondex
Digital Depth Sounder PS7, Honda Electronix Com-
pany, Toyohashi, Japan). Temperature (°C), conduc-
tivity (uS cm_l), total dissolved solids (TDS), pH, and
dissolved oxygen (DO) were measured with a YSI 556
multiparameter sonde (Model 556, Yellow Springs,
Ohio, USA). Streamflow velocity (m s_l) was esti-
mated from measurements of the distance traveled by
a floating plastic jar along a transect with known
length following APHA methodology (1998). Channel
width (m) was measured as the transverse distance
between stream margins. Proportional substratum
cover (sand, clay, mud and leaf litter) was estimated
every 50 cm along the wetted width (m) of every
study reach.

Riparian habitat structure was characterized fol-
lowing James and Shugart (1970) with slight modifi-
cations. Three representative 10-m x 10-m quadrats
were established per study reach, and vegetation
structure was measured once during the dry season (27
quadrats in total). In each quadrat, the height of five
random trees (m), diameter at breast height (DBH; m)
of standing trees, density of shrubs (number of shrubs
m~?), and the percentage of ground cover using 20
measurements of an ocular tube were also recorded.

Fish assemblages

Fish were collected at each study reach once during the
wet season and once during the dry season using active
seining (12 m x 1.5 m with 2.5-cm mesh) and pas-
sive gill netting (10 m x 2.5 cm between nodes). Our
sampling protocols followed those proposed by Dos
Anjos and Zuanon (2007), which have shown that ~
240 m is a sufficient reach length to adequately

represent fish richness in small Amazonian streams.
Consistent with this protocol, our sampling effort
included 45-60-min collections over ~ 400 m? at
each study reach. Overall, we were confident that our
sampling scheme was appropriate for a relative
comparison of fish assemblages among study reaches.
All individuals captured were identified to species
using taxonomic keys and reviews (Caspers 1980;
Kullander 1982; Galvis et al. 2006; Kullander and
Ferreira 2006), as well as expert assistance when
necessary. Further, species names and taxonomic
classification were verified using FishBase and the
Fish Catalog website of the California Academy of
Science (Fricke et al. 2019). We also used the
literature as our primary means of assigning fish
species to trophic guilds (see below). In addition to
FishBase (Fricke et al. 2019), we reviewed theses and
the published literature representing studies conducted
in same study streams (Prieto-Piraquive 2000; Gutiér-
rez 2003; Ramirez 2004; Bolivar 2006; Galvis et al.
2006; Castellanos 2012; Prieto-Piraquive 2012;
Ramirez et al. 2015). To confirm trophic guilds and
to estimate dietary sources, a small subset of individ-
uals caught (three individuals on average from each of
the 117 species found for both seasons) were anes-
thetized with clove essence (Fernandes et al. 2017)
and frozen. Later, the specimens were fixed with 10%
concentration formalin and then transferred to a 70%-
ethanol solution for subsequent gut-content analysis.
Each fish species was classified according to its
trophic guild based both on life-history data available
in FishBase (Froese and Pauly 2019) and on analysis
of the percentage of items consumed. Stomach
contents were identified to the lowest possible taxo-
nomic level, and the percentage of each dietary item
was estimated using a visual estimation method
(Manko 2016). Fish species were classified into
trophic guilds using a polar coordinates analysis
following the methodology of Guisande et al.
(2013). This analysis allows representing each species
along nine axes (based on diet) of coordinates in a two-
dimensional graph. The relative location of each
species on the graph allowed us to determine the
trophic guild: omnivore/generalist (center of the
graph), detritivore (consumes allochthonous and
autochthonous origin items), allochthonous herbivore
(fruits, seeds, flowers), autochthonous herbivore (al-
gae, macrophytes), generalist invertivore (terrestrial
and aquatic arthropods), autochthonous invertivore
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(aquatic insects such as larvae of Diptera, Coleoptera,
and Trichoptera), allochthonous invertivore (terres-
trial arthropods such as Isoptera, Formicidae, adults of
Lepidoptera and Hymenoptera), generalist carnivore
(consumes larvae of insects, terrestrial arthropods,
fish, among others), and piscivore. In addition, dietary
items were classified according to their origin:
allochthonous/terrestrial or autochthonous/aquatic.

Taxonomic and functional diversity indices

Taxonomic diversity of fish assemblages was esti-
mated using species richness independently of sample
size (number of individuals). Simpson’s index (Simp-
son 1949) and evenness based on species rela-
tive abundances were also calculated for every
stream reach (Lomolino and Rosenzweig 1996).
Furthermore, we converted Simpson’s index into
effective number of species, which informs true
diversity and facilitates the interpretation and com-
parison of the values (Jost 2006).

A suite of traits was used to estimate functional
diversity (Mason et al. 2005). Functional traits
included body size (maximum standard length
[mm]), migration (absent, short: < 100 km, long: >

100 km), fertilization (internal or external), parental
care (present, absent), mouth position (lower, sub-
lower, sub-terminal, upper, terminal, protrusible and
ventral terminal), habitat use (benthonic, nektonic and
nekton-benthonic), tooth shape (absent, sawn, canini-
form, conical, spatula, incisive, mamilla-like teeth,
molariform, multicuspid, pentacuspid, plaques, tiny
plaques, tricuspid, and villiform; Géry 1977) and diet/
trophic guild: omnivore, detritivore, allochthonous
herbivore (terrestrial plant material), autochthonous
herbivore (algae, macrophytes), generalist invertivore,
autochthonous invertivore, allochthonous invertivore,
generalist carnivore, and piscivore. See Online
Resource 1: Table ESM_1 for details. Most traits
were determined for each species from the literature
and available information from FishBase (Froese and
Pauly 2019). However, tooth shape, diet, and mouth
position were observed from fish collected and
analyzed in the laboratory.

To estimate functional diversity, three complemen-
tary indices were used: functional dispersion (FDis),
functional divergence (FDiv), and functional evenness
(FEve). Indices were computed in a space built from a
principal coordinate analysis (PCoA) computed on
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Gower distance. We included the number of species
and traits considered when calculating the dissimilar-
ity matrix [dimensions n X p, n = samples or local-
ities (nine) and p = traits (eight)]. Functional
dispersion is the mean distance of individual species
in multidimensional trait space relative to the centroid
of all species (i.e., the spread of species in trait space;
Laliberté and Legendre 2010). Functional divergence
measures the extent to which the abundances of a
community are skewed toward the extremes of
functional trait space, so that high FDiv values are
associated with a marked niche differentiation among
dominant species (Mouchet et al. 2010). Functional
evenness represents the regularity of the distribution
of abundances in trait space. High FEve values are
expected when abundances are homogeneously dis-
tributed across trait space. Taxonomic and functional
indices were calculated in the R environment (R
Development Core Team 2011) using the vegan
(Oksanen et al. 2019), BiodiversityR (Kindt and Kindt
2019), and FD (Laliberté and Legendre 2010; Lalib-
erté et al. 2015) packages.

Statistical analyses

To check for independence of fish samples within
study reaches in the same stream, we analyzed the
effect of reach distances on the dissimilarities in fish
species composition. To do this, we tested for
correlations between the Bray—Curtis dissimilarity
(based on fish species composition) among study
reaches from each stream and their corresponding
distances along the stream. A positive correlation (i.e.,
the higher the distance, the higher the differences in
community composition) would imply that samples
were not independent. We did not find any significant
relationships, neither for the dry season (r = 0.39,
n =9, p = 0.30) nor the rainy season (r = 0.09,n = 9,
p =0.81).

We assessed the effects of riparian canopy cover
(low, intermediate, high), season (rainy, dry), and the
interaction among both factors on fish assemblage
composition using non-metric multidimensional scal-
ing (NMDS) and permutational multivariate analysis
of variance (PERMANOVA). To this end, we first
obtained the Bray—Curtis dissimilarities among fish
assemblages based on species abundance and the
number of species of each trophic guild for each study
reach. The 95% confidence ellipses (Fox and
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Weisberg 2011) were plotted on NMDS ordinations
when the PERMANOVA was significant. Permuta-
tions were constrained by stream (Yahuarcaca,
Arenosa, Pichuna) to account for nestedness in our
sampling design. Additionally, SIMPER analysis was
performed to evaluate the relative contribution of each
species to the dissimilarity in fish assemblages
between seasons and among streams. All multivariate
analyses were performed using vegan package in R
(Oksanen et al. 2019).

We tested for the effect of the riparian canopy cover
and season on taxonomic and functional diversity
measurements, the number of species of the trophic
guilds that contributed the most to the differences
between seasons or riparian canopy-cover levels, and
the origin of fish diet (% terrestrial/aquatic items) using
analysis of variance (ANOVA) in a linear mixed-
effects model. Riparian canopy cover and season (the
main factors of interest) were considered as fixed
effects. Stream, which in our sampling design repre-
sented a block that grouped the different experimental
units (i.e., canopy cover), was considered as a random
effect. We additionally performed pairwise compar-
isons to test for differences among the levels of the two
fixed factors using the emmeans R package (Lenth et al.
2019). The p-values from pairwise comparisons were
corrected following Benjamini and Hochberg (2000).
We also used mixed-model ANOVA to test for the
effect of riparian canopy cover and season on physic-
ochemical (temperature, pH, conductivity, dissolved
oxygen, transparency, total dissolved solids, channel
depth, and channel width) and vegetation variables
(ground cover, tree height, diameter at breast height,
and density of shrubs). In this case, because these
variables were measured at three lateral transects (i.e.,
locations) at every reach, location was included in the
model as a random effect nested within stream.

Normality and homoscedasticity assumptions were
checked visually with normal quantile—quantile plots
of residuals and plots representing standardized
residuals on the y-axis and fitted values on the x-axis,
respectively. To fulfill methodological assumptions,
richness, effective number of species, conductivity,
TDS, channel depth, and DBH data were transformed
using natural logarithms. We considered different
variances for each season for evenness, functional
dispersion, and functional evenness. All models were
fitted using the nlme R package (Pinheiro et al. 2019)
and R computing software (R Development Core

Team, 2011). All plots were performed using ggplot2
R package (Wickham and Winston 2019).

Results

Physicochemical properties and riparian
vegetation

Consistent with our experimental design, canopy cover
inriparian forest and shrub cover represented a range of
riparian vegetation conditions at our study reaches
(Table 1). Water temperature, conductivity, and TDS
showed higher values at low riparian cover reaches
(mixed model ANOVA: p < 0.01; Table 2). All
physicochemical properties analyzed except tempera-
ture were different between seasons (mixed-model
ANOVA: p < 0.05; Table 2). Both channel depth
(rainy 1.6 £ 1.55 m; dry 0.3 £ 0.18 m) and width
(rainy 6.7 £ 2.09 m; dry 4.6 £ 2.17 m) were higher
in the rainy season than in the dry season (Table I;
mixed-model ANOVA: p < 0.05; Table 2). Sandy
substrate dominated low-canopy stream reaches,
whereas coarse benthic organic matter (leaf litter and
woody material) was typical in forested reaches.

Fish assemblage composition and diet

Across all study reaches, we collected 371 individual
fish belonging to 117 species, 32 families, and 9 orders
(Online Resource 1: Table ESM_2). Characiformes
was the dominant order in terms of both richness and
abundance (Fig. 2), with 84 species and 272 individ-
uals representing 56.3% of the total number of fish
collected. Assemblage composition differed by season
(PERMANOVA: R? =0.12, p <0.01), but not by
riparian canopy cover (PERMANOVA: p > 0.20;
Fig. 3; Online Resource 1: Table ESM_3). Cypho-
charax spirulopsis (detritivore), Pyrrhulina laeta
(allochthonous invertivore), Astyanax sp., and
Moenkhausia lepidura (allochthonous invertivore)
contributed the most to the observed differences
between seasons (SIMPER analysis; Online Resource
1: Table ESM_4). In addition, the composition of the
community was more dissimilar between streams in
the dry season than in the rainy season (PERMA-
NOVA: R* = 0.12, p < 0.01; Fig. 3).

Differences among streams in the rainy season were
mainly driven by changes in the abundances of
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Table 1 Physicochemical and vegetation properties (mean =+ standard deviation) in the three different riparian canopy-cover levels

and rainy and dry seasons

Rainy Dry

Low Intermediate  High Low Intermediate  High
Temperature (°C) 26.05 £ 0.06 25.81 £ 0.04 2548 £0.08 26.18 £092 2579 +£0.28 2548 4+ 0.05
pH 6.33 £ 0.12 638 £0.08 6.18 £ 0.18 6.96 + 0.31 7.10 £ 0.06  7.06 + 0.40
Conductivity (uS cm™"), 57.89 £ 0.50 27.78 £ 4.87 28.11 £1.86 63.67 £1.07 640+ 0.58 41.78 + 0.88
Dissolved oxygen (%) 53.46 £ 230 5837 £2.18 6454 £1.80 89.94 + 6.55 78.06 £ 3.59 77.98 £+ 4.29
Transparency (m) 1.00 £ 0.08 0.85+£0.08 0.90 £ 0.04 0.14 £ 0.07 025+ 0.05 0.53 £ 0.16
Total dissolved solids (mg L 0.02 £ 0.00 0.02 £0.00 0.02 £ 0.00 0.04 £ 0.00 0.12 £ 0.00 0.03 £ 0.00
Channel depth (m) 1.80 £ 0.35  2.10 £ 0.11 1.40 + 0.05 0.20 £ 0.06 040 £ 0.07 0.60 + 0.14
Channel width (m) 6.10 £ 092 7.00 £ 0.86 6.96 £ 1.77 4.40 £ 0.21 3.40 + 041 6.10 + 0.41
Ground cover (%) 1430 £ 0.90 10.00 £ 3.17 14.10 £ 2.56 N/A N/A N/A
Canopy cover (%) 60.60 +£ 9.60 78.30 £ 8.7 86.20 £ 1.29 N/A N/A N/A
Tree height (m) 11.5 + 1.01 12.10 + 1.01 10.00 + 1.34 N/A N/A N/A
Canopy cover in stream (%) 13.00 £ 4.29 40.80 £ 2.02 84.60 £ 2.90 N/A N/A N/A
Diameter at breast height (m) 0.67 £ 0.17 0.74 £ 0.10 0.52 £ 0.11 N/A N/A N/A
Density of shrubs (number mfz) 15.00 £ 3.94 19.90 + 7.04 56.2 + 17.42 N/A N/A N/A

Table 2 ANOVA mixed model results for the effects of
riparian canopy cover and season on the different physico-
chemical and vegetation properties analyzed. The effect of

season on vegetation properties was not analyzed because
vegetation sampling only occurred during the dry season

Riparian canopy cover Season Riparian canopy cover x Season
Fr 2 p Fy 24 p F> 04 p
Temperature (°C) 7.420 0.003 0.062 0.805 0.117 0.890
Conductivity 7.193 0.004 43.255 < 0.001 2.785 0.082
pH 0.270 0.766 27.306 < 0.001 0.283 0.756
Dissolved oxygen (%) 0.151 0.861 18.405 < 0.001 1.620 0.219
Total dissolved solids (mg L™") 6.731 0.005 58.850 < 0.001 6.251 0.007
Transparency (m) 2.427 0.112 84.287 < 0.001 4.562 0.021
Channel width (m) 2.158 0.139 12.632 0.002 3.589 0.043
Channel depth (m) 0.376 0.691 31.732 < 0.001 1.482 0.247
Tree height (m) 1.452 0.256
Ground cover (%) 2.345 0.119
Diameter at breast height (m) 2.140 0.142
Density of shrubs (number m?) 6.621 0.006

Cyphocharax spirulopsis (detritivore), Pimelodus
blochii (generalist/omnivore), Potamorhina altama-
zonica (detritivore), Bujurquina moriorum (au-
tochthonous invertivore), and Astianax  sp.
(allochthonous invertivore; SIMPER analysis; Online

@ Springer

Resource 1: Table ESM_4). In fact, when samples
from the different reaches were pooled by stream, we
did not find any species overlap among all three
streams during the rainy season. In contrast,
Moenkhausia comma (allochthonous invertivore),
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Fig. 3 Nonmetric multidimensional scaling ordination

(stress = 0.22) based on species abundance by riparian canopy
cover, season, and stream. The color of the points represents the
riparian treatment (i.e., canopy cover). The shape of the point
represents the season

Bryconops melanurus (autochthonous invertivore),
Ctenobrycon hawxwellianus (generalist/omnivore),
Farlowella amazonum (detritivore), Iguanodectes
spilurus (autochthonous herbivore), and Pyrrhulina
laeta (allochthonous invertivore) occurred in all three
streams during the dry season. M. comma was the most
ubiquitous species and found in five of the nine stream
reaches in both seasons.

Trophic guild structure of fish assemblages was not
affected by season (PERMANOVA: p = 0.06) or by
riparian canopy cover (PERMANOVA: p > 0.20;
Online Resource 1: Figure ESM_5 and Table ESM
_6). Nevertheless, the number of invertivores and
detritivores was higher in the dry and rainy season,
respectively (Fig. 4; ANOVA: Fy 10 =7.0, p = 0.02;
ANOVA: F; 0 = 15.07, p = 0.003; Online Resource
1: Table ESM_7).

Based on gut-content analyses, the diet of fishes
was composed of both aquatic (autochthonous origin)
and terrestrial items (allochthonous origin). Terrestrial
items—present in 32.4% of all species analyzed—
mainly consisted of fruits, seeds, flowers, and inver-
tebrates (predominantly Formicidae [ants]; Online
Resource 2: Table ESM_8), whereas items of aquatic
origin were mainly Diptera. The contribution of each
food source to the diet of fish was influenced by both
season and riparian cover, which was revealed by the
significant interaction between both factors (ANOVA
season x canopy cover: I, 1o = 4.22, p = 0.04; Online
Resource 1: Table ESM_9; Fig. 5). However, we did
not find significant pairwise differences between
season and riparian canopy cover (pairwise contrast,
p > 0.05; Online Resource 1: Table ESM_10).
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Fig. 4 Average number of species per trophic guild by riparian
canopy cover (low, intermediate, high), season (dry, rainy), and
stream (Yahuarcaca, Arenosa, Pichuna). For a better graphic
representation, we summed the three guilds of invertivores and
the two guilds of herbivores. Thus, “invertivore” is the sum of

Taxonomic and functional diversity

The influence of riparian canopy cover and season was
not uniform across taxonomic and functional diversity
indices (Fig. 6; Online Resource 1: Table ESM_11).
Species richness was not different by riparian cover or
season (ANOVA: p > 0.05; Online Resource 1:
Table ESM_11). Evenness and effective number of
species were higher in the dry than in the rainy season
(ANOVA: p < 0.05; online resource 11). Functional
dispersion was affected by canopy cover (ANOVA:
Fy,0=2229, p<0.001; Online Resource 1I:
Table ESM_11); in the rainy season, we observed
higher FDis in reaches with intermediate and high
riparian canopy cover than with low canopy cover
(pairwise contrast: p < 0.05; Online Resource 1:
Table ESM_12). Functional divergence was also
affected by canopy cover (intermediate) in the rainy
season (pairwise contrast: p = 0.02; Online Resource
1: Table ESM_12). On the contrary, functional
evenness was not affected by riparian canopy cover
or season (ANOVA: p > 0.05; Online Resource 1:
Table ESM_11). Notably, we also observed greater
variability in evenness, functional divergence, and
functional evenness in the rainy season. In contrast,
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generalist invertivore, autochthonous invertivore, and
allochthonous invertivore. “Herbivore” is the sum of allochtho-
nous herbivore and autochthonous herbivore. Error bars indi-
cate & SD. See Online Resource 1: Table ESM_7 for ANOVA
results

species richness and functional dispersion displayed
greater variability in the dry season (Online Resource
1: Table ESM_12).

Discussion

Impairment of riparian zones in the Amazon is largely
driven by crop agriculture and livestock production,
which are rapidly increasing in the tropics (Zimbres
et al. 2018). These activities have been shown to
contribute to deforestation and loss of biodiversity in
tropical watersheds (Wohl et al. 2012) such as the
Amazon basin (Castello and Macedo 2016). In our
study, we found that alterations to riparian zones
affected diet and functional divergence. We did not
observe differences in assemblage structure, trophic
structure, and taxonomic diversity mediated by ripar-
ian canopy cover. However, fish assemblages were
more dissimilar, more even, and composed of a higher
number of invertivores during the dry season than in
the rainy season. On the other hand, detritivores were
more common in the rainy season. Functional diver-
sity was not affected by season, but functional



Aquat Ecol (2022) 56:153-172

163

100 o
50- III
0 -

Py
o
5
<
a——
o
=
g
=
2
-
Q2
S
o
L
c
e
=
5
2
—
S
c
o)
@)
O
<

100 Ao
50- III
0 4

High Inter. Low
Canopy cover

. Aquatic . Terrestrial

Fig. 5 Mean contribution percentage of aquatic and terrestrial
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dispersion was higher in streams with high and
intermediate riparian canopy cover compared to low
cover only in the rainy season. Moreover, functional
divergence was higher in streams reaches with

intermediate canopy cover compared to those with -
low cover.

Taxonomic Diversity

Among the unexpected findings of this study were the
high levels of richness recorded in the three olig-
otrophic study streams (117 species in total), com-
pared with other similar-sized streams of the Amazon
basin (19 species, Castro and Casatti 1997; 35 species,
Biihrnheim and Cox Fernandes 2003; 49 species,
Mendonga et al. 2005; 53 species, Espirito-Santo et al.
2009; 13 species; Espirito-Santo and Zuanon 2017).
High species richness in nutrient-poor Amazon
streams is related to adaptive processes such as a
wide range of feeding and reproductive strategies,
color diversification, and miniaturization (reduction of
body size; Weitzman and Vari 1988) mediated by
geographic isolation (Oberdorff et al. 2019). Some of
these adaptations (e.g., miniaturization) reduce ener-
getic demands by fishes that inhabit resource-limited
environments (Zorro 2018), thereby minimizing inter-
and intraspecific competition and allowing for a
greater overlap of niche breadths (Mortillaro et al.
2015).

Inconsistent with our hypotheses, species richness
and diversity (e.g., effective number of species derived
from Simpson’s Index) were not significantly different
among canopy cover levels (Fig. 2, Online Resource
1: Table ESM_11). These findings suggest that the
effect of vegetation structure on the taxonomic
diversity of fish assemblages may be context depen-
dent, influenced by other factors like chemical water
quality (Mendonca et al. 2005) or varying by spatial
scale (Tuanmu and Jetz 2015). For example, we
observed that, at broader spatial extents (e.g., 1 kmz),
the amount of forest cover surrounding the study
streams was high (Yahuarcaca 68%, Arenosa 72%,
Pichuna 70%), yet within the immediate riparian zone,
stream reaches may not exhibit intact riparian forests.
In that sense, the forest matrix of a stream could be a
‘source’ of species to the ‘sink’ of deforested stream
reaches (Noss 1990; Zeni et al. 2019). Stream network
connectivity could allow species with high dispersal
capacity to persist in impaired habitats via mass effects
(i.e., source-sink models of metapopulation theory;
Gido et al. 2016). Indeed, Orlinskiy et al. (2015)
observed the potential of forests as recolonization
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sources for vulnerable aquatic invertebrates in agri-
cultural streams. Except for very small-bodied species
with small home ranges (Woolnough et al. 2009),
many fish species commonly move from deforested to
forested area; thus, diversity in stream reaches with
low riparian vegetation cover can be maintained.
Despite some studies having illustrated the negative
effects of removing riparian forests on fish assemblage
diversity—e.g., more homogenous fish assemblages
due to lower species diversity and higher relative
abundances of generalist species (Casatti et al. 2009;
Leite et al. 2015; Juen et al. 2016)—others have shown
results similar to those found in our work. Working in
Amazonian streams in Ecuador and Brazil, Bojsen and
Barriga (2002) and Fernandes et al. (2013), respec-
tively, observed an overall increase in abundance and
species richness in streams where the riparian forest
was partially removed. The investigators implicate the
presence of fishes that can better exploit certain
conditions (e.g., higher primary productivity of defor-
ested stream reaches) as a likely explanation. Indeed,
stream reaches with low canopy cover in our study
sites showed significantly higher conductivities and
temperatures compared to forested reaches (Table 1).
In turn, higher conductivity and temperatures are often
associated with higher nutrient and light availability,
respectively (Paul and Meyer 2001), promoting an
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overall increase in primary productivity (Pusey and
Arthington 2003). In fact, we observed numerically
higher primary productivity in streams reaches with
low canopy cover (X = 0.137 + 0.14 mg m™>) than
those with intermediate (¥ = 0.016 + 0.015 mg m ™)
or high (¥=0.07 &+ 0.0038 mg m>; unpublished
data) canopy cover. Thus, many fish species inhabiting
areas with low riparian cover may benefit from greater
food availability, such as secondary production of
macroinvertebrates (Bojsen and Barriga 2002; Bojsen
and Jacobsen 2003).

Fish assemblage composition was also not signif-
icantly different across levels of canopy cover,
although we observed significant shifts by season
(Fig. 3), implying high beta diversity among streams.
We observed that only 16.2% of species were shared
among seasons including, for example, Moenkhausia
comma, Pyrrhulina laeta, and Astyanax sp. Several
studies suggest that fish assemblages in streams are
usually subject to regional (e.g., stream order and
annual rainfall (Hoeinghaus et al. 2007; Pinto et al.
2009) or local (e.g., riparian vegetation, depth, width
and water temperature; Grossman et al. 1998; Bryce
et al. 1999; Fernandes et al. 2013) factors. Events such
as colonization, migration, and species displacements
(Winemiller et al. 2008) can also influence species
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turnover among Amazonian streams (Mojica et al.
2009).

In particular, seasonal effects can be promoted by
changes in physical and chemical properties associ-
ated with rainfall variability (Junk et al. 1989). The
greater channel depths and widths found in the rainy
season increase hydrological connectivity between
streams (and stream reaches) and, consequently, fish
migration (Tockner et al. 2000; Torres-Bejarano et al.
2013). In this regard, Cyphocharax spirulopsis,
Pimelodus blochii, and Potamorhina altamazonica
were the migratory species that most contributed to
the observed seasonal differences. The latter two
species perform short (Gil-Manrique et al. 2011) and
medium distance (between 100 and 500 km; Usma
et al. 2013) migrations, respectively, from whitewater
rivers (Amazon River) to blackwater streams when
water levels rise (Galvis et al. 2006). Moreover, the
differences in water transparency, oxygen saturation,
and pH can affect habitat quality and therefore the
distribution of fish along streams (Mendonca et al.
2005; Espirito-Santo et al. 2009; Winemiller and
Jepsen 1998). However, other studies conducted in
small Amazonian streams have reported little seasonal
change in fish assemblages (Biihrnheim and Cox-
Fernandes 2001; Arbelaez et al. 2004).

Work in remote environments such as the Colom-
bian Amazon poses many challenges, including
logistical, infrastructure, and “off-limits” areas (Fer-
nandez 2011; Kintisch 2014). These challenges can
alter experimental designs, collection methods, and
other field protocols and may contribute to the wide
variety of collection methods employed in studies of
fish in tropical streams (e.g., hand and seine nets:
Espiritu-Santo et al. 2009, Ferreira et al. 2018;
electrofishing: Lorion and Kennedy 2009, Zeni et al.
2017; dip nets: Montag et al. 2018; circular hand nets:
Santos et al. 2019). Although we are confident that our
sampling design was robust, we urge interpreting our
abundance estimates as relative (among experimental
treatments) vs. absolute.

Diet, trophic structure, and functional diversity

The acute cyclic changes associated with seasonality
in tropical streams (Lowe-McConnell 1987) affects
habitat conditions that frequently result in differences
in the availability of food resources for fishes (Prance

and Goulding 1981). For example, in lowland streams,
many periphyton grazers shift to feeding on detritus
and sediments rich in organic matter when periphyton
stocks are reduced (as may happen on a seasonal basis;
Winemiller et al. 2008). During the rainy season, we
observed that 23% of fish species were detritivores,
followed by generalists (17% of species) and primarily
allochthonous invertivores (16% of the species).
During the dry season, 9% of species were detriti-
vores, and the majority of species consumed
allochthonous and autochthonous invertebrates (32%
and 30% of species, respectively).

The presence and distribution of riparian vegetation
mediate the input of allochthonous material into
streams (Chan et al. 2008) and explain the pattern
we observed, wherein 56% of fish stomach contents
were of allochthonous origin in stream reaches with
high versus 37% with low canopy cover (Fig. 5).
Multiple investigations have reported similar findings
(e.g., Lowe-McConnell 1999; Alvim and Peret 2004;
Cardoso and Couceiro 2017). Additionally, the con-
sumption of allochthonous resources might be asso-
ciated with dietary and morphological specializations
of fishes (Winemiller et al. 2008). Indeed, allochtho-
nous invertivores with a superior mouth position in our
study exhibited higher quantities of allochthonous
resources in their stomachs (e.g., Carnegiella strigata:
100% Formicidae; C., sternicla: 50% Formicidae,
30% other terrestrial insects, 20% terrestrial Coleop-
tera;  Anablepsoides  ornatus:  65%  terres-
trial Coleoptera, 35% Formicidae). This pattern has
been confirmed in other studies (e.g., Galvis et al.
2006; Castellanos 2012).

Although our dietary results generally coincide
with findings of other studies in tropical stream
ecosystems (Ramirez et al. 2015; Correa and Wine-
miller 2018), they should be interpreted with care
owing to the low sample size (n = 3 per species) of
stomach-content analysis. Typically, dietary studies
based on gut-content analysis include substantially
more individuals per species in order to account for
individual variability in foraging as well as other
factors (e.g., Bonato et al. 2012; Cardoso and Couceiro
2017; Souza et al. 2020). Nonetheless, our empirical
findings—coupled with our literature review of diet
and trophic guilds—underscore the contributions of
terrestrial insects, fruits, and other plant material to the
diet of multiple fish species in Amazonian streams.
This observation implicates the importance of
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maintaining the riparian forest and can explain, at least
in part, the paradox of high species richness in these
oligotrophic systems.

Our findings did not provide compelling evidence
of a strong relationship between species number per
trophic guild and changes in vegetation structure. This
may be related to the high trophic plasticity of fish
communities in Neotropical streams (Winemiller et al.
2008). For example, Melo et al. (2019) observed that
the diet of Mylossoma duriventre was based on fruits
and seeds before the construction of a dam on the Rio
Madeira, Brazil, but shifted to a carnivorous diet
primarily consisting of aquatic insects after dam
construction. However, this result must be considered
in the context of other studies that have shown
negative changes in fish guild structure (e.g., Casatti
et al. 2009; Leite et al. 2015; Juen et al. 2016), with
specialists tending to disappear under large-scale
changes in riparian vegetation.

The numbers of species of detritivores and inverti-
vores were higher during the rainy and dry seasons,
respectively. Observed differences could be attributed
to changes in habitat conditions that resulted in
differences in the availability of food resources (e.g.,
in the rainy season the availability of organic matter
can increase; Prance & Goulding 1981) as hydrolog-
ical connectivity between streams and their adjacent
ecosystems increase (i.e., here, Yahuarcaca lakes and
the Amazon River). In the rainy season, many
detritivorous species of our study migrate seasonally
(8 of the 16 detritivores species observed), with
abundant species such as Potamorhina altamazonica
and Psectrogaster amazonica that migrate on a local
scale moving from the Amazon river to the blackwater
streams as water levels rise (Galvis et al. 2006). In this
way, migratory fishes—such as 30 of the species we
observed in our study—can transport nutrients from
nutrient-rich whitewater river ecosystems to nutrient-
poor blackwater streams, thus linking spatially distant
food webs (Winemiler and Jepsen 2002).

During the dry season, we found a higher number of
invertivorous species (46 species: allochthonous
invertivore 32%, autochthonous invertivore 30%,
generalist invertivore 4% of total number of species).
Invertebrates were the main food resource consumed
in the dry season, supported by our observation of a
26% greater relative proportion of invertivorous fishes
in the dry season than in the wet season. Several
studies reference the importance of invertebrates for
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fish assemblages of blackwater streams (e.g., Prance &
Goulding 1981; Correa and Winemiller 2018), espe-
cially during the dry season (Peterson and Winemiller
1997, Rueda-Delgado et al. 2006). Multiple mecha-
nisms may drive increased invertivore abundance
during the dry season and conversely, lower density
during the rainy season. For example, hydrological
variability during the rainy season may create unsuit-
ably harsh conditions for many fish species, restricting
them to leaf litter packs that provide invertebrate food
and shelter (Richardson 1992). More stochastic and
unstable hydrological conditions can reduce both food
availability and capture efficiency (Uieda 1995).
Similarly, Henderson and Walker (1986) suggested
that less turbulent conditions during the dry season
would increase the influence of macroconsumer (e.g.,
fish, shrimp) in controlling the abundance of inverte-
brates associated with leaf litter in Amazonian black-
water streams.

Contrary to our predictions, we found variability in
functional divergence (i.e., increased niche differen-
tiation) among species in reaches of intermediate
canopy cover during the rainy season. Stream reaches
under these conditions are commonly characterized by
high lateral hydrological connectivity, patchy and
dynamic habitats, and multiple forms of refugia such
as variable water depths and vegetation coverage (e.g.,
Galacatos et al. 2004; Espirito-Santo et al. 2009; Pazin
et al. 2006) that might be expected to promote
increased niche diversity. Structural complexity has
been linked to functional divergence in coral reef
fishes, where it is thought to act as an environmental
filter that governs the distribution and abundance of
associated traits (Richardson et al. 2017). Barbosa
et al. (2020) report that agricultural disturbance was
related to an increase in fish functional diversity,
implicating water-quality changes and implying that
disturbance may lead to greater functional divergence.
Teresa and Casatti (2012) suggest that stream defor-
estation can positively affect fish functional diversity
in Neotropical lowland streams mainly via decreases
in species turnover among mesohabitat patches.
However, this latter line of evidence only partly
supports our observations for functional dispersion,
where we observed a greater breadth of trait combi-
nations in reaches with intermediate and high riparian
canopy cover, also only in the rainy season.

Amazonian streams can have extremely high fish
richness, representing ecosystems of great relevance
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for the maintenance of biodiversity both globally and
in the basin. At least half of Amazonian fish species
occur in complex networks of small streams (Mcclain
and Elsenbeer 2001; Junk et al. 2007; Albert and Reis
2011). Yet, these small streams have been less studied
compared to larger rivers (Beltrao et al. 2019), and
their rate of alteration by human activities is increas-
ing rapidly (Castello and Macedo 2016). Their critical
roles as reservoirs of biodiversity coupled with their
precarious conservation status makes increased
research with clear management implications urgent
for these imperiled streams and their fish assemblages.

Although we have highlighted challenges and
caveats to this study, our findings contribute important
information to conservation planning in Colombia, a
biodiversity hotspot that has not received sufficient
ecological research attention (e.g., Negret et al. 2017).
Our findings support specific management consider-
ations. Firstly, hydrological connectivity between
small Amazonian streams and their adjacent flood-
plains will be critical in sustaining fish assemblages
and stream ecosystem functioning (Gido et al. 2016).
For example, we observed that ~ 56% of stomach
contents were of allochthonous origin in stream
reaches with high canopy cover vs 37% in streams
with low canopy cover. Both climate change (e.g.,
alteration of rainfall patterns) and modification of
riparian vegetation cover can interrupt hydrological
connectivity and impair streams through multiple
synergistic effects (Brando et al. 2012). Although we
did not observe reduced taxonomic richness in reaches
with low canopy cover, we did observe alterations in
functional measures of fish assemblages, implying that
alterations to riparian vegetation can affect the mech-
anisms by which fish interact with their environment.
Further, the maintenance of fish assemblage diversity
across reaches with various degrees of canopy cover
was likely enabled by fish movement and longitudinal
connectivity, highlighting the need to maintain free-
flowing streams (i.e., not fragmented, for example, by
dams; Sousa et al 2018).

We recommend that future studies incorporate
broader temporal and spatial scales. The timing of
studies, for instance, can be an important considera-
tion as biological responses of fish assemblages may
exhibit a lag following alterations in riparian zones or
instream habitat (Zeni et al. 2017; Brejao et al. 2018).
Studies would also benefit from incorporating the
spatial extent at which landscape attributes are

measured. Broader landscape variables can exert
strong impacts on inferred species—landscape rela-
tionships (e.g., the scale of effect or the scale of
ecological response; Jackson and Fahrig 2015). For
example, the percentage of forest cover at the land-
scape scale may have a significant effect on fish
assemblage at the local, reach scale. Therefore, we
also recommend including multi-scale approaches in
future studies.
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