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Abstract This study aimed to characterize species
composition and abundance of fish assemblages of
low-order streams of the Machado River Basin and to
identify the main environmental factors associated to
fish assemblages along the elevational gradient. Fishes
were collected by seine and dip nets, along an 8§0-m
stretch of 71 streams. In each site, we recorded
physical, chemical, and land—water ecotone variables.
We collected 22,702 specimens of 91 species. Species
richness and abundance varied negatively with
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elevation. Ordination and similarity analyses detected
that streams located in higher and middle elevation
ranges differed in species composition from those in
the lower elevation range. Almost one-third of the
recorded species were selected as indicator species.
Species of the families Trichomycteridae, Cichlidae,
Gymnotidae, and Characidae were closely associated
with the land—water ecotone and structural character-
istics of lower elevation range, whereas several other
Characidae species were more abundant in middle
elevation range, where aquatic vegetation cover and
conductivity values were higher. By assuming that
composition and relative abundance of fish respond to
environmental changes, hydrological characteristics
may be viewed as environmental filters for stream
assemblages by ultimately selecting the pool of
species able to reach for specific elevation ranges
and meet their biological requirements.

Keywords Indicator species - Machado River -
Neotropical fishes

Introduction

The turnover in composition and the increase in
species richness, which occur from the headwaters to
the river mouth, are widely known in fluvial ecology
(Sheldon, 1968; Lomolino, 2001). Those processes
occur in organisms with highly different life history
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and body size. Hence, the organization of fish
assemblages in higher order watercourses results from
recurrent processes of species addition, despite simul-
taneous (but generally less effective) replacement
along the longitudinal gradient (Ormerod et al., 1994;
Jacobsen, 2004; Lujan et al., 2013). For some organ-
isms, such as producers (diatoms) and decomposers
(bacteria), the variation in species richness with
elevation is closely related to resource availability
(e.g., nutrients and carbon supply; Wang et al., 2011).
In fish assemblages, on the one hand, structural
characteristics of the habitat regulate species varia-
tions along the elevational gradient, such as tributaries
adjoining the main stem, the increases in microhabitat
diversity, channel width, and flow. On the other hand,
the distance from the source of immigrants and the
permeability of the landscape are, in general, nega-
tively correlated with elevation (Sheldon, 1968; Rahel
& Hubert, 1991; Belliard et al., 1997). The spatial
structure of river networks coupled with time-varying
watershed disturbances generates habitat heterogene-
ity and, thus, potentially promotes biological diversity
and productivity (i.e., network dynamics hypothesis
sensu Benda et al., 2004).

The river continuum concept (hereafter RCC) is a
conceptual framework that explains the functional
composition of aquatic assemblages as a function of
the longitudinal riverine gradient (Vannote et al.,
1980). Although originally developed for macroinver-
tebrates, the predictions of the RCC have been also
tested in plants and vertebrates in the past decades
(Roper & Scarnecchia, 2001; Heino et al., 2005; Terra
et al., 2016). According to the RCC, species distribu-
tion follows from the lower to the higher order of the
main stem, mainly due to the maximization of organic
matter processing and different trophic patterns
throughout the longitudinal riverine gradient. How-
ever, the relative importance of stream order to species
richness has been questioned, as anywhere in the river
basin rivers of the same order show a pattern of
monotonic decreases in the number of species from the
headwaters to the mouth (Roper & Scarnecchia, 2001;
Grant et al., 2007; Carvajal-Quintero et al., 2015). In
this sense, additional effects of elevation may be
related to environmental factors of physical and
chemical gradients, such as temperature, current, and
conductivity (Tejerina-Garro et al., 2005).

The predictors proposed to explain changes in
diversity associated with elevation are (i) reduction in
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the inundated area and environmental complexity, (ii)
increase in climatic harshness due to a higher influence
of adjacent terrestrial ecosystems, (iii) decrease in
diversity and availability of feeding resources, and (iv)
decrease in primary productivity with increasing
altitude (Huston, 1994). Studies dealing with these
aspects were mostly carried out in low-order streams
of high altitudes (Sheldon, 1968; Poff, 1997; Bistoni &
Hued, 2002; Peres-Neto, 2004; Gerhard, 2005; Hoe-
inghaus et al., 2007). In tropical streams, most studies
are limited to highlands (Jaramillo-Villa et al., 2010;
Albert et al.,, 2011; Lujan et al.,, 2013; Carvajal-
Quintero et al., 2015). Conversely, due to the short and
smooth elevational gradient, the complex hydro-
graphic network of the biogeographically diverse
tropical lowland areas results in a high local diversity
(see Abell et al., 2008), even in low-order water
courses (Fu et al., 2004; Albert et al., 2011; Suarez
et al., 2011; Lujan et al., 2013).

In the Amazon Basin, a myriad of low-order
streams, regionally known as igarapés, constitute the
most important landscape components (Anjos &
Zuanon, 2007). The relevance of those streams follows
from their high rates of species endemism, mostly
small-sized fish species, which correspond to approx-
imately 50% of the Amazonian fish diversity (Car-
valho et al., 2008). Such aquatic diversity is now
threatened in Brazil as the legal protection of forests
up to 1,800 m a.s.l. is no longer mandatory (amend-
ment to the Brazilian Forestry Law, Federal Law
12651 of 25 May 2012). This change may lead to the
loss of unique species, deterioration of resources
downstream, and disruption of ecological processes
that are still poorly known (Casatti, 2010). Fish
assemblages of low-order Amazonian streams may
hide complementary factors other than those estab-
lished as determinant for species composition in
tropical rivers (Goulding, 1980; Finn et al., 2011).

On the northwestern extension of the Brazilian
Shield, the Machado River originates at 600 m a.s.l.
and flows 972 km north, until draining into the middle
course of the Madeira River, the main tributary of the
right bank of the Amazon River. Excepting the upper
and lowermost sections, most of the Machado River
Basin is between 200 and 300 m of elevation. Within
that range and on the second half of the course, the
Machado River drains on Tertiary Lowlands, where
some tributaries and the main stem cascade through
several cataracts. On the last 100 km, the river flows
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sinuously within the floodplain (Goulding, 1980). We
assessed the structure of fish assemblages of 71 low-
order clearwater streams of the Machado River Basin
aiming to characterize species composition and abun-
dance and to identify the main environmental factors
responsible for their variation along the transition
from the border of the Brazilian Shield to the
Amazonian Lowlands. We hypothesized that fish
assemblages respond more closely to physical and
land—water ecotone variables of the altitudinal gradi-
ent even in the subtle elevation observed in south-
western Amazonia.

Materials and methods
Study area
The present study was carried out in low-order streams

of the Machado River (commonly listed as Ji-Parana
River) Basin, which covers 75,400 km? of the State of

O Lower elevation
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@ Higher elevation
—— Hydrography

|- Rondénia State

Rondénia, Brazil (9-13°30'S, 63-61°30'W; Fig. 1).
This seventh-order river is formed by the Pimenta
Bueno and Comemoragao rivers, and annually drains,
on average, 700 m® s~ into the middle course of the
Madeira River (Fernandes & Guimardes, 2002;
Krusche et al., 2005). The Machado River Basin has
different soil covers and land-use levels. It comprises
from mostly unaltered habitats on the uppermost
reach, near the two main tributaries, to a high level of
alteration due to land use, as it reaches up to 500 m in
channel width in the middle course. At this reach, the
Machado River receives several tributaries, such as
Rolim de Moura, Urupd, and Jaru Rivers (Krusche
et al., 2005).

In Rondonia, old soils predominate, characterized
as acids, weathered, nutrient poor, and having low
cationic exchange capacity (Krusche et al., 2005). The
regional climate is characterized by temperatures
ranging from 19 to 33°C. The average annual rainfall
is 2500 mm (Krusche et al., 2005), with two distinct
seasons: the dry season, from late May to September,
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Fig. 1 Sampling site location on 71 low-order Amazonian streams of the Machado River Basin studied during dry season
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and the rainy season, from October to April (Fernan-
des & Guimaraes, 2002).

Records of environmental data and fish sampling

Streams (up to third-order reaches sensu Horton—
Strahler classification) were identified on hydro-
graphic maps (at scales of 1:100.000) and included
in the sampling design. Samplings were concentrated
between June and September (dry season) of the years
2011, 2012, and 2013 and involved three collectors for
up to 1 h of an intensive survey using seine and dip
nets (2 mm mesh size) during daytime along an 80-m-
long stretch, previously blocked with a net (0.5 cm
mesh size) to prevent fish from escaping. All collected
specimens were euthanized with an overdose of
Eugenol, immediately fixed in 10% formalin, and
transferred to 70% alcohol. Fish identification was
carried out with the assistance of specialists and
voucher specimens were deposited in the fish collec-
tion of the Department of Zoology and Botany, Sado
Paulo State University, Sao José do Rio Preto, Brazil
(DZSJIRP 14335 to DZSJRP 19916).

We recorded six physical and chemical variables:
dissolved oxygen, conductivity, temperature, mean
width, mean depth, and current velocity. Immediately
before fish sampling, the same collector (I. D. da
Costa) visually estimated three other variables related
to the structure of the land—water ecotone along the
80-m stretch: riparian vegetation (the relative cover of
the stream bank, with roots, grasses, shrubs, and
angiosperms), aquatic vegetation (the relative cover of
the stream channel, with rooted and floating vegeta-
tion), and plant litter (the relative cover of the stream
channel, with dead terrestrial plant material). Those
variables and two other expressing micro-basin char-
acteristics (the relative cover of mature forest and
elevation) formed the environmental data matrix.
Dissolved oxygen, electrical conductivity, and tem-
perature were recorded with a YSI-85m. The average
depth was calculated from 40 measurements of depth,
randomly obtained in each reach, whereas the average
width was calculated from four equidistant measure-
ments across each sampling site. The water velocity
was determined by measuring the time a floating
object displaced through a known distance in the
middle of the channel. The proportion of mature forest
in the micro-basin and the elevation (m a.s.l.) of each
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sampling site were obtained from digital landscape
elevation models (Table 1).

Data analysis

Sampling sites were categorized within three elevation
ranges as follows: lower (13 streams up to 164 m
a.s.l.), middle (49 streams between 175 and 258 m
a.s.l.), and higher (9 streams higher than 286 m a.s.l.).
Streams in the lower range of elevation drain to the
Machado River mostly on its lowermost reach,
whereas streams in the higher range of elevation drain
mainly from the uppermost to the middle reach.
Streams in the middle range of elevation are located
from the middle to the lowermost reaches (Fig. 1;
Appendix 1—Electronic Supplementary Material).

We used a matrix containing all environmental data
to ordinate streams based on their physical, chemical,
and structural characteristics. A principal component
analysis (PCA) summarized this environmental
matrix. Before the PCA, relative data were arcsine
transformed, and all variables were standardized. We
applied an unifactorial analysis of similarity (ANO-
SIM; Clarke & Green, 1988) to verify the differences
in abundance along the elevation range, considering
the range (lower, middle, and higher) as the predictor
variable.

We determined indicator species for the higher,
middle, and lower elevation ranges of low-order
streams of the Machado River Basin on the dry season
based on the occurrence and abundance of a given
species considering each sample (INDVAL analysis;
Dufréne & Legendre, 1997). Species with probability
of type I error < 5% (P < 0.05; resulted from the
random Monte Carlo reallocation procedure, based on
1,999 permutations) were considered potential indi-
cators of a given elevation range. The null hypothesis
assumed that the value (/1) for a given species i within
a given elevation range j could be found at random
(Legendre et al., 2009).

We used a redundancy analysis (RDA) to charac-
terize the associations between fish assemblage struc-
ture and potential abiotic and biotic drivers at each
site. RDA is a canonical ordination technique that uses
PCA to explain variations in attributes through a
matrix of environmental variables while preserving
the Euclidean distance between the objects (Legendre
& Legendre, 1998). For this analysis, fish abundance
and environmental data were, respectively, log
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Table 1 Descriptors of the fish assemblages, environmental variables (mean + SD), and scores on the first two axes of the principal
components (PCA) and redundancy analysis (RDA) of the 71 low-order streams of the Machado River Basin on the dry season

Elevational ranges (m) PCA RDA
< 164 175-258 > 286 PC1 PC2 RDAL1 RDA2
Number of streams 13 49 9
Fish species richness 67 78 45
Fish numerical abundance 5.360 15.974 1.368
Physical and chemical variables
Dissolved oxygen (mg 17") 6.0 + 3.2 6.6 + 2.1 7.1+ 19 —0.03 036 — 040 —0.15
Conductivity (uS cm™") 82+ 6.3 20.7 £ 233 19.9 £ 24.6 -031 -—-022 -039 —-022
Temperature (°C) 234 £ 1.7 246 £ 22 22.6 £ 2.6 0.06 0.49 - 023 044
Depth (cm) 21.1 £ 125 305 £ 11.3 41.5 £ 27.1 — 026 0.03 —0.07 038
Width (cm) 128.1 £54.7 136.5 £ 158.7 93.4 + 108.7 0.29 0.50 0.03 0.45
Velocity (m s~ ") 0.3 £ 0.1 04 +0.2 04 +02 -029 —-005 -—-0.13 —-0.15
Land-water ecotone
Riparian vegetation (%) 763 + 114 90.5 + 124 97.8 +£ 6.2 —-026 —-030 —-003 -—-0.13
Aquatic vegetation (%) 0.0 £ 0.0 2.1 +77 35498 —0.38 0.01 — 042 —046
Plant litter (%) 324 + 232 11.5 + 159 54410 0.39 —033 —-069 0.10
Micro-basin characteristics
Elevation (m) 128.2 £19.7  202.1 £ 20.7 369.3 £ 1002 —037 0.13 — 044 —-024
Forest cover (%) 87.3 £ 24.6 31.2 £ 243 23.3 + 21.6 0.41 —0.33 091 —0.27
Eigenvalue 2.73 1.83 9.60 3.15

Proportion of variance explained

Cumulative proportion

0.25 0.17 0.15 0.05
0.25 0.42 0.15 0.20

10(x + 1) transformed and standardized. We exclude
from the analyses those species that represented less
than 1% of the total abundance. All analyses were
performed using statistical packages in the R environ-
ment (version 3.2.5; R Core Team, 2016). PCA, RDA,
and ANOSIM were performed using the “vegan”
package (2.3-0; Oksanen et al., 2015), and INDVAL
was performed in the “labdsv” (version 1.8-0;
Roberts, 2016) package. Results were considered
significant when P < 0.05.

Results

Streams in the lower range of elevation showed low
values of dissolved oxygen, electrical conductivity,
and depth, but were wider than those located at higher
altitudes. Streams in the middle range of elevation
showed the highest values of electrical conductivity,
whereas streams in the higher range of elevation

showed the lowest temperature and the highest current
velocity, and were much narrower than those in the
middle and lower ranges of elevation (Table 1). Plant
litter and mature forest cover predominated in streams
up to 258 m a.s.l., especially in the lower range of
elevation, whereas aquatic vegetation predominated
on rivers of the middle and higher ranges of elevation
(Table 1). The first two axes of the PCA summarized
42% of the variation in the environmental matrix
(PC1 = 25% and PC2 = 17%; Table 1). The PCA
ordinated samples according to the elevational gradi-
ent; the streams in the lower range of elevation were
associated with high values of mature forest cover and
gross litter, whereas those located in the higher range
of elevation were more influenced by aquatic plants
(Fig. 2).

We collected 22,702 specimens of 91 species. Species
richness and abundance varied according to elevation.
Streams in the lower range of elevation showed 5,360
specimens of 66 species (mean,yyngance = 412 & 244
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Fig. 2 Ordination of 71 low-order streams of the Machado
River Basin studied during dry season, along the first two axes of
principal component analysis (PCA). Lower (< 164 m as.l.,
white circle), middle (175-258 m a.s.l., gray circle), and higher
ranges of elevation (> 286 m a.s.l., black circle)

SD; meanggpness = 20 &= 5 SD), whereas those in the
middle range showed 15,974 specimens of 77 species
(mean,pyndance = 326 £ 322 SD; meancpness = 19 *
6 SD), and streams in the higher range of elevation
showed 1,368 specimens of 45 species (mean,pundance
= 152 &+ 150 SD; mean;;hess = 11 £ 7 SD; Fig. 3;
Appendix 1—Electronic Supplementary Material). The
ANOSIM performed with abundance data confirmed
significant differences between streams regarding the
ranges of elevation (r =046, P = 0.001; 9,999
permutations).

Almost one-third of the 91 species recorded showed
significant indicator values for the dry season (Ap-
pendix 2—Flectronic Supplementary Material).
Characiformes [Astyanax cf. bimaculatus (Linnaeus,
1758)] were associated with rivers in the higher range

of elevation. Two Characiformes (Cheirodon
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Fig. 3 Species richness recorded during dry season in low-
order streams of the Machado River Basin in lower (< 164 m
a.s.l., white square), middle (175-258 m a.s.l., gray square), and
higher ranges of elevation (> 286 m a.s.l., black square)
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microdon FEigenmann, 1915, Microschemobrycon
guaporensis Eigenmann, 1915) and a Siluriformes
[Farlowella cf. oxyrryncha (Kner, 1853)] were asso-
ciated with rivers in the lower range of elevation. A
total of 22 species including Characiformes (ten
species), Siluriformes (six species), Gymnotiformes
(five species), and Perciformes (one species) were
associated with rivers in the middle range of elevation.
The remaining 65 species had the same likelihood of
being found in streams of more than one elevation
range and, therefore, are not indicator species in the
sense of the INDVAL (Appendix 2—Electronic
Supplementary Material).

The RDA explained 20% of the total variance in
species composition and abundance (Fig. 4). Species
of the families Trichomycteridae, Cichlidae, Gym-
notidae, and Characidae were closely associated with
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Fig. 4 Ordination of 71 low-order streams of the Machado
River Basin (a) and 91 species (b) studied during dry season,
along the first two axes of the redundancy analysis (RDA)
relating species composition and abundance to environmental
data. Arrow lengths correspond to the strength of relationships
between the environmental variables (only those with correla-
tions > 0.30 are shown) and the axes. Species scores and codes
are presented in the Appendix—Electronic Supplementary
Material. Streams in the lower (< 164 m a.s.l., white circle),
middle (175-258 m a.s.l., gray circle), and higher ranges of
elevation (> 286 m a.s.l., black circle)
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land—water ecotone and structural characteristics rep-
resented mainly by the cover of mature forest and plant
litter of streams in the lower range of elevation. On the
other hand, several other Characidae species were
more abundant in streams in the middle range of
elevation, where aquatic vegetation cover and con-
ductivity values were higher than those in other
elevation ranges. Most species were associated with
intermediate values of environmental variables and
showed intermediate scores along the first two axes of
the RDA (Appendix 2—Electronic Supplementary
Material; unidentified points in the core of Fig. 4b).

Discussion

The composition and abundance of fish species in low-
order streams of the Machado River Basin differed
between the higher and middle ranges and the lower
range of elevation. Species of the families Trichomyc-
teridae, Cichlidae, Gymnotidae, and Characidae
responded closely to the cover of mature forest and
plant litter in the lower range, and several other species
of Characidae were associated with aquatic vegetation
cover and conductivity in the middle range of
elevation.

Regardless of latitude, along the elevational gradi-
ent streams and rivers change from non-turbulent,
turbid, and warm in the lowest range to very swift,
turbulent, cold, and highly oxygenated in the highest
range of elevation (Uieda & Castro, 1999; Jacobsen,
2008). Considering that fish composition and relative
abundance respond to these environmental alterations
(Jaramillo-Villa et al., 2010), hydrological character-
istics may act as environmental filters for riverine
assemblages, by selecting the pool of species able to
reach specific elevation ranges according to their
biological traits (Belliard et al., 1997; Poff, 1997,
Martin-Smith, 1998).

The general pattern of species richness increasing
toward downstream (Jacobsen, 2004; Albert et al.,
2011; Lujan et al., 2013) might extend to southwestern
Amazon, with variations according to elevation range.
The fish fauna inhabiting low-order tributaries of the
Machado River Basin varied from diverse, at low
elevation (< 175-258 m a.s.l.), to less-specious
assemblages, dominated by few species, at high
elevations (> 286 m a.s.l.). However, a similar ratio
of exclusive species was found among elevation

ranges (seven species in lower, six species in middle
and higher ranges).

In the 71 low-order streams of southwestern
Amazon, the variables forest cover and gross litter
best explained fish abundance and species richness of
the streams located up to 164 m a.s.l. The association
between those variables is reasonable, being the role
played by the riparian forest in providing the input of
leaves and branches to the streambed widely recog-
nized. Besides preventing water heating and dissolved
oxygen loss to the atmosphere by shade, forest
provides a high contribution of allochthonous inputs
of detritus to clearwater streams (Goulding, 1980).
That terrestrial-derived litter increases the availability
of nutritional resources and microhabitats, which
promotes the coexistence of species with differential
feeding requirements, ultimately resulting in increased
species richness (Teresa & Casatti, 2010, 2012;
Casatti et al., 2015). In addition, by being located on
the lower elevation range, species richness of those
streams might reflect the greater rates of species
exchanges with the main stem, the floodplain, and the
Madeira River (Goulding, 1981; Taylor & Warren,
2001; Tondato & Siuarez, 2010). Low-order streams
might contribute to enhance mainstream fish diversity
when providing differential conditions for growth or
survival, such as providing shelter for early life stages
of rheophilic species (Benda et al., 2004), and this
seems to be the case of the low-order streams of the
Machado River Basin (Goulding, 1981). In an influ-
ential book detailing the movements of fish between
the Madeira River main channel and clearwater
tributaries, Goulding (1980) referred to the Machado
River as one of the most important routes for upstream
migration of recruits.

Low-order streams located above 286 m a.s.l. were
associated with high cover of aquatic plants and
showed the lowest values of fish abundance and
species richness. The grassy cover of riverbanks and
instream habitat may provide additional microhabitats
that favor the colonization, reproduction, and feeding
of aquatic insects, playing a role like that of aquatic
macrophytes (Casatti et al., 2015). Macroinvertebrate
availability may increase the persistence of oppor-
tunistic feeding fish species (Casatti et al., 2015) and
seems reasonable to explain the strong association of
some characins with middle and higher ranges of
elevation.

@ Springer



182

Hydrobiologia (2018) 809:175-184

By comparing fish assemblages among reaches
defined according to elevation, we detected major
differences in species richness, abundance, and com-
position between the streams located above 286 m
a.s.l. and those located at lower elevations (< 258 m
a.s.l.). We acknowledge that local composition might
have been underestimated by the use of only two
active sampling methods within a blocked stretch.
However, due to logistic circumstances (i.e., accessi-
bility, differences in water conductivity which might
affect the effectiveness of electrical fishing) and for
comparative purposes, we opted for the sampling
effort similar to that employed in other studies on the
region (e.g., Casatti et al., 2013). Fish assemblages
responded more to elevational differences among
ranges than within ranges, thus corroborating other
studies, regardless of their location at low (Belliard
et al., 1997; Suarez et al., 2011) or highland water-
sheds (Lujan et al., 2013). The fish fauna inhabiting
the low-order streams of the Machado River Basin
seems to display elevation preference, like species of
other neotropical systems (Carvajal-Quintero et al.,
2015). Almost one-third of the species were restricted
and relatively abundant at a specific elevation range.
The main patterns evidenced in the present study were
the high number of species in streams at intermediate
elevation (175-258 m) and the high species turnover
from > 286 ma.s.l. to low-elevation streams. Accord-
ing to the literature, such changes can reflect differ-
ences in species habitat use (Jaramillo-Villa et al.,
2010; Finn et al., 2011; Carvajal-Quintero et al.,
2015). However, the role played by the middle reach
cataracts as dispersal barriers and therefore reinforc-
ing isolation mechanisms to populations of small- to
medium-sized species should not be underestimated
and deserves further investigations.

The variation in attributes of the structure of fish
assemblages responded to the physical, chemical,
land—water ecotone, and substrate composition char-
acteristics that varied according to the elevational
gradient within the Machado River Basin. Even
though the studies about the neotropical fish fauna
increased exponentially in the past decades, there are
insufficient life history studies for most of the 91
species recorded herein.

In summary, there are significant longitudinal
differences in fish composition of low-order streams
within a river basin on the border of the Brazilian
Shield and Amazonian Lowlands. Almost one-third of
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the species were restricted and relatively abundant in a
specific elevation range. Seasonal studies of fish
distribution and movement are needed to verify
whether this pattern holds throughout the wet season.
Nevertheless, the data provided a longitudinal insight
on the importance of small streams and their high fish
diversity and the needs to consider entire river basins
when planning conservation initiatives.
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