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Abstract

Human activities have a considerable impact on hydrographic systems and fish fauna. The present review on conserva-
tion genetics of neotropical freshwater fish reveals that DNA analyses have been promoting increased knowledge on
the genetic structure of fish species and their response to environmental changes. This knowledge is fundamental to
the management of wild fish populations and the establishment of Evolutionary Significant Units capable of conserv-
ing genetic integrity. While population structuring can occur even in long-distance migratory fish, isolated popula-
tions can show reduced genetic variation and be at greater risk of extinction. Phylogeography and phylogeny have
been powerful tools in understanding the evolution of fish populations, species and communities in distinct neotropic
environments. Captive fish can be used to introduce new individuals and genes into the wild and their benefits and
disadvantages can be monitored through genetic analysis. Understanding how fish biodiversity in neotropical fresh-
waters is generated and maintained is highly important, as these habitats are transformed by human development and
fish communities are increasingly exploited as food sources to sustain a growing human population.
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Contribuicao da Genética da Conservacio para o conhecimento
da biodiversidade dos peixes de agua doce neotropicais

Resumo

Atividades humanas tém um grande impacto sobre os sistemas hidrograficos e a fauna de peixes. A presente revisao
em genética da conservagdo dos peixes de dgua doce neotropicais revela que as andlises de DNA t€ém promovido
um crescimento no conhecimento da estrutura genética das espécies e suas respostas as alteracdes ambientais. Este
conhecimento € fundamental para o manejo das populagdes de peixes nativos e para o estabelecimento de Unidades
Evolutivas Significantes capazes de conservar a integridade genética dessas populagdes. Enquanto o fendmeno de es-
truturacio de populagdes pode ocorrer mesmo em peixes migradores de longas distancias, populagdes isoladas podem
mostrar reduzida variagdo genética e apresentar grande risco de exting@o. Em adicio, a filogeografia e a filogenia tém
dado importantes contribui¢cdes para o entendimento da evolugio das populagdes, espécies e comunidades de peixes
em distintos ambientes neotropicais. Populagdes de cativeiro podem ser utilizadas como fonte de introduc@o de novos
individuos e genes no ambiente natural e seus beneficios e desvantagens podem ser monitorados por meio de andlises
genéticas. E altamente importante, portanto, entender como ¢ gerada e mantida a biodiversidade de peixes de dgua
doce neotropicais, uma vez que os habitats sdo transformados pelo desenvolvimento humano e as comunidades de
peixes tém sido intensamente exploradas como alimento de sustentac@o desse crescimento das popula¢des humanas.

Palavras-chave: genética molecular, populacdes de peixes, conservacdo bioldgica.

1. Conservation Genetics in Fish

Biodiversity has been defined in distinct biological or-  is quite critical, as genetic variation is needed for species
ganization levels (genetic, species, community and ecosys-  adaptation and taxa speciation (Hughes et al., 1997).
tem) and human activities have been causing considerable A population is defined as a group of interbreed-
impact on all these levels. The impact on genetic diversity  ing individuals that are separated (isolated) from other
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populations, but can cross-breed when coming into con-
tact (Magoulick and Kobza, 2003). Population genetic
variability is usually measured by the number of alle-
les (genetic variant) and heterozygosity (Juanes et al.,
2007). Intra-population genetic variation represents a
balance between mutation, genetic drift and natural se-
lection. Genetic variation is generated by mutation and
lost by genetic drift, which increases inter-population
differentiation due to a finite population size (Hanfling
and Brandl, 1998). Thus, genetic drift increases inter-
population genetic variation, whereas gene flow acts in a
reverse way (Frankham et al., 2002). Moreover, natural
selection can also reduce genetic variation, leading to the
fixation of alleles or promoting their retention as a result
of balancing or diversifying selection (Frankham, 1996).
However, genetic variability is not only influenced by
the contemporaneous impact of mutation, genetic drift
and selection, but also by historical events (Hanfling and
Brandl, 1998).

Habitat reduction and fragmentation increase the
risk of genetic drift and reduce gene flow for a number
of species, diminishing the genetic variability of local
populations, inhibiting the flow of adaptive genes be-
tween populations and interrupting the adaptive process
throughout the distribution area of these taxa (Templeton
et al., 2001). Populations and species having undergone
severe population reduction or bottlenecks are more like-
ly to become extinct (Cornuet and Luikart, 1996).

Extensive local fish population reduction has been
reported in several South American hydrographical sys-
tems (Mateus et al., 2004). Deforestation, dams, silting
and pollution have been pointed out as the major agents
in the depletion of fish communities. The resilience of
fish populations regarding disturbances depends on the
adaptation of species and the spatial/temporal arrange-
ment of the refuge. Lancaster and Belyea (1997) define
refuge as a place (or time) in which the negative effects
of disturbance are lower than in the surrounding area (or
time). Consequently, refuge can play a central role in the
structure of the aquatic communities (Magoulick and
Kobza, 2003).

Along a particular hydrographic system, freshwater
fish can constitute a large and panmictic population or
can form differentiated genetic populations with enough
gene flow between them to maintain metapopulation
integrity. Even long-distance migratory fish can ex-
hibit population structuring (Wasko and Galetti, 2002;
Hatanaka and Galetti, 2003; Hatanaka et al., 2006). In
the context of gene pool conservation, different genetic
populations must be considered as independent units to
be managed if one wants to conserve the genetic diversi-
ty of a species (Waits et al., 1998). Along with intra-pop-
ulation and inter-population genetic variability, knowl-
edge on the precise range of populations is required to
determine the adequate geographical scale for conserva-
tion and management strategies (Cegelski et al., 2003).
These are issues of conservation genetics, some of which
are be detailed in the following sections.

2. Molecular Tools for Conservation Genetics

A number of molecular markers have been used
in fish population studies to assess genetic variation
(Strecker et al., 2003; Barroso et al., 2005), population
structuring (Hatanaka and Galetti, 2003; Spruell et al.,
2003) and the introduction of captive individuals into
wild populations (Sanz et al., 2006). A set of characteris-
tics should be considered in the choice of genetic mark-
ers: the methodology should be simple and inexpensive,
and a large amount of genotyping data is frequently
required. Furthermore, from the statistical standpoint,
dominance relationships, informative content, neutrality,
position on the map and genetic independence are also
relevant (Vignal et al., 2002).

Isoenzymatic markers were extensively used in fish
population studies mainly from 1970 to 1990 (Toledo-
Filho et al., 1978; Almeida-Val et al., 1990). Isoenzymes
are variant molecular forms of a single enzyme result-
ing from the presence of more than one gene codifying
each of the enzymes. The basic mutational mechanism of
isoenzymes involves substitution and insertion/deletion
on the DNA level, which may occasionally result in an
alteration in the amino acid sequence of the protein and,
consequently, an alteration in the nature of the protein
structure of the enzyme (Avise, 2004).

The subsequent use of restriction enzymes in DNA
cleavage and the emergence of polymerase chain reac-
tion (PCR) (Mullis and Faloona, 1987) associated with
other molecular biology methods such as cloning and se-
quencing have enabled the development of a vast field of
molecular markers. There are a number of marker types
and we discuss those most often used in conservation ge-
netics of neotropical fish.

Molecular markers often used in conservation ge-
netics include DNA fingerprinting, restriction fragment
length polymorphism (RFLP) analysis, mitochondrial
and nuclear gene sequencing, and genotyping of dif-
ferent nuclear loci, such as microsatellites and ampli-
fied fragment length polymorphisms (AFLPs) (Aitken
et al., 2004). Along with these molecular tools, we may
include random amplified polymorphism DNA (RAPD)
and, more recently, single nucleotide polymorphisms
(SNPs).

The RFLP method involves the cleavage of DNA
with one or more restriction enzymes (Grodzicker et al.,
1974), thereby generating fragments that may vary in
number and size between individuals, populations and
species (Liu and Cordes, 2004). These differences are at-
tributed to either mutations in the restriction sites or inser-
tions, deletions and rearrangements between these sites.
The generated polymorphism is detected by the hybridi-
zation of a probe cloned with DNA fragments obtained
through the action of one or more restriction enzymes.
Besides nuclear DNA markers, the method known as
PCR-RFLP has been employed in mitochondrial DNA
studies, in which the PCR amplification product of a
particular gene is cleaved with restriction enzymes. In
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studies on Brachyplatystoma flavicans (Castelnau, 1855)
and Pseudoplatystoma fasciatum (Linnaeus, 1766), for
example, the occurrence of distinct population histories
has been suggested for both species through PCR-RFLP
(Coronel et al., 2004).

The sequencing of mitochondrial DNA fragments has
identified high genetic homogeneity between Astyanax
altiparanae (Garutti and Britski, 2000) (Prioli et al.,
2002) and Prochilodus lineatus (Valenciennes, 1836)
(Sivasundar et al., 2001) populations. On the other hand,
a high level of genetic variability and the occurrence of
panmixia were observed in Colossoma macropomum
(Cuvier, 1816) (Santos et al., 2007).

AFLP assays basically consist of the cleavage of
total genomic DNA with two restriction enzymes, the
binding of the specific adaptors in the terminal regions
of the cleaved fragments, pre-selective amplification
and selective amplification. In the final step, the am-
plified fragments are separated in a high-resolution gel
on which band analysis is performed (Vos et al., 1995).
AFLP has often been used to assess the genetic diver-
sity of captive fish populations (Mickett et al., 2003) as
well as the identification of sex-linked markers (Felip
et al., 2005) and hybrid species (Tranah et al., 2003).
Anonymous DNA sequences have also been PCR ampli-
fied through RAPD and can detect a high degree of poly-
morphism (Welsh and McClelland, 1990; Williams et al.,
1990). The advantage of these methods is the produc-
tion of molecular markers without any previous genome
information on the target species. RAPD markers have
been extremely useful in studies on population structur-
ing for Brycon hilarii (Valenciennes, 1850) (Sanches
and Galetti, 2007), A. altiparanae (Leuzzi et al., 2004),
Pimelodus maculatus (Lacepede, 1803) (Almeida et al.,
2003), Prochilodus argenteus (Spix and Agassiz, 1829)
(Hatanaka and Galetti, 2003) and Brycon orthotaenia
(Giinther, 1864) (Wasko and Galetti, 2002).

Microsatellites are by far the most currently used
molecular markers in genetic studies on fish. These are
polymorphic DNA sequences containing short repeti-
tions arranged in tandem (Tautz, 1989), widely distrib-
uted in the genome (Litt and Luty, 1989) and found in all
organisms studied thus far (Zane et al., 2002). Due to the
high level of polymorphism, Mendelian inheritance and
the fact that they apparently follow simple evolutionary
models, microsatellites have been largely used to access
genetic diversity (Strecker et al., 2003; Barroso et al.,
2005) and detect population structuring in different fish
species (Hatanaka et al., 2006).

One considerable difficulty in the use of micros-
atellites is the need to isolate and characterize these
markers if they are unavailable for the species of inter-
est. Nonetheless, once the primers are available, a large
number of individuals can rapidly be genotyped for co-
dominant alleles. A number of studies have also demon-
strated that transferability or cross-species amplification
(when primers are designed for one species and used on
another) is quite efficient between species of the same
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genus and even between different genera of the same
family (Oliveira et al., 2006).

Another promising DNA technology is SNP, which
consists of a change in the nucleotide composition
of a DNA sequence at a single site (Brookes, 1999).
These changes appear to typically occur every 300 to
1,000 bp (Brouillette et al., 2000). Nonetheless, there
are a number of limitations in SNP identification when
the genome of the organism is poorly understood.
Moreover, as a bi-allelic marker, the informative content
is relatively low (Vignal et al., 2002). Compared to mi-
crosatellites, a large number of SNPs must be analyzed
in population studies (Aitken et al., 2004). In catfish,
1,020 SNPs have been identified in 161 genes from the
comparison of 849 expressed sequence tags (ESTs) from
Ictalurus furcatus (Valenciennes, 1840) with more than
11,000 ESTs from Ictalurus punctatus (Rafinesque,
1818) deposited in the GenBank (He et al., 2003).

Technological advances in DNA markers have had a
revolutionary impact on the field of animal genetics, en-
compassing molecular systematics, evolutionary biology,
molecular ecology and conservation genetics. The nu-
merous currently available genetic markers enable rapid
access to intra-population and inter-population genetic
variability and allow the study of population structuring,
kinship analyses and identifying both individuals and
species alike. Thus, DNA markers are extremely useful
to the development of more adequate management plans
for natural neotropical fish populations.

3. Genetic Variation and Population
Structuring on Migratory Freshwater Fish

It is well known that fish can exhibit movement or mi-
gration during some part of their life cycle. Three types of
migration are recognized, which are related to spawning,
feeding and refuge (Lucas and Baras, 2001). Movement
patterns are an important component in the life-history
strategies of fish species, constituting the mechanism
used to bring individuals into contact with the resources
needed to survive and reproduce (Eiler, 1999).

Most commercial fish are long-distance migratory
species following extensive migration circuits that they
undertake annually for feeding and reproduction (Arnold,
1999). Eggs and early larvae are carried passively by cur-
rents to nursery grounds, which are appropriate locales
for the development of the juvenile individuals, offering
food and refuge from predators (Lowe-McConnel, 1987;
Arnold, 1999).

Vagile fish populations with regular interbreeding
and passive larval dispersal will likely lack structur-
ing in systems without physical barriers (Avise, 2004).
Thus, fish from a particular species are thought to belong
to a large panmitic population within a continuous hy-
drographic system. However, a number of studies have
indicated that even vagile species may contain differ-
ent populations within a hydrographic basin (Wirth and
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Bernartchez, 2001; Narum et al., 2006; Hatanaka et al.,
2006; Sanches and Galetti, 2007).

In salmon, for instance, it is widely accepted that
information on the natal stream is imprinted in the nerv-
ous system of juveniles during downstream migration
and, with this information, adults recognize the natal
stream during homing migration (Ueda and Shoji, 2002).
Homing in salmons has been addressed through hormo-
nal (Kitani et al., 2003), physiological (Ueda and Shoji,
2002), fish marking and recapture analyses (Tilzey,
1999) and an olfactory ability to discriminate the natal
stream (Shoji et al., 2000).

Spawning site fidelity is the main factor involved in
the genetic structure frequently found in the salmon pop-
ulations (Ryman and Utter, 1987). Moreover, the similar-
ity between most repeat-spawning dates of marked fish
indicates that an underlying, innate mechanism influ-
ences migration timing (Shields et al., 2005). It has been
demonstrated that the time of spawning in salmonids is
highly heritable (Stefanik and Sandheirich, 1999).

Differences in spawning times can also result in the
genetic structuring of a species, as observed in herring
species (Jorgensen et al., 2005). Different groups that
spawn at a same location but at different times are known
as spawning waves (McPherson et al., 2003; Jorgensen
et al. 2005).

Population structuring has been detected in neotropi-
cal freshwater long-distance migratory fish comprising
different genetic populations within a single hydrograph-
ic system (Sivasundar et al., 2001; Sanches and Galetti,
2007). In P. argenteus, an important fishery resource of
the Sdo Francisco River Basin, significant differences
have been detected during the spawning season between
populations separated by approximately 30 km of con-
tinuous waters (Hatanaka and Galetti, 2003; Hatanaka
et al., 2006). According to the authors, this migratory
fish may constitute different populations coexisting and
comigrating along the river main channel. The possibility
of a homing instinct was raised by the authors to explain
this population structuring (Hatanaka and Galetti, 2003).
Similar results were reported for B. orthotaenia inhabit-
ing the same river basin (Wasko and Galetti, 2002).

Population structuring found for P. argenteus was
corroborated by a study using telemetry to monitor the
movement of fish in this same region (Godinho and
Kynard, 2006). A dualistic migration pattern was found,
in which most fish were migratory, using a large total
linear home range, whereas some fish were resident, us-
ing the same ground for feeding and spawning. Radio-
tagged fish exhibited very precise spawning-site homing
over successive seasons and some fish also presented
non-spawning site fidelity.

Some tag/recapture and radio tracking studies have
demonstrated that homing is observed in other migratory
freshwater fish species in South America, such as P. lineatus
(Godoy, 1975), P. argenteus (Godinho and Kynard 2006),
Pseudoplatystoma corruscans (Spix and Agassiz, 1829)
(Godinho et al., 2007). Therefore, there is evidence that

homing may be a widespread behavior among migratory
South American fish (Godinho et al., 2007).

A recent genetic study on B. hilarii in the Paraguay
River Basin found that the genetic composition of a
spawning school was significantly more homogenous
when compared to the heterogeneity of local popula-
tions (Sanches and Galetti, in preparation). According
to the authors, a spawning school could represent an
interbreeding unit. The genetic homogeneity and dif-
ferentiation of the spawning school could be supported
by mechanisms such as spawning waves (McPherson
et al., 2003; Jorgensen et al., 2005) or homing (Ryman
and Utter, 1987), which would promote the segregation
of different genetic populations during the reproductive
season.

Most studies on long-distance migratory fish have iden-
tified a weak differentiation between populations, mainly
in abundant species with wide geographic distribution and
no notable geographical barriers (Wirth and Bernatchez
2001; Jorgensen et al., 2006; Sanches and Galetti, 2007).
The degree and pattern of genetic differentiation is related
to the amount of gene flow between populations, which, in
turn, is the result of the dispersal and reproductive biology
of the species (Jorgensen et al., 2006).

Radio-telemetry studies have found that during
the period between two consecutive spawning seasons,
the spatial distribution of fish is greater, demonstrating
that the fish are more dispersed in their environment
(Godinho et al., 2007). The lack of population structur-
ing observed in some migratory fish studied during this
one-year period (Carvalho-Costa et al, 2008) may be due
to overlapping populations, which can hinder structur-
ing patterns. Therefore, sampling spawning populations
is advised in studies on genetic structure, as the sup-
posed different populations would segregate during this
season at a specific local or time for reproduction. Thus,
we must be cautious in coming to conclusions on a lack
of differentiation, as there is the risk of considering the
existence of a single population, when in fact different
genetic populations may cohabitate a particular space
(Laikre et al., 2005).

Knowledge on the genetic structure of fish popula-
tions is essential to defining priorities for suitable man-
agement and conservation (Moritz, 1994). Conservation
or fishery management plans with no prior knowledge
of genetic structure could result in the overexploitation
of some populations or segmentation of populations,
and consequently gene pools could be extirpated or the
genetic diversity within populations could be reduced
(Laikre et al. 2005).

4. Small Isolated Populations

Populations structured by habitat fragmentation due
to barriers such as roads, dams, waterfalls and climate
(drought and rain) have their abundance, dispersal and
population size reduced, thereby increasing the risk of
extinction (Gross et al., 2004; Letcher et al., 2007). This
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fragmentation can lead to the total or partial isolation
of a population, conditioning the response of the indi-
viduals. Some authors have described chromosomal dif-
ferences between populations in a single hydrographic
basin that seem to be a recurrent event in distinct taxa
having lived in small populations restricted to headwater
streams (Moreira-Filho and Bertollo, 1991; Torres et al.,
1998). In Hoplias malabaricus (Bloch, 1794), karyotype
differences seem to be due to distinct evolutionary his-
tories as a consequence of restricted gene flow (Vicari
et al., 2005). The Astyanax genus (Baird and Girard,
1854) is characterized by short-distance migration and
a stepping-stone model has been claimed to explain low
level of gene flow and the genetic differentiation pattern
observed among populations (Moysés and Almeida-
Toledo, 2002). In Astyanax scabripinnis (Jenyns, 1842)
inhabiting different small streams, besides extensive
chromosome divergences observed between populations
(Moreira-Filho and Bertollo, 1991), a significant popula-
tion differentiation has also been reported through a mo-
lecular analysis between putative isolated populations,
although the mechanisms (selection and/or genetic drift)
responsible for such genetic differentiation remain un-
known (Sofia et al., 2006). Moreover, sex ratio deviation
seems to be a common occurrence among this fish group
and is likely related to behavioral and ecological strate-
gies to quickly occupy the headwaters in which they live
(Gross et al., 2004), but may reduce genetic variation
by reducing the effective population number (Frankham
et al., 2002) and lead to population differentiation.

Fish from the Rivulidae family are characterized by
small populations with physiological adaptations for sur-
viving in temporary ponds that are completely dried up
during the summer. In these annual fish, each generation
completes its life cycle in the span of a year and survives
the dry season in egg form buried in the mud. During the
subsequent rainy season, the ponds refill, the eggs hatch
and the larvae rapidly grow to sexual maturity and repro-
duce (Costa, 1998). Little is known on the genetics of kil-
lifishes inhabiting the neotropics. Austrolebias cf. adloffi
(Ahl, 1922) and Austrolebias viarius (Vaz-Ferreira, Sierra
de Soriano and Scaglia de Paulete, 1964) inhabiting the
eastern wetlands of Uruguay have had their taxonomy
status questioned, as they may hybridize in the laboratory
(Garcia et al., 2002). Chromosome and isoenzyme analy-
ses have shown a high genetic similarity between individu-
als and a reduced inter-taxon heterozygosity likely related
to the small population size, genetic drift and inbreeding
(Garcia et al., 2002). However, some chromosome and
molecular taxon-specific markers are observed, suggest-
ing limited gene flow and reinforcing the occurrence of
two separate taxa (Garcia et al., 2002).

Thus, it is well-documented that isolated popula-
tions tend to reduce their genetic variability and, conse-
quently, their ability to adapt to environmental changes,
thereby restricting their evolutionary potential (Hanfling
and Brandl, 1998). Moreover, the consequent inbreeding
exposes small populations to the deleterious effects of
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recessive alleles and inbreeding depression, character-
ized by early mortality as well as a reduction in fertil-
ity and growth rate, which can lead to the extinction of
populations (Frankham, 1996).

In contrast, populations that are not completely isolat-
ed form a kind of metapopulation with gene flow between
them. All the genetic variation of this metapopulation is
divided in inter-population and intra-population variabil-
ity (Hanfling and Brandl, 1998). In these not totally iso-
lated populations, extinction can be prevented if enough
immigrants from other areas or populations are available,
whereas small, isolated populations are at a greater risk of
extinction due to stocasticity, demographic, environmen-
tal or genetic effects and have less opportunities for demo-
graphic re-colonization from the dispersion of neighbor-
ing populations (Frankham et al., 2002).

5. Phylogeography on Neotropical Fish

Phylogeography is a field of study concerned with
principles and processes governing the geographic dis-
tribution of genealogical lineages (Avise, 2004), which
enables scrutinizing issues such as the origins of hybrid
zones (Hewitt, 2001), introgression (Hubert et al., 2008)
and species boundaries (Martinez-Ortega et al., 2004).

To address such issues in animals, inferences are
mainly based on reconstructions of species/population
gene genealogies through mitochondrial DNA (mtDNA)
(Lovejoy and De Aradjo, 2000). In this regard, phyloge-
ography has been revealing the history of the diversifi-
cation of freshwater fish in the neotropics, relating it to
events involved in the final establishment of the modern
South American rivers between 15 and 10 million years
ago (Ma) (Lundberg et al., 1998). These studies have
shown how vicariance and coalescence between drain-
age systems have shaped the evolution of this astonish-
ing fish diversity (Lundberg et al., 1998). However, there
is an ongoing debate over the relative importance of such
geological events vs. adaptive or ecological speciation in
generating this diversity (Moritz et al., 2000). Defenders
of geological-based speciation have raised a number of
hypotheses for this process (Hubert and Reno, 2006;
Hubert et al., 2007) and a general consensus suggests
that fish diversification predates Pleistocene climatic
fluctuations (Lovejoy and De-Aratjo 2000; Sivasundar
et al., 2001; Montoya-Burgos, 2003; Moyer et al., 2005;
Albert et al., 2006), which is hypothesized for terrestrial
organisms speciation.

Indeed, phylogeographic information has thus far
indicated a strong influence of geological history on the
genetic variation of freshwater fish, in such a way that
the null hypothesis for river biogeography expects that
evolutionarily closely related species and populations
would be found in the same river system (Lovejoy and
De-Aratjo, 2000; Willis et al., 2007). Nevertheless, oth-
er studies indicate the opposite, that is, some populations
show close relationships between rather than within sys-
tem (Hrbek and Larson, 1999; Lovejoy and De-Aratjo,
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2000; Sivasundar et al., 2001; Montoya-Burgos, 2003;
Turner et al., 2004). River anastomosis during marine re-
gressions, headwater-capture events and direct connec-
tions between rivers all provide dispersion opportunities
for fish and may explain such patterns, highlighting the
complex nature of river drainage history in the neotrop-
ics (Lundberg et al., 1998).

Furthermore, phylogeographic studies have provided
evidence supporting colonization scenarios in the basins
from the recently emerged lands of Central America
through lineages coming from South American rivers, im-
mediately following the rising of the Isthmus of Panama
(3 Ma) (Bermingham and Martin, 1998; Reeves and
Bermigham, 2006) as well as physical factors involved in
the contemporaneous distribution of fish species and con-
cordance with key geological events (Hrbeck and Larson,
1999; Garcia et al., 2000; Sivasundar et al., 2001; Turner
et al., 2004). Fish phylogeography has also supported
deeply divergent monophyletic groups within drainages
(Lovejoy and De Aratijo, 2000), historical and recent con-
nections between basins, past demographic events (Turner
et al., 2004; Reeves and Bermigham, 2006) and ecologi-
cal factors responsible for diversification (Perdices et al.,
2002; Reeves and Bermigham, 2006).

In long-distance migratory fish, inter-basin phylogeo-
graphic structure is rarely supposed to be found, although
aspects such as migration capability, reproductive biology,
historical/contemporaneous physical barriers, ecological
and behavior features may play a role in the distribution
of lineages. The reasoning is that the genetic diversity of
non-migratory species tends to depend on the distance
between groups (isolation-by-distance structure model),
which could be disregarded in rheophilic fish. Sivasundar
et al. (2001) and Batista and Alves-Gomes (2006) found
no relationship between haplotype distribution and geog-
raphy in P, lineatus (a long-distance migratory fish) along
the Parand basin and in Brachyplatystoma rousseauxii
(Castelnau, 1855) (a large long-distance migratory catfish)
in the Amazon Basin, respectively.

Historical factors seem to be the best explanation for
the observed distribution of fish haplotypes in geographic
spaces in South America. However, ecological factors have
been also considered. Reeves and Bermigham (2006) and
Perdices et al. (2002) offer compelling evidence that dif-
ferent ecologies may play a major role in lineage bounda-
ries in Central American basins. Equal opportunities for
dispersion via river capture and river anastomosis associ-
ated with the different ecologies underlying such lineages
may explain the absence of sympathy between the closest
evolutionary operational taxonomic units with high niche
overlap (Reeves and Bermigham, 2006).

Regarding conservation issues, identifying signifi-
cant evolutionary units (Moritz, 1994) in which unique
adaptations may be evolved in populations is one of the
main advances phylogeography offers, as such popula-
tions could be considered possible targets for conserva-
tion and management purposes. Such historical infor-
mation on the species/population divergence could help

decision makers allocate the scanty financial resources
available in neotropical countries for conservation poli-
cies more effectively. Thus, such studies constitute ef-
forts to maintain genetic diversity (and the processes
responsible for it) and reduce threats of local extinctions,
as genetic variation is the substrate for evolutionary ad-
aptation (Frankham et al., 2002). Moreover, understand-
ing the processes that generate biodiversity in neotropi-
cal freshwater environments is increasingly important,
as these habitats are transformed by development and
aquatic species and communities are increasingly ex-
ploited for food to support a growing human population
(Turner et al., 2004).

6. Fish Community Structure and
Hydrographic Basins

The community concept is as much disputed as the
species concept. Regardless of the various opinions
voiced for its definition, the recognition of several com-
munity types has been suggested as a guarantee for vali-
dating different concepts in particular cases (Brooks and
McLennan, 1991). From this standpoint, a community
evolution study should consider the interactions between
historical and non-historical components, the evolution-
ary path taken by the community and the integration be-
tween phylogenetic information and studies on commu-
nity organization (Brooks and McLennan, 1991; Webb
et al., 2002). In the neotropics, the few studies that have
addressed these issues were concerned with local pat-
terns.

Given that communities can be set up by both his-
torical and non-historical events, the species composing
a community, on the other hand, will show their own
features that should be defined by both competition and
environment structure (Tofts and Silvertown, 2000). The
structural hypothesis predicts that every hydrographic
basin has its unique assemblage of fish, with communi-
ties differing in composition. This speaks to the null hy-
pothesis of Vari (1988), according to which each basin is
considered an endemism unit. The competition hypoth-
esis, in turn, suggests that fish in a basin should vary be-
cause differences are produced by interactions between
species. Moreover, the community composition should
be defined by historical events controlling the gene flow
between basins and turning into endemic units.

Even though the Vari hypothesis is simplistic (Willis
et al., 2007), endemicity is an important concept to the
vicariance biogeography (Wiley, 1988; Brooks and
McLennan, 1991) of freshwater fish because it encom-
passes the idea of species evolution in isolation. By
definition, an endemic species is found only in one geo-
graphic area and nowhere else (Cox and Moore, 1993).

Areas of endemism for South American freshwa-
ter fish have been proposed in at least three important
studies. Gery (1969) recognized eight faunistic regions:
1) Orinoco-Venezuelan; 2) Magdalenean; 3) Trans-
Andean; 4) Andean; 5) Paranean; 6) Patagonian;
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7) Guianean-Amazonian and 8) East-Brazilian, formed
by the Sdo Francisco River, coastal rivers in northeastern
Brazil above the Sdo Francisco River and coastal rivers
in southeastern Brazil.

Vari (1988) identified 14 endemic regions for the
Curimatidae family. On the western slopes of the Andes,
besides the endemic areas of Rio Magadalena and Lago
Maracaibo basin, four subregions were recognized, de-
fined by the Atrato, Patia, Guayas and Chira Rivers. On
the Atlantic side of South America, the author described
eight major areas of endemism: Orinoco, Guianas,
Amazon, Northeast, Sdo Francisco, Coastal, Upper
Parand and Paraguay. The author considered both north-
eastern Brazil endemic, and the Sdo Francisco hybrid
regions, where components of curimatid fauna would
be either more closely related to species in the Amazon
or to elements of coastal fauna. This previously defined
northeastern Brazil endemic region has now been split
into three regions corresponding to the Maranhao River,
the Parnaiba River Basin and coastal rivers north of the
Sdo Francisco River (Lundberg et al., 1998). In recent
years, new fish species have been described in this re-
gion (Piorski et al. 2008; Triques, 1999; Ferraris and
Vari, 1999).

A number of studies have incorporated phylogenetic
data in describing biogeographical patterns in South
American fish. Using mtDNA sequences, Sivasundar
et al. (2001) have raised a phylogenetic hypothesis for
four species of the genus Prochilodus (Spix and Agassiz,
1829) in four different hydrographic basins: Magdalena
(Colombia), Amazon (Brazil and Peru) and Parana. The
hypothesis is congruent with geologic evidence of the
initial separation of the Magdalena River Basin from the
clade [Orinoco + (Amazonas + Parand)]. Coronel et al.
(2004) have described the relationships between popu-
lations of two species with wide distribution in South
America — B. flavicans and P. fasciatum — based on
nuclear and mtDNA markers and hypothesize restrict-
ed gene flow events between the populations studied.
Evidence of rapid radiation in a short period of time was
reported for neotropical cichlids by Loépez-Ferndandez
et al. (2005), using a molecular data set.

Descriptive and/or comparative studies on commu-
nity genetics (Antonovics, 1992) in neotropical fish are
rare. This is not a local deficiency. Webb et al. (2002)
have pointed out the lack of integration between evolu-
tionary biology and community ecology in spite of the
increasing availability of molecular and analytical meth-
ods making the elucidation of phylogenetic relationships
easier and more reliable. Most community ecology stud-
ies are highly reductionistic (Chase and Knight, 2003).
The analysis of the evolution of behavioral characters of
Gymnogeophagus (Miranda Ribeiro, 1918) species from
the La Plata Basin is one of the few examples of such
studies in South America (Wimberger et al., 1998). In the
paper, a superficial discussion based on molecular data
is employed to explain the relationships between mito-
chondrial phylogenetics, biogeography and evolution of
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parental care that can be attached to issues of the co-
evolutionary paradigm (Brooks and McLennan, 1991).
Lassala and Renesto (2007) were more specific in com-
paring heterozygosity values between fish groups with
different reproductive strategies. These authors have
noted that non-migratory fish with no parental care had
the highest mean heterozygosity values, in contrast with
long-distance migratory and non-migratory species with
parental care or internal fecundation strategies.

A critical early stage in speciation is the evolution
of genetic differences between populations (Orr and
Smith, 1998). What it is important is how these differ-
ences are sustained and/or how they are stressed. Thus,
for neotropical fish, for which there are few studies on
community genetics, we would be working only on the
genetic differences between populations. Most studies
lack integration between genetics and ecology, which
would allow more reliable approaches and forecasts for
conservation biology. One possible approach would be
to evaluate the ecological factors with regard to the ge-
netic differences observed between community members
(Orr and Smith, 1998).

7. Captive Populations, Restocking and Fish
Conservation

Captive fish populations and their restocking in the
wild can be used as a conservation strategy for endan-
gered populations (Frankham et al., 2002). Although not
well documented, restocking has been used in a number
of hydrographic systems in Brazil, mainly associated to
environmental programs following the construction of
hydroelectric dams (IBAMA, 2008).

As mentioned above, small threatened populations
lose most of their genetic variation as a consequence of
genetic drift and inbreeding, and such a low level of ge-
netic variability may reduce the mean fitness of a popu-
lation, affecting its viability, particularly, if parasites or
competitors are present (Vrijenhoek, 1994). The highly
homozygous fish Poeciliopsis Regan, 1913 presented
a decline in fertility and growth rates when compared
to more heterozygous populations (Vrijenhoek, 1989).
Restocking can be carried out to increase the effective
population size and genetic variation of threatened local
populations (Frankham et al., 2002).

However, the introduction of captive individuals to
an open environment necessarily involves some impact,
and restocking has been cited as damaging to native eco-
systems, mainly affecting local biodiversity (Roll et al.,
2007). Non-native populations may affect indigenous
species by competing for resources, preying on native
fauna, significantly altering the habitat and its relation-
ships, and bringing genetic introgression to native popu-
lations (Ribeiro et al. 2007; Sanz et al., 2006). Introduced
or translocated populations can also transfer pathogens,
cause community changes, facilitate the introduction of
other taxa and promote a series of deleterious effects to
local populations (Roll et al., 2007).
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In recent years, however, a large number of research-
ers have attempted to characterize attributes for successful
fish introduction (Rosecchi et al., 2001; Kollar and Lodge,
2002; Marchetti et al., 2004). The success of a restocking
program depends on the ecological and genetic features
of each population. The restocking of a species must oc-
cur by using a genetic stock that is as appropriate as pos-
sible. The use of a wide number of breeding adults from
a local genetic population is encouraged in order to avoid
inbreeding and ensure local genetic integrity. However,
a high level of introgression of captive population genes
can occur, as has been described in local Salmo trutta
Linnaeus, 1758 populations, in which introgression may
be destroying their evolutionary pattern due to the intro-
duction of the same exogenous gene pool to all wild local
populations (Sanz et al., 2006). Moreover, translocations
of species or populations into areas where they have not
naturally occurred could have an adverse impact on other
local native populations and/or species due to the increase
in the restocked population (DAFF, 2008).

According to the Instituto Brasileiro do Meio
Ambiente e dos Recursos Naturais Renovaveis (Brazilian
Environmental Agency) (IBAMA, 2008) and the
Guidelines for Restocking Native Fish Species under the
Recreational Fishing Community Grant Program (DAFF,
2008), an ideal restocking program must follow certain
steps: First, the habitat requirements of the target species
must be determined. Second, a survey must be carried out
on the current population and habitat for the species, iden-
tifying threats to the target species. The cause of the origi-
nal decline of the species population for the area must be
known and addressed. Restocking is carried out to assist
population recovery. Population monitoring is performed
to assess the effect of restocking and habitat restoration
must be performed as well. Moreover, the genetic vari-
ation levels of both captive stocks potentially useful for
restocking and wild populations should also be monitored
(Vrijenhoek, 1994; Roll et al., 2007).

The overall purpose of restocking is a permanent and
sustainable increase in the target population or species.
A program for monitoring the results and genetic analy-
ses through molecular markers can be very helpful (Sanz
et al., 2000).

8. Final Considerations

Conservation genetics on neotropical freshwater
fish is a very stimulating, promising field of study using
molecular tools, statistics and bioinformatics to answer
biological and ecological questions directly related to the
conservation biology of particular populations/species.
The ever-increasing human impact on hydrographic sys-
tems and fish fauna make conservation concerns a prior-
ity. Technological advances in DNA analyses have been
promoting increasing knowledge on the genetic structure
of fish species and the processes responsible for species
maintenance or changes, encompassing molecular sys-
tematics, evolutionary biology, molecular ecology and

conservation genetics. A number of currently available
genetic markers enable rapid access to intra-population
and inter-population genetic variability and allow the
study of population structuring and kinship analyses as
well as the identification of both individuals and species
alike. Phylogeography and phylogeny based on molecu-
lar analysis can be very useful for describing evolution
patterns in fish populations, species and communities
in distinct neotropic hydrological systems. Knowledge
on the population structuring of a particular fish spe-
cies is fundamental to the establishment of Evolutionary
Significant Units, can conserve genetic integrity and
should be used by ecologists in the future. Thus, DNA
markers are extremely useful to the development of
more adequate management plans for natural neotropi-
cal fish populations. Captive fish can be used to intro-
duce new individuals and genes into the wild and their
advantages and disadvantages can be monitored through
genetic analyses. Understanding how fish biodiversity in
neotropical freshwaters is generated and maintained is
highly important, as these habitats are transformed by
human development, and fish species and communities
are increasingly exploited as food sources to sustain a
growing human population.
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