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INTRODUCTION

Assemblages of organisms in terrestrial and aquatic
environments vary naturally and inconsistently in
space and time owing to a range of biotic and abiotic
factors and their interactions (Botkin 1990, Thrush
1991, Levin 1992). Understanding such variability is a
logical first step in forming hypotheses about processes
affecting organisms (Wiens 1989, Underwood et al.
2000, Benedetti-Cecchi 2003). Similarly, identifying
appropriate spatial and temporal scales of sampling is
necessary for rigorous design and analysis of ecologi-
cal experiments (Hewitt et al. 1997, Underwood et al.
2000), ‘monitoring’ programmes (Schroeter et al. 1993,

Thrush et al. 1994) and studies of environmental
impacts (Andrew & Mapstone 1987, Osenberg et al.
1994, Underwood 1997).

Hierarchical designs of sampling are effective for
unravelling complex spatial and temporal patterns of
distribution and abundance of plants and animals
(Green 1979, Underwood & Chapman 1996, Under-
wood 1997, McQuaid & Lawrie 2005). They have the
additional benefit of providing independent measures
of variances for different nested spatial scales (Mor-
risey et al. 1992a, Underwood & Chapman 1996, 1998).
These designs are used in cost-benefit analyses, which
can be used to optimise subsequent designs of sam-
pling (Underwood 1997).
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Many studies have examined scales of variation at a
hierarchy of different spatial scales (in soft sediment,
e.g. Morrisey et al. 1992a, Moore & Fairweather 2006,
Chapman et al. 2010; on subtidal reefs, e.g. Fraschetti
et al. 2001, Ellingsen & Gray 2002, Anderson et al.
2005; on intertidal rocky shores, e.g. Underwood &
Chapman 1996, 1998, Benedetti-Cecchi 2001). Most
studies on temporal variation, in contrast, have exam-
ined patterns at few and generally large scales, such as
between seasons or years (e.g. Underwood 1984a, Hill
& Hawkins 1991, Lively et al. 1993, Williams 1993
among many others). Relatively few have measured
variation in abundance of organisms at temporal scales
within a season (e.g. Morrisey et al. 1992b, Olabarria &
Chapman 2002), or have simultaneously examined
multiple temporal and spatial scales of variation (e.g.
Kennelly & Underwood 1992, Aberg & Pavia 1997,
Underwood & Chapman 1998). Thus, while many
researchers have recognised the problems of con-
founding in space (Hurlbert 1984), much less attention
has been paid to avoiding equivalent problems of con-
founding in time (Stewart-Oaten et al. 1986, Under-
wood 1991, 1994).

Most studies examining spatial and temporal pat-
terns of variation have focused on invertebrates or
micro-algae (see references above). Whether the small-
scale patchiness in time and space frequently observed
for benthic assemblages is typical for organisms in
other environments, particularly larger, more mobile
organisms, is unclear. For example, fish are an impor-
tant component of many aquatic ecosystems, but few
studies have measured their variation at multiple tem-
poral scales (e.g. Ferrell et al. 1993, Thompson & Map-
stone 2002). Further, patterns of variation among dif-
ferent scales are often inconsistent among studies of
fish, although patchiness at small spatial or temporal
scales has been observed for assemblages of fish on
reefs (Thompson & Mapstone 2002, Anderson & Millar
2004) and in estuaries (Gray et al. 2009). Studies in
other estuaries have, however, shown large and incon-
sistent variation in assemblages of fish from small to
large spatial or temporal scales (Ferrell et al. 1993,
Miller & Skilleter 2006).

In estuaries of New South Wales (NSW), Australia,
much research has focused on assemblages of small
fish in shallow habitats, such as seagrass beds and bare
substrata (e.g. Ferrell & Bell 1991, Gray et al. 1996,
Jones & West 2005). By comparison, fewer studies have
examined patterns of abundance in assemblages con-
taining larger, more mobile species of fish, including
those that are important in commercial and recre-
ational fisheries (e.g. Pollard 1994). Also, catch rates
derived from fishery-dependent sources often are not
reliable indicators of abundance (e.g. Walters &
Maguire 1996).

In an earlier study (Gray et al. 2009), we examined
spatial scales of variation of assemblages of fish sam-
pled with multi-mesh gillnets in shallow and deep
habitats of coastal lakes. That work was part of the
development of scientific tools for sampling a wide
range of species and sizes of estuarine fish. A consis-
tent result was that variation in abundance was largest
at the smallest spatial scale investigated (i.e. among
replicate nets placed 50 to 100 m apart). Variation was
also generally larger between sites (1 km apart) than
among zones (several km apart) within an estuary.
Whether the spatial patterns of variation observed in
that particular study are consistent through time, or,
indeed, which temporal scales would need to be in -
cluded in future sampling programmes was unknown.

Many studies examining temporal changes in popu-
lations and assemblages of fish have sampled seasonally
(e.g. Horn 1980, Hyndes et al. 1999, Desmond et al.
2002, Ikejima et al. 2003, Jones & West 2005). Compar-
isons among seasons are, however, potentially con-
founded by variation at smaller time-scales (Morrisey et
al. 1992b). When sampling is done only once in each
season, a comparison of seasons can only be interpreted
sensibly if the assumption that any single time of sam-
pling is representative of other times in the same season
is made. Without replicated times of sampling within
each season, this cannot be ascertained. Differences in-
terpreted to be seasonal may just represent temporal
differences within each season. This is an important
matter that is often overlooked in the design and inter-
pretation of sampling. For example, movements of fish
in response to changes in patterns of tides (Morrison et
al. 2002), moonlight (Blaber & Blaber 1980), foraging
(Thompson & Mapstone 2002), or interactions among
these and other factors, may cause patchiness in abun-
dance at scales of days, weeks or months (e.g. Thomp-
son & Mapstone 2002, Miller & Skilleter 2006).

The aims of the present study were, therefore, to ex-
amine the extent to which small-scale temporal varia-
tion may confound seasonal and spatial comparisons of
abundances of fish sampled with multi-mesh gillnets
(sensu Morrisey et al. 1992b) and to identify appropriate
scales of sampling for future studies. This study was not
designed to offer any interpretations of temporal pat-
terns of abundances of fish, nor to determine how the
biology and ecology of each species might influence
these. Its purpose was to determine what sorts of tem-
poral sampling are necessary to be able to describe
abundance in different places at different times. We
therefore measured variability in populations and as-
semblages of fish at a hierarchy of temporal scales in
shallow and deep strata (habitats) of a coastal estuary in
NSW. Sampling included the 2 spatial scales to test the
generality of patterns of temporal variance and to inves-
tigate any interactions between patterns in space and
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time. Specifically, we tested the hypotheses that (1)
there would be temporal variation at the largest scale of
3 mo, which is a typical sampling interval used to test
seasonal variation (see above), but not at smaller scales
within 3 mo (i.e. weeks and months), (2) most spatial
variation would be at small scales (i.e. among replicates
and between sites) consistently through time as ob-
served for a single time of sampling in Gray et al. (2009),
and (3) patterns of variation would be consistent among
species and between habitats.

MATERIALS AND METHODS

Sampling design and methods. Sampling was done
in St Georges Basin NSW, a relatively shallow (mean
depth of about 2 m), micro-tidal (<0.5 m) and well-
mixed coastal lake with a surface area of about 44 km2

(Roy et al. 2001). The sampling design included 2 habi-
tats, shallow (S, <2 m) and deep (D, >4 m) strata, and 2
spatial scales, 2 sites (1 km apart) nested in each of 2
zones (Z, ~3 to 8 km apart). Although we did not quan-
tify differences between the physical structure of shal-
low and deep habitats, previous work has shown that
shallow areas of St Georges Basin are often charac-
terised by patchy distributions of seagrasses and bare
sediment (Creese et al. 2009), meaning further stratifi-
cation of sampling with gillnets by the type of habitat
within shallow and deep strata (e.g. bare vs. seagrass)
was impractical. In deeper areas of the lake (>4 m),
seagrasses are generally restricted to the fringe of the
central mud basin (Roy et al. 2001, Creese et al. 2009).
So, most of our sampling in deep habitats was probably
done over predominantly unvegetated sediments.

The choice of spatial scales was dependent on our
hypothesis that patterns of spatial variation observed
in our previous study (i.e. Gray et al. 2009) would be
consistent through time. In that previous study, how-
ever, the choice of spatial scales was arbitrary because
we did not have other information. This is a common
issue in studies of spatial scales in the absence of com-
plete maps of distributions (when natural scales might
be available) or, as here, with continuous sampling
across all possible scales being impractical.

One night was necessary to sample both habitats in a
site. Each site was sampled for 2 consecutive weeks in
each of 2 consecutive months in each of 2 consecutive
‘seasons’ in 2005: winter (July to August) and summer
(October to November). These seasons were chosen
 arbitrarily because there was no clear evidence to sug-
gest that patterns of temporal variation would be dif -
ferent for assemblages of fish within or between other
seasons (i.e. summer and autumn). We could not mea-
sure variation at shorter time-scales (i.e. among nights)
because 4 nights were needed to sample the 4 sites.

During each night, 6 replicate multi-mesh gillnets sep-
arated by 50 to 100 m were sampled in each habitat at a
single site chosen at random. The gillnets were bottom-
set, soaked for 1 h and then retrieved (Rotherham et al.
2006). Catches in each net were identified and counted;
economically-important species of fish were measured
for fork-length (FL) to the nearest 0.5 cm.

Each multi-mesh gillnet consisted of seven 20 m
 panels of different sizes of stretched mesh (36, 44, 54,
63, 76, 89 and 102 mm), connected together in a ran-
dom order. Adjacent panels were separated by 5 m of
rope to minimise potential effects of the smaller-mesh
panels ‘leading’ larger fish to adjacent panels. The 36
and 44 mm panels were made from monofilament net-
ting with twine diameter of 0.15 mm; the remaining
panels had multifilament netting with a twine diameter
of 0.4 mm. All panels were 2 m deep and had a hang-
ing ratio of E = 0.5.

Analyses of data. For each species present in at least
25% of samples in each habitat (across all times of
sampling), spatio-temporal variation in abundance was
estimated using ANOVA on untransformed data. Data
were not transformed even when variances were het-
erogeneous because it was important to compare
results among species in a similar scale (Olabarria &
Chapman 2002). In addition, the components of varia-
tion needed to be extracted from the true variances,
and ANOVA tests are relatively robust to hetero -
geneous variances in large, balanced designs, as here
(Underwood 1997).

Initial analyses of the full 5-factor model separately
for each habitat (i.e. 3 nested temporal scales orthogo-
nal to zones and sites) revealed significant temporal-
spatial interactions at small scales (Table 1). To esti-
mate temporal variances independently of interactions
with spatial patterns, the 3 temporal scales were
analysed separately for each site and habitat using
nested ANOVAs with all factors included as random
effects. The components of variation for each temporal
scale were then extracted (Underwood 1997), correct-
ing for negative values, where present, according to
Fletcher & Underwood (2002). There were thus 4 inde-
pendent estimates of each temporal component, one
from each site. For each site, analyses were done for
species found in at least 25% of samples at that site,
which increased the number of species analysed com-
pared to the full 5-factor model. The components of
variation for each temporal scale were then averaged
for each species over the appropriate number of sites
(between 1 and 4). Because there were so many spa-
tial-temporal interactions in the univariate analyses,
multivariate analyses would clearly be similarly inter-
active. Therefore, PERMANOVA (Anderson 2001) was
done on Bray-Curtis dissimilarities calculated from un-
transformed data, and multivariate components of vari-
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ation (i.e. for all species, irrespective of their frequen-
cies of occurrence) were calculated for each temporal
scale exactly as was done for the univariate analyses.

To test the consistency of spatial patterns of variance
through time, similar analyses of frequently occurring
species (found in ≥25% of samples) and multivariate
assemblages were done, as described above. Two fac-
tors (zones and sites) were analysed for each time of
sampling and habitat separately, potentially giving 8
independent estimates of variance for sites and zones.
These were then averaged over the appropriate num-
ber of sampling times.

RESULTS

Spatio-temporal variability in abundances

Twelve species in the shallow habitat and 10 species
in the deep habitat were sufficiently widespread
(i.e. caught in ≥25% of samples) to be analysed using
the full model (Table 1). Because all factors were ran-
dom, there were no tests for the effects of
3 mo (3M), 1 mo (1M) nested in 3M (i.e.
1M(3M)) and Zones (Z), nor for the inter -
actions Z × 3M and Z × 1M(3M), unless
other terms in the analyses could be elim-
inated or pooled (Underwood 1997).
Where there were significant interac-
tions, the effects of main factors were not
interpreted (Underwood 1997).

Of 12 species analysed for the shallow
habitat and 10 analysed for the deep
habitat, only 4 species in each habitat
showed no significant differences in time
or space (Table 1). Of the remaining spe-
cies, 5 out of 12 in the shallow habitat and
4 out of 10 in the deep habitat showed
significant space–time interactions at the
smallest scales (i.e. S(Z) × W(1M(3M));
Table 1). Thus, for many species, tempo-
ral changes in mean abundances were
not the same from site to site (illustrated
in Fig. 1 for Sillago ciliata in the shallow
and deep habitats). Only S. ciliata and
Gerres subfasciatus showed these small-
scale interactions in shallow and deep
habitats. In contrast, Girella tricuspidata
Poma tomus saltatrix and S. maculata
gave significant S(Z) × W(1M(3M)) inter-
actions in one, but not the other habitat
(illustrated in Fig. 2 for G. tricuspidata).

A significant interaction between small
temporal but larger spatial scales (i.e. Z ×
W(1M(3M))) was detected in 2 species in

the shallow habitat (Girella tricuspidata and Mugil
cephalus) and 1 species in the deep habitat (i.e. Platy-
cephalus fuscus; Fig. 3). Significant interactions be -
tween either spatial scale and larger temporal scales
were seldom found. They were S(Z) × 1M(3M) for P.
fuscus in the deep areas (Fig. 3) and S(Z) × 3M for M.
cephalus in the deep areas (Table 1). Significant differ-
ences at the scales of weeks (i.e. W(1M(3M))) and sites
(i.e. S(Z)) were detected in only one analysis (P. fuscus,
shallow; Table 1, Fig. 3).

Components of temporal variation

For 21 of the 29 analyses on individual species in
either or both of the habitats, components of variation
were negative at one or more scales (examples shown
in Table 2a), indicating that these terms probably had
zero variance and should be taken out of the analyses
and the data re-analysed (Fletcher & Underwood
2002). Only 6 of these analyses had negative compo-
nents at the largest scale of 3 mo (e.g. Sillago ciliata
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Species Significant terms in df F p
ANOVA

(a) Shallow habitat
Acanthopagrus australis None
Gerres subfasciatus S(Z) × W(1M(3M)) 8, 160 3.36 <0.01
Girella tricuspidata Z × W(1M(3M)) 4, 168 2.83 <0.05
Liza argentea S(Z) × W(1M(3M)) 8, 160 3.13 <0.01
Mugil cephalus Z × W(1M(3M)) 4, 168 6.44 <0.01
Myxus elongatus S(Z) × W(1M(3M)) 8, 160 2.26 <0.05
Platycephalus fuscus W(1M(3M)) 4, 178 4.34 <0.01

S(Z) 2, 178 9.74 <0.001
Pomatomus saltatrix S(Z) × W(1M(3M)) 8, 160 5.27 <0.001
Pseudocaranx dentex None
Rhabdosargus sarba None
Sillago ciliata S(Z) × W(1M(3M)) 8, 160 2.14 <0.05
Sillago maculata None

(b) Deep habitat
Acanthopagrus australis None
Gerres subfasciatus S(Z) × W(1M(3M)) 8, 160 2.41 <0.05
Girella tricuspidata S(Z) × W(1M(3M)) 8, 160 2.21 <0.05
Mugil cephalus S(Z) × 3M 2, 16 7.20 <0.01
Platycephalus fuscus S(Z) × 1M(3M) 4, 168 4.87 <0.01

Z × W(1M(3M)) 4, 168 3.03 <0.05
Pomatomus saltatrix None
Pseudocaranx dentex None
Rhabdosargus sarba None
Sillago ciliata S(Z) × W(1M(3M)) 8, 160 7.40 <0.001
Sillago maculata S(Z) × W(1M(3M)) 8, 160 2.70 <0.01

Table 1. Summary of significant results of 5-factor ANOVAs used to test for
differences in mean abundances of individual species of fish at different tem-
poral and spatial scales, separately for shallow and deep habitats. The 3 tem-
poral scales were 3 mo (3M), 1 mo (1M) nested in 3 mo and weeks (W) nested
in 1 mo nested in 3 mo, which were orthogonal to zones (Z) and sites (S)
nested in zones. Non-significant (p > 0.25) interaction terms were pooled,
where possible, to increase the number of degrees of freedom



in Table 2a). The data were thus re-analysed, collaps-
ing the weeks and months into 4 ‘times’ of sampling
within 3 mo (Table 2b), because neither weeks nor
months contributed to any variances. Many of the
negative components disappeared; only 10 of the
analyses still had negative values when averaged

over the relevant samples (Table 3). For these, we
corrected the mean square estimates in the original
analyses, by removing times, 3 mo, or both (as
described in Fletcher & Underwood 2002). The com-
ponents of variation were then averaged again over
the relevant number of sites.
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Fig. 1. Sillago ciliata. Mean numbers (+SE; n = 6) of S. ciliata sampled with multi-mesh gillnets at a hierarchy of temporal 
scales at each site and zone in the (a) shallow and (b) deep habitats of St Georges Basin
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For sampling multiple species, measuring how much
variability is associated with any particular spatial or
temporal scale is necessary. This is made difficult
where different species have different residual variance
(i.e. variation from net to net). We therefore decided to

make comparable estimates by normalizing the vari-
ance components (each component was divided by that
species’ residual variation). This assessed how much
additional variation would be added by sampling at
additional temporal scales (i.e. by adding another 3 mo

188

Fig. 2. Girella tricuspidata. Mean numbers (+SE; n = 6) of G. tricuspidata sampled with multi-mesh gillnets at a hierarchy of 
temporal scales at each site and zone in the (a) shallow and (b) deep habitats of St Georges Basin
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period or time, rather than adding more replicate gill-
nets). For some species, times within a 3 mo period
added most additional variation (e.g. Liza argentea,
shallow). For others, differences among 3 mo periods
added most variation (e.g. Mugil cephalus, shallow;

Pagrus auratus, deep). The latter pattern was consis-
tent among species in the shallow, but not in the deep
sites. Similarly, patterns of temporal variance were
often inconsistent for the same species between depths
(i.e. L. argentea, Pseudocaranx dentex, Platycephalus

189

Fig. 3. Platycephalus fuscus. Mean numbers (+SE; n = 6) of P. fuscus sampled with multi-mesh gillnets at a hierarchy of temporal 
scales at each site and zone in the (a) shallow and (b) deep habitats of St Georges Basin
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fuscus, Sillago macu lata, Gerres subfasciatus). The
only consistent pattern between habitats, among spe-
cies and between the results from the univariate and
multivariate analyses was that the residual variation,
which is a spatial component, was greater than any
temporal scale ex amined (Table 3). Thus, the amount
of variation added by sampling at additional times or
3 mo periods was small compared to sampling addi-
tional gillnets at small spatial scales (i.e. replicate nets
separated by 50 to 100 m).

Components of spatial variation

Most spatial variation was at the smallest scale of
replicate nets separated by 50 to 100 m (Table 4). This
was consistent between habitats in univariate and mul-
tivariate analyses. The magnitude of the contribution
of zones or sites to spatial variance was inconsistent
among species and between habitats for the individual
species. In the shallow habitat, components of varia-
tion were larger at the scale of sites than at the scale of
zones for 7 out of 14 species, but larger for zones than
for sites for 6 out of 14 species. For one species (Pelates
sexlineatus), variation at the scales of sites and zones
was equivalent (i.e. zero). In the deep habitat, in con-
trast, there was more variation at the scale of zones
than sites for 10 of the 12 species analysed. For the
multivariate data, in both habitats, variation among
zones was larger than that among sites.

DISCUSSION

Patterns of spatial and temporal variation in this
study were inconsistent and complex. Many analyses
of individual species of fish from the shallow and deep

habitats detected significant spatio-temporal interac-
tions at small scales (i.e. between the scale of sites only
1 km apart and consecutive weeks). Patterns of change
measured in one site could not represent the changes
occurring in another nearby site. A second important
finding was that, in any site (thus, eliminating spatio-
temporal interactions and providing independent esti-
mates of variance for each temporal scale), there were
no general patterns in the relative magnitudes of the
components of variation among the different temporal
scales for individual species between habitats, nor
between these and changes in the assemblage (as
shown by the multivariate analyses).

Fish are not unique in showing complex and incon-
sistent patterns of abundance through time. This has,
as a good comparative example, been a major focus of
attention in sampling benthic animals in muddy and on
rocky substrata. Although similar, small-scale interac-
tions between time and space have been observed for
such benthic assemblages (Thrush et al. 1996, Under-
wood & Chapman 1998, Olabarria & Chapman 2002),
many studies have also shown that the largest sources
of spatial and temporal variability in abundances
of such organisms are often at the smallest scales
 (Morrisey et al. 1992a,b, Underwood & Chapman 1996,
1998; reviewed by Fraschetti et al. 2005). Such patterns
may be related to a number of biotic (e.g. predation,
Connell 1975; competition, Jernakoff 1985; availability
of food, Underwood 1984b) and abiotic variables (e.g.
topographic complexity, Chapman & Underwood 1994;
natural disturbances, Underwood 1999). These fea-
tures of the ecology of the organisms vary and interact
at small spatial and temporal scales.

Our mensurative study cannot provide evidence for
any processes causing the observed patterns in abun-
dance of species of fish (Underwood et al. 2000). Nev-
ertheless, a lack of any consistent patterns of temporal
variance indicates that assemblages of fish are likely to
be affected by a complex set of processes, which oper-
ate at a range of different scales in time (not just at the
smallest scales as suggested for benthic assemblages)
and differently among sites and between habitats. In
contrast to the benthic invertebrates studied elsewhere
(see references in the previous paragraph), many of
the species of fish sampled in the present study are mo-
bile, fast-moving organisms. The mobility of fish over
small to large  temporal and spatial scales, to gether
with interactions among other small-scale factors (e.g.
predation and competition), are likely to contribute to
the complex patterns of change that were observed.
Processes of immigration/emigration of micro gastro -
pods (owing to potentially greater dispersal than other
benthic invertebrates) and interactions with processes
at small scales have been hypothesised to explain simi-
lar, inconsistent patterns of variation over scales of

df Sillago Acanthopagrus Liza 
ciliata australis argentea

(S) (D) (D)

(a) 3M 1 –4.6 1.4 2.5
1M 2 –1.3 –0.40 1.2
W 4 6.7 0.5 –1.10
Res 40 90.1 4.4 15.40

(b) 3M 1 0. 1.2 2.9
T 6 6.5 0.2 0.2
Res 40 87.4 4.4 15.00

Table 2. Examples of different patterns in temporal compo-
nents of variance for species of fish averaged over different
sites from ANOVAs of (a) 3 levels of the temporal hierarchy:
3 mo (3M), 1 mo (1M) and weeks (W), and (b) after the
scales of weeks and months were collapsed into times (T) of
 sampling within a 3-mo period. S: shallow habitats; D: deep 

habitats; Res: residual variance
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weeks, months and 3 mo periods (Olabarria & Chap-
man 2002). Despite the greater distances moved by in-
dividual fish, temporal patterns of mobile populations
of fish and small snails show similar inconsistencies.
Distances moved are not, of themselves, an important
difference between these different assemblages.

Differences in patterns of temporal variation be -
tween fish and other invertebrates are likely to result
not only from differences in scales of dispersal or
movement but also from differences in life cycles, rates
of reproduction (e.g. Desmond et al. 2002) and behav-

iour. Similarly, such factors are likely to
contribute to the inconsistent patterns
of variation observed among species of
fish in our study and differences in pat-
terns between other studies examining
short-term temporal variation of fish
(e.g. tropical reef fish, Thompson &
Mapstone 2002; sub-tropical estuarine
fish, Miller & Skilleter 2006).

As predicted, some species in our
study showed most variation at the
largest scale of 3 mo consistently be -
tween habitats, perhaps as a result of
seasonal spawning migrations (Potter
et al. 1986, Hagan & Able 2003, Katselis
et al. 2007). Many other species were,
however, more variable from time to
time within a season, which may have
been related to inter-specific differ-
ences in responses to factors acting at
scales ranging from days to months
(e.g. changes in moonlight, Blaber &
Blaber 1980; availability of food, Hum -
phries & Potter 1993; changes from
spring to neap tides, Krumme et al.
2008). Although changes in tides are an
important influence on distribution and
abundance of some species of fish at
small temporal scales (e.g. Gibson et al.
1996), they are unlikely to have made
large contributions to the differences
we found because St Georges Basin has
a very small tidal range (<0.5 m).

In addition to the patterns above,
there were intra-specific differences in
patterns of temporal and spatial vari-
ance between shallow and deep habi-
tats, which may indicate different pro-
cesses acting in each habitat such as
features of the habitat (e.g. physical
structure, Hyndes et al. 2003, Hori-
nouchi 2007) and interactions with
ontogenetic factors (Eggold & Motta
1992, Platell et al. 2006). Fish may move

between or among different habitats at different stages
of their life history (e.g. Potter et al. 1990, Miller &
 Skilleter 2006). The deep habitat often contained
larger individuals of many species, which was consis-
tent with our earlier study (Gray et al. 2009). Larger or
older fish may forage over larger spatial scales than do
smaller conspecifics (thus potentially explaining the
larger variation at the scales of zones in the deep sites).
Sexually immature or very old fish may not participate
in seasonal spawning migrations. Factors such as
changes in moonlight are also likely to have different
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Species Shallow Deep
Z S Res Z S Res

Acanthopagrus australis         0            0.2           3.1           0.9       0.7         4.4
Gerres subfasciatus               14.7       43.6         43.7           5.5       2.3       11.6
Girella tricuspidata                 0.7         1.3         27.7           4.3       2           10.2
Herklotsichthys castelnaui 108.6         7.7       329.3         38          5.9     162.9
Liza argentea                         17.1       10.4         29               2.9       0             3.1
Mugil cephalus                        8.5         1.9           8.2           1.1       1.4         4.4
Myxus elongatus                     9.3         1.1         13.3           na       na          na
Pelates sexlineatus                  0            0           12               na       na          na
Platycephalus fuscus               0.3         1             5.7           3.4       1.5         2.5
Pomatomus saltatrix                0            0.9           3.2           0.9       0.1         4.2
Pseudocaranx dentex              0            2.5           5.6           1.4       1             3.2
Rhabdosargus sarba               0.5         0.6           3.9           0.3       0.2         8.5
Sillago ciliata                       100.9       19.5         90.1         13.6     18.2       19.7
Sillago maculata                      1.6         1.3           4.1           0.8       0             5.7

Multivariate                         920.4     308.5     1408.3       731.1   422.3   1560.9

Table 4. Components of spatial variance for individual species of fish found in at
least 25% of samples and for multivariate assemblages averaged over multiple
times of sampling in shallow and deep habitats of St Georges Basin. na: no 

analysis; Z: zones; S: sites; Res: residual variance

Species Shallow Deep
3M T Res 3M T Res

Acanthopagrus australis         0.2         0.1         2.6             1.2       0.2         4.4
Chelidonichthys kumu           na         na          na             0.1       0             1.1
Gerres subfasciatus               35.7       14.3       43.2             0.7       6.3       18.6
Girella tricuspidata               11.9         3.7       27.7             0.2       3.9         9.4
Herklotsichthys castelnaui   64.5       44.5     346             24.4       7.4       36.2
Liza argentea                           0.4       17.8       32.9             2.9       0.2       15
Meuschenia trachylepis        16.1         0          45.7             na       na          na
Mugil cephalus                        7.2         2.3         7.4             4.8       0.6         5.5
Myxus elongatus                     3.7         1.9       13.3             na       na          na
Pagrus auratus                         na         na          na             1.4       0             2.1
Pelates sexlineatus                  0.7         0          32               na       na          na
Platycephalus fuscus               1.3         0.6         5.8             0.4       1.4         1.4
Pomatomus saltatrix                0            2.4         3.5             0.1       0.6         3.8
Pseudocaranx dentex              0            0.6         3.6             1          0.5         1.7
Rhabdosargus sarba               0.7         0.6         2.8             0.3       0.1         6.3
Sillago ciliata                           0            6.5       87.4             5.1     12.7       17.4
Sillago maculata                      0.6         0.2         2.1             0.2       0.8         2.4

Multivariate                         603.4     248.1   1408.3         577      479       1560.9

Table 3. Components of temporal variance for species of fish found in at least
25% of samples and for multivariate assemblages averaged over different sites
in shallow and deep habitats of St Georges Basin. na: no analysis; 3M: 3 mo; 

T: times within 3 mo; Res: residual variance
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effects on the behaviour and movements of predators
and prey between deep and shallow sites (sensu Lowry
et al. 2007). Thus, similar processes could act in differ-
ent habitats but at different rates (Steele 1985).

Unlike the individual species, patterns of spatial and
temporal variance of multivariate assemblages were
consistent between deep and shallow habitats. Most
temporal variance in assemblages of fish was, as pre-
dicted, at the scale of 3 mo periods. Spatial variation
was larger between zones than between sites within
zones. These results illustrate that patterns of assem-
blages do not necessarily reflect patterns of individual
abundant or widespread species (sensu Chapman et al.
2010). This finding highlights the potential problem of
selecting and focusing on few, so-called ‘indicator’ spe-
cies in studies of environmental monitoring (e.g. Dale
& Beyeler 2001, Goodsell et al. 2009); patterns indi-
cated by such species may not be representative of
many other species in an assemblage, particularly
those that are rare or uncommon.

One consistent feature of both the univariate and
multivariate analyses was that many of the temporal
components of variation were estimated to be negative.
Negative estimates suggest that variability at a particu-
lar scale is less than would be expected from the vari-
ability observed at a smaller scale (Fletcher & Under-
wood 2002). For many species and all analyses of
multivariate assemblages, negative estimates of tempo-
ral components averaged out when mean variance was
calculated across multiple sites, indicating that each
temporal scale of variation added, on average, at least a
small amount of variance to the overall patterns of tem-
poral variation. Some of the persistent negative values
reflect that some species were only found in 1 or 2 sites
and therefore estimates of mean variance were not very
reliable. For widespread or abundant species (i.e. those
found in most sites), persistent negative estimates may
indicate temporal non-independence among times of
sampling (i.e. data may be positively or negatively cor-
related, see Underwood 1997). Nevertheless, data were
likely to be independent because patterns of change
from time to time in any site were inconsistent and un-
predictable for many  species (Figs. 1 to 3).

The residual variance, which estimated spatial varia-
tion among replicate nets in a site in a single night, was
larger than variation at any of the temporal (or spatial)
scales examined. This was the only general pattern
among many species, between the univariate and mul-
tivariate analyses and between shallow and deep habi-
tats. The schooling behaviour of many species likely
explained much of the patchiness among replicate
nets. Often, large numbers of a particular species were
caught in 1 or 2 replicate nets within a site, but few or
no individuals were caught in the other nets that were
relatively close by (i.e. separated by 50 to 100 m).

Patchiness at small spatial scales has also been
observed for reef fishes and again may be explained by
the fact that many species of fish are very mobile
(Anderson & Millar 2004). Movements of individual
fish (or schools of fish) over short distances and periods
of time may be random or related to the interaction of
different factors at local scales (McClanahan et al.
2007). For example, small-scale physical or biogenic
features of habitat can affect the foraging behaviour of
fish by providing food or refuge from predators (Auster
et al. 1995, Thrush et al. 2002). Such factors can also
explain the patchy small-scale distribution of fishes in
our study, because the sites sampled in St Georges
Basin often contained a mosaic of patches of seagrass,
macroalgae and bare sediment (West et al. 1985, Cum-
mins et al. 2004) with patches of invertebrates such as
sponges and ascidians (Barnes et al. 2006) and bivalve
molluscs (e.g. cockles, D. D. Johnson pers. obs).

Whatever the processes causing the complex pat-
terns of variation, our findings demonstrate the need
for very careful planning of long-term sampling. They
also emphasise the importance of pilot studies to iden-
tify important scales of temporal and spatial variation
before starting a longer-term study. As discussed ear-
lier, many studies of fish have sampled at 3-mo inter-
vals to measure seasonal (or longer-term) changes in
abundance. Evidence from our study indicates that
sampling at 3-mo intervals is not an appropriate scale
at which to measure seasonal change. This may well
be the case (and should always be examined) in other
studies of seasonal variation. For many species, varia-
tion at smaller temporal scales would confound any
seasonal patterns of abundance. Demonstrating sea-
sonal patterns requires replicate times of sampling
within 3-mo periods (Morrisey et al. 1992b).

Our study also indicates strongly that, at each time of
sampling, there must be replicate sites scattered across
the scale of an entire estuary (i.e. separated by 1 km to
several km). Several months would probably be neces-
sary (i.e. a whole season) to sample several sites in
 several different estuaries (see also Rivadeneira et al.
2002). The focus of sampling should therefore be the
detection of annual, rather than seasonal, changes in
abundance, which would, however, require replicate
3-mo periods to be sampled within a year (e.g. James
et al. 2008).

The problem remains, however, that data are still
potentially confounded when different spatial scales
(e.g. sites or estuaries) are sampled on different nights
or in different weeks or months within a 3-mo period.
Although variation among nights may have con-
founded variation among sites in our study because
each site was sampled on a different night, temporal
variation at scales ranging from weeks to months
within a 3-mo period was small compared to spatial
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variation. Thus, in future studies, providing that sites
and estuaries are sampled within a 3-mo period, inter-
preting differences between sites (or estuaries) as
probably representing spatial rather than temporal
variation would probably be safe. This will not always,
nor necessarily, be true for all species of fish in the
estuary or in other estuaries or for periods of time
longer than 6 mo.

Nevertheless, our approach represents a means to
improve studies of fish and other organisms, in which
the potential for short-term temporal variation to con-
found longer-term and larger-scale patterns, has often
been ignored. Unless more attention is paid to measur-
ing patterns of abundance at appropriate temporal and
spatial scales, attempts to detect environmental im -
pacts or to identify relevant ecological patterns and
processes are likely to be compromised, inefficient, or
both. Addressing these problems is necessary in de -
signing reliable sampling procedures for any organism.
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