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Sinopse: 

Buscam-se evidências de interação entre o ambiente local (i.e. poças laterais 

e canal principal) e o gradiente longitudinal (i.e. da cabeceira a foz) no 

padrão de ocupação por espécies de peixe em igarapés da Amazônia Central. 
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Resumo 

Estudos ecológicos em múltiplas escalas podem complementar os estudos tradicionais 
limitados a uma única escala, elucidando interações importantes entre as escalas que 
afetam a distribuição das espécies. Tanto o gradiente longitudinal, i.e. mudanças físicas, 
químicas e biológicas associadas com o aumento da largura e profundidade ao longo do 
curso de água (escala de segmento), quanto as características locais dos ambientes (e.g. 
corredeiras, poções; escala de mesohabitat) são conhecidos por afetar de forma 
independente a distribuição das espécies de peixes em riachos. Porém, ainda não é claro 
se e como o gradiente longitudinal e o ambiente local interagem quando ambas as 
escalas são vistas em conjunto. O conhecimento das possíveis interações entre 
ocorrência/detectabilidade de espécies ao longo do gradiente longitudinal e 
ocorrência/detectabilidade entre ambientes locais em um determinado nível do gradiente 
pode revelar importantes processos que afetam a distribuição de espécies e métodos de 
amostragem em riachos. Nesse estudo, nós quantificamos as possíveis interações entre a 
escala de mesohabitat e de segmento com um desenho amostral de ocupação de sítios 
em uma microbacia de floresta não inundável na Amazônia Central, Brasil. Nossa 
análise representa explicitamente a possibilidade de falhas de detecção de espécies, com 
estimativas de probabilidade de ocupação e detecção de espécies em dois tipos de 
ambientes locais (canal principal e poças temporárias) em segmentos de igarapés que 
variam de primeira à quarta ordem. Modelamos a assembleia e cada uma das 18 
espécies de peixes que usam poças como níveis hierárquicos de um modelo 
multiespecífico. Encontramos evidências de interação entre a posição longitudinal e 
ocupação de ambiente local para a assembleia de peixes e para oito espécies, com um 
aumento da probabilidade de ocupação a jusante nos dois ambientes. Ainda, 
encontramos evidências de interação entre a posição longitudinal e o ambiente na 
detecção, com uma diminuição a jusante da probabilidade de detecção no canal para a 
assembleia e para 15 espécies. O aumento mais rápido a jusante da probabilidade de 
ocupação do canal é atribuído a mudanças expressivas nas características hidrológicas, 
como a velocidade da água e profundidade, que varia mais ao longo do gradiente no 
canal do que nas poças. Além disso, observamos para quase todas as espécies relações 
opostas entre as probabilidades de ocupação e de detecção. Assim, defendemos que as 
mudanças na detecção de espécies ao longo de gradientes ecológicos, como as 
limitações longitudinais de amostragem de peixes causada pela profundidade, podem 
facilmente distorcer os resultados que utilizam dados de detecção/não-detecção de 
espécies e devem ser considerados em pesquisas ecológicas que lidam com o efeito de 
gradientes ambientais. 
 

Palavras-chave: Continuum, detecção imperfeita, igarapés, mesohabitats, poças 

temporárias. 
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Abstract 

Effect of environment and longitudinal position on the distribution of fish in a 

microbasin of Central Amazonia 

Cross-scale ecological studies can complement traditional single-scale studies by 
elucidating important interactions between scales that affect the distribution of species. 
The distribution of fish species in streams is known to be independently affected by 
both the segment-scale changes in physical, chemical and biological characteristics 
associated with increasing width and depth along the water course (longitudinal 
gradient), and the finer mesohabitat-scale variation of stream characteristics (local 
environments). However, it is not yet clear whether and how the longitudinal gradient 
and local environment characteristics may interact when both effects are viewed 
together. Knowledge of possible interactions between site-occupancy/detectability along 
the longitudinal gradient and site-occupancy/detectability between local environments at 
a given level of the gradient could reveal important process that affect species 
distributions and sampling methods. We quantified possible interactions between 
mesohabitat and segment scale with a site-occupancy sampling design, applied over a 
microbasin in a non-floodable forest of the Central Amazon, Brazil. Our analysis 
explicitly accounts for the possibility of detection failure, estimating occupancy and 
detection probabilities in two types of local environments (main channel and adjacent 
temporary ponds) in segments of stream that span from first to 4th order. We modelled 
the whole fish assemblage and each 18 fish species as hierarchical levels of a multi-
species model. We found evidence of interaction between longitudinal position and 
local environment occupancy for the assemblage and for eight species, with a 
downstream increase in occupancy in both environments. Furthermore, we found 
evidence of interaction between position and the environment in detectability, with a 
downstream decrease in detection in channel for the assemblage and for 15 species. The 
faster downstream increase in channel occupancy is assigned to major changes in 
hydrological characteristics, as water velocity and depth, which varies more along the 
gradient in channel than in ponds. Moreover, we observed for almost all species 
opposite relationships between site occupancy and detection probabilities. So, we argue 
that changes in species detection along ecological gradients, as longitudinal limitations 
of fish sampling caused by depth, can easily bias results based on species detection/non-
detection data and must be considered in ecological surveys that deal with strong 
gradient effects. 
 

Key-words: Continuum, imperfect detection, mesohabitats, streams, temporary ponds. 
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Introdução 

Padrões ecológicos são dependentes da escala em que são observados (Wiens, 

1989) e podem tornar-se evidentes somente quando observados em mais de uma escala 

(Levin, 1992). Isso acontece porque existe uma hierarquia dependente de escala que 

rege padrões em sistemas ecológicos, o que significa que padrões fortes em escala fina 

não necessariamente importam em escalas mais amplas, e vice-versa. Assim, 

investigações em mais escalas podem complementar os estudos realizados em uma 

única escala (Levin, 1992) e, investigar as interações entre as escalas, pode revelar 

padrões ecológicos ocultos. Frissell et al. (1986) propôs uma organização hierárquica 

para riachos, que incluem cinco níveis de organização espacial: micro-habitat (cerca de 

10-1 m), mesohabitat (e.g. corredeiras e poções; 100 m), trecho (101 m), segmento (102 

m), e rede de drenagem (103 m). Há uma extensa literatura que enfoca separadamente o 

efeito dos ambientes locais (estudos em escala de mesohabitat) e do gradiente 

longitudinal (i.e. gradiente montante-jusante de riachos; estudos em escala de segmento) 

sobre a distribuição de espécies. Mesmo sabendo que os processos que atuam em ambas 

as escalas são fundamentais para moldar os padrões de distribuição de espécies em 

riachos (Stewart-Koster et al., 2013), a interação entre os dois processos permanece 

pouco explorada e pode revelar consequências para a distribuição das espécies (Wiens, 

2002). 

O gradiente longitudinal é um dos fatores que mais afeta a distribuição de 

espécies em sistemas fluviais (Jackson, Peres-Neto & Olden, 2001). Este gradiente é 

uma consequência de variações direcionais na morfologia do canal (i.e. largura e 

profundidade) e vazão de água. Essas variações têm efeitos sobre a incidência de 

radiação nos cursos d’ água e, consequentemente, moldam padrões peculiares de 

entrada e fluxo de energia e matéria em sistemas fluviais (Vannote et al., 1980). Além 

disso, as variações na morfologia do canal resultam em mudanças na temperatura da 

água (Torgersen et al., 1999), na abundância e tamanho dos predadores aquáticos 

(Power, 1984; Schlosser, 1987) e na diversidade de habitats e estabilidade hidrológica 

(Roberts & Hitt, 2010). Sabe-se também que, em consequência da topologia dendrítica 

dos riachos, as probabilidades de colonização e extinção de peixes variam de acordo 

com a posição longitudinal. A probabilidade de colonização tende a aumentar em 

direção à jusante e, de maneira oposta, a probabilidade de extinção tende a aumentar a 

montante (Gotelli & Taylor, 1999; Fagan, 2002). Esse conjunto de fatores tem 
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consequências bem documentadas para gerar padrões de distribuição de espécies e para 

o aumento da riqueza de espécies em direção à foz em sistemas fluviais (Mendonça, 

Magnusson & Zuanon, 2005; Anjos & Zuanon, 2007; Ibañez et al., 2009; Couto & 

Aquino, 2011). 

Além dos efeitos do gradiente longitudinal, características locais também são 

relevantes para a distribuição de muitas espécies aquáticas. Evidências de que ambientes 

locais podem afetar a biota aquática estão presentes na literatura clássica de ecologia de 

riachos, que descreve o efeito de poções e corredeiras na ocorrência, abundância e 

riqueza de espécies de diferentes grupos de organismos aquáticos (Logan & Brooker, 

1983; McCulloch, 1986; Gelwick, 1990). Além disso, outros tipos de ambiente, como 

bancos de macrófitas, bancos de areia, poças adjacentes e lagoas de castores já foram 

descritos como características estruturais potencialmente importantes para moldar a 

distribuição de espécies localmente (Henderson & Walker, 1986; Schlosser, 1995; 

Harrison, Bradley & Harris, 2005; Pazin et al., 2006). Todos estes ambientes podem 

oferecer diferentes condições de fluxo de água, tipos de substrato, profundidade e 

também podem influenciar no risco de predação (Gilliam & Fraser, 2001; Harrison, 

Bradley & Harris, 2005; Worischka et al., 2012). Estas diferentes combinações de 

condições locais podem ser cruciais para algumas fases do ciclo de vida e podem 

favorecer a ocorrência de várias espécies localmente (Schlosser, 1995; Fausch et al., 

2002). 

Considerando que ambos os fatores, gradiente longitudinal e ambiente local, 

podem afetar a distribuição das espécies, é de se esperar que eles possam agir em 

conjunto e, assim, gerar padrões de distribuição de espécies diferentes do esperado para 

cada fator independente. Torgersen et al. (1999) constataram que as variações 

longitudinais de alguns fatores ambientais, particularmente mudanças na temperatura da 

água, podem interagir com a disponibilidade de habitats locais para moldar padrões 

demográficos no salmão Chinook. Então, se as características ambientais locais podem 

interagir com o gradiente longitudinal, é razoável supor que as variações ao longo do 

gradiente podem interagir com as variações ambientais locais para determinar os 

padrões de ocupação de sítios pela fauna aquática em riachos. Em outras palavras, o tipo 

de ambiente ocupado por uma espécie pode depender da posição ao longo do gradiente 

que a espécie ocupa. 

As poças temporárias adjacentes aos riachos representam um sistema atraente 

para testar a existência de interações entre o tipo de ambiente e variações longitudinais, 
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pois ambos os ambientes (i.e. poças temporárias e canal principal) são facilmente 

diferenciados em campo. Poças temporárias são definidas como "corpos d’água lênticos 

(i.e. sem fluxo/fluxo desprezível de água) com uma fase recorrente de secagem" 

(Williams et al., 2001). Esta definição inclui desde pequenas poças formadas após as 

chuvas e que duram poucos dias, até corpos d'água quase permanentes que secam por 

períodos muito curtos ou apenas em anos com secas mais severas (Williams et al., 

2001; Céréghino et al., 2007). Alguns sistemas de poças temporárias podem ser 

formados em planícies de inundação e, assim, também receber água que transborda do 

canal (Williams et al., 2001). Nesse caso, a inundação, que varia em intensidade e 

frequência ao longo do gradiente longitudinal, pode afetar a dinâmica de enchimento e 

secagem desses sistemas lênticos. De montante para jusante, a intensidade das 

inundações é progressivamente maior, mas a frequência dos picos de inundação torna-se 

menor (Junk, Bayley & Sparks, 1989). Esta dinâmica de inundação determina, para a 

fauna, a conectividade entre o canal e corpos d'água marginais, que é fortemente afetada 

por mudanças sazonais na precipitação (Cox-Fernandes, 2006). Em poças temporárias 

perto de riachos, a conectividade entre os dois ambientes parece ser um fator chave para 

a colonização de peixes (Uchida & Inoue, 2010). 

Em igarapés (denominação local para riachos) de terra-firme da Amazônia, 

observações empíricas sugerem que poças temporárias exibem características físicas e 

químicas bastante distintas do canal (Pazin et al., 2006) e abrigam uma fauna de peixes 

composta por um subconjunto de espécies que habitam os igarapés (Pazin et al., 2006). 

Essas espécies de peixe possuem ciclos de vida relacionados com a dinâmica 

hidrológica das poças (Espírito-Santo, Rodríguez & Zuanon, 2013) que varia com a 

sazonalidade marcante no regime de chuvas (Espírito-Santo et al., 2009). Alguns 

estudos apontam a existência de variações longitudinais na riqueza e composição de 

espécies no canal em igarapés de terra-firme da Amazônia (Mendonça, Magnusson & 

Zuanon, 2005; Anjos & Zuanon, 2007), porém, ainda não se sabe como o gradiente 

longitudinal pode afetar a riqueza e composição de espécies de peixes nas poças 

temporárias. 

 

Objetivos 

Considerando que diversos fatores ambientais e biológicos variam ao longo do 

gradiente longitudinal e, que alguns desses fatores, podem variar consideravelmente 
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entre os ambientes locais (i.e. canal e poças temporárias), nosso principal objetivo foi: i) 

procurar evidências de interação entre o ambiente local e o gradiente longitudinal no 

padrão de ocupação por espécies de peixe. Além disso, considerando que a eficiência 

dos métodos de amostragem de peixes pode ser afetada pelo volume de água em 

ambientes aquáticos, ii) nós procuramos por evidências de interação entre o ambiente 

local e o gradiente longitudinal no padrão de detecção de espécies de peixe. Para isso, 

nós quantificamos as probabilidades de ocupação e detecção no canal e nas poças 

temporárias utilizando um modelo que lida com a incerteza de detecção de espécies de 

peixe.  
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Linking Scales for Site-Occupancy and Detectability: 1 

Upstream-downstream and Local Habitat Effects on Fish 2 
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 4 

 5 
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c Departamento de Ecologia, Universidade Federal do Rio Grande do Sul, Porto Alegre, 11 
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* Corresponding author: couto.thiagoba@gmail.com 13 

 14 

 15 

 16 

Summary 17 

1. Cross-scale ecological studies can complement traditional single-scale 18 

studies by elucidating important interactions between scales that affect the 19 

distribution of species. The distribution of fish species in streams is known 20 

to be independently affected by both the segment-scale changes in physical, 21 

chemical and biological characteristics associated with increasing width and 22 

depth along the water course (longitudinal gradient), and the finer 23 
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mesohabitat-scale variation of stream characteristics (local environments). 24 

However, it is not yet clear whether and how the longitudinal gradient and 25 

local environment characteristics may interact when both effects are viewed 26 

together. 27 

 28 

2. Knowledge of possible interactions between site-occupancy/detectability 29 

along the longitudinal gradient and site-occupancy/detectability between 30 

local environments at a given level of the gradient could reveal important 31 

process that affect species distributions and sampling methods. 32 

 33 

3. We quantified possible interactions between mesohabitat and segment scale 34 

with a site-occupancy sampling design, applied over a microbasin in a non-35 

floodable forest of the Central Amazon, Brazil. Our analysis explicitly 36 

accounts for the possibility of detection failure, estimating occupancy and 37 

detection probabilities in two types of local environments (main channel and 38 

adjacent temporary ponds) in segments of stream that span from first to 4th 39 

order. We modelled the whole fish assemblage and each 18 fish species as 40 

hierarchical levels of a multi-species model. 41 

 42 

4. We found evidence of interaction between longitudinal position and local 43 

environment occupancy for the assemblage and for eight species, with a 44 

downstream increase in occupancy in both environments. Furthermore, we 45 

found evidence of interaction between position and the environment in 46 

detectability, with a downstream decrease in detection in channel for the 47 

assemblage and for 15 species. 48 
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 49 

5. The faster downstream increase in channel occupancy is assigned to major 50 

changes in hydrological characteristics, as water velocity and depth, which 51 

varies more along the gradient in channel than in ponds. Moreover, we 52 

observed for almost all species opposite relationships between site 53 

occupancy and detection probabilities. So, we argue that changes in species 54 

detection along ecological gradients, as longitudinal limitations of fish 55 

sampling caused by depth, can easily bias results based on species 56 

detection/non-detection data and must be considered in ecological surveys 57 

that deal with strong gradient effects. 58 

   59 

Key-words: Continuum, imperfect detection, mesohabitats, streams, temporary 60 

ponds. 61 

 62 

 63 

Introduction 64 

Ecological patterns are scale-dependent (Wiens 1989) and may become evident only 65 

when observed in more than one scale (Levin 1992). This happens because there is a 66 

scale-dependent hierarchy governing patterns in ecological systems, which means that 67 

strong fine-scale patterns do not necessarily matter at broader scales, and vice versa. 68 

Thus, cross-scale studies can complement traditional single-scale studies (Levin 1992), 69 

and investigating interactions between scales may reveal hidden ecological patterns. 70 

Frissell et al. (1986) proposed a nested hierarchical organization for streams that include 71 

five different spatial scales: microhabitat (about 10-1 m), mesohabitat (e.g. riffles, pools; 72 

100 m), reach (101 m), segment (102 m), and stream drainage (103 m). There is an 73 
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extensive literature that focuses on the local environments (mesohabitat scale studies) 74 

and longitudinal gradient (i.e. upstream-downstream gradient; segment scale studies) 75 

effects on species distribution separately. Even though it is known that processes 76 

operating at both scales are fundamental to shape patterns of species distribution in 77 

streams (Stewart-Koster et al. 2013), the interaction between those processes remains 78 

underexplored and can reveal important consequences for species distribution (Wiens 79 

2002). 80 

The longitudinal gradient is one of the most recognized patterns of species 81 

distribution in riverine systems (Jackson, Peres-Neto & Olden 2001). This gradient is a 82 

consequence of directional changes in channel morphology (i.e. width and depth), 83 

which also affect the water flow. These changes have effects on radiation incidence on 84 

the water course, which shapes peculiar patterns of input and flux of energy and matter 85 

in riverine systems (Vannote et al. 1980). Furthermore, the directionality of changes in 86 

channel morphology result in changes in the water temperature (Torgersen et al. 1999), 87 

abundance and size of aquatic predators (Power 1984; Schlosser 1987), habitat diversity 88 

and hydrological stability (Roberts & Hitt 2010). It is also known that in consequence of 89 

the dendritic topology of streams, the probabilities of colonization/extinction of fish 90 

vary according to the longitudinal position. The probability of colonization by fish tends 91 

to increase downstream and, conversely, the extinction probability tends to increase 92 

upstream (Gotelli & Taylor 1999; Fagan 2002). This set of factors has well documented 93 

consequences on shaping patterns of species distribution and increasing species richness 94 

downstream in riverine systems (Mendonça, Magnusson & Zuanon. 2005; Anjos & 95 

Zuanon 2007; Ibañez et al. 2009; Couto & Aquino 2011). 96 

Besides the longitudinal gradient effects, differences in local characteristics at 97 

the same longitudinal position are also relevant for the distribution of many aquatic 98 
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species. Evidence that local environments (i.e. mesohabitat scale) can affect aquatic 99 

biota is present in the classical literature on stream ecology, which describes effects of 100 

pools and riffles on occurrence, abundance and species richness of different taxa (Logan 101 

& Brooker 1983; McCulloch 1986; Gelwick 1990). Additionally, other environment 102 

types, such as macrophyte stands, litter banks, adjacent ponds, and beaver ponds, were 103 

described as potentially important structural characteristics shaping local species 104 

distribution (Henderson & Walker 1986; Schlosser 1995; Harrison, Bradley & Harris 105 

2005; Pazin et al. 2006). All these local environments can offer different conditions of 106 

water flow, substrate types, depth, and may also influence predation risk (Gilliam & 107 

Fraser 2001; Harrison, Bradley & Harris 2005; Worischka et al. 2012). These different 108 

combinations of local conditions can be crucial for some life cycle stages and can 109 

favour the occurrence of several species locally (Schlosser 1995; Fausch et al. 2002). 110 

Considering that both factors, longitudinal gradient and local environments, can 111 

affect species distribution, we must expect that they may operate together and generate 112 

patterns of species distribution that are not readily expected when only one factor is 113 

considered. Torgersen et al. (1999) found that longitudinal changes of some 114 

environmental factors, particularly water temperature, can interact with the local habitat 115 

availability to shape demographic patterns in Chinook salmon. So, if local environment 116 

characteristics can interact with the longitudinal gradient, it’s reasonable to suppose that 117 

changes along the gradient can determine site-occupancy of local environments by 118 

aquatic fauna. In other words, the type of environment occupied by species may depend 119 

on the position along the gradient that the species occupies. 120 

The temporary ponds adjacent to streams represent a suitable system to test if 121 

there is interaction between longitudinal gradient and local environments, mainly 122 

because both environments (i.e. temporary ponds and main channel) are very easy to be 123 



11 
 

differentiated in the field. Temporary ponds are defined as "lentic (i.e. without or with 124 

negligible water flow) waterbodies with a recurrent dry phase" (Williams et al. 2001). 125 

This definition accommodates from small pools formed after rains that last for a few 126 

days, to almost permanent waterbodies that dry for very short periods or only in years of 127 

severe drought (Williams et al. 2001; Céréghino et al. 2007). Some temporary pond 128 

systems can be formed in floodplains and also receive water that overflows from the 129 

channel under heavy rains (Williams et al. 2001). In this case, the flood, which varies in 130 

intensity and frequency along the longitudinal gradient, can affect the dynamics of 131 

filling and drying of these marginal lentic waterbodies. From upstream to downstream, 132 

the intensity of floods is progressively higher, but the frequency of flood peaks becomes 133 

lower (Junk, Bayley & Sparks 1989). These flood dynamics dictates, for the fauna, the 134 

connectivity between channel and marginal waterbodies, which is strongly affected by 135 

seasonal changes in rainfall (Cox-Fernandes 2006). In temporary ponds near streams, 136 

the connectivity between both environments seems to be a key factor for fish 137 

colonization (Uchida & Inoue 2010). In Amazonian streams, empirical observation 138 

suggests that temporary ponds harbour a typical fish fauna (Pazin et al. 2006) with life 139 

cycles coupled with hydrological pond dynamics (Espírito-Santo, Rodríguez & Zuanon 140 

2013). Moreover, ponds are quite distinct from the stream channel in physical and 141 

chemical characteristics (Pazin et al. 2006) and could provide refuge from channel 142 

predators (Gilliam & Fraser 2001). 143 

Thereby, considering that many environmental and biological factors change 144 

along the longitudinal gradient and that many of these factors may vary considerably 145 

between local environments (i.e. channel and temporary ponds), our main goal is to i) 146 

look for evidence of interaction between the local environment and the longitudinal 147 

gradient in the pattern of site-occupancy by fish among different positions in the 148 
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gradient and different environments. Furthermore, considering that the efficiency of fish 149 

sampling methods may be affected by the water volume in aquatic environments 150 

(Angermeier & Schlosser 1989; Anjos & Zuanon 2007), ii) we looked for evidence of 151 

interactions between the local environment and the longitudinal gradient in the pattern 152 

of detection of fish.  For that purpose, we quantified the occupancy and detection 153 

probability in channel and temporary ponds using a model that deals with uncertainly of 154 

detection of fish species. 155 

 156 

Materials and methods 157 

STUDY AREA 158 

We conducted the study in a microbasin located in an upland (non-floodable) forest area 159 

near “Camp 41” (3°33’04” S; 60°13’47” W) of the Biological Dynamics of Forest 160 

Fragments Project (BDFFP), 70 km north of Manaus, Amazonas state, Brazil (Fig. 1). 161 

The microbasin is part of the Urubu River drainage, a left tributary of the middle 162 

Amazonas River (Bührnheim & Cox-Fernandes 2001). The area is covered by primary 163 

continuous tropical rainforest that extends for hundreds of kilometres to the north, west 164 

and east (Laurance et al. 2007; Nessimian et al. 2008). 165 

At the study area, the channel width varies from 10 to 420 cm and the average 166 

depth varies from 1 to 66 cm (the maximum depth is visually estimated at about 110 167 

cm). The adjacent temporary ponds vary in area from about 0.01 to about 17.4 m² (in 168 

some parts of the basin there are links of temporary ponds that forms wetland with 169 

almost 2,500 m²) and vary less in maximum depth than the channel, ranging from 2 to 170 

22 cm. The temporary ponds are conceptually lentic environments (Williams et al. 171 

2001), so the water velocity does not vary along the longitudinal gradient as it varies in 172 

the channel. Accordingly, the substrate in ponds is always fine-coarse (i.e. silt and/or 173 
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clay) covered by litter and also varies less in ponds along the gradient than in channel. 174 

The substrate in channel varies along the gradient in proportion of sand, litter, and 175 

organic silt (Mendonça, Magnusson & Zuanon 2005). There are ponds completely 176 

isolated and there are ponds connected to the channel, which could impose different 177 

challenges for colonization of ponds by fish. Generally, the temporary ponds are 178 

hypoxic environments, with mean estimates of dissolved oxygen of about 2.5 mg/L, 179 

tending to be more oxygenated (reaching 6.6 mg/L) in places near the connections with 180 

the channel (mean in channel of 6.0 mg/L, varying from 3.2 to 7.3 mg/L). The area’s 181 

annual rainfall ranges from 1,900 to 3,500 mm, with a pronounced “dry” season from 182 

June to October (monthly average of 150 mm in dry season; Bierregaard et al. 2001, 183 

chapter five). This marked seasonality in rainfall affects the dynamics of ponds and 184 

channel hydrology (i.e. pond area, peaks of connectivity between channel and ponds) in 185 

streams of Central Amazonia and, also, the fish fauna (Espírito-Santo et al. 2009). 186 

 187 

SAMPLING DESIGN 188 

We subdivided the whole microbasin in 38 stream segments (Fig. 1a), each containing 189 

the two types of environment that define local variation: stream channel and ponds. 190 

Segments were delimited by channel confluences to maintain similar discharge 191 

characteristics within the segment. In two instances where the distance between channel 192 

confluences was much longer than usual, we divided the resulting stream segment in 193 

two, in order to keep some balance between segment lengths (see segments 2, 3, 5 and 6 194 

in Fig 1a). We defined ‘site’ as the stream segment and devised a sampling design 195 

aimed at estimating the probability that a site is occupied by a species (site-occupancy) 196 

while taking into account that the process of species detection is not perfect (i.e. the 197 

probability of detecting a species that is indeed present at a site in one sampling visit is 198 
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smaller than one; MacKenzie et al. 2002). We obtain information on detection failure 199 

by visiting sites repeatedly over a short period of time, so, our design included four 200 

rounds of sampling to each of the 38 segments (Fig. 1b) during the rainy season of 201 

2012, from February 2 to May 17. During each round, we selected the precise location 202 

of sampling within each segment at random, with replacement between rounds (Kendall 203 

& White 2009). Once having a defined location for a round of sampling to a segment, 204 

we established a 15-m stretch of stream as close as possible to the predefined location, 205 

and, whenever possible, including the two types of local environment. The stretch 206 

location in the segment was not fixed between sampling rounds to avoid excessive 207 

disturbance of the stretch by fish sampling and to consider that species occurrence may 208 

be restricted to a particular stretch in the segment. Whenever there were no temporary 209 

ponds near the predefined location we considered that ponds were not sampled in the 210 

corresponding visit to this site and included this information as missing data in our 211 

analysis (MacKenzie et al. 2002). Therefore, the environment information enters our 212 

data as a visit-specific attribute. Our sampling effort included a maximum of 152 visits 213 

(38 segments x 4 replications) per environment type minus the missing values (total of 214 

152 visits in the channel and 124 in ponds). In the end, we obtain sufficient information 215 

to estimate occupancy and detection parameters for each species both in different 216 

positions along the gradient, defined by segment position, and on different local 217 

environments, defined by the categorization of visits into pond and channel visits. 218 

Field sampling technique was adjusted to environment type and included both 219 

active (seine nets and sieves) and passive (out of water observation) techniques 220 

following procedures adapted from Mendonça, Magnusson & Zuanon 2005 and Pazin et 221 

al. 2006. For channel sampling, the 15-m stretch of stream was blocked with fine-222 

meshed nets (5 mm) at both ends to prevent the fish from escaping. We spent up to 40 223 
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minutes and up to 60 minutes per visit sampling in the main channel and in the 224 

temporary ponds, respectively. Once identified, all fish were released at the capture site, 225 

with the exceptions of some specimens with doubtful identifications in the field, which 226 

were collected (see Espírito-Santo et al. 2011). These specimens were euthanized in a 227 

clove oil (Eugenol) solution, preserved in 10% formalin, and deposited at INPA’s 228 

ichthyological collection. 229 

We represented the longitudinal position of stream segments as the greater 230 

cumulative distance from headwaters of each segment (distance downstream). As other 231 

measures of position along the stream gradient, such as discharge, the distance 232 

downstream increases cumulatively toward the stream mouth and, thus, can be a 233 

measure of longitudinal position. We measured the distances using the tool “Measure A 234 

Feature” on software ArcGIS®. To add the downstream distance as covariate of each 235 

segment in the model, we took the natural logarithm of distance and standardized the 236 

resulting values. 237 

 238 

DATA ANALYSIS  239 

Our analysis included species with at least two detections per environment type, 18 240 

species of pond-dwelling fish in total. We analysed the data using a multi-species 241 

hierarchical model that include two levels, corresponding to the ecological process of 242 

site-occupancy and the sampling process of species detection (Dorazio & Royle 2005; 243 

Dorazio et al. 2006). Both levels are modelled with logit-linear functions, which allow 244 

for the inclusion of covariates in ecological and sampling processes (Royle & Dorazio 245 

2008, chapter one). Additionally, we treated the species parameters as random effects, 246 

representing the third level of the model (assemblage level). Each species-level 247 

parameters were assumed to follow a distribution based on parameters of the whole 248 
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assemblage, the “hyper-parameters” (Zipkin, DeWan & Royle 2009). The hyper-249 

parameters estimates are useful for the inference of average assemblage features, as 250 

covariates effects on occupancy and detection of the whole fish assemblage. In the 251 

analysis, we didn’t extent our inferences about species that were not detected in the 252 

study (i.e. no data augmentation). 253 

 In the model (Appendix 1), the indexes i, j, and k designates respectively 254 

species, sampling segments, and visits. In the ecological process, the variable z 255 

represents the “true” state of occupancy or non-occupancy of the segment. When the 256 

segment j is occupied by the species i, zij = 1. If the segment j is not occupied by the 257 

species i, zij = 0. The variable zij follows a Bernoulli distribution with mean � ij, which 258 

represents the probability of the segment j being occupied by species i. The parameter 259 

� ij is defined by a logistic function logit (� ij) = u1i*Channelj + u2i*Pondj + u3i*Dist j + 260 

u4i* Channelj* Distj, where u1i*Channelj gives the logit-scale occupancy of species i in 261 

the channel of segment j and, u2i*Pondj gives the logit-scale occupancy of species i in 262 

the ponds of segment j. Both environment type covariates are categorical (i.e. zero or 263 

one) and mutually exclusive, acting in the model as “dummy variables”. The remaining 264 

two terms of the equation give an additive effect of distance downstream for the 265 

occupancy of species i in either environment of segment j (u3i*Dist j) and an interaction 266 

effect between local environment and distance downstream for the occupancy of species 267 

i in segment j (u4i* Channelj* Distj). We assumed that each of the parameters u1, u2, 268 

u3, and u4 of each species i follows a normal distribution based on the hyper-269 

parameters, expressing the mean (µ) and standard deviation (� ) of this parameters of the 270 

whole assemblages. We defined non-informative flat normal distribution for all the 271 

means and non-informative gamma distribution for the standard deviations of the hyper-272 

parameters. 273 
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In the sampling process, the variable yijk represents the detection or non-274 

detection of the species i, in site j, and visit k. When species i is detected in the site j 275 

during visit k, yijk = 1. If not detected, yijk = 0. The variable yijk follows a Bernoulli 276 

distribution with mean � ijk, which represents the unconditional detection probability. 277 

The parameter � ijk is the product of the variables zij (the “true state” of occurrence) and 278 

the probability of detection (pijk), which means that the detection of a given species is 279 

conditional on its occurrence. The parameter pijk is expressed as a logistic function of 280 

covariates logit (pijk) = v1i*Channelj + v2i*Pondj + v3i*Dist j + v4i* Channelj* Distj, 281 

where v1i*Channelj gives the logit-scale probability of the detection of the species i in 282 

the channel of the segment j, and v2i*Pondj gives the logit-scale probability of the 283 

detection of the species i in the ponds of the segment j. In the same way as the 284 

biological component, the parameter v3i*Dist j give an additive effect of distance 285 

downstream for the occupancy of species i in either environment of segment j and the 286 

parameter v4i* Channelj* Distj gives the interaction effect between local environment 287 

and distance downstream for the detection of species i in segment j. Similar to 288 

occupancy estimates, each of the parameters v1, v2, v3 and v4 of each species i follow a 289 

normal distribution based on hyper-parameters. And again, we used non-informative 290 

flat normal and gamma priors for all hyper-parameters. 291 

We fit the model to field data in a Bayesian framework using a Markov Chain 292 

Monte Carlo (MCMC) algorithm implemented with the freely available software JAGS 293 

3.3.0 (Plummer 2012) in connection with R 3.0.1 (R Development Core Team 2013) 294 

through the “rjags” package (Plummer 2013). We used 3 chains with 55,000 iterations 295 

per chain, with a burn-in of 20,000 iterations and thinned by 5 (The code is available in 296 

Appendix 2 of support information). We tested the convergence of chains by Gelman 297 

and Rubin’s convergence diagnostics (Gelman & Rubin 1992) with the “rjags” package. 298 
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To test if there is an interaction between local environment and position along the 299 

gradient on occupancy, we looked at the estimates of interaction parameters of 300 

occupancy for each species (u4i) and the estimates of the hyper-parameter µu4. If 95% 301 

(delimited by 2.5 to 97.5%) of the estimated values u4i and µu4 are larger or smaller 302 

than zero, we consider that there is a positive or a negative interaction, respectively. 303 

Similarly, we looked at the parameter v4i and the hyper-parameter µv4 estimates with a 304 

95% of confidence interval to test if there is an interaction between local environment 305 

and position along the gradient on detection probability. Additionally, we used the sum 306 

of the estimates of the “true” state of occupancy (zij) for all species i for each segment j 307 

to obtain estimates of the number of species (based on the 18 species analysed in the 308 

model) at both environments in different positions along the longitudinal gradient. 309 

 310 

Results 311 

Considering the whole pond-dwelling fish assemblage, we found evidence of positive 312 

interaction between the channel environment and the longitudinal gradient on site-313 

occupancy (Fig. 2), which means that channel occupancy by pond-dwelling fish 314 

assemblage tends to increase faster moving downstream than temporary ponds 315 

occupancy. In terms of species, we found evidence of interaction between local 316 

environment and the longitudinal gradient on occupancy for eight of the 18 species 317 

analysed, all of them positive (Table 1). 318 

On the other hand, we found a negative interaction between the channel 319 

environment and the longitudinal gradient on detection probability for the assemblage 320 

(Fig. 2), which means that the detection of pond-dwelling fish assemblage tends to 321 

decrease faster moving downstream in the channel than in temporary ponds. Moreover, 322 

15 of 18 fish species showed a clear interaction between local environment and position 323 
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along the longitudinal gradient on detection probability (Table 1). The detection 324 

decreased downstream faster in the channel than in temporary ponds for all of them. 325 

Regarding patterns of occupancy by species, we observed considerable variation 326 

in channel occupancy along the longitudinal gradient (Fig. 3). Some species have a high 327 

probability of occupying segments in a wide range of positions (e.g. R. micropus) while 328 

others are more likely to occupy mid to downstream segments (e.g. P. brevis). Others, 329 

still, are more likely to occupy mostly downstream segments (e.g. A. pallidus). 330 

Therefore, we observed for all species an analogous pattern of occupancy in channel 331 

and ponds, both increasing downstream along the longitudinal gradient, but with 332 

different slopes (Fig. 3). In terms of detection, we found that the detection decreases 333 

downstream in channel for most species and increases or remains constant along the 334 

gradient in ponds for all species (Fig. 4). Following the downstream increase in 335 

occupancy probability for all species, the number of pond-dwelling species increased 336 

downstream both in channel and in temporary ponds (Fig.5). 337 

 338 

Discussion 339 

Local stream features may interact with characteristics that vary along the longitudinal 340 

gradient and generate patterns of species distribution and abundance (Torgersen et al. 341 

1999; Stewart-Koster et al. 2013). Our results show evidence of interaction between 342 

local environment and the longitudinal gradient on occupancy by pond-dwelling fish. 343 

So, we argue that the type of local environment occupied by stream fish may depends 344 

on the position along the longitudinal gradient that the fish occupies. This is a new way 345 

to think about the effect of the longitudinal gradient on aquatic fauna in streams and it 346 

reinforces that cross-scale studies may elucidate important ecological processes that 347 

affect species distribution (Levin 1992) and also, as reported here, patterns of species 348 
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detectability. 349 

The downstream increase in stream size (i.e. hydrological characteristics as 350 

depth and width) is one of the main drivers for species distribution along running water 351 

systems (Jackson, Peres-Neto & Olden 2001). In this study, we observed a distinct slope 352 

of longitudinal effect in the fish species occurrence between channel and temporary 353 

ponds, but both increasing downstream. It is known that the proportion of some fine-354 

scale hydrological characteristics (i.e. water velocity, depth, substrate coarseness) of 355 

local environments may vary depending on the longitudinal position, which may favour 356 

the occurrence of some fish species (Inoue & Nunokawa 2002). In the studied system, 357 

these fine-scale hydrological characteristics undoubtedly vary more along the gradient 358 

in the channel environment than in temporary ponds (see the description of the system 359 

in the methods). This may explain why the channel-occupancy by fish varies more 360 

along the longitudinal gradient than pond-occupancy, which characterize the observed 361 

interaction in site-occupancy for the fish assemblage and for the species A. palidus, E. 362 

erythrinus, G. coropinae, H. marmoratus, H. melazonatus, I. amazonucus, N. 363 

marginatus, and S. marmoratus. Moreover, in Central Amazonia streams, the use of 364 

adjacent ponds by fish seems to be closely related to reproductive aspects of the species 365 

(Espírito-Santo, Rodríguez & Zuanon 2013). Unlike adult specimens, juveniles of A. 366 

palidus and E. erythrinus were consistently observed in ponds (Th. Couto, pers. obs.), 367 

which may represent nursery habitats. The positive interaction observed for these and 368 

maybe for other species could represent an ontogenetic variation in site occupancy, with 369 

ponds being occupied along the longitudinal gradient by juveniles and the channel being 370 

more occupied downstream by other life-stages. 371 

In this study, we observed a longitudinal effect in the fish species occurrence 372 

both in the main channel and in temporary ponds. For all 18 species analysed, both 373 
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environments have higher occupancy towards the stream’s mouth, which means a 374 

nested downstream increase in number of pond-dwelling fish species. The pattern of 375 

increasing species richness in the channel towards the mouth is observed worldwide 376 

(Ibañez et al. 2009), and specifically in Amazon streams (Anjos & Zuanon 2007). 377 

Nevertheless, the downstream increase in number of species in adjacent temporary 378 

ponds is here reported for the first time. For temporary ponds, it is known that the size 379 

(i.e. wet area and depth), hydroperiod, and connectivity with the channel are factors that 380 

tend to positively affect the local number of species at the local environment scale 381 

(Pazin et al. 2006; Uchida & Inoue 2010). In floodplains, these three factors tend to 382 

increase downstream (Junk, Bayley & Sparks 1989). Similarly, but in a smaller 383 

temporal and spatial scale, there are changes in these factors in temporary ponds 384 

adjacent to streams. Even varying less in depth and water velocity than the channel, 385 

upstream pond systems tend to be smaller in area, more hydrologically instable and less 386 

connected to the channel than downstream ponds. Moreover, as observed for less motile 387 

aquatic taxa (e.g. fish and shrimps when compared to plankton and bacteria) in other 388 

systems, the colonization and extinction processes may be the main drivers to shape 389 

patterns of species distribution rather than local environmental characteristics (e.g. 390 

water physical and chemical characteristics; Beisner et al. 2006). Considering that the 391 

ponds are temporary and depend on the channel as a source of colonizers (Espírito-392 

Santo et al. 2009), the downstream increase of species richness in the channel can affect 393 

the pool of potential pond colonizers. Thus, the species richness in ponds may also be 394 

controlled by process that vary in the segment-scale (e.g. longitudinal effects on 395 

metapopulation dynamics) and not only by local-scale environmental characteristics as 396 

reported previously (Pazin et al. 2006; Uchida & Inoue 2010). 397 

Despite the strong effect of the longitudinal gradient in the occurrence of species 398 
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in running waters, little attention has been paid to the effect of the longitudinal gradient 399 

in the detection of species (but see Falke et al. 2010). This is a key issue when 400 

considering that all sampling methods are selective (Bayley, Larimore & Dowling 1989; 401 

Hardie, Barmuta & White 2006; Ribeiro & Zuanon 2006; Anjos & Zuanon 2007) and 402 

that the probability of detection of most species is less than one (MacKenzie et al. 403 

2002). In this study, we observed positive and negative effects of the longitudinal 404 

gradient in the detection of some species. These variations in the detection of species 405 

can be explained by two factors that are not mutually exclusive: changes along the 406 

gradient i) in the sampling efficiency and, ii) in the abundance of the species. Some 407 

studies suggest that the efficiency of fish sampling methods may be affected by the 408 

water volume in aquatic environments (Angermeier & Schlosser 1989; Anjos & 409 

Zuanon, 2007, Falke et al. 2010). This would explain the decrease in detection 410 

probability in the channel with increasing distance downstream observed for 15 of 18 411 

species. Besides the sampling efficiency, the abundance of a given species is directly 412 

related to the probability of detection (Royle & Nichols 2003), which may be 413 

responsible for changes on detectability along the gradient for some species and the 414 

observed interactions between environment and longitudinal gradient on detection. For 415 

example, changes in abundance could explain why H. melazonatus and H. agulha are 416 

more detectable downstream in the channel, since these two species form large schools, 417 

which probably become larger downstream. Changes in abundance may also explain 418 

why A. palidus, A. hippolytae, C. nigrofasciata, E. erythrinus, M. weitzmani, N. 419 

marginatus, and P. brevis are more detectable downstream in temporary ponds, which 420 

also increases in area downstream. 421 

Finally, it is clear that detection depends on the natural history of each species 422 

and can vary along the longitudinal gradient. Ignoring this fact can bias results and 423 
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generate imprecise or at least inconclusive ecological answers. In this study, we found 424 

opposite relationships between interaction parameters of occupancy and detection for 425 

the fish assemblage and for many individual species. In this case, the site-occupancy 426 

approach leads us to view sampling and ecological processes separately instead of 427 

taking hasty conclusions. Our example serves as incentive for thinking that changes in 428 

detectability along ecological gradients can misrepresent important patterns and must be 429 

considered in surveys that deal with strong gradient effects. 430 
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 599 

Fig. 1. Map of the study microbasin near Manaus (3°33’04” S; 60°13’47” W), Central 600 

Amazon, Brazil, with details of the sampling design showing (a) 38 individually-601 

numbered stream segments delimited by channel confluences. Each square represents a 602 

sampling visit to a given segment, with gray scale representing the timing of visits: first 603 

(black), second (dark gray), third (light gray), and fourth (white). Inset (b) shows a 604 

detailed view of visit locations on segment #32; each visit covered a 15-m-long stretch 605 

of stream, where fish were sampled both in the channel and temporary ponds. 606 
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 607 

 608 

Fig. 2. Local environment and longitudinal gradient interaction estimates for site-609 

occupancy (u4) and detection (v4). Grey dots represent each species mean estimates and 610 

the black dot represents µu4 and µv4 hyper-parameter means. The grey and black 611 

dashed rectangles are 95% confidence bounds for each species and the pond-dwelling 612 

fish assemblage respectively. 613 

 614 
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Fig. 3. Variation of site-occupancy estimates with position along the gradient for the 18 615 

species analysed in the model. Light grey (with continuous mean black line) and dark 616 

grey lines (with dashed mean) represent values for channel and pond environments, 617 

respectively. Each of 200 thin lines in either shade of grey per plot represents one 618 

relation between position along the gradient and predicted parameter value according to 619 

one set of logit function parameters sampled at random from the MCMC chain. Black 620 

continuous or dashed lines represent the mean relationship predicted from the means of 621 

logit function parameters taken over all MCMC iterations. 622 

 623 
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Fig. 4. Variation of detection estimates with position along the gradient for the 18 624 

species analysed in the model. Light grey (with continuous mean black line) and dark 625 

grey lines (with dashed mean) represent values for channel and pond environments, 626 

respectively. Each of 200 thin lines in either shade of grey per plot represents one 627 

relation between position along the gradient and predicted parameter value according to 628 

one set of logit function parameters sampled at random from the MCMC chain. Black 629 

continuous or dashed lines represent the mean relationship predicted from the means of 630 

logit function parameters taken over all MCMC iterations. 631 

  632 



33 
 

Fig. 5. Estimates of number of species based on the 18 species analysed in the model 633 

along the longitudinal gradient for channel (left graph) and temporary ponds (right 634 

graph) environments. Black dots and squares represent each segment mean estimates 635 

and grey lines are 95% confidence bounds. In both environments the number of species 636 

increases downstream. 637 

   638 



34 
 

Table 1. Assemblage parameters (hyper-parameters) and species-specific parameter estimates. Values in square brackets are 95% confidence 639 

bounds for hyper-parameter/parameter estimates. Parameters ‘u4’ and ‘v4’ shows the coefficient of interaction between the effects of local 640 

environment and position along the gradient on occupancy and detection respectively. Extreme variation of interaction parameters are 641 

highlighted in bold, whenever the confidence bounds for ‘u4’ and ‘v4’ do not overlap zero. 642 

Assemblage/Species u1 u2 u3 u4 v1 v2 v3 v4 

Assemblage 3.95 [2.26 : 6.34] 1.89 [0.13 : 4.63] 0.87 [-0.15 : 1.96] 1.91 [0.34 : 3.66] -1.4 [-2.07 : -0.73] -2.39 [-3.51 : -1.25] 1.01 [0.53 : 1.51] -1.19 [-1.62 : -0.74] 

Aequidens palidus (Heckel, 1840) 3.41 [1.49 : 6.16] 0.99 [-2.22 : 5.71] 1.03 [-0.39 : 2.72] 2.27 [0.39 : 4.43] -0.41 [-0.88 : 0.06] -2.87 [-4.23 : -1.23] 1.14 [0.35 : 1.92] -1.30 [-2.08 : -0.51] 

Apistogramma hippolytae Kullander, 1982 4.15 [1.86 : 7.13] 2.09 [-0.37 : 6.79] 0.82 [-0.4 : 2.11] 1.85 [-0.14 : 3.87] -1.24 [-1.7 : -0.78] -1.52 [-2.31 : -0.55] 1.21 [0.61 : 1.78] -1.46 [-2.13 : -0.80] 

Copella nigrofasciata (Meinken, 1952) 3.64 [-0.28 : 7.01] 1.94 [-1.18 : 6.68] 0.96 [-0.39 : 2.48] 1.99 [-0.14 : 4.35] -3.23 [-4.31 : -2.19] -2.84 [-4.1 : -1.32] 2.17 [1.29 : 3.02] -1.07 [-1.91 : -0.13] 

Erythrinus erythrinus (Bloch & Schneider, 1801) 4.48 [2.52 : 7.10] 1.87 [-0.17 : 5.80] 1.02 [-0.39 : 2.57] 1.92 [0.04 : 3.96] -1.17 [-1.61 : -0.75] -1.24 [-1.95 : -0.42] 0.83 [0.19 : 1.44] -1.64 [-2.37 : -0.96] 

Gymnotus coropinae Hoedeman, 1962 4.03 [2.06 : 6.61] 2.37 [-0.97 : 7.06] 0.98 [-0.33 : 2.49] 2.21 [0.32 : 4.34] -1.29 [-1.76 : -0.83] -3.61 [-4.96 : -2.33] 0.71 [-0.04 : 1.47] -1.2 [-1.97 : -0.43] 

Gymnotus sp.1 4.50 [1.90 : 7.89] 2.23 [-1.2 : 7.07] 0.64 [-0.76 : 1.98] 1.55 [-0.78 : 3.62] -3.49 [-4.54 : -2.61] -3.42 [-4.76 : -1.97] 0.49 [-0.31 : 1.30] -1.41 [-2.31 : -0.58] 

Helogenes marmoratus Günther, 1863 3.71 [1.83 : 6.26] 2.03 [-1.65 : 6.72] 1.01 [-0.40 : 2.6] 2.18 [0.37 : 4.25] -0.44 [-0.87 : -0.03] -4.02 [-5.72 : -2.29] 0.40 [-0.42 : 1.20] -1.25 [-2.05 : -0.43] 

Hemigrammus cf. pretoensis Géry, 1965 4.47 [2.48 : 7.11] 1.61 [-0.56 : 5.46] 0.93 [-0.63 : 2.47] 1.87 [-0.04 : 3.89] 0.01 [-0.36 : 0.38] -1.62 [-2.43 : -0.72] 0.19 [-0.55 : 0.87] -1.09 [-1.78 : -0.32] 

Hoplias malabaricus (Bloch, 1794) 3.59 [-0.48 : 6.94] 2.04 [-1.46 : 6.71] 1.00 [-0.4 : 2.65] 2.02 [-0.13 : 4.42] -2.99 [-4.01 : -1.90] -4.62 [-6.3 : -3.02] 1.72 [0.78 : 2.69] -0.94 [-1.79 : 0.08] 

Hyphessobrycon agulha Fowler, 1913 3.88 [0.35 : 7.32] 1.82 [-2.10 : 6.84] 0.76 [-0.84 : 2.32] 1.71 [-0.78 : 3.94] -1.87 [-2.54 : -1.11] -5.32 [-7.37 : -3.35] 1.86 [0.81 : 2.87] -0.69 [-1.60 : 0.45] 

Hyphessobrycon aff. melazonatus Durbin, 1908 3.79 [1.41 : 6.95] 1.04 [-3.12 : 6.07] 0.89 [-0.60 : 2.49] 2.06 [0.08 : 4.24] -1.03 [-1.56 : -0.46] -4.52 [-6.52 : -2.3] 1.74 [0.77 : 2.67] -0.83 [-1.70 : 0.19] 

Ituglanis aff. amazonicus(Steindachner, 1882) 3.79 [1.30 : 6.8] 2.65 [-0.51 : 7.44] 0.83 [-0.52 : 2.28] 2.03 [0.00 : 4.19] -1.84 [-2.44 : -1.22] -3.38 [-4.6 : -2.23] 0.69 [-0.04 : 1.44] -0.97 [-1.74 : -0.13] 

Microcharacidium cf. weitzmani Buckup, 1993 3.97 [1.02 : 7.17] 1.52 [-1.49 : 6.29] 0.88 [-0.44 : 2.23] 1.92 [-0.3 : 4.22] -3.26 [-4.27 : -2.36] -2.28 [-3.52 : -0.68] 1.70 [0.85 : 2.50] -1.30 [-2.15 : -0.43] 

Nannostomus marginatus Eigenmann, 1909 3.92 [1.73 : 6.67] 2.1 [-0.88 : 6.54] 1.02 [-0.35 : 2.60] 2.10 [0.15 : 4.26] -1.15 [-1.62 : -0.68] -2.80 [-3.86 : -1.65] 1.23 [0.55 : 1.92] -1.45 [-2.21 : -0.74] 

Nemuroglanis pauciradiatus Ferraris, 1988 3.88 [1.27 : 6.95] 1.6 [-2.18 : 6.62] 0.79 [-0.74 : 2.37] 1.97 [-0.07 : 4.14] -1.62 [-2.19 : -1.03] -3.80 [-5.42 : -1.77] 1.25 [0.41 : 2.08] -0.91 [-1.71 : -0.02] 

Pyrrhulina cf. brevis Steindachner, 1876 4.81 [2.86 : 7.47] 2.23 [0.74 : 5.41] 0.97 [-0.30 : 2.25] 1.74 [-0.08 : 3.69] 1.32 [0.91 : 1.76] 0.19 [-0.34 : 0.73] 0.68 [0.17 : 1.18] -1.37 [-1.96 : -0.80] 

Rivulus micropus (Steindachner, 1863) 5.16 [2.87 : 8.68] 4.36 [2.18 : 8.44] 0.44 [-0.94 : 1.71] 1.34 [-1.01 : 3.41] -0.32 [-0.73 : 0.08] 3.25 [2.41 : 4.27] 0.03 [-0.65 : 0.74] -1.76 [-2.59 : -1.04] 

Synbranchus madeirae Rosen & Rumney, 1972 3.46 [0.27 : 6.77] 2.08 [-1.2 : 7.14] 0.79 [-0.58 : 2.27] 2.04 [0.06 : 4.21] -2.34 [-3.13 : -1.47] -2.58 [-3.62 : -1.21] 0.45 [-0.25 : 1.15] -1.00 [-1.79 : -0.14] 
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Supporting Information 643 

 644 

Appendix 1. Diagram of the multi-species hierarchical model. In the model, the indexes 645 

i, j, and k designates species, stream segments, and visits, respectively. The biological 646 

process (species site-occupancy) and the sampling process (species detection) are 647 

differentiated in the lower and upper bracket. The realization of each process follows a 648 

Bernoulli distribution, with mean (� ) for occupancy, and with mean (m, the product of p 649 

and z) for detection. The latent variable z represents the occupancy or non-occupancy of 650 

a stream segment, and species can only be detected when z = 1 (i.e. the species is 651 

present), so species detection is conditional on site occupancy. Both parameters (�  and 652 

p) are described as logit-linear functions. We included as covariates in these functions 653 

the two local environments Channel, and Pond, plus distance downstream (Dist). We 654 

also modelled an interaction between the effects of local environment and position 655 

along the gradient (Channel*Dist) on occupancy and detection. The parameters u1i, u2i, 656 
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u3i, and u4i describe effects on occupancy (� ), while v1i, v2i, v3i, and v4i describe 657 

effects on detection (p) for species i. Species are modelled as random effects in 658 

normally distributed u and v parameters based on the mean (µ) and standard deviation 659 

(� ) of this parameters of the whole fish assemblage, the “Hyper-parameters”. We used 660 

uninformative priors for both the mean and standard deviation hyper-parameters. 661 

 662 

Appendix 2. The multi-species hierarchical model code for software JAGS. 663 

model { 664 
 665 
   # Priors (all uninformative) 666 
   u.mean1 ~ dunif(0,1)                                                   667 
   muu1 <- log(u.mean1) - log(1-u.mean1)                            668 
   u.mean2 ~ dunif(0,1) 669 
   muu2 <- log(u.mean2) - log(1-u.mean2) 670 
   u.mean3 ~ dunif(0,1) 671 
   muu3 <- log(u.mean3) - log(1-u.mean3) 672 
   u.mean4 ~ dunif(0,1) 673 
   muu4 <- log(u.mean4) - log(1-u.mean4) 674 
   v.mean1 ~ dunif(0,1)                                                   675 
   muv1 <- log(v.mean1) - log(1-v.mean1)                            676 
   v.mean2 ~ dunif(0,1) 677 
   muv2 <- log(v.mean2) - log(1-v.mean2) 678 
   v.mean3 ~ dunif(0,1) 679 
   muv3 <- log(v.mean3) - log(1-v.mean3) 680 
   v.mean4 ~ dunif(0,1) 681 
   muv4 <- log(v.mean4) - log(1-v.mean4) 682 
    683 
   tau.u1 ~ dgamma(0.1,0.1)                                                             684 
   tau.u2 ~ dgamma(0.1,0.1) 685 
   tau.u3 ~ dgamma(0.1,0.1) 686 
   tau.u4 ~ dgamma(0.1,0.1) 687 
   tau.v1 ~ dgamma(0.1,0.1) 688 
   tau.v2 ~ dgamma(0.1,0.1) 689 
   tau.v3 ~ dgamma(0.1,0.1) 690 
   tau.v4 ~ dgamma(0.1,0.1) 691 
    692 
   # Likelihood 693 
   # Assemblage process – “Hyper-parameters” (loop over species) 694 
   for (i in 1:S) { 695 
      u1[i] ~ dnorm(muu1,tau.u1)                                            696 
      u2[i] ~ dnorm(muu2,tau.u2) 697 
      u3[i] ~ dnorm(muu3,tau.u3) 698 
      u4[i] ~ dnorm(muu4,tau.u4) 699 
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      v1[i] ~ dnorm(muv1,tau.v1) 700 
      v2[i] ~ dnorm(muv2,tau.v2) 701 
      v3[i] ~ dnorm(muv3,tau.v3) 702 
      v4[i] ~ dnorm(muv4,tau.v4) 703 
 704 
      for (j in 1:J) { 705 
         # Ecological process (loop over segments) 706 
         logit(psi[j,i]) <- u1[i]*Canal[j] + u2[i]*Latrl[j] + u3[i]*Dist[j] + u4[i]*CxD[j]    707 
         z[j,i] ~ dbern(psi[j,i])                                                             708 
 709 
         # Sampling process (loop over sampling occasions) 710 
         for (k in 1:K[j]){ 711 
            logit(p[j,k,i]) <- v1[i]*Canal[j] + v2[i]*Latrl[j] + v3[i]*Dist[j] + v4[i]*CxD[j]                 712 
            mup[j,k,i] <- p[j,k,i]*z[j,i]                                                     713 
            Y[j,k,i] ~ dbern(mup[j,k,i])                                                      714 
         } 715 
      } 716 
  } 717 
   718 
  # Richness estimates - Sum all species “true” occupancy state (z) for each site 719 
   for (j in 1:J){ 720 
      rich[j]<-sum(z[j,]) 721 
   } 722 
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Appendix 3. Occupancy and detection probability estimates for the whole assemblage 723 

(hyper-parameters) and for each 18 species of pond-dwelling fish. Values in square 724 

brackets are 95% confidence bounds for hyper-parameter and parameter estimates. ‘�  725 

Channel’, ‘�  Pond’ ‘p Channel’, and ‘p Pond’ show occupancy (� ) and detection (p) 726 

estimates for channel and pond environments. These parameters were derived from the 727 

model by an inverse-logit function without considering the longitudinal gradient effects, 728 

which means a probability of occupancy/detection by the species in an intermediate 729 

position of the longitudinal gradient. 730 

Assemblage/Species �  Channel �  Pond p Channel p Pond 

Assemblage 0.97 [0.91 : 1.00] 0.83 [0.53 : 0.99] 0.20 [0.11 : 0.33] 0.09 [0.03 : 0.22] 

Aequidens palidus (Heckel, 1840) 0.95 [0.82 : 1.00] 0.62 [0.10 : 1.00] 0.40 [0.29 : 0.52] 0.07 [0.01 : 0.23] 

Apistogramma hippolytae Kullander, 1982 0.97 [0.86 : 1.00] 0.80 [0.41 : 1.00] 0.23 [0.15 : 0.31] 0.19 [0.09 : 0.37] 

Copella nigrofasciata (Meinken, 1952) 0.92 [0.43 : 1.00] 0.77 [0.24 : 1.00] 0.04 [0.01 : 0.10] 0.07 [0.02 : 0.21] 

Erythrinus erythrinus (Bloch & Schneider, 1801) 0.98 [0.93 : 1.00] 0.80 [0.46 : 1.00] 0.24 [0.17 : 0.32] 0.23 [0.12 : 0.40] 

Gymnotus coropinae Hoedeman, 1962 0.97 [0.89 : 1.00] 0.82 [0.27 : 1.00] 0.22 [0.15 : 0.30] 0.03 [0.01 : 0.09] 

Gymnotus sp.1 0.97 [0.87 : 1.00] 0.80 [0.23 : 1.00] 0.03 [0.01 : 0.07] 0.04 [0.01 : 0.12] 

Helogenes marmoratus Günther, 1863 0.96 [0.86 : 1.00] 0.78 [0.16 : 1.00] 0.39 [0.30 : 0.49] 0.02 [0.00 : 0.09] 

Hemigrammus cf. pretoensis Géry, 1965 0.98 [0.92 : 1.00] 0.76 [0.36 : 1.00] 0.50 [0.41 : 0.59] 0.17 [0.08 : 0.33] 

Hoplias malabaricus (Bloch, 1794) 0.92 [0.38 : 1.00] 0.78 [0.19 : 1.00] 0.05 [0.02 : 0.13] 0.01 [0.00 : 0.05] 

Hyphessobrycon agulha Fowler, 1913 0.94 [0.59 : 1.00] 0.74 [0.11 : 1.00] 0.14 [0.07 : 0.25] 0.01 [0.00 : 0.03] 

Hyphessobrycon aff. melazonatus Durbin, 1908 0.96 [0.80 : 1.00] 0.63 [0.04 : 1.00] 0.27 [0.17 : 0.39] 0.02 [0.00 : 0.09] 

Ituglanis aff. amazonicus (Steindachner, 1882) 0.96 [0.79 : 1.00] 0.85 [0.38 : 1.00] 0.14 [0.08 : 0.23] 0.04 [0.01 : 0.10] 

Microcharacidium cf. weitzmani Buckup, 1993 0.96 [0.73 : 1.00] 0.7 [0.18 : 1.00] 0.04 [0.01 : 0.09] 0.11 [0.03 : 0.34] 

Nannostomus marginatus Eigenmann, 1909 0.96 [0.85 : 1.00] 0.8 [0.29 : 1.00] 0.24 [0.17 : 0.34] 0.06 [0.02 : 0.16] 

Nemuroglanis pauciradiatus Ferraris, 1988 0.96 [0.78 : 1.00] 0.71 [0.1 : 1.00] 0.17 [0.10 : 0.26] 0.03 [0.00 : 0.15] 

Pyrrhulina cf. brevis Steindachner, 1876 0.99 [0.95 : 1.00] 0.87 [0.68 : 1.00] 0.79 [0.71 : 0.85] 0.55 [0.41 : 0.68] 

Rivulus micropus (Steindachner, 1863) 0.99 [0.95 : 1.00] 0.97 [0.90 : 1.00] 0.42 [0.33 : 0.52] 0.96 [0.92 : 0.99] 

Synbranchus madeirae Rosen & Rumney, 1972 0.92 [0.57 : 1.00] 0.78 [0.23 : 1.00] 0.09 [0.04 : 0.19] 0.08 [0.03 : 0.23] 

 731 
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Conclusões 

Nossos resultados mostram evidências de interação entre o ambiente local e o 

gradiente longitudinal na ocupação de peixes que habitam poças da Amazônia Central. 

Assim, defendemos que o tipo de ambiente local ocupado por espécies de peixe em 

riachos pode depender da posição ao longo do gradiente longitudinal que a espécie 

ocupa. Esta é uma nova maneira de pensar nos efeitos do gradiente longitudinal sobre a 

fauna aquática em riachos e reforça que os estudos em multiplas escalas podem elucidar 

processos ecológicos importantes que afetam a distribuição e padrões de detecção de 

espécies. Ainda, o aumento da probabilidade de ocorrência em direção à foz para todas 

as espécies em ambos os ambientes indica que processos de colonização e extinção que 

atuam na escala de segmento podem afetar a riqueza de espécies em poças. Observamos 

também interação entre o ambiente local e o gradiente longitudinal na detecção de 

muitas espécies, indicando variações da eficiência amostral e/ou abundância ao longo 

do gradiente. Assim, nossa recomendação é que estudos ecológicos em riachos 

considerem possíveis falhas na detecção de espécies de acordo com o volume de água. 

Isso, principalmente, em amostragens que utilizam dados de detecção/não-detecção de 

espécies com métodos multi-específicos de captura. 
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Apêndice A. Lista de espécies capturadas no km 41 do PDBFF e o respectivo número de 

detecções (i.e. número de vezes que a espécie esteve “presente” nas amostragens) por tipo de 

ambiente, Canal e Poças. As detecções das poças foram subdivididas em poças isoladas e 

conectadas. Ambos os tipos de poça foram agrupados no capítulo 1 da dissertação. 

� � � � � �Espécie Família Canal Poças 
Isoladas Conectadas Ambas 

Aequidens palidus (Heckel, 1840) Cichlidae 46 0 8 8 
Ancestrorhynchus falcatus (Bloch, 1794) Acestrorhynchidae 3 0 0 0 
Ancistrus aff. hoplogenys (Günther, 1864) Loricariidae  6 0 1 1 
Apistogramma hippolytae Kullander, 1982 Cichlidae 30 5 25 30 
Brachyglanis frenata Eigenmann, 1912 Heptapteridae 4 0 0 0 
Brachypopomus beebei (Schultz, 1944) Hypopomidae 1 1 1 2 
Bryconops inpai Knöppel & , Junk & Géry Characidae 41 0 0 0 
Callycthys callycthys (Linnaeus, 1758) Callichthyidae 0 3 4 7 
Copella nigrofasciata (Meinken, 1952) Lebiasinidae 8 6 19 25 
Crenicichla aff. alta Eigenmann, 1912 Cichlidae 23 0 0 0 
Crenuchus spilurus Günther, 1863 Crenuchidae 5 0 1 1 
Denticetopsis seducta  Vari & , Ferraris & de Pinna Cetopsidae 3 0 1 0 
Erythrinus erythrinus (Bloch & Schneider, 1801) Erythrinidae 34 14 17 31 
Gymnohamphycthys petit Géry & Vu, 1964 Rhamphichthyidae 4 0 0 0 
Gymnotus coropinae Hoedeman, 1962 Gymnotidae 27 2 2 4 
Gymnotus sp.1 "tigrado" Gymnotidae 5 2 2 4 
Gymnotus sp.2 "mordido" Gymnotidae 1 0 0 0 
Helogenes marmoratus Günther, 1863 Cetopsidae 45 0 2 2 
Hemigrammus cf. pretoensis Géry, 1965 Characidae 68 4 13 17 
Hoplerythrinus unitaeniatus (Spix & Agassiz, 1829) Erythrinidae 3 0 0 0 
Hoplias malabaricus (Bloch, 1794) Erythrinidae 8 1 4 5 
Hyphessobrycon agulha Fowler, 1913 Characidae 26 0 2 2 
Hyphessobrycon aff. melazonatus Durbin, 1908 Characidae 41 0 3 3 
Iguanodectes variatus Géry, 1993 Characidae 24 0 0 0 
Ituglanis aff. amazonicus (Steindachner, 1882) Trichomycteridae 17 2 3 5 
Leporinus klausewitzi Géry, 1960 Anostomidae 3 0 0 0 
Megalechis picta (Müller & Troschel, 1849) Callichthyidae 0 1 1 2 
Microcharacidium cf. weitzmani Buckup, 1993 Crenuchidae 5 7 19 26 
Myoglanis koepckei Chang, 1999 Heptapteridae 7 0 0 0 
Nannostomus marginatus Eigenmann, 1909 Lebiasinidae 30 1 11 12 
Nemuroglanis pauciradiatus Ferraris, 1988 Heptapteridae 23 0 4 4 
Parotocinclus longirostris Garavello, 1988 Loricariidae  19 0 0 0 
Pyrrhulina cf. brevis Steindachner, 1876 Lebiasinidae 111 31 47 78 
Rhamdia quelen (Quoy & Gaimard, 1824) Heptapteridae 4 0 0 0 
Rineloricaria heteroptera Isbrücker & Nijssen, 1976 Loricariidae  9 0 0 0 
Rivulus micropus (Steindachner, 1863) Rivulidae 71 109 58 167 
Sternopygus macrurus (Bloch & Schneider, 1801) Sternopygidae 2 0 0 0 
Synbranchus madeirae Rosen & Rumney, 1972 Synbranchidae 10 2 6 8 
Tatia brunnea Mees, 1974 Auchenipteridae 1 0 0 0 
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Apêndice B. Ata da defesa pública da dissertação de mestrado. 
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Apêndice C. Fichas de avaliação de dissertação preenchidas pela banca externa. 
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Apêndice D. Ata da aula de qualificação. 

 

 


