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ABSTRACT: We examined the potential for patterns in invertebrate prey distribution to act as a
key driver of fish distribution across a coastal wetland system. Seascape and metacommunity
approaches recognise that faunal assemblages in coastal and freshwater systems are structured
by responses to multi-scale connectivity and local environmental conditions. However, we cur-
rently have a poor understanding of how different groups of aquatic organisms affect each other's
distribution. Most fish in freshwater and coastal wetland systems feed predominantly on benthic
invertebrates and zooplankton. To investigate the extent to which these invertebrate taxa exert
control over fish distribution, we sampled fish, benthic invertebrate and zooplankton assemblages
across 13 inter-connected pools on a salt-marsh in North Queensland, Australia. We found strong
and inter-annually consistent spatial concordances among the 3 faunal components, characterised
by higher densities of benthic invertebrates and zooplankton in pools at lower elevations on the
salt-marsh —reflected by high densities of planktivorous and benthivorous fish, and lower densi-
ties of benthic invertebrates and zooplankton in pools at higher elevations —reflected by domi-
nance of fish species trophically de-coupled from these taxa (detritivores, insectivores, and herbi-
vores). Further supporting the idea of trophic linkages, the 2 most invertebrate-rich pools also
harboured the greatest densities of benthivorous and zooplanktivorous fish, which in turn
attracted the wetland piscivores Lates calcarifer and Megalops cyprinoides. This is indicative of
bottom-up forcing acting across 3 trophic levels, a process that is likely facilitated by the frequent
tidal connections among pools, which allows for regular redistribution of fish. Prey availability
should be considered as a key component of the spatial ecology processes that shape fish assem-
blages across coastal and freshwater wetland systems.
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INTRODUCTION

Fish distributions and connectivities across patches
of habitat (e.g. stream reaches, pools, lakes, seagrass
patches, mangrove stands) embedded in wetland
landscapes (e.g. river basins, floodplains, salt-
marshes, sandy substrate) are often analysed in a
metapopulation framework —recognising that popu-
lations within patches are not closed, but linked by
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dispersal. Metapopulation approaches examine the
interplay of local patch processes (such as fish prefer-
ence for local environmental conditions) and regional
landscape processes (such as movement among
patches) in structuring populations across wetland
systems. This multi-scale perspective improves our
understanding of connectivity criteria necessary to
sustain species’ populations, and highlights patches
of key conservation value (Hanski & Thomas 1994,
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Hanski 1999), providing essential knowledge in
the face of accelerated rates of landscape fragmenta-
tion (Morita & Yamamoto 2002, Valentine-Rose et al.
2007). However, metapopulation approaches do not
explicitly consider the influence of biological inter-
actions, which can be important in structuring fish
distributions across a landscape (Tonn 1990, Snod-
grass et al. 1996, Tejerina-Garro et al. 1998).

Emerging 'metacommunity’ approaches have be-
gun to incorporate species interactions into meta-
population models to better represent processes
driving organism distributions (Cottenie et al. 2003,
Leibold et al. 2004). In these models, biological inter-
actions are perceived as local-scale processes that
modify communities within patches (Shurin 2001,
Cottenie et al. 2003, Brown et al. 2011, Warfe et al.
2013). However, classic theories predicting species’
distributions (e.g. ideal free distribution, optimal for-
aging theory) suggest that interactions among spe-
cies, particularly predator—prey relationships, will
also influence patch selection by an individual. Con-
sequently, if inter-patch hydrological connectivity is
sufficient to allow species to redistribute based on
abiotic and biotic preferences (Leibold et al. 2004,
Grober-Dunsmore et al. 2009), then prey availability
is likely to be a key determinant of fish distribution
patterns.

Most species of fish feed primarily on benthic or
zooplanktonic invertebrates (Parrish 1989, Vadebon-
coeur et al. 2002, Zagars et al. 2013). However, very
few studies have explored the relationship between
the spatial dynamics of fish and invertebrate prey at
the scale of a wetland system, in either freshwater or
marine settings (Grober-Dunsmore et al. 2009). Stud-
ies that have observed parallel dynamics of fish and
invertebrates in freshwater systems have generally
been confounded by scale, linking distributions
across broad spatial scales (e.g. among separate river
systems, drainage networks, or distant lakes) that far
exceed fish dispersal capabilities (Tonn 1990, Heino
2002, Beisner et al. 2006, De Bie et al. 2012), and pro-
vide limited opportunity to identify patch selection
processes. On the other hand, in open estuary and
coastal seascape systems, oscillating priorities for
feeding and refuge drive frequent tidal movements
between patches and habitat types. Therefore, feed-
ing grounds may only constitute a small proportion of
a fish's home range (Pittman & McAlpine 2003,
Sheaves 2009), making it difficult to isolate and
quantify the structuring influence of prey availability
(Grober-Dunsmore et al. 2009).

Networks of pools scattered across tropical salt-
marshes (henceforth referred to as ‘tidal pools’) how-

ever, provide a tractable system where the balance
between hydrological connectivity and discreteness
of patches is ideal for examining bottom-up control
influences. Tidal pools exist as an array of semi-
enclosed study units, where predator and prey distri-
butions can be representatively sampled and reliably
compared. Relatively frequent tidal connections to the
estuary channel and among pools (generally connect-
ing during most daily tidal cycles) provide the poten-
tial for faunal populations to access each pool, and fa-
cilitate redistribution relative to preferred conditions
(Davis et al. 2014). Moreover, samples of community
structure from different years can be considered inde-
pendent, as pool fauna is annually reset by 2 main
processes: (1) ontogenetic migrations of fish from the
salt-marsh system results in residence times of <1 yr
(Davis et al. 2012), and (2) periodic wet season floods
flush many species of fish (Davis et al. 2012) and ben-
thic invertebrates (J. Sheaves pers. comm.) from the
system. Independent replication is a feature lacking
in previous empirical studies of metacommunity dy-
namics (Logue et al. 2011), but is key to identifying
repeatable patterns and deterministic processes.

To examine the influence of predator-prey inter-
actions on fish assemblage structure and patterns of
realised connectivity across a wetland system, we
compared the parallel distributions of fish, benthic in-
vertebrates, and zooplankton across 13 tidal pools
scattered across a North Queensland salt-marsh. If
prey availability exerts considerable control over fish
distribution, we expected to find spatial concordances
between benthivorous fish and benthic invertebrates,
and planktivorous fish and zooplankton taxa, respec-
tively. The study was conducted over 2 annual cycles
during the pre-wet season month of October, to allow
invertebrate communities maximum time to re-
colonise following freshwater flushing.

MATERIALS AND METHODS
Study site

The study was conducted in Annandale Wetland
(19.19°S, 146.44°E), a 0.4 km? Sporobolous virginicus
salt-marsh system 8 km upstream of the Ross River
mouth in Townsville, Queensland, Australia (Fig. 1).
Interspersed across the wetland are 22 discrete per-
manent pools, ranging in area from 80 m? to 2500 m?,
and in low-tide depth from 30 cm to 130 cm. The
pools are mostly unvegetated and generally lack per-
manent woody debris. Substrates in pools vary from
sand to fine mud.
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Fig. 1. Annandale Wetland containing the 22 wetland pools adjacent to the Ross River, Australia. Pools can be loosely decom-
posed into 4 groups (Z, A, B, C), based on the topographic basins they are set within, and the different arterial channels that
connect groups of pools to the Ross River. Pools which were sampled in both 2010 and 2011 are shaded in red, whilst those
sampled only in 2011 are shaded orange. The sampled pools were assigned unique alpha-numeric codes to discern between
them in analyses. The wetland extends from the subtidal channel of the Ross River, south to the uppermost tidal limits (highest
astronomical tide =4 m). Different shades of grey illustrate the range of tidal heights at which different areas of the wetland
are tidally inundated, and pools within them connected. This is essentially a function of elevation differences. Flooding pat-
terns were determined by the deployment of a series of pressure loggers, the data from which were cross-referenced against
parallel realised tide data (courtesy of the Townsville Port Authority). LAT: lowest astronomical tide

For much of the year, these pools exist as an array
of semi-isolated wetland units tidally connected to
each other and the Ross River. However, during wet-
season months (January to March) Aplin's Weir
(located ~0.9 km upstream) overflows, blanketing the
wetland in freshwater. These floods prompt exten-
sive faunal shifts, resetting fish assemblages (Davis
et al. 2012, 2014), exterminating the majority of ben-
thic invertebrate taxa (J. Sheaves pers. comm.) and
flushing zooplankton from the system (Kay 2009).
Following floods, re-colonisation of pools primarily
relies on tidal connections to the Ross River (which
acts as a regional source of colonists), while subse-
quent exchange of individuals among pools are also
likely to modify pool fauna.

Pools tidally connect to the Ross River (and each
other) to varying extents, possibly modifying the
potential for faunal colonisation. The level (fre-
quency, duration, and depth) of tidal connectivity is
primarily governed by the position of a pool along
an elevation gradient from the estuary channel to
the aquatic-terrestrial ecotone, but is modified by
topographic heterogeneity within this gradient, as
well as the presence of connecting channels. The
majority of pools connect through most daily tidal
cycles via narrow channels of varying length and
depth. However, pools at higher elevations may

only connect for a few days a month, some relying
on connections over the tidally inundated salt-
marsh surface (e.g. Pool A5; see Fig. 1). Based on
these complex features, various descriptors of hy-
drological and structural connectivity can be deriv-
ed relative to the level of tidal connection, con-
nection distances, and the configuration of pools
(Table 1). These different facets of connectivity may
variously affect distributions of the different faunal
groups.

Data collection

Benthic invertebrate, zooplankton, and fish densi-
ties (measured as catch-per-unit effort [CPUE]) were
sampled in October 2010 in a subset of 10 pools
encompassing a representative cross-section of con-
nectivities, and again in October 2011 with the addi-
tion of 3 more pools to boost the sample size and
strengthen analyses. Pre-wet season sampling
ensured that invertebrate taxa had the maximum
opportunity to re-establish on the wetland following
the deleterious impacts of wet season floods (J.
Sheaves pers. comm.). Pools were sampled at the
bottom quarter of the tidal cycle (i.e. around low tide)
during the new moon period.
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Table 1. Environmental variables used in the BIO-ENV and classification and regression tree (CART) procedures, to test for
correlation with benthic invertebrate, fish, and zooplankton distribution data

Variable Description Unit

Method

Physico-chemical

Salinity - ppt
Temperature - °C

Visibility - cm
Pool morphology

Substrate Dominant substrate type/s

Ranked: (1) silt,
class (2) mud, (3) mud/sand,
(4) sand, (5) rubble

Portable refractometer
Thermometer
Secchi disc

Visual survey

Maximum Low tide maximum depth cm Measuring staff
depth of a pool
Surface area  Low tide surface area of a pool m? GIS
Connectivity
Critical tidal ~ Minimum tidal height required cm above lowest Pool depths were continuously logged over a
connection  for a pool to receive aquatic astronomical tide tidal sequence. Depth fluctuations were
(CTC) connection to the Ross River (LAT) plotted against realised tide data (courtesy
of Townsville Port Authority). The lowest high
tide peak at which pool depth rose was taken
as the critical tidal connection, accounting for
lag between time of realised tide peak and
time of high water in Annandale Wetland
Channel Shortest path from Ross River to a m GIS
distance pool via channelised connections.
(CD) Channels were defined as water
courses connecting pools to the Ross
River or other pools. For 2 pools,
this included water courses running
over vegetated salt-marsh
Tidal overbank Shortest path from Ross River to a m GIS + ground truthing
distance pool through tidally inundated
(TOD) salt-marsh surface
Pool order The number of intermediate pools number of pools GIS
(PO) separating a pool from the Ross
River
Nearest Distance to nearest pool via m GIS
neighbour channel or over tidally inundated
(NN) salt-marsh surface
Fish sampling possible recaptures of the same individuals in pools

Fish were sampled using a beach seine net (12 m
long x 2 m deep, 6 mm mesh), with an effective sam-
pling width of 8 m. For each sample, the net was
dragged (with one person pulling each end) for
approximately 15 m before being hauled onto the
bank. Some pools could be comprehensively sam-
pled in a single haul, while larger pools required up
to 3 net hauls, providing a representation of fish
fauna across the entire area of each pool. Fish were
identified to the lowest possible taxonomic level on-
site, enumerated and returned to the water alive,
with the exception of the noxious pest Oreochromis
mossambicus, which was euthanased on site in
accordance with fisheries guidelines. To control for

requiring multiple hauls, for each taxon only the
maximum count across the hauls was used to repre-
sent the density of a species in a pool.

Benthic invertebrate and zooplankton sampling

Benthic invertebrates and zooplankton were
simultaneously sampled using a manual rope-pulled
epibenthic sledge, based on Hessler & Sanders'
(1967) design (50 x 50 cm mouth opening with a
200 pm mesh size). Three replicate 4 m long sledge
trawls were taken at each pool, stratifying for pool
areas or any variation in substrate type. When the
sledge was positioned, care was taken to avoid dis-
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turbing the sampling area by the operator walking
in an arc around the intended path of the sledge
prior to commencing sledge towing. The content
of the catch-box was preserved in 4% phosphate
buffered formaldehyde for laboratory identification.
Specimens were identified under microscope to the
lowest practical taxonomic level and quantified. The
density of a taxon in a pool was measured as the
average count across the 3 trawls. Since the study
focused on the structuring potential of invertebrates
as a food source for fish, it was considered practical
to resolve invertebrate taxa to levels identified as
prey items in fish dietary studies. Dietary studies
generally do not resolve invertebrate prey types
beyond family level, and resort to order and class in
some circumstances (Wilson & Sheaves 2001, Baker
& Sheaves 2005).

Data analysis

Species which were present in <25% of samples
were excluded from analysis to remove undue influ-
ence of rare species, as multiple zeros in the data
matrix can ‘'swamp' the analysis, presenting a danger
of absences driving model outputs. Faunal CPUE
data were log(x + 1) transformed to down-weight the
influence of very common species (allowing less
common species some influence on analytical out-
comes and reducing the influence of extreme obser-
vations) (Clarke 1993).

Patterns of distribution were initially analysed sep-
arately for each faunal group, and then compared
across groups to assess the extent of concordance.
Since samples from 2010 and 2011 were independ-
ent, distributions from each year were analysed sep-
arately, and then compared. This enabled assess-
ment of the extent of consistency in distribution
pattern, and by extension the level of determinism of
observed trends.

Zooplankton consisted almost exclusively of the
calanoid copepod Acartia sinjiensis, so distributions
were analysed with univariate classification and
regression trees (CARTSs), using log(CPUE + 1) as
the response variable, and pool codes (Fig. 1) as the
explanatory variable. Univariate CARTSs operate by
successively splitting data into increasingly homog-
enous groups based on the specified explanatory
variables, by minimising residual sums of squares
within a group at each split (De'ath & Fabricius
2000). This technique is a robust non-parametric
means for analysing relationships where assump-
tions of conventional linear approaches may be

compromised (Breiman et al. 1984). Selection of the
final tree model (i.e. determining where to reliably
stop splitting data) was conducted using 10-fold
cross-validation, selecting the smallest tree within
1 SE of the minimum cross-validation error. This is a
standard protocol for selecting robust, biologically
meaningful trees (Breiman et al. 1984, De'ath &
Fabricius 2000). To help explain zooplankton dis-
tribution patterns, the procedure was repeated, re-
placing pool codes with a suite of environmental
variables (Table 1).

Benthic invertebrate and fish distributions were
analysed using non-metric multidimensional scaling
(nMDS) of log(CPUE + 1) data, based on Bray-Curtis
dissimilarities. Information on the taxa most highly
correlated with the configuration of pools in the
nMDS was displayed by superimposing vectors indi-
cating direction of increasing density onto the ordi-
nation biplot. The direction of these vectors was
determined by regressing each taxon onto the nMDS
space, and the vector length was scaled to reflect the
strength of correlation (R value). Only species most
highly correlated with the nMDS space (R > 0.6) were
plotted.

Relationships between distributions of fish/ben-
thic invertebrates and environmental variables
were tested using the BIO-ENV procedure in
PRIMER, which calculates the combination of envi-
ronmental variables that best explains patterns in
the biological data. BIO-ENV works by generating
Euclidean dissimilarity matrices from various com-
binations of environmental variables, and identify-
ing the subset which maximises Spearman's rank
correlation with the biological Bray-Curtis dissimi-
larity matrix (Clarke & Warwick 1994). For the fish
analysis, zooplankton and benthic invertebrate
densities were included as additional environmen-
tal variables to assess the extent to which fish
assemblage structure could be explained by prey
distribution. For both fish and benthic inverte-
brates, the combination of variables that best
accounted for biological patterns were regressed
onto the nMDS ordination space and plotted as
vectors (in a similar way to the taxa vectors), to
assess the strength and direction of relationship
between these key environmental variables and
distribution patterns.

Patterns of distribution were qualitatively com-
pared across the 3 faunal groups to assess the degree
of concordance in spatial pattern (i.e. whether fish
distribution reflected benthic invertebrate and/or
zooplankton distribution). Relationships between
benthic invertebrate and fish distributions were fur-
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ther explored using the RELATE routine in PRIMER,
which is essentially a MANTEL test that calculates
the Spearman's rank correlation (p) between 2 simi-
larity matrices (Clarke & Warwick 1994). The drivers

a) 2010

B6,C7,Z2 | B3,B4,C1,C4,A3,A4,Z1
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Fig. 2. Univariate classification and regression trees display-
ing the distribution of zooplankton (calanoid copepods) in
(a) 2010 and (b) 2011, based on log(CPUE + 1) data. Mean
catch-per-unit effort (CPUE) and sample sizes (in parenthe-
ses) are displayed at each terminal node. Pool groupings
have been displayed either side of splits. Pools characterised
by consistent high densities are coloured red, and those with
consistently low abundances are coloured blue. The pale
blue pool code (A5) represents a pool with low densities that
was only sampled in 2011. The environmental variables that
best explained these splits are indicated in black bars, along
with the levels of these variables split in either direction.
This information was obtained by re-running the analysis,
replacing pool codes with the suite of environmental vari-
ables (Table 1). The structure of the tree output remained
the same, suggesting that environmental variables success-
fully accounted for patterns. CTC: critical tidal connection;
VIS.: visibility

of concordances/disparities were then interpreted by
examining the key environmental variables that ex-
plained distributions of each faunal group.

This combination of qualitative comparison of pat-

tern and quantitative examination of environmental/
biological drivers was deemed the most effective and
reliable means of assessing possible bottom-up control
effects. Simply using BIO-ENV (or other techniques
that correlate biological pattern with environmental
variables and prey data) to explain fish assemblage
structure may mask such effects; if all faunal groups
co-vary relative to the same environmental variable,
there is a danger that this variable may obscure mean-
ingful relationships between faunal groups.

RESULTS

There were strong concordances in patterns of spa-

tial distribution across the 3 faunal components (zoo-
plankton, benthic invertebrates, and fish), that were
consistent between the 2010 and 2011 samples. This
was largely characterised by a binary split in faunal
characteristics of pools that cut across all 3 taxonomic
groups. In both years, Pool Z2 and B6 (and Pool A5,
which was only sampled in 2011) had consistently

Table 2. Trophic function of abundant fish taxa in Annandale
Wetland (b: benthivore; i: insectivore; zp: zooplanktivore; d: detri-
tivore; p: piscivore; h: herbivore). These categorisations reflect
the dominant food types of these species, derived from the best

available information in the literature

Taxon Trophic Source
group
Gerres filamentosus b/i Wilson & Sheaves (2001),

Sheaves et al. (2006)
Leiognathus equulus b/zp  Staunton-Smith (2001),

Wilson & Sheaves (2001),

Abrantes & Sheaves (2009)

Stolephorus spp. zp Hajisamae et al. (2003)
Thryssa hamiltonii zp/b  Zagars et al. (2013)
Oreochromis d/h/p Doupé & Knott (2010)
mossambicus
Ambassis vachelli zZp Zagars et al. (2013)
Lates calcarifer P Davis (1985), Sheaves
et al. (2006)
Mugilid spp. d Eggold & Motta (1992),
Sheaves et al. (2006)
Pseudomugil signifer i Booth et al. (1985), Morton et

al. (1988), Platell & Freewater
(2009), Pusey et al. (2004)
Maddern et al. (2007),

Pusey et al. (2004)

Lee et al. (1993)

Coates (1987)

Hypseleotris compressa i

Selenotoca multifasciata h
Megalops cyprinoides  p/i
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Fig. 3. Non-metric multidimensional scaling (nMDS) ordination, using Bray-Curtis dissimilarities on log(CPUE + 1) benthic in-
vertebrate assemblage data in 2010 and 2011. Vectors radiating from the intersection of axes relate to taxa densities most
highly correlated with the ordination space. Vectors indicate the direction of greatest increase in density, with length propor-
tional to the strength of correlation with the ordination. Red pool codes indicate pools with consistently high densities of
benthic invertebrates and blue pool codes indicate pools with consistently low densities of benthic invertebrates. The pale
blue pool code (A5) represents a pool with low benthic invertebrate densities that was only sampled in 2011. The combination
of environmental variables that best correlated with these data (as identified through the BIO-ENV procedure) are displayed
as vectors regressed onto the MDS ordination space, shown on a separate complementary panel. These vectors can be
interpreted in similar ways to these taxon vectors

lower densities of zooplankton (Fig. 2) and benthic
invertebrate taxa (Fig. 3) than the majority of pools.
These patterns were mirrored by distinct splits in fish
assemblage structure (Fig. 4) (RELATE test between
benthic invertebrate and fish nMDS ordinations: p =
0.75 and 0.35 for 2010 and 2011, respectively). Pools
Z2, B6, and A5 were characterised by greater densi-
ties of species that were predominantly detritivorous,
herbivorous, and insectivorous (Table 2), including
Hypseleotris compressa, Pseudomugil signifer, small
juvenile mugilid spp., and small juvenile Selenotoca
multifasciata (Fig. 4), while the rest of the pools were
generally characterised by greater densities of spe-
cies that were predominantly planktivorous and
benthivorous, including Leiognathus equulus, Stole-
phorus spp., Herklotsichthys castelnaui, Gerres fila-
mentosus, and Acanthopagrus spp.

BIO-ENV (for benthic invertebrates and fish) and
CART (for zooplankton) analyses identified ‘critical
tidal connection' as the key environmental variable
explaining this common axis of variability. Critical
tidal connection explained the primary split in zoo-
plankton distribution in both years, and also corre-
lated with benthic invertebrate and fish distributions
better than any other single variable (Table 3). Load-
ing vectors on the benthic invertebrate and fish
nMDS ordinations illustrate how ‘critical tidal con-
nection’ strongly correlates with the split between
Pools 72, B6, and A5 and other pools on the wetland
(Figs. 3 & 4). 'Critical tidal connection' refers to the
minimum tidal height required to connect a pool to
the Ross River, and is essentially a function of the
position of a pool along an elevation gradient from
the Ross River to the aquatic-terrestrial ecotone.
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2010 Z1

z2
C1

A. vachelli H. castelnaui

L. equulus
filamentosus

T. hamiltonii
tolephorus spp.

P. signifer M. cyprinoides A3

Cc7
mugilid spp. (small juv.
H. compressa

O. mossambicus (juv.)
S. multifasciata (small juv.)

)

B6

2011

L. calcarifer
Stolephorus
spp.

Acanthopagrus spp. A4

L. equulus

P. signifer Z1 A. vachell

CRITICAL TIDAL CONNECTION
GAMMARID SP. 2

Fig. 4. Non-metric multidimensional scaling (nMDS) ordination, using Bray-Curtis dissimilarities on log(CPUE + 1) fish
assemblage data in 2010 and 2011. See Fig. 3 for further explanation

Pools Z2, B6, and A5 are higher elevation pools
connecting to the Ross River on tides >2.8 m, which
represents medium to large spring high tides (Fig. 1).
Meanwhile, other pools on the wetland are at lower
elevations, connecting more regularly during medium
to large neap high tides.

Concordances were not just limited to the higher el-
evation versus lower elevation split; among the lower
elevation pools there were consistent productivity
hotspots. Two pools (A3 & A4) connecting to the Ross

River on larger neap tides (between 2.6 m and 2.7 m
tides; i.e. at intermediate elevations on the wetland;
Fig. 1), consistently harboured the greatest densities
of zooplankton (Fig. 2). In the benthic invertebrate
and fish ordination plots, these same pools were con-
sistently grouped together opposite high-elevation
pools (Figs. 3 & 4). This signifies that Pools A3 and A4
also had the highest densities of dominant benthic in-
vertebrate taxa (gammarid amphipods and ostracods),
and also benthivorous and planktivorous fish taxa

Table 3. Results of BIO-ENV analyses. The environmental variables that in combination best correlated with the biological data

are marked with an 'x’, and the single most important variable in the correlation is marked 'X'. Spearman's rank correlation coef-

ficients (p) are given for the best combination and the single best variable. CTC: critical tidal connection; CD: channel distance;
ZP: zooplankton. (-) Not examined

Faunal group Year Combination Single CTC Substrate Salinity Visibility CD ZP gamm. gamm. nereid
P) P) sp.1  sp.2 sp.1
Benthic invertebrates 2010 0.61 0.43 X X X X - - - -
2011 0.51 0.43 X X X - - - -
Fish 2010 0.83 0.73 X X X X X
2011 0.48 0.38 X X X X

NOTE: Table
corrected after
publication.
See Erratum
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(Stolephorus spp., Herklotsichthys castelnaui, Leiog-
nathus equulus, Gerres filamentosus, and Thryssa
hamiltonii) (Table 2). Additionally, these 2 pools con-
sistently harboured the highest densities of the pisciv-
orous fish Lates calcarifer, and also the highest densi-
ties of the piscivore Megalops cyprinoides (Table 2) in
2010 (Fig. 4). Environmental loading vectors indicate
that for benthic invertebrates, these patterns were
consistently explained by low visibilities in Pools A3
and A4 (Fig. 3), whereas for fish these patterns were
consistently explained by the high zooplankton and
gammarid amphipod densities in these pools (Fig. 4).

DISCUSSION

We found consistent concordance in the distribu-
tion of zooplankton, benthic invertebrates, and fish
across the wetland system. This was primarily char-
acterised by a binary split in distribution pattern
across all 3 groups that related to variations in the
level of tidal connectivity. In both years, benthic
invertebrates and zooplankton were more abundant
in pools at lower elevations (which connect to the
estuary channel on medium to large neap high tides),
and less abundant in pools at higher elevations
(which only connect on large spring high tides).
These spatial patterns in invertebrate distribution
were mirrored by distinct patterns in fish assemblage
structure: lower elevation pools were characterised

a b
Lower elevation food-web

Higher elevation food-web

Nutrients
Light terrestrial
DO environment

Nutrients
Light
DO

larval

adult flying |
insects

insects
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insectivorous
fish

planktivorous

benthivorous
fish L

fish

piscivorous fish

Fig. 5. Likely food-webs underpinning patterns of community assembly in

(a) lower elevation pools and (b) higher elevation pools. While the majority

of benthic invertebrate taxa were rare in higher elevation pools, nereid sp. 1

occurred in relatively high densities in higher elevation pools in 2010 (see

Fig. 3). Nereids have therefore been included as a tentative component of the

higher elevation food-web, which perhaps subsidise the diet of fish species
that are predominantly insectivorous (e.g. Pseudomugil signifer)

detritivorous

by greater densities of benthivorous and plankti-
vorous fish (including Stolephorus spp., Herklot-
sichthys castelnaui, Leiognathus equulus, Gerres fil-
amentosus, and Thryssa hamiltonii), whereas higher
elevation pools were characterised by greater densi-
ties of fish species trophically decoupled from ben-
thic invertebrates and zooplankton —instead com-
prising species that predominantly feed on detritus,
insects, or algae (including Hypseleotris compressa,
Pseudomugil signifer, Selenotoca multifasciata, mu-
gilid spp., and Oreochromis mossambicus).

It is unclear whether these concordances reflect
biological interactions among faunal groups or sim-
ply parallel responses to gradients of elevation/tidal
connectivity. If the faunal groups are structured in-
dependently of one another, one would expect distri-
bution patterns to vary among groups, due to vastly
different life-history characteristics and dispersal
modes (De Bie et al. 2012). However, concordances
would still arise if each faunal group was constrained
by a different mechanism relating to the elevation
gradient. For instance, zooplankton and benthic in-
vertebrates rely on passive transport via water flows
to traverse the landscape, and may be limited by the
lower frequency and duration of connection to higher
elevation pools. Meanwhile, decreasing depths of
connection along the elevation gradient may limit the
majority of fish species (including benthivores and
planktivores) to lower elevation pools (Thomas &
Connolly 2001, Bretsch & Allen 2006, Hohausova et
al. 2010). Perhaps only a limited num-
ber of fish species are capable of
accessing the higher elevation pools,
and these species demonstrate adap-
tations to subsist on the alternative
food sources there (i.e. detritus, in-
sects, and algae) (Fig. 5b). However,
the possibility remains that benthi-
vores and planktivores are also physi-
cally capable of accessing the higher
elevation pools, but choose to remain
in pools at lower elevations due to
higher prey availabilities. This hypo-
thesis could be tested through the
manipulation of prey populations in
pools at various elevations.

Among the lower elevation pools,
there was another layer of concor-
dance that provided more convincing
evidence of bottom-up control effects.
Two pools with particularly high den-
sities of benthic invertebrates and zoo-
plankton consistently harboured the
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greatest densities of benthivorous and planktivorous
fish, and also the highest densities of common wet-
land piscivores Lates calcarifer and Megalops cypri-
noides. This seems to represent a chain of bottom-up
assembly spanning 3 trophic levels (primary con-
sumer—secondary consumer—tertiary consumer). We
can likely extrapolate beyond this to infer that pri-
mary productivity in the form of phytoplankton and
benthic micro-algae was greatest in these pools
(Fig. 5a), stimulating the settlement and propagation
of benthic invertebrates and zooplankton, and in turn
attracting secondary and tertiary consumers. The
frequent tidal connectivity among lower elevation
pools, and between lower elevation pools and the
estuary channel, would seem to underpin this
process by facilitating regular re-distribution of fish
relative to preferred conditions and resource
requirements.

Similar bottom-up control processes are also likely
to influence patterns of movement and distribution
across more open parts of the estuary and coastal
seascape. For instance, Mclvor & Odum (1988) sug-
gested that salt-marsh fish preferentially use shallow
depositional banks at low tide rather than steep ero-
sional banks, due to higher availabilities of benthic
invertebrates. Additionally, there is evidence that in
some instances bottom-up control processes may
override habitat preferences in coastal systems. For
example, King George whiting Sillaginodes punctata
in South Australia are typically associated with sea-
grass beds during early juvenile stages (Bell & Pol-
lard 1989), but at some sites are more abundant over
adjacent bare substrates where there are higher den-
sities of meiofaunal food sources (Connolly 1994,
Jenkins et al. 1997). Similarly, while Atlantic cod
Gadus morhua are typically confined to waters of 0 to
5°C, during periods of high prey (capelin Mallotus
villosus) abundances, they move outside this temper-
ature range to frequent areas where prey are agge-
gated (Rose & Leggett 1989).

This complexity means that attempting to under-
stand fish distributions based on correlations with
landscape structure and physical habitat characteris-
tics alone is unlikely to be successful (Harris &
Heathwaite 2012). Biological interactions could ob-
scure or even decouple such species—environment
relationships, generating substantial noise. More-
over, by failing to consider prey distribution there is a
danger of attributing patterns to irrelevant mecha-
nisms, based on spurious correlations with factors
that may co-vary with prey availability. For instance,
where distributions of fish across coastal landscapes
may have previously been attributed to species-

specific dispersal capabilities and habitat preferences,
it is possible that fish may have actually been indi-
rectly responding to the influence of these factors on
their prey sources.

This study also demonstrates how biological inter-
actions are a key component of metapopulation and
metacommunity processes. Hydrological and struc-
tural connectivity among patches will only result in
meaningful realised connectivity (i.e. fish dispersal
and colonisation) if both biotic and abiotic conditions
are suitable in the destination patch. For instance, in
the present study it is likely that fish made forays into
pools during high-tide connections, but did not
remain as biological conditions (prey availabilities)
were not suitable to sustain them. Equally, in some
circumstances fish may avoid patches with high
predator densities (Sogard & Olla 1993, Jordan et al.
199%), or patchy distribution of predators may impose
asymmetric mortality rates over the landscape
(Townsend & Crowl 1991, Rodriguez & Lewis 1997).
However, without information on spatio-temporal
distribution across trophic levels, such mechanisms
cannot be interpreted.

It is clear that spatial ecology studies in coastal and
freshwater systems would greatly benefit from con-
ceptualising fish distribution and connectivity within
an ecosystem framework, explicitly recognising how
different trophic levels may interactively affect each
other's distribution. However, incorporating this in-
formation into empirical studies is likely to be ardu-
ous and require integration of knowledge across dis-
ciplines, including input from spatial, food-web,
fisheries, and invertebrate ecologists.
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