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Resumo

Apesar das espécies de peixes continentais ibéricas serem desde ha muito alvo de estudos que
visam conhecer a sua taxonomia, caracteristicas bioldgicas e, mais recentemente, o seu
patrimdnio genético, existe ainda um significativo desconhecimento de muitos aspectos da sua
ecologia, nomeadamente, de que forma se distribuem na paisagem, e quais os factores e
processos ecoldgicos envolvidos.

Saber quais e quantas espécies de peixes ocorrem num troco de rio e como se estruturam as
comunidades piscicolas é essencial para compreender e proteger os cursos de dgua e a sua
biodiversidade, o que é amplamente reconhecido como urgente face aos desafios ambientais
deste inicio de século. A Peninsula Ibérica tem merecido um destaque especial, tanto a nivel
mundial, como no contexto europeu e mediterranico, uma vez que muitas das espécies sdo
endemismos e encontram-se seriamente ameacadas. Foi partindo desta ideia e do caso da
Peninsula Ibérica que se desenvolveu o presente estudo. Para tal, utilizaram-se ferramentas e
metodologias de andlise de ambito macroecolégico, tentando responder as seguintes
qguestdes: Como se distribuem os peixes de agua doce na Peninsula Ibérica? Que factores
limitam essa distribuicdo? Quais os processos ecoldgicos envolvidos? Foi estudando a riqueza e
composicdo das comunidades dos cursos de d4gua existentes em toda a Peninsula, e
especialmente os localizados na area a sudoeste, que se desenvolveu este trabalho. Trata-sede
uma primeira abordagem aos padrdes espaciais da ictiofauna ribeirinha da Peninsula baseada
em dados actuais da ocorréncia das espécies e recorrendo a ferramentas em Sistemas de
Informacao Geogrifica (SIGs).

Inicialmente, compilaram-se dados georreferenciados de ocorréncias de espécies provenientes
de amostragens de campo efectuadas em estudos prévios usando pesca eléctrica (de 1990 a
2008). Para tal, foram construidas duas bases de dados com uma componente SIG: a InFISH.PT
relativa aos cursos de agua portugueses, tendo como unidade de informacdo os locais de
pesca, e a InFISH.IP para os dados ibéricos, onde o grau de informacdo corresponde a
qguadriculas 10*10 km. Assim, foi possivel descrever a composi¢do e a riqueza especifica das
comunidades piscicolas locais e cruzar essa informacdo com varidveis de paisagem
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(sucintamente, com a variacdo do “pool” de espécies, clima, topografia, rede hidrografica, a
diferentes escalas). A informacdo sobre a distribuicdo e taxonomia nestas bases de dados é a
mais completa até a data para as espécies dulciaquicolas ibéricas, incluindo espécies primarias
(restritas as aguas doces), secundarias (que ocasionalmente habitam aguas com alguma

salinidade) e periféricas (que realizam parte do seu ciclo de vida em d&guas marinhas),
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independentemente de serem nativas ou ndo (i.e., invasoras). Uma primeira analise a
INFISH.PT permitiu identificar potenciais lacunas e, assim, optimizar o processo de compilacao,
nomeadamente através da realizacdo de amostragens adicionais, quando consideradas
necessarias. Permitiu também evidenciar a importancia de investir em procedimentos que
permitam construir bases de dados de biodiversidade de elevada qualidade no que respeita a
icitofauna continental. Deste modo, serd potenciada a sua utilidade como ferramenta de base
para investigadores, técnicos e gestores do territério e educadores, tendo os Museus de
Histéria Natural um papel fundamental a desempenhar no processo de validagdo (Capitulo 2).

Em segundo lugar, analisaram-se os padrdes espaciais dos peixes de dgua doce na Peninsula
Ibérica com base em andlises estatisticas de semelhanca. Dos resultados das andlises
efectuadas, a variabilidade da composicio de espécies das comunidades revelou-se
fortemente associada aos limites das redes hidrograficas constituidos ha 2,5-1,8 milhdes de
anos. De facto, desde essa época as bacias hidrograficas mantiveram-se isoladas, apenas com
capturas pontuais (por exemplo, conexdes tempordrias de cursos de agua usualmente
independentes nas zonas médias ou de cabeceira e conexdes hidroldgicas na foz de bacias
contiguas). Esses limites mostraram-se muito mais correlacionados com a composi¢ao das
espécies do que com o clima actual, em particular, para as espécies primarias e secundarias. A
dispersao e coloniza¢do dos organismos parecem ser os processos ecoldgicos mais relevantes a
escala da Peninsula. Partindo deste conhecimento, foram delineadas provincias biogeograficas
para esta fauna. As onze provincias propostas constituem uma actualizacdo de estudos
biogeograficos prévios, que se basearam em dados considerados actualmente desactualizados
relativamente as espécies existentes e as suas distribuicdes. Estes estudos anteriores também
ndo se basearam nos limites das bacias agora considerados e, como tal, ndo permitiam
examinar adequadamente a permeabilidade das bacias e inferir alguns processos de dispersao
e colonizagao abordados no presente estudo (Capitulo 3).

Seguidamente, analisaram-se os padrées espaciais das espécies piscicolas nos rios da darea
sudoeste da Peninsula, tipicamente de cardcter mediterrdnico, com base em métodos
estatisticos de regressdo. Dai resultou que a riqueza local média encontrada nessas bacias
hidrograficas é, em grande parte, explicada pelo total de espécies existente em cada bacia — o
“pool”’de espécies —, mesmo quando se distingue entre a riqueza das espécies nativas e
invasoras ja estabelecidas. Adicionalmente, as bacias com precipitacdo média anual elevada
estdo associadas a uma maior riqueza de espécies invasoras. Ao examinar em detalhe os
padrdes espaciais nas bacias hidrograficas dos Rios Mira e Guadiana, verificou-se que a riqueza
local observada para ambos os grupos de espécies (nativas e invasoras) esta associada as
variaveis de paisagem que caracterizam cada local, como a sazonalidade da precipitacdo e o
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declive dos cursos de dgua. Mas as varidveis que caracterizam a estrutura da rede hidrografica
foram as mais explicativas, particularmente para as espécies nativas. Em geral, as varidveis a
escala da paisagem explicaram grande parte da riqueza local das espécies analisadas, o que
ndo implica que outras varidveis ndo tenham influéncia. Os resultados permitiram evidenciar
que os processos de dispersdao e coloniza¢do influenciam grandemente as comunidades
estudadas (Capitulo 4).

Por ultimo, procedeu-se a analise comparativa de estudos relativos aos padrdes espaciais dos
peixes de dgua doce e as varidveis a eles associados que utilizaram dados a escala mundial,
continental ou regional. A hipdtese mais defendida é a que considera o clima contemporaneo
como o factor mais associado as comunidades bidticas, pois estas foram capazes de adequar as
suas areas de distribuicdo as condi¢cGes ambientais e, assim, eventuais marcas de eventos
historicos poderao ja ndo ser evidentes. Tal ndo foi confirmado nos resultados das andlises
efectuadas nesta dissertacdo e, apds esta revisdo bibliografica, foi possivel apontar a
necessidade de realizar testes mais adequados que integrem, em situacdao de igualdade, os
factores potencialmente mais relevantes, tal como foi agora efectuado. Esses testes poderao
ajudar a corroborar, ou ndo, as hipdteses em debate (Capitulo 5).

Os resultados obtidos apontam que os factores de larga escala tém uma forte influéncia na
biodiversidade local, provavelmente em relagdo a processos de dispersdo e coloniza¢do. Na
realidade, diferentes factores actuam a niveis hierarquicos distintos. Em cada nivel/escala, os
factores predominantes divergem consoante os graus de tolerancia fisioldgica das espécies a
salinidade e consoante sdo ou ndo oriundas de outras areas biogeograficas. De realcar a
importancia da histéria das paisagens e das espécies, sendo que os ambientes
contemporaneos tém também uma forte influéncia nas comunidades piscicolas actuais. De
facto, as redes hidrograficas, tanto no que respeita ao limite das bacias hidrograficas
(praticamente mantidas desde tempos geoldgicos relativamente remotos na Peninsula) como
a prépria estrutura interna dessas bacias, foram fundamentais para explicar os padroes
piscicolas contempordaneos. Também a associacdo do “pool” de espécies de cada bacia
hidrografica a riquea local reflecte a importancia do passado dessas espécies e que levou a sua
co-ocorréncia nessas areas. Por seu lado, as condigdes ambientais actuais revelaram-se
também importantes para as comunidades piscicolas que habitam a Peninsula Ibérica. O clima,
juntamente com a topografia, estd também associado a riqueza encontrada para as espécies
invasoras nas bacias dos cursos de dgua a sudoeste. No interior das bacias hidrograficas, o
clima local é relevante para a riqueza observada de espécies nativas e invasoras,
nomeadamente, o seu caracter sazonal, embora as varidveis que reflectem a constituicdo da
rede hidrografica tenham sido mais preponderantes para as bacias analisadas. Assim, apesar
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da predominancia dos factores histdricos, o ambiente contempordaneo ndo deixou de se
revelar importante, e os resultados ndo minimizam as consequéncias do impacto humano
global, ja bastante evidentes. Este estudo sugere que as marcas do passado poderdo mesmo
desaparecer se as alteragdes ambientais modificarem consideravelmente os padrdes piscicolas
actuais, pois os organismos, de entre aqueles que persistem, sdo forcados a dispersar e
colonizar areas menos adversas.

Em sintese, a presente investigacao, sendo inovadora nas metodologias e escalas utilizadas,
contribuiu para o conhecimento dos padraes espaciais das comunidades actuais da ictiofauna
dos cursos de dgua da Peninsula Ibérica. Também enriqueceu debates cientificos em torno dos
temas abordados. A eventual fragilidade do estudo prende-se com a qualidade dos dados, a
intercorrelagao de alguns dos factores de paisagem e, por Ultimo, com a possivel influéncia de
factores ndo estudados, nomeadamente, dos relativos aos impactos humanos nos habitats. No
entanto, ndao foram encontradas evidéncias de que estes aspectos possam ter afectado os
resultados obtidos.

As conclusdes deste estudo tém consideraveis implicagdes para os investigadores destas
tematicas, mas também para gestores do territério e educadores. Nomeadamente, os
resultados obtidos permitem uma melhor compreensdo e consciencializacdo dos factores e
processos ecoldgicos a larga escala, que influenciam as comunidades locais de peixes que
habitam os cursos de dgua. No que respeita a conservagao e gestdo da ictiofauna, os desafios
sdo inumeros, pois este grupo faunistico é muito dependente do meio ribeirinho e, por
consequéncia, os individuos encontram-se fortemente constrangidos pela conectividade das
redes hidrograficas para dispersar e colonizar novas areas. O sucesso destes processos é cada
vez mais complexo, pois nessas areas, se alcangadas, os individuos necessitam de condi¢Ges
climaticas adequadas e habitats disponiveis, o que é dificultado pela crescente destruicdo dos
mesmos ou ocupacao por espécies invasoras. Implicacdes detalhadas no contexto dos desafios
ambientais prementes no ambito europeu e global sdo mencionadas ao longo da dissertacao,
nomeadamente no que respeita: (1) a implementacdo de directivas europeias, como é o caso
da Directiva Quadro da Agua (DQA); (2) as alteracdes climaticas; e (3) a crescente
homogeneizacdo da fauna.

As perspectivas de investigacao mais pertinentes que emergem deste estudo prendem-se com
a necessidade de (a) cruzar dados de biodiversidade (dados evolutivos, de riqueza e
composicdo das comunidades, atributos bioldgicos e interaccdo de espécies) com a histdria
das paisagens, ambientes contemporaneos e alteracdes ambientais (como as despoletadas
pelas alteragdes climaticas), (b) examinar, nas comunidades contemporaneas, a influéncia de



possiveis vias de dispersdo no passado devido a alteragdes ambientais, (c) analisar o papel da
pressdo humana através da introducdo de espécies nas comunidades. E, por ultimo, (d)
estudar processos ecoldgicos locais associados, por exemplo, as caracteristicas bioldgicas e as
interacgdes bidticas.

Os desafios ambientais actuais exigem um maior conhecimento da biodiversidade dos cursos
de 3agua e a sua divulgacdo aos varios sectores da sociedade, de modo a fomentar a
conservagao das comunidades e dos seus habitats. Espera-se que a presente investigacao
tenha contribuido para tal, além de ter evidenciado a necessidade de abordagens mais
integradas de investigacdo e acgao. Por ultimo, a medida que se encontaram respostas para as
guestdes colocadas, novas questdes, hipoteses, e problemas foram levantados para estudos
futuros, os quais permitirao, certamente, avancar no conhecimento ecolégico, a varias escalas,
da biodiversidade ribeirinha.

Palavras-chave: comunidades piscicolas; conservagdo; cursos de dgua; influéncias da

paisagem; Peninsula Ibérica.



Summary

Despite the threatened status of many freshwater fish species requiring attention, many
guestions about their biogeography and ecology remain unsolved. Modern analytical
methodologies can help to solve this problem. The aim of this work was to examine the factors
driving spatial patterns in lIberian freshwater fish species and the ecological processes
involved. The focus was on investigating the composition and richness of stream assemblages
across both Iberian Peninsula and south-western streams.

In a first step, databases coupled with a Geographical Information System (GIS) were built with
data from field observations (1997-2008) of freshwater fish species (Portugal and Spain).
Databases allowed portraying local assemblages’ composition and richness, and crossing them
with landscape describers. Attaining data voids helped obtaining complete and consistent
data.

The spatial variability of assemblage’s composition in the Iberian Peninsula was found to be
strongly correlated with the hydrological basin boundaries, more than with current climate,
especially for primary species; thus biogeographical provinces were delineated based on the
former factor. Local richness for native and invasive species across south-western
Mediterranean-type river basins was highly constrained by the regional pool of species. Within
basins, stream network explained a large amount species variability patterns for both species
groups but especially for the native ones, followed by climate and topography for both groups.

Distinguishing among species, particularly concerning dispersal ability and alien origin clarified
the patterns and processes involved. The literature review helped to compare findings with
previous studies: our results did not support current climate as the main driver of current
assemblages. More stringent tests are needed in future studies, as performed here.

Results achieved have especially interest to researchers and managers, particularly to those
focused on Iberian or Mediterranean-type fresh waters, and can constitute a knowledge basis,
especially regarding the Water Framework Directive (WFD) context and for predicting future
scenarios.

KEYWOFdSI assemblage composition and richness; conservation; Iberian Peninsula;

landscape-scale; stream fish
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Chapter 1.

Introduction

=l

Children’s Song “Cangdo Infantil

It was an alder.
After a watermill.
And nearby

a stream.

Era um amieiro.
Depois uma azenha.
E junto

um ribeiro.

Everything so still.

What could | do?

| put everything in my pocket
To not miss them.

Tudo tdo parado.
Que devia fazer?
Meti tudo no bolso
para os ndo perder.”

Eugénio de Andrade, 1977, in "Primeiros
Poemas"


http://aldinaduarte.blogspot.com/2009/11/cancao-infantil.html
http://www.citi.pt/cultura/literatura/poesia/e_andrade/pri_poe.html
http://www.citi.pt/cultura/literatura/poesia/e_andrade/pri_poe.html




Chapter 1

Introduction

Here, after describing the general problem statement and the pertinence of the work, both
focal ecological topics and particulars of the study case — the freshwater fish in Iberian streams

—are presented. At last, the study aims and the dissertation outline are described.

|.I Why study stream fish ecological patterns?

How biodiversity patterns are generated in nature has long intrigued biologists. Currently, the
impoverishment of biota is happening at unprecedented rates (e.g. Pimm, et al. 1995; Chapin
et al., 2000; Vié et al., 2009), and the idea that we are now facing the sixth mass extinction on
the earth has become generalized (see Eldredge, 1998). The biodiversity crisis has been widely
noticed among the scientific community, and considerable efforts are being devoted to
increase knowledge regarding the biodiversity patterns and the drivers related with
biodiversity change (e.g. Gaston, 2000; Chapin, et al., 2000; Mace et al., 2005). Therefore,
apart from the interest regarding biological research, acquiring a better knowledge of
biodiversity patterns, their constraining factors, and biotic processes involved is crucial if we
are committed to diminish the prevailing trend of the biodiversity loss and enhance the
sustainable use of ecosystems to meet human needs (e.g. Millennium Ecosystem Assessment,

2005).

The biodiversity of fresh waters is experiencing greater declines than the majority of
terrestrial ecosystems, thus making prospects for biodiversity and services they provide

alarming, especially in Mediterranean regions (e.g. Sala et al., 2000; Vié et al., 2009). From
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headwaters to large rivers, watercourses are currently threatened by landscape changes which
lead to a loss, fragmentation, or degradation of habitats. The most recognized biodiversity
threats include urbanization, land use and land cover changes, water impoundments (for
water supply or electric power), as well as the introduction of non-native species and climate
changes (e.g. Sala et al., 2000; Abell, 2001; Revenga et al., 2005; Dudgeon et al., 2006), for
which recent efforts are being made to predict their effects (e.g. Buisson et al., 2008). The loss
of freshwater biodiversity affects a broad cross-section of society since it has consequences at
a range of highly valued ecosystem services, including fisheries, water supply, nutrient

regulation, and recreation (Vérosmarty et al., 2005).

In fact, there is a risk of depletion of the freshwater native faunas before we even
know what has been lost, where it was located, or how the loss could have been prevented
and freshwater services maintained (see Revenga et al., 2005). The world’s species diversity
inhabiting fresh waters is disproportionately high as compared to other ecosystems (Vié et al.,
2009): occupying only 0.8% of Earth’s surface, total species estimates on fresh waters are at
least 100,000, nearly 6% of all described species. But a lack of knowledge regarding current
and already extinct biodiversity components inhabiting fresh waters remains (Bailan et al.,
2008). Among the freshwater taxa, fish are the best documented faunal group (Bailan et al.,
2008; Lévéque et al., 2008), being, at the same time, seriously threatened: in the last updates
of the worldwide IUCN Red List, freshwater fish amounted a high proportion of threatened
species among the vertebrate species evaluated, registering alarming percentages: 37%
worldwide (Vié et al., 2009), and 56% when only the Mediterranean endemic species are

considered (see also Smith & Darwall, 2006).

In the context of the current biodiversity crisis, improving knowledge on freshwater
biodiversity and making it available is crucial for developing tools and actions for freshwater
faunal conservation and ecosystem services maintenance (Bailan et al., 2008). The freshwater

fish fauna might constitute a starting point to examine what drives current freshwater
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biodiversity patterns and, ultimately, to understand the biodiversity patterns and processes

observed in freshwater ecosystems and predict future changes.

.2 Stream ecosystems and ecological communities

Among freshwater ecosystems, running waters - river and stream systems, here mentioned
simply as streams - have a unique directional and hierarchical structure, where the
environmental characteristics of surrounding and upstream landscapes have direct effects on
the stream reaches downstream ( Allan & Johnson, 1997; Allan et al., 1997), and complex

geomorphic and environmental processes operate at distinct scales (Frissell et al., 1986).

The structure of streams comprises stream reaches within a stream segment, which is
part of a watercourse (tributary or main stream) itself contained at a sub-basin of the whole
river basin. In each stream reach, pool-riffle sequences can be found, being highly seasonal
among Mediterranean-type streams, and ephemeral among temperate streams. Geomorphic
and environmental characteristics at one level of the hierarchy influence successively lower
levels, from broader scales variations to microhabitats found at the pool-riffle scale (Box 1.1,
Fig. 1.1). For example, the topography and climate characteristics have a direct and indirect
influence on catchment physiography, types of vegetation and soils, and ultimately, human
uses characteristics; human uses by their turn influence sediment and water discharge
regimes, setting the morphology and dynamics of the watercourses (e.g. Frissell et al., 1986;

Naiman et al., 1992; Montgomery, 1999).
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BOX 1.1 Stream spatial structures

A range of terms and definitions regarding
stream structures found across scales have been
used in ecological and biogeographical studies,
resulting in a difficult or inaccurate
interpretation of data and results in spite of the
stream structures constituting topographic and
hydrological well defined units (Allan et al,
1997).

In this dissertation we followed the definitions
of the hierarchical framework of Frissell et al.
(1986) for scales and stream structures (see
table below). Other authors classified the
stream structures (Allan et al.,, 1997; Matthews,
1998). Terms are the ones used by Matthews
(1998).

Stream hierarchical spatial structures commonly referred to in the literature. Terms typically used in this

dissertation are shown in bold.

Spatial structure
Watercourses

Stream reach

Stream segment
Stream system
Tributary

Main stream

Hydrological basin network

Watercourses and draining areas
Sub-basin

Basin

Sub-catchment

Catchment
Watershed
Larger areas

Biogeographical provinces

Ecozone 1

Description

Part of a stream segment constituted by
pools, rifles, and runs

Watercourse between confluences
Watercourse composed of stream segments
Watercourse flowing into main stream
Watercourse flowed by tributaries

Watercourses of a river basin constituted by
tributaries and the main stream

Area draining a tributary

Area draining into sea or ocean, with natural
geographical barriers; also called river basin

General term for a draining area of small extent

General term for a draining are a constituted by
sub-catchments (correspond to sub-basins)

General term for a draining area of large extent
(correspond to basin or sub-basin)

Area holding ecologically defined biotic
communities (fauna, flora and/or ecosystems);
also called ecoregion, biogeographic unit

Area holding distinct biogeographical units. Also
called realm

! for recent delineation of the Freshwater Ecoregions worldwide see (http://www.feow.org;

Abell et al., 2008).
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Considering streams as hierarchical systems constituted the basis for adopting a
heuristic framework of stream communities, which was firstly based on the faunal ‘filters’
concept proposed by Simpson (1953): the species constituting regional pool are ‘filtered’ (or
‘screened’) according with factors operating at distinct scales, resulting in a subset of species
coexisting locally (Fig. 1.2). How a hierarchy of filters can affect stream fauna was firstly
formalized by Smith & Powell (1971), and later on adopted by other researchers (e.g. Tonn et
al., 1990; Poff, 1997), stating that the species are subjected to the existence of faunal filters
progressively acting at finer spatial and temporal scales. The dynamic nature of filters through

space and time was later on evidenced by Angermeier and Winson (1998).

Riffle
Basin Sub-basin Stream  Stream Pool /riffle
segment reach structures

| e
REGIONAL LOCAL

Figure 1.1 Representation of the hierarchical spatial structures (landscape and habitats) found at streams
across spatial scales. A stream reach is comprised by multiple pool-riffle units where multiple microhabitats
are found. Reaches are contained within stream segments, forming a sub-basin, which is a tributary or the
main stream of a river basin [adapted from Frissell et al. (1986b) to the range of scales mentioned in the
present dissertation].

This framework - the hierarchical faunal filters — has been helpful to explain the

processes that might be determining, at each scale, the ecological communities, by comparing
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the differently filtered species regarding their biological attributes (fecundity, maximum age,
body size, and physiological tolerance; Tonn et al., 1990; Poff, 1997; Jackson et al., 2001 Quist
et al., 2005). For example, at the basin scale, history and climate (by controlling the potential
range that any given species can occupy) may act on biogeographical processes such as species
evolution and dispersal, thus shaping their distribution ranges. At the reach scale,
contemporary factors as stream size (which affects habitat volume, food resources and
stability) may filter species by the body size trait; biotic interactions are usually associated with
the most local filter. If filters are minimal (as dispersal barriers, habitat variability, disturbance
and biotic interactions), species occurring in a site are similar to the species pool (Angermeier

& Winston, 1998).

Species pool

Basin

<_Sub-basin

Local
assemblage

Figure 1.2 The filtering' of species with certain attributes by landscape constraints, from broader to finer
scales, resulting into the subset of species comprising the local assemblage. The environment or historical
filters at regions or river basins restrict, at the sub-basin scale, the occurrence of species lacking certain
traits, whereas the hydrological regime, among others, restrict the stream reach fauna, and so on to the
microhabitat scale. Life-history and biological traits, and physiological limits of species define the filtering,
as portrayed by the truncation of the vertical lines [adapted from Smith & Powell (1971) to the filters
focused on the present dissertation].
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The adoption of the hierarchical faunal filters as a general organization framework
resulted as being useful in examining and understanding the drivers of species composition
and richness, and particularly in the development of multiscale approaches, as previously

refereed as by various stream ecologists (see Poff, 1997 and references therein).

.3 What drives the variability of patterns in stream fish
communities?

To begin with, some matters regarding the factors driving variations of species diversity and
the involved processes are introduced, before particularising to the patterns found in stream.

fish communities.

Detecting drivers and examining processes

Patterns in ecological communities - the distribution, richness and diversity of species - depend
on a complex interplay between processes acting at distinct temporal and spatial scales
(Menge & Olson, 1990). At local-scale, processes as predation and competition, and adaptation
to resources, disturbance or stochastic variations influence communities. At larger scales
processes of speciation, dispersal, and colonization play their role (Ricklefs, 1987; Godfray &
Lawton, 2001), and factors such as latitude, water availability, and long-range dispersal
pathways act on shaping biological patterns (e.g. Menge & Olson, 1990; Willis & Whittaker,
2002). Moreover, ecological patterns and processes have been often documented as being
scale dependent, and scale is now largely recognized as a critical component when examining

ecological patterns in nature (Wiens, 1989, 2002a; Box 1.2).

Among the factors to incorporate when investigating ecological communities,
evidences have been given to the necessity of accommodate spatial characteristics of
landscapes in spatial explicit approaches, whether these factors can constitute a statistical

nuisance or a characteristic of interest (e.g. Dutilleul, 1993). Particularly, it has been proposed
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checking for the presence of spatial autocorrelation in species or environmental data
(Legendre & Legendre, 1998) should be a preliminary step in ecological studies dealing with
large-scale patterns (Legendre, 1993; Diniz-Filho et al., 2003). An important consequence of
dealing with spatially autocorrelated data is the potential statistical problem it brings with it,
as important assumptions of standard statistical tests are violated, namely that the values of
studied variables are independent among data points (Cliff and Ord, 1981; Legendre, 1993;
Araujo & Guisan, 2006). This can affect the outcome of analyses regarding the relationships
between the dependent biotic and the explanatory variables, particularly when the dependent
variable exhibits some autocorrelation (see Diniz Filho et al., 2003); Lennon 2000). But positive
spatial autocorrelation can indicate local communities are driven by biotic confounding
processes operating at larger scales, as dispersal ability of organisms and colonization events;
conversely, no spatial autocorrelation can suggest that biotic confounding processes might not

be playing an important role (e.g. Selmi & Boulinier, 2001).

BOX 1.2 Scale dependency and components

Scale dependency occurs if a relationship (form
and/or parameterization) changes with grain or
extent (Wiens, 1989, 2002a; Willig et al., 2003).
Therefore the scale of investigation studies
determines the range of patterns and processes that
can be detected, and any inferences on scale In studies on stream fish, spatial grain can vary

dependency in a system are constrained by the scale along the strearr; hierarchical stzructure, ranging
of investigation (Wiens, 1989). between >10 m” to >10,000 m*, depending on

sampling method, effort performed, and/or
When referring to spatial or temporal scale, two dataset used, but usually corresponds to stream
components are involved which define the upper reaches. The study area can encompass a wide
and lower limits of resolution of a study (O’Neill, range of stream structures, from microhabitat to
1988; Wiens, 1989; Whittaker et al., 2001): grain is fiver basins or the world surface (Matthews,
the size of the unit of analysis, and extent is the area  1998).
or time scope of the study.

The spatial grain is normally coincident with the
sampling resolution (or larger), while the spatial
extent refers to the size of the study area.

One solution to obtain reliable outputs is to perform statistical procedures that
incorporate the spatial structure of landscapes in alternative to spatially independent

approaches, specially when the considered variables, or the residuals of the analyses, are likely
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to be spatially autocorrelated (Segurado & Araujo, 2004; Segurado et al., 2006; Dormann et al.,

2007). As expected, the spatial variance can be also dependent on the scale of the

investigation (Wiens, 1989).

BOX 1.2 Spatial autocorrelation

Spatial autocorrelation occur when locations
close to each other exhibit more similar values
of certain attribute - positive autocorrelation -
or less similar - negative autocorrelation - than
those further apart (Cliff & Ord, 1973).

Significance of spatial autocorrelation is
calculated by comparing observed data with
the expected values if the variable was not
dependent of geographic location (Legendre &
Legendre, 1998).

The fact we are now facing a biodiversity crisis has lead to a special concern on
identifying the factors that determine biodiversity patterns and understanding the ecological
processes behind (Godfray & Lawton, 2001; Willis & Wittaker, 2002). Despite the increasing
number of empirical studies on patterns of biodiversity at larger scales (e.g. Fraser & Currie
1996; Saab, 1999; Valone & Hoffman, 2002), most studies have been conducted for terrestrial
systems, thus enhancing a demand of studies conducted for freshwater biodiversity

components (Abell, 2002; Olson et al., 2002).

The stream fish ecological communities

Stream fish communities can be influenced by landscape factors at several scales (see Bain &
Finn, 1988; Angermeier & Schossler, 1989; Rahel & Hubert, 1991; Schlosser, 1991, 1995). Some
factors such as latitude, geological history, but also climate and topography (e.g. Tonn et al.,
1990; Ricklefs & Schulter, 1993) operate on stream fish diversity over large spatial and
temporal scales across and within river basins on processes such as speciation and dispersal
(Livingston et al., 1982; Hughes et al., 1987; Hugueny, 1989; see Chapter 5). At finer spatial and
temporal scales, the water flow across a fluvial landscape is thought to be the key factor

describing fish species diversity, as it can have a strong effect on many other local abiotic

11
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factors (e.g. Johnson et al., 1995; Poff & Allan, 1995; Sparks, 1995; Pegg & Pierce, 2002).
Interactions among species, as competition, may structure the coexistence of species, but
empirical evidences are not consensual about their relevance (e.g. Peres-Neto, 2004).
Environmental disturbances (as climate change and other anthropogenic influences) are
leading to species extirpation, and community recovering will depend on colonization events

more than local processes (e.g. Angermeier & Winston, 1998;Buisson et al., 2008).

Although the importance of multiple constraints across scales was recognized
regarding the patterns and processes of biota inhabiting streams (see previous chapter
section), current knowledge remains restricted to few taxa and ecosystems, for which datasets
are available (Matthews, 1998; Bailan et al., 2008; see also Chapter 2). Also, few studies have
examined the patterns across scales and their likely landscape constraints simultaneously and
on an equal footing, and distinguishing species with distinct life-history traits [but see Labbe &
Fausch (2000); see also Chapter 3 and 4]. Finally, as previously referred, progresses on stream
ecology are far from being properly considered and referenced by ecologists from other fields,

and thus to integrate holistic ecologic debates (Menge et al., 2009; see also Chapter 5).

Therefore, there is a wide range of questions that remain unexplored. This is not
surprising, since traditional stream ecology was dedicated to matters measured at small spatial
scales (Matthews, 1998), and it was not until the 1990s that more generalized patterns across
large scales started to be examined (see Lawton, 1999). In fact, the traditional view of stream
ecologists before the 1990s was focused mainly on local population trends and habitat quality,
but the improvement of computer capabilities, data available at larger scales and new and
complex analytical methods triggered the recognition that freshwater populations persistence
may depend on processes operating at broader temporal and spatial scales, namely at the
basin and catchment scale (see Box 1.1 and Chapters 3 and 4). The importance of landscape
characteristics was already implicit at previous works as the ‘river continuum’ concept
(Vannote et al., 1980), but the emphasis was given later on with the development of the

landscape ecology approach extended to freshwater systems (Wiens, 2002b), where the
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spatial characteristics of landscapes were highlighted. New technology, namely on Geographic
Information Systems (GIS) and analytical methods, are opening new possibilities for developing
innovative ecological studies at broad scales and addressing some largely unanswered

guestions, and simultaneously providing new knowledge to meet management challenges.

Studies have been showing that stream biotic and abiotic processes are complex, as
they may operate simultaneously and be scale dependent (e.g. Palmer & Poff, 1997; Box 1.2).
Scale dependency on patterns of stream biodiversity has been documented regarding a
number of factors, from environmental variables, as habitat heterogeneity to spatial structure
of streams (Lancaster & Belyea, 1997; Palmer et al., 2000; Fagan et al., 2002, 2005; Pegg &
Taylor, 2007).Because of the noticeable spatial nature of streams, the spatial structure of data
was considered at landscape-scales since the early times of stream ecology (e.g. Hugueny &
Lévéque, 1994; Matthews & Robinson, 1998; Wilkinson & Edds, 2001). For example, some
traditional geomorphic variables used to describe stream network configurations were
adopted in studies to examine biotic variation along the upstream-downstream gradient and
referred as determinant on shaping stream communities (see Mathews, 1998), and continue
being used (e.g. Filipe et al., 2002, 2004; Grenouillet et al., 2004). These measures reflect the
stream size at each site and describe upstream characteristics relative to the entire drainage
upstream [e.g. the drainage area, stream order (Strahler, 1964; Shreve, 1967), and tributary
spatial position (Osborne & Wiley, 1992)]. Currently, notable advances in the GIS treatment of
stream networks allow building, accurately and at large-scale extents, spatial and geomorphic
variables for streams, and also calculating distances between sampling locations along the

stream paths (Box 1.3).

13
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BOX 1.3 Geographical distance measures in streams

Spatial distances between sampling sites of
organisms that are exclusively depend on
watercourse as fish are better addressed by
network distances than by the Euclidian
distances commonly wused for overland
distances (Box 1.3; e.g. Olden et al., 2001;
Beisner et al., 2006).

New tools for stream ecologists to calculate
distances among sampling sites at Geographic
Information Systems (GIS) allow calculating
stream distances. Those distance measures
may include directional characteristics of the
network, from upstream to downstream
reaches (e.g. Ganio et al. 2005, Peterson et al.,
2006).

e

o

Distance between sampling sites at a stream network can
be measured either as the shortest distance between two
points (Euclidian distance, full line d2) or as the distance
along the network pathway (dashed line d1).

Analytical techniques are able to statistically
reduce the stream distances calculated on a
set of spatial predictors (e.g. Principal
Coordinates of Neighbour Matrices approach
PCNM; Borcard & Legendre, 2002).

As a synthesis, an array of patterns and processes has been examined in freshwater
biota, particularly regarding assemblages variability. Although some studies provided
multiscale approaches (Downes et al., 2000; Labbe & Fausch, 2000), or considered explicitly

the spatial structure of data (e.g. Heino et al., 2002; Grenouillet et al., 2004), advances in the

species datasets and tools available are opening new opportunities of research.
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|4 The case study: the Iberian stream fish

The freshwater fish assemblages inhabiting the Iberian Peninsula streams offer an excellent
model system to study the biodiversity patterns across space because of the highly diverse
stream habitats and hydrological networks with well defined boundaries and pathways, which
embrace an endemic and threatened fish community with a diversification history of species
rather complex but considerably well known. Moreover, there is an absence of studies
regarding this fauna, or the remnant freshwater faunal groups, aiming to explore the observed
patterns across the peninsular landscape and driving factors involved. Studying this stream
fauna allows performing specific empirical tests that can illuminate the ecological processes
acting in face of the strong spatial constraints of dispersal to aquatic pathways. A particular
emphasis was given to the Mediterranean-type south western streams because they comprise
a highly endemic fish fauna; for which analyses across the region are scarce, but a considerable
amount of data is available (but see some studies on within-basin extents, as Collares-Pereira

et al., 1999; Magalhaes et al., 2002; Filipe et al., 2002).

Next, the characteristics of the Iberian Peninsula landscapes and of the fish fauna inhabiting
these streams are presented. A more detailed characterization of the specific study-cases
considered - the Iberian Peninsula (IP) and the south-western Iberia (SW) and their fish species

- i s given in Chapter 3 and 4, respectively.

Iberian Peninsula

Despite its size (581,000 km?, Fig. 1.3), the Iberian Peninsula (IP) has a remarkable landscape
diversity as a consequence of its biogeographical location, climate transition between the
Eurosiberia and the Mediterranean, and topography, with large mountain ranges primarily
oriented east-west and a high central plateau, called the “Meseta” (Rivas-Martinez, 1987). The
highly unique biodiversity of the Peninsula is attributed to the past events of (1) speciation

enhancement and population’s differentiation, (2) preservation of the existent fauna during

15



Chapter 1

glacial periods on refuge areas, or (3) inhibition of North-South biotic migrations (e.g. Puente

et al., 1998; Vargas et al., 1998; Doadrio, 2002).

Located at the western part of the Palaearctic Realm facing the Atlantic Ocean, the IP is
geographically isolated from North Africa by the Atlantic Ocean and Mediterranean Sea (Strait
of Gibraltar), and from Europe by the Pyrenees Mountain Chain. A wide range of microclimates
can be found across the landscape, including the Alpine Climate in the high mountains, but
mostly there are two major climatic zones, the Mediterranean and the Atlantic (Font Tullot,
1983). Most of IP has a Mediterranean climate, which is typically highly seasonal, with warm
and dry summers, and cool and wet winters. In contrast, the Atlantic climate, mostly located
along the western and northern coasts and the Pyrenees Mountains, is wetter, cooler and less
seasonal (Fig. 1.3). Across IP mean annual temperatures oscillate between 2.2 2C and 19 °C,
and total annual precipitation between 203 and 2990 mm (Font Tullot, 1983). These climatic
zones host an enormous diversity of vegetation types, from deciduous and coniferous forests

to sclerophyllous woodlands or annual steppe grasslands (Rey-Benayas & Scheiner, 2002).

N

OS\BERIAM HEGION EUROPE A
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Figure 1.3 Main geographical features of the Iberian Peninsula (adapted from Alcaraz et al.,
2006).
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The stream network that can be presently found at IP date from the Pliocene-

Peistocene (2.5-1.8 Ma ago) (Calvo et al., 1993; Box 1.4) and are mostly of temperate and

Mediterranean-type regimes following the landscape gradients referred above (Fig. 1.4).

Mediterranean streams are normally found at the southern regions of IP, but also at some

northern areas, whereas temperate streams are mostly located at the northern Atlantic areas.

Temperate streams are mostly permanent with a flow regime dominated by flooding events,

whereas Mediterranean streams are temporary, dominated by seasonal events, mostly climate

driven by floods and dry periods (Gasith & Resh, 1999; Pardo & Alvarez, 2006). The riparian

corridors of temperate streams are dominated by deciduous species with pulses of litter fall

coupled with the vegetative seasonal activity, while riparian vegetation of Mediterranean

streams is dominated by evergreen plants (Rey-Benayas & Scheiner, 2002).
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Figure 1.4. Climatic diagrams for the Atlantic coast (Ponte Areas; Vigo, Spain) and for the Mediterranean
coast (Can Serra, Pollensa; Spain). Stream regimes follow these climatic gradients and therefore they have
a temperate or Mediterranean-type regime (adapted from Pardo & Alvarez, 2006).
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Iberian stream fish

The Iberian freshwater fish fauna has relatively few species and most are endemic and highly

threatened (Doadrio, 2002; Rogado et al., 2005; Smith & Darwall, 2006; Fig. 1.5).

Number of species

'Gt‘xat‘iiana

0 500 km

Figure 1.5 Species richness of threatened endemic freshwater fish in the western Mediterranean. The
greatest concentration in whole western Mediterranean area of threatened endemic freshwater fish is
located in the Lower Guadiana River in southern Iberian Peninsula (adapted from Smith & Darwall, 2006).

Regarding the potential ability to disperse, according with Darlington’s classification
(1957), most of native fish inhabiting Iberian freshwaters (Cyprinids family) are unable to
disperse throughout salt waters — ‘primary’ species. A fewer number of species are seawater-
tolerant — the ‘peripheral’ species — and probable migrate back and forth from sea to
freshwaters during their life-cycle or simply have occupied freshwaters during recent
evolutionary times. An even smaller number of species inhabiting fresh waters is able of
making limited incursions into seawaters, because of a partial tolerance to this environment —

the ‘secondary’ species.

Phylogenetic studies of some primary freshwater fish species indicated speciation was

related to the formation of the current hydrographical network (namely for the genus
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Squalius,  Barbus,  Achondrostoma, Iberochondostoma, Parachondrostoma, and
Pseudochondrostoma; Doadrio et al., 2002; Cunha et al., 2004; Mesquita et al., 2007; Robalo et
al., 2006a,b; Box 1.5). By contrast, the current distributions of peripheral fish species, tolerant
to salt waters, are likely limited by other factors beyond terrestrial boundaries (Lucas et al.,
2001). River basin boundaries have been used to describe the current distribution of
freshwater fish species in the Iberian Peninsula, but such descriptions did not include the

current amount of data available on species taxonomy and distribution, or phylogeny (see for

references Chapter 3 and also Appendix I).

BOX 1.5 The Iberian Peninsula geological history

Some geological evens might have influenced the
current biodiversity patterns of freshwater fish,
and therefore some of the history of the Iberian
Peninsula is here described. Cyprinids colonized
the Iberian Peninsula at the end of the Oligocene
Epoch (Tertiary Period), 28 Ma' ago. At this time
this region had a quite distinct icthyofauna from
the current one, as Characiforms, Siluriforms and
other tropical fish fauna (De la Pena, 1995).

During the following Miocene and main part of
Pliocene Epoch (11-5 Ma), endorrheic drainages
were formed along active geological faults (Calvo
et al., 1993), and ~5.59 Ma the African and Iberian
continental margins joined by a land corridor for
about 260,000 years and lead to the partial
evaporation of the Mediterranean Sea (the
Messinian Salinity Crisis; Duggen et al., 2003).
During the latter Pliocene and early Pleistocene
(2.5-1.8 Ma), the current hydrographic network
was formed (Calvo et al., 1993).

1 6 =N
Ma =10"= one million years

At the Quaternary Period, during the Pleistocene, a
succession of glaciations occurred (1.80 — 0.11 Ma)
which resulted on partial ice coverage’s and
consequent ice retreats across the Peninsula,
accompanied by fluctuations of the sea level.
These environmental changes are likely to have
provoked alterations in inland fish species
distributions, dispersal, colonization, and genetic
subdivision or admixture of species (e.g. Sousa-
Santos et al., 2007). Particularly, in the last
glaciation (Wiurm, 16,000-18,000 years ago), the
sea level along the Atlantic cost of Iberian
Peninsula was estimated to be 130-140 m below
the contemporary level, which might have allowed
interconnection between river mouths of some
adjacent rivers (Dias et al., 2000).

In summary, since ~1.8 Ma ago the river basin
boundaries constituted the main land barrier to
dispersal of freshwater biota across the Peninsula,
with few punctual stream captures and formation
of pathways between neighbour river mouths
likely to have occurred afterwards.
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Regarding the current assemblage patterns of stream fish in the Iberian Peninsula,
examining within and across river basins at some regions reported a strong heterogeneity of
the patterns observed, and also that such heterogeneity is highly correlated with current
environmental attributes (e.g. Carmona et al., 1999; Corbacho & Sanchez, 2001; Filipe et al.,
2004; Mesquita et al., 2007). Particularly, those patterns have been associated with the typical
ecological fluctuations across time and space in Mediterranean-type streams (Filipe et al.,
2002; Magalhdes et al., 2008). Among the environmental attributes associated with stream
fish assemblage variation, variables of landscape context seem to have a determinant role and,
at least in some Mediterranean-type streams, a substantial proportion of the assemblage
composition may be explained by such large-scale factors, irrespective of microhabitats and
local biotic interactions (Magalhdes et al., 2002; see Chapter 4), whereas local abundances
seem more driven by the habitat attributes (Mesquita et al., 2007). For temperate-type
streams, assemblage composition of fish has been commonly associated with local habitat
attributes, but there are evidences that landscape features might be determinant on shaping

those patterns (e.g. Godinho et al., 1997, 2000; Santos et al., 2004; Ferreira et al., 2008).

The majority of the established non-native species are piscivore amd belong to a wide
spectrum of families which were introduced in Iberian inland waters (Centrarchidae, Cichlidae,
Esocidae, Fundilidae, Ictaluridae, Percidae, Poeciliidae and Siluridae). They were introduced
mainly because of recreational fisheries interests (Alcaraz et al., 2005; Ribeiro et al., 2009a).
Analysis of their spatial distribution is being used to detect introduction and invasion routes,
and to predict future invaders (see Chapter 4); for example, most non-native species have
been dispersing by pathways from France to Spain and from Spain to Portugal (Garcia-Berthou

et al., 2005; Ribeiro et al., 2009b)
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.5 Study aims and approach

As previously introduced, examining and understanding stream fish biodiversity patterns is
scientifically interesting, but also imperative to the conservation and management of
freshwater communities. Particularly, increasing knowledge of Iberian freshwater fish is
required to management and conservation strategies and actions in the Peninsula since : 1)
freshwater fish species are heavily endangered (Smith & Darwall 2006; section 1.4); 2)
freshwater faunas are likely to be heavily affected by climate change, and predictions indicate
freshwater fish biota will have difficulties on tracking with the subsequent environmental
changes (e.g. Magalhdes et al., 2008; Buisson et al., 2008); and 3) there is the compromise
established by the Water Directive Framework (WDF) between European Community state-
members of achieving and maintaining good water status by 2015 (see www.euwfd.com/
website). Improving scientific knowledge on stream fish will help on building problem solving
tools for freshwater conservation and management, which is a necessary investment in face of
the threats to these ecosystems, their biodiversity, and ultimately to the services they provide

(Millennium Ecosystem Assessment, 2005).

performing the current dissertation aims to contribute to a better knowledge of the spatial

patterns freshwater fish.

In this context, the general objective of this dissertation was to examine the spatial patterns of
species composition and richness in Iberian freshwater fish stream communities, and the

ecological processes involved.

In this context, some particular questions were formulated:

() How complete, congruent and accurate are the data available for the native fish
species of Portuguese mainland freshwaters? Which uncertainties and voids can
be identified? How improvements on data collecting and gathering at

biodiversity databases can be achieved?
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(I

()

(V)

How does the diversity of native fish species vary across the Iberian Peninsula? Is
there any distinctness among groups of species with different ability to disperse?
What influence most the spatial distribution of these communities: the current
environment or the historical constraints? What biogeographical regions can be

defined based on this fauna?

Does stream fish species richness vary among the South-western river basins?
How much distinct landscape factors (as basin’s species pool, area, and
environmental attributes) contribute to the local species richness found between
basins? And within basins, how much environmental gradients and spatial
structure account the species richness variability? Are the answers different for

native and for invasive species?

What gaps in knowledge exist regarding the freshwater fish patterns found in
nature? What are the possible ways to improve that knowledge? Which

empirical tests on freshwater biodiversity might be the more useful?

To address these questions we used large-scale datasets of species occurrences to

perform empirical tests. Achievements were framed on the current scientific knowledge by

making a literature review.

The study was based on a macroecological approach, which encompasses the

traditional ecology and biogeography disciplines, and offers the possibility of answering some

central questions regarding the spatial species patterns, while taking advantage of the current

technological advances (Brown, 1995; Brown & Lomolino, 1998; Gaston & Blackburn, 2000).

The focus was directed to ecological matters currently in debate on general and/or fresh

waters specialized literature, and analytical procedures were based on correlations and

multivariate statistical techniques to examine the variation of community attributes using
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large datasets. It explicitly mentions data uncertainties and biases, scales used (extent and

grain of analyses), and spatial structure of landscapes.

Species-based measures of biodiversity were adopted to study the fundamental
structural properties of community assemblages, particularly the species number (richness)
and species members (composition). The exclusive focus on fish was considered a basis for
attaining a better knowledge on freshwater patterns and processes and, ultimately to enhance

debates on freshwater biodiversity matters.

Obviously, to answer the four sets of questions formulated, specific methods were
used (see Methods section at Chapters 2, 3, 4, and 5). Particularly, regarding the scales
assessed on the empirical tests performed, distinct extents and grains were used: at the
Iberian Peninsula extent (581,000 km?), data had 20-km grid cell resolution (Chapter 3), while
at south-western extent (87,000 km?), stream sites of approximately 300-600 m” of wetted

area were used as scale grain (Chapter 4).

This research used data of freshwater fish species occurrence and up-to-date
taxonomical information from both published and unpublished studies and field surveys
performed by the candidate. Databases with a spatial component coulpled with a Geographic
Information System (GIS) component were built to facilitate data storage and queries
performance (Chapters 2, 3 and 4). Also, the databases allowed identifying the information
gaps, and to consequently focus efforts on improving data completeness and accuracy for

particular species and regions (Chapter 2).

In detail, the PORTUGUESE INLAND FISH SPECIES DATABASE (thereafter InFISH.PT) was
built with data samplings performed in stream reaches during the period of 1990 to 2008 in
Portuguese mainland streams, mostly from previous regional and national projects (Chapter
2). Data used combined a multitude of field surveys of distinct sources, which were merged
and filtered according with data quality; supplementary data were obtained by additional

samplings performed by the candidate (Chapters 2 and 4). Also, a new and wider database, the
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IBERIAN INLAND FISH SPECIES DATABASE (InFISH.IP), was built at the grain of 10x10 km grid
cells with additional data of occurrence and taxonomy of Spanish streams and published at the
Spanish Red Data Book (Doadrio, 2002). Supplementary data were gathered at the Natural
Museum of Madrid, particularly those regarding the distribution of new species in Spanish

inland waters (Chapter 3).

.6 Study outline

The dissertation includes a general introduction (Chapter 1), where the pertinence of studying
the topics addressed and a short knowledge background are offered, before presenting the

study aims and describing the thesis outline.

Chapters 2 to 5 attain the specific questions formulated (section 1.5), being each chapter
constituted by a paper published, submitted, or to submit on an internationally peer-reviewed

journal. Specifically:

= Chapter 2 addresses question (I). The Portuguese freshwater fish species database
built during the current research (InFISH.PT) is examined regarding its sampling
completeness, and the value of high quality biodiversity databases of freshwater biota

is considered (paper submitted to Bioscience).

= Chapter 3 tackles on questions (ll), by using the most recent data on native fish species
assemblage composition (InFISH.IP database) for a biogeographical approach focused
on examining the relevance of both historical factors and contemporary constraints to

the faunal group in question (paper published in Journal of Biogeography).

= Chapter 4 addresses questions (lll). It uses data of the south-western lberian
Mediterranean-type streams dataset extracted from InFISH.PT database. The role of
multiple landscape factors on shaping the species patterns of native and invasive

species is examined (paper submitted to Diversity and Distributions).
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» Chapter 5 focuses on questions (IV) by reviewing the scientific literature on freshwater
fish that included empirical tests about the current main hypotheses to explain broad-

scale biodiversity patterns (paper submitted to Global Ecology and Biogeography).

Chapter 6 presents a general discussion, by integrating the matters previously addressed.
Additionally a retrospective of the knowledge gained and of the key strengths and weaknesses
is included. Implications of the study performed are highlighted, particularly concerning
conservation and management matters. In Chapter 7, the main achievements of the

investigation are synthesized, as well as some items for future research.

In Appendix | previous delineations of Iberian biogeographical provinces based on spatial
patterns of the ichthyofauna are presented, which were based on the occurrence or

evolutionary history of species.

In Appendix Il it is included the paper entitled “Selection of priority areas for fish conservation
in the Guadiana River Basin, Iberian Peninsula” published in Conservation Biology since it
illustrates the questions focused by the candidate prior to this dissertation that led to the
questions now formulated. Particularly, this previous study raised the question of how
relevant it might be to account broad-scale landscape attributes to understand the current

patterns of biodiversity in fresh waters.
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(Abstract)

Optimizing the biodiversity data collected and assuring data quality to researchers, managers
and general public users is a challenging task that needs to be addressed, especially regarding
data from freshwater biota, whose information is often scattered or incomplete. The new
Inland Fish Database (InFISH.PT) designed to be a basal too for research and applied studies
was used to evaluate the sampling completeness of a freshwater biodiversity database, and
describe the likely uncertainties and voids on collecting and merging data from distinct
sampling surveys. Also the new possibilities opened by building high quality regional databases

are discussed.
Keywords: completeness, freshwater biodiversity, data quality, database, Natural History
Museums

Short title: Completeness of freshwater biodiversity databases
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(Introduction)

Knowing which species live in a place is widely recognized as fundamental for both research
and conservation actions (Gaston 1996, Sutherland 2000). But even for regions with high
investments on data collecting, databases remain mostly focused on terrestrial organisms, for
which there is a long tradition of data collection at Natural History Museums (Lawton et al.
1994). However, a better knowledge on freshwater biodiversity has been frequently
mentioned as a priority as well as the need for more investments on field surveys (Abell et al.
2008, Balian et al. 2008, 2009; Lévéque et al. 2008). But the question to begin with is how
complete is the information already collected and how can we optimize both data sampling
and storing, while assuring data quality. Here we use a new freshwater fish diversity database
to identify the critical voids and uncertainties of data, and the possibilities opened by having

high quality databases as tools for research on biodiversity and management.

Freshwater biota are subjected to multiple threats (see Dudgeon et al. 2009) and most
are at higher risk than terrestrial ones (Allan and Flecker 1993). Obtaining sufficient and
credible scientific information on freshwater biodiversity and making it available is the very
beginning to successfully deal with sustainable management and conservation of the world’s
freshwater resources (Balian et al. 2008). Advances on fish biodiversity have been developed
mostly from research on diversity gradients (e.g., Filipe et al. 2009), habitat changes (e.g.,

Wang et al. 2001), invasiveness (e.g., Gido and Brown 1999), and climate change predictions
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and impacts (e.g., Buisson and Grenoulliet 2009). Many of the shortcomings identified therein
are pointed as the result of voids in the data sets used, which implies that complete and high
quality biodiversity databases are required. Indeed, information on freshwater species
distributions seems generally scattered and incomplete, when compared to other better

known biota (but see Balian et al. 2008).

Biodiversity databases mostly specialized on specific taxa and/or regions are being
computerized, offering the possibility of exploring ecological questions that might shed light on
the mechanisms shaping diversity patterns, as well as sharing knowledge for conservation and
management actions from regional to global extents. Regarding the freshwater fish databases
available, the FishBase is a worldwide online relational database which is currently the main
source of information on fishes (www.fishbase.org; Froese and Pauly 2008), being linked to
other global database initiatives of storing information such as the Encyclopedia of Life (EolL,
www.eol.org) and the Global Biodiversity Information Facility (GBIF, www.gbif.org/). Among
such initiatives, there is a growing concern on providing indicators of data quality to
accomplish the data reliability commitment for biodiversity information databases (Wilson
2003, Guralnick and Lane 2007). The reliability of information on these databases is commonly
assured by referencing data sources and the sate of data checking and vetting - data validation
- by collaborators or curators who were previously recognized as able to authenticate data
(Lane 1996); also, the worldwide open access is considered to fuel the validation of the

information among experts around the world (Bisby 2000).
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Collecting field data is costly regarding time, expert knowledge and funding; compiling
these data is also laborious, involving a huge effort on turning data consistent, complete, and
effectively organized to be accessed by database users while assuring interoperability with
other data sets on biodiversity data or even on other areas of knowledge (e.g., Beier and
Degerman 2007). Never the less, it turns out biodiversity data are commonly treated more
inaccurately than required, with drawbacks as incomplete sampling spatial coverage or non-
exhaustive samplings at each site, which often require collecting additional field data to
improve the set of useable data (Hortal et al. 2007). These difficulties are particularly evident
for some ecosystems as fresh waters, where samplings can be complex due to the spatial and

temporal environmental variability (e.g., Symes et al. 2009).

This paper aims to investigate how biodiversity data can be optimized, particularly for
freshwater biota, using the new database on Inland Fish Species of Portugal — hereafter named
INFISH.PT — by: i) identifying critical data voids and uncertainties, ii) proposing solutions to
overcome such limitations, and iii) discussing the new possibilities opened when assuring data

quality of biodiversity databases as key tools for research, conservation and management.
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(Data, methods and results)

Setting up a regional biodiversity database

The regional freshwater fish database — InFISH.PT - containing data on distribution and
life history traits of native species in the Portuguese freshwaters was built during the past five

years to provide and manage information to be used on research and applied studies.

Portuguese native fish assemblages are dominated by the 25 primary species sensu
Darlington (1957) most belonging to the Cyprinidae family, and occupying the North-west,
Central-west, South-west and Mira Iberian biogeographical provinces defined by Filipe et al.
(2009). Albeit relatively species-poor, species are typically Iberian endemics with distribution
ranges typically constrained to few river basins, being the majority endangered according with
the UICN species criteria (Rogado et al. 2005, Smith and Darwall 2005). Since the first known
fish introduction (Carassius auratus at the year 1792), the number of successful non-native fish
species has increased up to 15 at present mostly due to recreational fisheries interests (Ribeiro
et al. 2009a). Portuguese landscapes are environmentally diverse, encompassing two major
stream habitat types: the temperate and the Mediterranean-type (Gasith and Resh 1999,
Pardo and Alvarez 2006), the latest is common southerly of Tagus River and at some north-
eastern areas of low altitude. The stream network consists of 25 major river basins, five shared

with Spain, and draining across the Iberian Peninsula into the Atlantic Ocean (figure 1).
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Figure 1. Location sampling records of the primary freshwater fishes. The data set was extracted from the InFISH.PT
database and records obtained by electrofishing captures (2345 samplings at 1199 sites; see Table 1 for river basin
codes). The area sampled is Portugal mainland, extending over 89,367 km2, 15.3 % in the Iberian Peninsula and
located at de most occidental part of Europe (42° to 37° N latitude and 6°10" to 9°20° W longitude).

The InFISH.PT database encompasses the sampling data records for all fish species
occurring in mainland Portuguese watercourses, as well as information on species life-history
traits. The database was built with user-friendly and widespread tools as Access (Microsoft

Corp., US) for data storage in tables and queries building to cross data and extract information;
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a live-link with a geographic information system (GIS) using ArcMap (ESRI Inc., US) was settled
to allow mapping visualization and analysis. The spatial information encompasses around
40,650 km of watercourses total length, and 25 river basins with a surface area ranging from
69 to 11,590 km?® (table 1). The data on sampling records started to be merged for the
Portuguese Red Data Book (Rogado et al. 2005), and were completed with additional data of
taxonomical descriptions, species life-history traits, and additional sampling records (see Filipe
et al. 2009). Data sources included recent publications, gray literature, unpublished reports,
and online national information (from DGRF at www.cartapiscicola.org, and ICN-B at
www.icn.pt/sipnat). A special concern during data merging was evaluating the coherence of

taxonomic identifications among data sources.

The InFISH.PT data records are mostly from surveys performed by electrofishing (near
85%), since this method is considered non-selective for a wide range of species, thus allowing
valid comparisons among samplings and the likely of detecting the whole assemblage
(Reynolds et al. 2003). For each sampling, it was recorded the number of individuals collected
of each species, the sampling effort performed, and the site location (pathway and
coordinates); this way data on species occurrence were recorded at the smallest scale grain
available and able to be re-sampled — the sampling site. Herein the data sets used in analysis
were restricted to primary fish species records sampled by electrofishing at stream habitats

(see figure 1 for data visualization and table 2 for species list).
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Table 1. Resume of the data set used per river basin from the complied 2345 samplings at 1199 sites and
extracted from the InFISH.PT database. For each basin it is given the number of sites and sampling
records, the basin surface area, the total watercourses length, the maximum stream order (sensu Strahler)
and the densities (%) of samplings and sites per km2 of surface area and km of watercourse.

Density sites Density

(% per kmz) samplings

(% per km?

River Basin Sites Samplings Basin Watercourse (km)  Order
(km?)
Ave (A) 9 10 1363 478 4 0.7 18.8 0.7 209
Eastern Algarve (AE) 13 14 1635 797 3 0.8 16.3 0.9 17.6
Ancora (AN) 2 3 124 29 2 1.6 69.3 2.4 1039

Western Algarve

(AO) 90 91 1338 e 4 6.7 114.0 6.8 1153
Arade (AR) 43 43 124 702 4 347 61.2 347 61.2
Céavado C) 26 26 265 507 4 9.8 51.3 9.8 51.3
Douro (D) 112 128 18640 7854 7 0.6 14.3 0.7 16.3
Douro-Vouga (DV)* 1 2 233 130 3 0.4 7.7 0.9 15.4
Guadiana (G) 446 1488 11590 6232 6 3.8 716 12.8 238.8
Lima (L) 27 30 1185 470 4 2.3 57.4 2.5 63.8
Lega (LE) 2 2 69 83 2 2.9 241 2.9 24.1
Lis (L) 8 8 897 482 5 0.9 16.6 0.9 16.6
Minho (M) 12 13 815 340 6 1.5 353 1.6 383
Mira (MI) 75 82 1580 939 5 4.7 79.9 5.2 87.3
Mondego-Lis (ML)* 1 1 138 37 2 0.7 26.7 0.7 26.7

Mondego (MO) 43 51 6640 3323 5 0.6 12.9 0.8 15.3
Neiva (N) 3 4 274 88 2 11 34.2 1.5 45.6

*The small coastal drainages located between large watersheds are designated with the name of both,
with a hiphen between. The small coastal basins of Vouga-Mondego and Cavado-Ave were not included
because they do not have sampling records.
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Table 2. List of the 25 native species of Portugal (mainland) classified as primary fish following Darlington
(1957). Data were extracted from the InFISH.PT database.

Species

Author

Cobitidae

Cobitis calderoni

Cobitis paludica

Cyprinidae

Achondrostoma arcasii
Achondrostoma occidentale
Achondrostoma oligolepis
Anaecypris hispanica

Barbus bocagei

Barbus comizo

Barbus microcephalus

Barbus steindachneri

Barbus sclateri
Iberochondrostoma almacai
Iberochondrostoma lemmingii
Iberochondrostoma lusitanicum
Iberochondrostoma olisiponensis
Iberochondrostoma oretanum
Pseudochondrostoma duriense
Pseudochondrostoma polylepis
Pseudochondrostoma willkommii
Squalius alburnoides complex
Squalius aradensis

Squalius carolitertii

Squalius pyrenaicus

Squalius torgalensis

Tinca tinca

Bacescu, 1962
(de Buen, 1930)

(Steindachner, 1866)

(Robalo, Almada, Sousa-Santos, Moreira and Doadrio, 2005)
(Robalo, Doadrio, Almada, and Kottelat 2005)
(Steindachner, 1866)

Steindachner, 1864

Steindachner, 1864

Almacga, 1967

Almacga, 1967

Gunther, 1868

(Coelho, Mesquita and Collares-Pereira 2005)
(Steindachner, 1866)

(Collares-Pereira, 1980)

(Gante, Santos and Alves, 2007)

(Doadrio and Carmona, 2003)

(Coelho, 1985)

(Steindachner, 1864)

(Steindachner, 1866)

(Steindachner, 1866)

(Coelho, Botutskaya, Rodrigues and Collares-Pereira, 1998)
(Doadrio, 1988)

(Gunther, 1868)

(Coelho, Bogutskaya, Rodrigues and Collares-Pereira, 1998)
(Linnaeus, 1758)
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Assessing completeness of data

Taxonomic information is considered the backbone of biodiversity databases, disregarding its
extent and taxa (Bisby 2000). Overall, regarding the InFISH.PT taxonomical information, species
identification of co-existing individuals with strong morphological similarities was found as
being incongruent between the surveys performed at some areas. Also individuals with a
hybrid origin from two distinct co-occurring species were rarely mentioned, despite several
studies have already documented the existence of distinct hybrid zones (e.g., Pereira et al.

2009), which might have also lead to misidentifications.

On a first approach on evaluating the data quality, measures of sampling effort at each
record can be accessed by quantifying the amount of sites and samplings for which this
information was compiled (e.g., Hortal 2007). One feature that emerged from performing this
analysis on the data set on primary species was the absence of measures of sampling effort at
some records. Samplings for which effort measures have been registered summed 2,041 from
the 2,345 total in the data set, which corresponds to 925 sites with registered effort measures
for at least one sampling from the total of 1199 sites. When documented in an accessible way,
the fishing sampling effort differed mostly between (1) sampling at a stream surface area
considered adequate according with the site characteristics during a fixed time interval, and
(2) sampling at a fixed area during a time range also according with the site characteristics. The
void of information found might be resulting of the somehow incomplete documentation
available.

Sampling completeness is a major concern on biodiversity data sets especially

regarding fresh waters (Sanchez-Fernandez et al. 2008). To evaluate the sampling
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completeness, measures of both sampling coverage (i.e. the completeness of samplings across
the landscape) and sampling effort (i.e. the exhaustiveness of the samplings) were performed.
In detail, sampling coverage measures were mapped 1) for each basin by calculating the
density of the number of both sites and samplings by both the basin’s total surface area and
the total watercourses’ length, and 2) for each 10*10km UTM grid cell, both the total number
of sites and samplings recorded. Also, to evaluate the likely uncertainties of geographical
gradients of species occurrence, the sampling coverage measures were correlated with both
the species richness and the occurrence maps for each grid cell; these biodiversity maps were

thereafter overlapped with the sampling coverage measures for visualization.

The data set on primary species records analyzed showed no sampling records for 370
from a total of 892 of 10*10km UTM grid cells, which corresponds to 41% of the whole
territory. Most of these non-sampled grid cells are headwaters where, for the ones not fed by
groundwater, surveys are restricted to the wet season, when stream’s wetted habitats are
found, thus with few sampling opportunities during the year. Because headwaters
environments may function both as hatchery and/or nursery areas for some species, we
included the non-sampled grid cells in calculations, in spite of the eventual risk of inflating
sampling coverage incompleteness. The sampling coverage regarding densities of both sites
and samplings was distinct among river basins and grid cells (figure 2 and table 1). The Arade
river basin had the highest density of sites covered and the most revisited sites regarding the
basin surface area, but when considering sampling densities of the total length of

watercourses, the most well spatially covered was the Western Algarve and the one with the
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highest number of revisited sites was the Guadiana river basin. Another feature that emerged
was the low density of sampling coverage at the two largest river basins, the Tagus and Douro.
Also, the sampling coverage and re-sampling of sites differed among grid cells, and the
Guadiana, Mira and Western Algarve basins had the highest number of multiple samplings
(figure 3a), although the within-basins site coverage was not uniformly distributed (figure 3b).
Moreover, the richness of primary fish species mapped was highly correlated with the number
of samplings (Corr. Spearman = 0.351, p=.000), but not with the number of surveyed sites
(Corr. Spearman = -0.055, p=.07) (figure 3c). When mapping the species distributions, data on
some of most widespread species (e.g., Barbus bocagei) seemed particularly incomplete at

some of the largest basins (Tagus and Douro).

(Discussion)

Data limitations of the InFISH.PT database

The database presented is an example of a compilation on biodiversity inventories of
freshwater biota where a number of data limitations was identified, as well as ways to
overcome them. Firstly, the observed taxonomic uncertainties and incoherencies between the
data sources merged may reflect the taxonomic instability from recent years due to
description of new species, enhanced by the difficulty of the persons involved at samplings to
correctly assign species with high morphological similarities and to recognize hybrid swarms in
some natural populations (e.g., Rogado et al. 2005, Pereira et al. 2009). The Natural History
Museums can have an important role on surpass these uncertainties, prior and subsequent to

field surveys, by achieving the taxonomic authentication through the curator’s expertise and
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consulting the biological collections for the biota under analysis (Alberch 1993, Lane 1996).
Indeed, museum collections are scientifically robust and thus one of the most valuable and
comprehensive sources of biodiversity data, which are even more important because of the
current lack of well trained taxonomists worldwide (see Skelton 2002, Valdecasas and
Camacho 2003). This demise may be especially critical considering the current generalized
advances on computing technology and online available tools for generating biodiversity

databases.

Figure 2. Sampling coverage (number of samplings and sites) per each river basin. The data used were extracted
from the InFISH.PT database and correspond to the primary freshwater fishes detected in watercourses by
electrofishing.
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Figure 3. Database records for each 10*10km UTM grid cell on sampling coverage: number of samplings (a) and
sites (b)), and on observed species richness (c). The data used were extracted from the InFISH.PT database and
correspond to the primary freshwater fishes detected in watercourses by electrofishing.

Secondly, the scattered information found on measures of sampling effort was mostly
due to the lack of such information in some inventories. Overcoming such void can be attained
by registering all information during both sampling surveys and data digitalization on the
sampling effort and sampling coverage measures, which are essential in order to standardize
the data obtained and allow comparisons of records, and perform biodiversity estimates (e.g.,

Royle and Nichols 2003).

Thirdly, the analyses performed revealed some deficiencies in the data sampling
coverage: some larger areas are particularly data-deficient on sampling coverage, such as the

Douro and Tagus river basins. This information, when overlapped with species distributions
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indicates that occurrence data of some species are likely to be particularly incomplete. When
overlapped with the observed species richness revealed higher richness for areas with more
revisited sites but not for areas covered by higher number of sites, which raises the possibility
that species detection was missed more often when visiting more sites in a stream than when
performing re-samplings at a small number of sites. Therefore re-samplings are probably
needed to obtain good sampling coverage, particularly during distinct seasonal periods in
environmentally variable freshwater habitats (see Gasith and Resh 1999). But further field
survey assessments of data sampling completeness are necessary since revisited sites can be
biased to the ones where species richness is indeed higher. Assessments designed to obtain
good variation coverage of particular species and areas which account for environmental and
spatial variation might be particularly useful, as the rule-step procedure proposed by Hortal

and Lobo (2005).

To achieve high quality biodiversity data

Overcoming the limitations identified in InFISH.PT database, which are likely shared by other
freshwaters data sets, will certainly allow improvements on database reliability. As was
illustrated here, if data are properly validated and quality attained, biodiversity databases can
constitute trustworthy basal tools to examine ecological research hypotheses, and develop

conservation-oriented actions (e.g., Usseglio-Polatera et al. 2000).

By focusing on freshwater faunas, we point to the necessity of building-up the current

information on taxonomy and species distribution with special concerns for assuring data
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sampling completeness and taxonomic certification as a first step to enhance the knowledge of
species distribution. Moreover this study turned obvious that database building needs
concerted strategic measures among data providers, database developers and users, where
certification entities as the Natural History Museums should have a crucial role for taxonomic

authority certificates, and where constant maintenance is required (e.g., Sobero et al. 2000).

The GBIF initiative is becoming the main authority on biodiversity knowledge mostly
because of its links with the Natural History Museums worldwide and the standardization and
share of data procedures (Guralnick and Lane. 2007). It constitutes a more than welcomed
initiative which seems efficient on minimizing the database problems identified across biota
worldwide, which are interestingly similar to the ones identified here (Graham et al. 2004,
Guralnick and Lane 2007). In spite the usefulness of global initiatives as GBIF, efforts on
obtaining high quality regional data assessments remain as fundamental key-steps that cannot

be neglected.

Regarding the InFISH.PT database

Considering data on fish species inhabiting Portuguese streams, it is well worth data collectors
spend some extra-time on quantifying the amount of sampling effort carried out during each
field journey. For example, the previously referred online Portuguese databases from DGRF,
and ICN-B, they would gain on reliability if measures of data quality, namely completeness,
were explicitly given, as generally recommended by other database developers (e.g., Hortal et

al. 2007). Moreover, just recently the Portuguese Authority for Water Management (INAG)
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developed standard protocols for fish sampling methods in national waters (INAG 2008) for
assuring data quality of samplings and proper implementation of the EU Water Framework
Directive (WFD, www.euwfd.com). This was an important initiative since, as it was noted here,
sampling methods standardization facilitates the possibility to efficiently gather comparable

and reliable data and produce consistent outputs.

Regarding the records on the overall richness patterns, they must be treated with
caution and consider the structure of the watercourses and their habitats. Particularly the
watercourses with higher richness of primary fish were mostly recorded at main river stretches
in Portuguese-Spanish border (Guadiana and Tagus river basins), which might suggest their
relevance as propagule and refugee areas for this fauna. But, as part of international basins,
these areas are also ‘open doors’ to invasive species dispersal between the two countries
(Ribeiro et al. 2009b), which constitutes a growing problem needing to be addressed.
Conversely, a low richness was recorded for headwaters across the landscape, which should be
also treated with caution, as these habitats are particularly fragile and play a key role in what
concerns the completion of some species life-cycles, especially in the Mediterranean-type
streams (Gasith and Resh 1999, Collares-Pereira et al. 2002). Some small watercourses
emerged as having high species richness, raising the possibility of being considered freshwater
fish sanctuaries (see Magalhdes et al. 2002, Filipe et al. 2004), but these are well sampled
streams, and the possibility of finding other equally relevant areas should be also explored.
Some of the uncertainties described here can be overcome by simply estimating species

richness, which are more accurate than observed values (Cao et al. 2007).
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The InFISH.PT database has demonstrated being a valuable fundamental research tool
(e.g., Filipe et al. 2009), but currently the database needs expansion to take advantage of all its
potential for other purposes as applied biodiversity matters. Solutions on how to strategically
contextualize the database are being considered, which might involve stepwise procedures
similar to the ones followed for other faunal databases where, in due course, the databases

become accessible to all public (e.g., Statzner et al. 2007).

Brief overview on the opportunities to enhance knowledge and conservation of

freshwater biodiversity

Knowledge and awareness on the freshwater fish fauna is generally scarce between
policymakers and general public across the world, and is frequently focused on game-fish
species which are mostly non-native for many regions. Currently opportunities are emerging
for direct conservation actions at local and regional extents, namely for protecting critically
endangered species, and for actively preventing the establishment of non-native species in
protected areas; also the implementation of water impoundment schemes requires
minimization and compensation programs, which should provide a good opportunity for some
conservation and management actions (see Collares-Pereira et al. 2000, 2002). Additionally,
governmental legislation and efforts are staring to be proactive. For example, for the European
member-states, the WFD legislation compromises each member to achieve good ecological
status in all waters by 2015 and to ensure that such status does not deteriorate. Implementing
the WFD on freshwaters and adapting management to the likely impacts of the current

climatic changes on such vulnerable ecosystems encompassing highly endangered faunas will
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constitute great challenges in the years to follow, while assuring the maintenance of the
services provided. Particularly, Portugal faces great challenges by putting in the equation the
construction of more ten water impoundment schemes planned to get 7,000 megawatts of

energy power at year 2020 (http://pnbeph.inag.pt).

Not disregarding the database quality issues focused above, the effective conservation
of freshwater biodiversity and water services go much beyond an inventory work for simplistic
approaches of fish biodiversity spatial patterns (Symes et al. 2009, Thorp et al. 2009). On a
global overview, some of the promising fields to invest are field experiments regarding species
interactions based on native and non-native species removal or addition, lab experiments
regarding physiological thresholds, empirical tests on the patterns found in nature to
understand the biotic processes involved using current spatial genetic distances, and adaptive-

management frameworks based on experimental programs.

Finally, protecting freshwater biota at the regional level and on a short term basis
requires local and pragmatic approaches to raise consciousness at distinct sectors of the
society and an effective protection of freshwater’s biodiversity while assuring environmental
services (Vorosmarty et al. 2005). Possible ways are the involvement of all stakeholders to
bridge the gap with the natural world, which might need new proactive approaches where
people take as valuable this patrimony and get truly involved on decision-making processes
(Cullen et al. 1999, Fraser et al. 2009). Examples are (1) to give ecosystem services an
economical value, and individuals can be then rewarded for helping to maintain services

provided in good conditions (Wilson and Carpenter 1999), and (2) to perform regional
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decision-making with a bottom-up approach where a common vision of the region is built
(Fraser et al. 2009). Natural History Museums have great challenges ahead, as the key
institutions centralizing biological collections and knowledge on the natural world, while acting
on outreach activities such as awareness, education, and conquering the appreciation of

policymakers (Suarez and Tutsui 2004, Mares 2009).

Concluding remarks

Few studies were dedicated on attaining biodiversity data quality, namely regarding
completeness of regional or particular taxa databases. This is somehow surprising since
ongoing efforts on collecting data are likely to result in at least partially unreliable data sets.
The InFISH.PT database offered the possibility of exemplifying the structure of a regional
database, listing the uncertainties of the data merged, and ultimately building a framework to
collect and store data efficiently. Special issues raised regarding freshwater biodiversity
databases go to (1) attaining taxonomy data voids , (2) minimizing bias of sampling coverage
for the nested freshwater environments (as among river basins, lakes, streams), and (3)

revisiting sites accordingly with the common seasonality of freshwaters.

There is much to gain by improving data collecting and storing. While minimizing costs
of biological surveys since funds are often small for both museums and conservation matters,
new possibilities are opened for testing biological patterns, as well as for building efficient and

user-friendly decision tools for conservation and management actions. Because specialized or

56



Chapter 2

regional databases, as those regarding freshwater biota, are the foundation of worldwide and

highly accessible databases, investments on attaining high quality data will be soon rewarded.
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Chapter 3.

Patterns of freshwater fish

species In the Iberian Peninsula

“.. A second great fact that strikes us in our general review is, that barriers of any
kind, or obstacles to free migration, are related in a close and important manner to
the differences between the productions of various regions.”

Charles Darwin, 1859, in “On the Origin of
Species by means of Natural Selection”



Filipe, AF, Aradjo M.B., Doadrio, I., Angermeier, P.L. & Collares-Pereira, M.J. (2009) Biogeography
of Iberian freshwater fishes revisited: the roles of historical versus contemporary constraints.

Journal of Biogeography, 36, 2096-2110

Published as Original Article



Chapter 3

Journal of Biogeography (J. Biogeogr.) (2009) 36, 2096-2110

, 8 Biogeography of Iberian freshwater
allinal fishes revisited: the roles of historical
versus contemporary constraints

Ana F. Filipe', Miguel B. Aratijo>*, Ignacio Doadrio®, Paul L. Angermeier*
and Maria J. Collares-Pereira!

Centro de Biologia Ambiental, Faculdade ¢~ ABSTRACT
Ciéncias, Universidade de Lisboa, Campo
Grande, Lisboa, Portugal, 2Museo Nacional de
Ciencias Naturales, CSIC, José Gutiérrez

Aim The question of how much of the shared geographical distribution of biota
is due to environmental vs. historical constraints remains unanswered. The aim of

Abascal 2, Madrid, Spain, *Rui Nabeiro this paper is to disentangle the contribution of historical vs. contemporary factors
Biodiversity Chair, University of Evora, Largo to the distribution of freshwater fish species. In addition, it illustrates how
dos Colegiais, Evora, Portugal and quantifying the contribution of each type of factor improves the classification of

#US Geological Survey, Virginia Cooperative biogeographical provinces.
Fish and Wildlife Research Unit, Virginia
Polytechnic Institute and State University,
Blacksburg, Virginia, USA Methods We used the most comprehensive data on native fish distributions

for the Iberian Peninsula, compiled from Portuguese and Spanish sources on
a 20-km grid-cell resolution. Overall, 58 species were analysed after being
categorized into three groups according to their ability to disperse through
saltwater: (1) species strictly intolerant of saltwater (primary species); (2) species
partially tolerant of saltwater, making limited incursions into saltwaters
(secondary species); and (3) saltwater-tolerant species that migrate back and
forth from sea to freshwaters or have invaded freshwaters recently (peripheral
species). Distance-based multivariate analyses were used to test the role
of historical (basin formation) vs. contemporary environmental (climate)
conditions in explaining current patterns of native fish assemblage composition.
Cluster analyses were performed to explore species co-occurrence patterns and
redefine biogeographical provinces based on the distributions of fishes.

Location Iberian Peninsula, south-western Europe (c. 581,000 km?).

Results River basin boundaries were better at segregating species composition
for all species groups than contemporary climate variables. This historical signal
was especially evident for primary and secondary freshwater fishes. Eleven
biogeographical provinces were delineated. Basins flowing to the Atlantic Ocean
north of the Tagus Basin and those flowing to the Mediterranean Sea north of the
Mijares Basin were the most dissimilar group. Primary and secondary freshwater
species had higher province fidelity than peripheral species.

Main conclusions The results support the hypothesis that historical factors
exert greater constraints on native freshwater fish assemblages in the Iberian
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INTRODUCTION

A common assumption in ecological research is that organisms
sharing the same geographical location also share the same
current environmental constraints and at least some of the
same evolutionary history. The question is how much of this
shared geographical distribution is due to biotic responses to
the current environmental conditions vs. historical changes in
these conditions. Here, we use distributions of native Iberian
freshwater fishes to examine the roles of historical and
contemporary factors in determining patterns of fish assem-
blage composition in the Iberian Peninsula. To our knowledge,
this is the first time that both types of factors — historical and
contemporary — have been examined on an equal footing in
Iberian biogeographical studies (but see Bonada et al., 2005;
Araiijo et al., 2008).

Barriers to dispersal often constrain distributions of species
and strongly influence spatial patterns of assemblage compo-
sition. Barriers such as long-term basin boundaries are often
considered more relevant to contemporary geographical pat-
terns of freshwater fishes than are current environmental
conditions (e.g. Hugueny & Lévéque, 1994; Yap, 2002; Smith &
Bermingham, 2005). This view contrasts with that of assem-
blage organization in terrestrial and marine ecosystems, where
current climate is often considered the main determinant of
the geographical distributions of species (e.g. Chust et al,
2006; Burgmer et al., 2007).

The constrained dispersal of freshwater fishes among
aquatic environments permits strong inferences about the
roles of historical vs. contemporary factors, species dispersal
and species responses to environmental changes. In partic-
ular, we would expect the influence of terrestrial barriers
and hydrological connections to differ between species
strictly restricted to freshwater and species that might
disperse through marine environments, including those with
current occasional or frequent incursions into saltwater. The
Iberian Peninsula provides an excellent case study for
comparing the contributions of historical vs. cutrent envi-
ronmental factors to spatial patterns of fish assemblages due
to the long-term existence of basin divides, many endemic
species and a well-known evolutionary history of fishes for
the area.

Historical vs. contemporary factors

The contrasting roles of history and the modern environment
in structuring biotic assemblages have spurred long debates
(e.g. Davis & Scholtz, 2001; Bonada et al., 2005; Svenning &
Skov, 2005; Tedesco et al, 2005). There is a growing
consensus that both types of factor play important roles,
but it is difficult to tease apart their respective contributions,
in part because contemporary and historical factors tend to
covary (Aradjo et al., 2008). Analysing patterns of species
assemblages at macroecological scales might shed some light
on this debate by revealing the extent to which current species
distributions are at equilibrium with their environment and/
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or are constrained by historical factors. It is said that species
distributions are at equilibrium with their current environ-
ment if they occur in all suitable areas and are absent from
unsuitable ones (Hutchinson, 1957). One approach to
assessing the degree of equilibrium of species with the present
environment is to measure patterns of covariation between
species assemblages and current environmental factors (see
Araijo & Pearson, 2005, and references therein). It assumes
that if species are at equilibrium with the environment, then
covariation between assemblage composition and environ-
ment will be high. In contrast, if the covariation is weak it
suggests non-equilibrium with the environment, possibly due
to historical and/or ecological factors, such as limited
dispersal ability.

Contemporary environmental barriers, such as climate, and
historical dispersal barriers, such as drainage boundaries, are
likely to have influenced Iberian freshwater fish assemblages
in multiple ways. Barriers with low permeability to fish
dispersal possibly induced vicariant differentiation between
species, and permeability might have increased via new
pathways created by environmental changes or through
hydrological reconfigurations, such as river capture or river
entry into estuaries. In particular, we would expect the
influence of barriers to differ between species that are strictly
restricted to freshwater and species that are tolerant of salt
water if the latter use an additional dispersal pathway through
the marine environment.

Indeed, the rise of physical barriers to fish dispersal
accompanying the formation of river basins (in the Plio-
cene-Pleistocene, 2.5-1.8 Ma; Calvo et al., 1993) is expected to
rank highly among the key historical events affecting contem-
porary Iberian freshwater fish distributions. These barriers
shaped ‘biogeographical islands’, with drainage reconfigura-
tions occurting only sporadically (Calvo et al, 1993). In
addition, it is likely that previous speciation occurred following
the formation of Iberian endorheic (closed) basins, which
produced a system of inland lakes (in the Upper Miocene,
11-5 Ma; Lépez-Martinez, 1989; Doadrio, 2002; Doadrio &
Carmona, 2004; Robalo et al., 2006). Subsequent sporadic
events, such as the creation of new dispersal routes due to
downstream confluences of adjacent river systems formed
during drops in sea level (in the Pleistocene, ¢. 120 ka), might
also be relevant (Machordom & Doadrio, 2001; Doadrio &
Carmona, 2003; Sousa-Santos et al., 2007).

Biogeographical provinces

Contemporary biogeographical provinces, defined by species
assemblages, can be used to explore and understand patterns of
similarity of species occurrences and the likely processes of
dispersal, speciation and extinction among species and across
landscapes. For example, if two provinces harbour distinct or
endemic species one could hypothesize that the provinces’
boundaries acted as strong barriers, which might have
favoured allopatric speciation. If these provinces also harbour
widespread species, one might hypothesize that the provinces’
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boundaries became more permeable after speciation. Patterns
of freshwater fish distributions have been used to help
delineate biogeographical provinces and to examine hypoth-
eses regarding probable speciation events as well as post-
speciation dispersal in North America (Hocutt & Wiley, 1986),
Lower Mesoamerica (Smith & Bermingham, 2005), South
America (Hubert & Renno, 2006), West Africa (Hugueny &
Lévéque, 1994), Europe (Reyjol et al., 2007), Asia (Yap, 2002)
and across the world (Lévéque et al, 2008). However, the
delineation of such provinces has typically been based on
species similarities among river basins or stream catchments
without previous tests of the relevance of such units of analysis
on current species assemblage patterns.

The importance of historical basin delineation as a main
driver of fish assemblage composition in the Iberian Peninsula
has been reported in several studies. Some authors found
concordance between Iberian freshwater species assemblages
and basin delineation (Arévalo, 1929; Hernando, 1990; Her-
nando & Soriguer, 1992; Vargas et al., 1998; Mesquita et al.,
2007), whereas others found concordance between species
distributions and current latitudinal patterns based on either
Cyprinidae or all primary species (Lozano, 1952; Almaga, 1978;
Doadrio, 1988). However, the role of current environmental
conditions in shaping fish assemblage composition remains
largely unexplored. Indeed, previous studies examining the
role of contemporary environments have been limited to
specific regions of the peninsula (e.g. Carmona et al., 1999;
Filipe et al., 2002; Magalhies et al., 2002).

Here, we examine relationships between assemblages of
Iberian native freshwater fishes and sets of historical and
contemporary environmental variables. In particular, we ask
whether dispersal barriers among basins are a more accurate
predictor of current patterns of native fish assemblage
composition than contemporary environmental factors. Sub-
sequently, we ask whether the identification of the most
constraining factor might help us explore and comprehend
occurrence patterns across space (Table 1). We first analyse the
influence of the geographical structure of river basins vs.
current climate on local native species composition. We do this
by separating groups of species with distinct tolerance of
salinity to assess the effects of marine and tetrestrial barriers on
fish distribution. Finally, in the light of our findings, we
redefine biogeographical provinces and examine occurrence
patterns and the permeability of dispersal barriers.

Chapter 3

MATERIALS AND METHODS

Study area

The Iberian Peninsula is in south-western Europe and
comprises approximately 581,000 km? (Fig. 1). Its climate is
varied, including desert, Mediterranean, alpine and Atlantic
areas (Rivas-Martinez, 1987). Current environmental condi-
tions produce several types of watercourses, ranging from
Mediterranean streams with harsh cycles of flooding and
drying to more mesic streams with continuous flow. The
geological and faunal evolutionary history of the Iberian
Peninsula is complex. Iberian streams have been isolated from
Central Burope since the rise of the Pyrenees Mountains
during the Tertiary (80-20 Ma), and were only partially
covered by ice during the Quaternary glaciations. This is
reflected in the large number of species that exist there
compared with northern Europe (both endemics and non-
endemics), a pattern analogous to other European Mediterra-
nean peninsulas (Griffiths, 2006; Smith & Darwall, 2006).

Data sources

We built the species database by merging information from
1990 to 2008 on freshwater fish distributions from Portuguese
and Spanish sources. We excluded non-native species to allow
a clearer interpretation of the influences of evolutionary
history vs. current environment. Species occurrence records
were compiled from three main sources: (1) electrofishing
samples compiled for the Portuguese Red Data Book (Rogado
et al., 2005); (2) electrofishing samples designed to sample
watercourses with limited previous collection efforts by the
first author; and (3) data published in the Spanish Atlas and
Red Data Book based on a 10-km grid cell (Doadrio, 2002).
This grid was used as the unit of analysis for the database since
it is the coarsest sampling grain among data sources and it
ensures inclusion of at least one electrofishing sample per cell.
Data aggregation for each grid cell was performed with the
ArcMar 9.1 summarization tool (ESRI, 2001). The database
contains 64 native fish species, based on Iberian specialists’
taxonomic synthesis of phylogenetic studies summarized in the
Portuguese and Spanish Red Data Books (Doadrio, 2002;
Rogado et al., 2005) and on subsequent species descriptions
(Doadrio & Elvira, 2007; Doadrio et al., 2007; Gante et al.,

Table 1 Mechanisms potentially driving contemporary patterns of fish assemblage composition in the Iberian Peninsula.

Forcing factors Events Processes

Predictions

Long-term river basin divides River basin formation

Current environmental variation Current climate

Allopatric speciation due to
impassable barriers

Species distributions constrained
by physiological limitations

Areas of distinct basins harbour
differentiated and endemic species

Areas of distinct environments harbour
differentiated and endemic species

Recent punctuated hydrological For example, headwater Post-speciation dispersal Closely related species or the same
connections captures, basin mouth species occur in neighbouring
connections provinces linked by current or
historical dispersal routes
2098 Journal of Biogeography 36, 2096-2110
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Figure 1 The 35 hydrological basins of the Iberian Peninsula, located in south-western Burope: 1, Ave; 2, Civado; 3, Douro; 4, Ebro;

5, Guadalete; 6, Guadalquivir; 7, Guadiamar; 8, Guadiana; 9, Jicar; 10, Lima; 11, Mijares; 12, Minho; 13, Mira; 14, Mondego; 15, Narcea;
16, Navea; 17, Odiel; 18, Alentejo coastal basins; 19, Algarve coastal basins; 20, Cantabria and Basque coastal basins; 21, Catalunya and
northern Valéncia coastal basins; 22, Galicia and Asturias coastal basins; 23, Extremadura coastal basins; 24, Northern coastal basins; 25,
Southern Valéncia, Extremadura and Castilha coastal basins (designated from now on as Medit. basins); 26, Sado; 27, Segura; 28, Sorraia;
29, St. Estevio; 30, Tambre; 31, Tagus; 32, Tinto; 33, Taria; 34, Uila; 35, Vouga. Main watercourses, 20 X 20 km Universal Transverse
Mercator (UTM) grid cells and borders of Portugal and Spain are also represented.

2007). We treated Lampetra fluviatilis (Linnaeus, 1758) and
Lampetra planeri (Bloch, 1784) as a single entity due to the
likelihood that they are different ecotypes of a single species
(Rogado et al, 2005; Espanhol et al., 2007).

Species occurrence data were validated by the following
procedure: (1} recent species records not previously docu-
mented in a river basin (i.e. the entire area drained by a river
and its tributaries) were identified as possible translocations
and excluded, and (2} questionable identifications of speci-
mens, when available, were confirmed at the Natural History
Museums of Lisbon and Madrid. Species for which informa-
tion about their distributions was somehow limited were
excluded from our analysis, while rare species were retained
to minimize the chances of overlooking distinctive but
sparsely represented communities. The 58 species used in
our analyses are listed in Appendix S1 in Supporting
Information, as are the reasons for excluding the six species
previously listed. Since oceans can be a major barrier to fish
dispersal, species were classified according to physiological
saltwater tolerance (sensu Darlington, 1957). Forty species are
strictly intolerant of saltwater (i.e. primary species), five can
tolerate limited incursions into saltwaters (i.e. secondary) and
13 are saltwater tolerant (i.e. peripheral). The latter species
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migrate back and forth from the sea to freshwaters or have
invaded freshwaters recently.

Data were resampled in 20-km grid cells to avoid
computational limitations that would arise when using
smaller grid cells. This procedure also reduced the effects of
false species absences and of merging distinct (but not
quantified) sampling efforts among collections. The final
dataset comprised 1620 grid cells after excluding coastal cells
containing less than 50% land (Fig. 1). Por convenience, we
assumed that observed species absences in grid cells were real.
Across all 58 species, occurrences covered 1457 grid cells (ie.
89.9%).

Climate variables and basin limits were built from digital
cartography with free internet access. Climate data included 19
variables related to thermal and hydrological characteristics
known to constrain freshwater fish distributions (Matthews,
1998). Climate variables were based on records from 1950 to
2000 at 1-km grid cell resolution (Hijmans et al., 2005, 2007;
see Appendix 82). Here, mean values were attributed to each
grid cell in ArcMar 9.1 (ESRI, 2001). To be consistent with
current topography, river basin boundaries (as defined previ-
ously) were generated based on a 90-m resolution digital
terrain model (DTM of CGIAR-CSI, 2005) in ArcMap 9.1
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(BSRI, 2001) using both the Catchment Polygon Processing
and Drainage Point Processing tools (ESRI, 2005). The 290
Iberian river basins obtained when using a minimum basin
area of 0.4 km? were considered as potentially suitable areas to
support freshwater fishes, according to the terrain validation
we performed for a subset of basins. Afterwards, the small
adjacent basins were merged with the basic geographical tools.
The 35 basins obtained were considered an appropriate match
for the spatial resolution of the grid cells used (basin area range
1300-97,673 kam®; see Fig. 1).

Data analysis

Data analysis was designed to tease apart the relative contri-
butions of historical (i.e. basin delineation) vs. contemporary
environmental factors (i.e. climate variables). Because species
with different capabilities of dispersing through saltwater may
display different levels of association with river basins, analyses
were conducted using four matrices of distinct species groups:
(1) primary (40 species X 388 samples), (2) secondary
(5% 100), (3) peripheral (13 X 450), and (4) all species
(58 x 1457). Since dispersal of organisms is contingent on
proximity and the existence of pathways between locations, we
expect nearby locations to have more similar species compo-
sition than distant ones (Whittaker, 1975; Wilkinson & Edds,
2001). Here we considered that the spatial structure of fish
species composition — naturally clumped at this scale — might
be a consequence of the ecological processes under investiga-
tion, which should not be removed. Using the multivariate
nonparametric distance-based methods (Smith et al., 1990;
Clarke & Gorley, 2001) commonly used in biogeographical
studies (e.g. Stickle & Hughes, 2000; Arailjo et al., 2004)
allowed us to incorporate the spatial structure of the data and
avoid the well-documented statistical problems that occur
when using standard statistical tests on spatially autocorrelated
data (see Legendre, 1993). The effect of the spatial structure of
the data on the results obtained was tested by a second-order
spatial autocorrelation analysis based on a geographical
distances matrix (Legendre, 1993).

Analysis 1: To distinguish influences of historical vs.
contemporary factors

To examine the relative influence of river basin and current
climate on patterns of assemblage composition among native
fish species, three analytical steps were performed. First, to
assess which combination of climatic variables best explains
spatial variation in fish assemblages, we applied a heuristic
procedure termed BVSTEP (Clarke & Warwick, 1994) to select
the ‘best’ subset of environmental variables that maximizes the
correlation between each group of species and the environ-
ment. This step was performed instead of testing the Iberian
climate zones defined by a cluster analysis because it enables us
to minimize the possibility that the climatic variables used do
not determine the occurrences of species for each species group
considered. The procedure starts with the construction of one
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pairwise similarity matrix for species occurrences and another
similarity matrix for climate variables. Regarding species
occurrences, distances between grid cells were calculated with
the Bray-Curtis index (Bray & Curtis, 1957) because it
minimizes the effect of false absences by ignoring null values
shared between assemblages. Regarding climate variables, to
calculate climatic differences between grid cells we used
Euclidean distances after standardizing variables to zero mean
and unit variance. The BVSTEP routine starts by identifying
the climate variable most strongly correlated with variation in
species assemblages (Spearman’s coefficient), then adding the
best remaining vatiables via forward selection until the
significance of the coefficient improves by less than 0.001
(Clarke & Warwick, 1994). In each BVSTEP analysis we
performed five restarts, with initial species subsets chosen at
random to assess the sensitivity of BVSTEP to the initial
conditions. Each run used c. 50% of the variables.

Second, to allow statistical comparisons of climate and basin
factors, we clustered climate variables previously identified by
BVSTEP by forcing the production of 35 climate zones to
match the number of river basins. The k-means non-hierar-
chical clustering method used performs an iterative relocation
procedure for a given number of clusters, where the objects are
moved to minimize within-cluster variability and maximize
between-cluster variability until the most significant ANOVA
results are obtained. To ensure the consistency and distinc-
tiveness of the clusters obtained, the distance of each sample
from the respective cluster centre, as well as the Euclidean
distances between clusters, were checked. This method has
been considered appropriate to classify environmental data
despite the arbitrary divisions it imposes (see Fuller et al.,
2007, and references therein).

Finally, to test differences in assemblage composition
between climate zones and basins, we used nonparametric
analysis of similarity (ANOSIM) for each species matrix. This
test operates directly on a pairwise distance matrix without the
assumption of multivariate normality (Clarke, 1993). It
compares ranked similarities of the matrix between and within
groups selected a priori by calculating the global R statistic,
and performs a randomization routine where the empirical
distribution of the global R under a null model is generated to
estimate significance (Clarke, 1993). Global R ranges between
-1 and +1, where 0 indicates completely random grouping.
Here, climate zones and basins were the groups previously
defined and tested independently for significant differences in
each species distance matrix. All ANOSIM tests involved 999
random group reassignments.

Analysis 2: To characterize biogeographical provinces

To delineate biogeographical provinces, occutrence data for
the 58 species were aggregated by the factor that best explained
variation in assemblage composition, i.e. the river basins or
climate domains (see Analysis 1), and a 58 species X 35 units
of analysis matrix was obtained. Then, a three-step procedure
was adopted. First, a dissimilarity matrix between the selected
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35 units of analysis was calculated using the Bray—Curtis
measure. Hierarchical cluster analysis of the dissimilarity
matrix was then performed with the unweighted pair-group
method using arithmetic averages (UPGMA; Sneath & Sokal,
1973). Second, we mapped alternative solutions for province
delineation by varying the dissimilarity cut-off in the clustering
dendrogram. The adopted cut-off was the one that maximized
dissimilarity while still preserving spatial contiguity of the
clusters (i.e. selecting the maximum number of clusters with
adjoining units of analysis). Third, we again used the ANOSIM
global R statistic, now to test if between-province differences
were significantly different from within-province differences
(see Analysis 1 for procedure details).

To test how much of the similarity of the delineated
provinces is due to spatial contiguity, we tested the second-
order spatial autocorrelation by performing partial Mantel
tests using three matrices: matrix 1 of geographical distance
between the paired units of analysis, where ‘1’ indicates
adjoining areas and 2’ indicates areas with no common
boundary; matrix 2 of biogeographical membership, where ‘0’
was assigned for units of analysis belonging to the same
province and ‘1’ otherwise; and matrix 3 of assemblage
similarity based on the original 58 X 35 matrix. The partial
Mantel test allowed us to control the effect of the spatial
structure of the data by examining the hypothesis that fish
similarities (matrix 3) and province membership (matrix 2)
are strongly related even when the effect of geographical
distance between units of analysis is removed (mattix 1)
(Hugueny & Lévéque, 1994; Smith & Bermingham, 2005). A
total of 10,000 randomized resampling iterations were gener-
ated to estimate significance.

Furthermore, to explore patterns of fish species composition
and likely dispersal we quantified average faunal similarities
among provinces and identified which fish species contributed
the most to that similarity by performing a similarity-
breakdown analysis (SIMPER) on the 58 X 35 species matrix.
Also, based on the average of Bray—Curtis similarities, both
among assemblages and among species within each province,
we calculated: (1) the proportion of area occupied by a species
within each province — province constancy, C (Clarke &
Warwick, 1994); and (2) the ratio of a species’ province
constancy to its constancy across the entire Iberian Peninsula —
province fidelity, F (Ibrahim et al., 1972). Constancy varies
between 0 and 1, reaching 1 if the species is detected among all
units of analysis; a fidelity value < 1 indicates that a species is
less widespread within the province than across the Iberian
Peninsula overall, whereas a value of > 1 indicates that a
species is more widespread in the considered province than
across the peninsula overall (for a similar approach see Newall
& Magnuson, 1999; Wells et al., 2002).

For hierarchical cluster analyses, ANOSIM, BVSTEP and
SIMPER routines we used PRIMER version 5.2.0 software
(Clarke & Gorley, 2001); for non-hierarchical cluster analysis
we used spss version 15.0 (SPSS Inc., 2006). Partial Mantel
tests were performed using Zt version 1.0 software (Bonnet &
Van de Peer, 2002).
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RESULTS

Historical vs. contemporary factors

When examining fish distributions with regard to current
climate, we found that variables reflecting extreme climatic
seasonality correlated significantly with assemblage composi-
tion, especially for primary and secondary species (Table 2).
For primary species, precipitation and temperature summer
extremes, winter temperature and precipitation seasonality
were strong significant correlates of species occurrence, while
for secondary species, winter temperature and precipitation
showed a stronger correlation. For peripheral species, annual
and summer precipitations were the strongest correlates, and
the climate zones obtained were less spatially clustered than the
ones obtained for the remnant species groups (for maps of the
climate zones see Appendix §3).

When analysing species composition with regard to current
climate and basin delineation we found that both sets of
variables were significantly associated with the four groups of
species considered (Table 3). The degree of association with
current climate and with basin divides was greater for primary
species (do not disperse through saltwater) and for all species
combined (i.e. greater ANOSIM global R statistics). Assem-
blages of secondary species (occasionally disperse through
saltwater) were less discriminated by both climate and basin

Table 2 Environmental variables selected by BVSTEP (i.e. vari-
ables that maximize correlation with species assemblage variation
at P < 0.001).

Species groups

Variables Primary Secondary Peripheral All

Mean temperature 1 1 1
of wettest quarter

Mean temperature 2 2
of driest quarter

Precipitation of 3 3
driest month

Precipitation 4 4
seasonality

Precipitation of 5 5
driest quarter

Precipitation of 6 2 6
‘warmest quarter

Mean temperature 2
of coldest quarter

Precipitation of 3
‘wettest month

Precipitation of 4
coldest quarter

Annual precipitation 1

Correlation coefficient (r;) 0.519 0.481 0.073 0.474

Cell numbers represent variable rankings (starting at the first variable
selected). For species groups and variable details see Appendices S1
and S2.
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Table 3 One-way ANOSIM global R statistics for species com-
position. Climatic zones and basin memberships were used
(independently) as factors.

Species groups Current climate Basins
Primary 0.578** 0.802**
Secondary 0.306** 0.628**
Peripheral 0.096** 0.124*
All 0.559** 0.807**

For species details see Appendix S1.
Significant at: *P < 0.05, **P < 0.001.

divides. Both factors discriminated petipheral species assem-
blages (live mostly in saltwater) even less well. Comparing both
factors tested, basin divides were consistently better than
current climate at segregating species composition for all
species groups.

For all species combined, both results on climate variables
selected and on the degree of association with climate and
basin divides closely resemble those for the primary species
group, which has the highest number of species (Tables 2
and 3).

Biogeographical provinces of freshwater fishes

Given that river basin delineation was strongly associated with
fish assemblages of all species groups, river basins were used as
units of analysis to delineate biogeographical provinces. In the
river basins’ dendrogram, spatial contiguity of basins was lost
for more than 11 clusters, corresponding to the cut-off value of
47% Bray—Curtis dissimilarity (Fig. 2). These 11 provinces
differed significantly in species composition (ANOSIM global
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R =0.778, P < 0.001). Atlantic basins north of the Tagus and
Mediterranean basins north of the Mijares were the most
dissimilar group of basins (named the North-west, Tambre,
Navea-Narcea, North, and North-east provinces; Figs 2 & 3).
The Mediterranean small coastal basins were the next most
dissimilar (provinces of Taria-Mijares and Central-east; Figs 2
& 3). Three of the 11 provinces comprised solely a small
coastal basin: the Tambre, Mira and North basins. Among
these, the Mira Basin was the most dissimilar, being defined as
a province when only four clusters were recognized.

Interbasin similarity in fish assemblages and province
membership was significantly related even after removing the
effect of geographical distance (partial Mantel test, R = 0.411,
P =0.0001). This pattern indicates that the delineation of
biogeographical provinces is robust even when the second-
order spatial autocorrelation is removed.

Regarding the provinces’ ichthyofaunal characterization,
average similarity among provinces for all species occurtences
ranged between 94.12 in the Ttria-Mijares Province and 63.84
in the Central-east Province (Table 4). The maximum contri-
bution of a single species to those values was 33.33% in the
Tinto-Odiel Province, which also had the fewest species
contributing to the average similarity (three species contrib-
uted 80% of the average similarity); the North-east Province
had the most contributing species (13 species contributed 80%
of the average similarity). Overall, peripheral species contrib-
uted most to the average similarity within provinces and across
the Iberian Peninsula. Accordingly, primary and secondary
species occurred more frequently within a province than across
the entire Iberian Peninsula (i.e. they had higher values of
fidelity; Table 4). Species with the least province fidelity across
the Iberian Peninsula, which occurred in almost all provinces,

Guadiamar

Guadalete

Algarve
Guadiana
I Tinto

South-west (h)

o | Tinto-odiel @

Aentejo

St. Estevaco
Sorraia
{7 ,—{ Sada Central-west (k)
L

Tagus

Mira 1 Mira (j)

Central-east (g)
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Figure 2 Dendrogram of the overall dissimilarity for the 58 species of freshwater fish among the 35 basins built by the unweighted
pair-group method using arithmetic averages (UPGMA) based on the Bray—Curtis dissimilarity square matrix. The axis represents
Bray—Curtis dissimilarity values; province membership of each basin is indicated by its name and code.

2102

Journal of Biogeography 36, 2096-2110
© 2009 Blackwell Publishing Ltd

71



Chapter 3

Figure 3 The 11 biogeographical provinces
delimited by overall similarity of freshwater
fish assemblages among basins and preserv-
ing geographical contiguity: a, North-west; b,
Tambre; ¢, Navea-Narcea; d, North; e, North-
east; f, Taria-Mijares; g, Central-east;

h, South-west; i, Tinto-Odiel; j, Mira; k,
Central-west.

were Anguilla anguilla (Linnaeus, 1758), Cobitis paludica (de
Buen, 1930) and Achondrostoma arcasii (Steindachner, 1866).
The most widespread species (C > 0.6) were A. anguilla,
C. paludica and Petromyzon marinus Linnaeus, 1758. The 22
least frequently occurring species (C < 0.1) were primary,
except the anadromous Acipenser sturio Linnaeus, 1758 and the
secondary Cottus gobio Linnaeus, 1758. There were 18 species
unique to a province (31.0% of all species considered). The
South-west Province contains the greatest number (six) of
these endemic species (i.e. 23.1% of Iberian species), suggest-
ing that basin boundaries have especially constrained fresh-
water fish assemblages in this region.

DISCUSSION

River basin boundaries emerge as the main determinant of
Iberian fish distributions when tested against current climate,
especially for species restricted to freshwaters (primary). The
results point to a non-equilibrium state of assemblages with
contemporary environmental conditions, contingent on a
species’ ability to disperse through time via hydrological
connections. The primacy of historical factors over the current
environment also applies to European amphibians and reptiles
(Aradjo et al., 2008), but was not observed for freshwater
caddisflies of the south-eastern Iberian Peninsula, which might
reflect the high dispersal capacity of caddisflies or the possible
confounding effects of historical and environmental variables
(Bonada et al., 2005).

Also, by using data at a grid-cell scale, we clearly show that
river basin boundaries are appropriate units of analysis in
biogeographical studies of freshwater fishes, at least more than
current climate. River basins have been adopted as units of
analysis in previous studies, but without being properly tested
with finer-resolution datasets against other alternatives (e.g.
Hugueny, 1990).
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The diminished role of river basin boundaries in determining
distributions of peripheral species, thriving mainly in saltwater,
relative to primary and secondary species, is probably due to the
dispersal of fish along coastlines, which decreases the isolation
of populations. Indeed a reduced genetic differentiation of
peripheral species between basins has been recorded (Lucas
et al., 2001), which together with our results is evidence for the
likely relevance of dispersion processes through saltwaters. On
the other hand, our results show that distributions of secondary
species seem more shaped by basin boundaries than those of
peripheral species, which suggests that secondary species are
less able to disperse through coastal seas, despite their tolerance
of salinity. Additional support for this hypothesis comes from
our results on the lower constancy of secondary species across
the Iberian Peninsula. Similar patterns have been described in
other regions of the world (Hugueny, 1990; Smith & Berming-
ham, 2005).

Quantifying the relevance of historical factors such as
river basin boundaries provided new insights into the spatial
patterns of Iberian freshwater fishes. Our analysis of
similarity in species composition among basins and the
delineation of biogeographical provinces provided useful
information on likely speciation and dispersal mechanisms.
In particular, basin boundaries seem to be responsible for
the high rates of Iberian endemism observed for primary
and secondary species, which is not surprising since basin
boundaries can limit dispersal, even for some terrestrial
animals (e.g. Lobo etal, 2006). In provinces currently
harbouring many endemic species, it is likely that multiple
additional factors (such as past climate and/or local isolation
processes) acted synergistically and allowed them to become
centres of speciation (see the molecular studies of Zardoya &
Doadrio, 1999; Mesquita et al., 2007). For example, in the
South-west Province, distinct speciation events probably
occurred for Aphanius baeticus (Doadrio, Carmona &
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Table 4 SIMPER analysis for each province.

North-west (a)
S 26
Sunique 3
N 11
AvSim 64.53
Species C F AvSim % Cum%
Anguilla anguilla 1.00 1.06 8.30 12.86 12.86
Platichthys flesus 1.00 1.85 8.30 12.86 25.72
Squalius carolitertii 0.91 3.14 6.52 10.11 35.83
Pseudochondrostoma duriense 0.82 241 5.57 8.63 44.47
Petromyzon marinus 0.82 1.24 533 8.25 52.72
Cobitis paludica 0.73 0.95 4.22 6.54 59.25
Achondrostoma oligolepis 0.73 2.81 4.06 6.30 65.55
Barbus bocagei 0.73 2.15 4.06 6.30 71.85
Gasterosteus gymnurus 0.73 1.70 4.04 6.25 78.10
Achondrostorna arcasii 0.64 1.39 341 5.28 83.30
North-east ()
N 26
Sunique 2
N 2
AvSim 76.19
Species C F AvSim % Cum%
Phoxinus bigerrei 1.00 5.00 4.76 6.25 6.25
Squalius laietanus 1.00 16.67 4.76 6.25 12.50
Barbus graellsii 1.00 11.11 4.76 6.25 18.75
Barbus haasi 1.00 9.09 4.76 6.25 25.00
Salaria fluviatilis 1.00 5.88 4.76 6.25 31.25
Valencia hispanica 1.00 11.11 4.76 6.25 37.50
Cobitis paludica 1.00 1.30 4.76 6.25 43.75
Achondrostoma arcasii 1.00 217 4.76 6.25 50.00
Anguilla anguilla 1.00 1.06 4.76 6.25 56.25
Atherina boyeri 1.00 1.96 4.76 6.25 62.50
Alosa fallax 1.00 2.50 4.76 6.25 68.75
Gasterosteus gymnurus 1.00 2.33 4.76 6.25 75.00
Liza ramada 1.00 2.94 476 625 8125
South-west (h)
N 26
Sunique 6
N 5
AvSim 66.88
Species C F AvSim % Cum%
Pseudochondrostoma willkommii 1.00 5.00 7.36 11.00 11.00
Squalius pyrenaicus 1.00 1.96 7.36 11.00 22.00
Barbus sclateri 1.00 3.23 7.36 11.00 33.00
Iberochond! I 1.00 3.85 7.36 11.00 44.00
Cobitis paludica 1.00 1.30 7.36 11.00 55.00
Anguilla anguilla 1.00 1.06 7.36 11.00 66.00
Petromyzon marinus 1.00 1.52 7.36 11.00 77.00
Aphanius baeticus 0.80 7.27 4.67 6.98 83.98
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Central-east (g)
S 19
Sunique 2
N 3
AvSim 63.84
Species C F AvSim % Cum%
Squalius pyrenaicus 1.00 196 8.28 12.97 12.97
Barbus guiraonis 1.00 5.00 8.28 12.97 25.95
Anguilla anguilla 1.00 1.06 8.28 12.97 38.92
Atherina boyeri 1.00 1.96 8.28 12.97 51.90
Syngnathus abaster 1.00 9.09 8.28 12.97 64.87
Aphanius iberus 1.00 5.88 8.28 12.97 77.85
Barbus sclateri 0.67 2.16 3.03 4.75 82.59
Tiria-Mijares (f)
S 9
Sunique 1
N 2
AvSim 94.12
Species C F AvSim % Cum%
Parachondrostoma turiense 1.00 16.67 11.76 12.50 12.50
Squalius pyrenaicus 1.00 1.96 11.76 12.50 25.00
Squalius valentinus 1.00 7.14 11.76 12.50 37.50
Barbus guiraonis 1.00 5.00 11.76 12.50 50.00
Barbus haasi 1.00 9.09 11.76 12.50 62.50
Cobitis paludica 1.00 1.30 11.76 12.50 75.00
Achondrostoma arcasii 1.00 217 11.76 1250 87.50
Navea-Narcea (c)
S 9
Sunique 0
N 2
AvSim 71.43
Species (o} F AvSim % Cum%
Phoxinus bigerrei 1.00 5.00 14.29 20.00 20.00
Pseudochondrostoma duriense 1.00 2.94 14.29 20.00 40.00
Alosa alosa 1.00 2.50 14.29 20.00 60.00
Anguilla anguilla 1.00 1.06 14.29 20.00 80.00
Tinto-Odiel (i)
N 6
Sunique 0
N 2
Similarity 66.67
Species C F AvSim % Cum%
Squalius pyrenaicus 1.00 1.96 22.22 3333 33.33
Barbus sclateri 1.00 3.23 22.22 33.33 66.67
Iberochond I g 1.00 3.85 22.22 33.33 100.00
Journal of Biogeography 36, 2096-2110 2105
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Central-west (k)

S 28

Sunique 1

N 5

Similarity 66.21

Species [}
Pseudochondrostoma polylepi: 1.00
Squalius alburnoides complex 1.00
Squalius pyrenaicus 1.00
Iberochondrastoma lusitanicum 1.00
Cobitis paludica 1.00
Anguilla anguilla 1.00
Barbus bocagei 0.80
Lampetra (L. fluviatilis and L. planeri) 0.80
Petromyzon marinus 0.80

F AvSim % Cum%
5.00 7.01 10.59 10.59
2.70 7.01 10.59 21.18
196 7.01 10.59 31.76
7.14 7.01 10.59 42.35
130 7.01 10.59 52.94
1.06 7.01 10.59 63.53
2.35 4.17 6.30 69.83
4.00 4.17 6.30 76.12
121 3.93 5.93 82.06

For each province, species richness (S), number of species restricted to the province (Sunique), number of basins analysed (N) and AvSim are
presented. Three provinces were not subjected to SIMPER since they comprised only one basin. Species contributing up to 80% of the species
assemblage similarity for each province are listed. Species constancy (C), fidelity (F), average similarity (AvSim) and its percentage (%) and
cumulative percentage (Cum%) are also shown. For species details see Appendix S1.

Fernindez-Delgado, 2002), Anaecypris hispanica (Steindach-
ner, 1866), Iberochondrostoma oretanum (Doadrio &
Carmona, 2003), Squalius aradensis (Coelho, Bogutskaya,
Rodrigues & Collares-Pereira, 1998), and Squalius palaciosi
(Doadrio, 1980). These species are thought to have evolved
via allopatric speciation from widespread species not partic-
ularly constrained by dispersal barriers.

Basin boundaries seem to have exhibited punctuated
permeability through: (1) intermittent connections of fresh-
waters due to hydrological reorganization associated with
climate change and/or orogeny events (e.g. river capture); or
(2) river-mouth freshwater pathways, most probably formed
during the lowering of sea levels (e.g. during the Messinian
salinity crisis). Recent phylogenetic studies in other regions
mention the biogeographical importance of past rearrange-
ments of drainage networks (Waters & Wallis, 2000; McGla-
shan & Hughes, 2001; Burridge et al., 2007). For the Iberian
Peninsula, genetic studies are shedding light on the role of
punctuated connectivity among basins, such as river captures
and other hydrological rearrangements (see Mesquita et al.,
2005; Sousa-Santos et al., 2007), and downstream confluences
of adjacent river systems due to sea-level fluctuations (see
Mesquita et al., 2007). Province distinctiveness may also reflect
remnant influences of the historical formation of endorheic
basin divides prior to current basin boundaries. For example,
the Central-west Province was previously partially occupied by
the Tagus-Sado Endorheic Basin (Calvo et al., 1993), which
may still account for some similarity among current species
assemblages (see Carmona et al., 2002). It is clear from these
considerations that it will be instructive to assess the influence
of other historical factors to better understand the biogeo-
graphical processes at finer spatial scales.

The 11 provinces defined here represent the first biogeo-
graphical approach for the Iberian Peninsula that considers
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both primary and non-primary fish species, and that incorpo-
rates recent taxonomic advances. These provinces reflect an
evident distinctiveness of fish assemblages in some small
coastal basins and strong latitudinal and Atlantic-Mediterra-
nean gradients, both prominent in previous studies based on
Cyprinidae or all primary fishes (Arévalo, 1929; Lozano, 1952;
Almaga, 1978; Doadrio, 1988; Hernando, 1990; Hernando &
Soriguer, 1992; Soriguer et al., 2005) and those based on both
primary fishes and amphibians (Vargas et al, 1998). Our
provinces are also similar to previous Iberian regionalizations
based on non-fish fauna (e.g. Garcia-Barros et al., 2002), but
are distinct from provinces delineated for pteridophyte flora
(e.g. Mérquez et al., 2001). Given that biogeographical prov-
inces are not necessarily similar for different groups of
organisms (see Rabeni & Doisy, 2000; Abell et al., 2008), we
recommend developing regions independently for distinctive
taxonomic groups rather than assuming that one group
adequately represents biogeographical patterns for all biota
(see Procheg, 2005; Rodrigues & Brooks, 2007).

Our results show that it is not necessary to invoke
contemporary environmental variables to understand current
patterns of assemblage variation of Iberian freshwater fish.
However, this does not imply that climate is not important or
that other factors, such as direct human interference, do not
constrain species distributions at local or regional levels. The
fact that isolation emerged as a major constraint on the
composition of fish assemblages could be interpreted as a sign
that global environmental changes might not be important in
shaping the future distributions of species. This clearly would
be a misleading interpretation. First, there is no evidence that
climate does not affect local distributions of species. Our
results show that different sets of species occur in different
river basins, highlighting the relevance of terrestrial barriers to
dispersal, but this does not disprove the hypothesis that
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climate constrains the distributions of species, and the
probable great impacts of global environmental changes on
such fauna limited to aquatic environments for dispersal and
persistence. Indeed, the correlation of distinct climate variables
with distinct species groups points to the necessity of exploring
the ecological processes involved, namely during past climatic
changes (see Tedesco et al, 2005). A strong test of the
hypothesis that climate constrains the distributions of species
would involve laboratory or ecosystem experiments using
translocations of species from one river basin to another,
although this latter option might have potentially large impacts
and be unsuitable on practical and ethical grounds. Second,
environmental changes are not limited to the direct effects of
climate on species distributions. In particular, the long history
of human settlement in the Iberian Peninsula has altered
landscapes, created anthropogenic barriers such as dams and
reservoirs, caused translocations of fish between watersheds,
and consequently led to local declines of native species and
increased distribution and abundance of non-native species
(see Clavero & Garcia-Berthou, 2006).

The current global rate of homogenization of fish faunas
(Olden, 2006) suggests that environmental effects will even-
tually overwhelm the effects of historical processes, and that
biological interactions with non-native species may strongly
influence distributions of native fishes (Hoeinghaus et al.,
2007). This scenario might be exacerbated by the massive
impacts on fish distributions predicted by Portugal’s plan to
build 10 new hydroelectric dams (Paterson et al., 2008). These
are topics for future research (e.g. reanalysing our dataset
under the assumption that all rare species go extinct) since a
proper understanding of the role of these factors can be useful
for predicting and mitigating the effects on biological assem-
blages. However, despite the future likelihood of pervasive
anthropogenic change, our main conclusion remains intact;
ie. isolation of basins in space and time provides a parsimo-
nious explanation for today’s geographical patterns of varia-
tion in freshwater fish assemblages.

Here, we point out as a promising topic for future research
the relative importance of possible dispersal pathways created
by climate-driven sea-level fluctuations in the past as a model
for understanding the dispersal consequences of sea-level
fluctuations associated with current climate change. In addi-
tion, explicitly linking our approach to phylogeographical data
might provide missing historical information that would help
to understand current regional patterns of assemblage com-
position (Brown & Lomolino, 2000). As a way to strengthen
hypothesis testing, additional efforts to quantify uncertainties
should be made, such as the adequacy of typical fish sampling
efforts (particularly concerning rare species; see Cao et al,
2002) and the influence of using land-based grid cells for
understanding patterns of freshwater biodiversity.

CONCLUSIONS

The long-term basin boundaries of the Iberian Peninsula (since
the Pliocene-Pleistocene) represent major constraints on
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current fish assemblage composition. In other words, current
climate does not need to be invoked to explain existing
biogeographical patterns. As expected, peripheral freshwater
species, which frequently inhabit saltwater, are less constrained
by basin divides than primary or secondary species. Our
analyses also revealed that permeability varies considerably
among river basins, most likely due to intermittent basin
connectivity in the past. Further investigation is needed to
clarify the patterns of basin permeability. We also showed that
basins are appropriate units of analysis for delimiting biogeo-
graphical provinces for Iberian fishes, since basins integrate the
shared evolutionary history and current hydrological connec-
tivity of freshwater assemblages.
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Supporting Information available online

Appendix S1 - Freshwater fish species analysed for the Iberian Peninsula and classified according to
Darlington (1957): P — primary; S — secondary; Ph — peripheral (A - anadromous; C - catadromous; M -
amphidromous). Note that the following species, despite occurring in the Iberian Peninsula, were not
considered: (1) Barbus steindachneri because of current data incongruence. Despite being recorded by
Portuguese researchers in the international Tagus and Guadiana river basins, it has not been recorded in
Spain. Further, all its recorded localities (in 20 x 20-km grid cells) overlap with at least one other species with
high morphological resemblance (B. sclateri and B. comizo); (2) Tinca tinca because the distribution had been
strongly modified by human activities; (3) Salmo trutta because both the populations structure and range size
had been altered via widespread stocking from central and northern Europe; and (4) Mugil cephalus, Liza
aurata, and Dicentrarchus labrax due to deficient sampling efforts. Regarding all species, known translocated

populations were excluded during data analyses (indicated below by superscripts).
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Species Author Darlington Classification

Acipenseridae

Acipenser sturio Linnaeus, 1758 Ph, A

Anguillidae

Anguilla anguilla (Linnaeus, 1758) Ph,C

Atherinidae

Atherina boyeri Risso, 1810 Ph, M

Balitoridae

Barbatula quignardi 1 (Bacescu-Mester, 1967) P

Blenniidae

Salaria fluviatilis (Asso, 1801) S

Clupeidae

Alosa alosa (Linnaeus, 1758) Ph, A

Alosa fallax (Lacepede, 1803) Ph, A

Cobitidae

Cobitis calderoni Bacescu, 1962 P

Cobitis paludica (de Buen, 1930) P

Cobitis vettonica Doadrio & Perdices, 1997 P

Cottidae

Cottus gobio Linnaeus, 1758 S

Cyprinidae

Achondrostoma arcasii (Steindachner, 1866) P

Anaecypris hispanica (Steindachner, 1866) P

Achondrostoma occidentale (Robalo, Almada, Sousa-Santos, Moreira & P
Doadrio, 2005)

Achondrostoma oligolepis (Robalo, Doadrio, Almada, & Kottelat 2005) P

Achondrostoma salamantinum Doadrio & Elvira 2007 P

Barbus bocagei Steindachner, 1864 P

Barbus comizo Steindachner, 1864 P

Barbus graellsii Steindachner, 1866 P

Barbus guiraonis Steindachner, 1866 P

Barbus haasi Mertens, 1925 P

Barbus meridionalis Risso, 1827 P

Barbus microcephalus Almaga, 1967 P

Barbus sclateri Gunther, 1868 P

Gobio lozanoi 2 Doadrio & Madeira 2004 P



Species Author Darlington Classification
Iberochondrostoma almacai (Coelho, Mesquita & Collares-Pereira 2005) P
Iberochondrostoma lemmingii (Steindachner, 1866) P
Iberochondrostoma lusitanicum (Collares-Pereira, 1980) P
Iberochondrostoma olisiponensis ~ (Gante, Santos & Alves, 2007) P
Iberochondrostoma oretanum (Doadrio & Carmona, 2003) P
Parachondrostoma arrigonis (Steindachner, 1866) P
Parachondrostoma miegii (Steindachner, 1866) P
Parachondrostoma turiense (Elvira, 1987) P
Phoxinus bigerrei Kottelat, 2007 P
Pseudochondrostoma duriense Coelho, 1985 P
Pseudochondrostoma polylepis 3  (Steindachner, 1864) P
Pseudochondrostoma willkommii  (Steindachner, 1866) P
Squalius alburnoides complex (Steindachner, 1866) P
Squalius aradensis (Coelho, Botutskaya, Rodrigues & Collares- P
Pereira, 1998)
Squalius carolitertii (Doadrio, 1988) P
Squalius castellanus Doadrio, Perea & Alonso, 2007 P
Squalius laietanus Doadrio, Kottelat & de Sostoa, 2007 P
Squalius malacitanus Doadrio & Carmona, 2006 P
Squalius palaciosi (Doadrio, 1980) P
Squalius pyrenaicus 4 (Gunter, 1868) P
Squalius torgalensis (Coelho, Bogutskaya, Rodrigues & Collares- P
Pereira, 1998)
Squalius valentinus Doadrio & Carmona, 2006 P
Cyprinodontidae
Aphanius baeticus Doadrio, Carmona & Fernandez-Delgado, 2002 S
Aphanius iberus (Valenciennes, 1846) S
Gasterosteidae
Gasterosteus gymnurus Cuvier, 1829 Ph, M
Mugilidae
Chelon labrosus (Risso, 1827) Ph, C
Liza ramada (Risso, 1810) Ph, C
Petromyzontidae
Lampetra fluviatilis (Linnaeus, 1758) Ph, A
and Lampetra planeri * (Bloch, 1784)
Petromyzon marinus Linnaeus, 1758 Ph, A
Pleuronectidae
Platichthys flesus (Linnaeus, 1758) Ph,C
Salmonidae
Salmo salar Linnaeus, 1758 Ph, A
Valenciidae
Valencia hispanica (Valenciennes, 1846) S
Syngnathidae
Syngnathus abaster Risso, 1827 Ph, M

1 Translocated to Douro basin (Leon, Orbigo River; Doadrio, 2002); 2 Translocated to basins south of
Douro and Ebro basins (Doadrio & Madeira, 2004); 3 Translocated to Jucar and Segura basins
(Doadrio, 2002); 4 Translocated to downstream freshwaters of Ebro Basin (1. Doadrio pers. comm.).
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Appendix S2 - Contemporary climate variables examined as potential correlates of fish

distributions.
Variables Units
Annual mean temperature degrees-C x 10
Mean diurnal range (MDR)1 degrees-C x 10
Isothermality (1SO)2 unitless
Temperature seasonality (TSE)3 degrees-C x 10
Maximum temperature of warmest month (MAT) degrees-C x 10
Minimum temperature of coldest month (MIT) degrees-C x 10
Temperature annual range (TAR) 4 degrees-C x 10
Mean temperature of wettest quarter degrees-C x 10
Mean temperature of driest quarter degrees-C x 10
Mean temperature of warmest quarter degrees-C x 10
Mean temperature of coldest quarter degrees-C x 10
Annual precipitation mm
Precipitation of wettest month mm
Precipitation of driest month mm
Precipitation seasonality (PSE) unitless
Precipitation of wettest quarter mm
Precipitation of driest quarter mm
Precipitation of warmest quarter mm
Precipitation of coldest quarter mm

MDR=mean of monthly (max temp - min temp); 2 ISO=[(MDR)/TAR] x 100; 3 TSE=standard deviation x
100; 4 TAR=MAT - MIT; PSE=coefficient of variation.
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Appendix S3 — Contemporary climate zones (of 35 predefined clusters) that maximize the correlation with occurrences of the
four species groups.

a) Primaryfreshwater species

b L 1

s

d) All freshwatespecies

g

naai
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Chapter 4.

Local richness of fish species
In the south-western
Iberian basins

“... for we should never forget that to range widely implies not only
the power of crossing barriers, but the more important powers of
being victorious in distant lands in the struggle for life with foreign
associates.”

Charles Darwin, 1859, in “On the Origin of Species by means of
Natural Selection”
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Native and invasive fish species richness in Mediterranean
streams: the role of multiple landscape influences

AnaF. FiIipel*, M. Filomena Magalh3es®, Maria Jo3o Collares-Pereira®

'Universidade de Lisboa, Faculdade de Ciéncias, Centro de Biologia Ambiental, Campo Grande,
Lisboa, Portugal

Abstract

Aim
To examine the role of multiple landscape factors on the species richness patterns of native

and invasive freshwater fish.

Location

Mediterranean streams in the south-western Iberian Peninsula (c. 87,000 km?).

Methods

We used a compiled dataset of fish occurrences from 436 stream sampling sites. We quantified
the incremental explanatory power of multiple landscape factors in native, invasive and overall
local species richness using regression analysis procedures. First, we related variation in local
species richness across basins to regional species richness (here corresponding to the basin

species pool), area, and factors of climate and topography. Second, we related within-basin
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variation in local species richness to site’s climate and topographic characteristics, and spatial
structure derived using PCNM coordinates, after testing for species richness autocorrelation

along the stream network; predicted local richness were finally mapped for each species

group.

Results

Patterns of local species richness across basins showed no relation to basin area, but were
strongly associated with regional species richness for overall, native and invasive species; at
this scale, annual rainfall, showed a significant incremental contribution to variation in invasive
species richness only. Within-basins, environmental factors were associated with local richness
for all species groups, though their contributions to the total explained variation were inferior
to those of spatial structure; rainfall seasonality and stream slope were the most consistent
environmental correlates for all three species groups, while the influence of spatial structure

was most prevalent for native species.

Main Conclusions

Landscape factors operating among and within basins seem to play a relevant role in shaping
local species richness of both native and invasive species, through the regional species pools’
‘filtering’, and may be contingent on basin-specific contexts. Nevertheless, local factors such as
habitat characteristics and biotic interactions, and human-induced disturbances on habitat and
introduction of invasive species may also be at play. Multiscale approaches incorporating a

multitude of factors are strongly encouraged to facilitate a deeper understanding of the

88



Chapter 4

biodiversity patterns of Mediterranean streams, and to promote more effective conservation

and management strategies that inhibit current biotic homogenization.

Keywords: Environmental factors, fish assemblages, invasive species, Mediterranean streams,

multiscale, regional species richness, spatial structure.

Running title: Fishes richness in Mediterranean streams

Introduction

Understanding the processes that shape spatial variation in species diversity remains a
challenging issue in community ecology (Brown, 1995; Lawton, 2000). Some emphasis has
been given to the view that multiple processes interact to influence patterns of species
diversity at different scales (Gaston & Blackburn, 2000). Specifically, the richness of local
assemblages may depend on contemporary factors such as landscape context, habitat
characteristics, and local biotic interactions, which act as environmental hierarchical ‘filters’
over the potential colonizers of a region (i.e., on the regional species pool; Poff, 1997);
however, the extent to which these influences may limit species diversity and generate
differences in local assembly organization remains poorly understood for many biota and

ecosystems.

The unprecedented current risk of faunal homogenization due to the spread of invasive

species worldwide prompts a quest for better understanding and distinguishing factors
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shaping diversity gradients in native and invasive species (Olden & Rooney, 2006). In particular,
it is important to evaluate the role of species pools and contemporary landscape ‘filters’ on
shaping local native and invasive species richness, and the extent to which other processes
may be acting, as for instance, human influences on invasive species from the introduction to

the establishment steps (Olden & Poff, 2003; Wilson et al., 2009).

Fish inhabiting Mediterranean river basins in the Iberian Peninsula seems an ideal
study case for analysing the interplays between multiple processes in shaping local species
richness of native and invasive species, because i) basins are well defined and isolated from
each other since the Pliocene-Pleistocene (2.5-1.8 Ma; Calvo et al., 1993), ii) stream
environments are highly variable over a broad range of spatial and temporal scales (Gasith &
Resh, 1999), and their heterogeneity seems to strongly influence assembly organization of fish
(Magalh3es et al., 2002; Filipe et al., 2004; Mesquita et al., 2006), iii) the region is one of the
world hotspots of biodiversity for fish, holding several endemic and steadily declining species
with very restricted distributions (Smith & Darwall, 2005), and iv) this fauna faces important
conservation threats, as the increasing spread and establishment of invasive species may
seriously impact population and assemblage dynamics, and the structure and function of the
ecosystem (e.g. Cowx & Collares-Pereira, 2000; Ribeiro et al., 2009). Nevertheless, multiscale
assessments on the influence of a multitude of factors shaping species diversity patterns in

Mediterranean streams remain poorly understood (but see Bonada et al., 2008).

Analysing the shape and strength of the relationships between local species richness

and the regional species pool has been traditionally used to draw inferences on whether
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assemblages are saturated or not, with linearity indicating that species in the region constitute
the primary limiting factor to local richness, and curvilinearity indicating saturation and
prevalence of biotic interactions (Cornell, 1985; Ricklefs, 1987; Gering & Crist, 2007). The utility
of such approach to infer whether assemblages are prone to invasion has been questioned
(e.g. Hillebrand & Blenckner, 2002), though it remains an interesting approach for examining
the contribution of regional influences to local species richness and ultimately for unveiling the
key biotic processes involved throughout ecological history (Srivastava, 1999; He et al., 2005).
In this context, and for faunas constrained by stream basin’s boundaries, basins usually match

regions (e.g., Angermeier & Winston, 1998; Irtz et al., 2004).

Moreover, quantifying the environmental influences from climate and topography on
local species richness might be useful to explain the variation in local diversity gradients across
large scale extents (e.g. Rahbek & Graves, 2001; Whittaker et al., 2001), and probably reflects
species responses to contemporary prevailing conditions, by mechanisms as physiological
tolerance and niche coexistence (Hutchinson, 1959; Chesson, 2000). In Mediterranean
streams, climate and topography have been often related to fish assemblage structure as they

characterize aridity and stream size and location (Filipe et al., 2004; Magalhdes et al., 2002).

Finally, the region’s area has been advanced as an essential factor to include in
analysis of species diversity patterns (e.g. Kadmon & Allouche, 2007), as it can be a surrogate
of other factors favouring the co-occurrence of large number of species (Rosenzweig, 1995;
Storch & Gaston, 2004). Particularly, species-area relationships may be related to habitat size

and immigration and extinction dynamics (MacArthur & Wilson, 1967), and habitat
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heterogeneity and niche diversification (Williamson, 1988), each to varying degrees (for stream

fish see Angermeier & Shlosser, 1989).

Here we examine the influence of landscape factors (i.e. regional species pool, basin
area, and environmental climate and topography factors) on the geographic patterns of
diversity of native and invasive fish inhabiting the Mediterranean river basins in south-western
Iberian Peninsula. We adopted a regression approach to quantify the added contribution of
each set of factors to variation in local species richness. Spatial structure was also considered
in the analysis to account for eventual trends in local species richness resulting from
unmeasured and spatially structured abiotic and biotic factors (Borcard & Legendre, 1994).
Specific goals of our work are to: i) quantify multiple factors associated with variation in local
species richness, ii) examine how these associations vary with geographical extent and
between native and invasive species, and iii) describe and map spatial patterns in species
diversity. Finally, we consider some management options to promote native diversity and

inhibit biotic homogenization in Mediterranean streams.

Methods

Study area

The study was conducted in the south-western region of Iberian Peninsula at the 23
independent river basins including the Lower Guadiana (thereafter Guadiana), Sorraia, Sado,

Mira, StQ. Estevao, Arade, and other small coastal basins (Fig. 1; Table 1). The orography of the
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region is dominated by the mountain chains of SGo Mamede (1,025 m high) and Monchique
(902 m), and the elevations of Ossa (653 m) and Caldeirdo (580 m). The climate is typically
Mediterranean, with 80% of the annual rain occurring between October—March and virtually
none falling during the hot months of July-September (Miranda et al., 2002). The mean annual
temperature varies between 12.5 and 15.0 2C near the coast, rising above 17.5 °C farther
inland (APA 1984). Generally, the mean annual rainfall decreases southward, and towards
inland; the wetter areas correspond to the mountaintops of Monchique (1,400 mm) and S.
Mamede (1,000 mm), whereas minimal rain (< 400 mm) fall in the Guadiana basin. Stream flow
regimes are highly dependent on rainfall, with large floods occurring in winter, and droughts
prevailing in summer, and being the most severe near the coast and farther inland,
respectively. Streams encompass two major infrastructures for water irrigation: the Santa
Clara dam in the Mira basin operating since 1968, and the Alqueva dam in the Guadiana

flooded in 2002.
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Table 1 — Estimated regional species richness (Chao2) and completeness of inventories for overall (RSR-t), native
(RSR-n), and invasive (RSR-i) fish species in river basins in south-western Iberian Peninsula. The area of each river
basin is also presented.

Basins Area RSR-t RSR-n RSR-i
(km?)

Chao2 Compl Chao2 Compl Chao2 Compl
Alcantarilha 207 4.5 66.7 2.5 80.0 2.5 40.0
Aljezur 180 3.0 100.0 3.0 100.0 0.0 -
Alportel 230 5.5 90.9 5.5 90.9 0.0 -
Arade 860 9.0 100.0 6.0 100.0 3.0 100.0
Beliche 118 5.7 88.2 4.2 94.8 1.0 100.0
Carrapateira 96 4.0 100.0 3.0 100.0 1.0 100.0
Coina 97 4.8 84.2 3.3 92.3 1.0 100.0
Espinche 79 3.0 100.0 2.0 100.0 1.0 100.0
Foupana and Odeleite 771 9.0 100.0 8.0 100.0 1.0 100.0
Foz Arade 77 4.0 100.0 4.0 100.0 0.0 -
Foz Mira Norte 42 3.0 100.0 3.0 100.0 0.0 -
Guadiana 11,600 19.0 100.0 13.0 100.0 6.0 100.0
Junqueira 39 5.0 100.0 5.0 100.0 0.0 -
Marateca 425 33 90.1 2.7 75.2 1.0 100.0
Mira 1,480 9.0 100.0 6.0 100.0 3.0 100.0
Muge 697 9.0 88.9 5.2 96.9 3.0 100.0
Odiaxere 158 5.7 88.2 3.0 100.0 2.7 75.2
Quarteira 409 6.8 88.2 5.0 100.0 1.0 100.0
Sado 6,229 16.1 93.1 10.9 82.3 6.0 100.0
Sao Martinho 252 11.5 78.3 10.5 66.9 2.0 100.0
Seixe 257 5.0 100.0 4.0 100.0 1.0 100.0
Sorraia 6,322 15.2 98.8 9.0 100.0 6.5 92.9
Sto Estevao 1,385 14.1 92.2 7.0 100.0 6.0 100.0

Species dataset

Data on local occurrences of fish species were extracted from the database containing sites
sampled between 1997 and 2008 described by Filipe et al. (2009). In detail, the dataset used
was screened to encompass sites with single electrofishing samples (with a single pass in
wadeable stream reaches, 300-600 V and 4-6 A, with pulsed direct current), in wetted areas
ranging between 300 to 600 m? in fourth to seventh order stream reaches (sensu Strahler,
1964), and between October and June; sites are at least 500 m apart, and have minimal human

impact. This way the dataset used contained information of species occurrences obtained with
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similar sampling efforts from stream habitats located at middle courses. The invasive species
considered for analysis were the ones introduced prior to 1990 and currently established
(Ribeiro et al., 2009), thus assuring an effective basin species pool for proper testing
(Srivastava, 1999). Overall, the dataset included 436 sites at 23 independent basins, with
15,369 fish records of 27 species (see Appendix 1 for species list); the number of sites per basin

was roughly proportional to basin area, ranging from two to 143 (Table 1).

0 50 Kilometers

Figure 1 — The river basins considered for analysis and the 436 sites sampled for fish across the stream networks.
The region comprises nearly 87,000 km2 and is located in south-western Iberian Peninsula (Europe).
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Explanatory variables

The regional species richness pool was quantified for native, invasive, and all species. As for
previous studies on stream biota (e.g., Angermeier & Winston, 1998; Irz et al., 2004), the
regional species pool corresponds to the number of species in a river basin because it
constitutes an independent regions sensu Srivastava (1999) due to their spatially nested nature
(Frissell et al., 1986) and similar evolutionary histories among species (Filipe et al., 2009). For
each basin, we computed the Chao2 estimator of absolute species richness (Chao, 1987;
Walther & Morand, 1998) to reduce the effects of undetected rare species, resulting from
variation in the number of sites and individuals sampled across basins, and interdependency of
regional and local species richness datasets (Table 1). Chao2 is an asymptotical incidence-
based richness estimator that has been highly recommended for datasets with few sampling
records (Maiphae et al., 2005), and poor species pools (Herzog et al., 2002). We calculated
Chao2 estimates using the EstimateS vs. 8.0 (Colwell, 2005) and performing 50 randomized
accumulation curves to avoid arbitrary effects (Colwell & Coddington, 1994). The completeness
of each basin inventory was assessed by the ratio between the total number of species

recorded and the Chao 2 estimate (Sobero et al., 2000).

Thirteen environmental variables were compiled for each site, using digital
cartography with free internet access (Table 2). The selected climate and topographic variables
reflect the extent of relative dryness of each site, and stream size and location, and have been
associated with assemblage organization in Mediterranean fish (Filipe et al., 2002, 2004;

Magalhdes et al., 2002; Mesquita et al., 2006). Rainfall and temperature variables were
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described from 50-year data series (1950 to 2000), and interpolated at 1-km grid resolution
(Hijmans et al., 2005, 2007). Topographical variables were derived from a Digital Terrain Model
(DTM), with a 90-m grid cell resolution (CGIAR-CSI, 2005), using the ArcMap 9.1 Spatial
Analysis and ArcHydro extensions (ESRI 2001, 2005). Specifically, we have: i) eliminated DEM'’s
spurious sinks, ii) calculated flow accumulation, as the drainage area upstream of each cell, iii)
defined the flow accumulation threshold that eliminates ephemeral stretches holding no fish
(i.e. 150 cells, ~1.2 km?), according with previous field surveys and satellite images (images
with 1 m pixel grain of the Portuguese Forestry Authority (DGRF); see Maidment & Djokic,
2000), and iv) delineated drainage network surfaces using the flow accumulation threshold. All
stream segments between confluences were vectorised and tagged with values of each
environmental variable. We also tagged each stream segment with values of stream link, by
assigning each segment with no tributaries as first order and summing the order of all
upstream segments (Shreve, 1967), and stream slope, by using the percent variation in altitude

between segment edges.

The area of each river basin was derived by summing the wetted area of all stream
segments, from interpolations using the satellite images. Finally, the within-basin spatial
structure was addressed from pairwise site distances along the stream network, using the

PathMatrix Arcview 3.2 extension (Ray, 2005).
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Table 2 — The environmental variables used to characterize sampling sites in river basins in south-western Iberian
Peninsula. Variables in bold were retained for building multiple OLS linear regression models, after collinearity
screening.

Variable Units
Climate
Annual Temperature (AMT) degC*10
Coefficient of variation of monthly
Temperature Seasonality (TES) temperatures
Maximum Temperature of the Warmest
Month (MAT) degC*10
Minimum Temperature of the Coldest
Month (MIT) degC*10
Annual Rainfall (APR) mm
Coefficient of Variation of monthly
Rainfall Seasonality (PRS) rainfall
Rainfall in the Wettest Month (PWM) mm
Rainfall in the Driest Month (PDM) mm
Topography

Stream Link (STL)

Distance Downstream (DDW) m
Measured by drainage area
Flow Accumulation measures (FAC) upstream, km’
Stream Elevation (SEL) m
Stream Slope (SSL) %

Data analysis

Analysis focused on quantifying variation in local richness for native, invasive and all species,
independently, at two spatial scales: across river basins (N=23), and within selected basins
(Guadiana and Mira, number of sites 260). Variation in local species richness was related to
explanatory variables by ordinary least square (OLS) linear regressions, using a step-by-step

procedure to quantify the increments of the variance explained by each set of explanatory
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variables. Here the entry of each explanatory variable or sets of variables was defined a priori
(Quinn & Keogh 2002), in accordance with its inherent interdependence, and hierarchical

scales (Schneider 2001).

Variation in local species richness across basins was related to basin area, regional
species richness (i.e., total richness of basins), and environmental factors. Here local species
richness per basin was derived as the average number of species recorded among sites, and
the averages of climate and topographic variables for each basin were used. To take potential
linear and curvilinear relationships between local and regional species richness into account,

we evaluated both linear and quadratic terms of basin species richness.

Variation in local species richness within-basins was related to environmental and
spatial variables. Prior to analysis, spatial autocorrelation of species richness in sites along the
stream network was assessed using Moran’ | correlograms (Legendre & Legendre 1998) by
dividing the range of pairwise distances into 15 classes, with similar number of pairs, to assure
that tests of significance have the same power across all distance classes (Legendre &
Legendre 1998). The significance of Moran’s | coefficients was evaluated from Monte Carlo
permutation tests using SAM vs. 2.0 software (Rangel et al. 2006). Spatial structure was then
guantified using the Principal Coordinates of Neighbour Matrices Analysis approach (PCNM,;
Borcard & Legendre, 2002; Dray et al., 2006). The PCNM accounts for the spatial structure
across a wide range of scales by producing a set of orthogonal spatial variables, based on linear
distances, which are adequate for stream networks (e.g. Urban et al., 2006). Here PCNMs were

built with SpacemakeR Package for R 2.3.1 (http://biomserv.univ-lyon1.fr/~dray/software.php;
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(The R Team 2006), using the maximum pairwise stream distance within each basin as

thresholds (Urban et al. 2006).

To improve the association between explanatory variables and each dependent
variable, the former were transformed and tested in univariate regressions; transformed
variables were then used in further analyses if resulted in regressions with higher adjusted
coefficient of determination. Moreover, to reduce collinearity problems in OLS model building,
Pearson’s correlations (R) were computed between each pair of explanatory variables,
dropping for further analysis the variable from each pair with |R| > 0.60 with the least

association with the dependent variable in univariate analysis.

To produce parsimonious subsets of explanatory variables, selection of variables was
carried within the sets of environmental and spatial variables based on the two-step forward
selection procedure of Blanchet et al. (2008), thus preventing the potential shortcomings
associated with classical stepwise selection methods: a preliminary fitting of a full model
relating the dependent variable to all explanatory variables in the set was followed by a
forward selection based on the alpha significance level only if the full model was statistically
significant. The global fit of the OLS linear regression models was evaluated using the adjusted
coefficient of multiple determination (adj-R?). The Variance Inflation Factor (VIF) was used for
assessing the multicolinearity of model coefficients (Quinn & Keogh, 2002). To illustrate the
regression results for each basin, the fitted values of species richness for each site were

mapped using the ArcGIS tool.
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Results

Across basins richness patterns

The average local species richness per river basin ranged between 1.9 and 6.7 for all species,
1.4 and 6.2 for native species, and 0.9 and 2.7 for invasive species. Local species richness was
not related to basin area whether species were considered altogether or whether analysis was
restricted to native or to invasive species (Table 3). Conversely, local species richness was
positively, linearly associated with the regional species richness for the three species groups
(Fig. 2). The incremental contributions of regional species richness to explained variation in
local richness was 0.593 and 0.639 for native and invasive species, respectively, being 0.605 for
all species. Quadratic terms of regional species richness were not significant in any case,
indicating that no asymptotes were reached in local richness for overall, native and invasive
species. Moreover, similar trends were observed even if basin area was excluded from the
analyses. Environmental variables showed a significant contribution to variation in local
richness only for invasive species, with basins with higher-annual rainfall (APR) tending to hold
higher numbers of invasive species. Taken together, explanatory variables accounted for large

proportions of variation in local richness for all species groups (>0.600).

101



Chapter 4

Table 3 — Summary of results of OLS regressions for variation in local richness (LSR) of all, native and invasive fish
species across river basins in south-western Iberian Peninsula. In all cases, entry of explanatory variables in the
models followed a predefined three-step sequence, whereby basin area (AREA) was entered first, regional species
richness (RSR) second, and environmental variables third. Directions of association (+ or -), cumulative amounts of
explained variation (Adj-R2), increments of explained variation (AdjR%-inc), Standard errors (Std. Error), and P-levels
are given for each variable. The quadric term of regional species richness was not significant in any case.

2

Step Variable  Adj.R” Std. Error Adj.Rz'inc P

All species

1% AREA (+) 0.022 1.160 0.235
2": RSR-t(+) 0.627  0.716 0.605  <0.0001
3 -

Native species

1% AREA (+)  0.047 1.201 0.934
2" RSR-n (+) 0.686 0.658 0.639 <0.0001
3rd _

Invasive species

1% AREA (+) 0.123 0.611 0.084
2™ RSR-i (+) 0.716 0.348 0.593 <0.0001
3" APR (+) 0.794 0.296 0.078 <0.0001

Within basins richness patterns

Local richness per site in the Guadiana ranged between 1 and 12 for overall species, 0 and 9
for native species, and 0 and 4 for invasive species. Local species richness per site in the Mira
ranged between 1 to 6 species, 1 to 5 for native and 0 to 3 for invasive species. The highest
positive autocorrelations in species richness occurred in the first distance classes for overall
and native species in both basins, and invasive species in the Mira basin, decreasing for

subsequent lags, and fluctuating up and down thereafter (Fig. 3).
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Figure 2 — Local species richness (average values of LSR) versus regional species richness (RSR; Chao2
estimates) for all, native and invasive fish species in south-western Iberian Peninsula.
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Figure 3 - Moran’s | correlograms for local richness of all, native and invasive fish species in the Guadiana and Mira
basins, using pairwise site distance along stream networks (km). Dark symbols indicate Moran’l is statistically
significant (P<0.05). Positive significant values indicate positive autocorrelation, and thus that nearer sites hold more
similar species richness than sites farther apart. Significant negative values have the opposite meaning.

Environmental variables at each site showed significant associations with local richness
of overall, native, and invasive species in both the Guadiana and the Mira basins (Table 4).
Nevertheless, the proportion of variation in local richness accounted for by this set of variables
was generally higher in the Mira basin, and for native species. In the Guadiana basin, the local
richness of the three species groups increased with rainfall seasonality, with annual rainfall
also showing positive associations with local richness of overall and native species. Stream
slope was also significantly related to local richness for both native and invasive species,

though the former increased and the later decreased in steeper sites (Table 4). Unlike the
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results of Guadiana basin, in the Mira basin climate variables were not significant correlates of
local species richness. Local richness of overall species increased with stream link and distance
downstream, whereas that of invasive species associated with the former factor only and that
of native species tended to decrease in stepper sites. Spatial variables showed significant
association with local species richness in both basins, for the three species groups, and
accounted for superior amounts of explained variation than environmental variables for native

and invasive species in the Guadiana basin and native species in the Mira basin.

Taken together, the sets of environmental and spatial variables explained a high
proportion of variation in local richness of native species (>0.500) only in the Mira basin for all
and native species groups (Table 4). The amounts of unexplained variation were always higher
for invasive species. The maps of the fitted local richness showed no spatial discontinuities in
the Guadiana basin, though there was a tendency for the northern and southern tributaries of
the Guadiana holding the highest numbers of both native and invasive species (Fig. 4a).
Conversely, in the Mira basin there were was a clear break in species richness distribution,
with tributaries downstream the Santa Clara dam holding more native species and less invasive

species than those upstream (Fig. 4b).
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Table 4. Summary of results of OLS regressions for variation in local richness (LSR) of overall, native and invasive
fish species among sites in the Guadina and Mira basins. In all cases, environmental variables were entered first and
spatial variables second in the regression models. Directions of association of variables selected using forward
procedures (+ or -), cumulative amounts of explained variation (Adj-R2), increments of explained variation (AdjR?-inc),
Standard errors (Std. Error), and P-levels are given for each set of variables. See Table 2 for environmental variable
codes. Prefix V designates spatial variables built in PCNM analyses; the prefix In indicates that variables were In-
transformed prior to analysis.

. 2
Step Std. Adj. R P

Variable Adj.R2 error inc
Guadiana
All species
1% PRS (+), APR (+) 0.071  2.332 0.002
Vsa(-),Vaa(+),Vs3(-),Va(-),Vsa(+),Ver(+), Vool <0.0001
2" ),Va(+),Vas(+),Vex(-) 0.330  1.980  0.259
Native species
1" SSL(+), APR(+), PRS(+) 0.140  1.847 <0.0001
Va(-),V2a(+),Vsa(+),Vs2(-),Vas(-),Vo(+),Ver(+), Vea(- <0.0001
2" ),Vsa(-), Vss(+),Vs(+) 0.376  1.573  0.300
Invasive species
1% SSL(-),InPRS(+) 0.052  0.997 0.009
2" Vas(+),Vsa(-),Vaa(+),Vsa(-),Vi1(+),Vsa(-) 0.236 0.895 0.183 <0.0001
Mira
All species
1st INSTL(+),INDDW(+) 0.340 0.864 <0.0001
<0.0001
2nd Va(-),Vas(-) 0.479 0.768 0.139
Native species
1st SSL(-) 0.153 0.956 0.004
2nd Ve(-),Vs(+),Vas(-),Vaa(+), Vas(+),Vie(-),Vao(-),Vaa(-)  0.716  0.554 0.563  <0.0001
Invasive species
1st InSTL 0.097 0.569 0.010
0.172 0.002
Va(+) 0.544
2nd 0.075
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a) Guadiana Basin
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b) Mira Basin
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Figure 4 — Maps of the fitted local richness for all, native, and invasive fish species in the Guadiana and Mira basins.
The Santa Clara Dam in the Mira Basin and the Alqueva Dam in the Guadiana Basin are represented by a triangle.

Discussion

The present study added support to the view that local species richness is a function of
multiple factors operating at different spatial and temporal scales (e.g. Rahbek & Graves, 2001;

Moreno-Rueda & Pizarro, 2009), as previously evidenced for other freshwater faunas (e.g. for
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fish, Griffiths, 1997; Angermeier & Winston, 1998; Irz et al., 2004; Hoeinghaus et al., 2007; e.g.,
for Mediterranean stream macroinvertebrates, Bonada et al., 2008). The south-western
Iberian freshwater fish showed a considerable variation in diversity patterns between native
and invasive species, both across and within Mediterranean river basins, suggesting distinct

filtering processes are operating on each regional pool of species.

Across basins, the regional pool of species emerged as a strong correlate of local
richness for the three species groups, pointing to the importance of large-scale, spatial and
temporal processes, in shaping local diversity gradients (see Ricklefs, 1987). Moreover, the
relationship between regional and local species richness was linear disregarding the species
group considered, which is somehow similar to what has been found elsewhere (Hugueny &
Paugy, 1995; Oberdorff et al,. 1998), and when only native species are considered (Angermeier
& Winston 1998). Although it is difficult to disentangle the primary mechanisms underlining
the associations found herein, they probably differ between the native and invasive species. In
the case of native species the perceived relationship might reflect mechanisms acting across
historical time, such as niche adaptation, large-scale dispersal and immigration-extinction
events (see Filipe et al., 2009). This is certainly not the case for invasive species, for which the
perceived relationship most likely reflect the recent processes of species establishment (Olden
& Poff, 2004). Furthermore, the linearity found for both native and invasive groups suggests
that all species might be at non-equilibrium with the local environments (Whittaker et al.,

2001), with immigration-emigration and dispersal processes probably playing a major role

108



Chapter 4

throughout the ecological history of native species and more recently also of invasive ones, as

previously suggested for Mediterranean streams (Magalhaes et al. 2002).

Moreover, the lack of association between local species richness and basin area is in
accordance with other studies on stream faunas (e.g. Angermeier & Winston, 1998; Heino et
al., 2003). This may indicate that increased heterogeneity and availability of habitats at larger
basins is not driving local species richness thus supporting the non-equilibrium idea mentioned
above or, alternatively, that habitat availability and heterogeneity were not adequately
represented by basin area. Whatever their ultimate causes, the results obtained strengthened
the importance of testing within-basin species richness patterns against landscape
heterogeneity as herein, but it is advisable to pursue a deeper evaluation of the influence of
region size to understand properly its role (as Belkessam, et al., 1997; Matthews & Robinson,

1998).

The tendency for basins with higher annual rainfall holding higher richness of invasive
species, whereas no climatic or topographic factors were associated with local richness of
native species, is consistent with previous evidences pointing to the importance of climate as a
primary environmental filter for Mediterranean fish fauna (Filipe 2002; Magalhaes et al. 2002,
2007). It is likely that regional pools of native species are constituted by the ones evolutionarily
adapted to cope with the prevailing patterns of seasonal droughts and floods of variable
intensity prevailing in Mediterranean streams. This is not the case for invasive species, which
evolved under distinct environmental contexts, thus probably lacking the life-history attributes

to cope with such harsh rainfall events (e.g. Bernardo et al., 2003). This does not mean that
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contemporary climate is not important in shaping native species richness, but rather that

climate may function as a filter at distinct scales for each species group.

Within basins, environmental factors at each site were important correlates of local
richness for both native and invasive species. The significant topographic variables identified in
this study, namely stream link and stream slope, were often implicated in longitudinal
variation in fish assemblages (e.g., Corbacho & Sanchez, 2001; Filipe et al., 2002, Magalh3es et
al. 2002), though perceived associations may depend on the basins examined. Likewise,
climate variables were associated with local richness in the Guadiana basin only, and for native
species mostly, which is not surprising given this basin encompass the broader range of
climatic conditions and the largest diversity of species. Spatial structure also accounted for a
significant component of variability in local species richness of native and invasive species. This
may be a consequence of unmeasured, spatially structured environmental and/or geographic
factors, and it may reflect colonization and dispersal processes throughout historical and
current times, or even both. For example, the smaller species richness upstream of the Santa
Clara Dam in the Mira basin suggests the loss of stream connectivity associated with dam
building might have disrupted dispersal and immigration/extinction processes, likely provoking
the extirpation of some native species upstream; additionally, biotic interactions might have
been at play, given that local richness of invasive species tended to be higher upstream of the
dam. A similar species richness discontinuity was not observed in Guadiana basin, since
sampling at this basin was mostly performed before closing the Alqueva Dam, and also it was

likely too early to detect any effects on fish richness gradients.
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Considerable amounts of variation in local richness at the basin scale remained
unexplained. This seems unlikely to be due to effects of sampling completeness since the fish
assemblages studied tend to show low spatial turnover and similar proportional occurrences of
both common and rare species (Filipe et al., 2002; Magalhaes et al., 2002). Even if some biases
occurred for some rare species, they probably were consistent across sites within basins, and
are therefore unlikely to weaken the prevailing patterns observed. The unexplained variation
was most severe regarding invasive species, for which future studies explicitly examining the
influence of human colonization pressure, dispersal factors, and change of local natural flows
and habitat conditions might be instructive (Wilson et al. 2009). Also, testing factors operating
at smaller spatial and temporal scales may be important to advance the understanding of
diversity patterns of both native and invasive species. Few studies presented clear evidences
that local factors, as biotic interactions, do influence assemblage structure of fish, especially in
Mediterranean streams. The absence of clear asymptotic relations of local species richness
which regional pool of species in this study also argues against the importance of such factors,
but their influence cannot be disregarded (see Smith et al., 2004). Assessing the added
contribution of small-scale factors to assemblage organization is thus a worthy subject for
future studies, which will be particularly insightful on untangling the mechanisms involved if
coupled with field experiments designed to isolate the potential contributions of other
competing factors, such as stochasticity trigged by human disturbances (see Corbacho &

Sanchez, 2001).
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Contributions to stream management options

Our results highlight that conservation of native species diversity and control of biotic
homogenization in Mediterranean streams would gain effectiveness if strategies are framed in
a basin-specific context. In particular we suggest that (i) preventing new introductions and the
increase of regional pools of invasive species may be the most effective tool to prevent biotic
homogenization in Mediterranean streams, and (ii) the wettest basins and streams are likely
key areas for colonization, establishment and dispersal of non-native species, and may be most

critical for conservation and management efforts.

The European Water Framework Directive (WFD) mandates every state-member to
apply measures for accessing stream’s ecological status at the basin scale, but, surprisingly, the
monitoring schemes are most focused on local-scale assemblage assessments, largely
neglecting larger-scale climatic and topographical contexts and stream spatial structure. This
may be a major obstacle on attaining species and ecosystems conservation, as changes in
stream network connectivity seriously affect diversity gradients by altering processes, as
dispersal (Veech et al. 2002), even if the local conditions are maintained. Additionally,
ecological consequences due to current climatic changes, as the expected shifts in the
distribution ranges of native and invasive species and disruption of colonization and extinction
rates in local assemblages (see Buisson & Grenoulliet, 2009) cannot be effectively evaluated
only from local assessments. The adoption of a multiscale perspective (as evidenced by
Hoeinghaus et al., 2007) in management actions within the WFD will facilitate the

understanding of natural and human-induced processes shaping species diversity patterns and
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assembly organization, and will result in more effective water management and conservation

practices.

Conclusions

We conclude that the number of fish species coexisting in Mediterranean streams is influenced
by multiple factors operating over distinct scales, as early envisioned by Tonn et al. (1990) and
Poff (1997). The influence of regional species pool was obvious for both native and invasive
species but distinct environmental and spatial filters are at play on shaping local richness
within basins for each species group. Nevertheless, the amount of variance unexplained leaves
room to hypothesise factors acting locally and human-induced influences might have a
relevant role in shaping current fish diversity patterns. Meanwhile conservation management

strategies must be framed on a multiscale perspective to assure effectiveness.
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Supporting information

Appendix S1 — List of all (native and invasive) fish species in river basins in south-western

Iberian Peninsula considered for analysis.

Fish species list for river basins in south-western Iberian Peninsula, based on records obtained

between 1997 and 2008. PF — primary freshwater species; SF — secondary freshwater species;

CAT — catadromous species; AMP — amphidromous species; N — native species, | — invasive
species.
Family Species Author Origin Life cycle
Anguillidae
Anguilla anguilla (Linnaeus, 1758) N SF, CAT
Atherinidae
Atherina boyeri Risso, 1810 N SF, AMP
Blenniidae
Salaria fluviatilis (Vinyoles 1986) N PF
Cobitidae
Cobitis paludica (de Buen, 1930) N PF
Cyprinidae
Anaecypris hispanica (Steindachner, 1866) N PF
Barbus bocagei Steindachner, 1864 N PF
Barbus comizo Steindachner, 1864 N PF
Barbus microcephalus Almacga, 1967 N PF
Barbus sclateri Gunther, 1868 N PF
Barbus steindachneri Almacga, 1967 N PF
Carassius auratus (Linnaeus, 1758) | PF
Cyprinus carpio Linnaeus, 1758 | PF
Gobio lozanoi (Doadrio & Madeiral PF
2004)
Iberochondrostoma (Coelho, Mesquita &N PF
almacai Collares-Pereira 2005)
Iberochondrostoma (Steindachner, 1866) N PF
lemmingii
Iberochondrostoma (Collares-Pereira, 1980) N PF
lusitanicum
Pseudochondrostoma (Steindachner, 1864) N PF
polylepis
Pseudochondrostoma (Steindachner, 1866) N PF
willkommii
Squalius alburnoides (Steindachner, 1866) N PF
Squalius aradensis (Coelho, Botutskaya, N PF
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Family Species Author Origin Life cycle

Rodrigues, & Collares-
Pereira 1998)
Squalius pyrenaicus (Gunter, 1868) N PF
Squalius torgalensis (Coelho, Bogutskaya, N PF
Rodrigues & Collares-
Pereira, 1998)

Tinca tinca (Linnaeus, 1758) N PF
Centrarchidae

Lepomis gibbosus (Linnaeus,1758) | PF

Micropterus salmoides (Lacepede, 1802) | PF
Cichlidae

Australoheros facetum (Jenyns, 1842) | PF
Poecillidae

Gambusia holbrooki (Girard, 1859) | PF

Note: The species Alosa alosa, Alosa fallax, Salmo trutta, and Gasterosteus aculeatus were not

considered for analysis due to incomplete sampling.
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Examining spatial patterns of

freshwater fish

“Consider two extreme cases. In the first, the habitat is highly fragmented, the
isolation has a long history, and dispersal among the patches is very infrequent.
This scenario favours low diversity but a high degree of endemism in each patch.

This extreme is approached by freshwater fishes. At the other extreme, the
environment is much more continuous ...”

James H. Brown, 1995, in “Macroecology” pp 171
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testing theory with empirical evidence
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Abstract
Aim
To integrate knowledge regarding spatial gradients in freshwater fish species richness and

develop an innovative approach for future empirical tests; ultimately, we aim to advance the

overall knowledge of species diversity gradients.

Location

Freshwater systems across the world.

Methods

Literature review aiming for a improve knowledge of biodiversity gradients, freshwater fish
species in particular. Reviewing current knowledge of spatial gradients of freshwater fish
species richness, identifying shortcomings in the empirical tests performed, and linking those

shortcomings with a set of useful alternative tests constitutes the backbone of our approach.

Results
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Studies of freshwater fishes added or subtracted support for the hypotheses proposed to
explain species richness gradients found in nature. The three main hypotheses were examined,
and the current environment-based hypothesis was both the most tested and the best
supported. The role of historical factors might emerge from exploring patterns of freshwater
fishes, particularly from testing groups of species with dissimilar dispersal constraints. When
performing such empirical tests, researchers must be especially cautious regarding the
following: a) uncertainty in species’ spatial data, b) inaccuracy when merging data from distinct
regions, species attributes and histories, c) concerns related to scale, d) the spatial structure of
freshwater habitats, and e) the design of hypothesis testing. Studies discerning among species
attributes and incorporating evolutionary approaches are currently producing interesting

results.

Main Conclusions

Our synthesis included an integration of the empirical tests explaining factors regulating broad-
scale spatial gradients of freshwater fish species richness and may provide new knowledge into
the processes that shape biodiversity gradients in general. Freshwater fishes seemed
appropriate for testing the role of historical factors while accounting for freshwater spatial
structure. Studies focusing on species interactions, including field experiments, will advance on

examining of the biotic mechanisms involved.

Keywords: Area, diversity gradient, environment, freshwater fish, history, species richness

Running title: Freshwater fish diversity gradients

128



Chapter 5

Introduction

Recent advances in the analyses of geographic biodiversity gradients are resolving questions
that have intrigued ecological and evolutionary biologists for decades. However, available
evidence invoked to support competing hypotheses is typically biased toward terrestrial biota,
which narrows the scientific debate more than would be desirable (Hawkins et al., 2003a;
Menge, 2009). In regard to freshwater biota, namely fishes, this bias is mostly due to the lack
of integration and synthesis of knowledge concerning biodiversity patterns found in nature. In
the present study, we propose to address this issue by synthesising current knowledge of
freshwater fish species richness gradients from the literature, then exploring how this

knowledge contributes to the general understanding of biodiversity patterns.

The main advances in freshwater ecological research, as for terrestrial and marine ecosystems,
derive from shifts in the scale of analyses: traditionally studies were focused on trends in local
populations and habitat quality, but the 1990s brought a surge of new scientific papers which
began to recognise that freshwater fish population persistence may depend on an array of
processes operating at multiple spatial and temporal scales (e.g. Schlosser, 1991, 1995). These
developments, along with a general increase in studies of other biota, resulted mostly from an
enhanced availability of large-scale data on geographic information systems (GIS), computer
processing improvements, and new analytical methods applicable to species distributions
(Johnson & Gage, 1997). Apart from new developments in conservation and management
research, such progress allowed testing ecological and evolutionary hypotheses of larger

scales. When coupled with molecular markers, ecological data examined ecological and
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evolutionary processes acting at different levels of the biological hierarchy (e.g. Manel et al.,

2003; Diniz-Filho et al., 2008).

Nevertheless, considerable room for a synthesis of knowledge concerning freshwater
biodiversity patterns remains because new studies have been scattered across areas of
interest, taxa, and study scales (Bailan et al., 2008a), which has limited the entry of freshwater
knowledge into scientific debates. Freshwater fishes are well suited to test alternative
hypotheses related to species diversity gradients, to infer the relative importance of the
mechanisms involved, and ultimately to synthesise current knowledge of species diversity
gradients (Tedesco et al., 2005; Filipe et al., 2009); key strengths of analysing freshwater fishes
include species 1) are well known worldwide, 2) vary widely in dispersal ability and life-
histories, 3) segregate across major habitat types (e.g. lotic vs. lentic), 4) dispersal is strongly
constrained by basin boundaries, and 5) dispersal pathways can often be inferred from

geologic and phylogenetic histories.

Several hypotheses have been proposed to explain broad patterns of species diversity (Rohde,
1992; Gaston & Blackburn, 2000; Willig, et al., 2003; Hillebrand 2004), with latitudinal
gradients of species richness - more species are generally found closer to the tropics - receiving
the most attention. For decades, this species richness gradient has been documented for
terrestrial, marine biota, and also for fresh waters (Barbour & Brown, 1974; Oberdorff et al.,
1995). In freshwater environments, the relationship of species richness with latitude has been
referred to as weaker and less steep than in other environments and dissimilar among

continents and habitat types; this suggests that the mechanisms involved are somehow
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dissimilar to those acting in terrestrial and marine environments and biota (Hillebrand, 2004).
The interest in examining this worldwide gradient lies in the fact that the mechanisms invoked
to explain broad-scale gradients are also instructive in clarifying the mechanisms operating at
smaller spatial scales (e.g. Gaston & Blackburn, 2000; Stevens, 2006); the reverse is also likely
(e.g. Hawkins & Porter, 2003). For example, the ability to disperse seems to determine the
species richness patterns observed for European freshwater fishes (Hof et al., 2008), which

may partially explain the patterns observed both worldwide and in other regions.

Here we review the empirical studies performed on broad-scale freshwater fish species
richness patterns. In particular, we (1) synthesise evidence from broad-scale freshwater fish
studies that do or do not support the main hypotheses proposed to explain geographic species
diversity gradients and their biotic mechanisms, (2) identify key shortcomings of the data and
methods used, as well as possible research pathways to overcome them, and (3) ultimately
offer contribitions into a better knowledge of the ecological and evolutionary processes that
regulate freshwater fish diversity and species diversity in general. Finally, we aim to catalyse
new research so that a more mature and cohesive knowledge of species diversity patterns

emerge.

Background on species diversity gradients

Although hypotheses to explain broad-scale species diversity patterns have long been

proposed, recent empirical tests on a range of taxa and spatial grains and extents are
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generating new ideas and re-kindling old debates. More than thirty specific hypotheses have
been proposed to explain patterns of species diversity, and many of these hypotheses are
closely related (Kerr, 2001). Here we focus on those supported by empirical evidence; we have
grouped them according to the mechanisms involved and factors tested, as have Guégan et al.
(1998) and others, into current environment-based, history-based, and area-based hypotheses

(Table 1).

The first group of hypotheses asserts that contemporary environmental conditions drive
existing patterns of species diversity (Brown, 1981; Huston, 1994) by operating directly on the
physiology of organisms and/or indirectly on ecosystem productivity (Rohde, 1992; Whittaker
et al., 2001; Hawkins et al., 2003b). This hypothesis is framed on niche characteristics, where
functional distinctions among species, species interactions, and environmental preferences
combine to determine the equilibrium species diversity in an assemblage (Hutchinson, 1959).
A number of versions have been developed according to the factor tested (Rohde, 1992). The
second general hypothesis asserts that historical factors prevail in shaping species diversity
patterns, despite the persistent need for species to cope with environments (Rohde, 1992;
Gaston & Blackburn, 2000). This hypothesis is consistent with current recognition of the role of
the stochastic rates of speciation, extinction, and dispersal in assemblages throughout
evolutionary time (Rohde, 1992; Currie et al., 2004; Wiens & Graham, 2007). The third general
hypothesis is focused on extinction-colonisation rates and dispersal mechanisms occurring
within an area with spatial characteristics (Rosenzweig, 1995). Area and its spatial structure

drive species richness gradients via either (1) species-area relationships, where larger areas
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encompass more species due to favourable colonisation and extinction rates and/or higher

habitat diversity (MacArthur, 1963) or (2) ‘mid-domain effects’, where geometric constraints

on species ranges largely determine the observed species diversity patterns, as the observed

peaks in the middle of bounded areas (Colwell & Lees, 2000).

Table 1 Main hypotheses and driving factors proposed to explain complex broad-scale geographic patterns in

species richness. Most-cited

references are included.

Hypothesis

Driving factors

References

Current environment-based hypothesis

1) Climate

2) Energy

3) Water-energy

4) Environment

stability

5) ‘Metabolic effect’

Current climate

Energy availability. The greater the available
energy, the more individual organisms, hence
species, can be supported

Water regime  and energy  regime
simultaneously. The breakpoint is related to
species’ physiological tolerances.

Environment stability. A constant

environment  allows  specialization  on
narrower niches and a boost in speciation
Temperature dependence of metabolic

enzyme kinetics. Annual temperature has
effects on metabolic enzyme kinetics, and
thus on mechanisms related to generation
time and mutation rates related to individual-
level rates of genetic divergence

Brown, 1981; Mittelbach et
al., 2001; Rohde, 1992
(Wright, 1983; Wright et al.,
1993

Hawkins et al., 2003a, b,
2004

Rohde, 1992;Turner, 1992

Allen et al., 2002, 2006

History-based hypothesis

1) Speciation rate

2) ‘Niche
conservatism’ and
time for speciation

Climate. The opportunity to evolutionary
diversification arises from higher evolutionary
rates and biotic interactions at warmer
climates

Species from ancient niches have difficulty in
colonizing new areas.

Rohde, 1992; Currie et al.,
2004

Wiens & Donoghue, 2004

Area-based hypothesis

1) Species-area

2) ‘Mid-domain effect’

Larger areas can support more species

Geometric constraints on species ranges

MacArthur & Wilson, 1963;
Gaston & Blackburn, 2000;
Ricleffs, 2004

Colwell & Lees, 2000
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explain most of the richness patterns

The influence of the main driving factors on species richness gradients has been increasingly
tested, though mostly in applications of the environment-based hypothesis over a range of
taxa. Empirical tests of the environment-based hypothesis based on new data and analytical
tools are revealing some inconsistencies with predictions: studies suggest environmental
explanations of species diversity patterns (1) may indirectly focus on the mechanisms
regulating current species diversity (Currie et al., 2004) thus failing to demonstrate particular
associations (as pointed out by Ricklefs (2004), (2) often do not properly test alternative
factors on equal footing (Hawkins et al., 2003b; but see Currie, 1991), and (3) apply mostly to
species with large range sizes (Lennon et al., 2004. The metabolic activity version of the
hypothesis is not supported by some empirical data (e.g. Hawkins et al., 2007a) and is not a

valid prediction for non-ectothermic organisms at the least (Allen et al., 2006).

Meanwhile, the historical hypothesis has been renewed by recent analyses providing evidence
for the role of the ‘niche conservatism’ concept, i.e., the tendency of species to retain
ancestral niches, and the time needed for speciation (Wiens & Donoghue, 2004; see also
Wiens, 2004 and Wiens & Graham, 2007). Such ideas were rapidly tested at a range of spatial
scales (e.g. Mittelbach et al., 2007), and coupled with evolutionary approaches (e.g. Harrison &
Grace, 2007; Hawkins et al., 2007b; Roy & Goldberg, 2007; Wiens, 2007; Hawkins et al., 2006).
These studies represent great advances in hypothesis testing, since historical factors have
traditionally been diminished because 1) of the difficulty of quantifying past patterns and

events (Ricklefs, 2004) from scarce and/or spatially discontinuous data allowing merely post
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hoc inferences (e.g. Latham & Ricklefs, 1993), 2) when explicitly tested, they often exhibit
weak signals, which might be the result of species tracking environmental conditions and thus
shifting geographically over time (Currie, 1991; Kerr & Currie, 1999; Roy & Goldberg, 2007),
and 3) of the greater availability and reliability of contemporary environmental data, which has

lead to more robust predictions.

Proper assessments of the quantification of the influence of area are still awaiting more careful
testing and interpretation. For example, the conventional approach of linearising species-area
relations via log-transformation can obscure scale-dependent factors and consequently
outcomes regarding species diversity patterns (Lomolino, 2000; Lomolino & Weiser, 2001).
One analytical option is to first control for area, which might hide the influence of
unaccounted factors co-varying with area, while revealing the influence of other direct drivers
of biodiversity patterns (Whittaker et al., 2001). Also, empirical tests of the ‘mid-domain
effect’ are able to predict species-richness patterns as the peaks in the middle of regions and
the likely influence of spatial characteristics such as landscape barriers (e.g. Jetz & Rahbec,
2001), but outcomes in distinct scale extents are less clear because model assumptions restrict

testing to spatially delimited taxa and regions (Whittaker et al., 2001).

In summary, reconciling the influences of history, current environment, and spatial structure
on species diversity seems to be progressing (e.g. Storch et al., 2006); meanwhile, the
environment-based hypothesis stands as being able to providing capable models to explain

current global biodiversity patterns (Whittaker & Field, 2000).
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Freshwater fish diversity patterns

In this section, we searched for scientific papers in the World Web of Science database to
quantify the amount of studies on species diversity patterns conducted over the last 50 years
on freshwater biota in general and fishes in particular. We compared this amount with the
total amount of studies not restricted to any taxa. We then identified studies using larger scale
extent datasets of freshwater fish that might shed light onto the three hypotheses previously
presented. For each study, we identified the type of evidence, dispersal capability of the
species studied (sensu Darlington, 1957), the factors most strongly correlated with species
richness (hereafter called ‘driving factor’, similar to the ‘primacy variable’ of Hawkins (2003a)),

habitats occupied, species dataset used, and scale of analysis (grain and extent) (Table 2).

Scientific literature on freshwater biota, particularly fishes, followed the growth of the number
of studies for all biota with a lag delay of approximately two years, starting around year 1990
(Figure 1). The contemporary-environment hypothesis has been widely cited as determining
freshwater fish diversity patterns among species groups with distinct dispersal capability,
stream and lake ecosystems, and spatial scale extents from regional to global, often using
basins or lakes as scale grains (Table 2). Environmental factors (and consequently versions of
the hypothesis) have been tested worldwide, but we found it difficult to distinguish between
versions of climate, species-energy, or water-energy balance. Here key driving factors
identified were mean annual discharge, surface area of the drainage (Oberdorff et al., 1995),
and net primary productivity (Guégan et al., 1998); climatic factors have also been highlighted,

mostly across continents and regions (Oberdorff et al., 1997; Rathert et al., 1999). The
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‘metabolic-effect’ version was also tested and recognised as significant (Allen et al., 2002). In

these studies, historical factors were also tested (except Guégan et al., 1998), which suggests

that it is not necessary to invoke history to understand patterns of freshwater fish diversity.
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Figure 1 Number of scientific papers published each year in journals included in the Web of Science

(http://scientific.thomson.com) from 1960 to 2009 that contained within their keyword lists both (a) either ‘diversity’ or

'biodiversity' (studies on any biota) and (b) containing ‘freshwater’, or both ‘fish’ and ‘freshwater’ (studies filtered to

freshwater biota, or freshwater fish).
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History-based factors, despite their supposedly reduced role in large-scale extents, have been
considered relevant since the release of early studies on the evolutionary mechanisms of
speciation in freshwater fish (Matthews, 1998; Table 2). Early researchers related past events,
phylogenetic data, and current species distributions using spatial data (e.g. Mayden, 1988), or
drew post hoc historical inferences on current species diversity - for example, the influence of
Pleistocenic Glaciations on one or a few species at regional scales (e.g. Hurwood & Hughes,
1998). More recent broad-scale empirical tests revealed evidence for the strong influence of
historical factors on current richness patterns across distinct groups of species, freshwater
environments, and regions and continents (Table 2). For example, the ‘niche conservatism’
concept has been illustrated with cases where freshwater fish species are absent from habitats
very similar to those actually occupied (Wiens, 2004) and supported by other empirical tests
(e.g. McNyset, 2009). The relevance of historical climatic events was underlined recently in an
empirical test of West African and Latin American fish species richness (Tedesco et al., 2005).
Moreover, some studies have supported the importance of time lag in speciation on shaping
species diversity patterns found (e.g. Barbour & Brown, 1974); however, to our knowledge, no
empirical testing was performed on large broad-scale datasets. Oberdorff (1999) found that
glaciation events are still ‘printed’ at endemic species distributions whereas widely distributed
fish species were more related to contemporary environmental factors, and thus concluded a
clearer role for historical signals in the distribution of endemic species. Because most endemic
species hotspots occur in arid or semi-arid regions (Oberdorff, 1999), the influence of historical

factors may be more marked in these regions (see Filipe et al., 2009).
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Finally, considerable evidence points to the importance of area in shaping freshwater fish
diversity patterns from groundwaters to streams and lakes and from continents to worldwide.
Such studies most often take basins and lakes as grains of analyses. The influence of drainage
basin area or lake surface area has received some attention in studies at large spatial extents
(e.g. Oberdorff et al., 1997; Barbour & Brown, 1974; Table 2). Within Europe, only lentic
species showed a significant species—area relationship, with a richness peak in lakes in central
Europe (Hof et al., 2008). Within a given region, stream area measures are commonly
positively correlated with species diversity along a watercourse’s longitudinal gradient, as
habitat volume, diversity, and stability increases in larger watercourses (e.g. Filipe et al., 2004).
Also, mid-course peaks in species richness have been reported (e.g. Ward, 1998), as postulated
by Vannote et al. (1980) at the River Continuum Concept: the result of sequential shifts in
species composition (species additions and replacements) is probably reflecting longitudinal

shifts in available resources.

All hypotheses are now gaining empirical support through new tests on broad empirical
datasets. Particularly, the current environment characteristics as the main driver of current
diversity for freshwater fishes has been reinforced by two studies: 1) a test on invasive species
worldwide, which obviously lacks a coherent historical explanation (Sax, 2001); and 2)
phylogenetic data for three families of North American freshwater fishes for which species
richness appeared to be consistently related to current climate patterns, with little reason to
postulate evolutionary explanations (Kerr & Currie, 1999). Conversely, other recent empirical

tests do not indicate that the environment-based hypothesis prevails uniformly; rather, factors
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such as life—history traits, species resilience and dispersal ability, habitat preferences, and
biotic interactions are likely to have strong effects on biodiversity patterns. For example,
knowledge of historical glaciations, isolations and dispersal routes largely explains current
diversity patterns of European fishes with distinctive life—history traits and mobility (Griffiths,
2006); also, species inhabiting distinctive habitats (e.g. lotic, groundwater, and lentic habitats)
exhibited distinctive relationships between species richness and latitude (though lentic
habitats, the less stable habitats over geologic time, exhibited a weaker relationship) (Hof et

al., 2008).

Shortcomings in testing freshwater fish diversity patterns

We now identify the major weaknesses of current knowledge and possible solutions for
building a research framework and improving future empirical tests. Figure 2 systematises the

features to consider and outlines the following key points.

Data uncertainties of freshwater fish diversity

Databases of freshwater fish species distributions, despite great advances in the amount of
data available, are significantly limited in data quality and completeness. Dataset assessments
to overcome this problem are often nonexistent or incomplete for this fauna, which ultimately
results in inaccurate outcomes. The records of species presences/abundances rarely include

accurate measures of sampling bias, species detectabilities, or sampling effort (Filipe,
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unpublished); many records of absences are not reliable, especially for rare species in highly
seasonal environments (Cao et al., 1998), as is the case of freshwaters in arid and semi-arid
regions. There is a need to account for and quantify species-specific detectabilities and
sampling efforts across habitats and spatial grains using techniques such as species
accumulation plots during field surveys (Cao et al., 2001; Gotelli & Colwell, 2001; Smith &
Jones, 2005). Accurate estimates of species diversity measures and presence are essential for
proper comparability and integration when compiling inventory data and, ultimately, for
conducting valid empirical tests (Cao et al., 2006). Additionally, a concerted effort is needed to
computerise and centralise the scattered datasets on species occurrence into a worldwide
database and to obtain better geographic coverage (see Bailan et al., 2008a). For lesser-
studied regions, there is a need to increase the completeness and accuracy of freshwater fish
inventories (Figure 2). Freshwater fishes are supposedly more speciose and endemic in the
Neotropical Region (e.g. Amazonia), but it is likely that fish diversity is underestimated in
regions as Central Africa and Southeastern Asia since, overall, the Holarctic Region has been

most studied (Bailan et al., 2008b; Lévéque et al., 2008).
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Figure 2 Overview of the components involved in empirical tests regarding freshwater fish diversity gradients.
Species respond differently to distinct components of the current environment, history, and area attributes depending
on their distinct physiological characteristics, life-histories, and ability to disperse. Arrows indicate associations
between species attributes, driving factors of species richness, and mechanisms invoked on trigging species
richness based on the current literature. Shaded boxes below indicate ways to improve empirical tests.

Incomplete knowledge of biological attribute, and history of species and regions

There is a lack of knowledge regarding fish species’ physiological thresholds, habitat needs,
dispersal abilities, probability of colonisation success, life-history traits, and assemblage
relationships; other freshwater fauna are even less well documented (Bailan et al., 2008b). As
an example, even the species classifications of primary, secondary and peripheral in
accordance with overall potential dispersal pathways sensu Darlington (1957) are not entirely

known. This information is necessary to match species with historical events, habitats, and
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dispersal routes and thus refine empirical tests (see Hof et al., 2008, and Pearson & Boyero,
2009 for freshwater taxa in general). Additionally, explicit data on species lineages as clade-
based phylogenies, if available, can be used to relate past speciation events to current species
diversity and to test the influence of historical factors (.g. Kerr & Currie, 1999). Also, data on
the history of regions as past orographic changes, glaciations, stream captures and sea-level
changes are wusually scattered; when spatially incorporated, they could be tested
simultaneously with current environmental data, allowing for more rigorous empirical tests
(Tedesco et al., 2005). Together with current environmental data, these data could lead to a
better knowledge of fish species richness patterns. A supplementary effort is needed to

summarise such germane information, as previously emphasised (Angermeier, 1995).

Concerns regarding scale

Several studies strongly suggest that factors influencing diversity of freshwater fishes, as for
other biota, are scale-dependent and ultimately, the scale of analysis determines the outcome
of empirical tests (Angermeier, 1998; Rathert et al., 1999; Tedesco et al., 2005). This highlights
the need for an explicit accounting of scale in analytical designs, as generally recommended
(Whittaker et al., 2001; Willis & Whittaker, 2002). Freshwater fish diversity patterns have been
tested at a multitude of spatial grains and extents, which ultimately impedes the comparison
of findings across studies. Namely, the spatial extents of analyses varies from regional to
worldwide; the spatial grains of analyses used are also variable in area, for example, when

considering sub-basins or basins or when examining fixed area sizes composed of grids or
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hexagons (e.g. Rathert et al., 1999). The wide variation in analysis scale grain makes the use of

biodiversity checklists from areas varying in size especially challenging (Keil & Hawkins, 2009).

Unaccounted role of dispersal constraints and structure of freshwaters

Despite the potential interest of investigating the effects of dispersal on freshwater fish
diversity on a global scale, to our knowledge no empirical tests addressed this issue (but see
Hof et al., 2008). In fact, the spatial structure of freshwaters, which strongly constrain fish
dispersal, have been difficult to describe quantitatively so that their influences on species
diversity patterns can be tested. However, recent advances in GIS techniques and spatial
statistics are enabling researchers to evaluate the influences of drainage networks on fish
diversity; this is currently shedding light on how such dispersal constraints shape species
richness patterns (Olden et al., 2001; Ganio et al., 2005; Ray, 2005; Imbert et al., 2008). These
analyses require special attention to the effects of spatial autocorrelation, a property that

renders conventional statistical analyses more difficult to apply (Dormann et al., 2007).

Weaknesses of empirical testing

A serious issue regarding empirical testing is that some predictions are inconclusive at
distinguishing between hypotheses - or even misleading - because the factors associated with
different hypotheses are often correlated or are based on indirect measures regarding the
variables of interest (as noted for other biota; Willig et al., 2003). Also, the difficulty of
rigorously and simultaneously testing the relative importance of a multitude of factors seems

to be delaying progress in knowing how well each general hypothesis accounts for the
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observed spatial patterns of freshwater fish diversity. Thus, proper empirical tests should
include efforts (1) to disentangle potential driving factors of species diversity patterns through
careful analysis of correlated factors and data on the likely biotic mechanisms involved, and (2)
to examine those potential driving factors on an a priori effective, equal power (variation and

scale).

New knowledge and emerging research topics

What do we know thus far regarding spatial patterns of freshwater fish diversity? And what do
we need to know? In this paper, we have 1) summarised current knowledge of the geographic
patterns associated with interspecific distinct motilities and habitats occupied, and spatial
scales (extents and grains), 2) clarified possible links among themes in freshwater ecology and
evolution, and 3) demonstrated that environment, history, and area-based factors might be
complementary in controlling freshwater fish diversity. Although, more rigorous tests on the
multitude of hypotheses are needed to clarify the main driving factors and mechanisms
involved. Specifically, our synthesis of the empirical literature on the broad-scale spatial
gradients of freshwater fish species richness allowed suggestions for improving empirical tests
and opened new possibilities for clarifying the processes regulating spatial patterns species

diversity.

We propose fishes as appropriate taxa to determine the influence of historical factors on

current species richness patterns because these organisms are strongly constrained and are
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better known than other freshwater fauna. We expect historical events to be detectable in
freshwater fish assemblages which might be useful in explaining the mechanisms of species
diversity and evolution concurrent with species’ tracking with environmental conditions. Using
freshwater fishes to test general hypotheses about species diversity not only helps build
biodiversity knowledge; it also sheds light on feasible strategies for the conservation and
management of freshwater biota. Species relying mostly on freshwater habitats (as
invertebrates, fish, and amphibians) tend to be highly threatened (MA Millennium Assessment,
2005). The current loss of biodiversity has been referred to as related with an increase in
faunal homogenisation and a consequent decrease of ecological integrity and ecosystem
services (Vorosmarty et al., 2008). Ongoing climate change is likely to exacerbate these trends
(Poff et al., 2001; Burgmer et al., 2007; Buisson & Grenoulliet, 2008). A clearer picture of the
processes and patterns driving biodiversity on a multitude of spatial and temporal scales is
critical to preventing likely losses of freshwater fish diversity. In summary, this synthesis
underlines the role of spatial constraints on freshwater fish diversity through history, with
implications for the ability of fishes to adapt to current threats and tracking the available
favourable environments and habitats. These are issues that are fundamental on how to

effectively manage and conserve this fauna.

While scrutinising the outcomes and implications of our study and the inputs for biodiversity
knowledge in general, it is important to note the caveats of the synthesis performed. First, the
distinct scales—both extent and grain—among the studies analysed allow some comparisons,

but the multitude of scales used implies that they are in some sense tenuous, thus weakening
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knowledge integration (see Lyons, 1999). Second, the relevance of factors at larger scales
tends to average out at smaller scales, which might explain why climatic variables are often the
strongest correlates of species richness at large grains and extents (Field, 2009). Third, the
synthesis performed was based on correlational studies, excluding field experiments (e.g.
Smith et al., 2004), which might turn out to be inconclusive for deciphering the relative
importance of the factors proposed to explain some of the global patterns of species diversity
and the mechanisms underlying them. Starting from these considerations, we outline key-
research topics germane to our knowledge of fish diversity patterns (topics contextualised at

Figure 2).

Spatial constraints and dispersal

Testing the role of spatial structure of freshwaters, namely the constraints to dispersal, seems
a promising research pathway, especially for exploring historical and area- based hypotheses.
Indeed, fishes constitute examples of assemblages in a likely non-equilibrium with present
environments because the colonisation of new areas depends on rare geological events such
as changes in physical connections between river basins (Beisner et al., 2006; Filipe et al.,
2009). This is in contrast to less spatially constrained biota, such as large mammals (Brown,
1995). It might therefore be interesting to compare fishes with other fauna with restricted
pathways of dispersal (e.g. highly mobile terrestrial species whose dispersal is restricted by
unsuitable habitats such as urban areas). In fact, freshwater fish species vary in their dispersal
pathways mostly according to their biological attributes and are thus appropriate for multiple

simultaneous comparisons: some are solely dependent on orographic events that produce
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changes in the stream network, others can also occasionally disperse through saltwater, and
still others move through saltwater frequently during their lifecycles (called primary,
secondary, and peripheral species, respectively, sensu Darlington, 1957). Additionally the
dispersal pathways and current patterns of invasive species richness are likely to be driven by
additional factors related to human-mediated dispersal (Leprieur et al., 2009).

Testing ‘mid-domain effects’ on freshwater fish diversity is also promising but poorly
developed to date (but see Li et al., 2009). These tests are especially interesting because they
rely on null models and may be able to explain species richness peaks in the middle of study
regions and environmental gradients in face of strong dispersal constraints. If so, ‘mid-domain
effects’ tests may help reconcile the roles of historical constraints and current environmental

conditions in shaping biodiversity patterns (e.g. Gaston, 2003; Storch et al., 2006).

Some emerging ideas

Genetic divergence, when coupled with geographic and environmental distances, allows
inferences about the relative importance of evolutionary history, dispersal, and current
environment on freshwater fish diversity gradients (e.g. Bermingham & Martin, 1998; Reeves
& Bermingham, 2006). Thus the development of clade-based phylogenies to characterise
faunal age and evolutionary history will increase current knowledge of biota across scales and
allow more rigorous testing of hypotheses related to history. In particular, taxonomic
distinctness, a diversity measure of phylogenetic relatedness of species, was used as a
complementary diversity measure of species richness, first in assessments on the extent to

which species can withstand changes/disturbances (Rogers, 1999) and more recently in tests
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regarding spatial variation in species diversity on broader scales (Brennan et al., 2005; Krasnov
et al., 2005; Peat et al., 2009). There is evidence that this measure can reflect phylogenetic
structure - thus the evolutionary and ecological history of taxa - more than effects of
anthropogenic pressures (Abéellan, 2006) and has the advantage of being independent of
sampling effort and thus quite suited to datasets based on species lists (Warwick & Clarke,
1998). This measure has not yet been empirically tested on freshwater fishes’ broad-scale
spatial gradients as a complementary measure of species richness (but see Bhat & Magurran,
2006); this seems a worthwhile investigation, as Heino et al. (2005) envisioned. While species
biological attributes habitat preferences have been studied for decades, new evidence of the
role of biotic interactions - neutral, positive, or negative - on current patterns of species
diversity is now emerging from empirical datasets (e.g. Aradjo & Luoto, 2007) and simulation
(e.g. Travis et al., 2005) experiments. To date, the influence of biotic interactions on
freshwater fish diversity has been mostly tested on local or regional scale extents (e.g.
Oberdorff et al., 1998) where these factors were generally considered unimportant. But there
is no evidence that biotic interactions do not play a role on broader scales, which might be
especially pertinent in the Neotropics (MacArthur, 1972). Biotic interactions data are rather
complex to parameterise; they present both a challenge and one more reason to progress to a
multi-scale approach, from local to broad scales, as recommended for achieving a better
knowledge of what drives species coexistence (Whittaker et al., 2001). Examining species
interactions together with biological attributes and habitat preferences which species tend to

retain, will allow us to investigate the long-term evolutionary biotic mechanisms.
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Conversely, the possibility of performing field experiments opened by landscape interventions,
such as dams, or the implementation of hydrological canals, has given some accurate answers
on how communities react and is offering unique, valuable opportunities for research. For
example, Smith et al. (2004) found fish communities permeable to invasions and mostly
dependent on regional effects, which was argued as consistent with neutral theory models in
which ecological differences between species are not determinant (Bell, 2001; Hubbell, 2001);
surprisingly, this is the opposite of the studies above that evidenced the role of such

differences and thus the relevance of ecological niches.

At last, we turn to Iberian Peninsula freshwater fishes as an example of how many research
guestions remain at least at some regions. Encompassing a highly endemic and threatened
freshwater fish fauna, where communities appear mostly driven by historical events (Filipe et
al., 2009, and references therein), this Iberian fauna has been the stage of strong advances in
our knowledge of biogeography, evolution, and ecology. But researchers still seek many
answers: Why do old lineages still occur despite likely extinction? What is the role of species’

ecological niches in the face of broad-scale landscape events across evolutionary time?

Conclusions

Based on current literature, our synthesis allowed for the integration of knowledge on
freshwater fish diversity gradients, namely of empirical tests of species richness patterns found

in nature. ldentifying the shortcomings involved in these previous studies allowed us to sketch
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approaches for future empirical tests aiming to unveil the processes that shape freshwater fish

diversity gradients.

Knowledge of diversity patterns of terrestrial taxa has guided much of the research attempting
to understand the diversity patterns of freshwater biota (Hawkins et al., 2003a). Here we
propose that the opposite could be considered: proper tests of species diversity patterns in
fresh waters could advance the knowledge of the patterns of species diversity observed in
terrestrial environments. The effort regarding knowledge integration from the body of

literature constituted a step forward in this direction.
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If sometimes | say flowers smile

And if sometimes | say streams sing,

It is not because | think there are smiles in
flowers

or songs in streams..

It is because this way

I might make faked humans feel the truly
existence of flowers and streams

Chapter 6.

General discussion

“Se as vezes digo que as flores sorriem

E se eu disser que os rios cantam,

Ndo é porque eu julque que hd sorrisos nas flores
E cantos no correr dos rios...

E porque assim

Fago mais sentir aos homens falsos

A existéncia verdadeiramente real das flores e
dos rios.”

Fernando Pessoa como Alberto Caeiro in O
Guardador de Rebanhos “, CXXXI, 1914
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0.

General Discussion

This chapter constitutes an integrated discussion of the main findings of the study. It is
presented a brief summary of the outcomes, some matters focused throughout the
dissertation, the main key strengths and weaknesses, and the implications of the knowledge

gained.

6.1 Summary of the outcomes

The results of this dissertation improved the understanding of Iberian freshwater fish spatial
patterns, by identifying the main constraints and the ecological processes shaping the spatial
patterns of current assemblages across the Iberian Peninsula landscapes (IP; Chapter 3), and of
local species richness across the south-western area (SW; Chapter 4). We have shown that a
multitude of large-scale factors constrain current fish assemblages, from historical dispersal
barriers to current environments. With the databases built, we improved the data available of
freshwater fish species occurrences in the IP, and particularly in the SW streams (Chapters 2, 3,
4). Moreover, future research studies were suggested regarding the biodiversity spatial

patterns of freshwater fish after a revision of the current scientific literature (Chapter 5).

It is expected the outcomes will constitute a knowledge background for theoretical
aspects of ecology, but also for dealing with human-induced changes in fresh waters, and
detect biodiversity modifications over time, as studies over large-scale for Iberian freshwater
biota are just now beginning. The study answered to the questions previously formulated

within fundamental and applied contexts, as summarized below:
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Questions (1)

It was identified some inaccuracy and incompleteness in the data merged on freshwater fish
species distributions in mainland Portugal by examining the primary species dataset (1990-
2008; InFISH.PT database). The lack of data quality identified was due to taxonomic
uncertainties, scattered information of sampling effort measures, and unbalanced coverage of
records. Procedures adopted which improved data quality include: 1) filtering samplings
according with sampling efforts, 2) checking taxonomy according with the current species
identification, and 3) performing additional directed samplings. These procedures were
applied in InFISH.IP database when possible (see also Chapter 3), and are likely shared by other
regional freshwater biota databases. Investments on the data quality of the freshwater
biodiversity databases can 1) optimize the data collected, 2) share knowledge between
researchers, managers, and educators, and ultimately 3) increase awareness on the current

freshwater ecosystems and biodiversity problems (Chapter 2).
Questions (Il)

The native fish assemblage composition varied across the Iberian Peninsula, and the long-term
river basins boundaries formed since the Pliocene—Pleistocene (2.5-1.8 Ma) seem to play an
important role, more than current climate, which did not need to be invoked to explain
existing biogeographical patterns. The relevance of basin boundaries was distinct among
species with distinct dispersal abilities: peripheral species, which frequently inhabit salt waters
showed to be less constrained by basin boundaries than secondary and primary species.
Peripheral species might be using additional pathways through the coastline to disperse. Based
on the river basins delineation, eleven biogeographical provinces were proposed. These new
provinces improved information available on dispersal processes of fish species. Permeability

among provinces was most likely due to past events of punctual stream captures (Chapter 3).
Questions (1)

The fish species richness varied across the Mediterranean-type south-western streams and is

likely to be influenced by multiple factors operating at distinct scales. The influence of basin
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species pools was obvious on the average of local richness among basins, for both native and
invasive species. The amount of annual rainfall was relevant for non-native species. Within
basins, distinct environmental and spatial filters were at play on shaping local richness for
native and invasive species, but, overall, spatial filters incremented the variance explained

more than topographic and climate factors (Chapter 4).
Questions (IV)

Previous studies regarding empirical tests performed on freshwater fish species at global,
continental, or regional scales covered the main hypotheses regarding species richness
pattern, here the environment-based, the history-based and the area-based hypotheses. The
environmental-based hypothesis was the most tested and supported. While the history-based
hypothesis has been the less supported, according with our analysis, that may be due to
limitations of testing historical factors on equal footing with the contemporary ones (Chapter

5).
6.2 Spatial patterns of freshwater fish species

The drivers of current assemblages

As referred, the present study clearly showed that local assemblages of Iberian freshwater fish
are driven by a multitude of large-scale factors. This is a somehow expected finding since it has
been observed in previous studies in other world regions, disregarding the type of stream (e.g.
Schlosser, 1991; Angermeier & Winston, 1997; Rahert et al., 1999; see also Allan & Johnson,
1997; see also Matthews, 1998), and in smaller extents studies in the IP (e.g. Aparicio et al.,
2000; Filipe et al., 2002, 2004; Ferreira et al., 2008). Therefore, our results add evidence to the
view which recognizes that factors operating at broad spatial and temporal scales act
synergistically and have a strong influence on structuring current biodiversity patterns of

freshwater assemblages.
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Historical factors appear as being more relevant than current environmental factors on
constraining the studied assemblages (Chapter 2 and 3). This was a surprisingly result, since
other studies focused on freshwater fish or other freshwater, marine and terrestrial faunas
supported the view that past events have limited impact on current species assemblages
because species have tracked environmental changes through range shifts (e.g. Gray, 2001;
Svenning & Skov, 2005; see also Chapter 5). Nevertheless, the relevance of historical factors on
the spatial patterns of freshwater fish species was also supported in other works (e.g. Tedesco
et al., 2005; for more references see Table 2 in Chapter 5; see also Araujo et al., 2008 for
amphibians and reptiles). In Bonada et al. (2005), for example, it was tested historical and
ecological variables on caddisfly species distribution in some l|berian Mediterranean river
basins and, despite the importance of historical factors, ecological variables were better at
explaining distributions of those stream macroinvertebrates; the authors attributed these
results to the time length of historical events, the high dispersion and colonization capacity of
many caddisfly species, and the strong environmental gradient in the area, which probably
allowed species to track contemporary environments. With this dissertation evidences were
added to the view, less supported, that historical factors may be the main constrain of current
assemblages for strongly spatial restricted groups as freshwater fish (Chapter 5). The
assemblages studied seem to be in a non-equilibrium state with contemporary environmental
conditions, and contingent on species’ ability to disperse through time via hydrological

connections (Chapter 3).

In fact, the importance of historical factors emerged from our studies, in the IP and SW
areas. In the IP, the composition of assemblages was strongly associated with river basin
boundaries, more than with current climate (Chapter 3). Iberian river basin boundaries
constitute barriers to fish which influence dispersal and colonization processes, and drive fish
assemblage’s composition. These barriers have been emphasized as relevant for stream fish in
other regions (Smith et al., 2004; Leprieur et al., 2009). But, to our knowledge, this is the first
study that compares historical — here river basin boundaries — and current environments —

here climate — of stream fish on an equal footing. In the SW streams, the local species richness
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across basins was more correlated with the pool of species at each basin than with current
environmental variables of climate and topography, and both last variables did not improve
considerably the variability already explained by the pool of species (see text below and

Chapter 4).

However, the results do not disprove that current environments do constrain the
distribution of freshwater fish species, in spite of the emphasis on the historical dimension of
biodiversity on the current debate of historical versus contemporary influences. Evidences
were added that current environments do influence the Iberian fish assemblages, which is
similar to results of previous studies in IP at smaller extents (e.g. Filipe et al., 2002, 2004;
Ferreira et al., 2008; see also Chapter 1 for references in other regions), and findings do not
exclude the likely imprinting caused by direct human interference on habitats, or more local
factors, as species interactions (Wiley et al., 1997; see Araljo & Luoto, 2007 for recent

evidences on the importance of species interactions).

Actually, across the Peninsula, fish assemblage composition was strongly correlated
with current climate (although less than with basins boundaries). Across the SW river basins,
topographical and climate variables were not significant, except the annual rainfall for
established invasive species. Within basins, local environmental characteristics of climate and
topography revealed as important (Chapter 4). Moreover, spatial factors reflecting the
hydrological network within the SW river basins explained the majority of fish richness local
variability, probably because spatial contagious processes are acting at this scale. These
ecological processes are more likely to be associated with current stream environments than
historical factors, because fish species remained mostly free to move throughout the river
network across time (for similar results see Grenouillet et al., 2004; see also Chapter 3). Spatial
stream variables are likely to surrogate variables as the hydrological regime, habitat

availability, and habitat stability (for similar results see Urban et al., 2006).

In summary, the results gave additional data for the local versus regional influences

debate, highlighting the variability explained by large-scale factors. For the historical versus
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contemporary debate, it supported the prevalence of historical factors on explaining current
variability of assemblages, which has been the less supported view so far. However, the
literature review evidenced that if more stringent hypothesis tests are developed considering
all factors on equal footing (current and past environments, and spatial characteristics), the
likely importance of historical factors might emerge (Chapter 5). Examining patterns of stream
fish species helped to clarify the imprint of past heritage and current conditions - a central
theme for researchers - for strongly spatially confined faunas as the ones restricted to

freshwater environments.

Species with distinct dispersal ability and biogeographical origin

Our findings evidenced that freshwater fish species with distinct dispersal ability or originated
in foreign biogeographical regions have distinct spatial patterns and are likely to be
constrained by distinct factors, and helped to understand the processes that underline the
patterns observed. Results support the view that species with distinct attributes can be

constrained by distinct factors (e.g. Griffiths, 2006; but see Smith et al., 2004).

Iberian freshwater fish species with different dispersal abilities use distinct dispersal
pathways (Chapters 3 and 5). Particularly, peripheral species are likely to use marine dispersal
pathways, while primary, and surprisingly, secondary species dispersal along coastlines is
probably infrequent. Secondary species were expected to use more often this dispersal
pathway than primary species due to their higher tolerance to salinity, but our results do not
support that hypothesis. Smith and Bermingham (2005) found similar evidences for secondary
species in Mesoamerican freshwater fish, which suggests that secondary species experience

similar constraints on dispersal as the primary species.

Therefore, the distinct ability to disperse among stream fish species is likely to
determine spatial broad-scale patterns. For example, Griffiths (2006) found that, as the result
of the limited dispersal ability of fish species confined to fresh waters, the glaciated northern

European streams are species-poor, mostly inhabited by larger peripheral species. In southern
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areas (as in the Balcans, and in Iberian and Italian Peninsulas, especially at mountainous areas),
fish faunas are richer in endemic species, and colonization and isolation processes are likely to
be important. Generally, peripheral species - which live in salted and non-salted waters -
showed less geographical variation in species richness across Europe. Similar patterns were
found in North American streams (see McAllister et al., 1986; Moyle & Herbold, 1987).
Moreover, the relevance of peripheral fish dispersal past events throughout salt waters has

been evidenced (e.g. McDowall, 1999).

When considering alien biogeographical origin of species in the SW study, richness of
invasive species was associated with distinct landscape factors of those regarding native
species (Chapter 4). In fact, species with a foreign biogeographical place of origin — called
invasive or non-native - do not seem to be so well adapted to basins with low annual rainfall
as native species, where streams are less permanent and can dry-up or be reduced (e.g. Gasith
& Resh, 1999; Magalhaes et al., 2002). Current native assemblages are mostly limited by basins
species pool, which add support to the idea that the establishment and/or persistence of
native fish species in Mediterranean-type environments is mostly related with species
evolutionary history (see Magalhdes et al., 2002). Additional evidences underline the role of
past evolutionary events in other Mediterranean-type streams (e.g. Bonada et al., 2008). In the
current investigation, locally assemblages with established invasive species are correlated with
spatial attributes of the stream network, which indicates the importance of colonization and
dispersal processes for all assemblage members. Additional evidences on the relevance of such

processes in these Mediterranean-type fauna can be found at Pires et al. (2009).

Again, the hierarchical faunal filters

Regarding the hierarchical faunal filtering framework previously presented (Chapter 1), the
investigation performed allowed to identify the main factors and ecological processes

implicated in shaping Iberian freshwater fish assemblages.
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As pointed previously, evidences pointed that historical factors (as long term river
basins barriers) constitute the main drivers of current local assemblages of stream fish at large
extents (here at the IP), while current environment acts as a relevant filter in lower hierarchical
levels: within river basins level, current environment (as climate) showed being an important
constrain (here at some SW basins) to local species richness. Also, stream network
characteristics and, of less importance, stream topography, appear as pertinent within river
basins, likely most related with current environments. At intermediate hierarchical levels,
among some basins (as SW areas), climate revealed being a main constraint for invasive
species most likely because they originally evolved in foreign places and could not persist in
some areas. Figure 6.1 illustrates the hierarchical levels operating and, although processes at
stream reach level were not directly examined, the level is illustrated as it was considered

throughout the manuscript.

Iberian Peninsula species pool LARGE SCALE

Biogeographic history,
speciation, biological
attributes

asin
Dispersal of fishes trough
pathways according with
their abilities and
< Sub-basin > opportunities to disperse
Biotic and abiotic
— interactions

Local fish

assemblage SMALL SCALE

Figure 6.1 The hierarchical constraints of freshwater fish of the Iberian Peninsula from broader to finer temporal and
spatial scales. Arrows indicate the interconnection of both scales and filters. Local assemblages are the result of a
range of filters related with the landscape history of the Peninsula, the evolution of species and their attributes, the
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opportunities to disperse and colonize through time and across landscapes, and biotic/abiotic interactions between
species occupying their ecological niches (adapted from Smith & Powell, 1971).

6.3 Study key—strengths and weaknesses

This investigation constituted the first study on Iberian stream fish using recent taxonomical

advances,

large occurrences datasets, and new macroecological and biogeographical

approaches regarding data organization and analyses. Particularly, coupling biodiversity

databases with Geographic Information Systems (GIS) and various modern statistical

techniques allowed achieving the aims proposed, advance knowledge on the IP freshwater

fish, and added support to some ecological views in debate (see Allan & Johnson, 1997;

Johnson & Gage, 1997). The main key-strengths are identified below:

Spatial data on IP freshwater fish species obtained were compiled and are now

available at InFISH.PT and InFISH.IP.

Knowledge was added regarding the main constraints acting in some faunal filter

hierarchical levels:

Regarding IP freshwater fish assemblages, historical constraints were
evidenced; spatial patterns of assemblage composition were the basal
information to delineate the biogeographical provinces. Dispersal and
colonization are main ecological processes operating. Results do not disregard
the relevance of current environment constrains.

Regarding SW freshwater fish assemblages, local fish species richness was
related with a multitude of landscape factors. The species pool available and
the stream network spatial structure were important hierarchical faunal filters.

Results do not disregard the relevance of current environment constrains.

More stringent empirical tests are needed to obtain a sound basal knowledge

regarding freshwater fish broad-scale patterns.
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In spite there were no evidences pointing drawbacks that might have influenced the

results obtained, some aspects can be improved as:
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e Explicit measures regarding data completeness and bias in the databases are
important to attain. Such limitations were indentified and minimized before
analyses, but this likely weakness could be better managed with data quality
investments during data collecting and gathering (Chapter 2).
e Some factors tested are somewhat intercorrelated. Disentangling current
environment and spatial factors is being the focus of major concerns and debates
(see Currie 2007; Chapter 3).
e Some relevant factors might not have been addressed. It is the case of:
= QOther historical factors, as the influence of endorreic basins and sea level
fluctuations at the IP (Chapter 3).

= Both colonization pressure of invasive species (see Lockwood et al., 2009;
Wilson et al., 2009) and local influences (as habitat characteristics) at the SW
streams (e.g. Angermeier & Winston, 1998; Irz et al., 2004; Chapter 4).

= Human impacts on stream habitats, besides fish invasions (Chapters 3 and 4).

Accounting such factors on future studies might potentiate some of the findings
achieved here. For example, the role of biotic interactions, which have not been
considered relevant for this fauna on previous studies (e.g. Oberdorff, et al., 1998;

Peres-Neto, 2004) might be clarified, if properly examined (see Araujo & Luoto, 2007).
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6.4 Study implications

The present investigation is particularly directed to researchers dedicated to the ecological
matters addressed, especially those interested in understanding Iberian and Mediterranean-
type systems. Other potential readers are educators focused in public awareness of the natural
values, designers of biodiversity databases, and Natural History Museum staff. Concerning the
implications of the dissertation findings to managers, they are detailed below, since they might
constitute a useful tool for underpinning peninsular and regional conservation planning efforts
for Iberian stream faunas, particularly fish species. But beforehand, a picture of the ongoing

conservation and management concerns is presented.

Current environmental concerns

We now face challenges regarding the maintenance of the natural values and the services
provided in a changing world, which imply to attain immediate conservation and management
actions but also to forecast future scenarios (Sala et al., 2000; Rahel et al., 2008). Indeed, biotic
homogenization, climate change, and habitat destruction are serious concerns for freshwater
fish, with consequences predicted to be devastating when acting synergistically, and even
more for the increasing demands regarding waters services (see Revenga et al., 2000;
Daufresne & Boét, 2007; Rahel & Olden, 2008; Buisson & Grenouillet, 2009). South-western
Europe is experiencing a decrease and alteration of stream flows, due to the increasing
implementation of water reservoirs and other water uses. This is expected to be potentiated
by climate changes by provoking an increase in the severity of draughts, especially in streams
with a Mediterranean-type regime, with consequences already pointed regarding freshwater
fish (e.g. Magalhdes et al., 2007). The current rates of biotic homogenization, which might be
even more potentiated with the environmental changes described above, are expected to
have serious consequences beyond biodiversity loss in the functional characteristics of
ecosystems, with immediate and future impacts on ecological and evolutionary processes

(Olden et al., 2004; Clavero & Garcia-Berthou, 2006).
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Considerable efforts are in agenda of European Union (EU) countries to implement the
WFD by attaining the ‘good ecological state’ before 2015 at the basin level (EC, 2009; EEB,
2009 a,b). The European Environmental Bureau (EEB) has been stressing the opportunity to
restore Europe’s rivers by 2015 based on public consultations approaches and former
cooperation on building River Basin Management Plans, which set out the specific objectives
and actions necessary to restore the healthy ecology of inland waters, as well as the financial

and regulatory instruments required to do so (for a case study see Videira et al., 2009).

Regarding lberian Peninsula, although recent advances have been made for the
management and conservation of stream ecosystems and their biota, especially on increasing
(although insufficient) awareness of inland water problems (e.g. see information online at
www.icnb.pt, www.lpn.pt, www.mma.es), insufficient effective effort has been done to attain
main threats to protect stream faunas in both Iberian countries (e.g. Collares-Pereira et al.,
1999). Particularly, advances were made on designing areas to protect fresh waters (Filipe et
al., 2004 in Appendix Il), but effective efforts to protect watercourses and maintain
hydrological connectivity has been almost absent, resulting in the implementation of barriers
to fish dispersal, as dams, even at protected areas (the same as in other regions, see Pringle,
2001). Additionally, some non-native species are used for recreational fisheries activities, and
the economical value implicated triggers the human-induced colonization pressure, and it is
superimposed without proper balancing impacts on the remnant freshwater biota (Marta et
al., 2001; see also Clavero & Garcia-Berthou, 2006; Ribeiro et al., 2009). There are also
difficulties in integrating decision-making at the basin scale, in spite pointed as necessary in
the WFD, and a larger collaborative effort among existing river basin authorities is needed
(Allan et al., 1997; Collares-Pereira & Cowx, 2004; Naiman, 2009). For the Portuguese and
Spanish shared basins, the basin-scale management is even more difficult to attain (Sadoff et

al., 2008).
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Attaining effective conservation and management

As a general consequence of the work undertaken, it arises that the traditional local
approaches are not enough to accomplish challenges on both basic and applied research, and
on conservation and management of riverine fauna. Multiscale and integrative approaches
considering influences from fine to broader spatial and temporal scales constitute useful
frameworks for understanding, evaluating and predicting biodiversity patterns, and the likely
adaptations to current environmental changes. Indeed, multiscale and integrative broad-scale
frameworks have been recognized at a range of areas of society related with freshwater
natural resources, from research to jurisdiction and management (e.g. Allan et al., 1997;

Naiman, 2009).

Essentially, this dissertation highlighted the historical dimension of the patterns found
in nature regarding freshwater fish species diversity, which depend on processes such as
dispersal and colonization of organisms. This denotes that limitations to dispersal are an
important factor to consider regarding conservation and management of freshwater faunas
and ecosystems from across the Peninsula to within river basins. Such outcomes need to be
crossed with the ongoing conservation and management strategies of both Portugal and Spain.

Below, some aspects are addressed.

Specifically, the eleven biogeographical provinces delineated for the IP based on
freshwater fish species obtained can be a valuable tool on attaining the WDF aims by
facilitating resource inventories, monitoring, and coordination of for large-scale conservation
and management strategies (Fig. 3, Chapter 3). Knowing where species are and which can
occur in certain areas is essential to the establishment of effective conservation strategies (see
Abell et al., 2008, Zogaris et al., 2009 and references therein). The Iberian provinces proposed
contemplate recent taxonomy, and complete and accurate occurrence data, and were based
on exact basin limits using the similarity of assemblage species composition information (see

Appendix | for previous studies; Almaca, 1978; Doadrio 1988; Vargas et al., 1998; Mesquita et
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al., 2007). Moreover, information provided includes similarity of fish assemblages between

and within provinces (Chapter 3).

Knowing that freshwater fish biodiversity in the IP is strongly related with both
dispersal and colonization of organisms, and that long-term barriers to dispersal, such as
natural river basin boundaries, and within basin stream network contiguity are determinant

brings some implications to conservation and management strategies.

Firstly, it implies that management and conservation of freshwaters must be attained
at the basin and across basins scales. This consideration has been referred in other studies,
which recognized that river basins are functional units with well-defined barriers that must be
attained in investigation and management plans (Filipe et al., 2004; see also Moyle &
Yoshiyama, 1994; Puth & Wilson, 2001). Although Iberian protected areas cover only parts of
river basins and sub-basins, additional protection measures at those extents are required to
maintain aquatic natural values (Moyle & Yoshiyama, 1994; Angermeier & Winston, 1999;

Collares-Pereira & Cowx, 2004).

Secondly, it dictates that managers and conservationists cannot disregard the effects
of stream network rearrangements due to human impacts. Namely, the plan to build ten new
hydroelectric dams in Portuguese waters (www.inag.pt) should be reevaluated, as evidences of
the likely negative consequences are summing (e.g. Paterson et al., 2008). Moreover, dams are
not favourable additional impacts to the expected climate change and faunal homogenization,
since they reduce the habitats available and constitute dispersal barriers for native species,
whereas they benefit the spread and establishment of invasive fauna by increasing their
habitats, and routes of dispersal. Moreover, the likely alterations due to climate changes, as
the sea-level and stream flow expected shifts (Sutherland et al., 2006; see also Unmack, 2001)
can disrupt current fish dispersal pathways. Such connectivity changes in fresh waters might
also alter biotic homogenization rates (Rahel, 2007). From the results achieved, it seems that
predicting the freshwater fish distributions future shifts can be rather complex since the role of

historical and contemporary constraints might evolve. If current human induced
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environmental trends continue, the primacy of historical effects on fish distributions may not
persist. Current rates of biotic homogenization suggest that environmental effects will
eventually overwhelm effects of historical processes which take place much slower (see Sax et

al., 2007).

Identifying the basins more susceptible to fish invasion, as the SW basins in the
present study with higher annual rainfall, can be used as a tool for predicting and preventing
local invasions. But, as the pool of species dictates most of the species established locally, the
most effective measure is being precautionary and prevent any fish species introduction at the
basin scale, by acting on human induced colonization pressure, as was also defended in other

studies (see e.g. Ribeiro, 2008).

Not disregarding the items previously addressed, it must be underlined that having
high quality biodiversity databases is of great value, on acting and planning in face of current
freshwater biodiversity environmental challenges. To be achieved, urgent and concerted
efforts are needed on designing strategies for storage and manage data. Technicians,
researchers and Natural History Museum curators are recognized as the key-actors to improve

data quality, but financial and human investments are required.

Also, it must be mentioned that public awareness concerning freshwater biodiversity
and stream ecosystems must be in the top list of priorities to attain. Education of all, including
policymakers, about how humans affect the natural world and how biodiversity loss diminishes
life quality must be catalyzed by informed educators, researchers and technicians
(Angermeier, 2007). Increasing literacy of the relations among aquatic biodiversity, stream
ecosystems and services provided is indispensable to promote the sustainable use of natural

resources.

In a synthesis, protection of freshwater biodiversity constitutes a difficult task since it
is influenced by the upstream drainage network, the surrounding land, the riparian zone, for

which prerequisites are hardly met (Dudgeon, 2006). Immediate actions are needed where
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opportunities exist to set aside intact inland waters, while proceeding with data gathering and
research, and concealing human uses with biodiversity values. Adopting a continued and
adaptive management strategy and an investigation-action approach seems to be the right

option.
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Concluding remarks

“You might be a big fish
In a little pond
Doesn't mean you've won...”

Coldplay band music, 2008, in
lyric from “Lost “song
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Chapter 7

Concluding Remarks

The main aim of this dissertation was to examine the spatial patterns of species composition

and richness of freshwater fish inhabiting Iberian Peninsula. By using occurrence data at the

Iberian Peninsula and South-western area scales, the research conducted allowed to identify

the main driving factors and ecological processes, answering the questions initially raised. They

can be summarized as follows:

(A) The hydrological constraints formed since the Pliocene—Pleistocene constituted the

most obvious factor related to composition of native fish assemblages across the
Iberian Peninsula, and contemporary climate did not need to be invoked to explain
existing biogeographical patterns (Chapter 3). In the south-western part of the Iberian
Peninsula the pool of species of each river basin seems to be driving the local species
richness, for both native and invasive species; the distances throughout hydrological
network accounted for a major amount of variability in species richness, while
topography and climate landscape characteristics played a significant but minor role

(Chapter 4);

(B) The current patterns of freshwater fish species, across the Iberian Peninsula or in the

south-western area were strongly related with ecological contagious processes, such
as dispersal and colonization. This denotes that dispersal limitation is an important
factor to consider across all spatial and temporal scales, and has strong implications on
theoretical and applied research but also regarding conservation and management of
freshwater faunas and ecosystems, which need joint efforts of all Iberian regions to

obtain better results. It is essential to cross these outcomes with conservation and

193



Chapter 7

management strategies and actions for Iberian stream faunas, and fish species in

particular.

At last, Iberian freshwater fish assemblages emerged as being in non-equilibrium state
with contemporary environmental conditions, and contingent on species’ ability to disperse
through time via hydrological connections. Both past landscape events and evolutionary
history of species are much imprinted in the current assemblages. This knowledge is indeed
fundamental to the understanding of why we can find a species in a certain place, and goes far
beyond considering only local environment characteristics, as frequently done in freshwater

biodiversity assessments which are mainly based solely on local scales.

1.1 Future directions

While asking specific questions, new questions were raised. The analyses conducted generated

several ideas and hypotheses, and some can be pointed as topics for future research, as:

a Linking explicitly phylogenetic data might provide the missing historical information.
For example, regarding the study cases conducted here, the within genus genetic
variability and reconstitution of past hydrological events might help to understand
current regional patterns of Iberian freshwater fish assemblage composition;

b Examining the relative importance of possible faunal dispersal pathways created by
climate-driven sea-level fluctuations in the past might help to better understand the
dispersal consequences of sea-level fluctuations associated with current climate
change, which seems likely relevant for species constrained to fresh waters;

¢ Adding factors of human induced colonisation actions of non-native species seems a
promising approach on examining the key-properties of dispersal pathways, as
colonization pressure, genetic diversity, potential of colonization of coevolved species,
and establishment mechanisms. This will not only help to understand invasiveness

patterns and mechanisms, but also will enlighten ecological processes in general;
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d Examining local mechanisms, as species interactions, species life-histories and
biological attributes, and crossing with information on dispersal boundaries and
altered habitats will add relevant information how local processes that underline

spatial broad-scale patterns act.

Finally, especially relevant in future studies is to design efficient strategies of field
survey assessments that attain knowledge gaps of biodiversity databases, including
recommendation protocols on data collecting and gathering to all collectors. Specifically, main
recommendations are to examine the adequacy of fish sampling, the influence of merging
datasets of distinct sizes, and the influence of using specific data grains, as land-based grid-

cells.

As a general conclusion of the present dissertation, it arises that the traditional local
approaches are not enough to accomplish challenges on both basic and applied research, and
on conservation and management of riverine fauna. Multiscale and integrative approaches
considering influences from fine to broader spatial and temporal scales are essential
frameworks for understanding, evaluating and predicting biodiversity patterns, and the likely

adaptations to current environmental changes.

Thus our study may be considered as a knowledge basis to the definition of
conservation strategies in an |berian context and should help promoting public awareness
concerning stream ecosystems natural values and threats. Not disregarding this important
issue, freshwater conservation must be based on sound theory and high quality data. This
dissertation raised several new questions when trying to get accurate answers to the ones
initially proposed, but as referred biodiversity studies at large scales in Iberian freshwaters are
just beginning. At last, we hope to have contributed to evidence that there is still a long way to
go, by pointing out some of the current challenges and by opening new research avenues as

regards the topics under analysis.
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Appendix I.

Among the previous biogeographical provinces of fish species delineated for the
Iberaian Peninsula, those most referenced are presented below (Figures A1, A2).

Ebro-Cantabric

[
N
\

'S k. Y
- LY

‘: ._l_\

< Meridional

Figure A 1 Zoogeographical sectors considered by Aimaga, (1978) and recognized by Vargas (1998)
(A), and by Doadrio (1988) (B) (figure adapted from the referenced works). (A) The Ebro-Cantabric or
Cantabric (Ebro catchment and Cantabric region), the Central or Atlantic (Douro and Tejo
catchments, including also Turia, Jucar e Mijares catchments), and the Meridional or Mediterranean
(Guadiana and Guadalquivir catchments and the south region of Spain). (B) The northern Iberian
region, constituted by the basins of Ebro and Cantabric region, and the southern Iberian region that

includes the other basins in the Peninsula.
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Figure A 2 A detail of the zoogeographical sector considered by Mesquita el al. (2007) which
discerned areas in Meridional sector of Almaga (1978) by analyzing studying the evolutionary history
of some Iberian and north Arican fish taxa,. (figure adapted from the referenced works).
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Selection of Priority Areas for Fish Conservation

in Guadiana River Basin, Iberian Peninsula
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Abstract: We developed a species-by-species approach for selecting protected areas for conservation of native
Jfreshwater fishes in semiarid regions, with catchment as the fundamental landscape unit for conservation
efforts. Input data were composed of occurrences of freshwater fishes and landscape variables, and general
quantification of occurrence, abundance, and endemicity of each fish species, to derive an index of conser
vation value for each species. Probability of occurrence of each species was performed with logistic-regression
analysis based on the landscape variables and extrapolated to the entire study area with a geograpbic infor-
mation system. We estimated the conservation value of a stream reach by summing the predicted probability
of occurrence of each species multiplied by its corresponding conservation value. To define and select reseruves,
we used a threshold that maximizes conservation value of the stream reaches but identifies the minimum
number of reaches for protection. The approach was applied to native freshwater fishes in the Guadiana River
basin (soutbern Iberian Peninsula), which are threatened by the construction of two major dams. We used
the data from 1 sampling year (1999) to produce the models, which were validated based on data collected in
2000 and 2001. We used variables of climate (3), geomorphology (4), bydrology (7), and buman influence (6)
to build the predictive models, which revealed that native species occur over a wide range of riverine babitats,
with stream order and location in the basin the most frequently selected variables. The conservation value of
species varied considerably, with Anaecypris hispanica the bighest-ranked species. The catchments selected for
reserves were the mainstream of the Guadiana River (upstream and downstream of the Alqueva and Pedrogdo
reservoirs) and the Degebe, Ardila, and Enxoé catchments. OQur approach is a pragmatic way 1o address the
urgent need to protect Guadiana native fish species in light of the ongoing anthropogenic degradation of
aquatic environiments.

Key Words: Alqueva Reservoir, conservation areas, conservation index, Cyprinidae, distribution, freshwater
reserves, Iberian Peninsula, landscape variables, modeling

Seleccion de Areas Prioritarias para la Conservacién de Peces en la cuenca del Rio Guadiana, Peninsula Ibérica

Resumen: Desarrollamos un metodo especie-espectfico para seleccionar dreas protegidas para la conser-
vacion de peces nativos de agua dulce en regiones semidridas, con la subcuenca como unidad paisafistica
Jundamental para los esfuerzos de conservacion. Los datos de entrada fueron las ocurrencias de peces de agua
dulce y las variables de paisaje, una cuantificacion general de la ocurrencia, abundancia y endemicidad de
cada especie piscicola para obtener un indice del valor de conservacion para cada especie. La probabilidad
de ocurrencia de cada especie se obtuvo con andlisis de regresion logfstica basado en las variables del paisaje
¥ extrapolado a toda el drea de estudio con un sistema de informacion geogrdfica. Estimamos el valor de
conservacion de un tramo sumando la probabilidad de ocurrencia de cada especie multiplicado por su valor
de conservacion correspondiente. Para definir y seleccionar reservas, utilizamos un umbral que maximiza el
valor de conservacion de los tramos de rfo pero identifica el ntimero minimo de tramos a proteger. El método

tAddress correspondence to M. J. Collares-Pereiva, email mcolares@fc.ulpt
Paper submitted December 17, 2001, vevised manuscript accepted August 21, 2003.
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Jfue aplicado a peces nativos de agua dulce en la cuenca del Rto Guadiana (sur de la Peninsula Ibérica), que
estdn amenazados por la construccion de dos grandes embalses. Utilizamos los datos de un avio (1999) de
muestreo para producir modelos, que fueron validados con base en datos colectados en 2000 y 2001, Uti-
lizamos las variables de clima (3), geomorfologta (4), bidrologta (7) e influencia humana (6) para construir
los modelos predictivos, que revelaron que las especies nativas se distribuyen en un amplio espectro de bhabitats
riberefios, con el orden de rfoy su localizacion en la cuenca como las variables seleccionadas mds frecuente-
mente. Los valores de conservacion de las especies variaron considerablemente, con Anaecypris hispanica como
la especte de mayor jerarquia. Las subcuencas seleccionadas como reservas fueron el cauce principal del Rfo
Guadiana (aguas arriba y aguas abajo de los embalses de Alqueva y del Pedrogdo) y las subcuencas Degbe,
Ardila y Enxoé. Nuestro método es una manera pragmdtica de atender la urgente necesidad de proteger las
especies de peces nativas debido a la continua degradacion antropogénica de ambientes acudticos.

Palabras Clave: ireas de conservacion, Cyprinidae, Embalse del Alqueva, indice de conservacion, modelo

Filpe et al.

de distribucién, Peninsula Ibérica, Reservas de agua dulce, variables del paisaje

Introduction

Freshwater biodiversity is being lost at an alarming rate,
even more rapidly than terrestrial biodiversity and espe-
cially in semiarid and arid regions (Moyle & Yoshiyama
1994; Cowx & Collares-Pereira 2002), where demands
for water resources are growing. Efforts to conserve fresh-
water biodiversity are often lacking or ineffective, in part
because protected areas are usually created for terrestrial
biota (e.g., Williams et al. 1996; Kerr 1997; Lombard et al.
1997) with little consideration of the needs of aquatic
species (Crivelli 2002; Saunders et al. 2002).

The design of reserve networks must ensure the ap-
propriate representation and persistence of biodiversity
(Aratjo & Williams 2000; Margules & Pressey 2000). Saun-
ders et al. (2002) conclude that adequate selection of
freshwater reserves and adequate conservation efforts
can maintain freshwater biodiversity but, where desighed
to conserve freshwater biota, reserves often fail because
organizational processes (Angermeier & Winston 1999)
and threats to freshwater biodiversity are not necessarily
eliminated in the reserve selection. In fact, all life stages
and threats related to land use, altered hydrology, and in-
troductions of non-native species occur over scales much
larger that those typically encompassed by terrestrial re-
serves and generally can only be addressed at the catch-
ment scale, the fundamental landscape unit for conser-
vation efforts (Naiman et al. 1993; Moyle & Yoshiyama
1994; Puth & Wilson 2001; Crivelli 2002; Saunders et al.
2002).

Therefore, one of the key constraints on progress in the
conservation of freshwater fishes is proper selection of re-
serves that can support conservation objectives. This is
a fundamental issue in the European Union, where coun-
tries are required to designate “special areas for conser-
vation” under the Habitats Directive 92/43/EEC, the so-
called Natura 2000 network. Despite many fish species
being threatened in Europe (World Conservation Union
2000), few sites have been proposed or designated for
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conservation. Some procedures have been proposed to
rank freshwater areas based to a certain extent on ex-
pert opinion (e.g., Rabe & Savage 1979; Maitland 1985;
Minns 1987), but these fail to use objective or quantitative
criteria for decision support or independent validation.
Winston and Angermeier (1995) focused on density as an
indicator of source populations and low extinction prob-
ability and therefore high population persistence. This
procedure invokes source and sink dynamics—which are
crucial when fresh waters are involved because local ex-
tinction is common, especially in semiarid regions—but
it does not have a landscape-scale perspective. The ap-
plication of gap analysis that defines complementary ar-
eas within a landscape (Rowe 1997; see aquatic GAP
Analysis, http://www.gap.uidaho.edu/Projects/Aquatic/
default.htm) has been proposed as an additional step in
the prioritization of freshwater conservation areas for
addressing quantification and nonarbitrary criteria, but
the metapopulation aspects referred to above were not
included.

Here we present a methodology for selecting important
areas for the conservation of native freshwater fish on a
regional scale based on quantifiable criteria integrating
the concept of metapopulations.

We provide a protocol for reserve selection in which
the main conservation goal is to protect species of limited
distribution and abundance, through protecting catch-
ments that may support the source populations of valued
species. The procedure is based on a weighted ranking of
species and reaches and on probability models of species
occurrence.

The specific objectives of this work are to (1) present
detailed steps of a new method to select freshwater re-
serves, (2) apply the method to a real case study, (3) point
out possible sensitivity of the method in the face of data
limitations, and (4) give insights into the management
of the proposed freshwater reserves and conservation of
the freshwater fish species. To achieve these objectives,
we present an overview of the approach and illustrate
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its application with the case study of native freshwater
fishes in the Guadiana River basin, a semiarid region with
growing pressure on water resources.

Methods

Study Area

The Guadiana River basin, located in the southwestern
Iberian Peninsula, originates in Spain at an elevation of
1700 m and flows south to the Atlantic Ocean through
Portugal. The basin area is 66,960 km? and has a typ-
ical Mediterranean hydrological regime of highly intra-
and interannual discharge variation, with severe droughts
and floods (Gasith & Resh 1999; Cowx & Collares-Pereira
2000). During summer, most streams are reduced to a
series of isolated pools.

In the last 20 years, water-development schemes have
been constructed in this basin to supply water for agri-
culture and human consumption. The most important is
Alqueva Reservoir, in the Portuguese middle reaches of
the Guadiana River, which was under construction during
the study period but is now being filled (dam closed in
February 2002). Alquevaand Pedrogio, another reservoir
still under construction further dovmstream, will flood a
combined area of 262 km?.

The study area is in the middle region of the Gua-
diana River basin and encompasses 5900 km? (Fig. 1).

o Sampling sites
Il Existent reservoirs
™ Border of Portugal and Spain

Pedrogédo reservoir
o 20 Kilometors
E
\:euk‘. \/)
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Hevation ranges from O to 650 m, and riparian vege-
tation is sparse and dominated by the genus Fuxinus
L, Nerium oleander L., and Securinega tinctoria (L)
Rothm. The soil is schistderived and highly imperme-
able. Groundwater is scarce. The watercourses studied
include 140 km of the Guadiana River and 11 tribu-
taries, 10 of which will be inundated in their dowvm-
stream reaches when the two reservoirs are full. The
region supports a diverse freshwater fish fauna com-
prising 11 primary native species: the 4 barbel species
(Barbus comizo, Barbus sciateri, Barbus steindachneri,
Barbus micvocepbalus), the 2 nase species (Chondros-
toma willkommii, Chondvostoma lemmingii), Anae-
cypris bispanica, and Salaria fluviatilis are all classified
as threatened (Servigo Nacional de Parques [SNPRCN]
1991). Only the Sgualius albumoides complex, Squal-
ius pyrenaicus, and Cobitis paiudica are not threatened
(SNPRCN 1991). These species are endemic tothe Iberian
Peninsula, except S. fuviatiis, a circum-Mediterranean
endemic. There are also 9 exotic fish species (Cyprinus
carpio, Carassius auvatus, Tinca tinca, Lepomis gibbo-
sus, MicvoPterus salmoides, Hervichtbys facetum, Gam-
busia bolbrooki, Esox lucius, and Ameiurus melas). The
distribution patterns of the native species are highly vari-
able, both through time within a stream (Pires et al.
1999)and through space within a catchment (Filipe et al.
2002). Some studies suggest that the endemic cyprinids
move upstream to reproduce in spring and dovmstream

Figure 1. Sampiing sites in
the middie vegion of the
Guadiagna River basin,
Portugal, inciuding the
designation of the rivers or
tributaries (the same as the
corvespondent catchments)
and of the existent
reservos.
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to avoid the harsh drought conditions during summer
(Collares-Pereira et al. 2000a; Ribeiro et al. 2000). The
range and abundance of many native fishes has declined
(e.g., Collares-Pereira et al. 20004, 20006); by contrast,
alien species are flourishing, mainly because they are
adapted to the lentic conditions typically found in the
numerous impoundments (Godinho & Portugal e Castro
1999; Collares-Pereira et al. 20008€; Corbacho & Sanchez
2001).

Fish Data

During 1999 we selected 110 sites extended across the
11 catchments and in the main river, maximizing the river
distances within each catchment (Fig. 1). Where possible,
we collected several samples from a site in different sea-
sons to improve the completeness of species lists (27 sites
sampled 2-6 times, for a total of 207 surveys). Ninety-six
new sites, in addition to the 27 referred to above, were
sampled in 2000 and 85 in 2001. Sites were 30-50 m long
and representative of the habitat types available in the
reach. We sampled sites with electrofishing (pulsed direct
current, 300/600V, 4-6A, without block nets) for 15 min-
utes to estimate the presence or absence and abundance
of each fish species. Site length was proportional to river
width. Capture-efficiency estimates are not available for
the area, but previous studies indicate that this sampling
effort was sufficient to capture most species present, ex-
cept in large river sites (Collares-Pereira et al. 20005). All
fish were returned alive to the river after we identified
individuals to species. However, cyprinids <2 cm in to-
tal length (TL) and juveniles of the genus Barbus (TL <
10 cm) were excluded from further analysis because they
could not be reliably identified to species. On some oc-
casions we could not distinguish two of the four barbel
species (B. steindachneri and B. sclateri) as adults (TL >
10 cm), so we used the term B. steindachneri/sclateri for
these species.

Landscape Variables

Because occurrence data can be incomplete and biased
toward accessible sites, in the first step of our protocol
we applied a predictive model approach based on species
occurrence, with landscape variables as a surrogate of
complete data to supply information on species ranges
(Borjéquez-Tapia etal. 1995). This approach also may clar-
ify whether environmental changes will affect the proba-
bility that a target species will inhabit a specified location
(Fleishman et al. 2002).

We acquired data on the landscape variables from
across the region (vectorial digital maps with resolutions
of 1:100,000 to 1:1,000,000) from Comissio Nacional do
Ambiente (CNA 1983) and Empresa de Desenvolvimento
e Infra-Estruturas de Alqueva (EDIA 1995-1999). Of the
20 landscape variables used for species modeling, 3 were
climatic, 4 were geomorphological, 7 were hydrological,
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and 6 were related to human influence; all were treated
in a geographic information system (GIS), ArcView 3.2
for Windows (Environmental Systems Research Institute),
and converted into several classes (Appendix 1). The
size and number of classes depended on the data avail-
able, resulting in a somewhat arbitrary class structure.
‘We calculated some of the landscape measures in a GIS by
using the original landscape layers (designated “derived
from” in Appendix 1). All layers were clipped with a tem-
plate map for the river hydrological network (resolution
1:1,000,000) (CNA 1983), resulting in 20 linear landscape
layers in which each line represents a stream reach G.e.,
a continuous array of poolriffle configurations) bounded
by the size and shape of the polygons of original land-
scape layers (resolution 1:1,000,000).

Modeling Analysis: Prediction of Species Occurrence

We constructed a logistic-regression model for each
species to identify the landscape variables that are the
best predictors of species occurrences, allowing further
extrapolation for unsampled areas (see also Hosmer &
Lemeshow 1989; Brito et al. 1999; Filipe et al. 2002).

‘We combined the 20 linear landscape layers of the land-
scape variables into a single layer in a GIS and overlaid
it with point data on species presence or absence, re-
sulting in an output matrix that included information for
all sampling sites on species presence or absence and
the nearest value of each landscape variable. For pairs
of variables with a correlation coefficient Kendall-Tau &
(Norusis 1995) of >0.75, we excluded the variable with
the less clear biological interpretation (Mladenoff et al.
1995). Next, we built a data matrix for each species. Be-
cause predictive success is sensitive to the proportion
of presences (Hosmer & Lemeshow 1989), for species
that did not have 40-60% of sites with species present,
we randomly selected rows (i.e., sites) to ensure a sim-
ilar number of presences and absences (i.e., a subset of
40-60% of presences) (Brito et al. 1999).

For building each model, we chose the best combi-
nation of predictive variables with step-wise selection
(Hosmer & Lemeshow 1989; Wald’s test with probabil-
ity of entry = 0.15 and probability of removal = 0.20).
Categorical variables were codified as dummy, and in-
teractions between variables were included in the vari-
ables selection. We assessed the goodness of fit of each
model—how well the model described the data used on
its construction—with a G test (statistics based on the
likelihood ratio) and a classification table that includes
correct classification of presences, absences, and total
correct classification (TCC) (Tabachnick & Fidell 1996).
To validate each model—how well the model describes
new data—we used the year 2000 data set (96 new sam-
pling sites, localized on the same study area) and com-
pared the TCC of these observed occurrences against the
ones predicted by the model generated with the 1999 data
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set. We also constructed logistic-regression models with
the data from 1999-2001 (summing 291 sampling sites)
to compare TCC rates with those obtained with models
built only with 1999 data. For calculation of correct classi-
fications, we transformed probability of occurrence into
a binary variable of presence or absence of the species,
with presence assigned at =0.5 (i.e., cut-off point of 0.5).
We used SPSS 7.0 for Windows (Norusis 1995) for statis-
tical analyses.

We extrapolated species probability of occutrences for
each reach across the entire study area based on the mod-
els above. Because the landscape variables were defined
at different resolutions, each layer of species probability
of occurrence had the coarsest resolution of variables in-
cluded in the model.

Conservation Value of Species and Reaches

To select priority areas for conservation of watercourses
in the region according to the predetermined conserva-
tion goals, it is necessary to maximize biodiversity rep-
resentation based on the available species data. There-
fore, for the second step we used a method that ranks
stream reaches according to probability of occurrence
of a species, taking into account whether the species is
endemic to a particular area and whether it is rare or
abundant.

For the quantification of the relative conservation value
of each species (VS), we used data on frequency of oc-
currence, total number of captured individuals of each
species, and evaluation of the degree of endemism, assum-
ing that the aggregation of these three criteria quantifies
the species’ relative importance for conservation better
than occurrence alone. Therefore, the conservation value
for species & (VSp) is

1/0 1/In7; 1/Eg
d=s + 5 =3
Zi:l 1/0; Zi:l 1/In7; Zi:l 1/E;
V&, = 3

x 100,

where § is the number of species considered, Oy is the
total number of sampling sites where species & occurred
in all samples, T is the total number of captured individ-
uals of species kin all samples, E}, is the endemic value of
species k according to its distribution range (the species
with lowest value has the most restricted distribution),
and a, b, and c are weighting factors that may vary accord-
ing to the importance placed on conserving distribution
(@), abundance (»), or endemicity (¢).

We constructed this index so that the sum of the con-
servation values of all species considered would be 100,
which was true as long as ¢ + & + ¢ = 3. The scores for
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species endemism were 1, Guadiana endemic; 2, Merid-
ional Sector of Iberian Peninsula endemic (sensu Almaca
1978); 3, Iberian endemic; 4, circum-Mediterranean en-
demic. Because most species encountered in the case
study are endemic to Iberia or the Meridional Sector, the
weighting for endemicity (¢) in the index was attributed
a lower weight (¢ = 0.6) than species distribution (@ =
1.2)and species abundance (b = 1.2). We assigned greater
weight to the latter two variables because our conserva-
tion goal was to select priority watercourses at a regional
level. This weighting needs to be adjusted to fit the conser-
vation goals and scenario to which the approach is being
applied. For example, in the extreme case where the en-
tire range of each species isincluded in the study area, the
endemism value () and number of occurrences (Op) are
necessarily redundant, and Ej should not be considered
c=0).

The conservation value of each areaj (j =1,..., N)
(VA)) across the study region was calculated as the sum
of the products of the probability of occurrence of each
species at each area and the corresponding species con-
servation value (VS):

S
VA; = ) (Py x VSp),
k=1

where Py, is the probability of occurrence of species kin
area j and VS;, is the conservation value of species k. The
conservation value of area j varies between 0 and 100.

In the case study we present, the area j is better de-
scribed as reach j, so we refer to VAj as the conserva-
tion value of each reach j. We constructed the layer of
the reach conservation value in GIS based on the layers
of probability of occurrence of each native freshwater
species.

Priority Areas for Conservation

At the third step of our framework, to define the thresh-
old of VA, the value above which the reaches are selected
for reserves, we plotted a cumulative-frequency curve of
reaches with increasing VA values, excluding those to be
flooded by the resetvoirs. The threshold VA optimizes the
relation of VA and the watercourses to be protected G.e.,
the highest VA with the minimum number of selected
reaches). This value is identified by the stabilizing point
of the curve referred to above. Thereafter, the catchments
layer was overlaid with those selected reaches, allowing
the identification of the catchments with the majority of
reaches with VA above the threshold because the catch-
ment scale is the fundamental landscape unit for conser-
vation of freshwater fish. All watercourses that link the
selected catchments must be considered to act as cor-
ridors and ensure continuation of the regional ecologi-
cal processes necessary for maintaining freshwater fish
diversity.

Conservation Biology
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Table 1. Goodness-of-fit measures (6 test results and percentage of correct classification of the predictions vs. observations) and explanatory
variables of the occurrence models (including the estimated coefficients 3 and the wald test results) for native freshwater species (except

Anaecypris bispanica) in the middle region of the Guadiana River basin.

Overall model®

Explanatory variables

Species G(p) 1ccC

Barbus steindachneri/sclateri 8.404 (0.015) 81.2

Barbus comizo 14.826 (0.001) 80.0
Salaria fluviatilis 24.957 (0.000) 78.3

Chondrostoma lemmingis 29.566 (0.000) 76.7

Chondrostoma willkommit 16.963 (0.001) 739

Squalius pyrenaicus 23.539 (0.000) 72.2

Barbus microcephalus 27.868 (0.000) 72.0

Squalius alburnoides complex 10.385 (0.006) 70.9

Cobitis paludica 13.921 (0.001) 63.0

Pcc AcCC variable® Be Wald (p)
82.4 79.4  TRI 0.334 1.145 (0.285)
ORD 0.707 14.583 (0.000)
85.7 76.2 EVA x ORD 0.484 7.201 (0.007)
TEM 2.141 6.039 (0.014)
70.8 78.3 ORD 0.952 14.350 (0.000)
DDO —-0.508 4.553 (0.033)
75.0 77.8 ORD —1.220 10.756 (0.001)
DGU 0.539 5.923(0.015)
WAT 1.079 4.638 (0.031)
61.5 82.1 ORD 0.622 6.172 (0.013)
DGU 0.383 5.034 (0.025)
POL —0.328 3.308 (0.069)
55.6 83.3 DGU 0.501 14.663 (0.000)
ROC —0.497 6.166 (0.013)
70.8 73.1 ORD AT709 15.625 (0.000)
Dam
Dam (1) 1.257 0.032 (0.858)
Dam (2) 3.187 0.205 (0.650)
POL 0257 3.144 (0.076)
93.9 36.4  POL —0.240 3.279 (0.702)
SOL —-1.137 5.635 (0.018)
483 850  ROC —0.756 9.825 (0.002)
soL —0249 0.409 (0.522)

% Abbreviations: TCC, percentage of total correct classification; PCC, percentage of presence correct classification; ACC, percentage of absence

correct classification.
YVariables ave defined in Appendix 1.
€ B-estimated coefficients.

Results

Modeling Analysis: Prediction of Species Occurrence

The predictive models for species explained most occut-
rences (Table 1; all G tests were significant, p < 0.05)
except for the rarest species, A. bispanica, for which the
G test was not significant and most of the occurrence
predictions were wrong. For the other rare species, pre-
diction accuracies were high, although for C. willkowmmii
there were considerable errors of omission (species de-
tected but not predicted). Also, S. pyrenaicus and the
abundant C. paludica had more omission than commis-
sion errors (species not detected but predicted). Only
the most abundant, the S. alburnoides complex, had
higher commission errors. The model for C. paludica
had the lowest total correct predictions (TCC = 63%),
whereas the B. steindachneri/sclateri model had the
highest (81%). The models constructed with data from
1999, when validated with the data from 2000, yielded
lower, but similar TCC for each species (average change
per species of TCC between the two data sets: 8.02%).
Furthermore, modeling based on 1 year of data seems
acceptable for the presented case study because models
constructed with 3 years of data improved predictive abil-
ity little (3.09% of average change per species of TCC).
Stream order and location in the basin played an impor-
tant role in the occurrence of species (Table 1), as illus-
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trated by maps of the predicted distribution (Appendix 2).
Human influence also constrained species distributions,
in particular for B. microcephalus. C. willkommii, B.
comizo, B. wmicrocephalus, B. steindachneri/sclateri
group, and S. fluviatilis all occurred in large streams, and
the last species occurrences were close to the Alqueva
Dam area. The first species occurred in reaches distant
from the main river and away from sources of pollution.
Among the barbels there were several differences in oc-
currence that suggest different habitat requirements: B.
comizo occurred in regions with high air temperatures,
B. microcepbalus in areas upstream of dams with no pol-
lution source, and B. steindachneri/sclateri group mainly
in the northern watercourses of the study area. C. lewm-
mingii occurred at sites distant from the main river with
small stream orders and abundant groundwater. Some
species distributions were related to geomorphological
variables, namely those of S. pyrenaicus, S. alburnoides
complex, and C paludica. The latter two species oc-
curred in areas with acid soils, and C. paludica was as-
sociated with sedimentary rocks. S. pyrenaicus occurred
in watercourses distant from the main river, and the S,
alburnoides complex did not occur in highly polluted
waters.

Conservation Value of Species and Reaches

The conservation value of species varied considerably
(Table 2). A. bispanica had the highest consetvation
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Table 2. Conservation value for each of the native freshwater fish
species (VS) in the middle region of the Guadiana River basin and the
data used for calculation.

No, of
sampling No. of
sites with  captured  Endemic

Species occurrence fndividuals value® Vs
Anaccypris 7 58 1 22.68
hispanica
Barbus comizo 14 37 3 14.33
Chondrostoma 24 554 2 0.38
lemmirgit
Sclaria fluviariis 24 274 4 8.94
Chondrostoma 26 352 1 11.15
willkommit
Barbus 48 1032 1 8.89
microcephalis
Squalius pyrenaicus 38 576 3 7.32
Cobitis paludica G0 874 3 619
Barbus G4 2553 2 3.18
steindachrers/
sclarers
Squalius 79 8581 3 4.95
alburnotdes
complex

*Endemism value of the species according to its distribution vange:
1, Guadiana endemic; 2, Mevidional Sector of Iberian Peninsula
endemic (sensu Almaca 1978); 3, Perian endemic; 4,
Circem-Mediterranean endemic,

value because it is a rare species endemic to the Guadiana
River basin. B. comzizo had a lower endemism value but
was ranked second in conservation value because of its
rarity and low total abundance. §. gibusnoides complex
had the lowest VS value because it was the most abundant
and widespread taxon.

A

N
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—
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The Guadiana River reaches, downstream reaches of
the biggest tributaries (Degebe, Alcarrache, and Ardila),
and some smaller southern tributaries { Enxo€, Marmelar)
had the highest conservation values (Fig. 2a). Because it
was impossible to model the species 4. bispanica, the
sites where this species occurred were overlaid on the
VA map to ensure that the areas where it occurred were
included (for a similar approach see Borjéquez-Tapia et
al. 1995). All occurrences were in watercourses that al-
ready had a high conservation value, except for the Alamo
catchment. This catchment was highly polluted in the
downstream reaches, but there was a small area in the
headwaters where A. bispanica occurred.

Priority Areas for Conservation

The optimum VA for selecting reaches as reserves for
conservation was =53, which would designate 15% of
the study area (Fig. 3). To include the corridors between
reserves, however, we used a cut-off point of VA > 45,
which designated 40% of the reaches for protection. Af-
ter overlaying the reaches equivalent to VA > 45 with the
catchment polygons, the selected reserves were the main
stream of the Guadiana River (upstream and dovmstream
of the Alqueva and Pedrogio reservoirs) and the Degebe,
Ardila, and Enxoé€ catchments (Fig. 2b).

Discussion

Selecting Priority Areas for Conservation

Our method is a practical way of ranking watercourses
for conservation based on probability of occurrence of

Figure 2. (@) Conservation
value of each reach

Dresented in four classes
(miinimum 10 and
maximum 100) and (B)
Driovity catchments for
Area conservation value (VA) & 'erizg‘sﬂegglzsmh conservation within the
3544 2 VA <45 middle vegion of the
B, 45 - 52 I VA >=45 Guadiana River basin,
B 53- 100 {77771 Priority areas for conservation ngaf.
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Figure3. Cummlative frequency curve of veaches
conservation vaive ( VA) of the middle region of the
Guadigna River basin, excluding veacbes that wil be
Jlooded by the veservoirs. The stabilizing point of the
curve defines the optimum VA, the lower VA of 45 is
the suggested value to ensuve the existence of
ecological corvidors between reserves to be selected.

species and criteria for rarity, abundance, and endemic
value. In the application presented, the group of selected
catchments represented all native fish species and was re-
quired to contribute to species persistence. Despite crit-
icism (e.g., Smith & Theberge 1987; Williams & Aratjo
2002), the use of aggregating criteria assessments was
considered necessary because we assumed that an area’s
conservation value must take into account the relative
importance of highly vulnerable species with localized
distributions rather than merely species richness. The
method also did not require intensive field surveys of fish
species abundance, which is often a limitation in describ-
ing freshwater fish communities.

The cumulative frequency curve of reaches with in-
creasing VA values can define the threshold of VA values
and therefore the percentage of area that optimizes the
criteria used. Furthermore, it is possible to present differ-
ent reserve scenarios to land-use managers according to
conservation resources. For our case study, we suggested
a VA value lower than optimal to ensure the inclusion of
corridors between protected areas.

Areas for conservation were recognized based on the
modeling of species occurrence in a GIS environment.
When GIS is used with modeling techniques for pre-
diction occurrences, complex relationships can be elu-
cidated and predicted, improving one’s ability to exam-
ine correlations and advance hypotheses over larger and
more heterogeneous regions than was previously possible
( Johnson & Gage 1997). The GIS technology isalsoa prac-
tical way to produce visual images of landscape patterns,
thus enabling development of spatially explicit manage-
ment plans. Furthermore, the use of predictive models
of species occurrence is advantageous because data on
species distribution are often limited, and predic tive mod-
els can overcome the need for expensive and extensive
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biological surveys (Prendergast et al. 1999). Also, logis-
tic modeling helps managers understand the implications
for species occurrence of altering the natural conditions
by considering the influence of each variable included in
the models.

Expert opinion is needed for cases with rare and un-
modeled species at the final stage of the evaluation to
verify whether the selected areas include the occurrence
ofthose species. In our case study, for example, the Alamo
catchment was not selected despite the presence of an
isolated population of A. bispanica. This species had the
highest conservation value but was too rare to achieve
a model fitted to data. Thus, planners and conservation
managers should consider protecting and rehabilitating
the Alamocatchment. The decision must, however, weigh
both the need to ensure the species protection and the
social and economic costs of rehabilitating a highly de-
graded river.

Our data have limitations that may constrain their in-
terpretation. First, sampling coverage may be a problem,
mainly for rare and low-abundance species with a low
probability of detection and for juveniles, because most
of the sites were sampled only once and sampling effort
may have been insufficient. Therefore, to assure that the
models constructed have minimum bias relative to missed
rare species and juveniles occurrences, we suggest that
future researchers (1) quantify the probability of capture
of the sampling protocol with data from intensively sam-
pled sites and (2) test the sensitivity of the models to
detecting uncertainty. This way detectability can be incor-
porated into the models (Stauffer et al. 2002) and survey
protocols can be developed to assure the likelihood of
detection, especially by defining the number of repeated
visits needed for each sampling unit. Furthermore, the use
of additional sampling methods and improving species
identifications in the field should ensure detection of all
individuals present and consequently the inclusion of all
habitats needed by fish to complete their life cycle in the
selected reserves (Schlosser 1991; Paller 1994)

The second limitation of our data is that the regres-
sion analysis assumes that variables are independent, but
spatial autocorrelation among sites can increase the prob-
ability of committing a Type I error (Legendre 1993). Ir-
respective of sampling strategy, quantification of spatial
autocorrelation is advisable in future analyses (Magalhaes
etal. 2002).

Third, model accuracy seemed to be affected by ecolog-
ical attributes of species such as the seasonal migration of
fishes. This might explain some incorrect classifications
in our models: for C. wilkommnii the errors of omission
were probably due to their aggregating behavior during
migration. Furthermore, many species are confined to
permanent refuge pools during the dry summer period,
which can also lead to misclassifications. Omission errors
with §. pyrenaicus and C. paiudica suggest a weak habi-
tat association with the landscape surrogates used. Only
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the most abundant species, the S. alburnoides complex,
had higher commission errors, probably because it occu-
pied a wide range of riverine habitats in the region and
sufficient absence data was lacking (absences = 36.4%)
(Table 1).

Fourth, other factors, such as failure to incorporate crit-
ical habitat variables with the proper scale, can be respon-
sible for incorrect classifications. In addition, insufficient
spatial resolution in the mapped environmental variables
may be increased by arbitrarily choosing the classes used
in landscape variables (number and cut-off point). Testing
the freshwater landscape variables used to detect patterns
and a sensitivity analysis of the models to the class struc-
ture and scale used should be conducted in the future
(Hill & Binford 2002; Pearce et al. 2002).

In short, predictions from our species-by-species mod-
els may contain some level of error due to data limitations
that need quantification, such as detection uncertainty,
spatial autocorrelation and ecological characteristics of
species, and other unmeasured factors. Despite these
weaknesses, the validation with a distinct data set from
the same landscape increased our confidence in the mod-
els and in the reliability of the conservation value of
species and of areas. Also, the comparison with the 3-year
data set for the same study area suggests that 1 year of
sampling under nonextreme hydrological conditions can
provide presence and absence data for modeling, and in-
dicates that the assigned models can predict species oc-
currences across distinct sites (at the same study area) and
years. However, the data collected cannot address long-
term shifts in population dynamics and species ranges, so
larger spatial and temporal data need to be considered.
Qur approach is a general procedure that can be used
with diverse taxonomic groups and ecoregions at differ-
ent grains and extents to determine areas of high conser-
vation value. As in our case study, evaluation of the nature
and magnitude of the prediction error of the models is
imperative for identifying particular weaknesses of indi-
vidual species models and their applicability to reserve
selection.

For selection of areas to protect rare species, iterative
methods are advisable to ensure representativeness, be-
cause it is not necessary to do an a posteriori overlap
analysis as we performed here for the rare species A
hispanica. Therefore, the species modeling and reserve-
selection methods we present, when applied to regions
with several rare species or a high number of species
(a frequent situation in large study areas), may be inad-
visable. Also, some researchers (e.g., Pressey & Nicholls
1989) have compared the efficiency of scoring versus it-
erative approaches to achieve maximum species richness
in a minimum number of reserves and indicate that the
former are less efficient, at least with presence and ab-
sence data. Despite this argument, we consider the scor-
ing approach appropriate for identifying a reserve net-
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work where the presumably persistent populations of un-
common, rare, or endemic species are represented. But
the assessment of probability of extinction of freshwa-
ter species in the selection of conservation areas through
iterative approaches should also be developed, as in ter-
restrial landscapes (Aratdjo & Williams 2000). Such an ap-
plication is independent of expert opinion and avoids the
use of weighting on the conservation-value-of-species in-
dex and thus increases the reliability of future decision-
making. Although the method raises questions about the
patterns and processes of freshwater environments, in-
vestigations are still needed into how to explicitly quan-
tify metapopulation dynamics, connectivity, and species
persistence, and how to measure freshwater landscape
factors and detect freshwater patterns.

Management Considerations

Once reserve areas have been selected, they must be
integrated within a basin-management approach to har-
monize development opportunities and exploitation of
aquatic resources (Meffe 2002). There is also a need for
ecologists, conservationists, social scientists, and stake-
holders to negotiate use rights (Cullen et al. 1999). In
multinational water bodies, such as the Guadiana River
basin, international collaboration is needed, and all so-
cial, economic, and political constraints should be consid-
ered. Additionally, the establishment of discrete reserves
is not enough to protect freshwater fishes (Angermeier
2000; Meffe 2002). Interventions upstream or down-
stream must be consideredin the management of reserves
because these activities could have implications for the
species for which the reserve is designated (Cowx &
Collares-Pereira 2002). In particular, the construction of
a dam outside of the reserve network has implications
for the recolonization of each reserve area because it may
disrupt migration pathways. Similarly, the introduction of
alien species elsewhere in the watershed may have long-
term implications if the introduced species is able to dis-
perse into thereserves. In our case study, the Alqueva and
Pedrogio reservoirs will create unsuitable habitats for na-
tive fishes by affecting their movement and enhancing
the populations of exotic species. In addition, the lack of
facilities for fish passage around Alqueva has permanently
isolated the populations upstream and downstream of the
dam.

Freshwater fishes throughout the world are now in
peril because conservation efforts targeting them have
been weak and little has been done to protect the habi-
tats of endangered species. The approach we propose
offers a defensible methodology to identify areas to pro-
tect vulnerable populations of high conservation value.
It represents an additional and valuable problem-solving
tool for conservation managers in protecting freshwater
fish diversity for future generations.

Conservation Biology
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Appendix 1. Digital variables considered in developing the model of occurrences for native species in the middle watercourses of the Guadiana

River basin, with examples of their use in the literature.

Variable Description* Class (dass interval) References
Climatic
TEM average annual air temperature ° C¥ 1(<16); 2 16-17.5);3 (>17.5) Paller 1994; Oberdotff et al.
1995
PRE average annual precipitation (mm)* 1 (400-500); 2 (500-600); 3 (600-700) Paller 1994; Rahert et al.
9
EVA average annual evapotranspiration (mm)* 1 (<400); 2 (400-450); 3 (<450
Geomorphologic
SOL s0il pH* 1 (acid); 2 (heutral); 3 (alkaline)
SOL s0il typeb 1 (cambisoils); 2 (litosoils); 3 (luvisoils); 4 (vertisoils)
ROC rock type (lithology)b 1 (clastic); 2 (sedimentary rock); 3 (intrusive igheous rock); 4 Norris & Thoms 1999
(metamorphic rock)
ELE elevation (m)° 0(0); 1 (100); 2 (200); 3 (300) Notris & Thoms 1999;
Pusey et al. 2000
Hydrologic
DGU distance to the main river (km)? 0(; 1 A-9; 2 A0-1D; 3 (20-29; 4 B0-3D); 5 (40-49; 6 Osborne & Wiley 1992
(50-59); 7 (60-69
DMO distance between site and Guadiana mouth (km)? 1 (108-139); 2 (140-159); 3 (160-179); 4 (180-199); 5 Pusey et al. 2000
(200-219); 6 (220-239); 7 (240-259)
TRI distance between tributary mouth and Guadiana 1 (106-139); 2 (140-16D; 3 (170-19D; 4 (=200) Osborne & Wiley 1992
mouth (km)*
BAS catchment® 1 (Alamo); 2 (Alcarrache); 3 (Ardila); 4 (Asseca); 5 (AzevéD); 6 Matthews 1998

(Degebe); 7 (Enxo€); 8 (Guadiana); 9 (Lucefécit); 10
(Marmelan); 11 (Odearce); 12 (Zebro)

continued
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Appendix1. (continued)

Variabie Description* Qass (class inerval) References
ORD stream order by Strahler—see Beaumornt (1075 1C1); 22% 334 (455X G(> @) Faller 1004 Pusey etal.
2000
FLO average anmual nnoff (ram)® 1(50-100); 2 (100-150); 3 (150-200) Poff & Allan 1995
WaAT undarground water resources (m/ [day km?] 1(50) 2 (250); 3 (300) Brunke & Gorser 1007
Huran influence
Lan land wse® 1 (arable farming); 2 {grazing andfor holm and cork caks), 3 Schlosser 1991; Allan 2t al.
(subra aditerranean policultare) 1007
Dan dam influence {only daras with capacity >0.9hm?®) 1 (absence of dam influence);, 2 (presence of dam influence
upstrzam and downstrear at a distance within upstrzam of the sitz) 3 (presence of dam influence
30 km? dowrstraam of the site)
DDO distance to Alqueva dam of dowrstraam sites (k) O (the site is otdownstream); 1(0-10) 2 (20-39); 3 (40-50) 4
(G0-70)
DUP distance to Alqueva dam of upstream sites (lrn)® 0 (the sitz is potupstream); 1(0-19) 2 (20-39); 3 (40-50) 4
(G0-70)
POL amount of source pollution upstream of the site? O0); 1{1-5) 2(G-10) 3 (11-15); 4(1G-20) 5 (21-50) G (=>50)
FDE population dansity in the municipality (numbarof 1 (1000-3000) 2 (4000-GOORY; 3 (7000-0000) 4 (10000-12000%  Rahart et al. 1999
inhabitarts k™2 in 1008)° 5 {13000- 190007 G (= 20000)
* Variabl. ltaions: ¢ Comi Nacional do Ambi (CNA) €1983), 1:100 000; © Empresa de Desenuwlvimento e Infra-Et rutusas de Algusus (EDIA) (1995-1999), ssvewal

seales more detailed than CNA scale;  devived from EDIA (1995-1999); “derived from CNA (1983).
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