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Resumo

Estudos ecologicos de largas escalas, tem utilizado a abordagem funcional como uma
forma de comparar regides com diferentes composic¢Ges taxondmicas. Essa abordagem é
baseada em caracteristicas das espécies que afetam direta ou indiretamente seu fitness.
Mais recentemente, essa faceta da biodiversidade tem se mostrado muito importante para
estudos de conservacdo, devido a intima relacdo entre mudangas ambientais e de
diversidade funcional. Nesse contexto, uma das maneiras de entendermos o futuro é
compreendendo o passado. Assim, identificar as consequéncias de fatores historicos e
contemporaneos nas assembleias atuais podem nos guiar em futuras tomadas de decisdes.
Os objetivos desse estudo foram: (i) investigar como a riqueza local de espécies influencia
estrutura funcional, (ii) comparar a importancia de espécies especialistas e redundantes
para cada bioma, utilizando um cenério randémico de perda de espécies, (iii) avaliar a
importancia de fatores contemporaneos e histéricos nos padrbes de riqueza e
dissimilaridade funcional em peixes de riachos da Amazénia e da Caatinga e (iv)
investigar se especies da mesma ordem apresentam diferentes estratégias funcionais em
riachos com condigdes ambientais semelhantes, mas diferentes histdrias de formagao.
Para isso foi utilizado um banco de dados de assembleias de peixes de 69 riachos dos
biomas Amazbonia e Caatinga. Como resultado encontramos que fatores historicos
apresentam elevada importancia para a estrutura local e regional de assembleias de peixes
de riachos. Seus efeitos, em combinagdo com fatores contemporéaneos, geram o0s diversos
padrdes idiossincraticos observados na literatura, por selecionar diferentes pools de
espécies entre regides. Assembleias que experimentam longos periodos de instabilidade
historica apresentam altos niveis de redundancia funcional, possivelmente para suportar
as constantes modificacbes ambientais ao longo do tempo. Resumindo, este estudo
reforca a importancia de avaliar os fatores historicos em estudos de pequena e larga
escala. Contudo, também identificamos agdo conjunta de efeitos contemporéneos e
historicos, sugerindo que mecanismos complexos e atuando de forma unidirecional
(inicialmente filtros historicos seguidos de contemporaneos) sdo responsaveis por
governar os padrdes de estrutura funcional em assembleias de peixes de riachos dos

biomas Amazodnicos e da Caatinga.
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Abstract

Functional relations of fish assemblies at two biomes with different evolutionary

stories

Ecological studies at large scales have used the functional approach as a way of
comparing regions with different taxonomic compositions. This approach is based on
species characteristics that directly or indirectly affect your fitness. More recently, this
aspect of biodiversity has been very important for conservation studies, due to the close
relationship between environmental changes and functional diversity. One way of
understanding the future is by understanding the past. Thus, identifying the consequences
of historical and contemporary disturbances in the current assemblages can guide us in
future decision-making. The objectives of this study were: (i) to investigate how local
species richness influences functional structure in each region, (ii) to compare the
importance of specialist and redundant species for each biome, using a random scenario
of species loss, (iii) to evaluate the importance of contemporary and historical factors in
the patterns of richness and functional dissimilarity in the Amazonian and Caatinga
streams, and (iv) to investigate whether species of the same order present different
functional strategies in streams with similar environmental conditions but different
evolutionary history. For this, a database of fish assemblages of 69 streams of the Amazon
and Caatinga biomes was used. As a result, we find that historical factors show the great
importance of the local and regional structure of stream fish assemblages. In combination
with contemporary factors, may be able to generate the various idiosyncratic patterns
observed in the literature, by selecting different pools of species between regions.
Assemblies experiencing long periods of historical instability have high levels of
functional redundancy, possibly to resist the constant environmental changes over time.
In summary, this study reinforces the importance of assessing historical factors in small
and large-scale studies. However, we have also identified a joint action of contemporary
and historical effects, suggesting that complex and unidirectional mechanisms (initially
historical filters followed by contemporaries) are responsible for governing the functional

structure patterns in stream fish assemblages of Amazonian biomes and the Caatinga.
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Introducéo geral

A abordagem funcional tem se mostrado uma importante faceta da biodiversidade,
apresentando informac6es complementares & abordagem taxondmica (Diaz & Cabido,
2001). A diversidade funcional é baseada em caracteristicas das espécies (tracos
funcionais) que apresentam link especifico com determinados tipos de habitats (Violle et
al. 2007). Por apresentar alta dependéncia de condicdes do habitat (Townsend, 1994), os
tracos funcionais apresentam maior sensibilidade a mudangas ambientais do que a riqueza
taxondmica (Diaz and Cabido, 2001). Por isso inimeros estudos ecoldgicos tém utilizado
tal abordagem funcional com o objetivo de investigar efeitos de fatores contemporaneas
(i.e. condicdes locais) e historicos (i.e. glaciacao, incursdes marinhas) (Dobrovolski et al.,
2012; Leprieur et al., 2011) sobre os padrdes de diversificacdo bioldgica. Outra vantagem
da abordagem funcional é comparar assembleias com composi¢cdes taxondmicas
completamente diferentes (Winemiller, 1991; Ernst et al.,, 2012). Nesse contexto,
inimeros estudos realizados em escalas regionais, continentais e intercontinentais
utilizam a abordagem funcional para investigar as consequéncias de eventos passados,
como por exemplo diferentes disturbios entre ecossistemas ou biomas, na estrutura
funcional de assembleias (Zimov, 1995; Dobrovolski et al., 2012). A universalidade da
relacdo entre as caracteristicas funcionais das espécies com as condi¢6es locais (Poof et
al., 1997) também tem sido alvo de inimeros estudos (Ernst et al., 2012; Lamouroux et
al., 2002).

Nesse contexto, desenvolvemos dois capitulos. O primeiro com o objetivo de
investigar a importancia de eventos historicos em moldar a estrutura funcional de
assembleias locais (Capitulo I). O segundo com o objetivo de investigar a importancia
relativa de fatores contemporaneos e histéricos nos padrdes de riqueza e dissimilaridade
funcional das assembleias (Capitulo Il). Tendo em vista os inimeros registros de padrdes
idiossincraticos em estudos de larga escala, também investigamos no Capitulo 11 se
especies da mesma ordem utilizam semelhantes estratégias funcionais entre biomas. A
combinacdo desses resultados com o controle ambiental e a diferenca de pool de espécies
entre biomas pode nos alertar sobre 0s mecanismos que promovem padrdes
idiossincraticos. Para isso utilizamos um banco de dados de 69 riachos (33 na Amazonia

e 36 na Caatinga) para atender os pressupostos especificos de cada capitulo.



Objetivos

Objetivo geral

Investigar a importancia de fatores contemporéneos e historicos na estrutura

funcional de peixes de riachos do bioma da Caatinga e Amazénico.
Objetivos especificos

e Investigar como a riqueza local de espécies influencia estrutura funcional em cada
regido.

e Comparar a importancia de espécies especialistas e redundantes para cada bioma,
utilizando um cenério randémico de perda de espécies.

e Avaliar a importancia de fatores contemporaneos e historicos nos padrbes de
riqueza e dissimilaridade funcional em peixes de riachos da Amazonia e da
Caatinga.

e Investigar se espécies da mesma ordem apresentam diferentes estratégias
funcionais em riachos com condi¢cdes ambientais semelhantes, mas diferentes

historias de formacao.



Capitulo I.

Carlos A. S. Rodrigues-Filho, Rafael P. Leitdo, Jansen Zuanon, Jorge |. Sanchéz-Botero
and Fabricio B. Baccaro. Historical disturbance promotes high redundancy and low
functional specialization in stream fish assemblages. Manuscrito submetido —

Functional Ecology.
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Summary

1. Disturbances are events that model the structure of biological assemblages, yet
few studies have examined how historical disturbances (e.g. marine incursions)
can affect the functional structure of recent assemblages.

2. We studied stream fish assemblages from two South American biomes,
Amazonia and Caatinga, with different evolutionary histories and levels of
environmental stability over time. The high rate of disturbance in the semi-arid
Caatinga is known to have promoted environmental instability and biological
impoverishment, whereas Amazonia experienced long-term environmental
stability. On the other hand, Amazonia was more stable along historical time.
We used species functional traits to compare the effects of these historical
disturbances in the current structure of stream fish assemblages. For this, we
have controlled the effects of current environmental conditions by selecting
streams with similar habitats between the two biomes.

3. We used measures of functional similarity to assess the effects of historical
disturbances in the structure of fish assemblages. For this, we measured 20 traits
in each species, related to locomotion capacity, feeding acquisition and habitat
preference. We then computed the functional structure of each assemblage
expressed by the functional richness and evenness, and tested the effect of
taxonomic richness on these functional metrics. Simulations were subsequently
investigated to identify the supposed influence of the loss of specialist species
resulting from historical disturbance. If successive losses of species promoted
rapid erosion of functional richness, the assemblage would have proportionally
more specialist species. On the other hand, if the successive loss of species

promoted erosion of functional evenness, the assemblage would show



irregularities in the occupation of the functional space. Knowing the
evolutionary history of each biome, we should be able to identify how historical
disturbance may have affected the functional structure of assemblages.

4. We found high levels of functional specialization in Amazonia and redundancy
in Caatinga regional assemblages. These results were also detected in local
assemblages, suggesting that the effect of historical disturbance influence the
structure of fish assemblages in small and large spatial scales.

5. Synthesis. Amazonia showed higher level of functional specialization of the fish
fauna in both small and large spatial scales when compared to Caatinga streams,
independently of taxonomic richness. The results reinforce the importance of
understanding and evaluating the evolutionary history of ecosystems to develop

effective conservation strategies of aquatic habitats and its biodiversity.

Key-words Functional structure, Functional biogeography, Stream fish, Historical

factors, Species loss, Neotropical freshwaters.



Introduction

Disturbances are important events that modify the structure and diversity of
biological communities (Mori 2011). In many cases, they determine the loss of many
species (e.g. Ernst, Linsenmair & Roedel 2006), while in others they may constitute key
factors allowing species persistence (Pickett & White 1985) or even new establishments
(Mori 2011). However, our knowledge about how disturbance operates predominantly
comes from studies on short time scales (Ives & Carpenter 2008; Medeiros & Maltchik
2001; Tilman, Reich & Knops 2006). Although highly relevant, such studies have often
been criticized by not incorporating measures based on species functional traits and
neither evaluating the possible effects of natural historical disturbances (Reiss et al.
2009). Despite this, understanding the importance of natural disturbance in the structure
of biological assemblages may help defining better conservation strategies that consider
the functional requirements and responses of species assemblages to ongoing global

changes (Diaz & Cabido 2001; Buisson et al. 2012; Violle et al. 2014).

One way to understand the effect of future changes in biological systems is
studying how past events have influenced biological diversification and the structure of
present assemblages (Dobrovolski et al. 2012). Historical events (e.g. tectonic
movements, glaciation and marine incursions) are examples of natural disturbances that
have shaped the evolutionary history of ecosystems with effects that can be observed in
the actual functional structure of assemblages (Gonzalez & Loreau 2009). Some studies
investigating the consequences of historical disturbances in present assemblage
structure reported that loss of species that play unique functional roles have the
pronounced consequences for both assemblage structure and ecosystem functioning
(Dobrovolski et al. 2012; Zimov et al. 1995). However, this effect is principally

investigated at regional scales and little is known about how historical disturbances



shape local assemblages (Tonn 1990) and whether local functional structure are

reflective of these events (Ricklefs 2006).

Species that play similar roles are functionally redundant, while complementary
species contribute more to the multifunctionality in ecosystems (specialization of
functions; Hooper et al. 2005; Mouillot et al. 2011). We can hypothesize how the
assemblages’ functional structure, represented by functional richness (FRic) and
evenness (FEve) measures, respond to the loss of specialization or redundancy
promoted by historical disturbances. At low disturbance levels (i.e. environmental
stability), competitive interactions tend to promote the co-occurrence of species with
dissimilar traits. Conversely, in sites with high disturbance levels (i.e. environmental
instability) environmental filters can be more relevant for structuring local assemblages,
favoring the co-occurrence of species with similar functional traits (Mouillot, Dumay &
Tomasini 2007). Thus, we can predict the effect of historical disturbance in the
functional structure of assemblages using simulations of specialist and redundant
species loss (Fonseca & Ganade 2001): (1) if assemblages are composed of a high
proportion of functionally similar species (i. e. high redundancy), initial losses will
promote slower FRic decrease; (2) if the functional space of the assemblage is regularly
filled (= abundance equitably distributed) initial losses would not strongly affect FEve,
indicating a regular occupation of the functional space. Conversely, assemblages with
vacant niches inside the functional space would show a rapid FEve decrease pointing to

an irregular occupation of functional space.

The historical events that shaped the hydrography of South America include a
long-term natural set of disturbances, which shaped the taxonomic and functional
structure of freshwater fish assemblages (Albert & Reis 2011). Tectonic-plate

movements, marine intrusions, and climatic change were the main factors affecting the



continent over millions of years, isolating or gathering watersheds (Hubert & Renno
2006; Ribeiro 2006). As a result, Amazonian fish assemblages experienced a long time
of climatic stability, while the Caatinga fish assemblages experienced various climatic
changes and strong environmental disturbances (i.e. climatic changes and marine

incursions) (Peres et al. 2010; Santos et al. 2007; Tabarelli & Santos 2004).

Here, we examine the functional structure of two regional assemblages of stream
fish that experienced different historical disturbance regimes. For this, we use local and
regional analysis to test the effect of historical stability in present patterns of functional
structure of fish assemblages. We selected streams of similar topographical conditions
(elevation, size, and general environmental conditions) in Amazonia and Caatinga to
control for local environmental effects in the observed patterns of functional structure.
More precisely, we (i) investigated how the local species richness influence the
functional structure of stream fish assemblages in each region, and (ii) compared the
importance of specialist and redundant species for each biome, by generating
simulations of random species extinction, aiming to better understanding the role of

historical disturbances in the functional structure of those stream fish assemblages.

Materials and Methods

Fish sampling and data selection

The analyses were based on inventories of streams in two Brazilian biomes,
Caatinga and Amazonia (Fig. S1). Sampling was conducted between 2011 and 2015 (20
stream-sites in each biome) following a standardized sampling protocol (g.v. Mendonga,
Magnusson & Zuanon 2005). We select sampling sites from the databases of Projeto

Igarapés (http://www.igarapes.bio.br/) and the Laboratdrio de Ecologia Aquaética of the
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Universidade Federal do Cear4, searching for streams with similar structural and
environmental conditions (for details of the criteria for selecting the streams see

Appendix S1, Fig. S1.1).

Nets (3 mm stretched mesh size) blocked each sampling site delimiting a 50-m
stretch, and physical and chemical variables were measured. Later, two collectors
actively sampled for fish with seines and hand nets during two hours. The collected
fishes were euthanized with a lethal concentration of anesthetics (Eugenol), preserved in
10% formalin, and later stored in ethanol 70%. Collecting and euthanizing fishes were
conducted under collecting permits from IBAMA and institutional committees for
ethics in research with animals. VVoucher specimens were deposited at the fish
collections of Instituto Nacional de Pesquisas da Amazonia (Manaus, Amazonas state)
and Universidade Federal do Rio Grande do Norte (Natal, Rio Grande do Norte state),

Brazil.

Environmental conditions, altitudinal gradients and stream order are often
considered the main drivers structuring fish assemblages at local scales (Eros et al.
2009; Hoeinghaus, Winemiller & Birnbaum 2007; Mendonca, Magnusson & Zuanon
2005; Poff 1997; Terra, Hughes & Aradjo 2015). To characterize the local habitat
conditions, channel depth and width, current velocity, canopy cover, temperature, pH,
and substrate characteristics were measured. All sampling sites are located at altitudes
from zero to 450 m a.s.l. and constitute streams from first to third order. Channel width
(m) and depth (m) were measured with a measuring tape and velocity (m/s) was
estimated by the time necessary for a styrofoam ball to cover a distance of one meter in
the main channel. Water temperature (°C) was registered with a portable Hanna H19146
device and pH was measured with an electronic probe (PHscan 30). The relative

substrate composition (%) were visually classified in eight categories: pebble/gravel (1-
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10 mm), sand (0.1-1 mm), clay (0.05-0.1 mm), trunk (> 10 cm), litter, fine litter
(organic silt), roots (of riparian vegetation) or macrophytes. The categories

pebble/gravel, sand and clay was determined using a ruler.

Functional structure of fish assemblages

Nineteen morphometric measurements (Fig. S2.1) and biomass (g) were taken in
adult individuals (n= 3 to 10) of each species to obtain 15 functional attributes related to
the locomotion capacity, feeding acquisition and habitat preference. These functional
traits are widely used in the literature because they directly affect species fitness (Leitéo

et al. 2016; Table S2.1).

After standardized and centralized (mean of 0 and standard deviation of 1) the
15 ecomorphological attributes were ordered in a multidimensional functional space
using Principal Component Analysis (PCA) using all species pool (Amazonia and
Caatinga). We applied the protocol of Maire et al. (2015) to define the number of PCA
axes that were retained for subsequent analyses in order to adequately represent the
initial functional distance among species. Consequently, the first four axes of PCA
(67.9% of accumulated variance explained) were used in the following analyses. From
this functional space, the functional structure indices were computed, as described

below.

The functional singularity and specialization of each species was respectively
measured by the index of Functional Originality (FOri) and Functional Specialization
(FSpe). FOri is expressed by the distance between each species and its nearest neighbor
in the multidimensional functional space; species tend to be functionally less original
(functionally redundant) when they have combinations of traits similar to other species

(Mouillot et al. 2013). FSpe is expressed by the Euclidean distance between each
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species and the centroid of the functional space (Mouillot et al. 2013). Both indexes
were standardized between 0 and 1, dividing the value of each species by the respective

maximum values of FOri and FSpe measured for the total pool of species.

The functional structure of the assemblages was determined by the indices of
Functional Richness (FRic) and Functional Evenness (FEve). FRic is the volume of the
convex hull polygon occupied by all species of an assemblage within the functional
space (Cornwell, Schwilk, & Ackerly 2006). We standardized FRic values for each
assemblage by expressing them as a proportion of the volume filled by the global pool
of species. FEve indicates how regularly species abundances are distributed in the
functional space, and is constrained between 0 and 1, increasing when species and their

abundances are more evenly distributed (Villéger, Mason & Mouillot 2008).

Data analysis

Covariance analyses (ANCOVA) were performed to investigate how local
assemblages respond to different levels of historical disturbances. For this, we
determine the influence of the local species richness on richness and functional
evenness values (FRic and FEve) both within and between biomes. In both models, the
taxonomic richness was used as a predictor and the biome as a factor for FRic and FEve

separately, with streams as sampling units.

In order to determine how historical disturbances influence the functional
structure of assemblages via trait diversification (specialization or originality), we
created simulation of species loss (g.v. Leitdo et al. 2016). We generated two models to
evaluate if the loss of more original and more specialized species (higher values of FOri
and FSpe) promoted erosion of FRic and FEve greater than expected by chance. The

procedure consisted of sequentially removing the species with higher values of FOri and
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FSpe, computing the remaining FRic and FEve values. To compare the effect of ordered
species loss on the observed values of FRic and FEve we generated a null model by
randomly removing species from each assemblage and computing FRic and FEve in

each simulation (1,000 times).

Functional diversity indexes were calculated with the functions convhull (FRic,
geometry package) and dbFD (FEve, FD package; Laliberté & Legendre 2010). The
packages geometry (Habel et al. 2014) and cluster (Maechler et al. 2016) were used to
calculate distances to the nearest neighbor in R software version 3.3.0 (The R

Foundation for Statistical Computing).

Results

Ichthyofauna

A total of 109 species were collected in the 40 streams (32 species for the
Caatinga and 83 species for the Amazonia, with six species in common to both biomes),
distributed in six orders and 15 families. Functional richness (FRic) were higher in the
Amazon assemblages, but the regularity (FEve) of occupation of the functional space
was similar between biomes (Fig. 1, Fig. S2). Greater values of FSpe and FOri were
observed in Amazonia, indicating assemblages composed of more specialized and less

original species (Fig. 1).

The Amazonian regional pool is composed of species with FSpe values higher
than the Caatinga in most orders (t = 3.13, P = 0.002). Although the species extinction
simulation revealed that Caatinga has a greater proportion of original species, the
observed FOri values were not significantly lower than those of the Amazonia (t = 1.13,

P =0.114).
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Influence of historical disturbance in local assemblages

Richness and functional Evenness differed as a function of the taxonomic
richness in the two biomes (Fig. 2). Local species richness explained the variation in
FRic within (Richness; P = 0.001) and between (Treatment; P = 0.02) biomes, with
Amazonian streams generally presenting greater FRic values than those of Caatinga. On
the other hand, there was an interaction between the biome and taxonomic richness (P =
0.02) for FEve, indicating that the relationship between FEve and taxonomic richness is
different between biomes. Taken together, these results indicate that occupied volume
of the functional space is larger in species-rich places, but in Caatinga assemblages is

occupied more regularly.

Impacts of losing functional specialists and original species

The species loss simulations revealed that, for both Amazonia and Caatinga
regional assemblages, FRic decreases much faster with few species loss (Fig. 3). This
decrease is especially acute in the Amazon. The comparison between the curves of FEve
observed values showed that specialization had greater influence in Amazonia, while
the redundancy (species originality) was more important in Caatinga. For the Caatinga,
FEve values were lower than expected by chance after the loss of the most original
species (50% of the loss), while in the Amazon the loss of approximately 55% of the
most specialized species resulted in lower FEve than expected by chance. Additional
results focusing on the effect of species loss after controlling for taxonomic richness
have shown that the patterns observed, except for the impact of losing the most
specialists on FEve, are robust even when comparing assemblages with the same

number of species (Fig. S3).
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Discussion

Taxonomic and functional richness were higher in Amazonia than in Caatinga,
at both local and regional scales (Fig. 1, Fig. S3). The functional richness (FRic) decay
curves suggest that Caatinga assemblages have greater functional originality
(redundancy), whereas those of Amazonia have combinations of unique traits. Given
that, losses of few Amazonian species would cause great erosion of functional richness.
The analyses of regularity of occupancy of the functional space also suggest that
specialization has greater influence in functional evenness in Amazonia, while
originality is more important in Caatinga. The same patterns were observed after
controlling for the effect of species richness. The selection of environmentally similar
streams, combined with the high fidelity of the species to the local habitat (Espirito-
Santo et al. 2011), allows us to infer how the historical processes may have shaped the

functional structure of the fish faunas in these two biomes.

The different patterns observed for the structure of fish assemblages may have
their roots in the historical biogeography of the two regions and their evolutionary
trajectories. Along evolutionary time, tropical regions are known to have experienced
greater climatic stability than temperate regions, which have promoted high rates of
species diversification and lower rates of species extinctions (Gaston & Blackburn
1996). Marine incursions, uprising of the Andes and the formation of geological
structural paleoarches were the main events hypothesized to have shaped the
ichthyofauna of South America, through limitation of dispersion and extinction of
species (Hubert & Renno 2006). The intensity of these events differentially affected
certain regions and biomes, such as Amazonia and Caatinga (McCann 2000). After the
last glacial period, the Amazon region presented climatic stability (few large-scale

disturbances), while the Caatinga experienced other marine incursions, the forested
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areas were reduced, the regional climate changed (from tropical to semiarid), and
extreme dry climatic events occurred (Peres et al. 2010; Tabarelli & Santos 2004). Thus,
the higher overall taxonomic and functional richness of Amazonia in relation to the

Caatinga is likely to be explained by the environmental stability over the time.

Greater taxonomic richness was accompanied by greater functional richness,
suggesting that the functional diversification in the Amazon resulted in increase of
species. In fact, less original and more specialized species may be related to
evolutionary mechanisms lessening ecological competition for resources (Micheli &
Halpern 2005; Mouillot, Dumay & Tomasini 2007). The characteristics of Amazon
assemblages indicate that limiting similarity is more important than environmental
filters compared to the Caatinga, which is reflected in the levels of specialization and
originality of the two assemblages. Similar results can be observed in successional
processes of plant assemblies (Lohbeck et al. 2014). Moreover, these results can also be
observed on a local scale (biomes), suggesting that the high functional richness of
Amazonia results from unique combinations of traits of species that are not found in the
Caatinga. Possibly due to the environmental instability of Caatinga that promote more

originality in local assemblages (i.e. historical events; Tonn 1990).

It has been well documented that environmental filters acting on regional scales
are important for modeling the functional structure of assemblages, even for long
periods after disturbances (Hooper et al. 2012; Kulakowski & Veblen 2007). In this
study, we can identify two contrasting consequences of disturbances that modelling the
ichthyofauna of South America (i.e. marine incursions, climatic changes) in the
taxonomic and functional structure of stream fish assemblages. For the Caatinga, the

higher environmental instability promotes greater redundancy by decreasing the
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functional-traits range across species assemblages (Danovaro et al. 2008; Smit et al.

2016).

Environmental instability also increases the risk of biological invasion by
eliminating the invasiveness resistance effect promoted by high diversity and functional
equitability (Ives & Carpenter 2007). In fact, in Caatinga four introduced (invading)
species were recorded, one of which was the third most abundant of all species
(Poecilia reticulata). On the other hand, environmental stability in the Amazon favored
higher values of species richness and ecomorphological variability, contributing to the
existence of more specialized niches (lves & Carpenter 2008). Although we use stream
fish assemblages as models for our study, the patterns found may be observed in other
taxonomic groups, mainly because the relationship between specialization and
originality seems to be universal (Leitdo et al. 2016; Mouillot et al. 2011; Micheli &

Halpern 2005).

If we consider the Caatinga as a taxonomically and functionally impoverishment
subset of the ichthyofauna of the Amazon (Hubert & Renno 2006), we can predict that
an intensification of environmental disturbances would promote an initial loss of more
specialized species. This prediction has been confirmed in numerous short-term studies
that assess the effects of agriculture and introduced species (Flynn et al. 2009; Villéger
et al. 2014). In a long-term experiment, Reich et al. (2012) have shown that
environmental disturbances lead to functional simplification of assemblages and only a
long time, colonization of more specialized species takes place. According to the
distribution of the species in the functional space, we can observe that the most
specialized ones present lower abundances (black circles of Fig. 1). Possible
explanations for low functional specialization in the Caatinga may include higher

extinction rates of less abundant species with restricted spatial distribution.
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The results found here do not support the main trait-environment selection
hypotheses (Poof 1997; Townsend and Hildrew 1994). According to them, the habitat
heterogeneity allows the coexistence of species with different competitive abilities that
promote the use of a wide range of resources (i.e., space and food). Which was not
found in this study, despite the selection of streams with similar environmental
conditions between biomes. Thus, the high functional originality and the low species
richness in Caatinga streams would be result of biogeographic history and not
contemporary conditions (i.e. structure of local habitats). However, it is remarkable that
the hypothesis of trait-environment selection does not address how the historical filters
influence the functional structure of assemblages, and the results found here can point
out to an expansion of such hypothesis. Here we have seen that an important point to be
considered in studies that evaluate the functional structure of assemblies of different
regions or biomes is their biogeographic histories, which has been shown to be an

important driver of changes in assemblages (Cilleros et al. 2016; Ricklefs 2006).

Studies that evaluate the direct effect of species loss on ecosystem functioning
are mostly experimental (Diaz et al. 2003). Although they are extremely important to
understanding the roles that each species plays in ecosystems, they may result
somewhat artificial given the lack of realism. Here we studied two sets of fish
assemblages that were separated from each other ~5 million years ago, which gave us
the opportunity to investigate what could be considered as a remnant of a natural
experiment about the effects of environmental disturbances on the functional dynamics

of stream fish assemblages.

Conclusions
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We have shown here that historical factors may play a key role in shaping the
functional structure of Neotropical stream fish assemblages both at local and regional
scales. More specifically, environmental stability favors functional specialization in
natural assemblies, while environmental instability promotes high functional originality.
Understanding the natural dynamics of each assemblage and its consequences on the
local and regional functional structure may be important starting points for delineating
appropriate conservation strategies for each case (Cardinale et al., 2008; Mouillot,
Dumay & Tomasini 2007; Wallington, Hobbs & Moore 2005). Given the increasing
anthropogenic impacts in most ecosystems on Earth (Hooper et al. 2012), these results
warn us about how the intensification of disturbances can affect the functional structure

of biological assemblages in future.
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Fig. 1 Multidimensional space on fish ecomorphological traits from regional
assemblages of Amazonia and Caatinga. For each assemblage, the first four axes of a
Principal Components Analysis (PC) were represented. Black dots correspond to
species located on the border of the assemblage functional space within the four axes.
The size of the circle is proportional to the relative abundance of the species in each
biome. The volume of the functional space occupied by each assemblage is represented

by the gray polygon, the dotted line represents the functional space of the entire data set.
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Fig. 2 Linear relationships between species richness and the indices of Functional

Richness - FRic (a) and Functional Evenness - FEve (b) for stream fish assemblages
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and shaded area indicate, respectively, the mean and the 95% confidence interval of the
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Capitulo I1.

Carlos A. S. Rodrigues-Filho, Rafael P. Leitdo, Jansen Zuanon, Jorge |. Sanchéz-Botero
and Fabricio B. Baccaro. Historical and local factors promote idiosyncratic patterns
in Neotropical fish assemblages. Manuscrito em preparacdo — Diversity and

Distributions.
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ABSTRACT

Aim Assessing the balance between historical and local forces in shape the functional

structure of fish assemblages.

Location Amazonian and Caatinga biomes, Brazil, South America.

Methods We selected 52 streams in Caatinga and Amazonia biomes. The selection was
based in environmental similarity, so that to promote greater similarity between than
within each biome. In resume, 13 streams in each biome present dense canopy cover
while 13 do not have canopy cover. Using this scenario, we quantify the richness and
functional dissimilarity between assemblages. We also quantify the functional
uniqueness of species orders to verify if the occupied niche between assemblies is

similar between environments.

Results The functional dissimilarity was greater in assemblages with different
environments conditions, independently of biome. In part, the greater functional
richness in uncovered streams. However, the occupied niche of species was different
between and within biome. This suggests that the species pool selected by historical
filters is the response by the observed idiosyncratic patterns and high specialization in

fish fauna of South America.

Main conclusions The joint action between historical and local factors promote
idiosyncratic patterns and high functional specialization in fish fauna of South America.
This result alert us about the importance of investigate the evolutionary history of each
assemblage before making conservation decisions, mainly for the Neotropical fish

fauna, known to present high levels of specialization.

The number of words in the Abstract: 216
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The number of words in main body of the paper, from the Introduction through the
Biosketch: 3570

Number of references: 60

INTRODUCTION

Numerous debates within Ecology and Biogeography have investigated the
influence of contemporary and historical factors on the structure of biological
assemblages (Ricklefs, 2004). The absence of studies that integrate these two factors
(Harrison et al. 2006) and the consideration that historical factors cannot be empiric tested
(Francis & Currie, 1998), making more difficult to identify which one is most important.
Patterns of species richness at continents are the main subject investigated in this type of
study (Brown, 2014; Passy, 2009). In contrast, understand how the functional

dissimilarity of assemblages is affected have received less attention (Violle et al. 2014).

The main hypothesis related with functional dissimilarity is the habitat template
(Statzner and Béche, 2010; Townsend & Hildrew, 1994). This theory predicts that
contemporary conditions are more important than historical events (Poff et al. 1997). By
this view, we can assume that two assemblages will be functionally similar according to
the environmental similarity, independently of regional or historic factors. However,
extrapolating these relations is not a straightforward task, given that innumerous filters
may be operating and promoting complex assembly patterns (Jansson & Davies, 2008;

Ricklefs, 2008; Tonn, 1990).

In South America, marine transgression (sea level has risen above 100 m) is one
example of historical process that isolated fish faunas from two Brazilian biomes
(Amazonia and Caatinga; Dias et al. 2014; Lovejoy et al. 2006; Ribeiro, 2006). Elevated

regions of the Caatinga (humid forest enclaves), were not completely covered by the
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sea, acting as a natural refuge for the fauna in this biogeographic region. Subsequently,
events of speciation and historical disturbances over time occurred in this biome
(climatic changes and retraction forest; Tabarelli et al. 2004), promoting low taxonomic
similarity with the Amazon region (Albert & Reis, 2011). In respect to biological
diversity, the Amazonian biome is more diverse than Caatinga biome, due to its vast
area, geological time and climatic stability (Peres et al., 2010). Thus, present-day
patterns of functional dissimilarity between these two assemblages are probably product

of the interaction of contemporary and historical factors.

Identifying the standards governing functional dissimilarity is of paramount
importance for priority conservation areas (Olden et al. 2010; Villéger et al. 2011;
Violle et al. 2014). Here, we will evaluate the importance of historical events and local
conditions to functional dissimilarity diversity structure in Neotropical stream fishes.
For this, we selected streams with similar environmental conditions in each biome. To
better understand the factors that govern the functional dissimilarity, we first quantify
the functional space (FRic) filled by each assembly and the amount of functional space
not shared between the assemblies (Fdiss). Second, we determined the influence of
taxonomy richness on the observed FRic. Third, we determined the contribution of
species (functional uniqueness; Funig) order to patterns of FRic and Fiss, allowing us to
identify whether their functional strategies are different between biomes. Given the
importance of historical events in shape the local taxonomic and functional structure of
assemblage (Ricklefs et al. 2006; Tonn, 1990), similar functional strategies between
assemblages should be higher in the same biome. In addition, we expected that the
functional richness and dissimilarity patterns between biomes are explained by different
levels of the functional uniqueness of the species because the complex system of

environmental filters operating at different spatial and temporal scales can promote
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unique patterns of diversification (Ernst et al. 2012). To test these assumptions, regional

or intercontinental studies are indispensable (Cilleros et al. 2016).

METHODS

Data set

We used fish datasets of the Amazon and Caatinga streams from the Projeto
Igarapés (http://www.igarapes.bio.br/) and of the Laborato6rio de Ecologia Aquética of
the Universidade Federal do Ceara. In total, we use 52 stream fish assemblages (26
from the Amazonia and 26 from the Caatinga; Figure S1). In the Caatinga and
Amazonia, half of the selected streams show low depth characteristics of the water
column, pebbly bottom and dense canopy cover (CA-COV and AM-CQOV, respectively;
Figure Al.1 and Figure Al.2). The other half are composed of streams with sandy
bottom characteristics, high depth of the water column and absence of canopy cover
(CA-UNC and AM-UNC; Figure Al1.1 and Figure Al.2). For streams, selection details

and resume of environmental conditions see Appendix 1.

The same sampling protocol was carried out in all streams, where 50-m sections
were sealed at the ends by locking nets to prevent fish from escaping. Within the 50-m
stretch, four equidistant transects were determined, where the physical measurements of
the streams (main channel width, mean depth, stream velocity, canopy cover and
substrate type) and physicochemical (temperature, pH and dissolved oxygen) were
measured (Mendonca et al., 2005). Subsequently, the ichthyofauna was sampled in all
habitats available within the 50-m stretch with the use of trawls, sieves, and seine nets.
Collecting and euthanizing fishes were done under collecting permits from IBAMA and
institutional committees for ethics in research with animals. VVoucher specimens were

deposited at the fish collections of Instituto Nacional de Pesquisas da Amazonia (INPA,
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Manaus, Amazonas state) and Universidade Federal do Rio Grande do Norte (Natal,

Rio Grande do Norte state), Brazil.

Functional traits and multifunctional space

To characterize fish assemblages, an ecomorphological analysis were performed
and a set of morphometric measures was taken in five adult individuals of each species.
Subsequently, combinations of these morphometric measures (Table A2.1) generated 15
functional attributes. The selected morphological attributes will represent a proxy of
locomotion capacity, food acquisition, and position in the water column, important

components of the ecological niche of fish species (Violle et al. 2007).

Here the functional diversity was determined from the functional space occupied
by each assembly within the multifunctional space constructed from the functional traits
(Cornwell et al., 2006). To construct the multifunctional space, the 15 ecomorphological
attributes were initially centered on zero mean and one standard deviation.
Subsequently, a Principal Component Analysis (PCA) was performed to reduce the
dimensionality of the data in the multifunctional space (Villéger et al., 2008). The
distance between species in the multifunctional space is related to their functional

similarities; the closer, the more functionally similar (Villéger et al., 2008).

From the multifunctional space obtained from PCA, we used the protocol
developed by Maire et al. (2015) to determine the number of axes to be used to calculate
diversity and functional dissimilarity between assemblages. This technigque consists in
correlating the distances of the species in the multifunctional space with the distances of
the original matrix, to verify the congruence between the original data and those

generated by the ordination techniques.

Functional indices
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We quantify the volume of convex hull (Cornwell et al. 2006) occupied for each
assemblages, using the number of PCA axes selected by the Maire et al. (2015). High
convex hull values indicate assemblages with high diversity of the functional strategies
(high functional richness, FRic). Because their values depend on the functional space of
each assemblages in relation to the total volume, we standardize the FRic value by
dividing by the value occupied by all the assemblages. Thus, FRic values range from
zero for assemblages with low amplitude of functional strategies to one for assemblages

with high amplitude of functional strategies (Villéger et al. 2008).

The functional dissimilarity (Fdiss) represents the replacement of functional
strategies between two or more assemblages (Villéger et al., 2011). Fiss is equal to the

ratio between not shared and total functional space, following the formula below:

2 * min(b, c)
a + 2 * min(b, ¢)

Fdiss =

Where a is functional volume (FRic) shared by the two assemblages and b and ¢
the unique functional volume filled for the two assemblages (Villéger et al., 2011). Fuiss
varies between zero, when two assemblages are completely similar, to one when two
assemblages are completely overlapping in functional space. As the Fyiss is highly
dependent on the extent of functional space filled by assemblage, Faiss values were
standardized against the total volume occupied by the two assemblages (Villéger et al.,

2011).

Statistical analysis

We used null models to test whether the observed FRic and Fqiss values are
significantly different from expected at random. The species richness of each

assemblages were kept constant, while the functional identity of the species was
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randomly distributed (Villéger et al., 2013). For each pair of assemblages, 999 null
models were generated and the simulated FRic and Fqiss values computed. The
standardized effect size (SES) was used to measure the difference between observed
values (obs) and null expectation (rand): SES = FRiCobs — mean (FRicCrand) / Sd (FRiCrand).
When the FRicobs is less than 2.5% of the simulated values, the functional richness of
the assemblages is considered clustered, on the other hand, if the FRicops is greater than
97.5% of the simulated values functional richness of the assemblages is overdispersed.
For Fudiss, if the observed value is less than 2.5%, we will assume that the two
assemblages present similar functional strategies (high overlap), but if the observed
value is greater than 97.5%, we will assume that the two assemblies have different
functional strategies). As the number of species varies between groups we compute the
value of FRic after performing a bootstrap technique (N = 10,000) based on the smallest

number of species within the four groups.

We used the functional uniqueness of the orders of fish (Funiq; Toussaint et al.,
2016). For the calculation of Funiq the Perciformes, Cyprinodontiformes, Gymnotiformes
and Synbranchiformes were treated as “Others” because they presented few species per
stream group. The functional uniqueness of each represent the proportion of the
functional space filled only the order considered:

(a?)

Fumq = m
T T

Where, a,° is the volume of order filled only the order o while b/°is the volume
shared with all orders present in assemblage. From this index, we can identify if species
of the same order present different functional strategies between and within biomes.

High values of Funiq indicate that species of a certain order use different functional
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strategies in a particular assemblage that are not shared by species of the same order in

other assemblages.

All analyses to get to the functional indices were computed using the function
functional.beta.core from betapart R package (Baselga and Orme, 2012). All statistical

analyses were carried in R version 3.3.0 (The R Foundation for Statistical Computing).

RESULTS

Functional richness and dissimilarity

The database includes 122 species belonging to six orders. Four PCA axes were
selected by the Maire et al. (2015) protocol. CA-COV and AM-COV filled respectively
10% and 17% of functional space available whereas CA-UNC and AM-UNC filled
respectively 30% and 78% of functional space of all functional volume available (Table
1; Figure 1; Figure A3.1). Both stream groups had not significantly lower FRic than
expected by chance given their respective taxonomic richness (Table 1). However, it is
important mentioning that COV streams had lower SES values than UNC streams,
suggesting less increase of functional richness with increase of taxonomic richness. The
FRic of UNC streams were not significantly different than expect by chance given the
taxonomic richness of stream groups, and hence the functional difference observed

between the streams groups were due to a species richness effect (Table 1).

In terms of functional dissimilarity, the more similar assemblages shown high
environmental similarity (Table 2). The smallest functional dissimilarity was observed
between COV values (CA-COV and AM-CQOV; Table 2). However, different from our
predictions, none of dissimilarity values was significantly greater than expect after

controlling the taxonomic richness (-0.90 < SES > 1.10; Table 2).



41

Contribution of the species of each order to the functional richness

The functional space was dominated for two Orders (Characiformes and
Siluriformes) which filled 40.8% of functional space available (Figures S3.2). These
high values of FRic was dependent of species richness (Spearman’s rank correlation rho
=0.61, n =12, P =0.03). For all streams, the functional uniqueness of the orders also
showed high correlation with the species richness (Spearman’s rank correlation rho =
0.89, n =12, P <0.001, respectively). Together, these results suggests that the
increasing of species promotes more filling functional space via specialization of
functional strategies and that the Orders of each assemblage feature distinct functional

strategies (high values of Funig; Figure 2; Table 3).

DISCUSSION

The idea that local are dependent on regional processes have been debated for
decades (Ricklefs, 1987; Tonn, 1990). Understanding the balance between these two
factors is of extreme importance not only to identify the patterns that govern
biodiversity but also to develop correct conservation strategies (Chase & Leibold, 2003;
Ellis, 2015; Fukami, 2015; Olden et al. 2010). We used fish assemblages from two
biomes of South America, which different evolutionary histories to evaluate the balance
between local contemporary and historical/evolutionary forces (Figure 3). The historical
filters selected the species pool of each biome capable of colonizing local assemblies
(Figure 3A, B). Properties of local habitat filtered the species more adapted to
environmental conditions (Figure 3C, D). In particular, compressed and deep body
shapes, large eyes, compressed caudal peduncle, terminal to superior mouth position
and large head (such as Characiformes and Perciformes) were more associated with

UNC streams (Figure 3; Figure S2). Conversely, species with long peduncles, dorsal
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and small eyes, inferior mouth and depressed body, as such, the armored catfishes
(Siluriformes) had mode importance in COV streams (Figure S2). Despite this strong
relation between functional characteristics of the species and contemporary factors, high
Funiq vValues were observed. One of the possible explanations is the difference in the pool
of species capable of colonizing local assemblages, generated by historical filters. As an
example, we have the species of the order Characiformes, which despite having
characteristic body patterns have different strategies between and within each biome

(Table 3).

The joint action of historical and local factors

Historical events that occurred in South America are among the major drivers of
biodiversity distribution (Hubert & Renno, 2006). Coupled with large diversification
time, they promoted higher diversification and innumerable areas of endemism (Gaston
& Blackburn, 1996; Hubert & Renno, 2006). In despite of these patterns, we find that
local conditions are more important in explaining patterns of functional richness and
dissimilarity, when the taxonomic richness is controlled (Townsend & Hildrew, 1994).
However, high values of functional singularity suggest that the differentiated selection
of the species pool by historical factors represents an important structuring agent of
local assemblies (Ricklefs, 2011). Our results suggest that the combination of
contemporary and historical events generate idiosyncratic patterns in fish assemblages,
reinforcing the importance of investigating how historical filters influence the local

patterns of assemblages.

Contemporary factors were the main responsible for taxonomic and functional
richness patterns. In open canopy streams, highest FRic values were explained by the
presence of species with extreme traits combinations (Figure A3.1; Figure A3.2). One

of the possible explanations for this pattern is the relatively higher productivity in these
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environments promoted by the high concentration of macrophytes (Sand-Jensen et al.
1989; see Figure Al.1). In fact, the high spatial heterogeneity promoted by macrophytes
function as refuges and source of reproduction and food for many fish species (Teixeira-
Melo et al. 2015). The patterns of dissimilarity also revealed greater importance of local
conditions, despite the low statistical significance. Evolutionary divisions of fauna
during historical events may be one of the reasons for the low significance of these
results, generating lineages of different species between assemblies, but converging
within similar environments (Ricklefs, 2007). Thus, the contemporary events can be

treated as modelers of historical events.

Combination between contemporary and historical factors in explaining local
patterns was also observed in intercontinental studies of anuran assemblages (Ernst et
al., 2012) and of coral reef fish (Bender et al. 2013; Leprieur et al. 2015). However,
from the investigation of the functional relationship between species we demonstrate the
importance of each of these factors in structuring streams fish assemblages. These
results are in agreement with the unidirectionality mechanism that historical and
contemporary abiotic filters have in composing local assemblies (Toon, 1990; Ricklefs,
2004). Cilleros et al. (2016) observed a practical example of the joint importance of
historical and local events. In their study, the authors identified different patterns of
functional dissimilarity between temperate and tropical fish assemblages, explained by
contemporary and historical factors. The interpretation of the results presented in this
study together with these evidences of the literature, point out that the balance between
historical forces and contemporary places is more complex than predicted by the great
theories of assembly structure (Poof et al. 1997; Townsend & Hildrew 1994). Thus, we
demonstrate support for Ricklefs’s (2004) claim that contemporary and historical

factors interact continuously in time and space, and that both create unique patterns for
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each local assemblage. This alerts us to the specificity that future management plans in

certain areas aim to maximize the contemplated biodiversity.

In the ecological and biogeographical literature are not there a consensus about
the existence of idiosyncratic patterns. Winemiller (1991) and Leprieur et al. (2011) not
found evidence for idiosyncratic patterns, while Strauss (1989) and Ernst et al. (2012)
demonstrate that the assemblages of ichthyofauna and anuran showed different
functional strategies between continents. The biogeographic location where the studies
were performed (hemispheres south or north of the earth), represents one of the main
explanations for these divergent results. The northern hemisphere was the target of large
glaciations, which promoting less time of speciation and generated nested assemblies of
regions not frozen (Dobrovolski et al., 2012). These regions present great dependence of
a great historical event, what causes homogenization and low richness of species at the
regional level (Villéger et al., 2013). On the other hand, glaciations had little effect on
biological assemblies in the northern hemisphere allowing more time for speciation
(Peres et al., 2010) and more interactions between species and contemporary factors.
Thus, time is an important variable that may be linked to idiosyncratic patterns.
Assemblies that present historical filters very early in their evolutionary history have

higher rates of specialization due to adaptation to contemporary conditions.

The capacity of particular adaptations of groups of species to affect biodiversity
patterns between (Fukami et al., 2005; Ricklefs, 2007) and even within the same region
is well known (Hawkins et al. 20005). In our study, such adaptations were mainly
responsible for rejecting the hypothesis of habitat template. Moreover, the positive
relationship between taxonomic and functional richness suggests that assemblages
showed relatively low functional redundancy in Neotropical stream fishes. These results

alert us to the importance of conservation of this Neotropical fauna, even in places that
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do not have high species richness (Vitule et al. 2017). For instance, Caatinga biome
harbors less species compared with Amazonian biome, but Caatinga has high rates of

endemism (Rodrigues-Filho 2016).

How do anthropogenic disturbances relate to idiosyncratic patterns?

Although our results are interpreted in such a way that local filters are able to
select only the species already selected by historical filters, anthropic disturbances can
affect the unidirectionality of this relation inserting more complexity to the system.
Local extinction via habitat degradation and species introduction may be examples of
anthropogenic disturbances that directly affect the functional structure of these
assemblages by compromising the hierarchical network of ecosystem services (Dala-
Corte et al. 2016; Hefferman et al. 2014; Mouillot et al. 2011; Mouillot et al. 2013).
Such disturbances present a threat to the unique patterns of functional biodiversity
promoted by historical and contemporary factors (Villéger et al. 2014). Habitat
degradation is closely linked with increased functional redundancy within assemblies by
removing species with functional traits that are poorly adapted to environmental
changes (Casatti et al. 2015). This functional simplification increases the invasion
success of alien species by increasing the number of niches available within assemblies
(Mouillot et al. 2013; Speek et al. 2014). The taxonomic and functional homogenization
promoted by these species introduction is, even more, warning for the Neotropical fish
fauna due to its high presence of endemic species that are mostly listed as vulnerable to
extinction (Vitule et al. 2016). These considerations emphasize the need to understand
the mechanisms of local and regional biodiversity. Specifically, in the Caatinga biome,
these human interventions are more evident than in the Amazonian biome, which still

presents well-preserved regions. In this biome, due to actions of fish farming and
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aguariums, numerous introduced species are promoting extinctions of native species

(Malthcik & Medeiros, 2012).

CONCLUSIONS

Beyond their conceptual importance, understand the factors that influence the
functional biodiversity are also important in conservation context (Olden et al. 2010).
Here, we find that historical and environmental conditions exert combination influence
on the functional structure of Neotropical stream fish assemblage. Such a joint action
may be one of the possible explanations for the great controversy of current studies that
directly or indirectly test the habitat template premises without taking into account the
evolutionary history of the assemblies. This is especially important to conservation
given the crescent advance of anthropogenic changes in the most diverse ecosystems of
the earth (Cardinale et al. 2012; Jackson et al. 2001). The high functional specialization
and the idiosyncratic pattern associated with the increasing wave of anthropic
disturbances alert us to future research investigating the consequences of anthropic
impacts on the erosion of functional diversity in the resistance of the congregation to

biological invasions (Speek et al. 2014).
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BIOSKETCH

Carlos Rodrigues-Filho is interested in understand the relation between local and
regional forces that shape the functional structure of biological assemblages. This article
is a product of Rodrigues-Filho’s MSc thesis, conducted at the Ecology Graduate
Program of Brazil’s National Institute for Amazon Research (INPA).

Table 1 Number of species (Nb. of species), observed values (mean of simulated) FRic,

standardize effect (SES), probability associate with null models (P) and bootstrapped
FRic values (95% confidence interval).

Nb. of species  FRic observed (%) SES P value Booth=20 Bootn=24 Bootn=32
20 (16.3%) 0.10 (0.17) -0.99 0.11 - - -
32 (26.2%) 0.30 (0.32) -0.07 055 0.04-0.27™ 0.08-0.29™ -
AM-COV 24 (19.6%) 0.17 (0.23) -0.91 0.18 0.10-0.17™ - -
AM-UNC 77 (63.1%) 0.78 (0.70) 060 0.73 0.06-0.38"™ 0.09-0.46"™ 0.17-0.56"

"non significant values based in 10,000 bootstrapped.

Table 2 Functional dissimilarity between groups.

Streams groups Fdaiss (%) SES P value
CA-COV vs. CA-UNC 68 0.24 0.56
CA-COV vs. AM-COV 57 -0.90 0.17
CA-COV vs. AM-UNC 87 1.10 0.87
CA-UNC vs. AM-COV 61 0.25 0.68
CA-UNC vs. AM-UNC 69 0.75 0.74
AM-COV vs. AM-UNC 79 1.05 0.85

Functional dissimilarity values (Fiss) between pairs of groups. Associated P-values obtained under the
null model (N = 999) are provided in parentheses.



Table 3 Functional space filled (FRic) and uniqueness (Funiq) of each order for covered (COV) and uncovered (UNC) streams and. Values in

parentheses representing the richness of species in each order. Due to computation constraints, the functional space of orders with less five

species was not measured (-). “Others” include the orders Perciformes, Cyprinodontiformes, Gymnotiformes and Synbranchiformes.

56

All groups CA-COV CA-UNC AM-COV AM-UNC
FR|C Funiq FR|C Funiq FR'C Funiq FR|C Funiq FR|C Funiq
Characiformes 28.08(63) 2757 013(8)  0.00 080(19) 068 0.13 (9) 000  3.838(43) 290
Siluriformes 42.63 (24) 22.25 2.50 (13) 1.97

Perciformes 7.33 (15) 1.18
Cyprinodontiformes  0.11 (7) 0.11
Gymnotiformes 0.09 (11) 0.08
Synbranchiformes -

Others 62.92(35)  49.91

0.02(6)  0.01

028(5)  0.06

0.03(6)  0.01

099(6)  0.61

0.05(6)  0.04

0.55 (9) 0.02

0.27 (9) 0.13
001(10) 001

6.20 (21)  4.64
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Figure 1 Functional space built with the species pool of covered and uncovered streams
from the Caatinga and Amazonia biomes (see Figure A3.1 for PC all combinations).
(blue) CA-COV; (cyan) AM-COV; (red) CA-UNC; (gray) AM-UNC. Lines

representing the convex hulls volumes of each stream group.
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Figure 2 The functional richness of each order in each assemblage is given as the
percentage of all assemblages FRic (white bars). Gray bars represent the functional
uniqueness (Funiq) of each order. Circles represent the relative proportion of taxonomic

richness of each order in each assemblage given the total species number.
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Figure 3 Summary balance between historical and local drivers in functional structure of
fish assemblage. Historical filters are responsible for selecting the species pool in each
biome. Then local filters select the species most adapted to the habitat characteristics,
however, an identity of the species selected by historical filters is maintained. Thus, the

local assemblies are derived from historical and local filters, promoting unique

standards in each assembly.
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Sintese

As crescentes modifica¢fes antropicas nos mais variados ecossistemas da terra tém
afetado diretamente a dindmica de assembleia ecoldgicas (Mouillot et al., 2013). Tal
intervencao tem promovido erosdes na biodiversidade principalmente por eliminar espécies
raras, mas gque possuem elevada importancia ecoldgica para o funcionamento de ecossistemas
(Leitdo et al., 2016; Mouillot et al., 2011). Isso ocorre pois existe uma intima relacéo entre as
caracteristicas funcionais das espécies com as caracteristicas do habitat (Diaz & Cabido,

2001), o que gera graves consequéncias em eventos de perda de habitat.

Mostrei nesse trabalho que fatores histdricos sdo importantes modeladores dos padrdes
atuais de especializacdo e redundancia funcional em peixes de riachos e que em conjunto com
fatores contemporaneos sdo responsaveis por governar a estruturacao de assembleias locais de
peixes de riachos de dois biomas do Brasil (Caatinga e Amazénia). Em adicao, os padrdes
idiossincréaticos observados na literatura, podem ser derivados do tempo em que o ultimo
grande evento histdrico ocorreu. Como exemplo maiores casos de padrdes idiossincraticos sao
observados em regides Tropicais em detrimento de regides Temperadas, a qual apresentaram
eventos recentes de glaciacdo que sdo os principais responsaveis pela distribuicao atual de
espécies na regido (Dobrovolski et al., 2012). Esses resultados foram comprovados (i) maior
importancia de espécies redundantes no bioma Caatinga, que apresentou inimeros disturbios
historicos ao longo de seu processo evolucionario (ii) assembleias localizadas em riachos com
condicdes semelhantes, independentemente do bioma, apresentaram valores de riqueza e
dissimilaridade funcional similares. No entanto, a diferenca do pool de espécies decorrente de
processos historicos é responsavel pelos altos valores de singularidade funcional das espécies

(forcas responsaveis por gerar padrdes idiossincraticos).

Nesse trabalho a composicéo de espécies entre a Amazonia e Caatinga apresentaram
apenas seis espécies em comum, em um total de 122. Esse panorama torna comparacoes entre
biomas bastante inacessiveis. A utilizacdo da abordagem funcional, por outro lado, é capaz de
comparar assembleias completamente diferentes taxonomicamente. Utilizamos essa
caracteristica da diversidade funcional para mostrar que grandes disturbios podem causar
severas perda de especializacdo funcional em assembleias de peixes de riachos. Além de
disturbios de larga escala, a intima relacéo entre a diversidade funcional e as condicdes locais
nos alertam que pequenas modificacfes também possuem potencial de afetar diretamente a

estrutura de assembleia de peixes de riachos.



60

Referéncias bibliograficas

Albert, J.S.; Reis, R.E. 2011. Historical biogeography of Neotropical freshwater fishes.

University of California Press, Berkeley.

Baselga, A.; Orme, C. D. L. 2012. Betapart: an R package for the study of beta diversity.

Methods Ecol. Evol. 3, 808-812.

Bender, M. G.; Pie, M. R.; Rezende, E. L.; Mouillot, D.; Floeter, S. R. 2013. Biogeographic,
historical and environmental influences on the taxonomic and functional structure of

Atlantic reef fish assemblages. Global Ecol. Biogeogr, 22, 1173-1182.
Brown, J. H. 2014. Why are there so many species in the tropics? J. Biogeogr., 41, 8-22.

Buisson, L.; Grenouillet, G.; Villéger, S.; Canal, J.; Laffaille, P. 2012. Toward a loss of
functional diversity in stream fish assemblages under climate change. Glob. Change

Biol., 19, 387-400.

Cardinale, B. J.; Wright, J. P.; Cadotte, M. W.; Carroll, I. T.; Hector, A.; Srivastava, D. S.;
Loreau, M.; Weis, J. J. 2007. Impacts of plant diversity on biomass production increase
through time because of species complementarity. P. Natl. Acad. Sci. USA, 104, 18123-

18128.

Casatti, L.; Teresa, F. T.; Zeni, J. O.; Ribeiro, M. D.; Brejéo, G. L.; Cenevina-Bastos, M.
.2015. More of the Same: High Functional Redundancy in Stream Fish Assemblages

from Tropical Agroecosystems. Environ. Manage., 55, 1300-1314.

Cilleros, K.; Allard, L.; Grenouillet, G.; Brosse, S. 2016. Taxonomic and functional diversity
patterns reveal different processes shaping European and Amazonian stream fish

assemblages. J. Biogeogr., 43, 1832-1843.



61

Chase, J. M.; Leibold, M. A. 2003. Ecological Niches: Linking Classic and Contemporary

Approaches. Chicago: University of Chicago Press.

Cornwell, W. K.; Schwilk, D. W.; Ackerly, D. D. 2006. A trait-based test for habitat filtering:

convex hull volume. Ecology, 87, 1465-1471.

Cunico, A. M.; Allan, J. D.; Agostinho, A. A. 2011. Functional convergence of fish
assemblages in urban streams of Brazil and the United States. Ecological Indicators, 11,

1354-1359.

Danovaro, R.; Gambi, C.; Dell’Anno, A.; Corinaldesi, C.; Fraschetti, S.; Vanreusel, A.;
Vincx, M.; Gooday, A. 2008. Exponential decline of deep-sea ecosystem functioning

linked to benthic biodiversity Loss. Curr. Biol., 18, 1-8.

Dala-Corte, R. B.; Giam, X.; Olden, J. D.; Becker, F. G.; Guimaraes, T. F.; Melo, A. S. 2016.
Revealing the pathways by which agricultural land-use affects stream fish communities

in South Brazilian grasslands. Freshwater Biol., 61, 1921-1934.

Dias, M.S.; Oberdoff, T.; Hugueny, B.; Leprieus, F.; Jézéquel, C.; Cornu, J.; Brosse, S.;
Grenouillet, G.; Tedesco, P.A. 2014. Global imprint of historical connectivity on

freshwater fish biodiversity. Ecol. Lett., 17, 1-11.

Diaz, S.; Cabido, M. 2001. Vive la différence: plant functional diversity matters to ecosystem

processes. Trends Ecol. Evol., 16, 646-655.

Diaz, S.; Symstad, A.J.; Chapin Ill, F. S.; Wardle, D. A.; Huenneke, L.F. 2003. Functional

diversity revealed by removal experiments. Trends Ecol. Evol., 18, 140-146.

Dobrovolski, R.; Melo, A. S.; Cassemiro, F. A. S.; Diniz-Filho, J. A. F. 2012. Climatic history
and dispersal ability explain the relative importance of turnover and nestedness

components of beta diversity. Global Ecol. Biogeogr., 21, 191-197.



62

Ellis, E.C. 2015. Ecology in an anthropogenic biosphere. Ecol. Monogr., 85, 287-331.

Eros, T.; Heino, J.; Schmera, D.; Rask, M. 2009. Characterizing functional trait diversity and
trait-environment relationships in fish assemblages of boreal lakes. Freshwater Biol.,

54, 1788-1803.

Ernst, R.; Keller, A.; Landburg, G.; Grafe, T. U.; Linsenmair, K. E.; Rddel, M-O.; Dziock, F.
2012. Common ancestry or environmental trait filters: cross-continental comparisons of
trait—habitat relationships in tropical anuran amphibian assemblages. Global Ecol.

Biogeogr., 21, 704-715.

Ernst, R., Linsenmair, K.E. & Roedel, M.O. (2006) Diversity erosion beyond the species
level: dramatic loss of functional diversity after selective logging in two tropical

amphibian communities. Biol. Conserv., 133, 143-155.

Espirito-Santo, H. M. V.; Magnusson, W. E.; Zuanon, J.; Mendongca, F. P.; Landeiro, V. L.
2011. Seasonal variation in the composition of fish assemblages in small Amazonian

forest streams: evidence for predictable changes. Freshwater Biol., 54, 536-548.

Flynn, D. F. B.; Gogol-Prokurat, M.; Nogeire, T.; Molinari, N.; Richers, B. T.; Lin, B. B.;
Simpson, N.; Mayfield, M. M.; DeClerck, F. 2009. Loss of functional diversity under

land use intensification across multiple taxa. Ecol. Lett., 12, 22-33.

Fonseca, C. R.; Ganade, G. 2001. Species functional redundancy, random extinctions and the

stability of ecosystem. J. Ecol., 89, 118-125.

Francis, A. P.; Currie, D. J. 1998. Global patterns of tree species richness in moist forest:

another look. Oikos, 81, 598-602.



63

Fukami, T. 2015. Historical contingency in community assembly: integrating niches, species
pools, and priority effects. Annual Review of Ecology, Evolution, and Systematics, 46,

1-23.

Fukami, T. 2005. Species divergence and trait convergence in experimental plant community

assembly. Ecol. Lett., 8, 1283-1290.

Gamfeldt, L.; Hillebrand, H.; Jonsson, P. R. 2008. Multiple functions increase the importance

of biodiversity for overall ecosystem functioning. Ecology, 89, 1223-1231.

Gaston, K. J.; Blackburn, T. M. 1996. The tropics as a museum of biological diversity: an

analysis of the New World avifauna. P. Roy. Soc. Lond. B Biol., 263, 63-68.

Gonzalez, A.; Loreau M. 2009. The Causes and Consequences of Compensatory Dynamics in

Ecological Communities. Annu. Rev. Ecol. Evol. Syst., 40, 393-414.

Habel, K.; Grasman, R.; Stahel, A.; Sterratt, D. C. 2014. geometry: mesh generation and

surface tessellation. R package version 0.3-5.

Harrison, S.; Safford, H. D.; Grace, J. B.; Viers, J. H.; Davies, K. F. 2006. Regional and local
species richness in an insular environment: serpentine plants in California. Ecol.

Monogr., 76, 41-56.

Hawkins, B.A.; Diniz-Filho, J. A. F.; Soeller, S.A. 2005. Water links the historical and
contemporary components of the Australian bird diversity gradient. J. Biogeogr., 32,

1035-1042.

Heffernan, J. B.; Soranno, P. A.; Angilletta, M. J.; Buckley, L. B.; Gruner, D. S.; Keitt, T. H.;
Kellner, J. R.; Kominoski, J. S.; Rocha, A. V.; Xiao, J.; Harms, T. K.; Goring, S. J.;

Koening, L. E.; McDowell, W. H.; Powell, H.; Richardson, A. D.; Stow, C. A.; Vargas,



64

R.; Weathers K. C. 2014. Macrosystems ecology: understanding ecological patterns and

processes at continental scales. Front. Ecol. Environ., 12, 5-14.

Hoeinghaus, D. J.; Winemiller, K. O.; Birnbaum, J. S. 2007. Local and regional determinants
of stream fish assemblage structure: inferences based on taxonomic vs. functional

groups. J. Biogeogr., 34, 324-338.

Hooper, D. U.; Chapin Ill, F. S.; Ewel, J. J.; Hector, A.; Inchausti, P.; Lavorel, S.; Lawton, J.
H.; Lodge, D. M.; Loreau, M.; Naeem, S.; Schmid, B.; Setald, H.; Symstad, A.J.;
Vandermeer, J.; Wardle, D.A. 2005. Effects of biodiversity on ecosystem functioning: a

consensus of current knowledge. Ecology, 75, 3-35.

Hooper, D. U.; Adair, E. C.; Cardinale, B. J.; Byrnes, J. E. K.; Hungate, B. A.; Matulich, K.
L.; Gonzalez, A.; Duffy, J. E.; Gamfeldt, L.; O’Connor, M. I. 2012. A global synthesis

reveals biodiversity loss as a major driver of ecosystem change. Nature, 486, 105-1009.

Hubert, N.; Renno, J. 2006. Historical biogeography of South American freshwater fishes. J.

Biogeogr., 33, 1414-1436.
Ives, A. R.; Carpenter, S. R. 2008. Stability and diversity of ecosystems. Science, 317, 58-62.

Jackson, J. B. C.; Kirby, M. X.; Berger, W. H.; Bjorndal, K. A.; Botsford, L. W.; Bourque, B.
J.; Bradbury, R. H.; Cooke, R.; Erlandson, J.; Estes, J. A.; Hughes, T. P.; Kidwell, S.;
Lange, C. B.; Lenihan, H. S.; Pandolfi, J. M.; Peterson, C. H.; Steneck, R. S.; Tegner,
M. J.; Warner, R. R. 2001. Historical overfishing and the recent collapse of coastal

ecosystems. Science, 293, 629-638.

Jansson, R.; Davies, T. J. 2008. Global variation in diversification rates of flowering plants:

energy vs. climate change. Ecol. Lett., 11, 173-183.



65

Kulakowski, D.; Veblen, T. T. 2007. Effect of prior disturbances on the extent and severity of

wildfire in Colorado subalpine forests. Ecology, 88, 759-769.

Laliberté, E.; Legendre, P. 2010. A distance-based framework for measuring functional

diversity from multiple traits. Ecology, 91, 299-305.

Leitdo, R. P.; Zuanon, J.; Villéger, S.; Williams, S. E.; Baraloto, C.; Fortunel, C.; Mendonca,
F. P.; Mouillot, D. 2016. Rare species contribute disproportionately to the functional

structure of species assemblages. Proc. R. Soc. B, 283, 1-9.

Leprieur, F.; Colosio, S.; Descombes, P.; Parravicini, V.; Kulbicki, M.; Cowman, P. F.;
Bellwood, D. R.; Mouillot, D.; Pellissier L. 2015. Historical and contemporary
determinants of global phylogenetic structure in tropical reef fish faunas. Ecography,

38, 1-11.

Leprieur, F.; Tedesco, P. A.; Hugueny, B.; Beauchard, O.; Dirr, H. H.; Brosse, S.; Oberdoff,
T. 2011. Partitioning global patterns of freshwater fish beta diversity reveals contrasting

signatures of past climate changes. Ecol. Lett., 14, 325-334.

Lohbeck, M.; Poorter, L.; Martinez-Ramos, M.; Rodriguez-Velazquez, J.; Breugel, M.;
Bongers, F. 2014. Changing drivers of species dominance during tropical forest

succession. Funct. Ecol., 28, 1052-1058.

Lovejoy, N. R.; Albert, J. S.; Crampton, W. G. R. 2006. Miocene marine incursions and
marine/freshwater transitions: Evidence from Neotropical fishes. J. S. Am. Earth Sci.,

21, 5-13.

Malthchik, L.; Medeiros, E. S. F. 2012. Conservation importance of semi-arid streams in
north-eastern Brazil: implications of hydrological disturbance and species diversity.

Aguat. Conserv, 16, 665-677.



66

Maire, E.; Grenouillet, G.; Brosse, S.; Villéger, S. 2015 How many dimensions are needed to
accurately assess functional diversity? A pragmatic approach for assessing the quality of

functional spaces. Global Ecol. Biogeogr., 24, 728-740.

Maechler, M.; Rousseew, P.; Struyf, A.; Hubert, M.; Hornik, K. 2016. cluster: cluster analysis

basics and extensions. R package version 2.0.4.

McCann, K. S. 2000. The diversity-stability debate. Nature, 405, 228-233.

Medeiros, E. S. F.; Maltchik, L. 2001. Fish assemblage stability in an intermittently flowing

stream from the Brazilian semiarid region. Austral Ecol., 26, 156-164.

Mendonca, F. P.; Magnusson, W. E.; Zuanon, J. 2005. Relationships Between Habitat
Characteristics and Fish Assemblages in Small Streams of Central Amazonia. Copeia,

4, 751-764.

Micheli, F.; Halpern, B. 2005. Low functional redundancy in coastal marine assemblages.

Ecol. Lett., 8, 391-400.

Mori, A. S. 2011. Ecosystem management based on natural disturbances: hierarchical context

and non-equilibrium paradigm. J. Appl. Ecol., 48, 280-292.

Mouillot, D.; Dumay, O.; Tomasini, J. A. 2007. Limiting similarity, niche filtering and
functional diversity in coastal lagoon fish communities. Estuar. Coast. Shelf S., 71, 443-

456.

Mouillot, D.; Graham, N. A. J.; Villéger, S.; Mason, N. W. H.; Bellwood, D. R. 2013. A
functional approach reveals community responses to disturbances. Trends Ecol. Evol.,

28, 167-177.

Mouillot, D.; Villéger, S.; Scherer-Lorenzen, M.; Mason, M. W. H. 2011. Functional structure

of biological communities predicts ecosystem multifunctionality. Plos One, 6, 1-9.



67

Olden, J. D.; Kennard, M. J.; Leprieur, F.; Tedesco, P. A.; Winemiller, K. O.; Garcia-Berthou,
E. 2010. Conservation biogeography of freshwater fishes: recent progress and future

challenges. Diversity and Distributions, 16, 496-513.

Passy, I. P. 2009. The relationship between local and regional diatom richness is mediated by

the local and regional environment. Global Ecol. Biogeogr., 18, 383-391.

Peres, C. A.; Gardner, T. A.; Barlow, J.; Zuanon, J.; Michalski, F.; Less, A. C.; Vieira, I. C.
G.; Moreira, F. M. S.; Feeley, K. J. 2010. Biodiversity conservation in human-modified

Amazonian forest landscapes. Biol. Conserv., 143, 2314-2327.

Pickett, S. T. A.; White, P. S. 1985. The Ecology of Natural Disturbance and Patch Dynamics.

Academic Press, New York.

Poof, N. L. 1997. Landscape filters and species traits: towards mechanistic understanding and

prediction in stream ecology. J. N. Am. Benthol. Soc., 16, 391-4009.

Pool, T. K.; Olden, J. D.; Whittier, J. B.; Paukert, C. P. 2010. Environmental drivers of fish
functional diversity and composition in the Lower Colorado River Basin. Can. J. Fish.

Aquat. Sci., 67, 1791-1807.

R Core Team. (2016) R: A language and environment for statistical computing. R

Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-

roject.org/.

Reich, P. B.; Tilman, D.; Isbell, F.; Mueller, K.; Hobbie, S. E.; Flynn, D. F. B.; Eisenhauer,
N. 2012. Impacts of biodiversity loss escalate through time as redundancy fades.

Science, 336, 589-592.

Reiss, J.; Bridle, J. R.; Montoya, J. M.; Woodward, G. 2009. Emerging horizons in

biodiversity and ecosystem functioning research. Trends Ecol. Evol., 24, 505-514.


https://www.r-/

68

Ribeiro, A. C. 2006. Tectonic history and the biogeography of the freshwater fishes from the
coastal drainages of eastern Brazil: an example of faunal evolution associated with a

divergent continental margin. Neotropical Ichthyology, 4, 225-246.

Ricklefs, R. E. 1987. Community diversity: relative roles of local and regional processes.

Science, 235, 167-171.

Ricklefs, R. E. 2004. A comprehensive framework for global patterns in biodiversity. Ecol.

Lett., 7, 1-15.

Ricklefs, R. E. 2006. Evolutionary diversification and the origin of the diversity-environment

relationship. Ecology, 87, 3-13.

Ricklefs, R. E. 2008. Disintegration of the Ecological Community. Am. Nat., 172, 741-750.

Ricklefs, R.E. (2011) A biogeographical perspective on ecological systems: some personal

reflections. J. Biogeogr., 38, 2045-2056.

Rodrigues-Filho, C. A. S.; Gurgel-Lourenco, R. C.; Bezerra, L. A. V.; Sousa, W. A. D.;
Garcez, D. S.; Lima, S. M. Q.; Ramos, T. P. A.; Sanchez-Botero, J. I. 2016.
Ichthyofauna of the humid forest enclaves in the tablelands of Ibiapaba and Araripe,

Northeastern Brazil. Biota Neotropica, 16, 1-9.

Sand-Jensen, K. A.; Jeppesen, E.; Nielsen, K.; Bijl, L.; Hjermind, L.; Nielsen, L. W.; lversen,
T. M. 1989. Growth of macrophytes and ecosystem consequences in a lowland Danish

stream. Freshwater Biol., 22, 15-32.

Santos, A. M. M.; Cavalcanti, D. R.; Silva, J. M. C.; Tabarelli, M. 2007. Biogeographical

relationship among tropical forests in north-eastern Brazil. J. Biogeogr., 34, 437-446.



69

Smit, I .P. J.; Asner, G. P.; Govender, N.; Vaughn, N. R.; Wilgen, B. W. 2016. An
examination of the potential efficacy of high intensity fires for reversing woody

encroachment in savannas. J. Appl. Ecol., 53, 1623-1633.

Speek, T. A. A,; Lotz, L .A. P.; Ozinga, W. A.; Tamis, W. L. M.; Schminée, J. H. J.; Putten,
W. H. 2014. Factors relating to regional and local success of exotic plant species in their

new range. Diversity and Distributions, 17, 542-551.

Statzner, B.; Béche, L. A. 2010. Can biological invertebrate traits resolve effects of multiple

stressors on running water ecosystems? Freshwater Biol., 55, 80-1109.

Strauss, R. E. 1987. The importance of phylogenetic constraints incomparisons of
morphological structure among fish assemblages. Pag.136-143 in W.J.Matthews and D.
C. Heins, editors. Community and evolutionary ecology of North American stream

fishes. University of Oklahoma Press, Norman, Oklahoma, USA.

Tabarelli, M.; Santos, A. M. M. 2004. Uma breve descri¢cdo sobre a historia natural dos brejos
nordestinos. Brejos de Altitude em Pernambuco e Paraiba, Histéria Natural, Ecologia e
Conservacao (eds. Ministério do Meio Ambiente), pp. 17-24. Universidade Federal de

Pernambuco, Pernambuco.

Teixeira-Melo, F.; Meerhoff, M.; Gonzélez-Bergonzoni, I.; Kristensen, E. A.; Baattrup-
Pedersen, A.; Jeppesen, E. 2015. Influence of riparian forests on fish assemblages in

temperate lowland streams. Environ Biol Fish, 99, 133-144.

Terra, B. F.; Hughes, R. M.; Araujo, F. G. 2015. Fish assemblages in Atlantic Forest streams:
the relative influence of local and catchment environments on taxonomic and functional

species. Ecol. Freshw. Fish, 25, 527-544.



70

Tilman, D.; Reich, P. B.; Knops, J. M. H. 2006. Biodiversity and ecosystem stability in a

decade-long grassland experiment. Nature, 441, 629-632.

Tonn, W. M. 1990. Climate change and fish communities: a conceptual framework. T. Am.

Fish. Soc., 119, 337-352.

Toussaint, A.; Charpin, N.; Brosse, S.; Villéger, S. 2016. Global functional diversity of
freshwater fish is concentrated in the Neotropics while functional vulnerability is

widespread. Scientific Reports, 6, 1-9.

Townsend, C. R.; Hildrew, A. G. 1994. Species traits in relation to a habitat templet for river

systems. Freshwater Biol., 31, 265-275.

Wallington, T. J.; Hobbs, R. J.; Moore, S. A. 2005. Implications of current ecological thinking

for biodiversity conservation: a review of the salient issues. Ecol. Society, 10, 1-15.

Winemiller, K. O. 1991. Ecomorphological diversification in lowland freshwater fish

assemblages from five biotic regions. Ecology, 61, 343-365.

Villéger, S.; Blanchet, S.; Beauchard, O.; Oberdorff, T.; Brosse, S. 2014. From current
distinctiveness to future homogenization of the world’s freshwater fish faunas. Diversity

and Distribution, 21, 1-13.

Villéger, S.; Grenouillet, G.; Brosse, S. 2013. Decomposing functional B-diversity reveals that
low functional p-diversity is driven by low functional turnover in

European fish assemblages. Global Ecol. Biogeogr., 22, 671-681.

Villéger, S.; Mason, N. W. H.; Mouillot, D. 2008. New multidimensional functional diversity

indices for a multifaceted framework in functional ecology. Ecology, 89, 2290-2301.



71

Villéger, S.; Novack-Gottshall, P. M.; Mouillot, D. 2011. The multidimensionality of the
niche reveals functional diversity changes in benthic marine biotas across geological

time. Ecol. Lett., 14, 561-568.

Violle, C.; Navas, M.; Vile, D.; Kakazou, E.; Fortunel, C.; Hummel, I.; Garnier, E. 2007. Let

the concept of trait be functional!. Oikos, 116, 882-892.

Violle, C.; Reich, P. B.; Pacala, S. W.; Enquist, B. J.; Kattage, J. 2014. The emergence and

promise of functional biogeography. Proc. R. Soc. B, 111, 13690-13696.

Vitule, J. R. S.; Agostinho, A. A.; Azevedo-Santos, V. M.; Daga, V. S.; Darwall, W.R. T.;
Fitzgerald, D. B.; Freshe, F. A.; Hoeinghaus, D. J.; Lima-Junior, D. P.; Magalhdes, A.
L. B.; Orsi, M. L.; Padial, A. A.; Pelicice, F. M.; Petrere Jr. M.; Pompeu, P. S.;
Winemiller, K. O. 2017. We need better understanding about functional diversity and

vulnerability of tropical freshwater fishes. Biodivers. Conserv., 26, 1-6.

Vitule, J. R. S.; da Costa, A. P. L.; Frehse, F. A.; Bezerra, L. A. V.; Occhi, T. V. T.; Daga, V.
S.; Padial, A.A. 2016. Comments on ‘Fish biodiversity and conservation in South

America by Reis et al. (2016)’. J. Fish Biol., 90, 1-9.

Zimov, S. A.; Chuprynin, V. |; Oreshko, A. P.; Chapin IlI, F. S.; Chapin, M. C. 1995. Effects
of mammals on ecosystem change at the Pleistocene-Holocene boundary. Am. Nat.,

146, 765-794.



72

APENDICE A — MATERIAL SUPLEMENTAR DO MANUSCRITO EM ETAPA DE
SUBMISSAO PARA Functional Ecology

Functional Ecology

SUPPORTING INFORMATION

Historical disturbances promote high redundancy and low functional specialization in

Neotropical fish assemblage

Carlos A. S. Rodrigues-Filho, Rafael P. Leitdo, Jansen Zuanon, Jorge |. Sanchéz-Botero

and Fabricio B. Baccaro

Appendix S1 Selection of streams with similar environmental conditions and heterogeneity.
For selecting streams with similar environmental conditions and heterogeneity between
Amazonia and Caatinga, we performed exploratory analyses of PCA (for visualization of
results), permutational multivariate analysis of variance (PERMANOVA) and homogeneity of
multivariate dispersion based on the centroid (PERMDISPER; Anderson, Ellingsen &
McArdle 2006). Initially a PCA was carried out with the whole set of Caatinga streams (40)
and a similar set for Amazonia (45). The points with the highest environmental values (high
loadings values) were visually selected and extracted, and then 20 streams of each region
were selected (Fig. A1). Among the two groups, no differences in conditions
(PERMANOVA,; F38,2 = 1.8 and P = 0.1) and environmental heterogeneity (PERMDISPER;

F38,2 =0.0019 and P = 0.955) were observed.
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Fig. S1.1 PCA of the environmental conditions of the streams based on a Pearson correlation

matrix. (®) Amazonia; (o) Caatinga.
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Appendix S2 Functional trait assessment

From the ecomorphological analysis (20 measures; Fig. S2.1), we obtained 15 functional
traits (Table S2.1) related to locomotion capacity, food acquisition and water column position

for 109 species (g.v. Leitdo et al. 2016).

A BI

meeen
v

Bd

CFd

P PRy, PR R

Fig. S2.1 Nineteen morphological traits measured for fish on digital pictures (A): Bd body
depth, CPd caudal-peduncle minimal depth, CFd caudal-fin depth, CFs caudal-fin surface,
PFi distance between the insertion of pectoral fin to the bottom of the body, PFb body depth
at the level of the pectoral-fin insertion, PFI pectoral-fin length, PFs pectoral-fin surface, Hd
head depth along the vertical axis of the eye, HI length of the head, measured from the muzzle
tip to the most posterior end of the operculum, Ed eye diameter, Eh distance between the

center of the eye to the bottom of the head, Mo distance from the top of the mouth to the
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bottom of the head along the head depth axis; and with digital caliper (B, C): Bw body width,

Md mouth depth, Mw mouth width, Sn snout length, Prt protrusion length.

Table S2.1 List of 15 functional indexes measured from the ecomorphological traits of the

species. Adapted from Leitdo et al. (2016).

Functional Calculation Abbreviation Ecological meaning References
traits
Mouth-protrusion P ) Adapted from Gatz
P ot Prt Feeding method P
length Sn (1979)
Adapted from
Size of food items
Oral-gape surface MW—*Md Osf Karpouzi & Stergiou
Bw * Bd captured
(2003)
Md Method to capture Karpouzi & Stergiou
Oral-gape shape — Osh )
Mw food items (2003)
Adapted from
Oral-gape M Feeding method in the o
g P -9 Ops J Sibbing &
position Hd water column
Nagelkerke (2001)
Adapted from Boyle
Eye size ﬁ Edst Prey detection P y
Hd & Horn (2006)
Vertical position in
Eye position fI—Z Eps the Gatz (1979)
water column
Vertical position in
Body transversal Bd Bsh the water Sibbing &
— S
shape Bw column and Nagelkerke (2001)

hydrodynamism

Mass distribution

Body transversal  In[(% % Bw * B 1 .
y n[(4* wx Bd) +1] Bsf along the body Villéger et al., 2010

surface In(Mass + 1) for hydrodynamism
Pectoral-fin PFi Pectoral fin use for
- — PFps N Dumay et al., (2004)
position PFb maneuverability
Aspect ratio of the PFI2 Ep Pectoral fin use for ~ Adapted from Fulton
ar

pectoral fin PFs propulsion et al., (2001)
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Caudal propulsion

Caudal-peduncle CFd efficiency
) — Cpt ] Webb (1984)
throttling CPd through reduction of
drag
) Caudal fin use for
Aspect ratio of the CFd? )
) CFar propulsion Webb (1984)
caudal fin CFs L
and/or direction
Main type of
2 x PF ropulsion between L
Fins surface ratio s Frt prop Villéger et al., 2010
CFs caudal and pectoral
fins
Acceleration and/or
Fins surface to (2 * PFs) + CFs y il Villdger et al.. 2010
S maneuverabili illéger et al.,
body size ratio % * Bw x Bd - Y d
efficiency
Metabolism,
Body mass log(Massa + 1) LogM endurance and Villéger et al., 2010

swimming abilit
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Fig. S1 Geographical locations sample for Amazonia and Caatinga biomes. In each biome, 26

points were sampled. (®) Amazonia; (o) Caatinga.
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fish assemblies from Amazonia (e) and Caatinga (o). Each point represents the median value
of the 1,000 values of Functional Richness - FRic and Functional Evenness - FEve remaining

after species loss.



80

APENDICE B — MATERIAL SUPLEMENTAR DO MANUSCRITO EM ETAPA DE
PREPARACAO PARA Diversity and Distributions

Diversity and Distributions
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The joint action of historical and local factors are responsible for generating

idiosyncratic patterns in fish assemblages
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and Fabricio B. Baccaro
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Figure S2 Relative proportion of species in each order in CA-COV (blue), AM-CQOV (cyan),
CA-UNC (red) and AM-UNC (gray) streams.

Appendix S1 Streams selection.

From the data set of Aquatic Ecology Laboratory-LEA (Caatinga) and Projeto Igarapés

(Amazonia), we select 52 streams. The streams selection visually from the PCA analysis and

based on environmental similarity in order to identify two distinct streams groups in each

biome (Table Al.1; Figure Al.1). One of the groups is composed by the low depth of the

water column, pebbly bottom and dense canopy cover, here denominate COVERED streams

(CQOV; Figure Al.2a, b). The other group shown as a characteristic sandy bottom substrate,

high depth of the water column and absence of canopy cover, here denominated

UNCOVERED streams (UNC; Figure Al.2c, d).

Table Al.1 Resume of environmental conditions in each stream.

Biome Group VEL WID DEP CAN TEMP pH 02 PG SAN S C
Caatinga CA-COV 032 542 021 100 2350 810 920 0.30 059 0.11
Caatinga CA-COV 039 478 041 100 2200 7.80 7.50 057 039 0.02
Caatinga CA-COV 0.17 353 010 1.00 2350 7.60 9.20 042 056 0.01
Caatinga CA-COV 042 752 006 100 2700 870 1220 0.71 0.23 0.04
Caatinga CA-COV 014 571 033 1.00 2250 6.80 880 029 0.64 0.06
Caatinga CA-COV 028 480 0.14 100 26.00 750 890 037 0.61 0.01
Caatinga CA-COV 035 415 006 1.00 2470 650 1150 055 0.29 0.5
Caatinga CA-COV 022 189 021 100 2330 680 9.60 047 032 0.20
Caatinga  CA-COV 039 452 023 100 2300 8.02 13.00 053 0.26 0.20
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Caatinga
Caatinga
Caatinga
Caatinga
Caatinga
Caatinga
Caatinga
Caatinga
Caatinga
Caatinga
Caatinga
Caatinga
Caatinga
Caatinga
Caatinga
Caatinga
Caatinga
Amazonia
Amazonia
Amazonia
Amazonia
Amazonia
Amazonia
Amazonia
Amazonia
Amazonia
Amazonia
Amazonia
Amazonia
Amazonia
Amazonia
Amazonia
Amazonia
Amazonia
Amazonia
Amazonia
Amazonia
Amazonia
Amazonia
Amazonia
Amazonia
Amazonia
Amazonia

CA-COV
CA-COV
CA-COV
CA-COV
CA-UNC
CA-UNC
CA-UNC
CA-UNC
CA-UNC
CA-UNC
CA-UNC
CA-UNC
CA-UNC
CA-UNC
CA-UNC
CA-UNC
CA-UNC
AM-COV
AM-COV
AM-COV
AM-COV
AM-COV
AM-COV
AM-COV
AM-COV
AM-COV
AM-COV
AM-COV
AM-COV
AM-COV
AM-UNC
AM-UNC
AM-UNC
AM-UNC
AM-UNC
AM-UNC
AM-UNC
AM-UNC
AM-UNC
AM-UNC
AM-UNC
AM-UNC
AM-UNC

0.14
0.18
0.17
0.31
0.25
0.01
0.12
0.01
0.01
0.19
0.04
0.06
0.25
0.22
0.17
0.22
0.27
0.06
0.10
0.22
0.06
0.08
0.03
0.23
0.21
0.08
0.05
0.03
0.10
0.16
0.12
0.24
0.23
0.27
0.23
0.08
0.29
0.50
0.22
0.09
0.96
0.22
0.12

3.32
2.82
1.66
4.68
4.02
7.50
5.54
10.29
10.36
7.25
8.56
8.00
9.35
7.75
11.20
8.35
9.03
2.03
1.18
2.40
2.80
1.47
1.26
2.95
1.56
3.16
1.97
0.80
1.70
1.30
4.33
4.49
1.22
4.50
5.71
12.35
5.31
441
4.84
10.89
8.13
12.92
9.84

0.26
0.16
0.15
0.21
0.91
0.42
0.36
0.23
0.65
1.29
0.91
0.97
0.29
0.27
0.40
0.50
0.21
0.08
0.08
0.26
0.08
0.05
0.09
0.05
0.04
0.06
0.06
0.06
0.13
0.03
0.21
0.59
0.41
0.75
0.30
0.19
0.22
0.43
0.50
0.25
0.58
0.41
0.31

1.00
1.00
1.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

26.20
23.00
23.50
26.00
30.47
26.73
26.43
26.27
26.19
27.40
28.66
27.98
27.62
29.21
28.53
28.38
28.13
25.12
24.37
24.68
24.42
25.13
23.62
24.46
24.47
23.59
24.9

24.13
2431
24.65
28.2

24.65
25.60
26.40
26.90
27.20
24.98
25.40
24.10
24.20
26.40
25.06
25.20

7.80
6.80
7.30
7.90
7.58
7.12
8.05
7.80
7.78
6.96
8.50
7.49
8.85
8.79
8.93
8.95
8.68
5.71
4.00
3.93
3.75
4.62
5.01
4.13
4.60
4.80
5.33
3.67
4.21
3.20
5.84
4.31
4.64
5.64
6.02
5.80
4.67
3.80
4.99
5.18
4.93
4.30
4.94

9.50
7.80
12.30
12.50
3.82
4.35
5.09
3.50
3.89
5.53
10.13
2.62
6.80
7.58
7.18
8.57
9.13
4.62
6.46
491
3.31
3.78
5.79
4.25
2.77
491
3.86
2.39
2.42
3.41
4.70
5.65
4.40
2.44
3.47
2.60
4.98
7.52
4.90
4.01
3.52
5.70
6.11

0.44
0.49
0.45
0.23
0.05
0.40
0.00
0.10
0.30
0.00
0.30
0.00
0.00
0.00
0.30
0.20
0.00
0.54
0.13
0.00
0.61
0.84
0.81
0.83
0.91
0.55
0.47
0.53
0.43
0.58
0.00
0.01
0.00
0.00
0.00
0.00
0.04
0.22
0.00
0.00
0.00
0.03
0.02

0.53
0.17
0.50
0.73
0.83
0.20
0.80
0.70
0.50
0.50
0.70
0.30
0.70
0.70
0.30
0.60
0.00
0.46
0.60
0.89
0.03
0.06
0.19
0.16
0.08
0.4

0.33
0.46
0.21
0.25
0.34
0.76
0.41
0.81
0.20
0.70
0.89
0.45
0.83
0.19
0.98
0.93
0.55

0.02
0.33
0.04
0.03
0.11
0.40
0.00
0.20
0.20
0.50
0.00
0.70
0.30
0.30
0.40
0.20
1.00
0.00
0.26
0.11
0.34
0.09
0.00
0.00
0.00
0.05
0.19
0.00
0.34
0.16
0.65
0.21
0.58
0.19
0.79
0.29
0.06
0.32
0.16
0.80
0.01
0.02
0.42
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Figure Al.1 Final PCA graphics of streams selected in each biome. (blue) CA-COV; (cyan)

AM-COV; (red) CA-UNC; (gray) AM-UNC.

Figure A1.2 Environmental structure of the streams sampled with rocky bottom

characteristics, a high proportion of canopy cover and low depth, for the groups CA-COV (a)
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and AM-COV (b) and streams with sandy bottom characteristics and a low proportion of

canopy cover for the CA-UNC (c) and AM-UNC (d) groups.

Appendix S2 Functional trait assessment

From the ecomorphological analysis, we obtained 15 functional traits (Table A2.1) related to
the locomotion capacity, feeding acquisition and water column position in 122 species,

similar to Leitdo et al. 2016.

Table A2.1 List of 15 functional indexes measured from the ecomorphological traits of the

species. Adapted from Leitdo et al. (2016).

Functional Calculation Abbreviation Ecological meaning References
traits
Mouth-protrusion Prt . Adapted from Gatz
length < Prt Feeding method (1979)
: : Adapted from
Oral-gape surface MW—*Md Osf Size S;J&Orgd'tems Karpouzi & Stergiou
Bw « Bd (2003)
Md Method to capture Karpouzi & Stergiou
Oral-gape shape Vi Osh food items (2003)
Oral-gape Mo Ops Feeding method in the Ag?gé?g gfr(;m
i — |
position Hd water column Nagelkerke (2001)
: Ed : Adapted from Boyle
Eye size 77 Edst Prey detection & Horn (2006)
Eh Vertical position in
Eye position — Eps the Gatz (1979)
Hd water column
Vertical position in
Body transversal Bd Bsh the water Sibbing &
shape Bw column and Nagelkerke (2001)
hydrodynamism
U Mass distribution
In[(F * Bw * B 1 -
Bod;garrigts:;/ersal n[(z * Bw * Bd) + 1] Bsf along the body Villéger et al., 2010
In(Mass + 1) for hydrodynamism
Pectoral-fin PFi Pectoral fin use for
position PFD PFps maneuverabiliy DMy etal, (2004)
Aspect ratio of the PFI? EPar Pectoral fin use for ~ Adapted from Fulton
pectoral fin PFs propulsion et al., (2001)
Caudal propulsion
Caudal-peduncle CFd efficiency
throttling CPd Cpt through reduction of Webb (1984)

drag
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Caudal fin use for

: 2
Aspi:turaa;;(}i?‘f the CFd CFar propulsion Webb (1984)
CFs and/or direction
Main type of
. . 2 PFs propulsion between -
Fins surface ratio CFe Frt caudal and pectoral Villeger et al., 2010
fins
: (2 * PFs) + CFs Acceleration and/or
Finb surface 10 — Fsf maneuverability  Villéger et al., 2010
y 7 *Bw = Bd efficiency
Metabolism,
Body mass log(Massa + 1) LogM endurance and Villéger et al., 2010

swimming abilit

Appendix references

Boyle, K.S. & Horn, M.H. (2006) Comparison of feeding guild structure and ecomorphology
of intertidal fish assemblages from central California and central Chile. Mar. Ecol. Prog. Ser.,
319, 65-84.

Dumay, O., Tari, P.S., Tomasini, J.A. & Mouillot, D. (2004) Functional groups of lagoon fish
species in Languedoc Roussillon, southern France. J. Fish Biol., 64, 970-983.

Fulton, C.J., Bellwood, D.R. & Wainwright, P.C. (2001) The relationship between swimming
ability and habitat use in wrasses (Labridae). Mar. Biol., 139, 25-33.

Gatz, A.J. (1979) Community organization in fishes as indicated by morphological features.
Ecology, 60, 711 —718.

Karpouzi, V.S. & Stergiou, K.I. (2003) The relationships between mouth size and shape and
body length for 18 species of marine fishes and their trophic implications. J. Fish Biol., 62,
1353-1365.

Keenleyside, M.H.A. (1979) Diversity and adaptation in fish behaviour. Springer-Verlag,
Berlin, 17-43.

Sazima, 1. (1986) Similarities in feeding behaviour between some marine and freshwater
fishes in two tropical communities. J. Fish Biol., 29, 53-65.

Sibbing, F.A., & Nagelkerke, L.A.J. (2001) Resource partitioning by Lake Tana barbs



86

predicted from fish morphometrics and prey characteristics. Rev. Fish Biol. Fisher., 10, 393-
437.

Villéger, S., Miranda, J.R., Hernandez, D.F. & Mouillot, D. (2010) Contrasting changes in
taxonomic vs. functional diversity of tropical fish communities after habitat degradation.
Ecol. Appl., 20, 1512-1522.

Webb, P.W. (1984) Form and function in fish swimming. Sci. Am., 251, 72-82.

Appendix S3 Supplementary information related to multifunctional space.

Table A3.1 Eigenvalues, percentages of variance explained and quality of functional space by

each axis.
PC1 PC2 PC3 PC4
Eigenvalues 2.00 1.51 1.38 1.29
Percentage of variance 26.86 1540 1283 11.20
Cumulative percentage of variance 26.86 42.22 55.08 66.29
Quality of functional space 0.0057 0.0037 0.0018 0.0008

pPC2
2

PC3

PC4

PC3
PC4
PC4

Figure A3.1 Four-dimensional functional space of the regional pool. (blue) CA-COV; (cyan)
AM-COV; (red) CA-UNC,; (gray) AM-UNC. Lines representing the convex hulls volumes of

each stream group.



pC2

Figure A3.2 Functional space filled in four-dimensional of each order. (red) Characiformes;
(blue) Siluriformes; (green) Perciformes; (yellow) Cyprinodontiformes; (aquamarine)

Gymnotiformes; (black) Synbranchiformes.
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