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RESUMO

Caracteristicas estruturais e limnoldgicas de pequenos riachos sdo fortemente influenciadas
pelo ambiente de entorno, e afetam direta e indiretamente a fauna local. Por isso, é provavel
que diferentes fitofisionomias afetem as caracteristicas ambientais e ictiofaunisticas de
riachos de cabeceira na Amazonia, alterando a estrutura e composi¢cdo das assembleias de
peixes. A presente dissertacdo teve por objetivo determinar: 1) se h& diferengas nas
assembleias de peixes de riachos em areas de floresta e savana amazénica de uma mesma
bacia hidrografica no Estado do Amap4, e 2) como essas assembleias estdo relacionadas com
a fitofisionomia e as caracteristicas ambientais locais dos riachos. Foram amostrados 12
riachos em areas de floresta continua, quatro na savana amazénica e quatro em manchas de
floresta na savana. Uma Andlise de Componentes Principais (PCA) foi utilizada para ordenar
as variaveis ambientais (temperatura da agua, profundidade média, presenca de pedras no
substrato e cobertura vegetal). As assembleias de peixes foram ordenadas com uso de
Escalonamento Multidimensional ndo-Métrico (nMDS), com base em matriz de
dissimilaridade de Sgrensen para os dados de presenca-auséncia e de Bray-Curtis para nimero
de individuos. As relacBGes entre composicdo e estrutura das assembleias de peixes e as
variaveis ambientais foram testadas por meio da Andlise de Variancia, Regressdo Multipla e
Andlise de Covariancia. A estrutura das assembleias de peixes foi relacionada principalmente
com o tamanho dos riachos; os riachos de savana apresentaram uma quantidade menor de
individuos e espécies. A composicdo das assembleias de peixes diferiu entre os riachos nas
diferentes fitofisionomias, com duas espécies exclusivas dos riachos de savana, o que indica a
importancia da conservagdo do mosaico de fitofisionomias para a diversidade regional de
peixes de riachos. A cobertura vegetal e a composic¢ao do substrato foram relacionadas com a
composicdo das assembleias de peixes, mas a varidvel mais relacionada foi a temperatura da
agua. Isto indica que alteracbes na temperatura ambiente decorrentes do uso intensivo da
terra, bem como as alteragdes climaticas resultantes do aquecimento global em curso, podem
afetar os ambientes de riachos na Amazonia e resultar em mudangas na composi¢do das
assembleias de peixes, com risco de extingdo de espécies.

Palavras-chave: Comunidades, peixes, agua doce, riachos, mudancas climéticas
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ABSTRACT

Composition and structure of small-stream fish assemblages in tributaries of Ajuruxi

lake, Mazagao-AP

Surrounding terrestrial areas strongly affect the structural and limnological characteristics of
small streams, directly and indirectly affecting the aquatic fauna. Thus, it is likely that
different vegetation types affect the environmental characteristics and fish assemblages in
headwater streams of the Amazon. This study aimed to determine 1) whether there are
differences in the fish assemblages of streams in areas of the Amazon forest and savanna in
the same river basin in Amapa State, and 2) how these assemblages are related to vegetation
type and local environmental features of streams. We sampled 12 streams in areas of
continuous forest, four in Amazonian savanna and four in forest patches in savanna. A
Principal Component Analysis (PCA) was used to ordinate the environmental variables (water
temperature, average depth, presence of stones in the substrate and vegetation cover). The fish
assemblages were ordinated by Non-Metric Multidimensional Scaling (NMDS) based on a
Sarensen dissimilarity matrix for presence-absence data, and a Bray-Curtis dissimilarity
matrix for number of individuals. Relationships between composition and structure of the fish
assemblages and environmental variables were tested by Analysis of Variance, Multiple
Regression and Analysis of Covariance. The structure of the fish assemblages was mainly
related to the size of the streams, and streams in savanna had fewer individuals and species.
The composition of the fish assemblages differed between streams in different vegetation
types, with two species unique to savanna streams, indicating the importance of conservation
of the vegetation mosaic for the regional diversity of stream fish. The composition of the fish
assemblages was related to vegetation and substrate, but the variable most associated with the
fish-assemblage structure was water temperature. This indicates that changes in
environmental temperature resulting from intensive land use and climate change resulting
from global warming will affect the environmental characteristics of streams in the Amazon
and result in changes in the composition of fish assemblages, with the risk of species

extinction.

Keywords: Community, fish, freshwater, streams, climate change.
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APRESENTACAO

Os estudos de assembleias de peixes de riachos da Amazoénia foram realizados em escalas
espaciais que variaram desde as diferencas de microhabitats associadas a estratificacdo da
coluna d’agua e tipos de substrato (Silva, C. P. D. 1993; Sabino e Zuanon, 1998), até
diferengas entre bacias hidrogréficas, e a sua associacdo com caracteristicas da qualidade da
agua e da estrutura dos riachos (Mendonga, Magnusson e Zuanon, 2005). Foram realizados
poucos estudos comparando areas de floresta pristina e areas com diferentes graus de
degradacdo (Bojsen e Barriga, 2002; Dias, Magnusson e Zuanon, 2009), mas estes todos
mostraram relagdes entre a supressao da floresta que margeia os riachos e as assembleias de
peixes. A principal fitofisionomia da Amazodnia € a floresta tropical, mas a regido tem muitas
outras associacdes vegetais, incluindo manchas de areas campestres denominadas savanas
amazonicas (Sanaiotti, Bridgewater e Ratter, 1997). A maioria dos estudos realizados com
assembleias de peixes em riachos da Amazonia ocorreu em areas de floresta da Amazonia
Central, embora as manchas de savana amazonica também sejam drenadas por pequenos
riachos. As condicbes ambientais homogéneas nos riachos de floresta dificultam a deteccdo da
influéncia de variaveis ambientais importantes em outros ecossistemas de agua doce, como a
temperatura da &gua, além de inviabilizar a determinagdo da importancia de outros tipos de
vegetacdo para a diversidade de peixes da Amazonia. O presente artigo ir4 mostrar como as
composicdes e estrutura das assembleias de peixes em riachos de cabeceira da Amazonia
variam entre florestas e savanas, além de determinar quais caracteristicas ambientais sdo
importantes para a distribuicdo das espécies de peixes em pequenos riachos. O estudo foi
realizado em riachos de cabeceira tributarios de um “ria-lake” no Sul do Estado do Amapa,
em éareas de floresta continua, manchas de floresta na matriz de savana e na savana. A
presente pesquisa cientifica fez parte do esfor¢co dos pesquisadores do Projeto lgarapés
(http://www.igarapes.bio.br) em compreender a estrutura e o funcionamento dos pequenos

riachos da Amazonia.



HIPOTESES

| — H& diferencas na composi¢do e na estrutura das assembleias de peixes em pequenos

riachos em funcéo das caracteristicas fitofisiondmicas da area de entorno.
Il — A estrutura e composicdo das assembleias de peixes apresentam forte relacdo com as
variaveis locais relacionadas com as diferencas na fitofisionomia, como a temperatura da agua

e 0 tipo de substrato.

OBJETIVOS

OBJETIVO GERAL

Determinar se existem diferencas na composi¢do da assembleia de peixes em riachos de
savana e floresta, afluentes do lago Ajuruxi (Amapa), e avaliar como as caracteristicas dos

riachos influenciam as assembléias de peixes.

OBJETIVOS ESPECIFICOS

e Determinar o grau de similaridade entre a composicdo da assembleia de peixes

de riachos de floresta e de savana, afluentes do lago Ajuruxi;

e Determinar como as caracteristicas fisico-quimicas dos riachos estdo
relacionadas com a estrutura das assembleias de peixes de riachos de floresta e

de savana, afluentes do lago Ajuruxi.
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SUMMARY

1. We investigated the influence of vegetation structure on the composition and structure

4.

of fish assemblages of small streams in old-growth areas of Amazonian forest and
savanna in the same river basin. We also investigated whether environmental
characteristics of the streams are related to tree cover, and whether these affect fish
assemblages.

Tree cover was strongly related to local species richness, but was weakly related to
abundance of the fish. Savanna streams were poorer in number of species and
abundance than streams in forest patches within savannas and streams in continuous
forests.

Water temperature in the stream was directly related to tree cover, and it was strongly
related to the distribution of fish in the small streams. Two species (an undescribed
species of Rivulus and Pyrrhulina aff. zigzag) were recorded only in streams with
warmer water located in savannas and forest patches within the savanna matrix.

A strong correlation between water temperature and species composition in the
streams suggests that alterations caused by deforestation or global climate change will
affect the composition of fish assemblages in small streams in the Amazon. However,
it is not possible to determine whether an increase in temperature will cause the
extinction of the fish species that are currently restricted to savannas, or whether these
species will move to forest streams in search of temperatures within their tolerance
range.



Introduction

Small streams are strongly associated with their surrounding environment (Vannote et al.,
1980), and there are rapid changes in environmental conditions and in the fish assemblage in
response to natural or human disturbance to stream margins (Resh et al., 1988). The
relationships between fish assemblages of small streams and tree cover and geomorphology
has been well documented (Angermeier & Karr, 1984; Jackson, Peres-Neto & Olden, 2001;
Teresa & Romero, 2010). Surrounding environments influence water quality, habitat
structure, and temporal stability of small streams (Suguio & Bigarella, 1990; Casatti, Ferreira
& Carvalho, 2009; Espirito-Santo, Magnusson & Zuanon, 2009), as well as species
composition and abundance of fish (Teresa & Romero, 2010). The relationships between
environmental variables and the fish assemblages vary across spatial scales (Poff, 1997). In
addition to the influence of local environmental characteristics on fish assemblages, historical
factors, such as isolation or river capture by drainage basins, affect the regional ichthyofauna
(Poff, 1997).

Riparian vegetation is important for small stream fish in the Amazon, because it provides
food and shelter for several species (i.e. Knopel, 1970; Sabino & Zuanon, 1998). However,
most ecological studies in streams in the Amazon were carried out in areas of dense tropical
forests of Central Amazonia (Knopel, 1970; Silva, 1993; Sabino & Zuanon, 1998; Mendonga,
et al., 2005; Dias, Magnusson & Zuanon, 2009). Temperature and dissolved-oxygen
concentration are relatively constant in forest streams and have little effect on the structure of
fish assemblages in old-growth forests. In those streams, the most important influences on
fish assemblages are conductivity and acidity (Mendonca et al., 2005). Temperature is an
important determinant of fish distributions in temperate areas (Moyle & Cech, 2004).
Nevertheless, its importance to tropical fish assemblages has not been properly evaluated
since most studies were conducted in regions with a low range of temperature variation
(Sabino & Zuanon, 1998; Bojsen & Barriga, 2002; Mendonga et al., 2005; Espirito-Santo et
al., 2009 ). Although the main phytophysiognomy of the Amazon is tropical rainforest, the
region contains various other natural types of vegetation, including patches of grassland,
known as Amazonian savannas (Sanaiotti, Bridgewater & Ratter, 1997). Light incidence is
probably higher in savanna streams, which could lead to higher water temperature than found

in forest streams. The streams located in areas of southeastern Amazonia which were



converted into cattle pasture and soybeans fields showed an increase in temperature of about
4°C compared to areas with riparian vegetation, largely due to the number of impoundments
and the removal of the riparian forest cover (Macedo et al., 2013). Changes in the landscape,
resulting from different forms of land use, are cited as the main threat to fish assemblages
(Schlosser, 1991), but Amazonian stream fish may be exposed to other threats, such as global
climate change, which will probably result in reduction in water volume (Xenopoulos et al,
2005) or in the conversion of forests into open vegetation, such as grasslands and savannas.
The “savannization of the Amazon’ hypothesis predicts conversion of Amazonian forests into
savanna as a consequence of global warming (Salazar et al., 2007; Fearnside, 2009). The
prehistorical savannization of Amazonian forests has already been documented by Rull
(2006), who related the formation of savannas in Venezuela during the Pleistocene-Holocene
transition to global warming in that period. The warming of headwater streams may lead to
the extinction of species associated with waters with low temperature, and may allow the
colonization of small streams by species of larger and warmer streams (Buisson et al., 2008).
It is also likely that savannization will affect the fish assemblages of forest streams through
habitat simplification, due to the reduction of terrestrial inputs, such as those that result in
litter banks.

Amazonian savannas occur in the state of Amap4, far northern Brazil (Magnanini, 1952;
Sanaiotti, Bridgewater & Ratter, 1997; Silva, Takyama & Silva, 2006), where the
limnological characteristics and ichthyofauna of small streams are poorly known. The
possibility of savannization of forests in the Amazon and the strong relationship between
riparian vegetation and fish assemblages makes it imperative to understand the factors
regulating fish assemblages of small streams covered by these phytophysiognomies.
Therefore, the objective of the present study was to test for differences in the fish assemblages
between streams located in Amazonian forests and savannas, within the same river basin in
order to assess how the phytophysiognomy and local environmental characteristics affect the
fish assemblage. We hypothesized that the differences in vegetation type are reflected in the
composition and structure of fish assemblages, mainly due to the influence of environmental

characteristics directly related to plant cover, such as water temperature and substrate type.



Methods

Study area

We carried out the present study in small tributaries of Ajuruxi Lake (Mazagdo Municipality,
Amapa, northern Brazil), which are within the Cajari River Extractive Reserve (RESEX-CA)
and the Agroextractivist Settlement Project on the Maracé River (PAS-Maracd) (0.504469°S,
51.782767°W). The whole area is drained by the Ajuruxi River, a tributary on the left bank of
the Amazon River (Fig. 1). The predominant vegetation types in the region are dense
rainforest, Amazonian savanna, and lowland flooded forest (varzea) (Silva et al., 2006).
These small streams drain three types of physiognomy: continuous forests, forest patches
within savanna, and Amazonian savannas.

—>Figure 1

Data collection

The sampling units consisted of 50-m stretches of 1%t and 2" order streams, all of which were
tributaries of the Ajuruxi Lake. We classified the order of the streams following Horton"s
scale modified by Strahler (Petts, 1994), and sampled each stretch only once during the study
period (from June to November 2013). We determined the potential sampling units using a
grid (1-km resolution) overlaid on a map of the Ajuruxi River and its tributaries, which is a
modification of the RAPELD system (Costa & Magnusson, 2010). We mapped the 1 and 2"
order streams that crossed the grid lines and classified them according to tree cover
surrounding each sampling unit: streams of continuous forests (C), forest patches within
savannas (P), and savannas (S). The continuous-forest area is characterized by dense
vegetation and absence of fragmentation, with few areas cleared by residents of RESEX-CA
for planting Cassava Manihot spp., used in the production and marketing of manioc meal. The
savanna area has two distinct types of vegetation: patches of forest and Amazonian savanna.
The natural patches of forest are variable in size and occur within a savanna matrix. The
Amazonian-savanna area consists of natural grassland and shrubs, with clusters of Buriti palm

trees Mauritia flexuosa bordering the channels of streams. Fires set by local people occur in



the grasslands during the dry season, which runs from June to November. Based on
information about site accessibility, we selected 12 streams in continuous forests, four in
forest patches within savannas, and four without riparian forest in savannas.

The structural and limnological characteristics of each stream were measured following a
modified version of the protocol given by Mendonga et al., (2005). We measured channel
mean width (m), mean depth (m), maximum depth (m), mean discharge (m?/s), and type of
substrate at four equidistant points within each of the 20 sample units (one per stream). We
classified the substrate into rocks, coarse litter (leaves and twigs), fine litter (fine particulate
material), sand, roots (roots of the riparian forest), fine roots (entangled roots of diameter <5
mm, trunk (branches with diameter over 10 cm), clay, and aquatic plants. We estimated the
canopy cover of the riparian forest over the channel of each stream, based on the analysis of
photos taken at the four sampling positions, with Adobe Photoshop CS6 Extended. We
converted the photographs into monochromatic images and calculated the proportion (%) of
illuminated areas (white) and areas shaded by the vegetation (black) (Mendonga et al., 2005).
We measured physicochemical variables related to water quality, such as dissolved oxygen
(mg/l), water temperature (°C), conductivity (uS), acidity (pH), and total dissolved solids
(TDS), with a digital multiparameter probe (YSI 556 MPS). Water transparency was
measured following Bales et al. (1998), using a transparent 3 cm diameter, 100 cm high
graduated plastic tube that had an opening at the top and a small Secchi disk at the bottom. In
each of the four sampling sites in each stream, we filled the tube with water and emptied it
slowly through an orifice at its base, until we could see the Secchi disk through the upper
opening and measured the water column remaining in the tube (cm).

We collected fish following Mendonca et al. (2005) by active collection with seine nets, dip
nets, and sieves. We standardized the sampling effort with three collectors sampling each 50-
m stretch for two hours, or until no fish was observed during 10 minutes of search. To prevent
the fish from escaping, we blocked the extremities of each stretch with nets (5 mm stretched
mesh). We maintained the specimens in plastic bags with water from the stream until
processing. One specimen of each species was photographed alive in an aquarium. Fish were
killed with a lethal dose of anesthetic eugenol (clove oil), and fixed in formalin 4% for 72 h,
then washed and conserved in alcohol 70% until sorting and identification. For better fixation,
we injected formalin in the intestinal cavity of specimens larger than 15 cm. We used
dichotomous keys, the literature, and consulted specialists from INPA to identify the fish.

Fish specimens will be deposited in the INPA fish collection.



Data analysis

We used data on species presence/absence (qualitative) or species abundance (quantitative) to
construct an ordination of the sampling units using nonmetric multidimensional scaling
(NMDS). NMDS reduces the dimensionality of the data, thus highlighting the strongest
pattern of similarity in species composition between sampling sites. We based the ordination
on dissimilarity matrices using the Sgrensen index for qualitative data and the Bray-Curtis
index for quantitative data. Abundance values were previously transformed by dividing them
by the total for each sampling unit. The relationship between original distances and distances
in one or two dimensions (see Appendix S1 in Supporting Information) explained similar
percentages of the variance for both qualitative (one dimension: r2 = 0.80; two dimensions: r2
= 0.91) and quantitative data (one dimension: r2 = 0.75; two dimensions: r2 = 0.95). Due to the
small difference observed between the variance explained, we used only the result of the
analysis with one dimension (NMDS) to investigate the relationship between environmental
variables and species composition. The ordination in two dimensions was used only to
illustrate the differences in fish assemblages between phytophysiognomies.

Covariation among predictor variables was investigated with a principal component analysis
(PCA; Table S1). Based on the value of the loadings on the three first PCA axes, we chose
three continuous variables to represent each of the axes: water temperature (water quality,
PCA 1), mean depth (size, PCA 2) and the proportion of rocks in substrate (substrate type,
PCA 3). Temperature and mean depth were the variables related to axis PCA 1 and PCA 2,
respectively. The mean current velocity was the variable most related to PCA3, but it was
correlated with the mean depth, and was represented in the model by the proportion of rocks
in the substrate, the second variable more related to the third PCA axis. In addition to the
three variables based on PCA, we included plant cover, which quantitatively represents the
variation in vegetation types. To determine the relationship between environmental
characteristics and fish assemblages we used multiple regression to continuous environmental
variables, analysis of variance (ANOVA) for categorical environmental variables, and
Analysis of Covariance (ANCOVA) for continuous and categorical environmental
characteristics.We investigated whether the observed differences in presence-absence data
and number of individuals was due to spatial distance or environmental characteristics by
means of a partial Mantel test based on 999 permutations. All analyses were done in the R

program (R Development Core Team, 2007).
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Results

Environmental characteristics of streams

The streams differed in canopy cover, water quality, structure, and size (Table 1), but in all
sample stations the water was acid, poor in ions, and transparent. Savanna streams had little
canopy cover, and streams in continuous forests and forest patches were strongly shaded by
riparian forest. The water in streams in continuous forest had lower temperature than savanna
streams, and streams in forest patches had intermediate temperatures. Streams in forest
patches had lower current velocity and dissolved oxygen. Savanna streams were narrower
than streams in continuous forest, and streams in forest patches were intermediate in size
(Table 1).

The substrate of continuous—forest streams was composed mainly of coarse and fine litter,
sand, and fine roots, whereas streams in forest patches had rocky substrate, and savanna
streams had predominantly clay substrate covered by layers of coarse litter and fine roots.
Aquatic plants occurred in all savanna streams, but were infrequent in streams in continuous

forests and forest patches (Table 1).

Fish assemblages

We collected 2,924 fish of six orders, 15 families, and 33 species (Table S2). We found
differences (ANOVA, F 2,17 = 38.7, P < 0.05) in the composition of fish assemblages between
phytophysiognomies (Fig. 2a). Of the 33 species collected, ten (30.3%) were common to the
three physiognomies, seven (21.1%) were collected only in forest streams, four (12.1%) only
in streams in forest patches, and only one (3.0%) occurred exclusively in savanna streams.
There were more fish with exclusive occurrence in streams of continuous forest and forest
patches (eight species, 24.2%), than between streams of continuous forest and savanna (one
species, 3.0%), and between streams of forest patches and savanna (two species, 6.0%).

=> Figure 2

There was no significant relationship (ANOVA, F 217 = 2.7, P = 0.09) between
phytophysiognomy and fish abundance in streams (Fig. 2b). Characiformes (55.5% of
11



specimens) and Cyprinodontiformes (25.44%) were the orders with the highest relative
abundance in forest streams. These orders also predominated in savanna streams (58.95% and
36.84%, respectively), whereas Characiformes (84.78%) and Perciformes (7.87%) had more
individuals collected in streams in forest patches (Tabela S2). Hyphessobrycon amapaensis,
Rivulus sp.1, Copella arnoldi, and Nannostomus marginatus were the species with highest
number of individuals collected, corresponding to 70.7% of the total, and occurred in most

streams, independent of phytophysiognomy (Table S2).

Relationships between fish assemblages and environmental variables

Species composition was related to environmental characteristics of the streams (multiple
regression, Fa15 =7.9, R2=0.7, P <0.05). The nMDS axis of presence-absence data (PA)
was related to water temperature (WT), occurrence of rocks in the substrate (RS), mean depth
(MD), and canopy cover (CC) (PA=-2.93 + 0.11*WT + 0.17*MD + 0.51*RS — 0.01*CC).
Water temperature and presence of rocks in the substrate were the variables with highest
contributions to the model. Water temperature alone explained ca. 55% of the variation in the
presence-absence nMDS axis (Figs. 3 and 4a). Temperature was significantly related to
nMDS axis based on presence-absence data, independent of distance between sampling units
(Partial Mantel Test, r = 0.24, p<0.05). Some species were collected in only one or two
stretches, hindering inferences about their occurrence patterns. However, some species
occurred in several stretches, but were restricted to streams with similar characteristics. We
collected the pelagic characid Iguanodectes rachovi only in forest streams with lower
temperature, whereas Rivulus sp. 2 and Pyrrhulina aff. zigzag were only captured in streams
with higher temperatures.

=>» Figure 3

=> Figure 4

The number of fish species per stream stretch was related to phytophysiognomy (PP) and
stream size (analysis of covariance, F 3,16 = 9.58, P< 0.05), with 64% of the variance
explained by differences in phytophysiognomy and average depth (Fig. 5). The number of fish
(NF) captured was also related to stream size (SS), canopy cover (CC), substrate type (ST),
and water temperature (WT) - (NF = 2.56 — 0.07*WT — 1.24*SS — 0.54*ST — 0.01*CC, Fa,15
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=7.1,r2=0.6, P <0.05). Mean depth alone explained 43% of the variance in the ordination
axis based on number of individuals per species (Fig. 4b). The mean depth was significantly
related to nMDS axis based on quantitative data, independent of the distance between sample
units (Partial Mantel Test, r = 0.23, p<0.05). The characid Hyphessobrycon amapaensis, the
lebiasinid Copella nigrofasciata, and the cichlid Apistogramma aff. gossei were more
abundant in deep streams, whereas the rivulid Rivulus sp. 1 and the lebiasinid Copella arnoldi
were more abundant in shallow streams (Figure 6).

=>» Figure 5

=>» Figure 6

Discussion

The present study shows that stream fish assemblage composition was strongly related to
vegetation type, with water temperature as one the main environmental variable associated
with the observed differences. As there are no physical barriers for fish dispersal between the
streams in the different vegetation types sampled in the present study, which occur in the
same river basin, the observed differences in species composition probably do not result from
historical factors, such as proposed in relation to some adjacent river basins in the Ducke
Reserve by Mendonga et al. (2005). The number of species and individuals collected was
strongly related to stream size, as occurs in streams of other localities in the Amazon
(Mendonca et al., 2005; Anjos & Zuanon, 2007). However, there were fewer individuals and
species in stretches of savanna streams than in streams of similar size in forests and forest
patches. It is likely that the harsh environmental conditions in savanna streams limit the
density of species and individuals. The low canopy cover by riparian vegetation makes
savanna streams more exposed to direct sunlight, and other phenomena specific to savannas,
such as seasonal fires. Two species were collected only in streams located in savannas and
forest patches surrounded by savanna (6.1% of all species collected), despite the small
number of sample units in savanna, indicating that the savannas may contribute to the fish
diversity in the region, and studies should be undertaken in other savanna streams to
determine whether there are other species restricted to them.

Variation in fish-assemblage composition was strongly related to variation in cover of rocky

substrate, especially in savannas. Variation in substrate composition allows the occurrence of
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species with different life histories and habitat use (e.g. Sabino & Zuanon, 1997; Sazima et
al., 2006; Zuanon et al., 2006). Cichlids, such as Crenicichla cf. hummelinkii, deposit their
eggs in the rocky crevices, and exibit parental care. The rocky crevices are also used by sit-
and-wait predators, such as Hoplias malabaricus. These results contrast with those of
Mendonca et al. (2005) for continuous forest streams in Central Amazonia, where the
substrate, which was covered principally by fine and coarse litter, contributed little to the
differences in fish-species composition..

Although canopy cover and the substrate influenced the species composition, the
environmental variable most associated with variation in species composition was water
temperature. Water temperature of streams usually has little effect on the composition of the
fish assemblages in headwater streams in the Amazon, and greater importance is generally
attributed to pH and electrical conductivity (Mendonga et al., 2005). However, this may be
due to the small variation in temperature investigated in previous studies, which were all
undertaken in continuous forest. Variation in distribution is probably not related to absolute
physiological limitations of the fish, since the observed water-temperature range was typical
for the Amazon River Basin (Val, Chippari Gomes & Lopes, 2006). Hence, we suggest that
the differences in fish assemblage composition in the three vegetation types studied are
related to the behavioral selection of habitats with more favorable temperatures. Ethological
and physiological studies in controlled environments may help uncover the factors that
regulate the occurrence of fish species in the small streams of the Amazon.

The composition at species level in the present study differed from that observed in
streams of Central Amazon, but the mean species richness per stream was similar to that
reported in previous studies in small Amazonian streams. Moreover, the genera recorded were
the same as those observed in headwater streams in Central Amazonia (Mendonga et al.,
2005; Espirito-Santo et al., 2009). Thus, the observed differences in species composition
between streams in this study and the Central Amazon is probably largely due to the
geographic distance between the regions and not environmental differences, as has been
observed in a large-scale study in the Amazon (FP Mendonca, unpublished data).

Water temperature was a key factor in the distribution of fish species in small streams in the
Ajuruxi River basin. The strong relationship between water temperature and species
composition suggests that an increase in ambient temperature in the region, resulting from
improper land use (Macedo et al., 2013) or from global warming, may change the

composition of fish assemblages in small Amazonian streams, as predicted by Buisson et al.
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(2008) for streams in France. It is not possible to determine whether the predicted increase in
global temperature in the next decades will result in an increase in water temperature in
streams, and whether this increment in temperature will cause the extinction of species typical
of continuous forest streams. Cowell et al. (2008) speculated that global warming will
promote the movement of species associated with lowland tropical habitats to higher altitudes,
and possible extinction of species with more restricted distributions. The Ajuruxi River Basin
is located in an area with little altitudinal variation, but some species that currently live in
savanna streams may move to forest streams if water temperatures become too high in the
savanna. Also, fish species presently associated with small cold-water streams might be
threatened with extinction if overall temperatures increase (Eaton & Scheller, 1996). While
the exact form of change is uncertain, global warming will almost certainly affect the
distributions of fish along the forest-savanna boundary, and long-term monitoring of the
composition of the fish assemblages of streams under different vegetation types will be
important to evaluate risks of biodiversity loss in aquatic systems of this largest rainforest

area on the planet.
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Tables

Table 1 Structural and limnological characteristics of streams of savannas, forest patches, and continuous
forests, which are tributaries of the Ajuruxi Lake. The values represent mean values and range.

Environmental variables

Forest
(N=12)

Forest patch
(N=4)

Savanna
(N=4)

Canopy cover (%)

Limnological characteristics
pH

Temperature (°C)
Conductivity (US)
Dissolved oxygen (mg/L)
Total dissolved solids (ppm)
Water Transparency (cm)

River structure
Mean current velocity (m/s)
Mean width (m)
Discharge (m3/s)
Mean depth (m)
Maximum depth (m)
Rocks (%)

Fine litter (%)

Sand (%)

Root (%)

Fine root (%)

Trunk (%)

Clay (%)

Aguatic plants (%)
Coarse litter (%)

68.78 (58.49 — 80.08)

4.54 (4.20 — 5.30)
25.31 (24.94 — 26.00)
13.60 (5.00 — 19.00)

6.02 (2.09 - 8.42)
0.008 (0.003 — 0.011)
68.7 (73.75 — 92-25)

0.17 (0.08 — 0.33)
2.41 (1.48 — 5.39)
0.11 (0.01 - 0.57)
0.22 (0.05 - 0.54)
0.37 (0.10 - 0.86)
1.0 (0.0 - 11.0)
18.0 (1.0 - 36.0)
17.2 (0.0 - 39.0)
2.0 (0.0 - 11.0)
10.4 (0.0 - 28.0)
4.2 (0.0-8.0)
0.5(0.0-3.0)
0.0 (0.0-3.0)
45.0 (14.0 — 81.0)

74.77 (69.61 — 83.18)

4.61 (4.45 — 4.77)

20.97 (6.36 — 34.38)

4.69 (4.51 — 4.85)

26.56 (25.85 — 27.89) 27.65 (26.98 — 28.85)

9.50 (7.00 — 11.00)

3.81 (2.60 — 5.42)

7.00 (6.00 — 9.00)
5.05 (2.84 — 6.92)

0.004 (0.004 — 0.005) 0.004 (0.003 — 0.006)

64.19 (44.50 — 81.25)

0.03 (0.02 — 0.04)
1.77(1.00 - 2.35)
0.01 (0.00 — 0.02)
0.24 (0.17 — 0.34)
0.35 (0.25 — 0.46)
21.7 (0.00 — 42.0)
0.0 (0.0-0.0)
9.75 (0.00 - 25.0)
0.0 (0.0-0.0)
6.5 (0.0 - 11.0)
20.5 (3.0 - 38.0)
6.0 (0.0 - 18.0)
1.5 (0.0 - 6.0)
34.5 (11.0 — 47.0)

69.6 (53.00 — 82.75)

0.10 (0.07 — 0.14)
0.70 (0.44 — 0.95)
0.01 (0.00 — 0.01)
16.25 (0.11 - 0.26)
0.31 (0.17 — 0.45)
0.0 (0.0-0.0)
5.5 (0.0 - 22.0)
2.25 (0.0 - 6.0)
0.1(0.0-0.3)
22.5 (6.0 — 42.0)
7.7 (0.0 - 14.0)
41.0 (0.17 - 64.0)
5.7 (3.0-8.0)
15.5 (3.0 — 36.0)
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Figure legends

Fig. 1 Ajuruxi River Basin, showing the distribution of sampling units. Squares represent sites in savanna
streams, triangles sites in forest patches streams within the savanna matrix, and circles indicate sites in
continuous-forest streams.

Fig. 2 Ordination of stream sites in continuous forests (C), savanna (S), and forest patches (P) by non-metric
multidimensional scaling (NMDS) based on Sgrensen distances for presence/absence data (2) and on Bray-Curtis
distances for abundance data (b).

Fig. 3 Presence/absence data for the 33 species collected in small tributaries of Ajuruxi Lake in relation to water
temperature. C = continuous forest, P = forest patch, and S = savanna.

Fig. 4 Relationship between water temperature and an NMDS ordination based on presence/absence data (a), and
between mean depth of the streams (m) and an ordination based on fish-abundance data (b). C = continuous
forest, P = forest patch, and S = savanna.

Fig. 5 Relationship between mean depth of stream stretches (m) and number of species collected. C = continuous
forest, P = forest patch, and S = savanna.

Fig. 6 Abundance of the 33 fish species collected in small tributaries of Ajuruxi Lake in relation to mean depth

(m).
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Figure 6
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Figure S1 Relationship between the distance observed among sites and the distance calculated in the NMDS for
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Table S1 Results of the PCA of environmental variables related to structure, water quality, and substrate
composition of streams, showing their loadings and percentage of the variance explained by the first three axes.
Numbers in boldface indicate variables with values higher than 0.30.

Variables PCA 1 PCA?2 PCA 3

Plant cover 0.26 -0.11 0.22
Water quality
Ph -0.05 -0.24 0.20
Conductivity 0.27 -0.24 0.11
Temperature -0.33 0.10 0.02
Dissolved oxygen 0.09 0.25 -0.38
Total solid dissolved 0.26 -0.26 -0.05
Water transparency 0.24 -0.16 -0.21
Stream size
Mean current velocity 0.20 0.08 -0.43
Mean width 0.31 0.24 0.11
Discharge 0.24 0.36 -0.06
Mean depth 0.17 0.45 0.16
Maximum depth 0.16 0.45 0.09
Stream structure
Rock -0.04 0.09 0.39
Fine litter 0.16 -0.21 -0.30
Sand 0.21 0.07 0.05
Root 0.17 -0.13 0.08
Fine Root -0.13 0.02 -0.29
Trunk -0.16 0.10 0.31
Clay -0.29 0.05 -0.11
Agquatic plants -0.28 0.12 -0.13
Coarse litter 0.21 -0.07 0.04

% Variance Explained 31.9 15.0 131
% Accumulated Variance 31.9 47.0 60.1
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Table S2 List of the species collected in small streams of forests and savannas, which are tributaries of the
Ajuruxi Lake, Mazagao, state of Amapa, Brazil. Relative abundances in relation to the number of specimens
collected per phytophysiognomy and for the entire study area are presented in boldface.

Number of specimens

Phytophysiognomy
Continuous Forest Forest Patch Savanna

Taxon N=12 N=4 N=4 Total
Characiformes 55.52 84.78 58.95 65.39
Characidae
Bryconops aff. giacopinnii (Fernandez-Yépez, 1950) 0 11 0 11
Hemigrammus aff. belottii (Steindachner, 1882) 0 8 0 8
Hyphessobrycon amapaensis Zarske & Géry, 1998 617 399 33 1049
Iguanodectes cf. rachovi Regan, 1912 32 0 0 32
Crenuchidae
Crenuchus spilurus Ginther, 1863 11 128 0 139
Microcharacidium weitzmani Buckup, 1993 18 9 8 35
Erythrinidae
Erythrinus erythrinus (Bloch & Schneider, 1801) 11 3 0 14
Hoplias curupira Oyakawa & Mattox, 2009 0 2 0 2
Hoplias malabaricus (Bloch, 1794) 1 2 0 3
Hoplerythrinus unitaeniatus (Spix & Agassiz, 1829) 1 1 1 3
Lebiasinidae
Copella arnoldi (Regan, 1912) 191 134 1 326
Copella nigrofasciata (Meinken, 1952) 9 48 26 83
Nannnostomus marginatus Eigenmann, 1909 45 43 63 151
Nannostomus trifasciatus Steindachner, 1876 0 0 1 1
Pyrrhulina aff. zigzag Zarske & Géry, 1997 0 20 35 55
Siluriformes 8.07 0.10 0.70 4.82
Cetopsidae
Helogenes marmoratus Glnther, 1863 130 1 2 133
Heptapteridae
Rhamdia laukidi Bleeker, 1858 1 0 0 1

Pseudopimelodidae
Batrochoglanis cf. raninus (Valenciennes, 1840) 2 0 0 2



Tricomycteridae

Ituglanis sp. 3 0 2 5
Gymnotiformes 6.47 2.20 281  3.28
Gymnotidae

Gymnotus aff. pedanopterus Mago-Leccia, 1994 2 2
Gymnotus coropinae Hoedeman, 1962 86 94
Hypopomidae

Hypopygus lepturus Hoedman, 1962 1 1 4
Microsternarchus bilineatus Fernandez-Yépez, 1968 18 12 36
Steatogenys duidae (La Monte, 1929) 1 0 1
Rhamphichthyidae

Gymnorhamphichthys cf. petiti Géry & Vu, 1964 1 0 0 1
Perciformes 4.45 7.87 0.00 5.13
Cichlidae

Apistogramma aff. gossei Kullander, 1982 69 20 0 89
Apistogramma agassizii (Steindachner, 1875) 3 39 0 42
Aequidens tetramerus (Heckel,1840) 1 1 0 2
Crenicichla cf. hummelinckii Ploeg, 1991 2 15 0 17
Cyprinodontiformes 25.44 5.04 36.84 19.90
Poeciliidae

Fluviphylax sp. 0 1 0 1
Rivulidae

Rivulus sp. 1 429 44 74 547
Rivulus sp. 2 0 3 31 34
Synbranchiformes 0.06 0.00 0.00 0.03
Synbranchidae

Synbranchus sp. 1 0 0 1
Total of specimens 1686 953 285 2924
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CONCLUSOES

O presente estudo corroborou hipotese de relacdo da variacdo na fitofisionomia e a
variacdo na composicdo das assembleias de peixes, entretanto ndo foi observada relacéo entre
as diferencas no tipo de vegetacdo natural e a estrutura das assembleias de peixes. A
temperatura da gua representou um fator chave para a distribuicdo das espécies de peixes nos
pequenos riachos da bacia do Lago Ajuruxi. A relacdo forte entre a temperatura e a presenca
das espécies indica que um eventual aumento da temperatura ambiente na regido, decorrente
do uso inadequado da terra (Macedo et al. 2013) ou pelo aquecimento global em curso,
poderd modificar a composi¢do das assembleias de peixes nos pequenos riachos da Amazonia,
conforme previsto por Buisson et al. (2008) para riachos temperados na Franca. Ndo €
possivel determinar se 0 aumento previsto da temperatura planetaria nas proximas décadas
resultara em um aumento correspondente na temperatura da &gua dos riachos, e se esse
incremento na temperatura provocara a extingdo de espécies tipicas de riachos de floresta
continua. Cowell et al. (2008) estimaram que o aquecimento global ira promover o
deslocamento de espécies associadas a ambientes tropicais de planicie para regides de maior
altitude e com temperaturas mais frias, com possivel extingdo de espécies com distribuicdo
mais restrita. A bacia hidrografica do rio Ajuruxi esta inserida em uma area com pouca
variacdo altitudinal, entdo é possivel que algumas das espécies que vivem atualmente nos
riachos de savana passem a ocupar o0s riachos de floresta, se a temperatura da dgua se tornar
muito alta na savana. Entretanto, as espécies de peixes associadas aos pequenos riachos de
temperatura mais baixa, poderdo ser ameacadas de extin¢do se a temperatura aumentar (Eaton
& Scheller, 1996). Embora a forma exata da mudanca seja incerta, o agquecimento global ira
certamente modificar a distribuicdo dos peixes na fronteira floresta-savana, e o
monitoramento em longo prazo da composicdo das assembleias de peixes dos riachos em
diferentes tipos de vegetacdo sera importante para avaliar os riscos de perda da biodiversidade

em sistemas aquaticos da maior area florestal pristina do planeta.
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