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   Testing the ecomorphological hypothesis in a headwater riffles fish

assemblage of the rio São Francisco, southeastern Brazil

Lilian Casatti* and Ricardo M. C. Castro**

The ecomorphology of 14 fish species resident in a headwater riffles area of the São Francisco river, southeastern Brasil, was
analyzed and combined with diet and feeding behavior data, previously obtained by us. The three larger species groups
formed in the ecomorphological analysis were found to reflect primarily microhabitat occupation in the following manner: a)
nektonic characids with compressed bodies, lateral eyes and lateral pectoral fins, with diurnal and opportunistic feeding habits
(Astyanax rivularis, Bryconamericus stramineus, and Bryconamericus sp.); b) nektobenthic characiforms and siluriforms
with fusiform bodies and expanded pectoral fins, including sit-and-wait characidiins, predators of aquatic insect larvae
(Characidium fasciatum and Ch. zebra), as well as the algae grazing parodontids (Apareiodon ibitiensis and Parodon
hilarii), and also the heptapterid and trichomycterid catfishes that practice substrate speculation and feed on benthic aquatic
insect larvae (Cetopsorhamdia iheringi, Imparfinis minutus, Rhamdia quelen, and Trichomycterus sp.); c) benthic species
with depressed bodies, suctorial oral discs, dorsal eyes, and horizontal pectoral fins, represented by the periphytivorous
loricariid catfishes (Hisonotus sp., Harttia sp., and Hypostomus garmani). Correlation between diet and general morphology
was not significant in our analysis, unless when the analyzed set included only nektonic and benthic species, indicating that
the lack of correlation between these factors is most pronounced in the group of nektobenthic species. The unequivocal case
of morphological convergence found between the nektobenthic Characidiinae and Parodontidae is a clear example of the
integration between phylogenetic information and ecomorphology, and provides a way to objectively identify cases of mor-
phological and adaptive convergence and divergence. Furthermore, the general congruence between the ecomorphological
results and the independently obtained ecological data about the analyzed fish species in their natural environment seems to
be strong evidence in favor of the proposed predictive capabilities of the ecomorphological hypothesis.

A ecomorfologia de 14 espécies de peixes residentes em um trecho de corredeiras do curso superior do rio São Francisco,
sudeste do Brasil, foi analisada e combinada com dados de comportamento alimentar e dieta, previamente obtidos por nós. Os
três principais agrupamentos ecomorfológicos de espécies identificados refletem a ocupação espacial de micro-hábitats da
seguinte forma: a) caracídeos nectônicos com corpos comprimidos, olhos laterais e nadadeiras peitorais laterais, com hábitos
noturnos e oportunistas alimentares (Astyanax rivularis, Bryconamericus stramineus e Bryconamericus sp.); b)
nectobentônicos com corpos fusiformes e nadadeiras peitorais expandidas, que incluem os caracidiíneos predadores de
espreita que se alimentam principalmente de larvas aquáticas bentônicas de insetos (Characidium fasciatum e Characidium
zebra), parodontídeos pastadores de epilíton (Apareiodon ibitiensis e Parodon hilarii) e bagres especuladores de substratos
que se alimentam principalmente de larvas aquáticas de insetos (Cetopsorhamdia iheringi, Imparfinis minutus, Rhamdia
quelen e Trichomycterus sp.); c) bentônicos com corpos deprimidos, lábios modificados em discos orais suctorias, olhos
dorsais e nadadeiras peitorais amplas, representados pelos cascudos perifitívoros (Hisonotus sp., Harttia sp. e Hypostomus
garmani). Correlação entre dieta e morfologia geral não foi significative em nossa análise, a não ser quando o conjunto
analisado incluiu apenas as espécies nectônicas e bentônicas, indicando que a ausência de correlação entre esses fatores é
mais pronunciada no grupo de espécies nectobentônicas. A constatação do caso ineqüívoco de convergência morfológica
entre os Characidiinae e Parodontidae nectobentônicos é um claro exemplo de como a integração da informação filogenética
com a ecomorfologia pode identificar objetivamente casos de convergência e divergência adaptativa. Finalmente, a congruência
entre os resultados ecomorfológicos com aqueles obtidos independentemente sobre a ecologia das espécies estudadas em
seu ambiente natural parece ser uma forte evidência em favor do proposto valor preditivo da hipótese ecomorfológica.
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Introduction

In lotic systems, riffles are habitats characterized by strong

currents, turbulent water flow, rocky substrates and relatively

high gas exchange rates with the atmosphere (Hynes, 1970;

Allan, 1995). The interplay between currents and rocky sub-

strates usually generates areas rich in food, such as patches

of rapidly growing periphytic algae and the aquatic insect

larvae that directly or indirectly fed on them, as well as many

areas of shelter among the coarse sand, gravel and rocks that

make up the substrate. Thus, the relative ample and sustained

food offer and abundance of shelters in the study area are

probably the main environmental factors allowing, in an adap-

tive and evolutionary sense, the formation of a fish commu-

nity characterized by a high proportion of species showing

uniquely derived structures and behaviors to live success-

fully in fast flowing waters (Casatti & Castro, 1998).

Several studies about fish morphology and ecology were

generally based on the ecomorphological paradigm (e.g., Gatz,

1979a,b; Mahon, 1984; Watson & Balon, 1984; Balon et al.,

1986; Wikramanayake, 1990; Winemiller, 1991; Douglas &

Matthews, 1992; Motta & Kotrschal, 1992; Beaumord &

Petrere, 1994; Motta et al., 1995; Mullaney Jr. & Gale, 1996;

Piet, 1998), which explains the morphological differences

among species as the result of different selective pressures

(Beaumord & Petrere, 1994).

In our study site, a riffles stretch in the upper course of

the rio São Francisco, southeastern Brazil, all the resident

fish species – which are the subject of this study – dealt with

the unyielding problem of moving and maintaining their spa-

tial positions in a strong current without a prohibitive energy

expenditure by means of morphological (e.g., presence of

adhesive suctorial structures and flattened bodies) and/or

behavioral adaptations (e.g., preferentially living in lenthic

water areas at the bottom) (Casatti & Castro, 1998).

Although an ecomorphological analysis aims to find the

relationship between morphology and ecology at the levels of

individuals, populations, guilds, and communities (Peres-Neto,

1999), studies that integrate natural history and ecomorpho-

logical data on their analyses are rare (but see Winemiller, 1991).

Furthermore, when dealing with communities, the application

of the ecomorphological analytical method is supposedly es-

pecially valuable due to its power to objectively identify cases

of adaptive convergence between species that are not closely

related phylogenetically (Karr & James, 1975), as well as iden-

tify cases of adaptive divergence between phylogenetically

closely related taxa, as long there are available phylogenies for

the studied species (Reilly & Wainwright, 1994).

Thus, in this study, we aimed to investigate the level of

congruence between ecomorphological patterns and the ecolo-

gies of the components of a fish assemblage studied directly

in its natural habitat. Consequently, the results of our eco-

morphological analysis were contrasted with the ones we

obtained previously about the spatial distribution, period of

activity, feeding behavior, and diet of this fish assemblage

(Casatti & Castro, 1998).

We believe that the present study offers an extremely fa-

vorable scenario to test the predictive values of the

ecomorphology hypothesis, since we not only independently

obtained detailed ecological information of the studied spe-

cies in their natural habitat to compare with the ecomorpho-

logical results, but also because the studied fish assemblage

is clearly and predominantly structured by the elevated water

current velocity, an environmental factor of relatively easy

detection and measurement. Additionally, since there are avail-

able recent phylogenetic hypotheses for most of the studied

taxa (see Malabarba et al., 1998), it was possible to objec-

tively detect cases of adaptive convergence between spe-

cies not closely related phylogenetically and evolutionary

divergence between phylogenetically closely related species.

Material and Methods

Field work was carried out in an approximately 60 m stretch

of the upper rio São Francisco (20°30’S 46°50’W), municipal-

ity of São Roque de Minas in the State of Minas Gerais, south-

eastern Brazil (Fig. 1) (see map with study site location in

Casatti & Castro, 1998: 230, Fig. 1). During the study period

the current ranged from 0.3 to 2.3 m.s-1, discharge from 1.8 to

3.2 m3.s-1, air temperature from 10 to 31.5°C, water temperature

from 12.4 to 23°C and dissolved oxygen from 8.9 to 21.7 mg.l-

1 (dry and rainy seasons, respectively). The methods used

for fish underwater observation and collection, and diet analy-

sis, are described in Casatti & Castro (1998).

To perform the ecomorphological analyses, measurements

were taken on four to 11 adult individuals of each resident

fish species (Table 1) using a caliper (0.1 mm precision), and

the resulting measurements were used to calculate 14 eco-

Table 1. Fish species resident in the studied upper rio São

Francisco riffles, southeastern Brazil.

Order Characiformes 

  Family Characidae 

    Incertae Sedis

        Astyanax rivularis (Lütken, 1874) 

        Bryconamericus stramineus Eigenmann, 1908 

        Bryconamericus sp. 

  Family Crenuchidae 
        Characidium fasciatum Travassos, 1956 

        Characidium zebra Eigenmann, 1909 

  Family Parodontidae 

        Apareiodon ibitiensis Campos, 1944 

        Parodon hilarii Reinhardt, 1866 

Order Siluriformes 

    Family Heptapteridae 

        Cetopsorhamdia iheringi Schubart & Gomes, 1959 

        Imparfinis minutus (Lütken, 1875) 

        Rhamdia quelen (Quoy & Gaimard, 1824) 

    Family Trichomycteridae 

        Trichomycterus sp. 

    Family Loricariidae 

      SubFamily Hypoptopomatinae 

        Hisonotus sp. 

      SubFamily Loricariinae 

        Harttia sp. 

      SubFamily Hypostominae 

        Hypostomus garmani (Regan, 1904) 
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morphological attributes. Fin areas were estimated from their

contour outlined on millimetric graph paper (Beaumord &

Petrere, 1994). Based on Gatz (1979a), Mahon (1984), and

Watson & Balon (1984) we selected the 13 ecomorphological

attributes described below, along with the relative area of

dorsal fin; which we propose here as an additional ecomor-

phological attribute for fishes.

1) Compression index: maximum body depth divided by maxi-

mum body width (called flatness by Gatz, 1979a). High values

may indicate a laterally compressed fish, inhabiting lenthic

habitats (Watson & Balon, 1984).

2) Relative depth: maximum body depth divided by standard

length (Gatz, 1979a). Lower values would indicate fishes in-

habiting fast waters, and they are directly related to their

capacity for making vertical turns (Gatz, 1979a).

3) Relative caudal peduncle length: caudal peduncle length

divided by the standard length (Gatz, 1979a). Long peduncles

indicate fishes inhabiting turbulent waters and with good

swimming ability (Watson & Balon, 1984).

4) Caudal peduncle compression index: caudal peduncle depth

divided by the caudal peduncle width (Gatz, 1979a). High

values indicate compressed peduncles, which are typical of

less active swimmers (Gatz, 1979a).

5) Index of ventral flattening: maximum midline (a straight-

line from the middle of the posterior edge of the hypural bones

along the body side to the most anterior point of the head)

depth divided by maximum body depth (Mahon, 1984;

Watson & Balon, 1984). Low values indicate fishes inhabit-

ing environments with high hydrodinamism, able to maintain

their spatial position even when stationary (Hora, 1930).

6) Relative area of dorsal fin: dorsal fin area divided by the

body area. The dorsal fin is mainly a stabilizing plane, func-

tioning also as a rudder; dorsal fins with relatively small areas

may, as a general rule, be expected to function more efficiently

in fast flowing waters (Gosline, 1971).

7) Relative area of pectoral fin: pectoral fin area divided by

body area (Gatz, 1979a). High values indicate slow swimmers

which use pectoral fins to perform maneuvers and breakings,

or fishes inhabiting fast waters which use them as airfoils to

deflect the water current upwards and thereby maintain them-

selves firmly attached to the substrate (Mahon, 1984; Watson

& Balon, 1984).

8) Pectoral fin aspect ratio: maximum length of pectoral fin

divided by its maximum width (Gatz, 1979a). High values indi-

cate long fins, typical of fishes that swim for long distances

(Mahon, 1984; Watson & Balon, 1984), or pelagic fishes that

swim constantly.

9) Relative area of caudal fin: caudal fin area divided by the

body area (Mahon, 1984; Watson & Balon, 1984). High val-

ues indicate caudal fins able to produce great and rapid

thrusts, necessary for the typical swimming mode of many

benthic fishes (Webb, 1977).

10) Relative head length: head length divided by the stan-

dard length (Gatz, 1979a). High values may indicate fishes

able to feed on relatively larger preys (Gatz, 1979a).

11) Relative eye position: depth of the eye midline divided by

the head depth (Mahon, 1984; Watson & Balon, 1984). Posi-

tion of eyes is assumed to be related to vertical habitat pref-

erence (Gatz, 1979a). High values indicate dorsally located

eyes, typical of benthic fishes (Mahon, 1984; Watson & Balon,

1984).

12) Relative mouth width: mouth width divided by standard

length (Gatz, 1979a). High values indicate fishes able to feed

on relatively large preys (Gatz, 1979a).

13) Relative mouth height: mouth height divided by standard

length (Gatz, 1979a). High values may also indicate fishes

able to feed on relatively large prey (Gatz, 1979a).

14) Mouth orientation: defined by the angle formed between

the tangential plane to both lips and the perpendicular plane

to the longitudinal axis of the body when the mouth is open

(Gatz, 1979a) (values in degrees were converted to decimal

scale). High values indicate benthophagic species (Gatz,

1979a).

To ordinate species in the ecomorphological space a prin-

cipal component analysis (PCA) was performed using a co-

variance matrix with the mean values of the 14 attributes of

the 14 resident fish species, using the software PC-Ord ver-

sion 4 (McCune & Mefford, 1999). To decide which compo-

nents (axes) were retained for interpretation, broken-stick

eigenvalues were compared to actual eigenvalues for each

axis; all axes with eigenvalues greater than the broken-stick

eigenvalues were selected for interpretation (McCune &

Mefford, 1999). A cluster analysis was performed to group

the fish species according to their ecomorphological similar-

ity using the Pearson correlation coefficient and UPGMA

grouping, processed with the software NTSYS 2.1 (Rohlf,

2000). Subsequently, we calculated the cophenetic coefficient,

using a standard routine of the same software. The terms

nektonic, nektobenthic, and benthic follow the definitions of

Lincoln et al. (1995). To identify the ecomorphological vari-

ables that best discriminated among habitat-use guilds (nek-

tonic, nektobenthic and benthic), a Canonical Discriminant

Analysis (CDA) was performed. The CDA is a method of

linear modeling which first tests for differences in variables

(ecomorphological attributes) among the predefined groups

(guilds). If differences are found, the next step is to find the

linear combinations (discriminant functions) of the variables

that best discriminate among groups. In the present study a

0.001 tolerance was chosen and Stepwise Backward Auto-

matic Estimation was selected among Systat 10 software op-

tions. Backward stepwise begins with all variables in the model,

irrespective of the entry criteria, and all variables with the

lowest F-to-remove value below the remove limit (default as

3.9) are excluded from the model.

The null hypothesis which assumes no significative cor-

relation between diet (with food items grouped ecologically)

and morphology was evaluated applying the Mantel test

(Mantel, 1967). Diet similarity matrix (based on Casatti &

Castro, 1998) was computed by Bray-Curtis similarity coeffi-

cient, and the morphological information by Pearson correla-

tion, with 5,000 permutations tested. To test the phylogeny

effect in the correlation between diet and morphology (Dou-
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glas & Matthews, 1992; Hugueny & Pouilly, 1999) a Mantel

test was also carried out. For this, the same diet similarity ma-

trix mentioned before was compared to a taxonomic distance

matrix which was constructed following the methodology of

Douglas & Matthews (1992), in which a value of 1 was coded

for congeneric species-pairs, of 2 for species-pair belonging to

different genera within the same family, of 3 for species-pairs

belonging to different families within the same order, and of 4

for species-pairs belonging to different orders. Voucher speci-

mens are deposited in the fish collection of the Museu de

Zoologia da Universidade de São Paulo (MZUSP 50734-50752).

Results

Mean values and standard deviations for each attribute

are shown in Table 2. The two first axis were retained for

interpretation due to eigenvalues values higher than the bro-

ken-stick eigenvalues (Table 3). The first component (PC 1)

explained 72% of the variance (Table 3) and the main attribute

in this axis was the caudal peduncle compression index, dis-

criminating species with compressed caudal peduncles

(Characiformes, Heptapteridae, and Trichomycteridae) from

species with relatively more depressed caudal peduncles

(Loricariidae) (Fig. 2).

The second component (PC 2) explained 20% of the vari-

ance, adding to 92% of cumulative variance in the two first

axes (Table 3). The most important attributes to this compo-

nent with positive loadings were the compression index and

the pectoral fin aspect ratio, which discriminated species with

compressed bodies and pectoral fins longer than wider

(Characidae) from species with relatively more depressed

bodies and pectoral fins wider than longer (Parodontidae,

Heptapteridae, Trichomycteridae, and Loricariidae) (Fig. 2).

The most important attribute to this negative loading com-

ponent was mouth orientation, discriminating species with

ventral and subterminal mouths (Parodontidae,

Heptapteridae, Trichomycteridae, and Loricariidae) from those

with terminal mouths (Characidae) (Fig. 2).

Canonical Discriminant Analysis showed that the mean

values for attributes were different (p = 0.0004) among those

habitat-use guilds identified by cluster analysis (Fig. 3). The

relative importance of attributes included in the model calcu-

lated by F-statistics is presented in Table 4. The least impor-

tant attributes for discriminating among the studied species

are (in decreasing order of usefulness) the attributes “rela-

tive area of dorsal fin”, “relative eye position”, “relative mouth

width”, “relative mouth height”, and “mouth orientation”.

On the other hand, the most usefull (also in decreasing order

of usefulness) were the attributes “compression index”, “cau-

dal peduncle compression index” and “pectoral fin aspect

ratio”. The first eigenvalue (535.57) found is higher than the

second (195.97), indicating that the first canonical variable

Species  CI RD RPL CPC IVF RAD RAP PAR RAC RHL REP RMW RMH MO 

Astyanax rivularis M 1.86 0.30 0.14 2.23 0.55 0.05 0.03 1.64 0.15 0.26 0.66 0.08 0.04 1.45 
SD 0.10 0.01 0.01 0.38 0.04 0.01 0.01 0.24 0.01 0.01 0.06 0.01 0.01 < 0.01 

Bryconamericus stramineus M 1.67 0.21 0.10 2.02 0.57 0.04 0.04 2.13 0.14 0.22 0.70 0.05 0.03 1.26 

SD 0.23 0.01 0.01 0.15 0.05 0.01 0.01 0.38 0.02 0.01 0.03 0.01 0.01 < 0.01 
Bryconamericus sp. M 1.71 0.26 0.16 2.42 0.53 0.05 0.05 1.87 0.13 0.27 0.68 0.06 0.03 1.74 

SD 0.10 0.01 0.02 0.28 0.03 0.01 0.01 0.31 0.03 0.01 0.07 0.01 0.01 < 0.01 
Characidium fasciatum M 1.41 0.21 0.21 3.26 0.51 0.12 0.12 2.09 0.14 0.26 0.79 0.03 0.02 3.00 

SD 0.08 0.01 0.09 0.36 0.04 0.02 0.02 0.30 0.01 0.01 0.06 0.01 0.01 < 0.01 
Characidium zebra M 1.47 0.22 0.15 2.77 0.49 0.07 0.08 2.14 0.11 0.23 0.80 0.02 0.02 1.98 

SD 0.08 0.03 0.02 0.35 0.02 0.01 0.01 0.19 0.02 0.01 0.08 0.00 0.01 < 0.01 
Apareiodon ibitiensis M 1.35 0.21 0.15 2.71 0.45 0.06 0.09 1.72 0.13 0.20 0.71 0.03 0.01 2.41 

SD 0.06 0.02 0.02 0.51 0.02 0.01 0.02 0.20 0.02 0.01 0.06 0.01 0.00 < 0.01 
Parodon hilarii M 1.44 0.24 0.15 3.23 0.49 0.04 0.06 1.47 0.14 0.21 0.78 0.03 0.02 2.20 

SD 0.07 0.02 0.02 0.40 0.02 0.00 0.01 0.17 0.02 0.01 0.19 0.01 0.00 < 0.01 
Cetopsorhamdia iheringi M 0.97 0.17 0.16 2.19 0.59 0.10 0.09 1.16 0.22 0.24 0.91 0.08 0.04 2.06 

SD 0.05 0.01 0.01 0.57 0.02 0.02 0.02 0.12 0.03 0.01 0.07 0.01 0.01 < 0.01 
Imparfinis minutus M 0.69 0.12 0.19 2.22 0.55 0.15 0.13 0.86 0.26 0.22 0.76 0.09 0.05 2.24 

SD 0.07 0.01 0.03 0.14 0.05 0.02 0.02 0.18 0.02 0.02 0.06 0.01 0.01 < 0.01 
Rhamdia quelen M 1.09 0.19 0.17 3.75 0.48 0.10 0.05 1.50 0.16 0.25 0.85 0.11 0.03 1.99 

SD 0.10 0.01 0.01 0.99 0.05 0.02 0.01 0.14 0.03 0.01 0.08 0.01 0.01 < 0.01 
Trichomycterus sp. M 1.16 0.16 0.20 3.87 0.49 0.07 0.07 1.15 0.13 0.20 0.99 0.08 0.02 2.04 

SD 0.13 0.02 0.02 0.59 0.07 0.01 0.01 0.19 0.05 0.01 0.02 0.01 0.01 < 0.01 
Hisonotus sp. M 0.73 0.16 0.34 1.52 0.39 0.11 0.09 1.68 0.19 0.24 0.71 0.07 0.04 3.14 

SD 0.04 0.01 0.01 0.24 0.05 0.02 0.01 0.17 0.03 0.01 0.07 0.01 0.01 < 0.01 
Harttia sp. M 0.60 0.15 0.40 0.50 0.25 0.13 0.14 1.52 0.13 0.21 0.86 0.12 0.05 3.14 

SD 0.05 0.01 0.01 0.04 0.04 0.05 0.07 0.17 0.02 0.01 0.06 0.01 0.00 < 0.01 
Hypostomus garmani M 0.66 0.19 0.30 1.02 0.35 0.21 0.15 1.51 0.30 0.23 0.85 0.12 0.07 3.14 

SD 0.06 0.02 0.02 0.18 0.04 0.04 0.03 0.20 0.04 0.04 0.07 0.01 0.01 < 0.01 

Table 2. Mean (M) and standard deviation (SD) values for the 14 ecomorphological attributes calculated for the fish species

resident in the studied upper rio São Francisco riffles, southeastern Brazil. CI, compression index; RD, relative depth; RPL,

relative caudal peduncle length; CPC, caudal peduncle compression index; IVF, index of ventral flattening; RAD, relative area

of dorsal fin; RAP, relative area of pectoral fin; PAR, pectoral fin aspect ratio; RAC, relative area of caudal fin; RHL, relative

head length; REP, relative eye position; RMW, relative mouth width; RMH, relative mouth height; OB, mouth orientation.
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Table 3. Loading and correlation values of the 14 ecomorpho-

logical attributes in the two axis, with the first axis representing

the principal component 1 (PC1) and the second axis the princi-

pal component 2 (PC2), calculated for the fish species resident in

the studied upper rio São Francisco riffles, southeastern Brazil.

PC1 PC2 

Attributes Loadings Correlations Loadings Correlations 

Compression index 0.26 -0.68 0.48 0.66 

Relative depth 0.02 -0.41 0.05 0.62 

Relative caudal peduncle 

length 
-0.06 0.80 -0.06 -0.38 

Caudal peduncle 

compression index 
0.86 -0.96 -0.48 -0.28 

Index of ventral flattening 0.06 -0.69 0.06 0.34 

Relative area of dorsal fin -0.03 0.64 -0.03 -0.39 

Relative area of pectoral fin -0.02 0.68 -0.02 -0.35 

Pectoral fin aspect ratio 0.04 -0.14 0.40 0.66 

Relative area of caudal fin -0.02 0.50 -0.03 -0.27 

Relative head length 0.01 -0.18 0.01 0.37 

Relative eye position 0.01 -0.01 -0.11 -0.68 

Relative mouth width -0.02 0.54 -0.07 -0.28 

Relative mouth height -0.01 0.83 0.01 -0.07 

Mouth orientation -0.42 0.77 -0.60 -0.57 

Variance explained (%) 72 - 20 - 

Eigenvalues 15.159 4.221 

Broken-stick eigenvalues 4.881 3.380 

Fig. 2. Projection of the two first principal components of the 14 resident fish species in the upper rio São Francisco studied

riffles, southeastern Brazil: Astriv, Astyanax rivularis; Brystr, Bryconamericus stramineus; Brysp, Bryconamericus sp.;

Chafas, Characidium fasciatum; Chazeb, Characidium zebra; Apaibi, Apareiodon ibitiensis; Parhil, Parodon hilarii; Cetihe,

Cetopsorhamdia iheringi; Impmin, Imparfinis minutus; Rhaque, Rhamdia quelen; Trisp, Trichomycterus sp.; Hissp, Hisonotus

sp.; Hypgar, Hypostomus garmani; Harsp, Harttia sp.

Fig. 1. General view of the studied riffle stretch (20º30’S

46º50’W) in the upper rio São Francisco, southeastern Brazil

(photo: Ricardo M.C. Castro).

captured most of the differences among groups, represent-

ing 73% of the total dispersion of the groups.

When the overall results of the ecomorphological analy-

sis were examined in light of the species feeding biology,

there is not a significant correlation between diet and mor-
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phology (r = -0.1083, p > 0.05), unless nektobenthic species

are excluded. In this more restrict analysis, diet and morphol-

ogy did show significant correlation for the smaller group

encompassing only the nektonic and benthic species (r = -

0.8894, p < 0.05), pointing out that correlation between diet

and morphology is low for the group of nektobenthic spe-

cies. Mantel comparisons between diet and taxonomic matri-

ces revealed a non-significant correlation when all species

were considered jointly (r = 0.18, p> 0.05). Notwithstanding, a

marginal significant correlation (r = -0.88, p = 0.09) was found

when nektonic and benthic species were tested together and

separately from the nektobenthic ones. When the last group

of species was analized alone, a non-significant correlation

was found (r = 0.0008, p > 0.05).

Discussion

According to the ecomorphological hypothesis, the eco-

morphological attributes of each species should reflect im-

portant features of its ecology and should therefore be in-

dicative of its habits and adaptations to different habitats

(Gatz, 1979b; Mahon, 1984; Watson & Balon, 1984). In our

study, the most significant ecomorphological attributes to

ordinate the species in the morphospace were those related

to locomotion and feeding capabilities, such as the body com-

pression index, the caudal peduncle compression index, the

position of the eyes, and the orientation of the mouth. Since

our study was not restricted to an ecomorphological analysis

but also included independently obtained ecological data,

from here on our discussion aims to integrate, as proposed

by Reilly & Wainwright (1994: 347), the ecomorphological

groups (Fig. 3) with pertinent aspects of their biologies stud-

ied (Casatti & Castro, 1998). In addition, making use of the

recently available synthesis on phylogeny and classification

of Neotropical fishes (Malabarba et al., 1998; Reis et al., 2003),

we tried whenever possible to describe possible historical

patterns of ecomorphological relationships.

Nektonic species: A. rivularis, Bryconamericus sp. and B.

stramineus

This group contains the so-called tetra species, belong-

ing to the Characidae family. The Characidae family has its

monophyly yet to be truly tested (see Weitzman & Malabarba,

1998), although the taxa contained in our group were recently

Fig. 3. Dendrogram of ecomorphological relationships of the 14 resident fish species in the upper rio São Francisco studied

riffles, southeastern Brazil.
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considered by Malabarba & Weitzman (2003), based on the

synapomorphic presence in adult male specimens of bony

hooks on fin rays and the lack of a supraorbital bone, part of

a tentatively proposed monophyletic group of “characids”.

Unfortunately, the three taxa in our study are far from having

their phylogenetic relationships clarified and, consequently,

were considered by Lima et al. (2003) part of very large as-

semblage of genera incertae sedis in Characidae (along with

approximately 65% of the almost 1.000 species of Characidae

recognized in Reis et al., 2003). One of the main reasons why

the genera Astyanax and Bryconamericus are not yet clearly

positioned phylogenetically is their clear lack of obvious

morphological phylogenetically informative characters, such

as can be found in other Characiformes such as the eversible-

mouthed, detritus-eating prochilodontids (see Castro & Vari,

2003, 2004). All Astyanax and Bryconamericus species show

a generalized ostariophysian “tetra” appearance (see Fink &

Fink, 1981), associated with almost continuous swimming in

various parts of the water column, such as laterally com-

pressed bodies, eyes laterally positioned on the head, small

dorsal fins and small and relatively elongated pectoral fins.

Thus, none of the studied species show obvious morpho-

logical adaptations to live in the fast flowing water environ-

ment studied by us. Notwithstanding, they deal with the cur-

rent mostly through behavioral strategies, chiefly among them

the habit of swimming downriver from larger rocks

(Bryconamericus sp.), near the river margins (A. rivularis)

and also near the surface (B. stramineus), all being micro-

habitats where current speed is significantly lower (see Casatti

& Castro, 1998) and the energy expenditure by the individual

to stay in place consequently is also significantly lower.

Although the monophyly of the genera Astyanax and

Bryconamericus – both very speciose, with at least 86 and 51

valid species respectively according to Lima et al. (2003) – is

far from being established, it is noteworthy that in the den-

drogram of ecomorphological relationships (see Fig. 3)

Bryconamericus sp. is in a group with A. rivularis, and not

with its congener B. stramineus. We believe that this is most

probably due to the fact that B. stramineus spent almost all

day just under the riffles mid channel water surface, whereas A.

rivularis and Bryconamericus sp. spent the daytime exploring

the whole depth of the water column - mostly at the margins

and downstream from larger rocks (Casatti & Castro, 1998). If

indeed the genera in question happen to be monophyletic, the

discussed grouping is clearly a case where the different eco-

logical requirements prevailed, especially those concerning the

swimming abilities of B. stramineus and Bryconamericus sp.,

over the morphological phylogenetic signal.

As to be expected, their generalized feeding apparatus

allows them to have a very generalized and opportunistic

diet, feeding on aquatic insect larvae, algae, terrestrial in-

sects and plants, obtained through a varied number of feed-

ing tactics, of which collecting items carried by the current

and at the water surface are the most important ones. It is

noteworthy that collecting food items at the water surface

was the sole observed feeding tactic of B. stramineus, an-

other probable explanation for its lone position inside the

nektonic group.

Nektobenthic species: C. fasciatum, C. zebra, A. ibitiensis,

P. hilarii, C. iheringi, I. minutus, R. quelen and Tricho-

mycterus sp.

In this group the subsets (Fig. 3) almost exactly reflect the

known phylogenetic relationships of its components: all the

Siluriformes are in a subset, and all Characiformes are in an-

other. Furthermore, the characiforms are neatly split between

the monophyletic taxa Characidiinae (C. zebra and C.

fasciatum) and Parodontidae (A. ibitiensis and P. hilarii) (see

Buckup, 1998), whereas the siluriforms are split in a mono-

phyletic unit formed by the Heptapteridae C. iheringi and I.

minutus (see Bockmann, 1998: 482, fig. 11; Bockmann &

Guazzelli, 2003) and the non-monophyletic group containing

the heptapterid R. quelen and the trichomycterid Tricho-

mycterus sp. (see Bockmann & Guazzelli, 2003; de Pinna, 1998).

The Characidiinae are not phylogenetically closely related to

the Parodontidae within the characiforms (Fig. 4), as is also

the case for the Heptapteridae and Trichomycteridae within

the siluriforms (see de Pinna, 1998). Notwithstanding their

phylogenetic relationships, all species in this group possess

a general body morphology that allows them to swim near the

bottom to explore the two most abundant food resources in

the riffles: periphyton growing on rocks and aquatic insect

larvae.

Although not sister-taxa, the Characidiinae and

Parodontidae were closer to each other ecomorphologically

than to any other taxa. The monophyletic Characidiinae (with

at least 47 valid species in Characidum) occur in different

habitats, from small lowland streams to waterfalls, but most

are inhabitants of fast flowing small streams (Buckup, 1993,

2003), where they most probably feed almost exclusively on

aquatic benthic arthropods. The equally monophyletic

Parodontidae (with 10 valid species both in Apareiodon and

Parodon) are reophilic and usually found in fast flowing bod-

ies of water up to 1.000 meters in altitude, where they use

their well developed paired fins to attach themselves tempo-

rarily to the rocky bottom from were they scrape algae using

their specialized jaws and teeth (Roberts, 1974; Pavanelli, 2003).

Both the Characidiinae and Parodontidae posses fusiform

bodies, large and horizontally positioned paired fins and rela-

tively small mouths. Clearly this is a case of similar morpholo-

gies independently acquired, since they are in different major

characiform clades, the Crenuchoidea and Parodontoidea,

respectively (see Buckup, 1998).

In the study site the characidiins and parodontids are

both diurnal and the former feed on aquatic insect larvae

caught using the sit-and-wait predation tactic (Fig. 5), whereas

the latter are exclusive periphyton grazers (Fig. 6) (Casatti &

Castro, 1998). Our results concerning both taxa are clearly an

example of ecomorphological convergence between not

closely related taxa, as reported by Cody & Mooney (1978),

Motta & Kotrschal (1992), Winemiller et al. (1995) and Motta

et al. (1995) for other vertebrate groups.
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The Heptapteridae (with 186 valid species) and the Tri-

chomycteridae (with 171 valid species) are two relatively large

families of catfishes (see Reis et al., 2003), and as a rule pos-

sess relatively slender and elongate bodies, well developed

sensory barbels and dorsally located eyes. These are fea-

tures that allow them to successfully explore the small spaces

between rocks (see Fig. 7) where they feed mostly on aquatic

insect larvae, usually hunted while inspecting the substrate

with their mouths and sensory barbels, although large speci-

mens of Rhamdia can be found feeding mainly on fishes and

terrestrial insects (Casatti & Castro, 1998). Both C. iheringi

and I. minutus share extremely low pectoral fin aspect ratios,

indicating that both species are not constant and long dis-

tance swimmers (see Mahon, 1984; Watson & Balon, 1984).

Both R. quelen and Trichomycterus sp. possess extremely

compressed caudal peduncles, which is considered an eco-

morphological attribute of less active swimmers (Gatz, 1979a).

This is in accordance with our observations (Casatti & Castro,

1998) that both species, differently from C. iheringi and I.

minutus, occupy the more marginal and sluggish flowing ar-

eas of the riffles, and were not common near the faster flow-

ing mid channel area.

Benthic species: Hisonotus sp. (= Microlepidogaster sp. in

Casatti & Castro, 1998), Harttia sp. and H. garmani

This group is composed exclusively by members of the

monophyletic family Loricariidae, the world’s largest family

of Siluriformes, with at least 683 valid species (de Pinna, 1998;

Reis et al., 2003). The group as a whole is highly specialized

morphologically, with sucker mouths and scraping teeth (de

Pinna, 1998; Armbruster, 2004). Many of the morphological

traits of the Loricariidae are known to be related to life spent

in fast flowing waters, such as their depressed bodies, greatly

expanded and horizontally oriented paired fins, and suctorial

oral discs (see Hynes, 1970; Vogel, 1981). All species in this

group fed on periphyton (mostly algae) scraped from the sur-

face of bottom rocks (H. garmani and Harttia sp.) or from the

surface of submerged branches, leaves and roots of the mar-

ginal vegetation (Hisonotus sp.) (Casatti & Castro, 1998).

Hypostomus garmani is part of the large (about 170 valid

species) and phylogenetically problematic subfamily

Hypostominae (de Pinna, 1998; Weber, 2003), whereas Harttia

sp. and Hisonotus sp., are members of the well supported

monophyletic subfamilies Loricariinae (209 valid species) and

Hypoptopomatinae (79 valid species), respectively (de Pinna,

Fig. 4. Cladogram of phylogenetic relationships among selected characiform fishes (modified from Buckup, 1998: 134), show-

ing the phylogenetic position of the studied Characidiinae and Parodontidae species, an example of ecomorphological adap-

tive convergence in the studied riffles.



L. Casatti & R. M. C. Castro 211

Table 4. F-values and tolerance values used to establish the

relative importance of the attributes included in the discrimi-

nant model, along with the respective coefficients expressing

the correlation between each original variable and two ca-

nonical discriminant functions (DF), standardized by within

variances. Dashes (-) represent variables excluded from the

model due to a combination of a low F-value (below 3.9) with

a high tolerance value (above 0.001).

Attributes F-values Tolerance DF1 DF2 

Compression index 44.6 0.001 9.237 23.430 

Relative depth 25.0 0.001 -8.479 -17.914 

Relative caudal peduncle length 25.2 0.016 -7.234 1.018 

Caudal peduncle compression 

index 
38.1 0.025 -0.078 -5.751 

Index of ventral flattening 10.8 0.007 -2.310 -8.487 

Relative area of dorsal fin 0.38 0.036 - - 

Relative area of pectoral fin 10.0 0.018 4.075 -5.646 

Pectoral fin aspect ratio 29.1 0.008 -9.063 -5.646 

Relative area of caudal fin 14.1 0.003 -5.770 11.613 

Relative head length 10.9 0.009 6.615 6.346 

Relative eye position 11.7 0.021 - - 

Relative mouth width 0.5 0.021 - - 

Relative mouth height 0.7 0.018 - - 

Mouth orientation 13.0 0.006 - - 

1998; Ferraris, 2003; Schaefer, 2003).

Clearly the group in question is joined in the morphospace

by sharing morphological similarities that are inherited from

an exclusive common ancestor (Fig. 8), and are an unequivo-

cal example of ecomorphological divergence between closely

related taxa (see Cody & Mooney, 1978). Separation of

Hisonotus sp. from H. garmani and Harttia sp. in the den-

drogram of ecomorphological relationships (Fig. 3) is prob-

ably related to the different microhabitat exploited by

Hisonotus sp. (the surface area of submerged parts of the

marginal vegetation versus the similar microhabitats occu-

pied by H. garmani and Harttia sp., the rocky bottom of the

deeper and faster flowing riffles areas; Casatti & Castro, 1998).

When ecomorphologically compared with Hypostomus

garmani, Harttia sp. is supposedly very able to exploit the

areas with stronger current, due to its extremely depressed

body and relatively long caudal peduncle (see “index of ven-

tral flattening” and “relative caudal peduncle length”

above). Indeed, that is exactly what we found in our studied

riffles, where adult Harttia sp. specimens were found in areas

where almost all other fish species were unable to inhabit

continuously due to very strong current.

General considerations. In the evolutionary sense, organ-

isms are historical entities and their use of different environ-

ments reflects the historical and phylogenetic components

causally related to their behavior and morphology (Brooks &

McLennan, 1991). Since natural selection acts upon morpho-

types that are able to maintain themselves in an environment

and exploit it, it is assumed that environments with similar

physiographies will have fish faunas with similar behavioral

and morphological adaptive responses (Winemiller, 1991).

Thus, application of the ecomorphological approach to other

Fig. 5. Characidium zebra specimen using its expanded and

horizontally orientated paired fins to hold its position against

the current in the riffles substrate, during daytime (photo:

Ricardo M.C. Castro).

Fig. 6. Apareiodon ibitiensis specimen using its expanded

and horizontally orientated paired fins to hold its position

over a rocky surface while grazing on periphyton in the riffles

substrate, during daytime (photo: Ricardo M.C. Castro).

Fig. 7. Imparfinis minutus specimen sheltering itself from cur-

rent among rocks in the riffles bottom, during daytime (photo:

Ricardo M.C. Castro).
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riffle environments could be an excellent exercise to test this

hypothesis.

Casatti & Castro (1998) classified the same studied riffles

fishes into omnivores, larvivores, algivores (here called

periphytivores) and insectivore-piscivore. The composition

of the nektonic, nektobenthic, and benthic ecomorphological

groups found in this study partially agrees with the classifi-

cation of Casatti & Castro (1998), probably because these

categories reflect more than just feeding strategies. They are

apparently much more strongly correlated with different mor-

phological strategies causally connected with the need to

remain stationary and move around in a strong current than

to just feeding by itself. In fact, the complete congruence

between the three larger ecomorphological groups identified

in the present analysis with the observed guilds of spatial

occupation formed by the same species is indeed strong evi-

dence in favor of the proposed predictive value of the eco-

morphological hypothesis (Douglas & Matthews, 1992; Motta

& Kotrschal, 1992).

In addition, we believe that the apparent lack of correla-

tion between diet and morphology does not necessarily point

to a weakness in the predictive capacity of ecomorphology,

but in reality only to the absence, in our analysis, of attributes

associated with oral morphology that have real and refined

discriminatory capacity (i.e. teeth morphology and dentary

bone shape).

Like other studies conducted in the past (Motta &

Kotrschal, 1992; Winemiller et al., 1995; Motta et al., 1995),

we strongly believe that the integration of phylogenetic in-

formation and ecomorphological analyses is the only way to

objectively identify cases of morphological and adaptive con-

vergence and divergence, allowing for the comprehension of

larger evolutionary patterns within the communities (Peres-

Neto, 1999), like the very clear and unequivocal cases of ex-

ternal morphological convergence between the Characidiinae

and Parodontidae and of morphological divergence between

Loricariidae species detected in this study.

Finally, through the confrontation between our ecomor-

phological results with our previously obtained ecological data

of the fish species in their environment, we sincerely hope to

have been able to provide a valuable and successful test of the

predictive values of the ecomorphological hypothesis.
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