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ABSTRACT: We sampled the fish fauna of 9 small natural estuaries and 2 constructed estuarine lakes
in Australia’s dry tropics over 15 mo to detail the dynamics of fish assembly structures over time. The
estuaries chosen were small enough that the cast net sampling method which we used could cover
the full extent of the estuary, obviating the problem that within-estuary migration might lead to the
false appearance of assemblage change over time. Temporal patterns in assemblage structure were
consistent across the natural estuaries, overprinting complex spatial differences. Nursery ground util-
isation and assemblage composition were intimately interlinked. In natural estuaries, assemblage
change was a function of changes in both probability of encounter of individual species and in spe-
cies compositions, and the recruitment, growth and subsequent emigration from the estuaries of juve-
niles was the main contributor to overall assemblage change. In contrast, in artificial lakes where
connectivity with offshore sources of recruits was restricted, species compositions were attenuated
and temporal change was not driven by the recruitment of offshore species.
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INTRODUCTION

Our understanding of the large- (Ley 2005) and meso-
scale (Sheaves 1996a, Johnston & Sheaves 2008) spatial
patterns of tropical estuarine fish assemblages has
slowly increased over time. In contrast, there have been
few attempts to systematically study the temporal dy-
namics of these assemblages, and those which have
been made have usually been limited in temporal reso-
lution, and have provided only coarse-scale temporal
information (Sheaves 2006), or fine detail confined to a
single estuary system (Robertson & Duke 1990a). Other
studies that have included a temporal component have
been primarily concerned with spatial factors (Blaber et
al. 1989, Sheaves 1998), physical factors (Cyrus & Blaber
1992, Sheaves 1996b), attributes of estuaries (Ley 2005),
or fisheries management status (Ley et al. 2002).

Robertson & Duke (1990a) made a detailed temporal
assessment of the fish assemblage of Alligator Creek in
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tropical eastern Australia. They found catch per unit
effort (CPUE) peaked in the pre-wet and wet seasons,
driven by an influx of juveniles of offshore species that
used the estuary as a nursery ground. Thus, at least in
Alligator Creek, the annual recruitment of offshore ju-
veniles was a key driver of assemblage change over
time, a finding consistent with studies from the Gulf of
Mexico (Deegan 1993, Rozas et al. 2007), Florida
(Greenwood et al. 2007) and Portugal (Ramos et al.
2006). A less temporally resolved (only dry versus wet
season) study of 9 tropical Australian estuaries
(Sheaves 2006) found dry versus wet season faunal dif-
ferences consistent with the results of Robertson &
Duke (1990a). While more spatially extensive at one
scale, in that it included 9 estuaries, Sheaves (2006)
only considered the extreme downstream reaches of
the estuaries, and so did not provide information on
system-wide change. Robertson & Duke's (1990a)
study suffered a similar limitation as sampling was
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confined to selected sections of the estuary. Conse-
quently, it is unclear if the importance of juveniles of
offshore species in driving seasonal change in fish as-
semblages, which was apparent in Alligator Creek
(Robertson & Duke 1990a), is a general feature of trop-
ical Australian estuaries.

Globally, developing a general understanding of the
key drivers of seasonal change in estuarine assem-
blage structure is critical in linking pattern and pro-
cess, and is central to resolving a spectrum of ecologi-
cal questions. For instance, it is likely to be a crucial
factor generating differences in assemblage structure
at the estuary-to-estuary scale (Ley 2005, Greenwood
et al. 2007, Sheaves & Johnston 2009). Understanding
temporal change in assemblage structure is also essen-
tial to the developing understanding of estuarine food
webs (Deegan 1993), particularly for tropical systems
that undergo complex seasonal (Robertson & Duke
1990a, Abrantes 2008) and spatial change (Abrantes &
Sheaves 2008), and where trophic roles vary over onto-
geny (Wilson & Sheaves 2001). It is also fundamental
to the development of monitoring protocols in tropi-
cal estuaries, where understanding estuary-specific
change is critical in assessing impact (Sheaves & John-
ston 2010).

The current study was undertaken to determine the
extent to which the results of Robertson & Duke (1990a)
are representative of estuaries in tropical northern
Australia. In particular, the study aimed (1) to detail
the dynamics of fish assembly structures over time, (2)
to determine the consistency of temporal change among
estuaries, and (3) to determine the relative contribution
of offshore and estuary spawners to temporal and spa-
tial patterns in assemblage structure. The research was
conducted in 9 small natural estuaries and 2 constructed
estuarine lakes over 15 mo. Small estuaries were used
to ensure that the whole estuary could be sampled,
thus minimising variability due to within-estuary migra-
tion. The 2 constructed estuarine lakes had limited
connectivity to sources of recruits, and were included
to allow assessment of change where the influence of
recruitment was limited.

MATERIALS AND METHODS

Study sites. The study was conducted between
November 2007 and January 2009 in 9 small (maxi-
mum 8 km navigable length) natural estuaries and
2 constructed estuarine lakes in dry tropical north
Queensland, Australia, spanning approximately 225 km
of coastline (Fig. 1). The natural estuaries are typical of
the region. The width at the mouth varied between 40
and 100 m but within about 250 m all narrowed to a
maximum width of about 30 m. Maximum depth was
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Fig. 1. Location of the 11 study estuaries in northeastern
Australia

approximately 3.5 m in downstream reaches at low
tide, and all estuaries became increasingly shallow
with distance upstream, with only a few centimetres of
water remaining at low tide upstream of the limits of
navigation. All estuaries were mangrove lined for most
of their length, with extensive saltmarsh (dominated by
Sporobolus virginicus and/or succulents) and saltpan
bordering the landward margins of mangrove forests
and occurring on higher stream banks. The 2 con-
structed estuarine lakes, Keyatta and Curralea Lakes,
are in the centre of Townsville, north Queensland,
Australia (Fig. 1). Keyatta Lake has restricted tidal con-
nection to the estuary of Ross Creek via a 1.7 km long
concrete channel. Curralea Lake's only tidal connec-
tion is through a 100 m long channel to Keyatta Lake.

The regional rainfall pattern features 4 key periods:
(1) a distinct but variable hot wet season through Jan-
uary and February (but variably extending into late
December or early March); (2) an extended dry period
comprising a post-wet season (March to May), when
the weather cools but some rainfall may occur; (3) a
cool dry season (June to September), and; (4) a pre-wet
season (October to December), when the weather
begins to warm but little rain falls. The 2 wet
seasons during the study were unusually intense, with
1047 mm of rainfall recorded between late January
and February 2008, and 1615 mm during January and
February 2009 (wet season average 586 mm) at the
Townsville weather station (BOM 2009), making these,
respectively, the 9th highest and 2nd highest wet sea-
son totals since records began in 1940. Tides in the
region are semi-diurnal with a maximum range of
about 4 m.

Sampling. Initially, monthly sampling was planned;
however, flooding prevented access to some or all sites
each month between December 2007 and March 2008.
Preliminary evaluation of samples up to May 2008
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indicated bi-monthly sampling would be sufficient to
represent change in assemblage structure and in the
major species. Consequently, the sampling frequency
was reduced to bi-monthly to reduce the number of
fish that were collected (Table 1); however, additional
samples were collected from Crab, Doughboy and Hell
Hole Creeks in October and December 2008 to allow
detection of the timing of the start of the summer
recruitment season. Sampling was again disrupted by
severe flooding during December 2008 and January
20009.

Small estuaries were selected so that sampling could
be conducted over the whole estuary system within 1
low tide cycle, with the aim of ensuring that species
present would be consistently represented, regardless
of the extent to which they moved within the system. In
each estuary, samples were collected haphazardly
over the full upstream extent navigable in the 4.3 m
aluminium dingy used for sampling. Sampling sites
were allocated to represent all habitat types accessible
using the sampling gear, approximately in proportion
to their linear extent. To allow the detection of any
within-estuary spatial differences, the 7 larger natural
estuaries (Insulator, Sandfly, Cocoa, Doughboy, Crab,
Mud, and Hell Hole Creeks) were each divided into 3
reaches (downstream, mid, upstream) and equal num-
bers of samples collected from each. Initially, 90 sam-
ples were collected from each of the large estuaries,
but this was reduced to 45 on each subsequent occa-
sion because preliminary analysis indicated that this
provided adequate representation. Thirty and 20 sam-
ples respectively were collected from Healy (1.8 km
long) and Bluewater (0.8 km long) Creeks, the 2 short-
est natural estuaries, and 30 samples were taken from
each artificial lake, Curralea and Keyatta.

Sampling was conducted using small mesh monofil-
ament drawstring cast nets (2.4 m radius with 5 mm

mesh) because this gear type could be used across the
greatest range of habitats in the sampling area (John-
ston & Sheaves 2008) while producing the widest taxo-
nomic and size representation possible (Sheaves et al.
2007). Although the present study probably provided
good representation of the small and juvenile compo-
nents that make up the bulk of fish in tropical estuarine
assemblages (Blaber 1980, Robertson & Duke 1990b),
larger mobile species were likely to be underrepre-
sented (Sheaves & Johnston 2009); consequently, this
study focuses on the small and juvenile component of
the fauna. Cast nets operated by the same individual
were used for all nekton collection. Samples were col-
lected from a 4.3 m dinghy, fitted with an electric motor
to reduce potential for disturbance, and followed the
protocols set out by Sheaves et al. (2007). Samples
were collected over the lower half of the tide, when
small fish are forced out of the mangroves into the
main channel of the estuary. Sampling was concen-
trated along the banks of the estuaries because these
areas contain the bulk of small fish throughout most of
the lower part of the tidal cycle (Johnston & Sheaves
2008). Fish less than 5 mm body depth were excluded
from analyses because these were below mesh selec-
tion size and so unlikely to be well represented in sam-
ples.

Statistical analysis. Statistical analyses were based
on probability of encounter (PoE), i.e. presences per
net, rather than CPUE. This approach has proved
robust for cast net samples from tropical estuaries
(Sheaves & Johnston 2009) because it treats species
with a diversity of behaviours and patterns of spatial
distribution in a more equivalent way than fully quan-
titative techniques (Manley et al. 2004). The dependent
variable for all analyses was the number of nets in each
Estuary x Trip X Reach combination in which a species
occurred, and explanatory variables were Estuary,

Table 1. Sampling sites and times (season in brackets). Crosses indicate sampling occasions; bold crosses indicate the 4 estuary
sequences used for detailed analyses of temporal change. Gaps: no sample collected

Nov Dec
2007 2007
(pre-wet) (wet)

Mar
2008

Location Apr

2008

(post-wet) (post-wet) (post-wet) (dry)

Bluewater Creek
Cocoa Creek
Crab Creek
Curralea Lake
Doughboy Creek
Healy Creek
Hell Hole Creek
Insulator Creek
Keyatta Lake
Mud Creek
Sandfly Creek

PRI R R N I A

MoK A X 4
PRI I RS R
MoM X K P X A e

May Jul Sep Oct Nov Dec Jan Total
2008 2008 2008 2008 2008 2008 2009 nets
(dry) (pre-wet) (pre-wet) (pre-wet) (wet)
X X X X 143
X X X X X 435
X X X X X X X 525
X X X X X 300
X X X X X X X 511
X X X X 270
X X X X X X X 597
X X X X 390
X X X X 240
X X X X 330
X X X X 268
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Trip and Reach. Assemblage structure was analysed
using multivariate classification and regression trees
(mCARTS). Selection of the final tree models was con-
ducted using 10-fold cross validation, with the 1-SE
tree (the smallest tree with cross validation error
within 1 SE of that of the tree with the minimum cross
validation error) selected as the final tree model, a
procedure that produces robust, biologically inter-
pretable trees (Breiman et al. 1984, De'ath 2002). The
importance of each variable was evaluated by its
occurrence in the final 1-SE tree. Additional trees, up
to the size of the minimum SE error tree, were also
evaluated to determine what additional information
slightly larger models contained.

To investigate the consistency of patterns of change
across estuaries, analysis was conducted on unstan-
dardised (absolute) PoE data for those months where
samples were available for all estuaries, as well as
those for March 2008 when all estuaries except Sand-
fly Creek were sampled (Table 1). An mCART was con-
structed using the 26 species that occurred in at least
20 % of Estuary x Trip X Reach combinations (Table 2).
Absolute PoE data produce output sensitive to both
species composition and the absolute size of PoE val-
ues. Consequently, a second mCART based on PoE
standardised by sample totals (relative PoE) was con-
structed to investigate composition divorced from the
influence of overall PoE. In this case, 2 samples would
have similar ‘composition’ if they had the same rela-
tive PoE profiles across the species set.

To examine temporal patterns in more detail, addi-
tional multivariate analyses were conducted using only
data for Crab, Doughboy and Hell Hole Creeks, the
sites that could be sampled in all 11 mo, and Cocoa
Creek that was sampled in all months except October
and December 2008. An mCART for absolute PoE was
constructed using the 31 species that occurred in at
least 20% of Estuary x Trip x Reach combinations
(Table 3). Multivariate temporal patterns were sum-
marised in 2-dimensional space on an MDS ordination
based on Bray-Curtis distance using Primer 7 software.

Patterns of spatio-temporal change in the PoE for
individual species were investigated for the 17 spe-
cies that occurred in at least 50 % of Estuary x Trip X
Reach combinations in Crab, Doughboy, Hell Hole
and Cocoa Creeks. Individual species patterns were
analysed using univariate classification and regres-
sion trees (CARTs) with the TreesPlus software
(De'ath 2002), again based on the 1-SE criterion. Fish
were categorised into one of 3 broad life-history cate-
gories, i.e. (1) juveniles of offshore spawning species,
(2) estuary spawners, (3) species found in estuaries at
all sizes but with unknown spawning locations),
based on Robertson and Duke (1990b) and Sheaves &
Johnston (2008).

Table 2. Percentage of samples containing the fish species that occurred in at least 5% of Estuary x Trip x Reach combinations from 11 estuaries. Species in bold were

captured in at least 20 % of Estuary x Trip x Reach combinations. No further identification available for the 2 gobid species. For full name of locations see Table 1

Mud Sandfly

Curralea Doughboy Healy Hell Hole Insulator Keyatta

Crab

Bluewater Cocoa

Species

Family

3.6 6.3

37.9

3.3
40.0

1.9 5.2

35.2

4.7
47.7

4.4
36.4

4.4
49.7

Ambassis nalua

Ambassidae

51.9

58.0 5.3 31.2 9.2

Ambassis vachelli
Caranx ignobilis

0.7

1.3
1.0
4.4

0.3
0.2

3.0
0.7

1.0
1.0
0.8

0.4
0.6
4.8

1.6
1.4

2.1

2.1

Carangidae

0.6
0.9
0.9
0.9
3.6
3.6

Caranx sexfasciatus

0.4
7.1

0.4
1.3
1.3

34.2

0.7

3.3

2.8

Scomberoides commersonianus

Anodontostoma chacunda
Escualosa thoractata

6.4
7.2

22.6

1.1

1.6
3.3
4.7

3.7 1.0
5.3
4.4
4.8

0.7

Clupeidae

19.8

0.8
7.7

1.9
19.3

9.9
22.8

3.5

8.2

36.0

17.5

Herklotsichthys castelnaui
Nematolosa come

Butis butis

5.6
5.6

19.5 5.8

1.2
1.5

5.7 18.5
0.2

0.3

10.6

14.7

1.2

1.0
0.5
0.3
4.1

3.0

1.2

0.6
0.2

14 1.6

5.6
2.1

Eliotridae
Elopidae

1.9
2.2

Elops hawaiiensis

3.7

0.3
2.4

0.6
3.0
29.7

0.3
4.2

2.2

21.5

2.9
21.7

4.1

Stolephorus andhraensis

Engraulidae

13.1

0.4

16.7

10.6

Stolephorus brachycephalus
Stolephorus carpentariae
Stolephorus indicus

0.2

1.5
4.4
32.6

2.1
12.2

0.7

0.7

2.6
56.0

0.8
0.4

3.1

0.3
8.0

4.5
32.9

6.4
23.2

14
31.5

20.0

34.5

Thryssa hamiltonii




147

Sheaves et al.: Fish assemblages in natural and artificial estuaries

v 6'0 S'1 0 Sl L'V 1'C S'c SNa.I9)eYd S9]0X0] 9ePIIOX0],
€0 (4 6'1 9'1 ¥0 S0 £0 Iuojrurey sousjovI}S ]
6'v L'cl €1 6'11 (e €V €T €T L0 eponsoanard eusrrepy
9’11 LT 79 0'C STl 0’2 £0 €T Ve V'8 eoojed uopouoay)
0¢ Sy €0 6’V 'y 9'1 0'€ L0 1C SISUS[IuPW UOIyjoIy 9BPTUOPORIIS L
90 1T 20 70 0 €0 0 £'0 enqre/ uodeia] aepnjuodera],
7’0 90 G0 £0 90 0 ool eusridAyds aeprusrIAydsg
791 8'G 8'0 S8 £'9 001 0'6 €0 0’2 107 a1 epIaq snibedoyuedy
9'C Sl 0'g 01 €T vo 6'C (O 1'C S'c vl sirexsne snibedoyuedy oepledg
09 (49 vo 6'L 6'8 Vi L'V LT Y 9Cl eureyrs obej[Is
€1 S0 vo v0 [ sireue obe[[is aepruibis
T 1'C 1'C 8'C Sl 6'€ €0 9'€ €C (44 snjeauly snuebrs oepruebig
L0 Ve v0 €1 (" €€ (4 €0 [ 1'C £0 pjRIOSRINNUW BO0jOUS[8S oepibeydojens
CTLL [} ¥0 9'¢ 6'11 L9 Vi €1 €6 L6 (44 Jop1ubys [Ifnuropnasq  depIbropnasd
G4 90 0T 70 0 c'1 971 wnjAjoepe)s) PWORUOIY)S[T oepruaruA[od
70 70 €1 071 70 70 S0 £0 sisuajyorIpud sneydedfjeid aeprreydedierd
70 €0 €1 z0 70 60 snbie snquioyIopnasq aeprAyyYdIRIR]
6'1 [ €€ £0 Sl 8'0 €1 vl I[oyas [bnurerep
(49 0¢ £'8 S9 8V 1'e 6'9 9 €9 nsnaad epreSjoop
8¢l 041 1'C 6'G1 v'0C £91 L'yl LT 961 A ovl SIpLIIAQDS BZIT aeprbniy
€0 8'0 €0 L0 0 70 £0 snajuabie sniA}>ePOUOIN aepIA}oepouoN
6'1 LT S'1 (44 v (4 €T vl e nyrassnu snuefiny
v0 €0 70 €0 01 ¥0 70 70 6'0 £0 snjenoewuabie snuefjny aeprueling
S'L 1 'L Ge 0'€ £0C V'Sl G'AT (44 SNIUOINI I0]1I3S
7o [ '8 (" 6'G v0 ST €C 9'¢ suspuads snyjeubora
104 7’69 8'¢ ¢'8G £'GE 6'16 6'9S 169 €69 8'09 snnnba snyjeubora
£'GC €€l vo £9C 911 €€T 76l G8l £'8¢ 1°€C sn1079p snyjeuboraT
(AR 1C ST L€ 0'C 90 v S'e ‘dds pzzen sepryjeubore
Sy 60 01 £0 6'1 vo €0 90 60 4 I9JIIRI[R) S91RT oepre]
6’71 vl [ 6'L [ 0’2 7’8l £0 6'1C €T L't sruoyngq sn.aajdoydreusaz seprydurerruay
Vel STl 00T 6'7 9'ce 02 8’7 107 Lyl uexeey sdsepeurod
7o 90 €0 S0 Sl 9'0 0 c0 snajuabie sAsepewoq oeplnuseH
L0 60 8'0 £0 L0 Sl T'1 snso[nqau sAyIYLbuoL
€9 9¢ 8'¢ ST (4 6'C [ €C 6'v snje[[adolq sniqofoururesq
Sl €0 0 vl ¥0 c0 ¢ 'ds aepriqon
1 €0 €C 07 vo Vi 8'0 L0 v 1 ds seprqoD
90 €0 €0 ¥'0 70 60 SNYIULIGOUR[OUI SNIGOLIUOAR] 9®pIqoD
Sl 8'¢ S'1 Sl 0 £0 90 L0 sedey] sa119D)
€9 601 00T 8¢t 11 7ol 0'6 0’2 8'8 S0c [An" SNSojudUIeY S3.LI9Y) oBpIalIa)
Ayypuesg PNIN  epeAay  Ioje[nsul O[OH [PH Aol Aoqubno@ eerelm) QeID BODOD) Idjemanyg sotoads Aprureg

(ponunjuod) g a[qeL




148 Mar Ecol Prog Ser 410: 143-157, 2010

Table 3. Total percentage contribution of fish species occur-
ring in (a) >50 % and (b) 20 to 49 % of Estuary x Trip x Reach
combinations to total variable differentiation for estuary
nodes and trip nodes in a multivariate classification and
regression tree (mCART) for Crab, Doughboy, Hell Hole and
Cocoa Creeks over 11 mo. Life-history codes: j-off, juveniles
of offshore spawning species; est, estuary spawners; all,
species found in estuaries at all sizes but with unknown
spawning locations

Estuary Trip Life-history
(@)
Leiognathus equulus® 22.2 16.2 j-off
Liza subviridis 0.1 0.8 all
Ambassis vachelli® 6.5 21.9 est
Zenarchopterus buffonis 9.4 1.6 est
Thryssa hamiltonii® 262 224 j-off
Acanthopagrus berda 0.1 0.1 est
Gerres filamentosus® 0.0 2.9 j-off
Leiognathus decorus® 3.7 7.1 j-off
Pseudomugil signifer 0.0 0.6 est
Stolephorus brachycephalus® 11.5 7.8 j-off
Sillago sihama 0.1 0.1 all
Moolgarda perusii 0.0 0.4 all
Herklotsichthys castelnaui 0.1 0.3 est
Pomadasys kaakan 0.3 1.1 all
Marilyna pleurosticta 2.3 0.0 all
Ambassis nalua 0.0 0.1 est
Secutor ruconius® 11.5 114 j-off
(b)
Chelonodon patoca 0.5 0.4 all
Stolephorus indicus 1.9 0.5 j-off
Nematolosa come 1.4 1.3 all
Psammogobius biocellatus 0.0 0.1 est
Acanthopagrus australis 0.0 0.0 all
Toxotes chatereus 0.5 0.2 est
Escualosa thoractata 0.8 1.0 j-off
Lutjanus russellii 0.2 0.2 j-off
Arothron manilensis 0.1 0.0 all
Scomberoides commersonianus 0.2 0.1 j-off
Butis butis 0.0 0.0 est
Selenotoca multifasciata 0.0 0.4 all
Stolephorus andhraensis 0.4 0.2 j-off
Siganus lineatus 0.0 0.7 j-off
“Species identified in Table 4 as major contributors to
multivariate temporal patterns

RESULTS
Physical environment

Salinity showed the expected seasonal pattern
(Fig. 2), with low salinities during the wet season fol-
lowed by continual increases through the post-wet and
dry seasons. Similarly, water temperature (see Fig. S1
in the supplement at www.int-res.com/articles/suppl/
m410p143_supp.pdf) showed a clear seasonal trend
with maxima in December 2007 and 2008 and a mini-
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Crab Ck 13 | 56 | 105 1.8 | 2.6 37| 28| 30 | 03
-0.2 | -0.1
Mud Ck 8.0 1.8 | 441 02| 03 3.8
-0.7 | -1.4
Sandfly Ck 23| 16 2.2 1.3
-2.3 -13
Insulator Ck 811 %0 52
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HeaIka 0.6 02 | 28 0.8
-2.2 |-19.9| -6.8 | -0.2
Hell Hole Ck 78 |0 2.3
-3.2 | -0.4 | -5.0 -0.3 | -23 | =55 | -1.7 -4.6
2.7
Bluewater Ck
-0.7 -12.0| -1.2 | -4.4 -0.8 -6.7
Keyatta Lake
-11.0/ -20.2| -7.4 | -4.8 | -7.3 -9.2
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-12.0| -21.2| -10.4| -10.8| 4.3 -5.2 -19.6

Fig. 2. Mean monthly salinities (+SE) calculated from all
locations. Table values are deviations from the mean salinity
pattern. Estuaries are ranked by the proportion of trips
with positive deviations (top of cells) compared to trips with
negative deviations (bold, bottom of cells). Ck: Creek

mum in July 2008. Turbidity (see Fig. S2 in the supple-
ment) was more variable, reflecting varying local dri-
vers (e.g. stream flow, tidal action, wind). Salinities at
Curralea and Keyatta Lakes were consistently below
the overall mean, as were turbidities, but temperatures
tended to be intermediate. The ranking of natural estu-
aries varied among parameters but Hell Hole Creek
was notable, with salinity, temperature and turbidity
all deviating to lower than average values more consis-
tently than other natural estuaries.

Biological sampling
Sampling of the 11 estuaries produced 132437 fish

from 127 species, 55 of which occurred in at least 5 % of
Estuary x Trip x Reach combinations (Table 2).
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November 07, July 08
September 08, November 08 I

March 08
April 08, May 08

TRIP

Bluewater, Cocoa
Crab, Doughboy

Curralea, Keyatta | Healy, Insulator

Bluewater, Cocoa
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Fig. 3. 1-SE multivariate classification and regression tree (mCART) for absolute probability of encounter (PoE) of fish from 11

estuaries over 7 mo. Upper case text below branches indicates the factor responsible for the split, while lower case text indicates

the levels of the factors partitioned to each side of the splits. Numbers in brackets indicate the number of samples in each termi-

nal node. Histograms below terminal nodes indicate the modeled relative PoEs for each species. Only species that occurred
in 50 % of Estuary x Trip X Reach combinations are shown. For full species names see Table 2
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Fig. 4. 1-SE multivariate classification and regression tree (mCART) for relative probability of encounter (PoE) of fish from
11 estuaries over 7 mo. See Fig. 3 for further explanation. For full species names see Table 2

Comparisons among estuaries

For those months where samples were available for
all estuaries (with the exception of Sandfly Creek in
March 2008), mCART analysis produced an 11 leaf

1-SE tree for assemblage structure based on absolute
PoE that explained 54 % of variability in the data set
(Fig. 3). Overall, the tree model showed strong sea-
sonal shifts in PoE and consistent differences among
estuaries. An initial Trip split (15 % variability explained)
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partitioned post-wet season samples (with highest
PoEs for most species at all sites) from samples for the
remainder of the seasons. Identical Estuary splits (total
variability explained 16 %) occurred on both primary
branches (i.e. there was no interaction), with PoEs for
Curralea and Keyatta Lakes and Hell Hole Creek con-
sistently low relative to the other sites. An additional
minor Trip split (9% explained) separated the higher
PoE sites on the left-hand branch into a high PoE pre-
wet season group and a low PoE dry season group,
while a minor Trip split on the right-hand branch sep-
arated May 2008 samples from the other post-wet sea-
son samples. Minor Estuary splits partitioned Hell Hole
Creek samples from Curralea and Keyatta Lake sam-
ples on both branches (5 % total variability explained),
and a final group of Estuary splits broke the remaining
estuaries up into a number of groups (9% total vari-
ability explained). Additional splits up to the 18 leaf
minimum SE tree simply partitioned the estuaries fur-
ther, and there were no Reach splits in any mCART
models up to the size of the minimum SE tree.
Analysis of relative PoE data for the same samples
from all 11 estuaries (33% variability explained)
showed the same temporal structure as absolute PoE
but different spatial structure (Fig. 4). Examined as an
overall model, the Trip splits are ultimately the same in
both trees. July and September initially group with the
November samples in Fig. 3 but split from them at the
next Trip split, whereas July and September initially
group with March, April and May in Fig. 4 before sub-
sequently splitting to form their own group. Conse-
quently, there are 3 distinct groupings of months that
are evident in both figures: (1) November 07 and
November 08; (2) July 08 and September 08; and (3)
March 08, April 08 and May 08. Spatial structure (24 %
explained in total) had a much greater influence on
composition (i.e. relative PoE) than temporal structure
(9% explained). When relative PoE profiles are consid-
ered, Hell Hole Creek no longer groups with Curralea
and Keyatta Lakes (initial tree split 18 % variability
explained), showing that the grouping of Hell Hole
with the Lakes in the absolute PoE tree (Fig. 3) is due
to low absolute PoEs and that the species composition
at Hell Hole Creek was similar to those of the other
‘natural’ estuaries. The lakes stand out from all the nat-
ural estuaries as having an assemblage dominated
throughout the study by the planktivore Herktlot-
sichthys castelnaui, a species that was relatively unim-
portant in the natural estuaries, and very low PoEs for
species such as Leiognathus equulus, Thryssa hamil-
tonii, L. decorus, Stolephorus brachycepahlus, and
Secutor ruconius, which were common in other estuar-
ies. Trip splits explained 9 % of variability in the data
set. Temporal change in composition among the nat-
ural estuaries was related largely to changes in pat-

terns of dominance. A few species dominated dry sea-
son assemblages, with most species having low rela-
tive PoEs. The evenness of PoEs was higher in the post-
wet season and highest in the pre-wet. Assemblage
composition was similar across the natural estuaries in
the pre-wet season but varied between estuaries dur-
ing the rest of the study (6% additional variability
explained by Estuary splits). Cocoa, Crab, Doughboy
and Sandfly Creeks grouped together in both dry and
post-wet seasons, as did Bluewater and Insulator
Creeks. However, allegiances of Healy, Mud and Hell
Hole Creeks changed between seasons. Additional
splits up to the 12 leaf minimum SE tree again simply
further partitioned the Estuary groups, and there were
again no Reach splits.

Taken together, the absolute and relative PoE analy-
ses show consistent temporal patterns, overprinting
complex spatial differences that are a function of dif-
ferences in both species compositions and occur-
rences. The 2 artificial estuarine lakes differed from
the natural estuaries in that they showed both attenu-
ated species compositions and low absolute PoEs. In
contrast, natural estuaries featured similar suites of
species, but within this assemblage differed in both
composition (relative PoE) and absolute PoE.

Comparison among estuaries with extended
temporal sequences

Temporal patterns in assemblage structure were
examined in detail using data for Crab, Doughboy and
Hell Hole Creeks, the sites that could be sampled in all
11 mo, and Cocoa Creek that was sampled in all
months except October and December 2008. mCART
analysis (Fig. 5) produced a 4 leaf tree (44 % variability
explained) that was consistent with the tree con-
structed for all estuaries (Fig. 3). A primary Trip split
(25% variability explained) segregated a low PoE
group composed of the dry season and most of the pre-
wet season (except December) of 2008, from a high
PoE group comprising the pre-wet season of 2007, the
post-wet season of 2008, December 2008 and the wet
season of 2009. Within this group Hell Hole Creek had
a low PoE (Estuary split 11 % explained), and there was
a final Trip split (8 % explained) in the high PoE group
of Cocoa, Crab and Doughboy Creeks that separated
March and April 2008, and January 2009, from the
other months. Again, there were no Reach splits. The
main contributors to temporal differences were Leiog-
nathus equulus, Thryssa hamiltonii, L. decorus, Stole-
phorus brachycephalus and Secutor ruconius, 6 spe-
cies of offshore spawners only present in the estuar-
ies as juveniles, and the estuary spawner Ambassis
vachelli (Table 3). This group, together with the estu-
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Fig. 5. 1-SE multivariate classification and regression tree (nCART) for absolute probability of encounter (PoE) of fish from 4
estuaries over 11 mo. See Fig. 3 legend for further explanation. For full species names see Table 2

ary-spawning Zenarchopterus buffonis, were the
major contributors to spatial differences. Most estuary
spawners and species with all life stages present in
estuaries contributed little to temporal differences.
Strong cyclic trends in assemblage structure that were
consistent among estuaries are clear in the MDS ordi-
nation (Fig. 6) (stress = 0.18). All had similar assem-
blages in each sampling month, although the differ-
ence among estuaries was greater in the dry (e.g. July

2008) and the early pre-wet (e.g. October 2008) sea-
sons, as indicated by larger polygons encompassing
months.

Most of the 17 species analysed individually showed
clear temporal and/or spatial change. Univariate
CART analyses produced valid explanatory models
(i.e. 1-SE trees with at least one branching) for 13 indi-
vidual species’ PoEs (Table 4). All demonstrated Trip
splits, usually comprising the primary split. There were
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Fig. 6. Two-dimensional mulitdimensional scaling ordination for tem-
poral change in fish assemblage probability of encounter (PoE) in 4
estuaries. The ordination is split for clarity: (a) Crab Creek; dark grey
symbols and solid lines; Cocoa Creek, unfilled symbols and dashed
lines; (b) Doughboy Creek: black symbols and dashed lines; Hell Hole
Creek: light grey symbols and dotted lines. Arrows connecting sym-
bols indicate the direction of temporal change. Grey polygons are
repeated on the 2 panels to enhance visual orientation between the
panels. Each polygon encompasses the points for all 4 estuaries for
1 of 5 mo, each representative of a particular season: November 2007
(pre-wet); March 2008 (post-wet); July 2008 (dry); October 2008
(pre-wet); January 2009 (wet)

mentosus, and Stolephorus brachycephalus
showed similar patterns but with PoEs falling to
very low levels during the dry season. Secutor
ruconius (Fig. 7c) was almost completely ab-
sent during the dry season. Ambassis vachelli
(Fig. 7d) showed a different pattern, with an
additional peak of elevated PoEs in October
2008, during the early pre-wet season. The
remaining 5 species lacked clear seasonal pat-
terns, with high PoEs at various times throughout
the study (Table 4b, Fig. 7e). Five of the species
with strong seasonal patterns showed spatial dif-
ferences. In each case, PoE was low in Hell Hole
Creek and high in at least 2, but usually all 3, of
the other estuaries (Table 4a). Two of the species
that lacked clear temporal patterns showed an
Estuary effect, with high PoE in 1 of the 3 estuar-
ies (Table 4b).

DISCUSSION
Consistency of temporal change

The fish assemblages of the 9 natural estuaries
showed consistent patterns of temporal change,
despite clear spatial differences in the details of
assemblage structure among estuaries. Temporal
changes were a function of changes in both
absolute PoEs and assemblage compositions.
Absolute PoEs for most species were high during
the late pre-wet season of 2007 and the post-wet
season of 2008, and then declined to be lowest in
the dry season before returning to high levels
during the succeeding pre-wet season. This se-
quence of change matches that recorded in Alli-
gator Creek, a nearby tropical estuary (Robert-
son & Duke 1990a) and is in line with the strong
assemblage differences between dry and pre-
wet seasons from 9 other tropical estuaries in
Sheaves' (2006) less temporally explicit study.
Such findings are consistent with patterns attrib-

2 clear temporal patterns. Seven species, including the
6 offshore spawners identified as major contributors to
the multivariate temporal pattern (Table 3), showed
strong seasonality (Table 4a) with high PoEs from the
late pre-wet season to the post-wet season, and low
dry season and early pre-wet season PoEs. These
species displayed a range of strengths in their sea-
sonal patterns. Leiognathus equulus (Fig. 7a) and Zen-
archopterus buffonis had PoEs that increased through
the pre-wet to peak in the post-wet and then declined
to lower levels during the dry season, although they
maintained relatively high PoEs throughout the year.
Thryssa hamiltonii (Fig. 7b), L. decorus, Gerres fila-

uted to seasonal recruitment of offshore spawning spe-
cies into estuaries in the USA (Greenwood et al. 2007,
Rozas et al. 2007) and Europe (Ramos et al. 2006). In
the present study, assemblage composition changed in
a parallel way to absolute PoEs in the natural estuaries.
Relative PoE profiles were dominated by a few species
in the dry season and became progressively more even
through the post-wet to pre-wet seasons. In contrast,
although similar to each other, the 2 constructed estu-
aries maintained quite different assemblages to those
of the natural estuaries. Here, temporal differences
related only to absolute PoEs, with assemblage compo-
sition remaining similar over time.
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Table 4. Univariate classification and regression tree (CART) results for probability of encounter (PoE) of species for which valid

models could be produced. (a) Species with strong seasonality, (b) species without strong seasonality. Left-hand part of table

shows tree-fitting statistics and the factors responsible for the first 2 tree splits. Centre of table indicates groupings identified from

Trip splits with high (dark grey shading) and low (white) PoE. Where 3 Trip groups were formed, the groups with the highest PoE

are shaded dark grey and intermediate PoE light grey. Right-hand column indicates which estuaries had high PoE for species
with location splits. Split codes: tr, Trip; est, Estuary. Ck: Creek. For full species names see Table 2
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Spatial differences

Spatial differences in assemblage structure were
complex, involving both differences in species compo-
sition and differences in absolute PoE. The 2 con-
structed estuarine lakes differed from the natural estu-
aries in that they both had low absolute PoEs and
attenuated species composition dominated by a single
species, the planktivore Herklotsichthys castelnaui.
Restricted access channels and a history of high levels
of phytoplankton and eutrophication-driven fish kills
in these lakes (Sheaves & Johnston 2010) probably
accounts for the dominance of planktivores and the
restricted fauna. In contrast to the constructed estuar-
ies, the assemblages of natural estuaries comprised
species mixes similar to those of previous studies (e.g.
Blaber 1980, Robertson & Duke 1987, Sheaves & John-
ston 2009) but differed in details of both composition
and absolute PoE. The most extreme case was Hell
Hole Creek, where species compositions were similar
to those in other natural estuaries but absolute PoEs
remained extremely low throughout the study. The
consistently low PoEs in Hell Hole Creek are difficult
to explain. It possessed no obvious geomorphological
differences or apparent levels of stressors that would
set it apart from the other natural estuaries. However,
the physical environment of Hell Hole Creek was
among the most extreme of the natural systems, with
salinities, temperatures and turbidities all deviating to

S. ruconius 72  tr est Cocoa Ck, Crab Ck, Doughboy Ck
A. vachelli 59 tr tr

(b)

L. subviridis 4 60 ftr

P. signifer 2 41 tr

H. castelnaui 3 58 est Cocoa Ck

M. perusii 2 47 tr

M. pleurosticta 4 85 est Hell Hole Ck

lower than average values more consistently than the
other natural estuaries.

Drivers of temporal change

The high PoEs in the pre- to post-wet season are con-
sistent with the high recruitment and growth seasons
for juveniles of offshore spawning species (Robertson
& Duke 1990b, Sheaves 2006). In fact, with the excep-
tion of the common estuary resident Ambassis vachell,
the main contributors to temporal differences in
assemblage structure in the present study were off-
shore spawning species that use estuaries as nursery
grounds. Consequently, assemblage change was inti-
mately linked to nursery ground function, driven by
the cycle of recruitment, growth and subsequent emi-
gration that underpins it. The importance of offshore
spawned fish to temporal patterns implies that off-
shore—estuary connectivity is a key force regulating
assemblage structure and driving ecosystem pro-
cesses, and/or that the seasonal changes in the occur-
rence of offshore spawners are a response to season-
ally variable drivers (Barletta et al. 2005, Gewant &
Bollens 2005, Love & May 2007). These 2 possibilities
are difficult to separate, and are probably both valid.
For instance, Robertson & Duke (1990a) suggest that a
high density of new recruits is a response to food avail-
ability, related to high abundances of brachyuran
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megalopae during the pre-wet and wet seasons
(Robertson et al. 1988), which may also link to seasonal
changes in the importance of terrestrially derived
nutrient inputs to tropical estuaries (Abrantes 2008). In
this context recruitment could be seen as a response to
predictable changes in the nutrient—prey spectrum or,
equally validly, ocean-estuary connectivity could be
seen as a driver enabling recruiting fish to access key
resources when they are available and facilitating tar-
geted predation that controls crab recruitment. The
process outcomes of these seasonal changes can be
complex. For example, seasonal peaks in the occur-
rence of recruiting fish trigger temporary shifts in the
diets of non-predatory species to feed on small fish,
thereby producing rapid changes in total predation
pressure on new recruits (Baker & Sheaves 2005,
2009). Thus, seasonal events simultaneously regulate
prey species recruitment success and population sizes,
trigger a functional response in non-predatory species,
provide a nutritive boost that supports populations of
non-predatory species, and produce temporal shifts in
food web structure.

While the nursery ground function of natural tropi-
cal estuaries (Robertson & Duke 1987) is intimately
intertwined with temporal changes in assemblage
structure, this did not seem to be the case for the 2
artificial estuarine lakes. Whereas assemblage struc-
ture in the natural estuaries responded to the tempo-
ral cycle, assemblage compositions in Curralea and
Keyatta Lakes were stable over time. Added to this,
the key species involved in temporal dynamics in the
natural estuaries had very low PoEs in the lakes
throughout the study. The planktivore Herklotsich-
thys castelnaui dominated the lakes throughout the
study, probably a reflection of the high phytoplankton
densities that prevail there (Sheaves & Johnston
2010). Clearly, the natural estuaries and the poorly
connected artificial lakes differ significantly at an as-
semblage level, and by implication at a process level,
with substantial differences in species composition
indicating quite different food web structures. Taken
together, the restricted connectivity (Rozas 1992),
restricted circulation (Maxted et al. 1997) and poor
water quality (Baird & Pereyra-Lago 1992, Maxted et
al. 1997) typical of many artificial waterways probably
diminishes their value as nursery grounds for many
species. Although the proliferation of artificial water-
ways around the world has the potential to provide
expanded amounts of estuarine habitat available to
fish (Baird et al. 1981, Morton 1992) and to replace
degraded habitat, unless modification is managed
much more carefully than in Keyatta and Curralea
Lakes the outcome is likely to be diminished fish
habitat quality, reduced fisheries production and de-
graded ecosystem function.

CONCLUSIONS

Pattern and process are intimately interlinked in
tropical estuaries; the recruitment cycle (process)
drives temporal changes fish in assemblages (pattern),
which provide the raw material (species composition)
that determines the specific characters and functioning
of critical ecosystem processes like food web dynamics
and predation. Multiscale connectivity is the key pro-
cess facilitating this complex interlinking. It is the fac-
tor that determines the pattern of larval supply and
subsequently assemblage composition and allows a
multitude of complex interactions to shape patterns of
change over time (Sheaves 2009). For instance, the
pattern of recent recruitment is critical in determining
the suite of predators which new recruits will en-
counter, because settled juveniles are often the major
predators of recruiting fish in tropical estuaries (Baker
& Sheaves 2005). Additionally, the predictability of
recruitment allows specialised predators to target spe-
cific locations and times when prey are predictably
abundant (Juanes & Conover 1995, Willson & Womble
2006, Whitfield et al. 2008), thus focusing predation
pressure on new recruits and recruitment events. The
contrast between the clear patterns of change in nat-
ural systems and the attenuated fauna and lack of tem-
poral change in the poorly connected artificial estuar-
ies shows that ensuring the integrity of biological
connectivity is critical to maintaining normal patterns
of temporal change and, by implication, of ecological
functioning.
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