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Resumo

Estudos ecoldgicos em multiplas escalas podem @napitar os estudos tradicionais
limitados a uma unica escala, elucidando interagdg@®rtantes entre as escalas que
afetam a distribuicdo das espécies. Tanto o grediengitudinalj.e. mudancas fisicas,
quimicas e biolégicas associadas com o aumentargaré e profundidade ao longo do
curso de agua (escala de segmento), quanto asec&ticas locais dos ambientesy
corredeiras, pocdes; escala de mesohabitat) sadbecdos por afetar de forma
independente a distribuicdo das espécies de peirggachos. Porém, ainda ndo é claro
se e como o gradiente longitudinal e o ambiental ladteragem quando ambas as
escalas sdo vistas em conjunto. O conhecimento pdasiveis interacdes entre
ocorréncia/detectabilidade de espécies ao longo gdadiente longitudinal e
ocorréncia/detectabilidade entre ambientes locaism determinado nivel do gradiente
pode revelar importantes processos que afetantrébdisdo de espécies e metodos de
amostragem em riachos. Nesse estudo, ndés quamtificas possiveis interagdes entre a
escala de mesohabitat e de segmento com um deasrdsiral de ocupacédo de sitios
em uma microbacia de floresta ndo inundavel na AmazCentral, Brasil. Nossa
analise representa explicitamente a possibilidad@altias de deteccédo de espécies, com
estimativas de probabilidade de ocupacdo e detededespécies em dois tipos de
ambientes locais (canal principal e pocas tempmsaem segmentos de igarapés que
variam de primeira a quarta ordem. Modelamos anadséa e cada uma das 18
espécies de peixes que usam pocas como niveisrduie@s de um modelo
multiespecifico. Encontramos evidéncias de interagdtre a posi¢do longitudinal e
ocupacao de ambiente local para a assembleia gespeipara oito espécies, com um
aumento da probabilidade de ocupacdo a jusante doss ambientes. Ainda,
encontramos evidéncias de interacdo entre a posigiptudinal e o ambiente na
deteccdo, com uma diminui¢do a jusante da probal#i de detecgcé&o no canal para a
assembleia e para 15 espécies. O aumento mai® ragicsante da probabilidade de
ocupacédo do canal é atribuido a mudancas expressagmcaracteristicas hidrolégicas,
como a velocidade da agua e profundidade, que waaia ao longo do gradiente no
canal do que nas pocas. Além disso, observamosgpase todas as espécies relacdes
opostas entre as probabilidades de ocupacao etelecde. Assim, defendemos que as
mudancas na deteccdo de espécies ao longo de mjeadiecoldgicos, como as
limitacBes longitudinais de amostragem de peixesada pela profundidade, podem
facilmente distorcer os resultados que utilizamodade detecc&o/ndo-detecgcédo de
espécies e devem ser considerados em pesquisagieaslque lidam com o efeito de
gradientes ambientais.

Palavras-chave: Continuum, deteccdo imperfeitarapgs, mesohabitats, pocas

temporarias.
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Abstract

Effect of environment and longitudinal position onthe distribution of fish in a
microbasin of Central Amazonia

Cross-scale ecological studies can complement timadl single-scale studies by
elucidating important interactions between scatas affect the distribution of species.
The distribution of fish species in streams is knaw be independently affected by
both the segment-scale changes in physical, chérarw biological characteristics
associated with increasing width and depth along wWater course (longitudinal
gradient), and the finer mesohabitat-scale vamaiwd stream characteristics (local
environments). However, it is not yet clear whetaed how the longitudinal gradient
and local environment characteristics may intenabien both effects are viewed
together. Knowledge of possible interactions betwsite-occupancy/detectability along
the longitudinal gradient and site-occupancy/detaitity between local environments at
a given level of the gradient could reveal impartgmocess that affect species
distributions and sampling methods. We quantifieasgible interactions between
mesohabitat and segment scale with a site-occupsermpling design, applied over a
microbasin in a non-floodable forest of the Centfahazon, Brazil. Our analysis
explicitly accounts for the possibility of deteatidailure, estimating occupancy and
detection probabilities in two types of local emviments (main channel and adjacent
temporary ponds) in segments of stream that spamn first to 4th order. We modelled
the whole fish assemblage and each 18 fish spesidserarchical levels of a multi-
species model. We found evidence of interactiorwéen longitudinal position and
local environment occupancy for the assemblage famdeight species, with a
downstream increase in occupancy in both enviromsnelRurthermore, we found
evidence of interaction between position and thd@renment in detectability, with a
downstream decrease in detection in channel foassemblage and for 15 species. The
faster downstream increase in channel occupan@ssggned to major changes in
hydrological characteristics, as water velocity aegth, which varies more along the
gradient in channel than in ponds. Moreover, weeplel for almost all species
opposite relationships between site occupancy atettion probabilities. So, we argue
that changes in species detection along ecologrealients, as longitudinal limitations
of fish sampling caused by depth, can easily l®aslts based on species detection/non-
detection data and must be considered in ecologioaleys that deal with strong
gradient effects.

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

viii



Sumario

100 [ 1o =T SRR 1
(@] 0] 1=3 1Y 0 S USUPPPP 3
L@ o 11 11| 100 S 5
SUMIMIATY ..ttt e e eeeenm e et e e e et e e e et e e e et e e e e et e e e et e neeean e e eannneeennns 6
1o To [¥]ox 1o o RO RRTRPPPP 8
Materials and MethOdsS...........coooiiiiii e e 12
RESUIES e e e e e et e et e et bbb e e b b as 18
DY 11 o o R 19
ACKNOWIEAGEMENTS ...ttt e e e e e e e e e e e e e e e beeennneeeeeenees 23
Y] (=] (=T o T SRR 23
Supporting INfFOrMALION ........ccoe e e r e e e e e e e e 35
CONCIUSDES ...t ettt e e e e e e e e e e e aaaaaeeaeeeeaaaaeeeensnnnees 39
Y o1 Lo Lo = P UURPPPPPUPPRUPRPR 40
Y 011 T Lo = = S PRUPSR 41
Y 0 1] Lo Lo = U SURPPPPUPURUPRPT 42
Y o 1] Lo Lo = 5 SRS RPPPPPUPPRUPRPR 45



Introducéo

Padrbes ecoldgicos sado dependentes da escala esd@ubservados (Wiens,
1989) e podem tornar-se evidentes somente quarsdwvalolos em mais de uma escala
(Levin, 1992). Isso acontece porque existe umaatgera dependente de escala que
rege padrdoes em sistemas ecologicos, o que sejtie padrdes fortes em escala fina
nao necessariamente importam em escalas mais amplagce-versa. Assim,
investigacdes em mais escalas podem complementastados realizados em uma
Unica escala (Levin, 1992) e, investigar as infa@acentre as escalas, pode revelar
padrdes ecoldgicos ocultos. Frissetlal (1986) propés uma organizag¢do hierarquica
para riachos, que incluem cinco niveis de orgadzagspacial: micro-habitat (cerca de
10! m), mesohabitate(g. corredeiras e pocdes; 1), trecho (16 m), segmento (0
m), e rede de drenagem {18). H4 uma extensa literatura que enfoca sepa®tan
efeito dos ambientes locais (estudos em escala esohabitat) e do gradiente
longitudinal {.e. gradiente montante-jusante de riachos; estudosseaia de segmento)
sobre a distribuicdo de espécies. Mesmo sabendosgocessos que atuam em ambas
as escalas sao fundamentais para moldar os padeddsstribuicdo de espécies em
riachos (Stewart-Kosteet al, 2013), a interacdo entre 0s dois processos pecaa
pouco explorada e pode revelar consequéncias paisdriduicdo das espécies (Wiens,
2002).

O gradiente longitudinal € um dos fatores que nadéta a distribuicdo de
espécies em sistemas fluviais (Jackson, Peres-&lédden, 2001). Este gradiente é
uma consequéncia de variacdes direcionais na rogifoldo canalife. largura e
profundidade) e vazdo de agua. Essas variacOesef@ihos sobre a incidéncia de
radiacdo nos cursos d’ agua e, consequentementelam€mgpadrdes peculiares de
entrada e fluxo de energia e matéria em sistema®i$ (Vannoteet al, 1980). Além
disso, as variacdes na morfologia do canal resutammudancas na temperatura da
agua (Torgerseret al, 1999), na abundancia e tamanho dos predadoresiaep
(Power, 1984; Schlosser, 1987) e na diversidadeatiéats e estabilidade hidroldgica
(Roberts & Hitt, 2010). Sabe-se também que, emempréncia da topologia dendritica
dos riachos, as probabilidades de colonizagéo iagéxt de peixes variam de acordo
com a posicao longitudinal. A probabilidade de ndacdo tende a aumentar em
direcdo a jusante e, de maneira oposta, a prothathdi de extincdo tende a aumentar a
montante (Gotelli & Taylor, 1999; Fagan, 2002). &sonjunto de fatores tem



consequéncias bem documentadas para gerar padrdéstribuicdo de espécies e para
0 aumento da riqueza de espécies em direcdo anfogistemas fluviais (Mendonca,
Magnusson & Zuanon, 2005; Anjos & Zuanon, 2007 idreet al, 2009; Couto &
Aquino, 2011).

Além dos efeitos do gradiente longitudinal, camdstieas locais também séo
relevantes para a distribuicdo de muitas espéqigitiaas. Evidéncias de que ambientes
locais podem afetar a biota aquatica estdo preseatéteratura classica de ecologia de
riachos, que descreve o efeito de pocdes e corasdea ocorréncia, abundancia e
riqgueza de espécies de diferentes grupos de omgasiaquaticos (Logan & Brooker,
1983; McCulloch, 1986; Gelwick, 1990). Além dissmtros tipos de ambiente, como
bancos de macrdfitas, bancos de areia, pocas athace lagoas de castores ja foram
descritos como caracteristicas estruturais potiemerde importantes para moldar a
distribuicBo de espécies localmente (Henderson &k&/a1986; Schlosser, 1995;
Harrison, Bradley & Harris, 2005; Pazat al, 2006). Todos estes ambientes podem
oferecer diferentes condi¢cdes de fluxo de aguastige substrato, profundidade e
também podem influenciar no risco de predacéo i&Bill& Fraser, 2001; Harrison,
Bradley & Harris, 2005; Worischkat al, 2012). Estas diferentes combinacdes de
condicOes locais podem ser cruciais para algumsssfdo ciclo de vida e podem
favorecer a ocorréncia de varias espécies locabm@thlosser, 1995; Fauseh al,
2002).

Considerando que ambos os fatores, gradiente lahigetl e ambiente local,
podem afetar a distribuicdo das espécies, € desprag que eles possam agir em
conjunto e, assim, gerar padrées de distribuicaesgécies diferentes do esperado para
cada fator independente. Torgerseh al (1999) constataram que as variacbes
longitudinais de alguns fatores ambientais, paddionente mudancas na temperatura da
agua, podem interagir com a disponibilidade de th&bilocais para moldar padrdes
demograficos no salmao Chinook. Entdo, se as eafstitas ambientais locais podem
interagir com o gradiente longitudinal, é razoasugbor que as variacdes ao longo do
gradiente podem interagir com as variagbes amigehbda@ais para determinar os
padrdes de ocupacao de sitios pela fauna aquéticaehos. Em outras palavras, o tipo
de ambiente ocupado por uma espécie pode depeagersitdo ao longo do gradiente
gque a espécie ocupa.

As pocas temporarias adjacentes aos riachos repmesaim sistema atraente

para testar a existéncia de interagcdes entre algpambiente e variacdes longitudinais,
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pois ambos 0s ambientese( pocas temporarias e canal principal) sdo facilment
diferenciados em campo. Pocas temporérias sddatfinomo "corpos d’agua Iénticos
(i.,e. sem fluxo/fluxo desprezivel de agua) com uma fesmrrente de secagem"
(Williams et al, 2001). Esta definicdo inclui desde pequenas émanadas apds as
chuvas e que duram poucos dias, até corpos d'a@sz gpermanentes que secam por
periodos muito curtos ou apenas em anos com sea@sseveras (Williamet al,
2001; Céréghincet al, 2007). Alguns sistemas de pocas temporarias nposker
formados em planicies de inundacgéo e, assim, tanbéeber agua que transborda do
canal (Williamset al, 2001). Nesse caso, a inundacao, que varia esnsiaade e
frequéncia ao longo do gradiente longitudinal, pafi#ar a dindmica de enchimento e
secagem desses sistemas |énticos. De montante jysaate, a intensidade das
inundacdes é progressivamente maior, mas a freguéos picos de inundacao torna-se
menor (Junk, Bayley & Sparks, 1989). Esta dinandieanundacdo determina, para a
fauna, a conectividade entre o canal e corpos a@'a@uginais, que é fortemente afetada
por mudancas sazonais na precipitacdo (Cox-Ferap2866). Em pocas temporarias
perto de riachos, a conectividade entre os doiseartds parece ser um fator chave para
a colonizacéao de peixes (Uchida & Inoue, 2010).

Em igarapés (denominacdo local para riachos) de-fieme da Amazbnia,
observacdes empiricas sugerem que pocas tempogeaitesn caracteristicas fisicas e
quimicas bastante distintas do canal (Patial, 2006) e abrigam uma fauna de peixes
composta por um subconjunto de espécies que habidgarapés (Paziet al, 2006).
Essas espécies de peixe possuem ciclos de vidaioreldos com a dinamica
hidrolégica das pocas (Espirito-Santo, RodrigueZuganon, 2013) que varia com a
sazonalidade marcante no regime de chuvas (Espiutto et al, 2009). Alguns
estudos apontam a existéncia de variacdes longdisdna riqueza e composicao de
espécies no canal em igarapés de terra-firme daz@mea (Mendongca, Magnusson &
Zuanon, 2005; Anjos & Zuanon, 2007), porém, ainda sBe sabe como o gradiente
longitudinal pode afetar a riqueza e composicaoesigécies de peixes nas pocas

temporarias.

Objetivos
Considerando que diversos fatores ambientais édiauls variam ao longo do

gradiente longitudinal e, que alguns desses fatgedem variar consideravelmente



entre os ambientes locais (i.e. canal e pogas temas), nosso principal objetivo foi: i)
procurar evidéncias de interacdo entre o ambiet& ke o gradiente longitudinal no
padrdo de ocupacdo por espécies de peixe. Alér, disasiderando que a eficiéncia
dos métodos de amostragem de peixes pode ser afptdd volume de agua em
ambientes aquaticos, ii) n0s procuramos por evidémde interacdo entre o ambiente
local e o gradiente longitudinal no padrdo de dgteale espécies de peixe. Para isso,
nos quantificamos as probabilidades de ocupacéetecgio no canal e nas pocas
temporarias utilizando um modelo que lida com @iiteza de deteccdo de espécies de

peixe.
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Summary

1. Cross-scale ecological studies can complement timadl single-scale
studies by elucidating important interactions betmecales that affect the
distribution of species. The distribution of fispegies in streams is known
to be independently affected by both the segmealesthanges in physical,
chemical and biological characteristics associatgd increasing width and

depth along the water course (longitudinal gradjerand the finer
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mesohabitat-scale variation of stream charactesidfiocal environments).
However, it is not yet clear whether and how thegltudinal gradient and
local environment characteristics may interact wheth effects are viewed

together.

. Knowledge of possible interactions between sitaipaacy/detectability

along the longitudinal gradient and site-occupathetgctability between
local environments at a given level of the gradiemtild reveal important

process that affect species distributions and sampiethods.

. We guantified possible interactions between mestdtaéind segment scale

with a site-occupancy sampling design, applied @vericrobasin in a non-
floodable forest of the Central Amazon, Brazil. Camalysis explicitly
accounts for the possibility of detection failuestimating occupancy and
detection probabilities in two types of local emviments (main channel and
adjacent temporary ponds) in segments of streatnsfiem from first to 4th
order. We modelled the whole fish assemblage ant &8 fish species as

hierarchical levels of a multi-species model.

. We found evidence of interaction between longitatiiposition and local

environment occupancy for the assemblage and fyint especies, with a
downstream increase in occupancy in both enviromsndfurthermore, we
found evidence of interaction between position @ne environment in
detectability, with a downstream decrease in detedin channel for the

assemblage and for 15 species.
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5. The faster downstream increase in channel occupanagsigned to major
changes in hydrological characteristics, as wagtooity and depth, which
varies more along the gradient in channel than ands. Moreover, we
observed for almost all species opposite relatipsshbetween site
occupancy and detection probabilities. So, we atbatechanges in species
detection along ecological gradients, as longitadiimitations of fish
sampling caused by depth, can easily bias resulisedb on species
detection/non-detection data and must be considerextological surveys

that deal with strong gradient effects.

Key-words: Continuum, imperfect detection, mesohabitats, sisgatemporary

ponds.

Introduction

Ecological patterns are scale-dependent (Wiens)1®&& may become evident only
when observed in more than one scale (Levin 198#% happens because there is a
scale-dependent hierarchy governing patterns itogmal systems, which means that
strong fine-scale patterns do not necessarily matteroader scales, and vice versa.
Thus, cross-scale studies can complement traditsingle-scale studies (Levin 1992),
and investigating interactions between scales reegal hidden ecological patterns.
Frissellet al (1986) proposed a nested hierarchical organizdtiostreams that include
five different spatial scales: microhabitat (abbd0t m), mesohabitat (e.g. riffles, pools;

10° m), reach (1bm), segment (¥0m), and stream drainage ¢18). There is an
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extensive literature that focuses on the localremvnents (mesohabitat scale studies)
and longitudinal gradient (i.e. upstream-downstrggadient; segment scale studies)
effects on species distribution separately. Evengh it is known that processes
operating at both scales are fundamental to shafperps of species distribution in
streams (Stewart-Kostet al 2013), the interaction between those processesins
underexplored and can reveal important consequdacspecies distribution (Wiens
2002).

The longitudinal gradient is one of the most reéopegh patterns of species
distribution in riverine systems (Jackson, PeretaNeOlden 2001). This gradient is a
consequence of directional changes in channel nodopi (i.e. width and depth),
which also affect the water flow. These change®afects on radiation incidence on
the water course, which shapes peculiar patterimgpat and flux of energy and matter
in riverine systems (Vannoud al 1980). Furthermore, the directionality of chaniges
channel morphology result in changes in the watemperature (Torgerseat al 1999),
abundance and size of aquatic predators (Power, B#8dosser 1987), habitat diversity
and hydrological stability (Roberts & Hitt 2010).i$ also known that in consequence of
the dendritic topology of streams, the probab#itié colonization/extinction of fish
vary according to the longitudinal position. Thelpability of colonization by fish tends
to increase downstream and, conversely, the exdmprobability tends to increase
upstream (Gotelli & Taylor 1999; Fagan 2002). T8s$ of factors has well documented
consequences on shaping patterns of species digtrnkand increasing species richness
downstream in riverine systems (Mendoncga, Magnu&sananon. 2005; Anjos &
Zuanon 2007; Ibafiezt al 2009; Couto & Aquino 2011).

Besides the longitudinal gradient effects, diffe@sin local characteristics at

the same longitudinal position are also relevantte distribution of many aquatic
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species. Evidence that local environments (i.e.amasitat scale) can affect aquatic
biota is present in the classical literature omastr ecology, which describes effects of
pools and riffles on occurrence, abundance andepechness of different taxa (Logan
& Brooker 1983; McCulloch 1986; Gelwick 1990). Addnally, other environment
types, such as macrophyte stands, litter bankacanj ponds, and beaver ponds, were
described as potentially important structural cbnastics shaping local species
distribution (Henderson & Walker 1986; Schlosse®3;Harrison, Bradley & Harris
2005; Paziret al 2006). All these local environments can offefatént conditions of
water flow, substrate types, depth, and may alBoence predation risk (Gilliam &
Fraser 2001; Harrison, Bradley & Harris 2005; Wdhisaet al 2012). These different
combinations of local conditions can be crucialfome life cycle stages and can
favour the occurrence of several species localthi@&ser 1995; Fauseh al. 2002).

Considering that both factors, longitudinal gradiand local environments, can
affect species distribution, we must expect thay tmay operate together and generate
patterns of species distribution that are not tgadipected when only one factor is
considered. Torgersaat al (1999) found that longitudinal changes of some
environmental factors, particularly water tempematgan interact with the local habitat
availability to shape demographic patterns in Cbknsalmon. So, if local environment
characteristics can interact with the longitudigi@dient, it's reasonable to suppose that
changes along the gradient can determine site-aocypof local environments by
aqguatic fauna. In other words, the type of envirentroccupied by species may depend
on the position along the gradient that the spemtesipies.

The temporary ponds adjacent to streams represintadble system to test if
there is interaction between longitudinal gradieemd local environments, mainly

because both environments (i.e. temporary pondsreama channel) are very easy to be
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differentiated in the field. Temporary ponds aréra as “lentic (i.e. without or with
negligible water flow) waterbodies with a recurreng phase" (Williamst al 2001).

This definition accommodates from small pools fodnadter rains that last for a few
days, to almost permanent waterbodies that drydoy short periods or only in years of
severe drought (Williamet al. 2001; Céréghinet al 2007). Some temporary pond
systems can be formed in floodplains and also veosater that overflows from the
channel under heavy rains (Williarasal 2001). In this case, the flood, which varies in
intensity and frequency along the longitudinal geatl can affect the dynamics of

filling and drying of these marginal lentic watedies. From upstream to downstream,
the intensity of floods is progressively highert the frequency of flood peaks becomes
lower (Junk, Bayley & Sparks 1989). These floodaiyits dictates, for the fauna, the
connectivity between channel and marginal watedmdvhich is strongly affected by
seasonal changes in rainfall (Cox-Fernandes 200@®&mporary ponds near streams,
the connectivity between both environments seenhe @ key factor for fish
colonization (Uchida & Inoue 2010). In Amazoniareaims, empirical observation
suggests that temporary ponds harbour a typidafféisna (Paziet al 2006) with life
cycles coupled with hydrological pond dynamics (Es&pSanto, Rodriguez & Zuanon
2013). Moreover, ponds are quite distinct fromgtream channel in physical and
chemical characteristics (Paahal 2006) and could provide refuge from channel
predators (Gilliam & Fraser 2001).

Thereby, considering that many environmental aotbgical factors change
along the longitudinal gradient and that many efthfactors may vary considerably
between local environments (i.e. channel and tearggronds), our main goal is to i)
look for evidence of interaction between the laaalironment and the longitudinal

gradient in the pattern of site-occupancy by fistoag different positions in the
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gradient and different environments. Furthermooastering that the efficiency of fish
sampling methods may be affected by the water velumaquatic environments
(Angermeier & Schlosser 1989; Anjos & Zuanon 20@Ywe looked for evidence of
interactions between the local environment anddhgitudinal gradient in the pattern
of detection of fish. For that purpose, we quaedithe occupancy and detection
probability in channel and temporary ponds usimgaalel that deals with uncertainly of

detection of fish species.

Materials and methods

STUDY AREA
We conducted the study in a microbasin locatedin@and (non-floodable) forest area
near “Camp 41” (3°33'04” S; 60°13'47” W) of the Bagjical Dynamics of Forest
Fragments Project (BDFFP), 70 km north of Manausa&onas state, Brazil (Fig. 1).
The microbasin is part of the Urubu River drainagisft tributary of the middle
Amazonas River (Buhrnheim & Cox-Fernandes 2001& diea is covered by primary
continuous tropical rainforest that extends fordneds of kilometres to the north, west
and east (Lauranca al 2007; Nessimiapt al 2008).

At the study area, the channel width varies fromidl920 cm and the average
depth varies from 1 to 66 cm (the maximum depthssally estimated at about 110
cm). The adjacent temporary ponds vary in area ftbout 0.01 to about 17.4 m2 (in
some parts of the basin there are links of temggrands that forms wetland with
almost 2,500 m?2) and vary less in maximum depth tha channel, ranging from 2 to
22 cm. The temporary ponds are conceptually leartigronments (Williamet al
2001), so the water velocity does not vary alorgltmgitudinal gradient as it varies in

the channel. Accordingly, the substrate in pondsvisays fine-coarse (i.e. silt and/or
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clay) covered by litter and also varies less ingsoalong the gradient than in channel.
The substrate in channel varies along the gradhigmtoportion of sand, litter, and
organic silt (Mendonca, Magnusson & Zuanon 2008ré are ponds completely
isolated and there are ponds connected to the ehammich could impose different
challenges for colonization of ponds by fish. Gailgy the temporary ponds are
hypoxic environments, with mean estimates of disswbloxygen of about 2.5 mg/L,
tending to be more oxygenated (reaching 6.6 mgylplaces near the connections with
the channel (mean in channel of 6.0 mg/L, varynogi3.2 to 7.3 mg/L). The area’s
annual rainfall ranges from 1,900 to 3,500 mm, wigoronounced “dry” season from
June to October (monthly average of 150 mm in dasen; Bierregaaret al. 2001,
chapter five). This marked seasonality in rainédiects the dynamics of ponds and
channel hydrology (i.e. pond area, peaks of colvigcbetween channel and ponds) in

streams of Central Amazonia and, also, the fishdgspirito-Santet al 2009).

SAMPLING DESIGN

We subdivided the whole microbasin in 38 strearmesds (Fig. 1a), each containing
the two types of environment that define local a&oin: stream channel and ponds.
Segments were delimited by channel confluencesaiotain similar discharge
characteristics within the segment. In two instanebere the distance between channel
confluences was much longer than usual, we dividedesulting stream segment in
two, in order to keep some balance between segemgths (see segments 2, 3, 5 and 6
in Fig 1a). We defined ‘site’ as the stream segnaeitdevised a sampling design
aimed at estimating the probability that a sitedsupied by a species (site-occupancy)
while taking into account that the process of spedetection is not perfect (i.e. the

probability of detecting a species that is indeegsent at a site in one sampling visit is
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smaller than one; MacKenzé al. 2002). We obtain information on detection failure
by visiting sites repeatedly over a short periotirag, so, our design included four
rounds of sampling to each of the 38 segments (Bigduring the rainy season of
2012, from February 2 to May 17. During each rownel selected the precise location
of sampling within each segment at random, withaegment between rounds (Kendall
& White 2009). Once having a defined location fapand of sampling to a segment,
we established a 15-m stretch of stream as clopesssble to the predefined location,
and, whenever possible, including the two typel®cdl environment. The stretch
location in the segment was not fixed between sagpbunds to avoid excessive
disturbance of the stretch by fish sampling andatasider that species occurrence may
be restricted to a particular stretch in the segm&fihenever there were no temporary
ponds near the predefined location we consideraidpibnds were not sampled in the
corresponding visit to this site and included thfsrmation as missing data in our
analysis (MacKenziet al 2002). Therefore, the environment informatioreenbur
data as a visit-specific attribute. Our samplinfgrefincluded a maximum of 152 visits
(38 segments x 4 replications) per environment typris the missing values (total of
152 visits in the channel and 124 in ponds). Inghé, we obtain sufficient information
to estimate occupancy and detection parameteesafdr species both in different
positions along the gradient, defined by segmesttijpn, and on different local
environments, defined by the categorization oftsigito pond and channel visits.

Field sampling technique was adjusted to envirorirgre and included both
active (seine nets and sieves) and passive (omatr observation) techniques
following procedures adapted from Mendonca, Magoss Zuanon 2005 and Paz#h
al. 2006. For channel sampling, the 15-m stretchrefisn was blocked with fine-

meshed nets (5 mm) at both ends to prevent thdrbsh escaping. We spent up to 40
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224  minutes and up to 60 minutes per visit samplinthéamain channel and in the

225 temporary ponds, respectively. Once identifiedfisi were released at the capture site,
226  with the exceptions of some specimens with doulidiemtifications in the field, which
227 were collected (see Espirito-Saetoal. 2011). These specimens were euthanized in a
228 clove oil (Eugenol) solution, preserved in 10% fatim, and deposited at INPA’s

229 ichthyological collection.

230 We represented the longitudinal position of stre@gments as the greater

231 cumulative distance from headwaters of each seg(destance downstream). As other
232 measures of position along the stream gradienh asaischarge, the distance

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

234 measure of longitudinal position. We measured thadces using the tool “Measure A
235 Feature” on software ArcGIS®. To add the downstrelistance as covariate of each
236 segment in the model, we took the natural logaritfirdistance and standardized the
237 resulting values.

238

239 DATA ANALYSIS

240 Our analysis included species with at least twede&ins per environment type, 18
241 species of pond-dwelling fish in total. We analyseel data using a multi-species

242 hierarchical model that include two levels, cormgting to the ecological process of
243 site-occupancy and the sampling process of spdetestion (Dorazio & Royle 2005;
244  Dorazioet al 2006). Both levels are modelled with logit-linéanctions, which allow
245 for the inclusion of covariates in ecological aadngling processes (Royle & Dorazio
246 2008, chapter one). Additionally, we treated thecsgs parameters as random effects,
247 representing the third level of the model (assegwlavel). Each species-level

248 parameters were assumed to follow a distributietan parameters of the whole
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assemblage, the “hyper-parameters” (Zipkin, DeWdRa¥le 2009). The hyper-
parameters estimates are useful for the inferehagaryage assemblage features, as
covariates effects on occupancy and detectioneoffiole fish assemblage. In the
analysis, we didn’t extent our inferences aboutigsethat were not detected in the
study (i.e. no data augmentation).

In the model (Appendix 1), the indexieg, andk designates respectively
species, sampling segments, and visits. In theogwall process, the varialite
represents the “true” state of occupancy or nonypancy of the segment. When the
segmenf is occupied by the species; = 1. If the segmerjtis not occupied by the
species, z; = 0. The variable; follows a Bernoulli distribution with mean;, which
represents the probability of the segmjemting occupied by speciesThe parameter

ij is defined by a logistic function lodt ;) = uli*Channe| + u2*Pond + u3*Dist; +
u4* Channef* Dist;, whereul;*Channe| gives the logit-scale occupancy of species
the channel of segmepand,u2*Pond gives the logit-scale occupancy of species
the ponds of segmeptBoth environment type covariates are categofical zero or
one) and mutually exclusive, acting in the modéldasnmy variables”. The remaining
two terms of the equation give an additive effdalistance downstream for the
occupancy of speciasn either environment of segmgnu3*Dist;) and an interaction
effect between local environment and distance dowas for the occupancy of species
I in segmenf (u4* Channef* Dist;). We assumed that each of the parameit&ra2,
u3, andu4 of each speciesfollows a normal distribution based on the hyper-
parameters, expressing the mganand standard deviation)(of this parameters of the
whole assemblages. We defined non-informativeniteinal distribution for all the
means and non-informative gamma distribution fergtandard deviations of the hyper-

parameters.

16



274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

In the sampling process, the variapjerepresents the detection or non-
detection of the speciésin sitej, and visitk. When speciesis detected in the sije
during visitk, yj = 1. If not detected = 0. The variablgjx follows a Bernoulli
distribution with mean jx, which represents the unconditional detection abdity.

The parameter;y is the product of the variableg (the “true state” of occurrence) and
the probability of detectiorpfx), which means that the detection of a given sjgasie
conditional on its occurrence. The parameiglis expressed as a logistic function of
covariatedogit (pjk) = vLi*Channe| + vZ*Pond + v3*Dist; + v4* Channej* Dist;,
wherevli*Channe| gives the logit-scale probability of the detectafrthe speciesin
the channel of the segmgnandv2*Pond gives the logit-scale probability of the
detection of the speciésn the ponds of the segmgntn the same way as the
biological component, the paramet&*Dist; give an additive effect of distance
downstream for the occupancy of specigseither environment of segmgrdand the
parametew4* Channef* Dist; gives the interaction effect between local envinent
and distance downstream for the detection of speailesegmeni. Similar to
occupancy estimates, each of the parameters2, v3 andv4 of each specigasfollow a
normal distribution based on hyper-parameters. dgeain, we used non-informative
flat normal and gamma priors for all hyper-paramsete

We fit the model to field data in a Bayesian framewusing a Markov Chain
Monte Carlo (MCMC) algorithm implemented with thredly available software JAGS
3.3.0 (Plummer 2012) in connection with R 3.0.10&elopment Core Team 2013)
through the “rjags” package (Plummer 2013). We &ebains with 55,000 iterations
per chain, with a burn-in of 20,000 iterations #émdned by 5 (The code is available in
Appendix 2 of support information). We tested tbevergence of chains by Gelman

and Rubin’s convergence diagnostics (Gelman & RaB®R) with the “rjags” package.
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To test if there is an interaction between localimment and position along the
gradient on occupancy, we looked at the estimdtageraction parameters of
occupancy for each speciegl] and the estimates of the hyper-parametet If 95%
(delimited by 2.5 to 97.5%) of the estimated valuésanduu4are larger or smaller
than zero, we consider that there is a positive legative interaction, respectively.
Similarly, we looked at the parametef and the hyper-parametev4 estimates with a
95% of confidence interval to test if there is ateraction between local environment
and position along the gradient on detection proiybAdditionally, we used the sum
of the estimates of the “true” state of occupargyfor all species for each segment
to obtain estimates of the number of species (basdte 18 species analysed in the

model) at both environments in different positiah@ng the longitudinal gradient.

Results

Considering the whole pond-dwelling fish assemhlagefound evidence of positive
interaction between the channel environment andotigitudinal gradient on site-
occupancy (Fig. 2), which means that channel oaozypbhy pond-dwelling fish
assemblage tends to increase faster moving dovanstitean temporary ponds
occupancy. In terms of species, we found evidehageraction between local
environment and the longitudinal gradient on ocogyeor eight of the 18 species
analysed, all of them positive (Table 1).

On the other hand, we found a negative interadigtween the channel
environment and the longitudinal gradient on déegbrobability for the assemblage
(Fig. 2), which means that the detection of ponaiting fish assemblage tends to
decrease faster moving downstream in the chanaelithtemporary ponds. Moreover,

15 of 18 fish species showed a clear interactiawéen local environment and position
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along the longitudinal gradient on detection prolig(Table 1). The detection
decreased downstream faster in the channel th@miporary ponds for all of them.
Regarding patterns of occupancy by species, wenoddeonsiderable variation
in channel occupancy along the longitudinal gradfErg. 3). Some species have a high
probability of occupying segments in a wide ranfpasitions (e.gR. micropug while
others are more likely to occupy mid to downstresagments (e.d. brevig. Others,
still, are more likely to occupy mostly downstreaegments (e.dh. pallidus).
Therefore, we observed for all species an analogatisrn of occupancy in channel
and ponds, both increasing downstream along thgatlafinal gradient, but with
different slopes (Fig. 3). In terms of detectior fwund that the detection decreases
downstream in channel for most species and incseaseemains constant along the
gradient in ponds for all species (Fig. 4). Follogihe downstream increase in
occupancy probability for all species, the numidggand-dwelling species increased

downstream both in channel and in temporary poRus5).

Discussion

Local stream features may interact with charadiesishat vary along the longitudinal
gradient and generate patterns of species disoiband abundance (Torgerseiral
1999; Stewart-Kostest al 2013). Our results show evidence of interactietwieen

local environment and the longitudinal gradientoasupancy by pond-dwelling fish.
So, we argue that the type of local environmentpid by stream fish may depends
on the position along the longitudinal gradient tie fish occupies. This is a new way
to think about the effect of the longitudinal graxai on aquatic fauna in streams and it
reinforces that cross-scale studies may elucidap®itant ecological processes that

affect species distribution (Levin 1992) and al®reported here, patterns of species
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detectability.

The downstream increase in stream size (i.e. hgdicdl characteristics as
depth and width) is one of the main drivers forcsge distribution along running water
systems (Jackson, Peres-Neto & Olden 2001). Irsthidy, we observed a distinct slope
of longitudinal effect in the fish species occuremetween channel and temporary
ponds, but both increasing downstream. It is kntvah the proportion of some fine-
scale hydrological characteristics (i.e. water gy depth, substrate coarseness) of
local environments may vary depending on the lamtyital position, which may favour
the occurrence of some fish species (Inoue & Nuwak2002). In the studied system,
these fine-scale hydrological characteristics ubtediy vary more along the gradient
in the channel environment than in temporary pdséde the description of the system
in the methods). This may explain why the chanmeupancy by fish varies more
along the longitudinal gradient than pond-occupamgyich characterize the observed
interaction in site-occupancy for the fish assembland for the speciés palidus E.
erythrinus G. coropinaeH. marmoratusH. melazonatud. amazonucusN.
marginatus andS. marmoratusMoreover, in Central Amazonia streams, the use of
adjacent ponds by fish seems to be closely retateeproductive aspects of the species
(Espirito-Santo, Rodriguez & Zuanon 2013). Unlikellaspecimens, juveniles éf
palidusandE. erythrinuswere consistently observed in ponds (Th. Coutcs.s.),
which may represent nursery habitats. The posititeraction observed for these and
maybe for other species could represent an onttigersiation in site occupancy, with
ponds being occupied along the longitudinal gradigrnjuveniles and the channel being
more occupied downstream by other life-stages.

In this study, we observed a longitudinal effectha fish species occurrence

both in the main channel and in temporary pondsald.8 species analysed, both
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environments have higher occupancy towards tharsteemouth, which means a
nested downstream increase in number of pond-dwsiilsh species. The pattern of
increasing species richness in the channel tovthedmouth is observed worldwide
(Ibafiezet al 2009), and specifically in Amazon streams (Ar§oguanon 2007).
Nevertheless, the downstream increase in numbspetfies in adjacent temporary
ponds is here reported for the first time. For terapy ponds, it is known that the size
(i.e. wet area and depth), hydroperiod, and comigcwith the channel are factors that
tend to positively affect the local number of spsct the local environment scale
(Pazinet al. 2006; Uchida & Inoue 2010). In floodplains, thélsese factors tend to
increase downstream (Junk, Bayley & Sparks 1988)il&ly, but in a smaller
temporal and spatial scale, there are changeese thactors in temporary ponds
adjacent to streams. Even varying less in depthaatdr velocity than the channel,
upstream pond systems tend to be smaller in arei@ hydrologically instable and less
connected to the channel than downstream pondsdver, as observed for less motile
aquatic taxa (e.g. fish and shrimps when compargdainkton and bacteria) in other
systems, the colonization and extinction process®gbe the main drivers to shape
patterns of species distribution rather than lecalironmental characteristics (e.g.
water physical and chemical characteristics; Beishal 2006). Considering that the
ponds are temporary and depend on the channed@see of colonizers (Espirito-
Santoet al 2009), the downstream increase of species rishngbe channel can affect
the pool of potential pond colonizers. Thus, thecggs richness in ponds may also be
controlled by process that vary in the segmentes@lb. longitudinal effects on
metapopulation dynamics) and not only by local-se@advironmental characteristics as
reported previously (Pazet al. 2006; Uchida & Inoue 2010).

Despite the strong effect of the longitudinal geadiin the occurrence of species
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in running waters, little attention has been paithe effect of the longitudinal gradient
in the detection of species (but see Falkal 2010). This is a key issue when
considering that all sampling methods are sele¢Bagley, Larimore & Dowling 1989;
Hardie, Barmuta & White 2006; Ribeiro & Zuanon 208@jos & Zuanon 2007) and
that the probability of detection of most specgekess than one (MacKenagal
2002). In this study, we observed positive and tieg&ffects of the longitudinal
gradient in the detection of some species. Thesatians in the detection of species
can be explained by two factors that are not miyt@aiclusive: changes along the
gradient i) in the sampling efficiency and, ii)the abundance of the species. Some
studies suggest that the efficiency of fish sangptimethods may be affected by the
water volume in aquatic environments (Angermeied&losser 1989; Anjos &
Zuanon, 2007, Falket al 2010). This would explain the decrease in detecti
probability in the channel with increasing distandosvnstream observed for 15 of 18
species. Besides the sampling efficiency, the atice of a given species is directly
related to the probability of detection (Royle &HNols 2003), which may be
responsible for changes on detectability alonggtiaglient for some species and the
observed interactions between environment and tiodigial gradient on detection. For
example, changes in abundance could explaintkhymelazonatuandH. agulhaare
more detectable downstream in the channel, siresettwo species form large schools,
which probably become larger downstream. Changabumdance may also explain
why A. palidus A. hippolytae C. nigrofasciata E. erythrinus M. weitzmaniN.
marginatus andP. brevisare more detectable downstream in temporary pavitsh
also increases in area downstream.

Finally, it is clear that detection depends onrthtural history of each species

and can vary along the longitudinal gradient. Igmpthis fact can bias results and
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424  generate imprecise or at least inconclusive eco&bginswers. In this study, we found
425 opposite relationships between interaction pararseteoccupancy and detection for
426 the fish assemblage and for many individual spedmnethis case, the site-occupancy
427 approach leads us to view sampling and ecologitalgsses separately instead of

428 taking hasty conclusions. Our example serves antive for thinking that changes in
429 detectability along ecological gradients can miggepnt important patterns and must be
430 considered in surveys that deal with strong gradéfects.

431
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Fig. 1. Map of the study microbasin near Manaus (3°33'84'60°13'47” W), Central
Amazon, Brazil, with details of the sampling desighnowing (a) 38 individually-
numbered stream segments delimited by channelwsndes. Each square represents a
sampling visit to a given segment, with gray scal@resenting the timing of visits: first
(black), second (dark gray), third (light gray),dafourth (white). Inset (b) shows a
detailed view of visit locations on segment #3&;hewisit covered a 15-m-long stretch

of stream, where fish were sampled both in the cbband temporary ponds.
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continuous or dashed lines represent the meanoredaip predicted from the means of

logit function parameters taken over all MCMC iteyas.
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633 Fig. 5. Estimates of number of species based on the l8espanalysed in the model
634 along the longitudinal gradient for channel (lefph) and temporary ponds (right
635 graph) environments. Black dots and squares represech segment mean estimates
636 and grey lines are 95% confidence bounds. In boWr@ments the number of species
637 increases downstream.
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639 Table 1. Assemblage parameters (hyper-parameters) andespgmecific parameter estimates. Values in squarekéts are 95% confidence

640 bounds for hyper-parameter/parameter estimatesnteaers u4 and ‘v4 shows the coefficient of interaction between #féects of local

641 environment and position along the gradient on pangy and detection respectively. Extreme variatdninteraction parameters are

642 highlighted in bold, whenever the confidence bouiedsu4 and ‘v4 do not overlap zero.

Assemblage/Species

ul

u2 u3

ud vl V2 v3 v4

Assemblage

Aequidens palidugHeckel, 1840)
ApistogrammaippolytaeKullander, 1982
Copellanigrofasciata(Meinken, 1952)
Erythrinuserythrinus(Bloch & Schneider, 1801)
GymnotusoropinaeHoedeman, 1962
Gymnotussp.1
HelogenesnarmoratusGiinther, 1863
Hemigrammugf. pretoensisGéry, 1965
Hopliasmalabaricus(Bloch, 1794)
HyphessobrycoagulhaFowler, 1913
Hyphessobrycoaff. melazonatu®urbin, 1908
ltuglanisaff. amazonicu&Steindachner, 1882)
Microcharacidiumcf. weitzmaniBuckup, 1993
NannostomugnarginatusEigenmann, 1909
NemuroglanipauciradiatusFerraris, 1988
Pyrrhulina cf. brevis Steindachner, 1876
Rivulusmicropus(Steindachner, 1863)

SynbranchusnadeiraeRosen & Rumney, 1972

3.95 [2.26 : 6.34]
3.41[1.49 : 6.16]
4.15[1.86 : 7.13]

1.89[0.13 : 4.63] 87(-0.15

0.99 [-2.227H. 1.03[-0.39
2.09[-0.3779 0.82[-0.4

3.64[-0.28 : 7.01]1.94 [-1.18 : 6.68] 0.96 [-0.39

4.48[2.52 : 7.10]
4.03[2.06 : 6.61]
450 [1.90 : 7.89]
3.71[1.83 : 6.26]
4.47 [2.48 : 7.11]

18717 : 5.80] 1.02 [-0.39
2.37 [-0.9D6F. 0.98 [-0.33

2.23[-1.2:7.07] 0.64.76:
2.03[-1.65 : $.721.01 [-0.40
1.61[-0.56 : 5.44].93 [-0.63

3.59 [-0.48 : 6.94]2.04 [-1.46 : 6.71] 1.00 [-0.4 :

3.88[0.35:7.32]
3.79[1.41 : 6.95]
3.79[1.30 : 6.8]
3.97 [1.02 : 7.17]
3.92[1.73 : 6.67]
3.88[1.27 : 6.95]
4.81[2.86 : 7.47]
5.16 [2.87 : 8.68]
3.46 [0.27 : 6.77]

1.82 [-2.10 : §.840.76 [-0.84
1.04 [-3.12 : §.070.89 [-0.60

2.65[-0.344] 0.83[-0.52

1.52[-1.49 : 6.29.88 [-0.44

2.1[-0.8%4p. 1.02[-0.35
1.6 [-2.18 :%.6 0.79 [-0.74
2.23[0.341] 0.97 [-0.30
4.36[2.8814] 0.44 [-0.94
2.08 [:17214]  0.79 [-0.58

: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
:2.72] 2.271[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

:211] 1.85[-0.14:3.87] -1.24[-1.0.78] -1.52[-2.31:-0.55] 1.21[0.61 : 1.78] -1.46 [-2.13

:2.48] 1.99[-0.14:4.35] -3.23[#.32.19] -2.84[-4.1:-1.32] 2.17[1.29 :3.02]-1.07 [-1.91
: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
:2.49] 2.211[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
1.98] 1.55[-0.78:3.62] -3.49 [-4.54 6P -3.42[-4.76:-1.97] 0.49 [-0.31 : 1.30] -1.41 [-2.31
:2.6] 2.181[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
:2.47] 1.87[-0.04:3.89] 0.01[-0:38.38] -1.62[-2.43:-0.72]0.19 [-0.55 : 0.87] -1.09 [-1.78

:-0.74]
:-0.51]
:-0.80]
£ -0.13]
:-0.96]
:-0.43]
. -0.58]
£ -0.43]
:-0.32]

2.65] 2.02[-0.13:4.42] -2.99 [-4.01.90] -4.62[-6.3:-3.02] 1.72[0.78:2.69] -0.94[-2.70.08]
:2.32] 1.71[-0.78:3.94] -1.87 [2.51.11] -5.32[-7.37 : -3.35] 1.86[0.81:2.87] -0.69 [-1.60 : 0.45]
: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 [-0.70.19]

: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
:2.23] 1.92[-0.3:4.22] -3.26[-4.22.36] -2.28[-3.52 : -0.68] 1.70[0.85 : 2.50] -1.30 [-2.15
: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
:2.37] 1.97[-0.07:4.14] -1.62.49:-1.03] -3.80 [-5.42 : -1.77] 1.25[0.41:2.08] -0.91 [-1.71
:2.25] 1.74[-0.08:3.69] 1[821:1.76] 0.19[-0.34:0.73] 0.68[0.17 :8]1 -1.37 [-1.96
:1.71] 1.34[-1.01:3.41] .38[-0.73:0.08] 3.25[2.41:4.27] 0.03[-0.65.74] -1.76 [-2.59
: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

:-0.13]
£ -0.43]
:-0.74]
:-0.02]
:-0.80]
:-1.04]
. -0.14]
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Supporting Information

Appendix 1. Diagram of the multi-species hierarchical modeltHe model, the indexes
i, j, andk designates species, stream segments, and vesfsatively. The biological
process (species site-occupancy) and the sampliogegs (species detection) are
differentiated in the lower and upper bracket. Téaization of each process follows a
Bernoulli distribution, with mean () for occupancy, and with meam(the product op
andz) for detection. The latent varial#eepresents the occupancy or non-occupancy of
a stream segment, and species can only be detettenz = 1 (i.e. the species is
present), so species detection is conditional tnaicupancy. Both parametersgnd

p) are described as logit-linear functions. We ideldl as covariates in these functions
the two local environment€hanne] andPond plus distance downstreaigt). We
also modelled an interaction between the effectdooél environment and position

along the gradientQhannel*Dis) on occupancy and detection. The paramei#&rsi2,;,
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u3, andu4 describe effects on occupancy),( while vl;, v2, v3, andv4 describe
effects on detectionp) for speciesi. Species are modelled as random effects in
normally distributedu andv parameters based on the meahand standard deviation

( ) of this parameters of the whole fish assembléye,'Hyper-parameters”. We used

uninformative priors for both the mean and standkndation hyper-parameters.

Appendix 2. The multi-species hierarchical model code forwafe JAGS.
model {

# Priors (all uninformative)

u.meanl ~ dunif(0,1)

muul <- log(u.meanl) - log(1-u.meanl)
u.mean2 ~ dunif(0,1)

muu2 <- log(u.mean?2) - log(1-u.mean2)
u.mean3 ~ dunif(0,1)

muu3 <- log(u.mean3) - log(1-u.mean3)
u.mean4 ~ dunif(0,1)

muu4 <- log(u.mean4) - log(1-u.mean4)
v.meanl ~ dunif(0,1)

muv1l <- log(v.meanl) - log(1-v.meanl)
v.mean2 ~ dunif(0,1)

muv2 <- log(v.mean2) - log(1-v.mean2)
v.mean3 ~ dunif(0,1)

muv3 <- log(v.mean3) - log(1-v.mean3)
v.mean4 ~ dunif(0,1)

muv4 <- log(v.mean4) - log(1-v.mean4)

tau.ul ~ dgamma(0.1,0.1)
tau.u2 ~ dgamma(0.1,0.1)
tau.u3 ~ dgamma(0.1,0.1)
tau.u4 ~ dgamma(0.1,0.1)
tau.vl ~ dgamma(0.1,0.1)
tau.v2 ~ dgamma(0.1,0.1)
tau.v3 ~ dgamma(0.1,0.1)
tau.v4 ~ dgamma(0.1,0.1)

# Likelihood
# Assemblage process — “Hyper-parameters” (lna@y species)
for (iin 1:S) {

ulfi] ~ dnorm(muul,tau.ul)

u2[i] ~ dnorm(muu2,tau.u2)

u3[i] ~ dnorm(muu3,tau.u3)

u4[i] ~ dnorm(muu4,tau.u4)
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v1[i] ~ dnorm(muvl,tau.vl)
v2[i] ~ dnorm(muv2,tau.v2)
v3[i] ~ dnorm(muv3,tau.v3)
vA4[i] ~ dnorm(muv4,tau.v4)

for (jin 1:J) {
# Ecological process (loop over segments)
logit(psi[j,i]) <- ul[i]*Canal[j] + u2[i]*Latrl[j] + u3[i]*Dist[j] + u4[i]*CxDIj]
z[j,i] ~ dbern(psil[j,i])

# Sampling process (loop over samplingaemmns)

for (k in 1:K[j]){
logit(p[j,k,i]) <- v1[i]*Canal[j] + v2[J*Latrl[j] + v3[i]*Dist[j] + v4[i]*CxD][j]
mup[j,k,i] <- p[j.k,i]*z[j,i]
Y[j,k,i] ~ dbern(muplj,k,i])

}

}
}

# Richness estimates - Sum all species “truetipancy state (z) for each site
for (j in 1:3){

rich[j]<-sum(z[j,])
}
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Appendix 3. Occupancy and detection probability estimateshferwhole assemblage
(hyper-parameters) and for each 18 species of gamdling fish. Values in square
brackets are 95% confidence bounds for hyper-pasaraad parameter estimates.

Channel’,* Pond’ p Channel’, andp Pond’ show occupancy J and detectionp)
estimates for channel and pond environments. Ta&seneters were derived from the
model by an inverse-logit function without considgrthe longitudinal gradient effects,

which means a probability of occupancy/detectioth®yspecies in an intermediate

730

position of the longitudinal gradient.

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[0.0822]
Aequidens palidufHeckel, 1840) 0.95[0.82:1.00]0.62 [0.10:1.00] 0.40[0.29:0.52] 0.07[0.00.23]
ApistogrammaippolytaeKullander, 1982 0.97[0.86 :1.00]0.80[0.41:1.00] 0.23[0.15:0.31] 0.19[0.0237]
Copellanigrofasciata(Meinken, 1952) 0.92[0.43:1.00]0.77[0.24 : 1.00] 0.04[0.01:0.10] 0.07][0.0221]
Erythrinuserythrinus(Bloch & Schneider, 1801) 0.98[0.93:1.00p.80[0.46:1.00] 0.24[0.17:0.32] 0.23[0.1240]
GymnotusoropinaeHoedeman, 1962 0.97[0.89:1.00p.82[0.27 : 1.00] 0.22[0.15:0.30] 0.03[0.00.09]
Gymnotussp.1 0.97 [0.87:1.00]0.80[0.23:1.00] 0.03[0.01:0.07] 0.04[0.00.12]
HelogenesnarmoratusGunther, 1863 0.96[0.86:1.000.78[0.16 : 1.00] 0.39[0.30:0.49] 0.02[0.0009]
Hemigrammugf. pretoensisGéry, 1965 0.98[0.92:1.00]0.76 [0.36 : 1.00] 0.50[0.41:0.59] 0.17[0.0B33]
Hopliasmalabaricus(Bloch, 1794) 0.92[0.38:1.00]0.78[0.19:1.00] 0.05[0.02:0.13] 0.01[0.0m05]
HyphessobrycoagulhaFowler, 1913 0.94[0.59:1.00]0.74 [0.11:1.00] 0.14[0.07:0.25] 0.01[0.0m03]
Hyphessobrycoaff. melazonatu®urbin, 1908 0.96 [0.80:1.00]0.63[0.04:1.00] 0.27[0.17:0.39] 0.02[0.0009]
ltuglanis aff. amazonicugSteindachner, 1882) 0.96[0.79:1.000.85[0.38: 1.00] 0.14[0.08:0.23] 0.04[0.01.10]
Microcharacidiumcf. weitzmaniBuckup, 1993 0.96 [0.73:1.00]0.7[0.18: 1.00] 0.04[0.01:0.09] 0.11]0.0334
NannostomusarginatusEigenmann, 1909 0.96[0.85:1.00]0.8[0.29:1.00] 0.24[0.17:0.34] 0.06 [0.021&)
NemuroglanigpauciradiatusFerraris, 1988 0.96[0.78:1.00]0.71[0.1:1.00] 0.17[0.10:0.26] 0.03[0.001%)
Pyrrhulina cf. brevisSteindachner, 1876 0.99[0.95:1.000.87[0.68:1.00] 0.79[0.71:0.85] 0.55[0.41.68]
Rivulusmicropus(Steindachner, 1863) 0.99[0.95:1.000.97[0.90:1.00] 0.42[0.33:0.52] 0.96[0.9299]
SynbranchusnadeiraeRosen & Rumney, 1972 0.92[0.57:1.000.78[0.23:1.00] 0.09[0.04:0.19] 0.08[0.03823]
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Conclusoes

Nossos resultados mostram evidéncias de interagi#® e ambiente local e o
gradiente longitudinal na ocupacao de peixes gbédm pocas da Amazonia Central.
Assim, defendemos que o tipo de ambiente local adnigpor espécies de peixe em
riachos pode depender da posicdo ao longo do gtadiengitudinal que a espécie
ocupa. Esta € uma nova maneira de pensar nossedieitgradiente longitudinal sobre a
fauna aquatica em riachos e refor¢a que os esamdanultiplas escalas podem elucidar
processos ecoldgicos importantes que afetam abdigio e padrbes de deteccao de
espécies. Ainda, o aumento da probabilidade deé@wta em direcdo a foz para todas
as espécies em ambos os ambientes indica que greads colonizacdo e extingcdo que
atuam na escala de segmento podem afetar a rigeezspécies em pocas. Observamos
também interacdo entre o ambiente local e o gradilemgitudinal na deteccdo de
muitas espécies, indicando variagBes da eficiéaciastral e/ou abundancia ao longo
do gradiente. Assim, nossa recomendacdo é que osstecblogicos em riachos
considerem possiveis falhas na deteccao de espukc@sordo com o volume de agua.
Isso, principalmente, em amostragens que utilizadosl de deteccédo/ndo-deteccédo de

espécies com métodos multi-especificos de captura.
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Apéndice A. Lista de espécies capturadas no km 41 do PDBFFespectivo nimero de

deteccdes (i.e. nimero de vezes que a espécie éptegente” nas amostragens) por tipo de
ambiente, Canal e Pocas. As deteccbes das pogan fubdivididas em pocas isoladas e

conectadas. Ambos os tipos de poca foram agrupadosapitulo 1 da dissertacao.

Espécie Familia Canal Pocas

Isoladas  Conectadas  Ambas
Aequidens palidugHeckel, 1840) Cichlidae 46 0 8 8
Ancestrorhynchufalcatus(Bloch, 1794) Acestrorhynchidae 3 0 0 0
Ancistrusaff. hoplogenygGiinther, 1864) Loricariidae 6 0 1 1
ApistogrammaippolytaeKullander, 1982 Cichlidae 30 5 25 30
Brachyglanis frenat&igenmann, 1912 Heptapteridae 4 0 0 0
Brachypopomus beebgbchultz, 1944) Hypopomidae 1 1 1 2
Bryconops inpaKnoppel & , Junk & Géry Characidae 41 0 0 0
Callycthys callycthyg¢Linnaeus, 1758) Callichthyidae 0 3 4 7
Copellanigrofasciata(Meinken, 1952) Lebiasinidae 8 6 19 25
Crenicichlaaff. alta Eigenmann, 1912 Cichlidae 23 0 0 0
CrenuchusspilurusGunther, 1863 Crenuchidae 5 0 1 1
DenticetopsiseductaVari & , Ferraris & de Pinna Cetopsidae 3 0 1 0
Erythrinuserythrinus(Bloch & Schneider, 1801) Erythrinidae 34 14 17 31
Gymnohamphycthysetit Géry & Vu, 1964 Rhamphichthyidae 4 0 0 0
GymnotusoropinaeHoedeman, 1962 Gymnotidae 27 2 2 4
Gymnotussp.1 "tigrado” Gymnotidae 5 2 2 4
Gymnotussp.2 "mordido” Gymnotidae 1 0 0 0
HelogenesnarmoratusGinther, 1863 Cetopsidae 45 0 2 2
Hemigrammugf. pretoensigséry, 1965 Characidae 68 4 13 17
HoplerythrinusunitaeniatugSpix & Agassiz, 1829) Erythrinidae 3 0 0 0
Hopliasmalabaricus(Bloch, 1794) Erythrinidae 8 1 4 5
HyphessobrycoagulhaFowler, 1913 Characidae 26 0 2 2
Hyphessobrycoaff. melazonatu®urbin, 1908 Characidae 41 0 3 3
IguanodectesariatusGéry, 1993 Characidae 24 0 0 0
Ituglanis aff. amazonicugSteindachner, 1882) Trichomycteridae 17 2 3 5
LeporinusklausewitziGéry, 1960 Anostomidae 3 0 0 0
Megalechigicta (Muller & Troschel, 1849) Callichthyidae 0 1 1 2
Microcharacidiumcf. weitzmaniBuckup, 1993 Crenuchidae 5 7 19 26
MyoglaniskoepckeiChang, 1999 Heptapteridae 7 0 0 0
NannostomusarginatusEigenmann, 1909 Lebiasinidae 30 1 11 12
NemuroglanigpauciradiatusFerraris, 1988 Heptapteridae 23 0 4 4
Parotocincludongirostris Garavello, 1988 Loricariidae 19 0 0 0
Pyrrhulina cf. brevisSteindachner, 1876 Lebiasinidae 111 31 47 78
Rhamdiaquelen(Quoy & Gaimard, 1824) Heptapteridae 4 0 0 0
Rineloricariaheteropteralsbriicker & Nijssen, 1976 Loricariidae 9 0 0 0
Rivulusmicropus(Steindachner, 1863) Rivulidae 71 109 58 167
Sternopygusnacrurus(Bloch & Schneider, 1801) Sternopygidae 2 0 0 0
SynbranchusnadeiraeRosen & Rumney, 1972 Synbranchidae 10 2 6 8
Tatia brunneaMees, 1974 Auchenipteridae 1 0 0 0
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Apéndice B.Ata da defesa publica da dissertagéo de mestrado.
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Apéndice C.Fichas de avaliagio de dissertagio preenchidabaeta externa.
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Apéndice D.Ata da aula de qualificagéo.
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