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Abstract Under a particular set of selective forces, specific

combinations of traits (strategies) will be favored in a given

population, within the particular constraints of the consid-

ered species. For fishes, three demographic strategies have

been suggested to result from adaptive responses to envi-

ronmental predictability (i.e., seasonality): periodic,

opportunistic and equilibrium [Winemiller KO, Rose KA

(1992) Patterns of life-history diversification in North

American fishes: implications for population regulation. Can

J Fish Aquat Sci 49:2196–2218]. These strategies optimize

fitness within predictable, unpredictable and stable systems,

respectively. We tested these predictions of life history trait

distribution along a gradient of hydrologic seasonality in

West African tropical rivers at the drainage basin scale. We

used logistic regression of species presence–absence data to

test whether dominant life history traits of species caused

community compositional change in response to a gradient

of seasonality in hydrologic regime across basins. After

accounting for taxonomic relatedness, species body size and

statistical redundancy inherent to related traits, we found a

higher proportion of species producing a great number of

small oocytes, reproducing within a short period of time and

presenting a low degree of parental care (the periodic strat-

egy) in highly seasonal drainage basins (e.g., rivers with a

short and predictable favorable season). Conversely, in more

stable drainage basins (e.g., rivers with a wet season of

several months), we observed a greater proportion of species

producing small numbers of large oocytes, reproducing

within a long period of time and providing parental care to

their offspring (the equilibrium strategy). Our results suggest

that distributions of tropical freshwater fishes at the drainage

basin scale can be partly explained by the match between life

history strategies and seasonality gradients in hydrological

conditions.

Keywords Fish communities � Demographic strategies �
Hydrological variability � West African rivers

Introduction

An organism’s life history has been defined as ‘‘a set of co-

adapted traits designed by natural selection, to solve
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particular ecological problems’’ (Stearns 1992). Under-

standing the adaptive significance of life histories relative

to other selective pressures linking organisms to each other

and to their environments is a key component of our

comprehension of evolutionary processes (Partridge and

Harvey 1988). Starting with the r- and K-selection theory

(MacArthur and Wilson 1967; Pianka 1970), many con-

ceptual models were developed to describe general patterns

in life histories and to explain trait divergences between

species from an ecological and evolutionary perspective

(e.g., Allan 1976; Grime 1977; Ricklefs 1977; Southwood

1977, 1988; Greenslade 1983; Kautsky 1988; Taylor et al.

1990). The common prediction of these models is that

under a particular set of selective forces, specific combi-

nations of traits (strategies) will be favored in a given

population, constrained by the physiology and genotype of

the species under consideration. Nevertheless, because of

the great multiplicity of selective pressures and the diver-

sity of organism responses, matching the particularities of

every organism–environmental system (within a minimum

number of selective pressures) remains a challenge.

Focusing on environmental and habitat characteristics,

the ‘‘habitat templet’’ hypothesis (Southwood 1977, 1988)

proposes that life history strategies summarize how evo-

lution (i.e., optimization of fitness through evolutionary

trade-off of traits to produce optimal life history) has

shaped organisms in order to cope with the temporal and

spatial variability of their environment (the templet).

Townsend and Hildrew (1994) applied this hypothesis to

running water systems in which spatial and temporal var-

iability can be especially harsh. Together with the

hierarchical ‘‘landscape filters’’ concept proposed by Tonn

et al. (1990) and Poff (1997), which predicts that the dis-

tribution and abundance of species reflect specific

biological traits that allow them to pass through multiple

habitat filters, this constitutes a broad framework in which

the distribution of species at different spatial scales can be

predicted by their functional responses to selective habitat

forces.

Habitat variability and predictability, defined in terms of

resource level and availability for breeding and survival,

are major selective forces that make up the templet (Grime

1977; Southwood 1977; Greenslade 1983). Early theoreti-

cal and empirical studies (Cody 1966; Boyce 1979; Baltz

1984; Koenig 1984) suggested that predictable environ-

mental variation (e.g., seasonality in resource availability)

should affect the evolution of life histories towards an

optimization of fecundity. Based on mechanistic life his-

tory trade-offs between reproduction, growth and survival

(Roff 1984), and on observed patterns of life history vari-

ation in fish, Winemiller (1989) and Winemiller and Rose

(1992) proposed three reproductive strategies as endpoints

of a triangular continuum resulting from adaptive

responses to environmental predictability and variability.

These authors suggest that if optimal conditions for growth

and survival of immature individuals are periodic, selection

will favor (1) a synchronous reproduction strategy with the

periodicity of these optimal conditions, and (2) a produc-

tion of large numbers of small offspring requiring little or

no parental care. They named it the ‘‘periodic’’ strategy. In

turn, a suite of attributes associating low batch fecundity,

high investment per offspring (e.g., parental care and large

eggs) and aseasonal reproduction correspond to the

‘‘equilibrium’’ strategy, and is expected to be optimal in

stable habitats. Finally, the ‘‘opportunistic’’ strategy,

characterized by rapid colonization ability, associating

small fish with early maturation, continuous reproduction

and low fecundity, should be related to ephemeral habitat

conditions.

As previously mentioned, the periodic strategy maxi-

mizes fitness when the environmental variation influencing

survival during early life stages is periodic and predictable.

Theoretical models (Boyce 1979; Winemiller and Rose

1993) have interpreted the egg size and egg number trade-

off (Duarte and Alcaraz 1989; Elgar 1990; Fleming and

Gross 1990) in terms of variability in resource availability.

Periodic floodplain inundation is thought to enhance fish

recruitment by providing suitable feeding and spawning

environments for larvae (Welcomme 1979; Junk et al.

1989; Humphries et al. 1999; Winemiller 2005). Then, to

ensure the persistence of populations in this habitat, the

reproductive efforts of species must match suitable condi-

tions of resource availability. For example, Winemiller and

Rose (1993) have suggested that a fixed amount of repro-

ductive effort should be partitioned into many small

offspring in resource-rich habitats (i.e., periodic species

breeding in floodplains under high water levels) or into a

few large offspring in resource-poor habitats (i.e., equi-

librium species able to breed despite high levels of

competition for food).

Within the tropics, a great range of seasonality is

encountered in riverine systems (Lowe-McConnell 1987).

These systems range from well-marked seasonally flooding

regimes (e.g., tropical savanna regions) to regions where

rain falls throughout the year (e.g., equatorial regions).

However, the predictions relating reproductive strategies of

fish to the temporal stability of their habitats are only

supported by general observations, and have never been

tested. Earlier field studies on tropical freshwater fish have

found some evidence of particular combinations of repro-

ductive traits (i.e., reproductive strategies). In her earliest

study in British Guiana, Lowe-McConnell (1964) assigned

large characid species (a family mainly associated with the

periodic strategy; Winemiller 1989; Mérigoux et al. 2001)

to what she called the ‘‘total-spawners in which all the eggs

ripen and are shed at once’’ and have a ‘‘breeding season
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very closely tied up to the hydrological cycle’’. She also

associated cichlid species (a family associated with the

equilibrium strategy; Winemiller 1989; Mérigoux et al.

2001) with a ‘‘partial-spawner’’ strategy related to some

form of parental care, producing batches of fewer eggs at

frequent intervals and being less affected by the hydro-

logical cycle. Supporting the link between hydrology and

life-history strategies, Ponton and Copp (1997) observed a

major decrease in the abundance of characiforms (mainly

periodic species) and an increase in perciforms (mainly

equilibrium species) after a drastic change in the hydro-

logical regime in the Sinnamary River (French Guiana)

following dam construction which divided the river and

radically decreased the downstream hydrological season-

ality (see also Ponton and Vauchel 1998; Mérigoux and

Ponton 1999). A comparison between the pre-dam and

post-dam periods also showed changes in species abun-

dance in terms of reproductive traits (Mérona et al. 2005).

Furthermore, based on time series analyses from Côte

d’Ivoire rivers (West Africa) over more than 20 years,

Tedesco and Hugueny (2006) observed that climatic forc-

ing (i.e., hydrological variability) induced a higher spatial

synchrony in population fluctuations of periodic species

compared to equilibrium ones. Although indirectly, all of

these results closely link the reproductive strategies to

current hydrological conditions.

Here we explicitly test Winemiller’s predictions of life

history traits on a seasonality gradient at an inter-drainage

basin scale in West African tropical rivers by focusing on

the periodic equilibrium dichotomy. We hypothesized that

the distributions of freshwater fishes in this region are

related to the match between their reproductive traits (e.g.,

fecundity, egg size, span of the reproductive period) and

hydrologic seasonality (i.e., length of the annual flood

period). Specifically, we expect greater proportions of

periodic species in drainages marked by highly seasonal

floods (short seasonal flood pulses followed by harsh

conditions), and greater proportions of equilibrium species

under more stable conditions (long annual periods of

flooded conditions). Opportunistic species were not spe-

cifically considered because trait data for these species are

currently almost nonexistent, and because no clear pre-

dictions can be drawn concerning the effect of seasonality

on these species.

Material and methods

Species distributions

Species occurrence data were drawn from Paugy et al.

(1994), who provide a current list of 462 freshwater fish

species occurring among 39 West African drainage basins

(Table 1). Only riverine fish species were considered

(secondary or migratory euryhaline fish were omitted).

Drainage basins are defined here as watersheds including

the main river and all its tributaries up to the ocean

(Vörösmarty et al. 2000). However, because the Niger

drainage basin spreads over several hydroclimatic zones,

we only considered in this case the Bénoué River (the main

eastern tributary of the Niger), which has a more precise

seasonality pattern and for which a species list is available

(McGregor Reid and Sydenham 1979). As a result, 438

species and 39 drainage basins (see ‘‘Electronic supple-

mentary material,’’ S1) ranging from north Senegal to east

Nigeria were considered in this study (Fig. 1).

Seasonality indices

Because of the wide range of climates existing across

Africa and the associated variability in the seasonal dis-

tribution of precipitations, hydrologic regimes of rivers in

this continent vary widely. For West African rivers, a

gradient of discharge seasonality is observed between

Sahelian, tropical and equatorial regions (Lévêque and

Paugy 1999) that differ mainly in the duration of their wet

seasons. For example, the Senegal River exhibits a highly

seasonal hydrologic regime characterized by a concentra-

tion of annual discharge in August–October, while the Pra

River has a less seasonal regime with discharge more

evenly distributed from May–December (Fig. 1). Monthly

hydrological data were drawn from annual series of water

discharge available from the IRD (Institut de Recherche

pour le Développement) and the GRDC (Global Runoff

Data Center). A total of 173 hydrologic stations (Fig. 1)

proportionally distributed over drainage basins (Pearson’s

correlation between number of stations and drainage area,

r = 0.62, P \ 0.05, n = 39) were averaged to compute a

seasonality index (SP1 = 1/a, where a is the mean number

of months during a year with a water discharge greater than

a third of the monthly annual maximum) in order to esti-

mate the mean length of the wet season for each basin

(Table 1). Since all our river systems have a wet and a dry

season, this measure gives a good idea of the concentration

of discharge within a short or a long period (Fig. 1a, b). A

high seasonality index value is related to a short marked

wet season, whereas a low value is related to a long wet

season associated with a long period of high water levels.

As we were unable to find hydrological data for three

basins (rivers Du in Liberia, Mene in Cote d’Ivoire and

Ogun in Nigeria), a mean of the indices obtained for

adjacent rivers of similar area and flow regimes was used

as a surrogate.

Although quite extensive, the hydrological data were

neither consistent over time (i.e., number of available years

among drainage basins) nor over space (i.e., number of
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localities per drainage basin). For that reason, monthly

runoff data based on a combination of observed river dis-

charge and simulated water balances over the past decades

and over the surface area of each drainage basin were

obtained through GIS mapping from 0.5� 9 0.5� grid cell

data (in mm/month) available from Fekete et al. (2002). To

evaluate the robustness of our seasonality index SP1, a

second index (SP2) was derived from circular statistics of

monthly mean runoff values according to Markham (1970).

SP2 is a measure of the concentration of a variable (runoff in

our case) over the course of the year. An index of SP2 = 0

means that every month has the same amount of runoff, and

an index of SP2 = 1 means that all the annual runoff is

concentrated within one month of the year (Table 1).

Therefore, our approaches are complementary since SP1

gives a somewhat incomplete but real view, while SP2 gives

Table 1 List of the considered

drainage basins with their areas,

mean annual discharges

(Lévêque and Paugy 1999) and

runoffs (Fekete et al. 2002), as

well as the values of seasonality

indices

Basin code refers to Fig. 1 and

to species occurrence data

reported in the ‘‘Electronic

supplementary material,’’ S1

Basin code Basin name Basin

area (km2)

Mean annual

discharge (m3/s)

Mean annual

runoff (mm/year)

SP1 SP2

1 GEBA 8,000 N/A 759.94 0.35 0.70

2 MONO 22,000 104 74.41 0.32 0.54

3 GAMBIE 77,000 170 135.48 0.35 0.72

4 OGUN 22,370 N/A 236.78 0.33 0.49

5 OUEME 50,000 220 120.43 0.35 0.58

6 SENEGAL 4,41,000 687 31.15 0.41 0.71

7 TCHAD 7,00,000 1064 68.71 0.24 0.70

8 CROSS 75,000 569 1155.25 0.18 0.51

9 VOLTA 3,98,371 1260 89.32 0.36 0.64

10 BENOUE 3,40,000 3425 100.14 0.27 0.67

11 MENE 1,070 N/A 914.57 0.15 0.30

12 TABOU 800 27 914.57 0.15 0.30

13 DODO 850 10 911.90 0.18 0.27

14 NERO 985 16 911.90 0.15 0.27

15 SAN PEDRO 3,310 31 453.07 0.13 0.44

16 BIA 9,730 83 474.71 0.11 0.42

17 BOUBO 4,690 32 362.49 0.13 0.52

18 ME 3,920 32 257.13 0.13 0.53

19 PRA 22,710 238 252.51 0.16 0.32

20 NIPOUE 11,920 N/A 917.33 0.19 0.54

21 TANO 16,000 129 295.20 0.16 0.38

22 AGNEBI 8,520 50 257.13 0.18 0.53

23 CAVALLY 28,850 384 917.25 0.20 0.33

24 SASSANDRA 75,500 513 452.68 0.29 0.60

25 COMOE 78,000 206 100.72 0.33 0.50

26 BANDAMA 97,000 392 196.36 0.25 0.60

27 KONKOURE 16,470 353 1897.35 0.24 0.67

28 KOLENTE 7,540 135 1387.65 0.28 0.67

29 LITTLE SCARCIES 18,872 N/A 1513.67 0.30 0.65

30 ROKEL 10,600 181 1639.69 0.20 0.64

31 JONG 7,750 223 1913.93 0.21 0.60

32 SEWA 19,050 410 1534.03 0.19 0.56

33 MOA 18,760 534 1511.64 0.16 0.57

34 MANO 8,260 208 1835.30 0.15 0.54

35 LOFA 13,190 N/A 1754.24 0.21 0.54

36 SAN PAUL 18,180 N/A 1165.09 0.21 0.58

37 DU 2,625 N/A 917.33 0.22 0.54

38 SAINT JOHN 15,600 N/A 1198.33 0.23 0.32

39 CORUBAL 23,200 306 1827.75 0.29 0.67
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a complete but simulated view of discharge patterns. A third

seasonality index proposed by Walsh and Lawler (1981) has

been tested but was not considered further as it provided

similar results to SP1 and SP2.

Life history traits

All data on species life history were obtained from West

African water bodies. To test the predictions of Winemiller

(1989), we used data for five reproductive traits (111 ref-

erences available on request, completed with information

from Fishbase: http://www.fishbase.org): (1) absolute batch

fecundity (mean egg number per batch; available for 113

species), (2) relative batch fecundity (mean egg number per

batch per kg; available for 112 species), (3) mean diameter

of mature oocytes (in mm; available for 113 species), (4)

time-span of reproductive period within a year (in months;

available for 133 species), and (5) parental care (binary

variable: presence = 1, absence = 0; available for 103

species; presence was considered for guarders and breath-

ers guilds; Lévêque and Paugy 1999, p. 139). Variables (1)

and (2) are supposed to be positively associated with the

equilibrium-periodic gradient, while the remaining vari-

ables are supposed to be negatively associated. We

accounted for the potentially confounding effect of body

size when testing our predictions. This trait was quantified

for every species using the maximum adult standard length

given by Lévêque et al. (1990, 1992). When several values

of a quantitative trait were available for a single species, a

mean value was computed. All continuous traits were log-

transformed to achieve normality.

Strategy index

We performed a principal component analysis (PCA) using

the above reproductive traits, to position species along the

equilibrium-periodic gradient. Data from closely related

species (i.e., the same genus) were used to complete

unknown values of reproductive time-span (16%) and

parental care (42%), leading to a matrix of 96 species

(representing nearly 50% of the species richness of each

drainage basin; ‘‘Electronic supplementary material,’’ S2).

Since reproductive modes have evolved from an ancestral

behavior through particular genera and families (e.g.,

Cichlidae, Osteoglossidae; Lévêque and Paugy 1999), and

because our quantification of parental care is rather coarse,

the high proportion of replaced missing values should not

influence our results. From the resulting correlations

between species traits and axes, we identified the axis that

best separated species according to the equilibrium-peri-

odic gradient. Species score along this axis was considered

a synthetic index of its strategy.

Fig. 1a–c Map of West Africa showing the drainage basins analysed

in this study (see Table 1). Hydrological stations providing discharge

data are represented by black dots and stream order is proportional to

river width. Numbers refer to basin codes reported in Table 1. Two

distinct patterns of seasonality are represented by hydrologic regimes

from the Senegal River (a) and the Pra River (b) (hydrological regime

graphs are available at http://aochycos.ird.ne/). In subpanels (a) and

(b), the numbers on the x-axis tick labels represent months (e.g.,

month 01 = January). A map tracing West Africa on the larger

continent is also presented (c)
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Removing taxonomical relatedness

Statistical analyses conducted on species traits should

account for the non-independence of species resulting from

their phylogenetic relationships (Harvey and Pagel 1991).

As a complete phylogenetic relationship between West

African freshwater fish species was not currently available,

we used taxonomic relatedness as a surrogate. The taxo-

nomic component was removed from life history traits and

strategy index values (described by the PCA axis) by using

an autoregressive comparison approach (Cheverud et al.

1985). All species within the same genus were assigned a

value of 1.0, all species within the same family a value of

0.5, all species within the same order a value of 0.33 and all

species from different orders a value of 0.25. The resulting

distance matrix was used to partition life history strategy

index values into a combination of (1) the shared taxo-

nomic component, and (2) the residual vector: the specific

independent component (Cheverud et al. 1985; Gittleman

and Luh 1992).

Data analysis

Our hypothesis was that the probability of occurrence of

periodic species should increase and that of equilibrium

species should decrease with increasing seasonality. We

also considered the potential confounding effect of body

size. Because the probability of presence increases faster

with drainage basin area for large species than for small

ones (Tedesco and Hugueny, unpublished results) and

because our seasonality index is positively related to the

drainage area (r = 0.62 for SP1 and r = 0.61 for SP2, both

n = 39, both P \ 0.0001), an interaction between body

size and seasonality is expected. As body size is usually

related to most other life history traits (Blueweiss et al.

1978; Peters 1983; Duarte and Alcaraz 1989), spurious

interactions between strategy and seasonality could result.

To test our hypothesis, a logistic regression procedure

(Sokal and Rohlf 1995) was applied to the presence/

absence data of freshwater fish species among the West

African drainage basins to compute the probability of

occurrence (Pij) of a species (j) in a drainage (i) as a

function of the seasonality index (xi), the species trait or

strategy index (yj) and the interaction term between these

variables (xiyj), while taking into account the effect of body

size (sj) and its interaction with seasonality (xisj)

log
Pi;j

1� Pi;j

� �
¼ aþ bxi þ c0sj þ cyj þ d0xisj þ dxiyj ð1Þ

where the parameters b, c, c0, d0 and d are the regression

coefficients, and a is the intercept. If the probability of

occurrence of periodic species increases and that of equi-

librium species decreases with increasing seasonality, we

should observe a significant interaction between the sea-

sonality index and the species traits or the species strategy

index. More precisely, if trait y increases along the equi-

librium-periodic gradient, the coefficient, d, for the

interaction between xi and yj should be significant and

positive. It is worth noting that all of the species are con-

sidered jointly in the model to get an overall assessment of

the relationship between strategy and seasonality.

The significance of the interaction between strategy and

seasonality has been assessed by a likelihood ratio test

based on the difference, D, between the deviances of two

nested models: model (1) and model (1) with d = 0. Under

the null hypothesis that the model including the interaction

term does not significantly increase the fit of the data

compared to the one without interaction, D follows a v2

distribution with one degree of freedom (number of

parameters of the more complex model minus the number

of parameters of the less complex model). If the null

hypothesis is rejected, we can conclude that species are not

distributed at random with regard to their strategy.

We tested our working hypothesis by considering the

sign of the interaction between our strategy index and

seasonality. Similar analyses were also performed sepa-

rately with individual life history traits in order to use all

of the information available. However, because these

traits are part of a strategy and hence are likely to co-

vary, these analyses are not independent and will be

considered here only for informative purposes. All con-

tinuous traits were log-transformed to correct any

heteroscedasticity and interaction terms were tested after

removing taxonomical relatedness from species traits and

strategy index values.

To obtain a visual representation of the relationship

between the strategy index or a life history trait (taxo-

nomically uncorrected) and seasonality, average values

were computed over species occurring within each basin

and plotted as a function of seasonality index values. Sta-

tistical analyses were performed using the S-plus

(Mathsoft, Inc.) and ADE-4 (Thioulouse et al. 1997) soft-

ware packages.

Results

Patterns of species traits and seasonality

Relationships observed among the species traits (Fig. 2)

reflected the physiological constraints and life history

trade-offs that make up the divergent reproductive strate-

gies previously defined by Winemiller (1989). The first

principal component of the PCA on the 96-species matrix

(see ‘‘Electronic supplementary material,’’ S2) accounted

for 54.3% of the total variance and was most influenced by
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relative batch fecundity, oocyte diameter and the presence

of parental care (loadings 0.899, -0.787 and -0.833,

respectively), revealing the dichotomy between periodic

and equilibrium species (Fig. 2). This axis was positively

related to periodic traits (i.e., high fecundity, small oocytes,

narrow reproductive period and no parental care) and was

used as a ‘‘species strategy’’ index to test species distri-

bution patterns along seasonality gradients. Examples of

species with heavy loadings along axis 1 (i.e., periodic

strategists) included species from several families (e.g.,

Centropomidae, Characidae, Schilbeidae, Cyprinidae and

Mochokidae). Extreme examples of these are Schilbe

intermedius (mean relative batch fecundity of

3,46,900 eggs/kg, mean oocyte diameter of 0.86 mm, no

parental care), Hydrocinus vittatus (mean relative batch

fecundity of 2,01,000 eggs/kg, mean oocyte diameter of

0.72 mm, no parental care) or Labeo parvus (mean relative

batch fecundity of 4,11,590 eggs/kg; mean oocyte diameter

of 1 mm, no parental care). At the opposite endpoint of the

gradient (i.e., equilibrium strategists), examples of species

with small loadings along axis 1 include Papyrocranus afer

(Notopteridae; mean relative batch fecundity of 531 eggs/

kg; mean oocyte diameter of 3.6 mm), Tylochromis jent-

inki (Cichildae; mean relative batch fecundity of

1,100 eggs/kg; mean oocyte diameter of 5 mm) or Gym-

narchus niloticus (Gymnarchidae; mean relative batch

fecundity of 296 eggs/kg; mean oocyte diameter of

7.5 mm), all providing parental care to their offspring. Axis

2 (22.1% of the total variance) was most influenced by

reproductive time-span (loading -0.703). Examples of

equilibrium strategists with low loadings along axis 2

include Cichlidae species such as Anomalochromis thomasi

or Tilapia busumana which can breed almost all year

round.

Species strategy index values show that periodic

strategists (high strategy index values) constitute a greater

proportion of the community in highly seasonal basins,

and that equilibrium strategists (low strategy index val-

ues) make up a greater proportion in more stable ones

(Fig. 3a). Mean values of each reproductive trait per

drainage as a function of the seasonality indices (SP1 or

SP2) also depict this shift in community composition

along the seasonality gradient (Figs. 3b–f). In highly

seasonal basins (i.e., rivers with a short and predictable

favorable season), species tend to produce a great number

of small oocytes, to reproduce during a short period of

time and to display a low degree of parental care (i.e.,

periodic species). Conversely, in less seasonal basins (i.e.,

rivers with several months of wet season), we noticed a

greater proportion of species producing small numbers of

large oocytes, reproducing within a long time period and

providing parental care to their offspring (i.e., equilibrium

species).

Testing the patterns

After accounting for taxonomical relatedness and body

size, the logistic regression including an interaction

between the seasonality indices (SP1 or SP2) and the

strategy index performed significantly better than the one

without this interaction (significant deviance D; Table 2).

As expected, the sign of the interaction coefficient was

positive (Table 2), meaning that periodic strategists have a

higher probability of occurrence in seasonal basins than

equilibrium strategists, which is in agreement with

Winemiller’s hypothesis. When considering each trait

separately, the logistic regressions showed consistent

results, e.g., species reproducing within a long time period

(i.e., equilibrium strategists) had a lower probability of

occurring in highly seasonal basins. For each trait,

observed signs of the interaction term matched our

expectations (Table 2), confirming the validity of the

equilibrium-periodic gradient as a whole for explaining

species distribution as a function of seasonality. The

interaction terms relating individual traits to seasonality

were all statistically significant except for absolute batch

fecundity [although Fig. 3b suggests the contrary, the

interaction term of absolute fecundity with seasonality is

not significant, likely because of its high correlation with

body size (r = 0.68, P \ 0.001, n = 113)].

Fig. 2 Results of the principal component analysis (PCA) performed

on five life history traits of 96 species (see ‘‘Electronic supplementary

material,’’ S2 for species codes and traits values). The associations

between these life history variables show the periodic and equilibrium

strategies (since opportunistic species were almost absent from our

dataset; see ‘‘Methods’’)
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Discussion

The periodic-equilibrium dichotomy

The observed trends in species traits and species strategy

index indicated a clear response of species distributions to

hydrologic seasonality of drainage basins. Along the sea-

sonality gradient, periodic species (exhibiting high

fecundity, small oocytes, narrow reproductive period and

absence of parental care) were associated with drainages

characterized by a short annual favorable period for species

reproduction (e.g., two or three months of wet season). In

contrast, equilibrium species were linked to drainages with

more than six months of wet season. Both seasonality

indices produced similar results. These findings were sup-

ported by the results of logistic regressions accounting for

taxonomical relatedness, species body size and redundancy

in species traits (by using a ‘‘species strategy’’ index).

The life history strategies hypothesis proposed by

Winemiller (1989) considered observed patterns in species

composition as adaptive suites of species characteristics

responding to particular environmental variability

Fig. 3a–f Average values of

the strategy index and of each

individual trait per drainage as a

function of river basin

seasonality indices (SP1 and

SP2). All but strategy index and

parental care are log-

transformed variables (see

‘‘Methods’’). Lowess regression

curves (f = 0.87) show the

general trend in each case.

Seasonality approaches SP1 and

SP2 produce similar results,

revealing the robustness of the

variability in hydrologic data

availability

Table 2 Results of the logistic

regressions linking presence/

absence data of freshwater fish

species to both seasonality

indices (SP1 and SP2), and

controlling for the effect of

body size and taxonomic

relatedness

Signs, deviance D and P values

of the interaction terms between

strategy index or species traits

and seasonality indices are

presented with the number of

species considered in each case

Number

of

species

Expected

sign

SP1 SP2

Sign D P value Sign D P value

Species strategy

Strategy index (first axis

of the PCA)

96 + + 15.5026 \0.0001 + 12.8283 \0.0001

Species traits

Absolute batch fecundity 113 + + 0.168 0.6815 + 1.467 0.2258

Relative batch fecundity 112 + + 9.809 0.0079 + 6.979 0.0082

Oocyte diameter 113 – – 11.424 0.0007 – 11.306 0.0007

Time-span of reproductive

period

133 – – 64.704 \0.0001 – 56.181 \0.0001

Parental care 103 – – 20.116 \0.0001 – 5.681 0.0171
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conditions (in terms of predictability and frequency). Pre-

vious studies on marine and freshwater fish (e.g., Kawasaki

1980; Baltz 1984; Vila-Gispert et al. 2002; Vila-Gispert

and Moreno-Amich 2002; King and McFarlane 2003)

support Winemiller’s hypothesis, but the present results go

a step further by formally relating species adaptive strate-

gies to environmental gradients. Given this framework, we

hypothesized that seasonal environments should harbor

more periodic fish species than more stable habitats. Our

data confirmed this hypothesis and complemented the

study of Bruton and Merron (1990) which compared the

percentage of bearers and guarders (forms of parental care)

in the fish faunas of various African rivers, wetlands and

lakes, and reported a higher proportion of those equilibrium

species in highly stable ancient lakes (e.g., the Great

Lakes). However, their study mainly contrasted rivers with

lakes, and these two kinds of ecosystems may differ in

many respects, not just in terms of their hydrological sta-

bility. Moreover, as the African Great Lakes are dominated

by cichlids, a taxonomic bias cannot be ruled out. Our

study circumvents some of these potential problems by

comparing faunas from similar ecosystems (rivers) and by

controlling for taxonomic relatedness. Our results focused

on the seasonal endpoint (rivers) of the gradient studied by

Bruton and Merron (1990) and confirmed that the pattern

observed across systems (rivers and lakes) is also observed

within systems (at least for rivers).

Intra-specific trait variability

Intra-specific variability in the life histories of fish deter-

mined by environmental conditions has been suggested in

numerous cases (e.g., Fleming and Gross 1990; Tamate and

Maekawa 2000; Heibo et al. 2005; Blanck and Lamouroux

2007). As we assigned the same trait value to each species

regardless of the basin, our results could be an oversim-

plification of reality. However, our observed patterns of life

history variation should not have been strongly affected by

intra-specific variability for two reasons. First, variability

in reproductive traits such as fecundity or egg size is, to a

large extent, weaker within than between species (Blanck

and Lamouroux 2007). For instance, the absolute fecundity

of Sarotherodon galilaeus (an equilibrium strategist) ran-

ges from 407 eggs (min.–max.: 130–685) in Benin lakes

(Adite and Van Thielen 1995) to 2,458 eggs (min.–max.:

834–4,634) in the Niger River (Nwadiaro 1987), whereas

for Schilbe mystus (a periodic strategist) it ranges from

20,290 eggs (min.–max.: 13,905–26,675) in Lake Kainji

(Olatunde 1978) to 55,565 eggs (min.–max.: 35,460–

75,670) in the Ogun drainage basin (Adebisi 1987). Sec-

ond, based on the above examples, the existing intra-

specific variability seems to be related to variability of

environmental conditions, i.e., variations in intra-specific

responses to environmental predictability (rivers vs. lakes)

appear to follow the same trends as suggested by our

results for inter-specific variations. This is a likely result if

reproductive traits reflect adaptations to the hydrological

regime in the way suggested by Winemiller (1989) and

Winemiller and Rose (1992). These arguments lead us to

state that if data were available for each trait and each

species, and in sufficient detail to account for intra-specific

variability between drainage basins, the observed rela-

tionships between life history traits and seasonality would

have been stronger. As the available data on traits for

widely distributed species increase, further tests should

elucidate this issue.

Variability in species data

Except for body size, data were not available for each

species–trait combination, and so this could be a potential

source of bias. It is worth noting that given the way data

were analyzed (see ‘‘Methods’’), it is not necessarily

important to have a complete coverage of species distri-

bution per basin but rather to have an inter-specific

variability per trait that is representative of that displayed

across the whole fauna. If, for instance, only species with a

high fecundity were analyzed, a link between seasonality

and fecundity, even if present, would be unlikely to be

demonstrated. Nevertheless, analyzing a subset of the

regional pool may have had two consequences. First, this

might have reduced the power of the analyses if too few

species were considered and/or the resulting gradient in life

history traits was too narrow. Second, if the species ana-

lyzed were not a random sample of the regional pool,

potential bias might have been introduced. For instance, the

mean length of species with available trait data was larger

than that for species for which trait data was missing (i.e.,

354 vs. 124 mm, respectively). We believe that this

potential bias weakly affected our results for two reasons.

First, body size was not related to the periodic-equilibrium

gradient (Pearson’s correlation between strategy index and

body size, r = -0.03, n = 96, P [ 0.05). Second, body

size was accounted for in the analyses. It is likely that

species with missing trait values are in some way rare

species (average occurrence of 4 and 13 basins, respec-

tively, for species without information and species with

known values for all the considered traits), though this

phenomenon could not significantly bias our results since

the periodic-equilibrium gradient is not related to species

occurrence (Pearson’s correlation between strategy index

and occurrence, r = -0.036, n = 96, P = 0.727). Data-

deficient species may have been a non-random sample with

regard to taxonomy (e.g., only 36% of perciformes without

any informed trait vs. 75% for cypriniformes). However, as

taxonomic relatedness has been accounted for in the
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analyses, the problem of taxonomic bias should have been

marginal.

Spatially related factors

Given the numerous causes that can affect the probability

of presence of a species in a basin, our conclusions could

have been weakened to some extent by other factors pos-

sibly related to seasonality, e.g., drainage area (but see

‘‘Methods’’), climatic history (see below), productivity or

latitudinal cline. Our dataset was restricted within a very

narrow latitudinal range (less than 10�), implying little or

no affect of cline gradient and productivity (also related to

latitude) on species occurrence (Tedesco et al. 2005).

Furthermore, as both seasonal and less seasonal drainages

occur in northern and southern parts of our study area

(Lévêque and Paugy 1999), latitudinal gradient could not

have produced the observed patterns of demographic

strategies or any unwanted spatial correlation in the

analyses.

Historical issues

Within the hierarchical ‘‘landscape filters’’ framework

(Tonn et al. 1990; Poff 1997), the hydrological seasonality

of rivers acts as a selective filter for species reproductive

strategy at an inter-drainage basin scale. The absence of

easy migration between drainages over large temporal

scales for freshwater fish (because of land or ocean barri-

ers) implies that differential extinction and/or speciation

rates within a basin with regard to life-history strategies are

probably the underlying mechanism of the observed pat-

tern. Unfortunately, given the low number of reliable

phylogenies, it is difficult to infer how speciation has

worked for West African fishes in general. However, there

is indirect evidence suggesting that within-basin differen-

tiation (speciation minus extinction) processes played an

important role in structuring present fish communities

within West African rivers. For instance, the West African

rivers that currently display relatively more stable hydro-

logical conditions are those located in historically stable

regions (i.e., Pleistocene refuges; Dupont et al. 2000).

These rivers tend also to have higher species richness

(when river size has been accounted for), and higher his-

torical hydrological stability that could have allowed the

speciation and/or the persistence of a higher proportion of

equilibrium species (Tedesco et al. 2005).

Concluding remarks

Our results add to a growing amount of literature associ-

ating functional organization of aquatic assemblages with

hydrologic variability. It has been previously demonstrated

for fish that patterns of discharge variability can directly

influence community structure. Fish community functional

structure–hydrology relationships have been observed at

the regional (Poff and Allan 1995; Cattanéo 2005b), local

(Cattanéo 2005a) and microhabitat scales (Lamouroux

et al. 2002; Blanck et al. 2007), which stress the impor-

tance of hydrologic conditions in shaping community

characteristics.

Our results suggest that large-scale species distribution

of West African freshwater fish can be partly explained by

a functional relationship between their life history strate-

gies (i.e., a combination of traits placing species within the

triangular continuum of strategies proposed by Winemiller

(1989)] and the degree of seasonality in hydrological

conditions of rivers. Highly seasonal conditions were

related to the small/numerous offspring tactic (periodic

strategy) conferring all the reproductive effort to a short but

favorable period (flood), whereas less seasonally marked

rivers were related to the large/few offspring tactic (equi-

librium strategy). Consequently, river hydrological

variability acts as a ‘‘landscape filter’’ for species life-his-

tory traits (Winemiller 1989; Winemiller and Rose 1992;

Poff 1997). As differential extinction and/or extinction

rates with regard to life-history strategy are the mecha-

nisms most likely to explain how the hydrological filter

acts between rivers, the present-day distribution of species

probably also reflects the hydrological histories of the

rivers.
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Mérigoux S, Ponton D (1999) Spatio-temporal distribution of young

fish in tributaries of natural and flow-regulated sections of a

neotropical river in French Guiana. Freshw Biol 42:177–198

Merona B (2005) Alteration of fish diversity downstream from Petit-

Saut dam in French Guiana. Implication of ecological strategies

of fish species. Hydrobiologia 551:33–47

Nwadiaro CS (1987) Fecundity of cichlid fishes of the Sombreiro

River in the lower Niger delta, Nigeria. Rev Zool Afr 101:433–

437

Olatunde AA (1978) Sex, reproductive cycle and variations in the

fecundity of the family Schilbeidae (Osteichthyes: Siluriformes)

in Lake Kainji, Nigeria. Hydrobiologia 57:125–142

Partridge L, Harvey PH (1988) The ecological context of life history

evolution. Science 241:1449–1454
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