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Abstract. This study aimed to establish the presence of
spatial synchrony for three riverine fish populations
(stone loach Barbatula barbatula L., European min-
now Phoxinus phoxinus L. and gudgeon Gobio gobio
L.) in two spatially-close sites of the Garonne River
(SW France). Sampling was carried out by electro-
fishing from 1994 to 1999. The fish were split into two
age classes (0+ and >0+) using length-frequency
distribution analysis. No autocorrelation was present
in our time series. There were significant correlations

of densities between sites for stone loach (>0+) and
gudgeon (0+), but not for European minnow. A
significant positive relationship was observed be-
tween maximal flow values and 0+ gudgeon density.
No significant associations between flow variables and
density were observed for stone loach. These results
emphasize the role of external factors in effecting
population dynamics, and suggest that their influences
differ according to life stage and life-history character-
istics.
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Introduction

The two most common types of processes known to
influence the structure and dynamics of ecological
assemblages are biotic interactions between coexist-
ing species (intrinsic processes such as competition,
predation and mutualism) and abiotic factors (extrin-
sic processes such as habitat structure and environ-
mental variability). Biotic interactions usually lead to
a steady state or predictable cycle in assemblage

components (assemblages are stable or show repeat-
able patterns in time and space). Conversely, stochas-
tic abiotic factors (e.g. rapid changes in the abiotic
environment) will lead to unpredictable or highly
fluctuating assemblages. For riverine fish, some re-
searchers have emphasized the importance of tempo-
ral variability in assemblage structure and the critical
role of environmental variability (i.e. flow variability),
primarily through its effect on mortality and recruit-
ment (Poff and Allan, 1995). On the other hand, other
research has documented both the relative stability of
fish assemblages and the importance of biological
interactions (Moyle and Vondracek, 1985). Results
suggest that regulation mechanisms are likely to differ
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between developmental stages, with larvae or juve-
niles possibly more sensitive to abiotic factors while
adults more prone to density-dependent regulation
(Rodriguez and Lewis, 1994; Cattan�o et al. , 2001;
Daufresne and Renault 2006).

Spatial synchrony in species abundance is a general
phenomenon that has been observed in natural
populations of all major taxa and has often been
related to the debate on the relative importance of
intrinsic factors and extrinsic environmental varia-
tions in determining population size fluctuations
(Liebhold et al. , 2004). Two mechanisms are currently
considered to be the most likely to explain synchrony
patterns: 1) dispersal among populations, and 2)
synchronous stochastic effects usually referred to as
the Moran effect (Moran, 1953). For riverine fish,
Grenouillet et al. (2001) identified synchrony in the
annual abundance of 0+ roach along a 150 km long
reach of the Rh�ne that was related to fluctuations in
June water temperature. Cattan�o et al. (2003), in a
study of 57 populations of brown trout (Salmo trutta
L.), found a Moran effect on early-life stages due to
high flows during emergence periods. Tedesco et al.
(2004) demonstrated a strong Moran effect in four
African riverine fish populations using a 24-year time-
series dataset, which clearly acted through regional
hydrological variability. For the same populations,
Tedesco and Hugueny (2006) highlighted that spatial
synchrony was dependent on life-history strategies.
Species associated with synchronized reproduction
during the wet season, high fecundity, small egg size
and a high gonado-somatic index (so-called �periodic
strategy�, Winemiller, 1989; Winemiller and Rose,
1992) had a higher degree of spatial synchrony in
population dynamics than species associated with the
opposite traits (so-called �equilibrium strategy�).

Studying spatial synchrony for different age classes
could enhance our understanding of the population
dynamics of spatially structured species. However, the
demographic structure of populations is rarely de-
tailed in analyses of synchrony. This shortfall may lead
key processes involved in the spatial patterns of
populations to be concealed (Cattan�o et al. 2003).
The present study aimed to establish whether spatial
synchrony was present for three riverine fish popula-
tions (stone loach Barbatula barbatula L., European
minnow Phoxinus phoxinus L., and gudgeon Gobio
gobio L.) in two spatially-close sites of the Garonne
River (SW France). More specifically, we aimed to test
if synchrony patterns related to hydrology could be
distinguished for two age classes (0+ and >0+),
revealing similarities or differences between the
mechanisms involved. We also wanted to test if
similarities in terms of life-history strategies led to
similarities in terms of spatial synchrony. As shown by

Tedesco and Hugueny (2006) for African fish, species
with different life-history strategies are likely to
exhibit different degrees of spatial synchrony in
response to hydrological variability. Stone loach,
European minnow and gudgeon having similar life-
history characteristics (Vila-Gispert and Moreno-
Amich, 2002; Blanck et al. , 2007), thus the degree of
spatial synchrony should be similar for the three
species.

Material and methods

Study area and sampling sites
The Garonne River is 525 km long with a total
catchment area of 57,000 km2. It constitutes the fourth
longest river in France and flows from the Maladeta
glacier in the Spanish Pyrenees to the Atlantic Ocean,
joining the Dordogne River in the Gironde estuary at
Bordeaux (Fig. 1a). The Garonne�s hydrological re-
gime is characterized by both nival and pluvio-nival
features, with one period of high flow during spring as
a result of snowmelt and two periods of low flow
during winter and summer (Fig. 1b).

The study reach corresponded to the Garonne�s
“transitional“ zone, where the fish community shifts
from a salmonid-dominated (brown trout, Salmo

Figure 1. a. Study area. Arrow indicates flow direction. b. Hydro-
logical cycle of the Garonne River at the two sampling sites (year
1999).
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trutta L.) species-poor assemblage to a multispecific
assemblage with> 10 species, among which European
minnow, stone loach and gudgeon are the most
abundant (Reyjol et al. , 2001). Brown trout is also
an abundant species in this river reach, but because of
massive restocking operations it was not considered in
the present work. The entire fish fauna in this river
reach can be considered as representative of the
Western European fish fauna (Reyjol et al. , 2007).

The study focused on two sampling sites having
natural flow regimes and separated by 11.5 km. The
reach�s two dominant morphological stream units
were present in both sites, i.e. one riffle (mean water
depth: 23�11 cm; mean water velocity: 41�26 cm/s)
and one pool (mean water depth: 56 � 21 cm; mean
water velocity: 18�13 cm/s). For the whole study
reach, pools represent the dominant mesohabitat
(>75 % of the river; Y. Reyjol, unpublished data).
The mean width in the study reach is 60 m, and the
mean slope is 3.25 m/km. The substratum composition
was similar in both sites and strongly dominated by
large pebbles (10 cm < smallest diameter <20 cm).
There is no important tributary between the sites,
leading to similar characteristics in their hydrological
regimes (mean annual flow: 60 m3/s; Fig. 1b). Water
temperature patterns and chemical quality were also
similar, the only notable difference being the concen-
tration of sulphur, which was higher at site 2 (Reyjol et
al. , 2001).

Sampling technique
Sampling was carried out by electro-fishing from 1994
to 1999. A Heron	 power source was used, generating
300 to 400 V with an intensity range from 1 to 2 A.
Fishing always took place during low flow, at the
beginning of autumn (mid-September), to ensure that
young-of-the-year (0+) were large enough to be
efficiently sampled (Y. Reyjol, pers. observ.). Quanti-
tative estimates of densities were obtained by multiple
shock (two pass) catch depletion through continuous
electro-fishing (Carle and Strub, 1978). Multiple
shock catch depletion methods usually imply that
the population is closed (e.g., by stretching stop-nets
across the stream). However, given the size of the river
in the study reach (about 60 m), it was not possible to
stretch stop-nets across the stream. For the same
reason, it was not possible to sample the whole
mesohabitat surface during the study. Consequently,
only a representative sub-part of each mesohabitat (in
terms of water depth, water velocity and substratum
composition) was sampled in both sites. The two-pass
method gave reliable estimates of every age-class
density, since 72 % (standard deviation = 12%) of fish
were caught during the first pass (statistics computed
for the 12 sampling events).

Fish were returned to the water, dispersed within
the sampling site, immediately after identification and
counting. The configuration of the sampling team was
always the same to minimize inter-annual bias in
sampling efficiency. This is of particular importance
for synchrony studies, where the focus is made on the
temporal variation in population dynamics and sam-
pling noise may blur observed patterns (Tedesco et al. ,
2004). One person held the fishing apparatus, two
people caught the shocked fish with landing nets, and
one person collected the fish, putting them in oxy-
genated plastic tanks on the river bank. Stone loach is
a benthic species mainly active during the night and
lying under coarse substratum during daylight (Fisch-
er, 2004). Gudgeon has been found to prefer sandy
substratum (Zweim
ller, 1995), but 0+ gudgeon may
shelter within substratum interstices (Y. Reyjol, pers.
observ.). To limit the influence of microhabitat
preferences of these two benthic species on electro-
fishing efficiency, coarse substratum was turned over
or removed during sampling when necessary (Reyjol
et al. , 2004).

Statistical treatment
Fish were split into two age classes (0+ and>0+). These
classes corresponded to total length �40 mm (0+) and
>40 mm (>0+) for European minnow (PHP) and stone
loach (BAB), and to total length � 50 mm (0+) and
>50 mm (>0+) for gudgeon (GOG) (Table 1). Spatial
synchrony cannot be tested by checking the significance
of the coefficients of correlation between two time
series because it is likely that temporal autocorrelation
can be found, thereby violating the assumption of serial
independence required for most standard inference
tests (Leibhold et al., 2004). However, when no such
autocorrelation is detected in the time series being
compared or when studying independent densities in
time as 0+ fish dynamics, standard correlation tests can
be used to assess synchrony (Buonaccorsi et al., 2001).
Autocorrelation functions revealed no serial correlation
in our time series, either for the 0+ or>0+ of the three
species (p> 0.05). This lack of serial dependence, likely
to result from the shortness of our time series, allowed us
to apply correlation tests to assess synchrony. Both
parametric (Pearson on log-transformed data) and non-
parametric (Spearman) tests were performed. As
results were close (the only notable difference being
the rejection of H0 for total stone loach density using
Pearson but not Spearman), Pearson correlation tests
were considered here, as they are usually less conserva-
tive than Spearman tests. As we were testing for positive
correlations between time series (i.e. synchrony), one-
sided tests were performed (p <0.05). The S-plus
software package (Mathsoft, Inc.) was used.

Aquat. Sci. Vol. 70, 2008 Research Article 181



Several hydrological variables were considered to
explain possible synchrony patterns: Qmean, Qmin
and Qmax, corresponding with the mean, minimal and
maximal annual flows, respectively. The annual co-
efficient of variation (CV), defined as the ratio of the
standard deviation to mean flow, was also considered.
Two variables describing high flows were used:
maximal flow value from the beginning of the
emergence period (the period of time during which
fish leave the substratum to colonize the water
column) to sampling (QmaxE) (i.e. from the begin-
ning of May to mid-September for the river reach),
and the number of days during which flow exceeded
the mean annual flow of the studied reach, i.e. 60 m3/s
(day60). All hydrological variables were derived from
daily flow data (source: Adour-Garonne French
Water Agency). Except QmaxE, hydrological statis-
tics were calculated on flow values from 1 January to
31 December. To examine relationships between fish
density and hydrological variables, we calculated the
mean densities in the two sites for those age classes
that appeared synchronous, and then calculated
Pearson correlations between these means and flow
variables (two-sided; p <0.05).

Results

Significant correlations of densities between sites (i.e.
synchrony) were present for total stone loach density,
>0+ stone loach and 0+ gudgeon (Table 2). A

significant positive relationship was observed be-
tween the maximal flow value and 0+ gudgeon density
(Table 3, Fig. 2). On the other hand, no significant
associations between flow variables and total stone
loach or >0+ stone loach densities were observed
(Table 3, Fig. 3). Because synchrony patterns for total
stone loach and >0+ stone loach were similar, only
those corresponding to >0+ were represented.

Discussion

In the present work, stage-dependent spatial synchro-
ny was identified for >0+ stone loach and 0+
gudgeon, but not for European minnow. A significant
spatial synchrony was also observed for total stone
loach density. Short time series should be regarded
cautiously when addressing synchrony patterns be-

Table 1. Values of hydrological variables (m3/s), coefficient of variation of daily flow, number of days during which flow exceeded the mean
annual flow of the studied reach (i.e. 60 m3/s), and fish densities (ind/ha) from 1994 to 1999. See text for abbreviations.

1994 1995 1996 1997 1998 1999

Qmean 65.7 47.6 60.7 44.9 50 48.8
Qmin 12.8 15 16.9 16.5 18.6 18.6
Qmax 224 192 476 145 203 199
QmaxE 224 106 162 107 134 199
CV 0.67 0.55 0.72 0.45 0.52 0.63
Day60 171 111 143 59 90 77

Site 1

PHPtot 540 397 116 83 643 759
PHP0+ 36 50 11 0 118 234
PHP>0+ 504 347 105 83 525 525
BABtot 4228 11974 4921 333 8842 16448
BAB0+ 37 187 111 23 3387 899
BAB>0+ 4191 11787 4810 310 5455 15549
GOGtot 1242 515 521 75 552 397
GOG0+ 13 0 51 0 7 6
GOG>0+ 1229 515 470 75 545 391

Site 2

PHPtot 940 4078 1081 2797 2582 2927
PHP0+ 454 1027 179 538 832 932
PHP>0+ 486 3051 902 2259 1750 1995
BABtot 383 1061 236 11 1591 1183
BAB0+ 97 562 5 6 528 9
BAB>0+ 286 499 231 5 1063 1174
GOGtot 128 861 508 159 513 281
GOG0+ 23 0 215 0 156 10
GOG>0+ 105 861 293 159 357 271

Table 2. Pearson correlation coefficients, r, between densities of
each age class at site 1 and site 2 for the period 1994–1999, and
associated p-values. Significant correlations are indicated in bold.
See text for abbreviations.

r p

PHPtot 0.158 0.382
PHP0+ 0.482 0.166
PHP>0+ –0.081 0.561
BABtot 0.973 <0.001
BAB0+ 0.414 0.207
BAB>0+ 0.951 0.002
GOGtot 0.188 0.360
GOG0+ 0.909 0.006
GOG>0+ 0.065 0.451
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cause it only gives a partial view of a larger, unknown
picture. Stage-dependent spatial synchrony has pre-
viously been identified for roach (Grenouillet et al. ,
2001) and brown trout (Cattan�o et al. , 2003). In both
cases, synchrony concerned 0+ individuals, while 1+
and adults (Cattan�o et al. , 2003) or 1+ (Grenouillet

et al. , 2001) showed no synchrony. To our knowledge,
this study is the first to highlight a spatial synchrony
for both 0+ and >0+ fish. The absence of synchrony
for 0+ stone loach may be related to inefficient
sampling, despite sampling precautions being taken
(coarse substratum was turned over or removed
during sampling whenever necessary). However, the
detection of synchrony for 0+ gudgeon, even if based
on a limited number of individuals, encourages us to
believe that if the sampling methodology applied for
both 0+ stone loach and 0+ gudgeon gave successful
results for gudgeon, then it should also be valid for
stone loach. Important differences in fish densities
were observed between the two sites (site 1 shelters
more loaches than site 2, and site 2 shelters more
minnows than site 1). This result may be related to
different microhabitat conditions (e.g., more macro-
phytes in site 1; Y. Reyjol, pers. observ.) or to specific
local population dynamics related to intrinsic factors
(e.g., different predation pressures or different inten-
sities of competition for food resources between sites),
favouring –or disfavouring– one species to the detri-
ment of others.

The three species considered in the present work
have similar life-history characteristics (Vila-Gispert
and Moreno-Amich, 2002; Blanck et al. , 2007). They
cannot be strictly assigned to one of the three life-
history strategies originally defined, i.e. so-called
�periodic�, �opportunistic� or �equilibrium� strategies
(Winemiller, 1989; Winemiller and Rose, 1992).
However, small- or medium-sized species with sea-
sonal spawning, moderately high fecundities, small
eggs and few reproductive bouts per season—such as
our three species—have recently been shown to lie
between the opportunistic and periodic strategies
(Vila-Gispert and Moreno-Amich, 2002; Blanck et al. ,
2007). Moreover, Blanck et al. (2007) showed stone
loach and gudgeon to have highly similar intermediary
opportunistic-periodic traits, while European minnow
has a position that is nearer to equilibrium on the
chart. In our study, stone loach and gudgeon exhibited
a higher degree of spatial synchrony than European
minnow. This corroborates the findings of Tedesco
and Hugueny (2006), which showed that African fish
belonging to the periodic strategy exhibited a higher
degree of spatial synchrony than fish associated with
the equilibrium strategy.

The present study revealed significant positive
relationships between maximal flow values and 0+
gudgeon density. On the contrary, no hydrological
variable was related to >0+ stone loach synchrony
patterns. The density of 0+ gudgeon caught in both
sites was low, but the sampling procedure applied
ensured a robust estimation of density (Reyjol et
al. 2004). Moreover, fishing always took place during

Table 3. Pearson correlation coefficients, r, between hydrological
and mean density of the synchronous species or age classes at both
sites for the period 1994–1999, and associated p-values. Significant
relationships are indicated in bold. See text for abbreviations.

BABtot BAB>0+ GOG0+

Qmean
r –0.297 –0.248 0.434
p 0.568 0.636 0.389

Qmin
r 0.418 0.308 0.324
p 0.410 0.552 0.531

Qmax
r –0.164 –0.120 0.854
p 0.756 0.821 0.030

QmaxE
r 0.155 0.215 0.055
p 0.77 0.682 0.918

CV
r 0.139 0.231 0.481
p 0.793 0.660 0.334

Day60
r –0.200 –0.143 0.342
p 0.704 0.788 0.508

Figure 2. Synchrony patterns for 0+ gudgeon density at sites 1 and
2 from 1994 to 1999, and relationships with maximal flow value
(Qmax). Hydrological and fish densities have been standardized
for more convenient illustration.

Figure 3. Synchrony patterns for >0+ stone loach at sites 1 and 2
from 1994 to 1999. Fish densities have been standardized for more
convenient illustration.
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low flow, at mid-September, so that 0+ gudgeon were
large enough to be efficiently sampled (Y. Reyjol,
pers. observ.). Although the biological and hydro-
logical processes underlying larval and egg drift are
still poorly understood, recent investigations have
characterized gudgeon as an abundant drifter with
drift activity highest at the early larval and egg stages
(Copp et al., 2002; Zitek et al. , 2004), and ceasing
early during larval development during transition to
benthic behaviour (Peň�z et al. , 1992). This fact may
explain the synchrony pattern observed for 0+
gudgeon and its link to hydrology, which would be
an interesting case of a dispersal mechanism causing
synchrony, but in turn being dependent on a Moran
effect, i.e. hydrological conditions. On the other hand,
the synchrony pattern observed for >0+ stone loach
could be related to the active dispersal of adult
individuals. It is noteworthy that the maximal flow
value between the beginning of the emergence period
and the sampling date was not selected as a significant
explanatory variable in the present work, which is not
in accordance with observations made by Cattan�o et
al. (2001) and Daufresne and Renault (2006) for 0+
brown trout. This result may be explained by the
presence of multiple spawning (a feature of oppor-
tunistic species) in the three species studied here, thus
reducing the relevance of maximal flow value—a key
component for brown trout—during the emergence
period. This fact illustrates that different taxa (e.g.
salmonids vs. cyprinids) with different behaviours are
likely to be differently affected by hydrological
variability.

Because our study sites were in the same river, it is
impossible to conclude whether the observed syn-
chrony patterns resulted from a “Moran effect”,
dispersal mechanisms, or both. That being so, previous
studies have found clear synchrony patterns in pop-
ulation dynamics of fish over short and long distances
(Grenouillet et al. , 2001; Cattan�o et al. , 2003;
Tedesco et al. , 2004). According to Myers et al.
(1997), the correlation scale for recruitment in marine
species is typically 500 km, whereas for freshwater
species it is < 50 km, although further studies have
shown synchrony in 0+ (Grenouillet et al. , 2001;
Cattan�o et al. , 2003) and adults over > 100 km
(Tedesco et al. , 2004). Our results are therefore
interesting because they do not show equivalent levels
of synchrony at such a small spatial scale (about
10 km). This confirms the presence of complex
interactions between the species� life-histories, includ-
ing life-stages, and the mechanisms responsible for
synchrony patterns (Tedesco and Hugueny, 2006), and
now require further investigations.
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