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Abstract
Little is known about larval processes that occur in the temperate estuarine waters of
Australia. Meroplankton, a term used to describe organisms that spend usually their
larval stages of their life-cycle in a planktonic form, are common inhabitants of the
estuarine system. In the saltmarsh and mangroves that fringe most estuaries in temperate
Australia, some meroplankton groups have developed endogenous timing to
environmental (exogenous) factors. These environmental factors are the result of
periodic cycles that arise from the forces of the sun and moon acting on the earth.
Specifically, meroplankton time larval release and supply to diel (light/dark), tidal
(flood/ebb), tidal amplitude and lunar cycles. Coinciding the timing of larval release and
supply to these cycles is thought to increase their likelihood of survival, by reducing
times when meroplankton are exposed to predation and inhospitable physical factors.
Few studies have examined the life histories of estuarine intertidal fauna in Australia
and this study attempts to add to this limited body of knowledge.
The current study aimed to examine the role each environmental cycle has on the
abundance of larval meroplankton and their spatial and temporal patterns during these
cycles. This was tested by collecting larvae in the lower saltmarsh and mangrove
habitats at two estuaries during times when key phases of the environmental cycles
occurred. Multifactorial designs and analyses were used to test diel, tidal, tidalamplitude and lunar factors and that may drive spatial and temporal patterns.
The light/dark and tidal cycle interaction was the main driver for larval release and
supply for crab larvae, which usually accounted for the majority of the meroplankton in
the samples. Specifically, larval crabs occurred at great densities during the nocturnal
ebb tide. Gastropod and polychaete larvae, which were also substantially large in most
samples, appeared to show no conclusive release or supply patterns to environmental
cycles, although at times were greater in densities on specific diel and tidal phases.
During the lunar and tidal phases, great meroplankton abundances occurred during the
ebb tides compared with flood tides, and these results were significant during newmoon ebb tides. However, significant month-to-month variation during the ebb tides
could have just as likely explained differences between meroplankton abundances.
This study builds on the few studies in Australia that have examined larval release and
supply. For organisms with a planktonic life history, the dispersal of their larvae largely
XII

influences adult population community structure. Further, the periods during which
these processes occur increase the productivity of the estuary through predator-prey
interactions. As a result, the ecological value of the saltmarsh and mangrove habitats is
being understood and recognised. Further studies are needed to gain a greater insight
into larval meroplankton life histories and the processes that influence them, until then
it remains difficult to make generalisations about larval release and supply within and
between temperate estuaries in Australia.
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Chapter 1

General Introduction
and Methods

Minnamurra River mangrove forest (Jan 2010)
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Chapter 1 – General Introduction & Methods

1.1 Statement of Problem
Studies of larval dynamics are central to understanding the ecological functioning of
estuaries. In this study, release is defined as the emission of eggs or larvae from an adult
into the water column, usually from the saltmarsh-mangrove complex to deeper waters;
supply is defined as the arrival of larvae to a habitat, usually the return of developed
larvae seeking an area for settlement in the saltmarsh-mangrove complex to mature as
an adult. Release and supply of larvae provide ample feeding opportunities for some
fish species, providing strong benthic-pelagic coupling in these systems (Kneib 2000).
Subsequently, this trophic interaction contributes to the productivity in these estuarine
systems via feeding on larvae by fish. Further, larval release and supply are key
determinants influencing the structure of adult populations and communities
(Underwood & Fairweather 1989). However, estuaries are under a variety of pressures
which has seen a decline in coastal wetlands in Australia. Indeed, saltmarsh now has an
Endangered Ecological Community status in New South Wales, Australia.
Previous research on the timing of intertidal invertebrates to environmental cycles has
been strongly skewed to North and Central American studies. But temperate estuaries of
Australia are expected to differ from those in the Americas because they have different
invertebrate assemblages and often have a fringe of mangroves that occupies the lower
intertidal zone, reducing the area the saltmarsh occupies to the supratidal zone
(Connolly 1999). Moreover, questions relating larval release and supply to
environmental cycles in these estuarine environments have been given little attention in
the southern hemisphere. Further, studies addressing these questions have been limited
in the spatial or temporal scale they cover.
Mazumder (2004) provided the first strong evidence of timing by invertebrates to
environmental cycles in temperate Australian estuaries, most notably the influence of
the tidal cycle (flood/ebb tides) assessed over a one-year time period. More recently, the
book Australian Saltmarsh Ecology (Saintilan 2009) went on to identify larval research
as a significant gap in the understanding of Australian saltmarshes, where the research
focus had previously been on the adult populations of invertebrates, transient fish and
vegetation.

-2-

Chapter 1 – General Introduction & Methods

Research is urgently needed to understand and assess importance of the saltmarsh and
mangrove forest before these habitats are further reduced or potentially lost. These two
sections to my thesis are elaborated on in the following literature review.

1.2 Larval Release and Supply of Meroplankton in Saltmarsh
and Mangrove Habitats

1.2.2 Introduction
The saltmarsh habitat
Saltmarshes occupy the highest tidal elevations of estuarine intertidal habitats and are
typically an important site of productivity (Kneib 1997, Odum 2000), function as
physical and ecological buffers, and are a nursery for juvenile and transient fish at times
when inundated (Connolly 1999). Recently, their contribution to the estuarine food web
has been predicted to be significant, and the potential ecological value of the habitat is
becoming understood (Connolly 1999, Hollingsworth & Connolly 2006, Mazumder et
al. 2006, 2009, Platell & Freewater 2009, Mazumder et al. 2011). Indeed, considering
these important contributions to the estuarine food chain, the potential implications for
commercially important species and therefore the inherent value of saltmarsh, questions
are raised how this habitat should be protected and managed.
Saltmarshes have declined dramatically over the last century owing to urban
development, degradation and land reclamation (Connolly 1999, Saintilan & Williams
1999) and in some areas from mangrove incursion (Saintilan & Williams 1999,
Saintilan & Wilton 2001, Clarke 2003, Harty 2009). Future potential impacts such as
sea-level rise as result of climate change will continue to threaten saltmarshes. Yet
despite the distribution of the saltmarsh being rapidly lost or fragmented, it remains the
least researched habitat compared with its neighbouring seaward habitats such as the
mangrove forest and seagrass (Fairweather 1990).
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Meroplankton larval release and supply in saltmarsh and mangrove habitats
Meroplankton is the term for an organism that only spends part of its life cycle in a
planktonic form, usually the larval or egg stage. Most meroplankton in estuarine
intertidal habitats are composed of invertebrate larvae. Generally, the larvae or eggs are
transported from the adult habitat to the estuarine channel or neritic waters where
ontogenetic development occurs (Pechenik 1999). Later, the developed larvae re-supply
their natal habitat in its final instar stages to settle and grow to adulthood (Dittel &
Epifanio 1990). Tidal currents often assist these planktonic larvae to and from the
intertidal habitats (Hovel & Morgan 1997).
Timed larval release has been shown in a variety of marine organisms such as corals
(McGuire 1998), ascidians (Olsen 1983), gastropods (Korringa 1947) and crabs
(Morgan & Christy 1994). Owing to the limited time the saltmarsh is submerged, the
window for larval release is narrow and adults must accurately time release to enhance
survivorship of their progeny. In estuarine habitats, particularly those higher on the
shore, the internal (endogenous) larval release rhythms are often controlled by physical
(exogenous) cues which maximizes the survival of their progeny through reduction in
predation and unfavorable environmental conditions (see Forward 1987, Morgan 1995,
for reviews on endogenous timing and cues). Larval release and supply occurring in
these habitats are usually in response to physical factors such as light, water pressure,
salinity, and temperature (Forward 1987, Morgan 1995). Variations in these physical
factors correspond to environmental cycles, specifically the diel (light/dark) cycle, the
tidal amplitude cycle, the tidal cycle (flood/ebb) and the lunar cycle (Forward et al.
1986, Morgan 1995). Different degrees of entrainment vary among species and over
space and time and a hierarchy of rhythms can be determined (Morgan & Christy 1994).
A focus on the dispersal and supply of larvae, termed supply-side ecology, over the last
few decades has been central to determining adult invertebrate population distributions
(Underwood & Fairweather 1989). Supply of invertebrate larvae into saltmarsh and
mangrove habitats is important for replenishing local benthic populations, which in turn
can have implications for fisheries (Roach 1998, Walton et al. 2006, Webley et al.
2009). Little is known about supply into the higher intertidal areas and whether larvae
time supply to environmental cycles. There is some evidence to suggest nocturnal tides
of maximum-amplitude are used for supply, particularly for upper intertidal species, and
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synchronised spawning on the maximum-amplitude tides may even help regulate the
timing of supply to the spring tides (Dittel & Epifanio 1990, Moser & Macintosh 2001).

Fig. 1.1 A schematic figure showing typical temperate estuarine habitats in the southern hemisphere.
From the left to right, the figure shows the upper and lower saltmarsh, the mangrove forest and the
subtidal seagrass bed.

Aims
This review aims to critically assess recent literature on meroplankton processes
occurring in saltmarsh and mangrove habitats with a particular focus on the saltmarsh.
First, this review aims to identify larval release patterns to environmental cycles and to
highlight the growing evidence on the link between organisms within the saltmarsh and
the estuarine food web. Second, the review aims to identify if larval supply is timed to
environmental cycles. Third, this review suggests other factors (e.g. behavior and
habitat selection, spatial variation of planktonic assemblages and differing tidal
regimes) that may cause differences in larval release and supply processes.
Specifically this review aims to: (i) identify evidence of larval release cued to the diel
cycle, (ii) highlight findings of tidal amplitude cycle and lunar cycle cues, (iii) identify
indications of larval release cued to the tidal cycle, (iv) find evidence of feeding of fish
on larvae, (v) determine if supply processes are timed to the light/dark cycle or the (vi)
tidal amplitude and tidal cycle, and vii) outline other factors that may cause
irregularities to larval release and supply of these patterns.
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1.2.3 LARVAL RELEASE
Larval release in response to the diel cycle
Nocturnal larval release is common in marine invertebrates because it minimizes
predation (Morgan & Christy 1995) and reduces the effects such as temperature stress
and photodamage (Forward 1987). Morgan (1995) suggested that crab species will
release their larvae during the night closest to the ebb spring tide, often this means that
larval release will often be within a few hours before dawn or a few hours after dusk.
Despite evidence for nocturnal release (Forward 1987), some more recent studies have
found some crab populations cued to daylight larval release (Table 1.1). Crabs that
inhabit areas lower on the shore seem to cue less to physical factors, and diurnal larval
release may be preferred for subtidal species (Morgan & Christy 1995, Krimsky et al.
2009). Forward (1987) argued that irregularities of larval release before the high tide
occurs when light/dark cues entrain stronger rhythms than tidal cues. Kellmeyer and
Salmon (2001) proposed that the strength of the tides may cause variation in the
light/dark preferences of crabs in Florida that are subject to different tidal regimes.
For Australian temperate marshes, timing to the diel cycle remains unclear. Mazumder
et al. (2009) found great densities of crab zoeae in tidal creeks draining the saltmarsh
during both winter (nighttime) and summer (daytime) spring tides although great
abundances of zoeae in summer were only substantial during one spring tide. Freewater
et al. (2007), in a short-temporal mensurative experiment recorded crab larvae on the
daylight ebb tides during summer maximum-amplitude tides in mudflats with water
draining from a saltmarsh higher on shore (Table 1.1). Ideally, future field studies in
Australian marshes should aim to balance their sampling design over nocturnal and
diurnal tides until the influence of the diel cycle on larval release is better understood.

-6-

Chapter 1 – General Introduction & Methods

Table 1.1 Evidence of diel (light/dark) invertebrate larval release in marine and estuarine habitats.
Target Species

Menippe mercenaria

Taxonomic

Diel

Group

Cycle

Crab

Day

Experiment

Marine/

Habitat

Reference

-

Krimsky et

Estuarine
Manipulative

Marine

al. (2009)
Pollicipes pollicipes

Barnacle

Day

Mensurative

Marine

Rocky shore

Balanus spp.

Day

Rocky shore

Chthamalus spp.

Day

Rocky shore

Uca thayeri (West coast

Crab

Day

Manipulative

Estuarine

Mangrove

Florida)

Macho et al.
(2005)

Kellmeyer
and Salmon

Uca thayeri (East coast

(2001)

Night

Florida)
Oxymonacanthus longirostris

Fish

Day

Mensurative

Marine

Coral Reefs

Kokita &
Nakazono
(2000)

Porites astreoides

Coral

Night

Manipulative

Marine

Coral Reefs

McGuire
(1998)

Uca spp.

Crab

Night

Mensurative

Estuarine

Saltmarsh

Houser and
Allen (1996)

Uca galapagensis

Crab

Night

Manipulative

Estuarine

Mangrove

Uca oerstedi

Night

Mangrove

Sesarma rhizophorae

Night

Mangrove

Eurypanopeus transversus

Night

Mid rocky shore

Pachygrapsus transversus

Day

Mid rocky shore

Uca beebei

Day

Mid rocky shore

Cataleptodius taboganus

Day

Lower rocky shore

Xanthodius sternberghii

Night

Lower rocky shore

Eurypanopeus planus

Day

Lower rocky shore

Petrolisthes armatus

Day

Lower rocky shore

Morgan and
Christy
(1995)

Cataleplodius taboganus

Crab

Night

Mensurative

Estuarine

Lower rocky shore

Christy
(1986)

Uca pugilator

Crab

Night

Uca pugnax

Night

Uca minax

Night

Mensurative

Estuarine

Saltmarsh

Christy
(1982)
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Larval release in response to tidal amplitude and lunar cycle cues
The tidal amplitude cycle is linked to the lunar cycle but both cycles entrain rhythms
through different exogenous cues. In the saltmarsh and mangrove habitats, invertebrates
perceive the tidal amplitude cycle by water pressure or even the tidal force (Hovel &
Morgan 1997). Larval release of crabs (Morgan 1995), molluscs and polychaetes
(Korringa 1947) have shown to cue to the tidal amplitude cycle. Cueing for
invertebrates is particularly significant for the supratidal species, because these areas are
only inundated during tides of substantial tidal amplitude. There has been growing
evidence that most larval release occurs after the first tide of inundation in the saltmarsh
and peaks on the second day or third day of inundation (Mazumder 2004, Hollingsworth
& Connolly 2006). It has been proposed that the first tide acts as a trigger for the larval
release despite larval release rhythms being controlled endogenously, the degree the role
exogenous factors play in triggering endogenous rhythms is debatable (Palmer 1997).
Mazumder (2004) observed the greatest densities of crab zoeae occurred during the
second tide that inundated the saltmarsh, and reduced with every maximum-amplitude
tide thereafter. This was supported by Freewater et al. (2007) who sampled crab zoeae
during ebb tides and by Hollingsworth and Connolly (2006) who observed great
abundances of consumed crab zoeae in marsh fish on the second and third days of the
spring tide cycle.
Meroplankton appear to entrain least to the lunar cycle (phase of the moon) than other
environmental cycles (Morgan 1995). However, there are some examples of
entrainment in crabs (Saigusa 1988), coral (McGuire 1998) and polychaete worms
(Naylor 2001). Lunar cycle cues commonly coincide with the tides of the greatest
amplitude but only few studies have shown a preference in meroplankton for lunar cues
over tidal amplitude cues (Forward 1987, Morgan 1995, Skov et al. 2005). Skov et al.
(2005) attempted to differentiate between new and full-moon larval release and tidal
amplitude by using the 14 month syzygy-inequality cycle; tides are greater in amplitude
during the new-moon for seven months, followed by full-moon for seven months.
Larval release was associated with tidal amplitude, rather than lunar cues, with
invertebrates higher on shore cued to the syzygy-inequality cycle. Similarly, Berry
(1986) showed spawning patterns in some littorinid gastropods with one species
showing a preference for full-moon spring tides, perhaps indicating the gastropod is
cued to the syzygy-inequality cycle, instead of lunar cues, as hypothesised by Skov et
-8-
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al. (2005). Further, Saigusa (1982), decoupled the diel and tidal cycle from the lunar
cycle by comparing crab populations at locations where tidal cycles differ by several
hours. Again, diel and tidal cycles were more dominant cues for larval release than lunar
cues. A review of twenty-seven crab species found only one species had lunar release
rhythms (Wolcott & Wolcott 1982, Forward 1987). Again, Morgan and Christy (1995)
argue the biweekly nature of release rhythms which corresponds with tidal amplitude is
far more common that monthly rhythms to correspond with lunar phases.

Larval release during the tidal cycle
To avoid predation, invertebrates are expected to release larvae at times that minimise
the risk of predation (Morgan & Christy 1995). Shortly around or after slack high tide
allows the safest time for the larvae to leave the saltmarsh, reducing predation and
stranding risks. Larvae are assisted by receding tidal currents and disperse outward into
the estuary or to the coast (Hovel & Morgan 1997).
Several studies have provided strong evidence of larval release on the ebb tide or near
the high slack tide (Christy 1982, Morgan & Christy 1995, Houser & Allen 1996).
Manipulative experiments by Kellmeyer and Salmon (2001) found the tidal cycle was
the most important cue compared with diel and tidal amplitude cycles for Florida fiddler
crabs (Uca spp.). Fiddler crabs retained their cueing to larval release on the ebb tide in a
laboratory setting, although larval release was delayed compared with crabs in the field
that are subject to tidal flow, and other factors (Salmon et al. 1986). A review by
Morgan (1995) found that 30 of 40 intertidal crab species released their larvae near or
after the slack tide. Subtidal species, however, did not release their larvae near the high
tide indicating these species are not cued to the tidal cycle; a likely explanation being
the threat of predation and unfavorable environmental factors are more constant in these
submerged habitats, therefore periodicities in larval release were not as crucial.
In temperate Australian estuaries, Mazumder et al. (2009), at Towra Point, Australia,
provided strong evidence that larval outputs during the ebb tide were significantly
greater than larval inputs on the flood tide, particularly for crab and gastropod larvae
(Table 1.2). Sampling was also conducted across habitats during the ebb tide from the
saltmarsh to the open water mudflat, and the saltmarsh was shown to have the greatest
densities of meroplankton (mostly crab and gastropod larvae) compared to habitats with
-9-
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lower tidal elevations. However, the results here were constrained both spatially and
temporally and therefore more research is needed to determine the contributions
intertidal habitats make to the rest of the estuary.
Freewater et al. (2007) found a net release of crab zoeae during the ebb tide in the
Brisbane Water Estuary, NSW although zoeal densities were generally low in all
samples (Table 1.2). Plankton samples were taken during summer daytime tides in the
mudflats bordering the mangrove habitat and the open water. The mangrove/mudflat
boundary had greater zoeal densities compared with the open water.
There have been few studies that highlight synchronised release of other meroplankton
during the ebb tide. While some studies have found large densities of gastropod larvae
during the ebb tide on the greatest amplitude tides (Mazumder et al. 2006, 2009), there
is generally a lack of research that addresses tidal cycle rhythms in saltmarsh and
mangrove habitats.

Larval release as a source of food for estuarine fish
Temperate saltmarshes that are fringed by mangroves are less productive than temperate
saltmarshes that extend to the lower intertidal area and are permanently flooded, such as
those of the northern hemisphere (Connolly 1999, Minello et al. 2003). For this reason it
is difficult to compare benthic-pelagic interaction studies between these types of
saltmarshes, owing to the limited time tides submerge mangrove-fringed saltmarshes,
and therefore increasing the risk of stranding of fish (Connolly 1999, Thomas &
Connolly 2001).
Despite release rhythms selected to maximise the survival of progeny through a
decrease in predation pressure, the synchronised release of larvae is a profitable time for
foraging transient and juvenile fish which often enter the marsh. Smaller fish are in-turn
prey for larger fish residing in the open estuarine waters (Hollingsworth & Connolly
2006). This movement of biomass and energy between habitats has been referred to as a
‘trophic relay’ and thus the contributions of synchronized larval release can at times be
a valuable component in the estuarine food chain (Kneib 2000).
The trophic link between invertebrate larvae, usually crab zoeae, and predatory fish has
been highlighted in numerous studies (Table 1.3). Small fish have been shown to enter
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Table 1.2 Evidence of invertebrate larval release cued to the tidal cycle.
Target Species

Group

Tidal

Experiment

Zones

Target Species’

References

Habitat
Nodilittorina lineolata

Gastropod

Ebb

Mensurative

Intertidal

Rocky shore

Bueno et al.
(2010)

All spp.

Crab

Ebb

Mensurative

Intertidal

Gastropod

Saltmarsh/

Mazumder et

Mangrove

al. (2009)

Border
All spp.

All spp.

Crab

Crab

Ebb

Ebb

Mensurative

Mensurative

Intertidal

Intertidal

Mangrove/

Freewater et

Mudflat Border

al. (2007)

Saltmarsh

Mazumder et

Gastropod
Pollicipes pollicipes

Barnacle

al. (2006)
High tide

Mensurative

Marine

Rocky shore

Balanus spp.

High tide

Rocky shore

Chthamalus spp.

High tide

Rocky shore

Balanus spp.

Ebb

Manipulative

Intertidal

Mangrove

Macho et al.
(2005)

Kellmeyer and
Salmon (2001)

Uca spp.

Crab

Ebb

Mensurative

Intertidal

Saltmarsh

Houser and
Allen (1996)

Uca galapagensis

Crab

Ebb

Manipulative

Intertidal

Mangrove

Uca oerstedi

Ebb

Mangrove

Sesarma rhizophorae

Ebb

Mangrove

Eurypanopeus transversus

Flood

Mid rocky shore

Pachygrapsus transversus

High Tide

Mid rocky shore

Uca beebei

High Tide

Mid rocky shore

Cataleptodius taboganus

Ebb

Lower rocky

Morgan and
Christy (1995)

shore
Xanthodius sternberghii

Ebb

Lower rocky
shore

Eurypanopeus planus

Flood

Lower rocky
shore

Petrolisthes armatus

High Tide

Lower rocky
shore

Uca minax

Crab

Ebb

Mensurative

Subtidal

Open water

Uca pugilator

Epifanio et al.
(1988)

Uca pugnax
Crab

Ebb

Uca pugnax

Ebb

Uca minax

Ebb

Mensurative

Intertidal

Saltmarsh

Christy (1982)
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the saltmarsh in great abundances during tidal inundation (Thomas & Connolly 2001).
Commercially important species benefit either directly by feeding on the larvae, or
indirectly by preying on fish that forage on the larvae (Mazumder et al. 2011). Platell
and Freewater (2009) showed in a New South Wales estuary that three of the twelve
species of fish caught leaving the saltmarsh fed exclusively on crab zoeae, whereas the
remaining nine species fed on a variety of saltmarsh fauna such as polychaete worms,
copepods and foraminiferans. Hollingsworth and Connolly (2006) found that stomach
contents of Port Jackson glassfish (Ambassis jacksoniensis) had a greater proportion of
crab zoeae after visiting the saltmarsh in subtropical Australian saltmarshes. Likewise,
Mazumder et al. (2006), in temperate Australian marshes, reported great zoeal
abundances in the stomach contents for glassfish (Ambassis jacksoniensis), flat tail
mullet (Liza argenta) and Pacific blue eye (Pseudomugil signifer).
There is limited evidence demonstrating that the larvae of molluscs may contribute to
the diet of the estuarine fish (Hollingsworth & Connolly 2006). However, fish gut
analyses have shown that gastropod larvae were not a typical diet for transient fish
(Kaly 1988, Mazumder et al. 2006). This area is poorly understood and both the
lifecycle and predator-prey relationships of gastropods in the saltmarsh require further
research.

Table 1.3 Evidence from stomach content analysis showing the trophic relationship between some
transient saltmarsh fish species and invertebrates within the temperate saltmarshes.
Fish Species

Invertebrate Group

Experiment

Zone

Habitat

Reference

Mensurative

Intertidal

Saltmarsh

Platell and Freewater

Ingested
Ambassis jacksoniensis,

Crabs, copepods,

Atherinosoma microstoma,

polychaetes, insects

(2009)

Redigobius macrostoma
Ambassis jacksoniensis

Crab zoeae, copepods

Mensurative

Intertidal

Saltmarsh

Hollingsworth &
Connolly (2006)

insects, gastropod
veligers
Ambassis jacksoniensis,
Liza argentea,

Crab zoeae

Mensurative

Intertidal

Saltmarsh

Mazumder et al.
(2006)

Pseudomugil signifer
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1.2.4 Supply
Supply to the diel cycle
Most invertebrate larvae show a strong preference for supply during the night (Table
1.4). This has been shown in both barnacles (Ross 2001) and crabs (Christy 1982,
Epifanio et al. 1988, Dittel & Epifanio 1990, Morgan & Christy 1995). Moser and
Macintosh (2001), on the other hand, sampled megalopae of brachyuran crabs and did
not find a preference for light in a Thai mangrove forest, although the authors suggest
this could be attributed to the turbidity of the water at their sites, therefore reducing the
visibility of larvae to predatory fishes, and providing protection from UV light.
Research on invertebrate supply (with the exception of barnacle cyprids) is largely
skewed to tropical areas and future studies set in temperate areas are needed. Indeed,
almost no research has been conducted on supply and the timing of supply in
saltmarshes.

Table 1.4 Evidence suggesting meroplankton preferences for supply to the diel cycle.
Species

Target

Light/Dark

Species

Cycle

Elminius covertus

Cyprid

Night

Mensurative

Intertidal

Mangroves

Temperate

Ross (2001)

Ocypodidae spp.

Crabs

Asynchronous

Mensurative

Intertidal

Mangroves

Tropical

Moser and

Grapsidae spp.

Night

Portunidae spp.

Night

Metaplax spp.

Asynchronous

Experiment

Zones

Habitat

Tropical/

Reference

Temperate

Macintosh
(2001)

Uca spp.

Crabs

Night

Mensurative

Intertidal

Saltmarsh

Temperate

Houser and
Allen (1996)

Uca spp.

Crabs

Night

Grapsidae spp.

Night

Xanthidae spp.

Night

Pinnotheres spp.

Night

Petrolisthes spp.

Night

Mensurative

Subtidal

Open water

Tropical

Dittel &
Epifanio
(1990)
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Supply to the tidal amplitude cycle and the tidal cycle
Many meroplanktonic larvae are supplied into saltmarsh and mangrove habitats during
spring flood tides in their final instar stages. The supply of crab megalopae during the
spring flood tides has been extensively shown in the literature (Dittel & Epifanio 1990,
Houser & Allen 1996, Quieroga et al. 2006). In contrast, Moser and Macintosh (2001)
observed one group of brachyuran crab supplied during both flood and ebb.

Supply into mangrove and saltmarsh habitats
Timing of supply and recruitment processes into saltmarshes has received little research
attention. In mangroves, settlement into an intertidal environment can be inferred by
lower densities of supplying larvae at higher tidal elevations compared with habitats at
lower tidal elevations (Satumanatpan et al. 1999, Ross 2001, Satumanatpan & Keough
2001). For crabs, megalopae are sometimes found in low densities in the saltmarsh and
mangroves. Walton et al. (2006) suggested mangrove pneumatophores increase
settlement rates of the Vietnamese mud crab (Scylla paramamosain). Despite
megalopae occasionally found in samples, megalopal abundances are usually fewer than
expected and there is evidence some crabs may recruit into subtidal habitats and then
migrate up to higher intertidal areas following settlement (Webley et al. 2009).
Ross (2001) studied barnacles cyprids that were supplied to the mangrove forest and
showed cyprids settled onto mangrove trees during flood tides. Cyprid densities were
far greater in the lower mangrove zone than the upper mangrove zone. Similarly,
Satumanatpan and Keough (2001) looked at settlement of barnacle cyprids in the
mangrove habitat. Areas at higher tidal elevations are inundated for a shorter duration
than areas lower, and thereby impacted on settlement time. Although larvae supply was
correlated with settlement at larger spatial scales, cyprid behavior explained settlement
of recruits at smaller spatial scales, as larvae seemed selective for certain substratum.

1.2.5 Other factors affecting larval release and supply
Behaviour, habitat selection and life histories of invertebrates
Behaviour, habitat selection and the life cycles of invertebrates all cause difficulties
when making generalisations about larval release and supply in intertidal environments.
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For example, some crabs are egg-bearing and may walk to the water’s edge for larval
release, reducing the need for endogenous release rhythms (Saigusa 1982). A well
known example of this are the terrestrial red crabs Gecarcoidea natalis that annually
migrate to the shores of Christmas Island to spawn (Adamczewska & Morris 2001). In
contrast, those species that reside at high tidal elevations without this behavioural trait
must rely on cues that coincide with favourable environmental conditions for propagule
release. But not all meroplankton require endogenous rhythms; subtidal populations
which have access to constant supply of water for propagule dispersal are less timed to
environmental cues (Morgan 1995, Morgan & Christy 1995).
Habitat selection plays an important role in supply and settlement. Webley et al. (2009)
proposed that mud crabs settle behind the surf zone and enter the estuary as crablets
because of the lack of megalopae found in estuaries. Crablets of Scylla serrata were
strongly selective to the seagrass habitat although megalopae were not. Moksnes and
Heck (2006) found decapod postlarvae settled ten times greater in mussel, algae and eel
grass compared with sand. Therefore, knowledge of biology of meroplanktonic species
may be important when identifying distribution and dispersal patterns of larvae in the
intertidal environment.

Spatial and temporal variation in larval densities
Meroplankton larval densities can vary significantly at small spatial scales (Underwood
& Fairweather 1989, Kingsford & Murdoch 1998). A wide range of factors can
contribute to this variation, such as the distribution of adult invertebrate populations,
predators, adjacent habitats, environmental conditions, tidal regimes and type of
biogeographic region (i.e. temperate vs. tropical, European vs. U.S.A). As result, it is
difficult to make generalizations when comparing larval release and supply that occur
within the intertidal environments.
Meroplanktonic assemblages in the estuary are highly variable with time. For example,
crabs species have a specific time when they are ovigerous throughout the year (see
Green & Anderson (1972) for temperate crab species brooding months); subsequently,
an abundance of early-stage zoeal abundances can be found in the water during these
times. Similarly, gastropod larvae entering and leaving saltmarshes show considerable
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variation over time and temporal patterns in gastropod larval abundance are not well
understood (Kaly 1988, Mazumder et al. 2009).

Tidal regime
Most of the world’s coast experiences semi-diurnal tides, whereas mixed and diurnal
tides occur at few places. Invertebrate populations that reside in semi-diurnal tidal
regimes generally have more opportunities for release and supply of larvae than other
tidal regimes. Furthermore, areas that experience diurnal or mixed tides may have a
skewed occurrence of diurnal or nocturnal tides, and therefore there may be no diel
patterns to larval release or supply. Recent studies have looked at larval release over
various tidal regimes and acknowledged differences in the hierarchical nature of
environmental cycles on meroplankton (Saigusa 1982, Kellmeyer & Salmon 2001, Skov
et al. 2005, Krimsky et al. 2009). It is likely that crabs demonstrate plasticity in
reproductive timing by altering their endogenous rhythms if transported from one tidal
regime to another (Forward & Lohmann 1983, Morgan 1996, Kellmeyer & Salmon
2001).

1.2.6 Difficulties with saltmarsh and mangrove plankton sampling
Saltmarsh and mangrove sampling has notorious challenges and therefore most studies
suffer from many inherent limitations. Such limitations arise from varying water depth,
thick vegetation and sampling equipment drawbacks. Sufficient spatial and temporal
replication in the sampling design is usually difficult to attain. Studies are usually
limited in the habitats, sites or estuaries they cover, similar to nekton sampling
challenges in marshes proposed by Connolly (1999). Further, studies are often
constrained temporally, and only few factors can be controlled. Unfortunately, factors
that are likely to regulate larval release and supply are often neglected in sampling
designs. Additionally, sampling the saltmarsh water column remains difficult (see next
section on sampling techniques) with studies resorting to fixed sample points in tidal
creeks (Mazumder et al. 2009) or in mudflat areas seaward of the saltmarsh (Freewater
et al. 2007). Diel migration and dilution of larval densities at different depths also create
challenges in comparing results between habitats, particularly for those conducted
where there is great water depth.
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Predicting optimal times for sampling of the supratidal also presents challenges.
Inundation of the saltmarsh is needed to draw conclusions about larval processes;
however, the marsh is often not submerged during days considered a spring tide, owing
to meteorological and hydrological factors, such as high air pressure. Further, the upper
saltmarsh is only submerged on few days in a year. Therefore observed amplitude tides
in the saltmarsh and the percent of saltmarsh inundation would help better
comparability of larval studies and strengthen generalisations that are made.
Finally, brooding times for meroplankton vary through the course of the year and larval
processes may vary between species (Korringa 1947, Morgan 1995), thus identification
of meroplankton at their lowest taxonomic level would help in understanding dominant
environmental cycles that are utilised by meroplankton in saltmarshes.

1.2.7 Conclusions
The saltmarsh and mangrove are complex and dynamic marine habitats. Meroplanktonic
species have adapted by timing both spawning and supply. A review of literature has
shown that for some invertebrate species, particularly crabs, are entrained to
environmental cycles. There is compelling evidence for nocturnal larval release but
diurnal or asynchronised larval release is not uncommon. The tidal amplitude cycle is a
definite driver for larval release patterns, with some evidence showing second and third
day release in the saltmarsh. However, studies that have separated tidal-amplitude
cycles from lunar cycles have found lunar-cycle cues as poor exogenous factors,
although some patterns do exist. Cueing to the ebb tide on the tidal cycle has also been
shown in manipulative and mensurative experiments. Literature is emerging that the
time of larval release from the saltmarsh and mangrove habitats can be very prosperous
feeding time for juvenile and transient fish that feed on crab zoeae. Little is known
about the timing of supply, but there is some evidence of a preference for supply at
times of the greatest amplitude tides and usually at night, at least for crab and barnacle
larvae. Despite these patterns in some meroplanktonic species, the biology of individual
species, their locations and variable tidal regimes are likely causes for differences in the
timing of larval release and supply processes. Further research should aim at
determining the dominant factors that synchronise the timing of larval release and
supply for individual species. Larval release and supply and the contribution to the food
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web of gastropods and polychaete worms is also of importance. There is also limited
literature that identifies larval stages of many saltmarsh and mangrove invertebrates and
future research in larval identification would be valuable. By identifying the timing of
larval release and supply, we can better understand the role the saltmarsh and the
mangrove habitats have through trophic linkages to the estuary and coastal waters.
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1.3 Comparison of Zooplankton Sampling Techniques for
Estuarine Habitats
The purpose of the following review is to identify the most suitable method for
sampling larvae within the saltmarsh/mangrove complex. Below, advantages and
disadvantages are highlighted, and various types of larval sampling equipment are
compared.

1.3.1 Introduction
A variety of equipment is used to sample zooplankton. The choice of equipment to
sample zooplankton depends on the research questions and hypotheses and the spatial
scale over which it is conducted (Kingsford & Murdoch 1998). Specifically, the best
suited equipment catches the greatest number of targeted individuals within the specific
habitat or water body (De Bernardi 1984). Plankton densities within water bodies are
spatially heterogeneous, with both horizontal and vertical patchiness, and the gear
selected must be capable of determining the variation in zooplankton density in the
water column (De Bernardi 1984). Variations in environmental factors, such as spatial,
tidal, diel, lunar and temporal, may contribute to plankton heterogeneity in the water
column (Suthers et al. 2009).
Sampling equipment is best assessed after consideration of the research question and the
inherent limitations each equipment type has in addressing the question. First, the size
range of the target plankton should be established, because equipment can often miss or
lose small plankton, whereas larger plankton may evade equipment (Kingsford &
Murdoch 1998). Secondly, the depth of the water body where the sampling is conducted
should be known because stratification of plankton occurs across water depth. Third, the
type of sample (i.e. vertical, horizontal or point sampling) based on the study question
should be determined (De Bernardi 1984). Finally, considerations for sampling near
vegetation also must be made because nets may be clogged in highly turbid waters or
prevented from sampling if vegetation is dense. After the most suitable equipment is
selected, it is often modified to suit specific sampling question (Kingsford & Murdoch
1998). Based on those considerations, this review aims to determine the most
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appropriate equipment for estuarine intertidal zooplankton collection from a selection of
plankton sampling equipment.

1.3.2 Types of equipment
Plankton nets
Plankton net uses and characteristics
Plankton nets are the most common equipment used for plankton collection, usually a
conical net with a collection bucket at the end (Fig. 1.2a,b) (De Bernardi 1984).
Plankton nets provide many characteristics that are superior to other types of samplers
for plankton sampling; nets sample a large volume of water which helps account for
spatial variation and patchiness of plankton densities in the water column (De Bernardi
1984, Suthers et al. 2009). Consequently, this generally means fewer replicates are
needed compared with equipment that samples small quantities of water. Plankton nets
also have the benefit of being cheap to produce, have a quick turn-over time between
samples, and relatively mobile (compared with other equipment) with the potential of
being hand-towed in shallow waters.
To be effective, each net needs to be designed for optimal collection of the target
organisms by taking into account mouth area, mesh size, filtration efficiency, speed of
tow. Many of these characteristics depend on the size and the avoidance ability of the
target organism (Fleminger & Clutter 1965). For example, as the ability of the target
organism to avoid the net increases, so should the size of the mouth area and the speed
of the tow increase (Kingsford & Murdoch 1998).
The mesh size affects the size, retention, loss and the condition of the organisms caught
(Kingsford & Murdoch 1998). In addition, mesh size influences the filtration efficiency
of the net, with organisms smaller than the mesh size often caught because of eventual
clogging of the net (De Bernardi 1984). Conversely, larger organisms may feel the
pressure wave in front of the net and thus avoid it (Suthers et al. 2009).
The UNESCO standard for zooplankton sampling is 200µm (Harris et al. 2000), and
most mesh sizes used are near this size (NIO 2004). Evans and Sell (1985) compared
three mesh sizes of three conical plankton nets (363µm, 156µm, 76µm) and found the
156µm size
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a

b

Fig. 1.2 a) Two plankton nets with flowmetres attached and b) a modified plankton net being towed
through a mangrove forest.

sampled planktonic crustaceans most accurately (excluding nauplii). Similarly, Rey et
al. (1987) compared 202µm and 63µm mesh sizes, and found the latter clogged the most
frequently. Kingsford and Murdoch (1998) describe mesh sizes, filtration efficiency,
speed of tow and other characteristics needed for each target planktonic organism in
more detail (see Table 1.5).
The risk of designing a net with a small diameter increases the likelihood of avoidance
of zooplankton (Fleminger & Clutter 1965). Moreover, a long tow must be conducted to
filter the same volume of water as that from a net with a larger diameter. Generally, net
diameters are approximately 50cms for deep waters or designed with a smaller mouth
for shallow habitat sampling (Kingsford & Murdoch 1998).
Filtration efficiency is also important in the design. Kingsford and Murdoch (1998)
outline the importance the filtration efficiency of a net in reducing clogging whilst
minimising avoidance of target species. Filtration efficiency is expressed as a ratio and
increases as the sifting surface area to mouth area ratio increases. A range of efficiency
ratios (mouth area to surface area) are suggested depending on the target species (Table
1.5). Generally an efficiency ratio of 1:2+ is best for zooplankton. Nets with a conical
shape and have a filtration efficiency of 3:1 are the most efficient (Tranter & Heron
1965).
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Table 1.5 Optimal mesh size and efficiency ratio according to types of organisms targeted extracted from
Kingsford and Murdoch (1998).
Type of organism

Bridle overlap

Mesh (μm)

Net shape

with mouth

Efficiency

Speed of tow

Volume

ratio

or vertical

filtered (m³)

haul (knots)
Phytoplankton

None-full

1-25

Cone

1:2+

<0.5

<10

1:2+

0.5-2

1-100

1:2+

0.5-2

1-5000

1:2.5+

0.5-4

1-5000

1:6+

1-4

50-1000

1:6+

0.5-4

5-5000

Cylinder/cone
Copepodites and

None-full

50-100

Hydromedusae
Invertebrate larvae

Cone
Cylinder/cone

None-full

50-1000

Cone
Cylinder/cone

Mesoplankton

None-full

200-300

(meroplankton and

Cone
Cylinder/cone

copepods etc.)
Fish larvae and

None-small

50-300

euphausids
Scyphomedusae

Cone
Cylinder/cone

None-small

Mixed box

Box/pyramid

1000+ pyramid
<300

Nets are often modified to match the purpose of the research question (Fig. 1.2b)
(Kingsford & Murdoch 1998). Some examples of modifications for estuarine sampling
are floats (Rey et al. 1987), shape of mouth (Rey et al. 1987) and an installed
opening/closing device, such as, for example, a Clarke-Bumpus sampler (Jeffries 1964).

Estuarine intertidal sampling using plankton nets
Plankton nets are often used in estuarine waters (Table 1.6). Researchers have used a
variety of small and large mesh sizes (generally from 50-500μm) in saltmarsh and
mangrove habitats depending on the size of the target species or taxonomic group
(Table. 1.5). Nets are most commonly deployed in tidal creeks (Mazumder et al. 2009)
or from piers (Houser & Allen 1996), bridges (Croker 1965) or boats (Robertson et al.
1988). However, given the independence of samples needed for parametric analyses,
sampling should preferably be towed to be sure replicates will not affect plankton
abundances in future replicates and therefore towed samples minimise sampling error
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(Suthers et al. 2009). Further, the tide must be sufficient to match that of the required
tow speed and flowmetres must be capable of measuring the range of water flow.
Although larger nets are capable of sampling larger volumes of water, only small nets
are practical for estuarine intertidal sampling because of the limited depth during the
tidal amplitude cycle. In south-eastern Australia, sufficient tidal depth for plankton net
tows in the lowest zone of the saltmarsh occurs during a tide ~ >1.7m (Australian
Height Datum), and with favourable meteorological conditions (personal observation).
For adequate submersion of the net, a net diameter smaller than the inundation depth is
required so the flow of water passing through the net can be measured. At the
saltmarsh-mangrove border, slightly greater inundation from tides would allow a larger
diameter to be used than that used on the saltmarsh flat.
Nets have a few limitations in estuarine intertidal habitats due to possible clogging and
the relatively large size of net compared with other types of equipment. Filtration
efficiency is reduced during clogging which occurs more frequently in vegetated
shallow habitats than in the open water. Clogging has the potential to interrupt sampling
and therefore introduce sampling error into results. Consequently, the added time
needed to clear the net may impact on the number of replicates collected. The diameter
of the net must also be small enough to sample in the shallowest areas yet large enough
to minimise avoidance of larger target species.

Plankton Pumps
Plankton pumps uses and characteristics
Plankton pumps were introduced by Hensen (1887) and are a convenient method of
sampling, particularly from boats. They are a useful method for sampling the water
column for vertical integration of plankton or sites where vegetation is too dense for
deployment of plankton nets (De Bernardi 1984, Dixon & Robertson 1986). They are
commonly used for collection of barnacle cyprids (Table 1.6) (Minchinton & Scheibling
1991, Ross 2001, Satumanatpan & Keough 2001)
Pumps can be hand pumped and motorised although the latter is usually preferred
because of the constant flow of water. Water enters the device through an inlet pipe and
the water is then expelled through a mesh or plankton net for collection. Motorised
pumps permit the sampling of large volumes of water in a short period of time.
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The mouth area of the tube is usually narrow and, as a result, there may be larger
variation between samples because of patchiness of plankton at small spatial scales (De
Bernardi 1984). Avoidance is also increased as result of the small mouth area. Plankton
pumps can additionally damage the target organisms if the speed of the flow is too
strong, making identification difficult (NIO 2004). Again, plankton pumps are often
modified to suit the hypotheses being tested (e.g. mesh size, submersible arms, floats
etc.) (Dahms & Qian 2004).

Estuarine intertidal sampling using plankton pumps
Pumps have been used in rocky intertidal areas (Minchinton & Scheibling 1991) and
occasionally estuarine intertidal areas (Table 1.6) (Dixon & Robertson 1986,
Satumanatpan & Keough 2001). Pumps have the advantage of being capable of
sampling in densely vegetated areas, and in shallow areas where there is not enough
depth for use of a net. The disadvantages are that pumps lack the mobility to be carried
easily through and between habitats and may clog quickly in turbid water. Further, turn
over time between samples is longer, and because of the rapidly changing nature of
estuaries, it may consequently reduce the number of replicates collected.
Dixon and Robertson (1986) designed a pump for use in dense mangrove forest of
Rhizophora species. Pumps were found to be comparable to net samples for 78% of the
zooplankton. Pumps collected greater quantities of gastropod and bivalve larvae
compared with nets, whereas nets caught significantly greater numbers of larvaceans,
chaetognaths and polychaetes.

Plankton Traps
Trap uses and characteristics
Traps are an alternative method of plankton collection, and often collect a qualitative
sample rather than a quantitative sample. The benefit of traps owes to their easy
deployment, often attract their target organisms (instead of causing avoidance, which
occurs when operating other equipment). Traps are particularly useful in the collection
of demersal zooplankton (Kingsford & Murdoch 1998). Due to the nature of the
sampling, the volume of water passing through the trap can often not be known.
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Moreover, only certain organisms are collected. Todd et al. (2003) designed a plankton
trap to measure larval supply. Traps reliably indicated the supply of the barnacle
Semibalanus balanoides.
Another example was a modified light trap that has been successful in attracting fish
larvae on coral reefs (Doherty 1987), although use for plankton collection is not
common. The light may attract certain plankton while causing avoidance of other
plankton. Porter et al. (2008) suggests light traps may be useful for sampling settling
larvae to plankton nets because more crab megalopae were collected in the light traps
compared with plankton nets. Flores et al. (2007) discourages the use of light traps for
larval sampling owing to species-specific responses to light, variable transparency of
the water and the limitation traps have of only being effective at night.

Estuarine intertidal sampling using traps
No evidence of the use of traps in saltmarsh or mangrove habitats was found through a
literature search. Since research questions relate to temporally variable factors (e.g.
direction of tide, light vs. dark, tidal amplitude), use of traps may not be adequate in
these habitats.

Water Bottles
Water bottle uses and characteristics
Water bottles are useful for smaller sized, less motile plankton (i.e. microzooplankton)
because of the limited amount of water that is sampled (NIO 2004). The volume of
water collected is not usually in excess of 10 litres and, therefore, attaining sufficient
replicates to account for natural variation at a site is not often feasible (NIO 2004).
Water bottles can be useful for depth samples where only an indication of species types
is to be known, nevertheless this method is not optimal for either qualitative or
quantitative estimations of zooplankton in the water column.
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Estuarine intertidal sampling using water bottles
Water bottles are rarely used for zooplankton sampling and only one example was
found for estuarine zooplankton sampling (Table 1.6). Brucet et al. (2006) sampled 4L
of water in Mediterranean saltmarshes, an amount considerably less than volume of
water that is suggested for zooplankton sampling (Kingsford & Murdoch 1998) (see
Table 1.5).
Table 1.6 Target species and collection methods of zooplankton in estuarine habitats.
Target Spp./Groups

Habitat

Equipment

Mesh

References

Size
All zooplankton

105μm

Robertson et al. (1988)

Bottle

53μm

Brucet et al.(2006)

Plankton net,

202μm

Rey et al.(1987)

Plankton pump

63μm

Plankton net

350μm

Mazumder et al. (2009)

Mangrove,

Plankton net,

Seagrass

Plankton pump

All zooplankton

Saltmarsh

All zooplankton

Saltmarsh

All zooplankton

Saltmarsh Creek,
Mangrove, Open
water

Barnacle cyprids

Mangrove

Plankton net

250μm

Ross (2001)

Barnacle cyprids

Mangrove

Plankton pump

100μm

Satumanatpan and
Keough (2001)

Crab larvae

Open water

Plankton pump

280μm

Dittel and Epifanio
(1990)

Crab larvae

Saltmarsh

Plankton net

335μm

Hovel and Morgan
(1997)

Crab megalopae

Mangrove

Plankton net

500μm

Moser and Macintosh
(2001)

Crab zoeae

Mudflat/mangrove

Plankton net

150μm

Freewater et al.(2007)

boundary,
Open Water
Macrozooplankton

Saltmarsh creek

Plankton net

365μm

Houser and Allen (1996)

Mesozooplankton

Open water

Plankton net

53μm

Elliot and Kaufmann
(2007)
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1.3.3 Conclusions
Plankton nets are the preferred equipment for estuarine intertidal sampling. Nets have
favourable qualities to account for horizontal patchiness and are useful for sampling
large volume of water. The easy mobility of the plankton net compared with pumps
adds to its suitability for estuarine intertidal sampling. Before sampling, a few
components of the sampling and net design should be considered. The areas sampled
must have a low density of vegetation, to allow the net to be towed at a constant speed.
Additionally, they must have a diameter so the net can be fully submerged during
sampling. The size of the smallest target organism to be collected needs to be taken into
consideration when a mesh size is selected. Modifications may be needed to reduce
clogging of the net and allow proper flow of water.
Plankton pumps would also be suitable for estuarine intertidal sampling, particularly for
areas where vegetation is dense or in deep water where there is likely to be vertical
stratification of plankton. But pumps are less mobile and have the potential to damage
the plankton samples. Pumps may be inferior to nets when there is only a brief window
of sampling time available; because of the rapid turnaround needed between replicates
in the saltmarsh and mangrove habitats and the limited duration the saltmarsh is
inundated.
Traps and water bottles are not suitable for quantitative collection of plankton. Given
the limited duration available for tidal sampling, attaining the necessary replicates
needed to assess the variation of plankton densities in the water column may not be
possible using these types of equipment.
For my study, plankton nets were selected from the various types of equipment. To
quantify meroplankton, significant variation and patchiness were expected in the
samples and therefore this eliminated traps and water bottles. The nature of my
sampling design and research question meant rapid turn over times between samples
and sampling of habitats was needed. Nets were selected over pumps because they met
these criteria and were the most cost effective.
A 250μm mesh was chosen which was fine enough to allow collection of the targets
species. A diameter of 30cm was also selected which would allow saltmarsh sampling
on maximum-amplitude tides. Filtration efficiency was kept in mind so a finer mesh
size or a smaller diameter was disregarded.
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1.4 General Methods
1.4.1 Study area
This study was conducted in saltmarshes and mangrove forests at two sites within two
locations on the south coast of New South Wales, Australia, from August 2009 to July
2010 (Fig. 2.1). The first location was Minnamurra River, Australia (100km south of
Sydney). This river has a small waterway area of 0.6km² and drains a catchment of
110km² (DNR 2010). At Minnamurra River, the site ‘Minnamurra’ was on the western
side of the river near the rail river crossing (34º37'8''S, 150º50'49''E) and the second site
‘Kiama Downs’ was further downstream near the township of Kiama Downs
(34º38'20''S, 150º50'53''E) (Fig. 2.1).
The second location was Currambene Creek in Jervis Bay, Australia (180km south of
Sydney), which is located in a Habitat Protection Zone within Jervis Bay Marine Park
and is a major input of fresh-water into Jervis Bay. The creek has a waterway area of
1.2km² and drains a catchment of 165km² (DNR 2010). The site ‘Woollamia’, was
slightly north of the township of Woollamia on the western side of the creek (35º1'5''S,
150º39'54''E) and the second site at ‘Myola’ (35º1'19''S, 150º40'16''E), was on the
northern side of the creek (Fig. 1.3).
The two locations experience semi-diurnal tides and reach a maximum range of
approximately 2.2m Australian Height Datum (mAHD). The saltmarsh at these
locations begins to be submerged at 1.5 - 1.8mAHD depending on local meteorological
and hydrological forces which can affect the amplitude of the tide (personal
observation). Maximum-amplitude tides generally occurred two days before the new or
full-moons for the months sampled. The mangrove habitat is submerged twice daily
during high tide. The time lag between observed and predicted tidal amplitude maxima
were 45 minutes at both locations.
Both locations have a temperate weather pattern with a highest mean monthly
maximum of 23.9ºC and 25.2ºC (Jervis Bay and Minnamurra respectively) occurring
during summer, and a lowest mean monthly minimum of 9.2ºC and 8.5ºC occurring in
winter. Rainfall has a monthly range of 79.2 – 134.1mm at Jervis Bay and 73.0 –
140.6mm at Minnamurra (Fig. 1.4) (BOM 2011).
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MN

Minnamurra River

KD

WL

Currambene Creek

MY

Fig. 1.3 Study locations on the south coast of NSW, Australia. Study sites Minnamurra (MN) (34º37'8''S,
150º50'49''E) and Kiama Downs (KD) (34º38'20''S, 150º50'53''E) are located on the Minnamurra River,
Minnamurra and study sites Woollamia (WL) (35º1'5''S, 150º39'54''E) and Myola (MY) (35º1'19''S,
150º40'16''E) are located on Currambene Creek, Jervis Bay (base source: DTDB - ©Land Property
Management Authority 2009).
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Fig. 1.4 Temperature (ºC) at a) Minnamurra and b) Jervis Bay, and precipitation (mm) at c) Minnamurra
and d) Jervis Bay for sampling period from August 2009 to July 2010 (BOM 2011).
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2.3.2 Study system
Saltmarsh and mangrove flora
The saltmarsh and mangrove forests at Minnamurra River and Currambene Creek are
comprised of marine vegetation characteristic of the region (CSIRO 1994, Adam 2002,
DNR 2010). The saltmarsh vegetation is predominantly the rush Juncus kraussii in the
upper marsh, the chenopod Sarcocornia quinqueflora and the grass Sporobolus
virginicus in the lower marsh. The small mangrove Aegiceras corniculatum comprise
the upper mangrove forest and the mangrove Avicennia marina the lower mangrove
forest (Adam 2002). See Fig. 1.1 for typical zonation of flora for temperate estuarine
intertidal habitats in south-eastern Australia.

Saltmarsh and mangrove fauna
The fauna at each location was typical of temperate saltmarshes and mangroves in
south-east Australia (CSIRO 1994, Saintilan 2009). Dominant crab species were
Helograpsus haswellianus (Grapsidae), Parasesarma erythrodactyla (Sesarmidae),
Heloecius cordiformis (Ocypodoidae) and Paragrapsus laevis (Grapsidae) at both
locations, although crab abundances seemed to be greater at Currambene Creek
(personal observation). Adult Helograpsus haswellianus were only observed in the
upper saltmarsh (see also Mazumder 2004). Parasesarma erythrodactyla seemed to be
the most common at all sites and its range covered the whole of the saltmarsh-mangrove
complex. Heloecius cordiformis had a preference for burrowing in the upper mangrove
zone in the mangrove pneumatophores. Adult Paragrapsus laevis were usually found
under rocks or logs. Of these crab species, only Helograpsus haswellianus is known to
brood during winter months (Green & Anderson 1972, Mazumder 2004).
All three crab families found in the saltmarsh/mangrove complex have shown previous
entrainment of cues to environmental cycles in studies abroad: Grapsidae (Dittel &
Epifanio 1990, Morgan & Christy 1995), Ocypodidae (Christy 1982, Epifanio et al.
1988) and Sesarmidae (Saigusa 1982). Typically, fertilized eggs are attached to
pleopods on the underside of the females’ abdomen. The period these eggs are carried
range from days to months (Forward 1987). Gravid females release their eggs in the
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water column often timed endogenously to environmental cycles. Eggs and early zoeal
stages are advected to the coast (Dittel & Epifanio 1990) or retained locally in or near
the estuary (Morgan et al. 2009) where it is assumed to be safer for the young (Pechenik
1999). Onset of ontogenetic development into advanced instars (generally around five
zoeal stages) and finally to the megalopa stage is usually triggered by physical and
chemical cues (Pechenik 1999). The time of larval development is usually 3-10 weeks
(Hines 1986), and is dependant on water temperatures (Morgan & Christy 1995).
Megalopae are supplied back to estuarine intertidal habitats to begin the adult stage of
their life history.
Dominant gastropods species were Phallomedusa solida, Cryptassiminea buccinoides,
Bembicium auratum, Ophicardelus ornatus and Ophicardelus sulcatus (personal
observation). Phallomedusa solida (previously Salinator solida) is associated with
Sarcocornia quinqueflora and unvegetated areas of the marsh. Ophicardelus ornatus
and Ophicardelus sulcatus are usually found in the rush Juncus kraussii or the grass
Sporobolus virginicus. Cryptassiminea buccinoides and Bembicium auratum have not
been found to be associated with any vegetation type (Kaly 1988, Saintilan 2009).
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1.5 Thesis Objectives and Outline
The overall objective of this thesis was to determine the main drivers for larval release
and supply in temperate estuarine intertidal habitats, specifically the saltmarsh and
mangrove forests.
This thesis aims to determine the relative roles of four predominant environmental
cycles that have been associated with fluctuations in larval abundances: the diel, tidal,
tidal-amplitude and lunar cycles. Further, it aims to examine this relationship between
these environmental cycles and patterns of meroplankton abundance over various spatial
and temporal scales.

1.6 Thesis Outline
In this first chapter, Chapter 1, literature was reviewed on the entrainment of
meroplankton to environmental cycles in estuarine intertidal habitats. Additionally,
various sampling methodologies for the collection of zooplankton were compared, and
the resulting equipment that was most suitable for my study was determined.
The remainder of this thesis will explore the role played by each of the environmental
cycles. Meroplankton abundances were measured during phases of each environmental
cycle in the saltmarsh and mangrove forest, and repeated over space and time. Chapter 2
focuses on identifying the role that the diel and tidal cycle have on the release and
supply of larvae of meroplankton. Spatial variation within and between estuarine
systems is also a key focus of this chapter. Chapter 3 uses a range of data sets to
examine how meroplankton responds to tidal amplitude and lunar cycles. Temporal
variation patterns are also addressed in this chapter. Finally, my general discussion
(Chapter 4) summarises findings of these data chapters. It also highlights the importance
and implications of these findings for the future management of temperate estuarine
systems.
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Larval Release and Supply of
Meroplankton in Response to Diel
and Tidal Cycles in Temperate
Saltmarsh and Mangrove Forests

Kiama Downs saltmarsh (Jan 2010)
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2.1 Introduction
Studies of meroplankton have shown larval release and supply in response to
environmental cycles in many species (Dittel & Epifanio 1990, Morgan & Christy 1995,
Bueno et al. 2010). Meroplankton are synchronised endogenously as means to maximise
survival of their pelagic progeny and facilitate transportation to and from natal habitats
of the adult populations. Larval release and supply occur as part of the meroplankton
life history, enabling planktonic progeny to utilise space and food where the threat of
competition or predation is reduced (Underwood & Fairweather 1989, Hovel & Morgan
1997). Responses of organisms to environmental cycle cues (i.e. diel, tidal direction and
amplitude and lunar: see Morgan 1995 for review) are controlled by an internal clock
(Morgan & Christy 1995, Palmer 1997).
Numerous studies have demonstrated feeding of larvae by planktivorous fish,
representing a direct trophic link between the estuarine intertidal habitats and the
estuary (Hovel & Morgan 1997, Mazumder et al. 2006, Platell & Freewater 2009,
Mazumder et al. 2011). However, the occasions when larval densities are greatest
during larval release and supply, are not thoroughly understood. Consequently, detailed
spatial and temporal sampling in relation to environmental cues is needed to understand
larval dynamics of intertidal invertebrate populations that provide trophic links to highorder and commercial species (Mazumder et al. 2006, Mazumder et al. 2011).
In the southern hemisphere, research has not addressed the role of light to regulate
larval release and supply as thoroughly as other environmental cycles, such as the tidal
related cycles (Mazumder et al. 2006, Freewater et al. 2007, Mazumder et al. 2009).
Nevertheless, research has shown the diel cycle plays an acute role in regulating larval
processes in some estuarine systems in the northern hemisphere (Saigusa 1982, Forward
1987, Morgan & Christy 1995). In fact, a combination of specific times during the diel
cycle and tidal cycle is likely to determine the patterns of crab zoeae abundances, with
zoeae peaking in densities during the nocturnal ebb tides when crab species often
release their larvae (Dittel & Epifanio 1990). However, experiments are often conducted
in laboratories and rhythms often don’t match wild populations, so there is a need for
mensurative studies to assess and understand actual cueing patterns that occur in the
field (Forward 1987, Flores et al. 2007).
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2.1.1 The influence of the diel (light-dark) cycle on meroplankton
abundances
The light-dark or diel cycle has been shown to be a significant driver for the release and
supply of meroplanktonic organisms (Olsen 1983, Forward 1987, Ross 2001), but the
importance of such cues has not been tested adequately in southern hemisphere estuaries
(Mazumder et al. 2006, Freewater et al. 2007). Larval release during the cover of
darkness is likely to be a response by meroplankton to avoid predators for both the adult
female and their larvae (Forward 1987, Morgan & Christy 1995). For example, adult
female crabs usually choose to release their embryos near their burrows to minimise
their risk of predation (Morgan & Christy 1995). Likewise, supply of some invertebrate
larvae such as crabs (Dittel & Epifanio 1990, Moser & Macintosh 2001), corals
(Babcock et al. 1986), polychaetes (Emery 1968) and barnacles (Ross 2001) are often
timed to the nocturnal phase.
Foraging fish select crab larvae by the length and number of protective spines, body
size, colour, amount of yolk and chromatophores (Christy 1986, Morgan 1990). The
development of morphological defences on crab larvae seem to be utilised as a
defensive strategy over evasive behaviours (Morgan 1990). Some species of crab have
conspicuous, poorly-defended larvae, and therefore nocturnal larval release would be
advantageous for these species (Morgan & Christy 1994, 1995).

2.1.2 The influence of the tidal cycle on meroplankton abundances
Tidal cues provide an effective means for advection and supply of propagules (Dittel &
Epifanio 1990, Moser & Macintosh 2001). Evidence of circatidal rhythms have been
shown for marine invertebrates in saltmarshes of Australia (Freewater et al. 2007,
Mazumder et al. 2009) and overseas (Christy 1982, Morgan & Christy 1995). Work in
northern hemisphere marshes highlight the role of the saltmarsh as a means of primary
production, with the export of materials from intertidal habitats as part of a trophic relay
where biomass, carbon and energy is transferred between the intertidal habitats and the
estuary (Kneib 2000). However, Australian marshes are not as productive as northern
hemisphere marshes (Morrisey 1995); and consequently secondary production through
the export of larvae during receding tides may contribute more to the productivity of
Australian estuaries than primary production (Mazumder et al. 2006, 2009).
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Larval release is usually timed near or after slack high tide for many intertidal
invertebrate species and salinity may be an exogenous cue for tidal cueing (Forward
1987). The ebbing tide allows meroplanktonic larvae to be transported from the
intertidal habitats to the estuary or coast where it is safer for the larvae to develop into
advanced larval stages (Salmon et al. 1986, Dittel & Epifanio 1990). Towards the
completion of ontogenetic development, tidal stream transport, by means of the flood
tide, supplies developed forms of larvae for many invertebrates to intertidal habitats
prior to settlement. Supply of recruits is important in determining distribution patterns
and facilitating recolonisation of adult populations (Underwood & Fairweather 1989).
Therefore, selection of favourable tidal phases for larval release and supply is critical
for the survival of meroplanktonic larvae.

2.1.3 Threats to the saltmarsh and mangrove forest
The saltmarsh and mangrove forests are known to provide benefits beyond their
boundaries. Such ecological benefits include providing a nursery habitat for juvenile for
fish, areas for bird migrations and as aforementioned, contributing to secondary
production. Rapid urbanisation and in-filing near estuaries has reduced the area covered
by these habitats. Coastal saltmarsh is recognised as an Endangered Ecological
Community in New South Wales, Australia, under the Threatened Species Conservation
Act 1995. Assessing the importance of these habitats is crucial to the management of
estuarine waters (Saintilan 2009).

2.1.4 Aims and hypotheses
Here, this study aimed to determine the role of variation in diel and tidal cycle on
patterns of abundance of meroplankton entering and exiting saltmarsh and mangrove
forests. The following predictions were tested using two types of sampling designs.
First, greater densities of meroplankton (including crab, gastropod and polychaete) in
the water column during nocturnal ebb tides were predicted to occur than during other
phases of the diel or tidal cycle. Meroplankton densities during night-time maximumamplitude tides, which occur with autumn, were compared with day-time maximumamplitude tides, which occur with summer months.
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Second, it was hypothesised that there will be greater densities of meroplankton in the
water column during nocturnal ebb tides than during other phases of the diel or tidal
cycle, but during a brief period in the year when nocturnal and diurnal maximumamplitude tides both occur on the same day.

2.2 Materials and Methods
2.2.1 Sampling Design and Larval Collection
2.2.1.1 Diel and tidal variation in larval release and supply during summer
and autumn
Two study locations were sampled: Minnamurra River and Currambene Creek. Each
study location had two study sites (Minnamurra and Kiama Downs at Minnamurra
River; Woollamia and Myola at Currambene Creek). The sites were sampled randomly
during a series of maximum-amplitude tides. The lower saltmarsh habitat and the lower
mangrove habitat were sampled during the ebb and flood tides on selected maximumamplitude tides from 31 December 2009 to 30 of April 2010 (Fig. 2.1). For simplicity,
maximum-amplitude tides that occurred from late December to early January are
referred to as ‘January’; and maximum-amplitude tides that occurred from late January
to early February as ‘February’ from here onwards. Two periods of diurnal (i.e. in the
light during the day) maximum-amplitude tides were sampled, which occurred from
06:00 – 12:00 hours in January and February, and two periods nocturnal (i.e. in the dark
at night) maximum-amplitude tides, which occurred from 18:00 – 24:00 hours in April
and May in 2010.
A 30cm diameter, 1m long, 250 µm mesh net was hand towed for the sampling.
Sampling of meroplankton in the water column occurred at all sites and began within
~1.5 hours of slack high tide. The first samples were collected in the mangrove forest
during the flood tide and followed immediately by the collection of samples in the
saltmarsh during the flood tide. Sampling was recommenced in the saltmarsh when the
tide began to ebb and immediately followed by sampling in the mangrove forest. Each
replicate sample consisted of two cubic metres of water with the flow of water moving
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through the net measured, with a General Oceanic Flowmeter (M -2030, Florida). The
samples were stained with Rose Bengal to aid with plankton identification and
preserved in 10% formaldehyde in sea water. Three replicates were taken in each of the
four treatment combinations (ebb and flow in the mangrove forest and saltmarsh) giving
a total of 12 samples per sample session. Occasionally, because of tidal levels and
associated time constraints, only two replicate samples could be collected and ultimately
only two replicates were counted. Only a few replicates are usually needed with
plankton net sampling, because tows allow for variability and patchiness of plankton
abundances to be accounted for, given a sufficient volume of water passes through the
net (Suthers et al. 2009).

2.2.1.2 Diel and tidal variation in larval release and supply during the
same day
Both diurnal and nocturnal maximum-amplitude were sampled during the same day as
maximum-amplitude tides transitioned from diurnal summer tides to nocturnal winter
tides, which occurred for two spring tidal cycles in March 2010 (Fig. 2.2). Only
Currambene sites were sampled because of the few days where both day and night
maximum-amplitude tides occurred during the same day. Only the mangrove forest was
sampled for these tides, as not all tides provided sufficient depth in the saltmarsh for
sampling. This sampling design allowed for a comparison of meroplankton abundances
during the diel cycle to be tested directly. Sampling was conducted in the same manner
as described in Section 2.2.1.1. For simplicity, all tides mentioned in the remainder of
this chapter, unless stated otherwise, refer to maximum-amplitude tides.
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Fig. 2.1 Sampling design for meroplankton densities for a 4-month period from December 2009 to May 2010. Two diurnal (Jan, Feb) and two

nocturnal (Apr, May) maximum-amplitude tides were sampled. The location Minnamurra River (MIN) had two sites, Minnamurra (MN) and

Kiama Downs (KD) and the location Currambene Creek (CUR) had two sites, Woollamia (WL) and Myola (MY). Sampling occurred in both the
saltmarsh (S) and mangrove (M) habitats on the flood (F) and ebb tides (E).
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2.2.2 Enumeration and identification of meroplankton
Owing to the typically large numbers of individuals per sample, some samples were
sub-sampled quantitatively using a Folsom Plankton Splitter (Aquatic Research
Instruments, Oregon), which has a high degree of precision (van Guelpen et al. 1982,
Kingsford & Murdoch 1998). Samples were split according to meroplankton densities
in the sample. Samples with visibly great densities of meroplankton were split up to five
times (1/32 of the sample) whereas samples with low meroplankton densities were only
split one or two times, or occasionally not at all. The sub-sample was washed with water
and counted under a dissecting microscope. Individuals were tallied into taxonomic
groups. Abundances per cubic metre were calculated from the level of subsampling that
occurred and the volume of water sampled. The main groups collected were presented
individually (crab larvae, gastropod veligers and polychaete worm larvae). Other taxa
only comprised a small portion of the meroplankton observed and therefore were not
presented individually (e.g. barnacle larvae, oyster spat, invertebrate eggs, benthic
amphipod larvae).

2.2.3 Statistical analysis
Meroplankton densities associated with summer diurnal and autumn nocturnal
maximum-amplitude tides
A four-factor nested analysis of variance (ANOVA) was used to test the hypothesis that
there would be differences in meroplankton densities between diel (light-dark) and tidal
(ebb, flood) cycles during summer and autumn (Fig. 2.1). The factor ‘light-dark’ was
fixed and orthogonal and months (‘Month’) that occurred during the daytime summer
tides or the night-time autumn tides were nested in ‘light-dark’ and treated as random.
Here, the term ‘light-dark’ is used to distinguish from ‘diel’ as both diurnal and
nocturnal maximum-amplitude tides could not be sampled during the same day. ‘Site’
(Minnamurra and Kiama Down at Minnamurra River; Woollamia and Myola at
Currambene Creek) was treated as random and orthogonal. Habitats (saltmarsh and
mangrove forest) and locations (Minnamurra River and Currambene Creek) were
analysed separately. Finally, ‘tidal’ was fixed and orthogonal. The same analysis was
conducted for crab, gastropod
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Fig. 2.2 Sampling design for the diel and tidal variation in larval release and supply during the same day in March 2010. Two spring

tides were sampled diurnally and nocturnally at Woollamia (WL) and Myola (MY) in the mangrove forest on the flood (F) and ebb
(E) tides.
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and polychaete larvae. Cochran’s C test was used to test for homogeneity of variances
and data were transformed ( ln( x + 10) ) to remove heterogeneous variances. Post-hoc
Student Newman-Kuels (SNK) tests were used to resolve differences among treatment
means for the largest statistically significant interaction term. Complex ANOVA
designs often do not have a simple valid F-ratio. Here, ‘no test’ was used to describe Fratios that could not be determined. However, non-significant terms were sometimes
eliminated to determine smaller interaction terms (in most cases the Light/Dark × Tidal
term) if found not significant using α = 0.25, see Underwood (1997).
Meroplankton densities associated with diurnal and nocturnal maximum-amplitude
tides that occur in the same day
A four-factor ANOVA was used to analyse meroplankton abundance for sampling
during March when both diurnal and nocturnal tides could be sampled on the same day
(Fig. 2.2). Sampling at this time was only conducted at Currambene Creek sites –
Woollamia and Myola. Also, only the mangrove forest was sampled as tides did not
submerge the saltmarsh on all tides. The factor ‘Light-dark’ was fixed and orthogonal,
‘Month’ was random and orthogonal, ‘Site’ was treated as random and orthogonal and
‘Tidal’ was treated as fixed and orthogonal. This analysis was repeated for crab zoeae
and larval polychaetes. Cochran’s C test was used to test for homogeneity of variances
and data were transformed ( ln( x + 10) ) to remove heterogeneous variances. Post-hoc
Student Newman-Kuels (SNK) tests were used to resolve differences among treatment
means for the largest statistically significant interaction term. In a similar fashion to
above, non-significant terms were sometimes eliminated to determine F-ratios of
important smaller interaction terms.
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2.3 Results
2.3.1 Patterns of meroplankton abundance in summer diurnal tides and
autumn nocturnal tides
2.3.1.1 Overall patterns of meroplankton
During the sampling period, 41 244 individuals of meroplankton were collected with an
average of 322 individuals m-³. Crab larvae accounted for the largest proportion of
individuals in the samples (67.05%), followed by gastropod veligers (10.86%),
polychaete worm larvae (7.74%), and then invertebrate eggs (6.81%).
Meroplankton densities varied between largely between day and night maximumamplitude tides. Mean nocturnal tides (530 ± 65, mean ±1 SE individuals m-³ of water)
were four to five times greater in meroplankton densities than diurnal tides (115 ±
20 m-³). Flood tides had approximately half the mean densities of meroplankton (217 ±
26 m-³) than ebb tides (427 ± 71 m-³) (Fig. 2.3).
Meroplankton densities were similar at each location; Minnamurra River (291 ± 61 m-³)
and Currambene Creek (354 ± 49 m-³). Moreover, all the study sites had almost similar
meroplankton densities: Minnamurra (212 ± 53 m-³), Kiama Downs (369 ± 108 m-³),
Woollamia (342 ± 64 m-³) and Myola (365 ± 74 m-³). In general, meroplankton densities
were similar between the saltmarsh (350 ± 63 m-³) and the mangrove forest (294 ±
45 m-³). However, Minnamurra River saltmarsh meroplankton densities (388 ± 113 m-³)
were almost twice those of the mangrove forest (194 ± 38 m-³). In contrast, slightly
greater densities of meroplankton occurred in the mangrove habitat at Currambene
Creek (395 ± 78 m-³) compared with the saltmarsh (313 ± 58 m-³). Minnamurra
mangrove forest (194 ± 38 m-³) had half the densities of meroplankton compared with
Currambene mangrove forest (394 ± 78 m-³).
Differences in meroplankton densities between the night-time and day-time maximumamplitude tides were greatest in the saltmarsh (620 ± 106 m-³, 80 ± 19 m-³respectively)
compared to the mangrove forest (439 ± 75 m-³, 149 ± 34 m-³ respectively). Likewise,
the greatest differences in meroplankton densities between the ebb tides and flood tides
were detected in the saltmarsh (ebb: 501 ± 115 m-³; flood: 199 ± 401 m-³) than the
mangrove forest (353 ± 83 m-³, 236 ± 33 m-³).
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2.3.1.2 Patterns of abundance of meroplankton in the saltmarsh
Total meroplankton densities in saltmarshes
Meroplankton densities were seven times greater when maximum-amplitude tides
occurred during the night (620 ± 106 m-³) than when they occurred during daylight
hours (80 ± 19 m-³) (Fig. 2.3). Ebb tides had twice the densities of meroplankton than
flood tides. On all but one occasion, meroplankton densities were significantly greater
during the night-time ebb tide than the night-time flood tide (Fig. 2.3, Table 2.1a,b,c).
The exception was in April at Minnamurra when no significant differences were
observed. There were no overall differences in meroplankton densities between daytime
flood and ebb tides (Fig. 2.3, Table 2.1a,b,c).
There was significant monthly variation in meroplankton abundance at both locations,
with the months that had nocturnal maximum-amplitude tides being considerably
greater in abundances than the months with diurnal maximum-amplitude tides
(Fig. 2.3). Most sites had similar meroplankton densities except at the site Minnamurra
where meroplankton densities were substantially less.
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Fig. 2.3 Meroplankton (± 1 SE) densities at a) Minnamurra, b) Kiama Downs c) Woollamia and d) Myola
saltmarshes during the light (January 2010, February 2010) and dark (April 2010, May 2010) maximumamplitude flood (■) and ebb tides (□). Note differences in scales.
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Table 2.1 a) Four-factorial nested ANOVA of meroplankton densities in the saltmarsh for each of the two
locations (Minnamurra River and Currambene Creek) during light-dark and tidal (flood, ebb) cycles at
each of the two sites b) SNK tests for the interaction of tidal, site and month at Minnamurra River c) SNK
tests for the interaction of light-dark and tidal.
a) ANOVA
Minnamurra River

Currambene Creek

Factor

d.f.

MS

P

MS

P

Light-dark

1

46.75

-

27.88

-

Month (Light-dark)

2

0.73

0.672

12.88

0.036

Site

1

0.84

0.531

<0.01

0.965

Tidal

1

3.91

-

0.72

-

Light-dark × Site

1

0.77

0.545

0.43

0.441

Light-dark × Tidal

1

3.64

-

3.50

0.041

Month (Light-dark) × Site

2

1.48

0.006

0.48

0.057

Month (Light-dark) × Tidal

2

0.12

0.956

0.14

0.363

Site × Tidal

1

1.78

0.497

<0.01

0.855

Light-dark × Site × Tidal

1

3.08

0.392

<0.01

0.881^

Tidal

2

2.63

0.001

0.08

0.570

Error

16

0.20

0.14

C = 0.283; ns

C = 0.258; ns

Month (Light-dark) × Site ×

ns, non-significant; -, no test; ^, term eliminated; C, Cochran’s test
b) SNK comparisons for Month (Light-dark) × Site × Tidal interaction with respect to tidal direction at
Minnamurra River
Minnamurra

Kiama Downs

Light-Dark

Month

Direction

Light-Dark

Month

Direction

Light

January

Flood=Ebb

Light

January

Flood=Ebb

Light

February

Flood=Ebb

Light

February

Flood=Ebb

Dark

April

Flood=Ebb

Dark

April

Ebb>>Flood

Dark

May

Ebb>>Flood

Dark

May

Ebb>>Flood

>, p<0.05; >>, p<0.01
c) SNK comparisons for Light-dark × Tidal at Currambene Creek
Light-Dark

Direction

Light

Flood=Ebb

Dark

Ebb>Flood

>, p<0.05; >>, p<0.01
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Densities of crab larvae in the saltmarsh
The patterns of abundance of crab larvae in the saltmarsh generally paralleled those of
total meroplankton, since crab larvae constituted the vast majority of meroplankton
abundance (compare Fig 2.3 and 2.4). Larval crab densities were strikingly greater
during the nocturnal tides than the diurnal tides by a factor of 32 (Fig. 2.3).
In general, larval crab densities were significantly greater during the nocturnal ebb-tide
than the nocturnal flood-tide for almost all the tides sampled (Fig. 2.3, Table 2.2), by a
factor of almost four. The exception was during April at site Minnamurra when no
significant differences were observed. Larval crab densities did not differ between
daytime flood and ebb tides. Daytime maximum-amplitude tides had low densities of
crab larvae and varied between sites, especially at Currambene Creek where densities
were ≤ 22 individuals m-³.
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Fig. 2.4 Densities of crab larvae (± 1 SE) at a) Minnamurra, b) Kiama Downs c) Woollamia and d) Myola
saltmarshes during the light (January 2010, February 2010) and dark (April 2010, May 2010) maximumamplitude flood (■) and ebb tides (□). Note differences in scales.
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Table 2.2 a) Four-factorial nested ANOVA for larval crab densities in the saltmarsh at each of the two
locations (Minnamurra River and Currambene Creek) during light-dark and tidal (flood, ebb) cycles at
each of the two sites b) SNK tests for the interaction of tidal, site and month at Minnamurra River c) SNK
tests for the interaction of light-dark and tidal.
a) ANOVA
Minnamurra River

Currambene Creek

Factor

d.f.

MS

P

MS

P

Light-dark

1

19.34

-

68.86

-

Month (Light-dark)

2

54.01

0.393

2.78

0.200

Site

1

2.88

0.255

0.05

0.806

Tidal

1

4.66

-

3.53

-

Light-dark × Site

1

7.46

0.363

1.27

0.310

Light-dark × Tidal

1

2.55

-

4.06

0.039

Month (Light-dark) × Site

2

8.43

0.001

0.70

0.018

Month (Light-dark) × Tidal

2

1.87

0.733

0.16

0.204

Site × Tidal

1

1.04

0.455

<0.01

0.902

Light-dark × Site × Tidal

1

2.40

0.520

0.03

0.507^

Tidal

2

1.71

<0.001

0.04

0.740

Error

16

2.84

0.13

C = 0.462; ns

C = 0.333; ns

Month (Light-dark) × Site ×

ns, non-significant; -, no test; ^, term eliminated; C, Cochran’s test
b) SNK comparisons for Tidal × Site × Month interaction with respect to tidal direction at Minnamurra
River
Minnamurra

Kiama Downs

Light-Dark

Month

Direction

Light-Dark

Month

Direction

Light

January

Flood=Ebb

Light

January

Flood=Ebb

Light

February

Flood=Ebb

Light

February

Flood=Ebb

Dark

April

Flood=Ebb

Dark

April

Ebb>>Flood

Dark

May

Ebb>>Flood

Dark

May

Ebb>>Flood

>, p<0.05; >>, p<0.01
c) SNK comparisons for Light-Dark × Tidal at Currambene Creek
Light-Dark

Direction

Light

Flood=Ebb

Dark

Ebb>Flood

>, p<0.05; >>, p<0.01
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Densities of gastropod larvae in the saltmarsh
Currambene Creek had greater densities of gastropod larvae than Minnamurra River,
predominantly due to great densities occurring during January. Gastropod larvae did not
occur in ~38% samples. There was little difference in larval gastropod densities
between the nocturnal tides (28 ± 5 m-³) and the diurnal tides (33 ± 12 m-³) (Fig. 2.5)
and great variation in abundances between replicates made detection of differences in
densities difficult among tides.
In general, flood and ebb tides did not differ in larval gastropod densities although there
were greater during the flood tide on three occasions: January at Myola, February at
Kiama Downs and April at Woollamia (Fig. 2.5). Because larval gastropods were absent
in many replicates, the assumption of normality for ANOVA was not met and these data
were not analysed. Larval gastropod densities were very low at Minnamurra River (≤16
individuals m-3).
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Fig. 2.5 Densities of gastropod larvae (± 1 SE) at a) Minnamurra, b) Kiama Downs c) Woollamia and d)
Myola saltmarshes during the light (January 2010, February 2010) and dark (April 2010, May 2010)
maximum-amplitude flood (■) and ebb tides (□). Note differences in scales.
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Densities of polychaete larvae in the saltmarshes
Larval polychaete densities were almost twice as great during nocturnal maximumamplitude tides than diurnal maximum-amplitude tides, mostly due to significantly great
densities that occurred in May at Currambene Creek (Fig. 2.6, Table 2.3a, SNK tests for
light-dark × site interaction, P<0.05). Further, there was significant temporal variation
in larval polychaete densities with May having great densities at most sites. Overall,
there was no significant difference in larval polychaete densities between the ebb tide
and the flood tide during the daylight or night-time (Fig. 2.6, Table 2.3a,b). However,
although not statistically significant, there were over twice the densities of larval
polychaetes during the ebb tide than the flood tide on three occasions. In contrast, at
least twice the densities of larval polychaetes occurred during the flood tide than the ebb
tide on three occasions, providing inconclusive results to any trends between larval
polychaete densities and the tidal cycle.
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Fig. 2.6 Densities of polychaete larvae (± 1 SE) at a) Minnamurra, b) Kiama Downs c) Woollamia and d)
Myola saltmarshes during the light (January 2010, February 2010) and dark (April 2010, May 2010)
maximum-amplitude flood (■) and ebb tides (□). Note differences in scales.
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Table 2.3 a) Four-factorial nested ANOVA for larval polychaete densities in the saltmarsh at each of the
two locations (Minnamurra River and Currambene Creek) during light-dark and tidal (flood, ebb) cycles
at each of the two sites b) SNK tests for the interaction of tidal, site and month at Minnamurra River c)
SNK tests for the interaction of light-dark and tidal.
a) ANOVA
Minnamurra River

Currambene Creek

Factor

d.f.

MS

P

MS

P

Light-dark

1

0.02

-

0.75

-

Month (Light-dark)

2

1.18

0.172

5.12

<0.001

Site

1

0.20

0.464

<0.01

0.169

Tidal

1

0.23

-

0.45

-

Light-dark × Site

1

0.28

0.400

0.44

0.001

Light-dark × Tidal

1

0.61

-

0.14

0.721

Month (Light-dark) × Site

2

0.25

0.117

<0.001

0.993

Month (Light-dark) × Tidal

2

0.26

0.618

0.83

0.206

Site × Tidal

1

0.39

0.439

0.24

0.399

Light-dark × Site × Tidal

1

0.08

0.705

0.02

0.794^

Tidal

2

0.43

0.032

0.22

0.064

Error

16

0.10

0.07

C = 0.286; ns

C = 0.448; ns

Month (Light-dark) × Site ×

ns, non-significant; -, no test; ^, term eliminated; C, Cochran’s test
b) SNK comparisons for Tidal × Site × Month interaction with respect to tidal direction at Minnamurra
River
Minnamurra

Kiama Downs

Light

January

Flood=Ebb

Light

January

Flood=Ebb

Light

February

Ebb>Flood

Light

February

Flood=Ebb

Dark

April

Flood=Ebb

Dark

April

Flood=Ebb

Dark

May

Flood=Ebb

Dark

May

Flood>>Ebb

>, p<0.05; >>, p<0.01
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2.3.1.3 Patterns of abundance of meroplankton in the mangrove forest
Meroplankton densities in the mangrove forest
Meroplankton densities were three-fold higher during nocturnal tides than the diurnal
tides (Fig. 2.7). At Minnamurra River, densities were more than three times greater at
the Minnamurra site during the nocturnal tides than the diurnal tides and more than two
times greater than at Kiama Downs. Densities at Currambene Creek were more than two
times greater during the nocturnal tides than the diurnal tides at Woollamia, and three
times greater at Myola.
In general, meroplankton densities were significantly greater during the nocturnal ebb
tides than the nocturnal flood tides by a factor of almost three (Fig. 2.7; Table 2.4a,b,c).
An opposite pattern occurred in May at the site Minnamurra, when there were
significantly greater densities during the flood tide (Fig. 2.7, Table 2.4b). Diurnal tides
typically had significantly greater densities during the flood tides than the ebb tides by a
factor of almost four. The exception, during January at Minnamurra River, occurred
when densities were very low (Fig. 2.7).
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Fig. 2.7 Meroplankton densities (± 1 SE) at a) Minnamurra, b) Kiama Downs c) Woollamia and d) Myola
mangrove forests during the light (January 2010, February 2010) and dark (April 2010, May 2010)
maximum-amplitude flood (■) and ebb tides (□). Note differences in scales.
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Table 2.4 a) Four-factorial nested ANOVA for meroplankton densities in the mangrove forest at each of
the two locations (Minnamurra River and Currambene Creek) during light-dark and tidal (flood, ebb)
cycles at each of the two sites b) SNK tests for the interaction of tidal, site and month at Minnamurra
River c) SNK tests for the interaction of light-dark and tidal.
a) ANOVA
Minnamurra River

Currambene Creek

Factor

d.f.

MS

P

MS

P

Light-dark

1

11.45

-

19.06

-

Month (Light-dark)

2

3.76

0.216

10.18

0.118

Site

1

0.38

0.605

0.65

0.562

Tidal

1

0.11

-

0.01

-

Light-dark × Site

1

0.11

0.774

0.18

0.752

Light-dark × Tidal

1

2.17

-

12.1

-

Month (Light-dark) × Site

2

1.03

<0.001

1.37

<0.001

Month (Light-dark) × Tidal

2

1.75

0.243

0.96

0.122

Site × Tidal

1

0.09

0.728

0.55

0.181

Light-dark × Site × Tidal

1

1.97

0.203

0.37

0.238

Tidal

2

0.56

0.004

0.13

0.05

Error

16

0.07

0.04

C= 0.371; ns

C= 0.284; ns

Month (Light-dark) × Site ×

ns, non-significant; -, no test; ^, term eliminated; C, Cochran’s test
b) SNK tests for Tidal × Site × Month interaction with respect to tidal direction at Minnamurra River
Minnamurra

Kiama Downs

Light

January

Flood=Ebb

Light

January

Flood=Ebb

Light

February

Flood>Ebb

Light

February

Flood>>Ebb

Dark

April

Ebb>Flood

Dark

April

Ebb>>Flood

Dark

May

Flood>>Ebb

Dark

May

Ebb>>Flood

>, p<0.05; >>, p<0.01
c) SNK tests for Tidal × Site × Month interaction with respect to tidal direction at Currambene Creek
Woollamia

Myola

Light

January

Flood>>Ebb

Light

January

Flood>>Ebb

Light

February

Flood>Ebb

Light

February

Flood>>Ebb

Dark

April

Ebb>>Flood

Dark

April

Ebb=Flood

Dark

May

Ebb>>Flood

Dark

May

Ebb>>Flood

>, p<0.05; >>, p<0.01
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Densities of crab larvae in the mangrove forest
Similar to the saltmarsh, crab densities accounted for most of the meroplankton in the
mangrove forest. Greater larval crab densities occurred during nocturnal tides than
during the diurnal tides (Fig. 2.8a,b). Densities were more than twice as great during the
night than the day at Minnamurra River and more than 10 times greater at Currambene
Creek. Generally there were significantly greater densities of crab larvae during
nocturnal ebb tides than the nocturnal flood tides, with an exception during May at
Minnamurra when there was no difference detected (Fig. 2.8; Table 2.5a,b,c).
Nocturnal ebb tides had densities almost five times greater than nocturnal ebb tides.
Inconclusive results were found for links between diurnal tides and larval crab densities;
with greater, fewer or the same densities of crab larvae during the flood tide than the
ebb tide (Fig. 2.8; Table 2.5a,b,c). During February at Kiama Downs there were
significantly greater densities during the flood tide than the ebb tide. At Currambene
Creek, the ebb tide had significantly greater densities of crab larvae during January at
Woollamia whereas the flood tide had significantly greater densities than the ebb tide in
January at Myola. Densities during day-time samples were generally very low (Fig.
2.8).
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Fig. 2.8 Densities of crab larvae (± 1 SE) at a) Minnamurra, b) Kiama Downs c) Woollamia and d) Myola
mangrove forests during the light (January 2010, February 2010) and dark (April 2010, May 2010)
maximum-amplitude flood (■) and ebb tides (□). Note differences in scales.
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Table 2.5 a) Four-factorial nested ANOVA for densities of crab larvae in the mangrove forest at each of
the two locations (Minnamurra River and Currambene Creek) during light-dark and tidal (flood, ebb)
cycles at each of the two sites b) SNK tests for the interaction of tidal, site and month at Minnamurra
River c) SNK tests for the interaction of light-dark and tidal.
a) ANOVA
Minnamurra River

Currambene Creek

Factor

d.f.

MS

P

MS

P

Light-dark

1

16.74

-

46.62

-

Month (Light-dark)

2

1.22

0.804

3.08

0.356

Site

1

10.55

0.284

1.73

0.420

Tidal

1

0.06

-

6.37

-

Light-dark × Site

1

0.18

0.867

2.25

0.369

Light-dark × Tidal

1

4.23

-

6.03

-

Month (Light-dark) × Site

2

5.00

<0.001

1.70

<0.001

Month (Light-dark) × Tidal

2

0.92

0.426

0.53

0.550

Site × Tidal

1

0.01

0.902

0.38

0.524

Light-dark × Site × Tidal

1

1.22

0.313

0.41

0.512

Tidal

2

0.68

0.014

0.65

0.001

Error

16

0.12

0.06

C= 0.235; ns

C = 0.184; ns

Month (Light-dark) × Site ×

ns, non-significant; -, no test; ^, term eliminated; C, Cochran’s test
b) SNK tests for Month × Tidal × Site interaction with respect to tidal direction at Minnamurra River
Minnamurra

Kiama Downs

Light

January

Flood=Ebb

Light

January

Flood=Ebb

Light

February

Flood=Ebb

Light

February

Flood>>Ebb

Dark

April

Ebb>Flood

Dark

April

Ebb>>Flood

Dark

May

Flood=Ebb

Dark

May

Ebb>>Flood

>, p<0.05; >>, p<0.01
c) SNK tests for Month × Tidal × Site interaction with respect to tidal direction at Currambene Creek
Woollamia

Myola

Light

January

Ebb>>Flood

Light

January

Flood>Ebb

Light

February

Flood=Ebb

Light

February

Flood=Ebb

Dark

April

Ebb>>Flood

Dark

April

Ebb>>Flood

Dark

May

Ebb>>Flood

Dark

May

Ebb>>Flood

>, p<0.05; >>, p<0.01
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Densities of gastropod larvae at mangrove forests
Surprisingly, Currambene Creek had more than six times greater densities of larval
gastropods than Minnamurra River. No clear differences in larval gastropod densities
were apparent between the nocturnal tides and the diurnal tides (Fig. 2.9). Moreover,
larval gastropod densities did not appear to differ between flood tides and ebb tides.
Only on one occasion did greater densities of gastropod larvae occur during the ebb tide
(in May at Myola).
Significantly greater densities of gastropod larvae were observed in January than
February at Currambene Creek (Table 2.6, SNK tests on Month (Light-Dark), P<0.05)
due an absence of gastropod larvae observed during February. This pattern did not occur
at Minnamurra River (Fig. 2.9, Table 2.6).
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Fig. 2.9 Densities of gastropod larvae (± 1 SE) at a) Minnamurra, b) Kiama Downs c) Woollamia and d)
Myola mangrove forests during the light (January 2010, February 2010) and dark (April 2010, May 2010)
maximum-amplitude flood (■) and ebb tides (□). Note differences in scales.
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Table 2.6 a) Four-factorial nested ANOVA for densities of gastropod larvae in the mangrove forest at
each of the two locations (Minnamurra River and Currambene Creek) during light-dark and tidal (flood,
ebb) cycles at each of the two sites.
a) ANOVA
Minnamurra River

Currambene Creek

Factor

d.f.

MS

P

MS

P

Light-dark

1

2.02

-

1.28

-

Month (Light-dark)

2

1.86

0.127

12.67

0.023

Site

1

0.27

0.423

0.65

0.279

Tidal

1

1.14

-

1.62

-

Light-dark × Site

1

0.14

0.546

0.08

0.652

Light-dark × Tidal

1

0.15

0.449

1.21

0.541

Month (Light-dark) × Site

2

0.27

0.113

0.30

0.147

Month (Light-dark) × Tidal

2

0.17

0.593

2.26

0.127

Site × Tidal

1

1.51

0.135

0.05

0.731

^Light-dark × Site × Tidal

1

0.11

0.574

0.75

0.270

× Tidal

2

0.25

0.127

0.33

0.126

Error

16

0.11

0.14

C = 0.409; ns

C = 0.319; ns

Month (Light-dark) × Site

ns, non-significant; -, no test; ^, term eliminated; C, Cochran’s test
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Densities of polychaete larvae in mangrove forests
Similar to gastropods, Currambene Creek had three times greater densities of polychaete
larvae than Minnamurra River (Fig. 2.10). There were more than twice the larval
polychaete densities during the night-time than daytime maximum-amplitude tides,
mostly due to great densities which occurred in May (Fig. 2.10). There were no clear
trends between larval polychaete densities and the tidal cycle, with great densities of
larval polychaetes observed during both flood tides and ebb tides at different times.
Significant spatial and temporal variation in larval polychaetes was found at each
location (Fig. 2.10, Table 2.7).
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Fig. 2.10 Densities of polychaete larvae (± 1 SE) at a) Minnamurra, b) Kiama Downs c) Woollamia and
d) Myola mangrove forests during the light (January 2010, February 2010) and dark (April 2010, May
2010) maximum-amplitude flood (■) and ebb tides (□). Note differences in scales.
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Table 2.7 a) Four-factorial nested ANOVA for densities of polychaete larvae in the mangrove forest at
each of the two locations (Minnamurra River and Currambene Creek) during light-dark and tidal (flood,
ebb) cycles at each of the two sites.
a) ANOVA
Minnamurra River

Currambene Creek

Factor

d.f.

MS

P

MS

P

Light-dark

1

18.11

-

0.05

-

Month (Light-dark)

2

14.62

0.184

6.80

0.081

Site

1

0.21

0.826

2.27

0.191

Tidal

1

1.06

-

0.03

-

Light-dark × Site

1

6.13

0.306

0.95

0.335

Light-dark × Tidal

1

0.78

-

6.39

0.220

Month (Light-dark) × Site

2

3.3

0.005

0.60

0.029

Month (Light-dark) × Tidal

2

0.93

0.13

2.06

0.071

Site × Tidal

1

2.11

0.06

1.08

0.120

Light-dark × Site × Tidal

1

2.11

0.06

0.07

0.565^

× Tidal

2

0.14

0.735

0.16

0.338

Error

16

0.44

0.09

C = 0..342; ns

C = 0.276; ns

Month (Light-dark) × Site

ns, non-significant; -, no test; C, Cochran’s test
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2.3.2 Patterns of abundance during diurnal and nocturnal maximumamplitude tides of the same day
2.3.2.1 Overall patterns of meroplankton abundance
In March, during occasions when diurnal and nocturnal maximum-amplitude tides
occurred during the same day, crab zoeae overwhelmingly accounted for most of the
meroplankton in the sample (94.14%). Larval polychaetes (1.26%) and gastropods
(0.96%), although at far lower abundances in the samples, were second and third most
common meroplankton in the samples. There was little spatial variation in
meroplankton densities between sites: Woollamia (1608 ± 992 individuals m-³) and
Myola (1308 ± 730 m-³).
Meroplankton densities during early March (2707 ± 1144 m-³) and late March (210 ± 69
m-³) were one to two orders of magnitude greater than maximum-amplitude tides in
many other months (see Chapter 3, Fig.3.4 for comparison) (Fig. 2.11).

2.3.2.2 Meroplankton densities during nocturnal and diurnal tides on the
same day
Meroplankton densities decreased dramatically during diurnal maximum-amplitude
tides (350 ± 229 individuals m-³) by an order of magnitude lower compared with
nocturnal maximum-amplitude tides (2567 ± 1143 m-³), confirming larval release during
the nocturnal tide (Fig. 2.11). Overall, meroplankton densities were significantly greater
during the nocturnal ebb tide than the flood tide, although there were greater densities
during the flood tide in late March at Myola (Fig. 2.11, Table 2.8). First-instar
Parasesarma erythrodactyla were identified as the crab larvae accounting for those
great larval densities during the flood tide in late March. Trends in abundance of
meroplankton strongly reflect the trends of crab larvae, which were released in very
great densities in early March and accounted for most of the sample.
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Fig. 2.11 Densities of meroplankton at Currambene Creek at a) Woollamia and b) Myola mangrove forest
during daytime and night-time maximum-amplitude flood (■) and ebb (□) tides in March. Scale is
logarithmic.
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Table 2.8 a) Four-factorial ANOVA for densities of meroplankton in the mangrove forest at Currambene
Creek during light-dark and tidal (flood, ebb) cycles during March 2010 at the sites Woollamia and
Myola b) SNK tests for the interaction of light-dark, tidal, site and month.
a) ANOVA
Factor

d.f.

MS

P

Light-dark

1

25.41

0.246

Month

1

8.77

0.084

Site

1

0.22

0.379

Tidal

1

<0.01

0.998

Light-dark × Month

1

8.77

0.282

Light-dark × Site

1

4.20

0.001

Light-dark × Tidal

1

12.18

0.018

Month × Site

1

0.15

0.460

Month × Tidal

1

1.57

0.071

Site × Tidal

1

9.43

<0.001

Light-dark × Month × Site

1

1.97

0.015

Light-dark × Month × Tidal

1

19.19

0.418

Light-dark × Site × Tidal

1

0.01

0.852

Month × Site × Tidal

1

0.02

0.789

Tidal × Site × Light-dark × Month

1

11.36

<0.001

Error

16

0.27

C = 0.3242; ns

ns, non-significant; C, Cochran’s test
b) SNK comparisons for Tidal × Site × Light-Dark × Month interaction with respect to tidal direction
Woollamia

Myola

Light

Early March

Flood=Ebb

Light

Early March

Flood>>Ebb

Light

Late March

Flood=Ebb

Light

Late March

Flood=Ebb

Dark

Early March

Ebb>>Flood

Dark

Early March

Ebb>>Flood

Dark

Late March

Ebb>Flood

Dark

Late March

Flood>>Ebb

>, p<0.05; >>, p<0.01
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2.3.2.3 Crab larval densities during nocturnal and diurnal tides on the
same day
Crab larvae accounted for most of the patterns observed in meroplankton for this time
period. Larval abundances collected during nocturnal maximum-amplitude tides (2439
± 1116, mean ± 1 SE) were almost an order of magnitude greater than diurnal tides (306
± 226), confirming a preference for larval release on the nocturnal tide (Fig. 2.12).
Parasesarma erythrodactyla first-instar larvae were identified in great abundances
during the occasions sampled in March.
Similar to trends in meroplankton densities, typically crab zoeal densities (the first
larval stages in a crab’s life history) were significantly greater during the nocturnal ebb
tide than the flood tide, although there were greater densities during the flood tide in late
March at Myola (Fig. 2.12, Table 2.9).
Densities of megalopae (the final larval stage in a crab’s life history) were greater
during the nocturnal tides than the diurnal tides. As expected, greater densities of
megalopae occurred during the flood tides than the ebb tides (Fig. 2.13). Megalopae
were few or absent during many tides sampled, except in early March when greater
densities were observed during the nocturnal flood tide than the nocturnal ebb tide (Fig.
2.13). Surprisingly, greater densities of megalopae occurred during the ebb tides than
the flood tides in late March at Woollamia, since megalopae were only expected to be
found during the flood tide. The data was not analysed because the normality
assumptions of ANOVA could not be met.
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Fig. 2.12 Densities of crab larvae at Currambene Creek mangrove forest at a) Woollamia and b) Myola
during daytime and night-time maximum-amplitude flood (■) and ebb (□) tides in March. Scale is
logarithmic.
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Table 2.9 a) Four-factorial ANOVA for densities of crab larvae in the mangrove forest at Currambene
Creek during light-dark and tidal (flood, ebb) cycles during March 2010 at the sites Woollamia and
Myola b) SNK tests for the interaction of light-dark, tidal, site and month.
ANOVA
Factor

d.f.

MS

P

Light-dark

1

38.36

0.144

Month

1

20.53

0.176

Site

1

<0.01

0.964

Tidal

1

0.51

0.881

Light-dark × Month

1

5.15

0.569

Light-dark × Site

1

2.04

0.026

Light-dark × Tidal

1

11.3

0.058

Month × Site

1

1.65

0.042

Month × Tidal

1

1.43

0.101

Site × Tidal

1

14.19

<0.001

Light-dark × Month × Site

1

7.96

<0.001

Light-dark × Month × Tidal

1

20.59

0.445

Light-dark × Site × Tidal

1

0.09

0.605

Month × Site × Tidal

1

0.04

0.746

Tidal × Site × Light-dark × Month

1

14.51

<0.001

Error

16

0.34

C: 0.2630; ns

ns, non-significant; C, Cochran’s test
b) SNK comparisons for Tidal × Site × Light-dark × Month interaction with respect to tidal direction
Woollamia

Myola

Light

Early March

Flood=Ebb

Light

Early March

Flood>>Ebb

Light

Late March

Flood=Ebb

Light

Late March
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Dark
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Ebb>>Flood
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>, p<0.05; >>, p<0.01
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Mean crab megalopae densities (individuals m-3)
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Fig. 2.13 Densities of crab megalopae at Currambene Creek mangrove forest at a) Woollamia and b)
Myola during daytime and night-time maximum-amplitude flood (■) and ebb (□) tides in March.
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2.4.2.4 Polychaete larvae densities during nocturnal and diurnal tides on
the same day
Trends in the abundance of polychaete larvae were unclear and inconclusive (Fig. 2.14).
Polychaete larvae densities were low during diurnal (22 ± 7, mean individuals ± 1 SE)
and nocturnal tides (15 ± 4), and no substantial differences between the two diel phases
(light and dark) occurred. Polychaete larvae had a trend for greater densities during the
flood tides than ebb tides but occurred in significantly greater densities during the ebb
tide at night in Woollamia.
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Mean polychaete larvae densities (individuals m-3)
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Fig. 2.14 Densities of polychaete larvae at Currambene Creek mangrove forest at a) Woollamia and b)
Myola during daytime and night-time maximum-amplitude flood (■) and ebb (□) tides in March.
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Table 2.10 a) Four-factorial ANOVA for densities of polychaete larvae in the mangrove forest at
Currambene Creek during light-dark and tidal (flood, ebb) cycles during March 2010 at the sites
Woollamia and Myola b) SNK tests for the interaction of light-dark, tidal and site.
ANOVA
Factor

d.f.

MS

P

Light-dark

1

0.02

0.968

Month

1

33.29

0.267

Site

1

0.05

0.783

Tidal

1

0.08

0.854

Light-dark × Month

1

1.98

0.377

Light-dark × Site

1

9.52

0.002

Light-dark × Tidal

1

2.14

0.600

Month × Site

1

6.63

0.007

Month × Tidal

1

1.62

0.431

Site × Tidal

1

1.44

0.167

^Light-dark × Month × Site

1

0.90

0.269

Light-dark × Month × Tidal

1

0.57

0.593

Light-dark × Site × Tidal

1

4.04

0.027

Month × Site × Tidal

1

1.04

0.235

Tidal × Site × Light-dark × Month

1

1.03

0.237

Error

16

0.68

C = 0.3663; ns

ns, non-significant; -, no test; ^, term eliminated; C, Cochran’s test

b) SNK comparisons for Light-dark × Site × Tidal interaction with respect to tidal direction
Woollamia

Myola

Light

Flood=Ebb

Light

Flood=Ebb

Dark

Ebb>>Flood

Dark

Flood=Ebb

>, p<0.05; >>, p<0.01
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2.4 Discussion
2.4.1 Summary of findings
The greatest abundances of meroplankton in both the saltmarsh and mangrove forests
were observed during the nocturnal ebb tide, and this pattern was found consistently
among sites within each location. The vast majority of the meroplankton was composed
of crab zoeae, which were released in great numbers and influenced the general patterns
of total meroplankton. This finding supported the hypothesis that greater densities of
meroplankton will occur during the night-time ebb tide than other light-dark or tidal
phases. The greatest difference between meroplankton abundances during nocturnal and
diurnal maximum-amplitude tides occurred in the saltmarsh. Crab megalopae seemed to
be supplied during the nocturnal flood tide although supply of megalopae was limited
during most months. Gastropod and polychaete larvae did not show any clear trends to
diel or tidal cycles, but abundances were greater at Currambene Creek than Minnamurra
River. Further, the saltmarsh had a greater output of meroplankton than the mangrove
forest at Minnamurra River; the opposite trend occurred at Currambene Creek with
greater numbers of meroplankton in the mangrove forest. Finally, abundances varied
temporally for taxonomic groups between most months.

2.4.2 The influence of the diel and tidal cycle on meroplankton densities
The interaction of diel and tidal phases regulated larval release rhythms for crabs.
Specifically, great abundances of first-instar zoeae were observed during the nocturnal
ebb tide. Larval crab release during these times have been shown in crabs from
American estuaries (Christy 1982, Dittel & Epifanio 1990), but never before in
Australian estuaries. Meroplanktonic species are likely to have more than one internal
clock and both diel and tidal cycles often co-occur (Morgan & Christy 1995). Crabs
benefit from reduced predation under the cover of darkness and tidal stream transport to
safer waters during the nocturnal ebb tide. Of the four crab species that were found
during this study, at least two species had nocturnal larval release with certainty. First,
Parasesarma erythrodactyla occurred in very great densities during the night, when
both diurnal and nocturnal tides could be tested. Second, Helograpsus haswellianus
mostly broods at the time of year when tides occur at night (March – September) (Green
& Anderson 1972, Mazumder 2004). Regardless of brooding times, grapsids tend to
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show diel patterns and it is likely the grapsid Paragrapsus laevis is additionally
entrained by this cycle (Flores et al. 2007).
The tidal cycle, which refers to flooding and ebbing of the tides, is a significant
environmental cycle for regulating larval release and supply; evidence of cueing to this
cycle has been observed in estuaries further north (Freewater et al. 2007, Mazumder et
al. 2009) and studies abroad (Morgan & Christy 1995, Hovel & Morgan 1997). Larval
release patterns to the tidal cycle, however, were not as strong as expected as great
densities of early-stage zoeae were observed in the water column during the flood tide
on several occasions. It is likely that this is the result of very great densities of zoeae
released on a previous ebb tide (for example, this occurred following a nocturnal ebb
tide on 1 March where zoeae were in excess of 10, 000 individuals m-3), with some still
being retained in the estuary rather than exported to neritic waters. Indeed, recent
studies have highlighted the degree of retention of larvae in or near the sites of the adult
populations may be more common than currently appreciated (Morgan et al. 2009,
Bueno et al. 2010, Morgan & Fisher 2010).
In contrast, crab megalopae often utilise nocturnal flood tides (Epifanio et al. 1988,
Dittel & Epifanio 1990, Porter et al. 2008), but this only occurred clearly once in the
present study. During most tides, megalopae were absent from the samples, with the
exception of March when megalopae occurred at considerable densities. Quantifying
supply of megalopae presents a challenge to researchers and Webley et al. (2009) put
forth compelling evidence that at least one estuarine crab (Scylla serrata) settles lower
on shore in the seagrass rather than the higher mangrove forest or saltmarsh.
Alternatively, Christy (1982) suggests that postlarvae enter sites for adult settlement
during the night, regardless of tidal amplitude. Further research may be needed to
identify if megalopae of other estuarine crabs have a preference to settle lower on the
shore, which would help explain their seemingly sporadic supply over the course of the
study.
Polychaete larvae showed some evidence of greater abundance during nocturnal tides
and occasionally on nocturnal ebb tides. Still, most nocturnal ebb tide release occurred
at one location (Currambene Creek) during one month (May). Very little is known about
polychaete rhythms timed to environmental cycles, other than lunar rhythms observed
for some species (Korringa 1947, Caspers 1984, Naylor 2001).
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In contrast to larval crabs, there is little evidence of entrainment to the diel cycle in
gastropods. Nevertheless, gastropod larvae occasionally showed trends to the tidal cycle
although the results were unclear (great densities observed on each tide among months).
Larval gastropods at times seemed to utilise the flood tide, but were not present in the
great abundances, as found by Mazumder et al. (2009) during the ebb tide.
Because of the lack of information and identification of larval gastropod and polychaete
species, it is difficult to draw conclusions on the influence of the diel or tidal cycle on
gastropod or polychaete larval patterns. Further research is needed to understand the
larval stage of gastropods in the southern hemisphere, from abundance patterns
associated with environmental cycles to identification of larval gastropod development.
Patterns in larval gastropod abundances remain a mystery and further investigation is
warranted to understand their dynamics.

2.4.3 Habitat and spatial patterns for larval release and supply
Larval sampling in the saltmarsh provides similar challenges to nekton sampling (see
Connolly 1999 for review on nekton sampling in saltmarsh) because of infrequent
inundation. Many studies on larval sampling are limited in spatial and temporal
replication, and generalisations are often dangerously drawn from limited data (Hurlbert
1984). This study provided insights into generality of patterns by focusing on two
similar yet separate sites within two estuaries. In general, there was little spatial
variation in meroplankton among locations, sites or habitats. However, saltmarsh at
Minnamurra River contributed greater amounts of larvae relative to the mangrove
forest. The converse occurred at Currambene Creek, with greater abundances in the
mangrove forest. A range of explanations could explain the differences (i.e. relative
population sizes in each habitat, tidal flow, and size of each habitat) and require further
study. For example, the Minnamurra site had slightly lower densities of meroplankton
and received larvae on the flood tide. It is likely the limited size of the saltmarshmangrove complex compared with other sites meant it was more susceptible to rapid
advection of larvae during the ebb; perhaps limiting the duration released larvae could
be sampled. Also, the input of larvae may be exaggerated on the flood tide, because
larvae did not need to pass as far or through as much biogenic habitat such as mangrove
pneumatophores (Walton et al. 2006).
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There is evidence, albeit limited, supporting the trend that occurred at Minnamurra
River; almost twice as many crab zoeae were observed in the saltmarsh than the
mangrove forest. Mazumder et al. (2009) found the saltmarsh to have the greatest
densities of zoeae compared with the mangrove, seagrass and open water during the ebb
tide. Further, differences between zoeae in relation to the diel and tidal cycle were
greatest in the saltmarsh, supporting the hypothesis proposed by Morgan and Christy
(1995) that species higher on the shore are greater regulated in their larval release to
environmental cycles compared with species residing lower on the shore (also, see
following chapter regarding tidal amplitude and the height on shore of adult
populations).
Alternatively, the mangrove forest at Minnamurra River may be less productive than
those at Currambene Creek, which fell within a habitat protection area of Jervis Bay
Marine Park. It would be interesting to assess if land-use and modification differences
between these estuaries have an impact on meroplankton densities.
Currambene Creek had greater abundances of gastropod and polychaete larvae than
Minnamurra River. Abundances were also far lower at Minnamurra River and
Currambene Creek than those collected by Mazumder et al. (2009) at a nearby estuary
north at Towra Point, Botany Bay, NSW, Australia. The difference between the studies
is unclear although gastropod species assemblages and the size of the adult populations
may provide an explanation. Currambene Creek and Towra Point saltmarsh-mangrove
complexes fall under various forms of protection, and research may be needed to
determine if spawning rates are increased in protected areas compared with nonprotected areas.

2.4.4 Implications and future directions
Meroplankton provide an acute link between benthos and the estuary through
secondary production. Occasions of great larval abundances during release and supply,
which occurred mainly during the ebb tide at night, are likely to be a prosperous
feeding time for transient and juvenile fish (Hollingsworth & Connolly 2006,
Mazumder et al. 2006). Subsequently, higher trophic levels may benefit from increased
productivity during these occasions through these trophodynamic effects. Indeed,
economically important fish species, such as bream, may be in part dependant on larval
- 80 -

Chapter 2 – Response to Diel and Tidal Cycles

release and supply. These findings support the contention that the saltmarsh and
mangrove forest are crucial habitats for the management of estuaries.
Additionally, larval release and supply in part determines the structure and dynamics of
populations. Success and survival of larvae during both life history stages, impact on
future adult populations and estuarine assemblages (Fairweather 1988, Minchinton &
Scheibling 1991, Morgan & Christy 1995). The results of this study highlight that the
nocturnal ebb tide is, at least, important for the early life history stages for some
meroplanktonic species. The crucial periods for supply of postlarvae remain less clear.

2.4.5 Conclusions
The abundance of larval crabs showed clear trends with nocturnal tides, providing new
insight into the timing of larval release and supply in temperate Australian saltmarshes
and mangroves. This study provides the new findings of timing to the diel and tidal
cycles for larval release and supply of meroplankton in south-eastern Australia. The
interaction of the diel and tidal cycle seem to be a significant driver for at least two crab
species, which utilise the nocturnal ebb tide for larval release. There is also some
evidence of larval supply to intertidal habitats during the nocturnal flood tide. Patterns
for gastropod and polychaete larvae were not as conclusive and these taxa show
preferences to different phases of these diel and tidal cycles at different times.
Nevertheless, the crab larvae accounted for most of the larvae in the water column
during these times, and patterns determined here may represent crucial foraging times
for fish, the export of carbon and replenishment of adult invertebrate populations.
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3.1 Introduction
The release and supply of larvae are important stages in the life history of marine
invertebrates as they move to and from their adult habitat. Many sessile and relatively
sedentary marine invertebrates synchronise larval release and supply to environmental
cycles (Korringa 1947, Forward 1987, Morgan & Christy 1995, Moser & Macintosh
2001), commonly referred to as the diel (light-dark), tidal (flood-ebb), tidal amplitude
and lunar (see Morgan 1995 for definitions). Tidal amplitude and lunar cycles are
intrinsically linked to the moon’s influence on Earth, and maximum-amplitude tides
usually occur within a few days of the new or full-moons (Dronkers 1964). However,
these cycles indirectly affect the survival of meroplankton in different ways, and
consequently meroplankton select for favourable phases in each cycle for larval release
and supply. For example, tides of maximum-amplitudes submerge areas of the
saltmarsh that are usually dry and allow high-shore meroplankton to release their
propagules or provide access for potential settlers. Further, these tides couple with
strong tidal currents and result in rapid advection away from their natal habitat (Dittel &
Epifanio 1990, Hovel & Morgan 1997). The lunar cycle, on the other hand, is similar to
the diel cycle, with light from night irradiance being the main exogenous cue entraining
larval release rhythms (Jokiel et al. 1985). Light emitted from the moon potentially
affects the visibility of larvae to planktivorous fish, thus the risk of predation on larvae
during release and supply may be governed by the phase of the moon.

3.1.1 Temporal patterns of larval release and supply
Determining temporal patterns of larval release and supply are crucial for estimating
offspring abundances (Flores et al. 2007), production (Odum 2000) and determining
adult populations size and distribution (Underwood & Fairweather 1989). Laboratory
experiments have been useful in identifying the timing of larval release to many
environmental cycles but hardly reflect the myriad of abiotic and biotic factors that
occur in the field (Flores et al. 2007). Therefore, substantial temporal field studies are
needed to help assess and understand fluctuations in larval release and supply in nature.
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3.1.2 The influence of the tidal amplitude cycle on meroplankton
abundances
The tidal amplitude cycle is result of moon’s gravitational pull on the ocean (Skov et al.
2005). Invertebrates are likely respond to the increase in hydrostatic pressure (Christy
1986, Flores et al. 2007), salinity, turbulence (Forward 1987, Welch & Forward 2001)
and tidal forcing (Hovel & Morgan 1997). For invertebrates that reside high on shore,
the tidal amplitude cycle can be critically important to the timing of release and supply
of larvae (Schmitt 1979, Morgan & Christy 1995, Macho et al. 2005, Quieroga et al.
2006). Maximum-amplitude tides are capable of inundating areas high on shore, such as
saltmarsh, which are infrequently submerged (Connolly 1999, Mazumder 2004).
Consequently, inundation allows a brief opportunity for species at the greatest tidal
elevations to release their propagules and for postlarvae to be supplied and replenish
populations. Further, many invertebrates have limited mobility and tend to release their
larvae from near their natal habitat (Skov et al. 2005). Even mobile taxa such as crabs
usually spawn near their burrows to minimise their chance of predation. Moreover, tides
of the greatest amplitudes aid in rapid advection between the natal habitat of
meroplankton and the neritic zone or estuary (Dittel & Epifanio 1990, Quieroga et al.
2006). The preference for larval release from close to their natal habitat means that
those organisms higher on the shore only have a limited opportunity to release their
larvae whereas those species lower on the shore in areas that are frequently inundated
have a greater opportunity (Morgan & Christy 1995). Despite strong evidence of larval
release and supply patterns to the tidal amplitude cycle(Morgan & Christy 1995, Skov et
al. 2005), it remains unclear if tidal amplitude is associated with larval release and
supply within the upper-limits of the tidal amplitude cycle, that is, during only the
maximum-amplitude tides.

3.1.3 The influence of the lunar cycle on meroplankton abundances
The lunar cycle occurs for ~29.53 days, over which time a cycle of lunar phases can be
observed from earth, owing to proportion of the moon that is illuminated by the sun’s
light. The tidal amplitude cycle naturally coincides with the lunar cycle, with maximumamplitude tides occurring near the phases of new and full-moons. The cycle triggers
larval release and supply for a range of meroplanktonic species from moonlight
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(Babcock et al. 1986, Naylor 2001, Hernándex-León et al. 2002), similar to the diel
(light-dark) cycle. Meroplankton abundances are expected to peak during the darkest
tides, which occur during the new-moon when larvae are most difficult to see for
planktivorous fish.
Limited evidence provides a link between lunar cues and the entrainment of rhythms in
meroplankton and the lunar cycle is not considered to have a strong association with
larval release or supply compared with the other environmental cycles (diel, tidal
(flood-ebb) and tidal amplitude) (Forward 1987, Morgan & Christy 1994). Many marine
invertebrates release their larvae on both new, full and quarter phases of the moon
(Morgan, 1995), probably because the changes in light during the lunar phases are
negligible relative with those of the diel cycle (Saigusa 1982). Nevertheless, there are
limited yet noteworthy examples of lunar cueing. For example, the polychaete palolo
worm (Palola viridis) spawns during the waning moon in response to the intensity of
moonlight (Naylor 2001). Likewise, coral broadcast spawners release their gametes
timed to the lunar cycle (Babcock et al. 1986). However, a review of larval release in
crabs noted only one known example in crabs (Saigusa 1988) (see Christy 2011 for
review). And evidence of megalopal supply timed to the lunar cycle is equally as
limited; Moser and Macintosh (2001) reported that the brachyuran crab (family
Portunidae) settled consistently during full-moon spring tides, although the authors did
not attempt to uncouple the tidal amplitude cycle from the lunar cycle. From a review of
the literature, no studies have yet examined the relationship between the lunar cycle and
meroplankton abundance in Australia.

3.1.4 Aims and hypotheses
In this chapter, results of field surveys designed to examine temporal patterns of release
and supply of meroplankton are presented, with a particular focus on associations with
tidal amplitude on lunar cycles. In this chapter three key aims were addressed. First,
temporal patterns of larval release and supply are sought to be identified. Trends
between larval release/supply with environmental cycles that may explain month-tomonth variation in meroplankton abundance between periods of maximum-amplitude
tides (spring tides) were examined.
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Second, relationships between larval release and supply and the tidal amplitude cycle in
estuarine intertidal areas were examined. Specifically, the hypothesis that there is a
relationship between densities of meroplankton and maximum-amplitude tides (tides
with the greatest tidal heights that occur during or near the syzygies) during summer
and autumn was tested. A positive correlation between maximum-amplitude tides and
meroplankton abundance was predicted. Further, response of meroplankton to
maximum-amplitude nocturnal and diurnal tides to determine whether the diel or tidal
amplitude cycle exert the greatest influence on meroplankton abundances was
examined. Meroplankton densities were correlated with tidal amplitude, and trends
with the diel cycle were then examined. It was predicted that the diel cycle would elicit
a greater response for the release and supply of larvae than maximum tidal amplitude.
Third, a final aim was to detect any lunar or tidal periodicities of larval release/supply.
If meroplankton are cued to the intensity of the moonlight, then greatest larval densities
should occur during the new-moon tides when light is minimal. However, regardless of
the benefits of the cover of darkness acting on larval release and supply, no differences
between meroplankton densities and lunar phases was predicted because moonlight
should not be sufficient in strength to entrain rhythms or influence behaviour of larvae.
In contrast, greater meroplankton densities were expected to be observed during the ebb
tide, supporting outcomes of Chapter 2.
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3.2 Materials and Methods
3.2.1 Sampling Design and Larval Collection
3.2.1.1 Temporal patterns of larval release and supply
Sampling of maximum-amplitude tides was conducted during most months over a 12
month period at two sites in Currambene Creek: Woollamia and Myola on the flood and
ebb tides (Fig. 3.1). Only the mangrove forest was sampled because tides did not
inundate the saltmarsh sufficiently on all occasions. Three replicate plankton samples
were taken on each tide (although ultimately only two samples were counted). Sampling
was not conducted equally over time because not every period of maximum-amplitude
tides were sampled.
Only tides with a predicted tidal height > 1.7m Australian Height Datum (AHD) were
selected for sampling, although observed tides were as low as 1.61m (BOM 2011).
Sampling began within ~1.5 hours of slack high tide. A 30cm diameter, 1m long,
250µm mesh net was hand towed through the lower mangrove forest. Sampling
recommenced after slack high tide in the mangrove forest as the tide receded. Each
replicate sample comprised of two cubic metres of water, with the flow of water moving
through the net measured with a General Oceanic Flowmeter (M-2030, Florida). The
samples were stained with Rose Bengal to aid with plankton identification and
preserved in 10% formaldehyde solution.
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the mangrove forest during the flood (F) and ebb (E) tides.

amplitude spring tides are labelled with a number 1, whereas the second series of spring tides that occur in the month are numbered 2. Sampling occurred only in

maximum-amplitude were sampled from August 2009 to July 2010 at Woollamia and from September 2009 to July 2010 at Myola. The first series of maximum-

Fig. 3.1 Sampling design for temporal patterns of meroplankton at Currambene Creek sites a) Woollamia and b) Myola in the mangrove forest. Tides of
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3.2.1.2 Relationships between larval release and supply with maximumamplitude tides
Two sampling periods were conducted to establish relationships between larval
release/supply and maximum-amplitude tides. The first was conducted during months
when maximum-amplitude tides were coupled with either diurnal or nocturnal tides.
The second was conducted during March when maximum-amplitude tides occurred
during both day and night within the one day.
Meroplankton densities associated with maximum tidal amplitude during summer
diurnal and autumn nocturnal maximum-amplitude tides
To determine the relationship between larval release and supply of meroplankton and
tidal amplitude, maximum-amplitude tides that occurred diurnally in January and
February and nocturnally in April and May were sampled. Maximum-amplitude tides
only occurred during those times of the day. Sampling of meroplankton in the water
column occurred at Minnamurra River (sites Minnamurra and Kiama Downs) and
Currambene Creek (sites Woollamia and Myola), providing a strong test of generality
for temperate saltmarshes and mangrove forest. Sampling was conducted in the same
manner described above (see 3.2.1.1).
Meroplankton densities associated with maximum tidal amplitude during diurnal and
nocturnal maximum-amplitude tides that occur in the same day
To determine the relationship between larval release and supply of meroplankton and
maximum-amplitude tides and the diel cycle, diurnal and nocturnal maximumamplitude tides during the same day for two series of maximum-amplitude tides in
March 2010 were sampled. Sampling of both diurnal and nocturnal maximumamplitude tides was possible during a brief time when diurnal summer tides transitioned
to nocturnal winter tides. These series of maximum-amplitude tides differed from other
months because maximum-amplitude tides were more frequent.
Sampling was conducted using the methods as described in section 3.2.1.1. Only the
mangrove forest was sampled during this period, because some tides did not provided
sufficient depth in the saltmarsh for sampling.
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Fig. 3.2 Sampling design for meroplankton densities from December 2009 to May 2010. Two diurnal (Jan, Feb) and two nocturnal (Apr, May) maximum-

amplitude tides were sampled. The location Minnamurra Rive (MIN) had two sites, Minnamurra (MN) and Kiama Downs (KD) and the location Currambene

Creek (CUR) had two sites, Woollamia (WL) and Myola (MY). Sampling occurred in both the saltmarsh (S) and mangrove (M) habitats on the flood (F) and ebb
(E) tides.
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3.2.1.3 Lunar and tidal cycle influence on larval release and supply
From samples of nocturnal maximum-amplitude tides described in section 3.2.1.1, two
new-moon and full-moon tides were randomly selected for the design (Fig. 3.2). Not all
samples could be included in the analysis to ensure a balanced design. Two new-moon
tides (September 2009 and May 2010) and two full-moon tides (April 2010 and July
2010) were sampled at both sites at Currambene Creek (Woollamia and Myola).
Additionally, both the flood and ebb tides were sampled to assess the influence of the
tidal cycle on larval release/supply. Only mangrove samples were used in the analysis,
because the saltmarsh was not consistently submerged to a sufficient depth on some
tides. For simplicity, all tides mentioned in the remainder of this chapter, unless stated
otherwise, refer to maximum-amplitude tides.

3.2.2 Enumeration and identification of meroplankton
Owing to the typically large numbers of individuals per sample, some samples were
sub-sampled quantitatively using a Folsom Plankton Splitter (Aquatic Research
Instruments, Oregon), which has a high degree of precision (van Guelpen et al. 1982,
Kingsford & Murdoch 1998). Samples were split after visual inspection of
meroplankton abundances in each sample. Samples with visibly great meroplankton
abundances were split up to five times (1/32 of the sample) whereas samples with low
meroplankton densities were only split one or two times, or occasionally not at all. Each
sub-sample was washed with tap water and counted under a dissecting microscope.
Individuals were tallied into taxonomic groups. The primary taxonomic groups in the
sample were crab larvae, gastropod veligers and polychaete worm larvae. Other
meroplankton in the samples included barnacle larvae, oyster spat, invertebrate eggs and
benthic amphipod larvae. These taxa only comprised a small portion of the
meroplankton observed, and are not presented individually in this chapter.
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Fig. 3.3 Sampling design for meroplankton densities from September 2009 to July 2010. Two spring tides were sampled during the full-moon (April

and July) and during the new-moon (September and May) at Woollamia (WL) and Myola (MY) in the mangrove forest during the flood (F) and ebb
(E) tides.
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3.2.3 Statistical analysis
3.2.3.1 Temporal patterns of larval release and supply
Temporal patterns were analysed with a two-factor ANOVA (month and tidal). Site was
analysed separately because they were not always sampled during the same series of
maximum-amplitude (spring tides). Meroplankton abundances were

ln( x + 10)

transformed to remove heterogonous variances. At Woollamia, month (13 sampling
dates throughout the year) was considered random and orthogonal. Tide (flood, ebb)
was fixed and orthogonal. Likewise, at Myola, month (13 sampling dates throughout the
year) was considered random and orthogonal. Tide (flood, ebb) was fixed and
orthogonal. A Cochran’s C test was used to test homogeneity of variances. Post-hoc
Student Newman-Kuels (SNK) tests were used to resolve differences among treatment
means for the largest statistically significant interaction term. Complex ANOVA
designs often do not have a simple valid F-ratio. Here, ‘no test’ was used to describe Fratios that could not be determined. However, non-significant terms were sometimes
eliminated to determine smaller interaction terms (in most cases the Light/Dark × Tidal
term) if found not significant using α = 0.25, see Underwood (1997).

3.2.3.2 Relationship between larval release and supply with maximumamplitude tides
Each design was constructed around tides that were predicted to yield the greatest
amplitude; however, metrological factors affect tidal amplitude. Therefore, observed
tidal amplitudes were used for each analysis described in this section (BOM 2011).
Meroplankton densities associated with maximum tidal amplitude during summer
diurnal and autumn nocturnal maximum-amplitude tides
Summer diurnal tides (January and February) and autumn nocturnal tides (April and
May) of maximum-amplitude (independent variable) were correlated with meroplankton
densities (dependant variable) using linear regression. Habitats (saltmarsh and
mangrove forest) and tides (flood, ebb) were analysed separately to identify trends with
maximum tidal amplitude within each taxonomic group. Since the peak of
meroplankton densities occurred approximately one day after the tidal amplitude
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maximum, the data were correlated with a lag of one day. A sample size of n = 8 was
used for each analysis and data were ln( x + 10) transformed so the assumption of
homogeneity of variances was not violated.
Meroplankton densities associated with maximum tidal amplitude during diurnal and
nocturnal maximum-amplitude tides that occur in the same day
Diurnal and nocturnal maximum-amplitude tides predicted >1.7m AHD (independent
variable) that occurred during March, were correlated with meroplankton densities
(dependant variable) using linear regression. Since the peak of meroplankton densities
occurred approximately one day after the tidal amplitude maximum, the data were
correlated with a lag of one day. Diel factors (light, dark) and tide (flood, ebb) were
analysed separately. Two periods of maximum-amplitude tides were used in the analysis
(early March, late March). A sample size of n = 4 was the maximum that could be used
for each analysis and data were ln( x + 10) transformed to ensure that the assumption of
homogeneity of variances was not violated. Post-hoc Student Newman-Kuels (SNK)
tests were used to resolve differences among treatment means for the largest statistically
significant interaction term. When such interactions did not occur (using α = 0.25, see
Underwood (1997), non-significant terms were sometimes eliminated to determine
smaller interaction terms and increase the power of the test (Underwood 1997).
Otherwise, non-significant terms were described as ‘no test’.

3.2.1.3 Lunar and tidal cycle influence on larval release and supply
Meroplankton densities in response to the lunar and tidal cycles were analysed using a
three factor ANOVA in an nested design. Month was random and nested in Lunar, with
April and July in Full-moon and September and May in New-moon. Lunar (full-moon,
new-moon) and Tidal (flood, ebb) were treated as fixed and orthogonal factors. Site
(Woollamia and Myola) were analysed separately. A Cochran’s C test was used to test
for homogeneity of variances and data were ln( x + 10) transformed to remove
heterogeneous variances. This analysis was repeated for crab zoeae, gastropod and
polychaete larvae. Post-hoc Student Newman-Kuels (SNK) tests were used to resolve
differences among treatment means for the largest statistically significant interaction
term. Non-significant interaction terms were sometimes eliminated to reveal important
smaller interaction terms using α = 0.25, see Underwood (1997).
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3.3 Results
3.3.1 Temporal patterns of larval release and supply
3.3.1.2 Temporal patterns of larval release and supply of meroplankton
During the 12-month sampling period, 64,640 individuals of meroplankton were
enumerated with an average of 618 individuals m-3. Crab larvae represented the largest
proportion of individuals in the samples (81.5%). Helograpsus haswellianus,
Parasesarma erythrodactyla, Heloecius cordiformis and Paragrapsus laevis first-instar
stages were identified in samples during this period. Gastropod veligers (6.3%) and
polychaete worm larvae (3.9%) composed the next greatest abundances in the samples.
The mean density of meroplankton was 162 individuals m-3 during the flood tide;
however, there was substantial variation between months with greatest abundances
occurring during daytime tides in early March and January (Fig. 3.4). The great
densities observed during early March were mostly due to crab zoeae (Fig. 3.5c, d),
whereas the great abundances observed in January owed to densities of gastropod
veligers during the flood tides (Fig. 3.6a, b). There were low meroplankton densities
during early September and late October when maximum-amplitude tides transitioned
from the night-time to the day-time; this was in sharp contrast to March when maximum
densities occurred as maximum-amplitude tides transitioned from the day-time to the
night-time (Fig. 3.4).
Ebb tides had an average density of 844 individuals m-3, approximately five times that
of the flood tides (Fig. 3.4), and had significantly greater densities of larval
meroplankton than flood tides for most months (10 of 13 occasions) when tides
occurred at night (Fig. 3.4; Table 3.1a, b). The great abundances were attributed to a
large release of crab zoeae in early March during the night-time (9,266 ± 2,465
individuals m-3 ± SE). Other months were an order of magnitude lower in meroplankton
densities and very low abundances occurred during late September, February and early
November (all < 10 individuals m-3), all which occurred when maximum-amplitude
tides were during the daylight.
Of the ebb tides that had greatest densities of meroplankton, all occurred during the
night (Fig.3.4c,d). An opposite pattern occurred when meroplankton densities were
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least, all which occurred during daylight hours. Meroplankton trends to the tidal cycle
were very consistent among sites.
Flood tides with the greatest densities of meroplankton were consistently greater than
average in tidal amplitude (1.78m) (two of three at Woollamia and all at Myola). Flood
tides with the lowest densities of meroplankton, generally had lower amplitudes than the
average (two of three at Woollamia and all at Myola) (Fig. 3.4a,b).
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Fig. 3.4 Mean (±SE) meroplankton densities in Currambene Creek mangrove forest during flood tides

(black bars) at a) Woollamia and b) Myola and during ebb tides (white bars) at c) Woollamia and d)

New-moons
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Table 3.1 a) Factorial Analysis of Variance (ANOVA) for temporal differences in meroplankton densities
in the mangrove forest water column at Woollamia during flood and ebb maximum-amplitude tides b)
SNK tests for the interaction of Tidal x Month for tidal differences.

a) ANOVA
Factor

d.f.

MS

P

Tidal

1

4.48

0.116

Month

12

8.11

<0.001

Tidal x Month

12

1.56

<0.001

Error

26

0.14

C = 0.123; ns

ns, non-significant; C, Cochran’s test

b) SNK comparisons for Tidal × Month interaction
Month

Direction

Late August

Ebb>Flood

Early September

Ebb>Flood

Late September

Flood=Ebb

Late November

Flood>Ebb

Early January

Flood>Ebb

Early February

Flood=Ebb

Early March (light)

Flood=Ebb

Early March (dark)

Ebb>>Flood

Late March (light)

Flood=Ebb

Late March (dark)

Ebb>>Flood

Late April

Flood=Ebb

Early May

Ebb>>Flood

Late July

Ebb>>Flood

>, p<0.05; >>, p<0.01
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Table 3.2 a) a) Factorial Analysis of Variance (ANOVA) for temporal differences in meroplankton
densities in the mangrove forest water column at Myola during flood and ebb maximum-amplitude tides
b) SNK tests for the interaction of Tidal x Month for tidal differences.

a) ANOVA
Factor

d.f

MS

P

Tidal

1

3.84

0.374

Month

12

4.89

<0.001

Tidal x Month

12

4.51

<0.001

Error

26

0.18

C = 0.297; ns

ns, non-significant; C, Cochran’s test

b) SNK comparisons for Tidal × Month interaction
Month

Direction

Early September

Ebb>Flood

Early October

Flood=Ebb

Early November

Flood>>Ebb

Early December

Flood>>Ebb

Early January

Flood>>Ebb

Early February

Flood>>Ebb

Early March (light)

Flood>>Ebb

Early March (dark)

Ebb>>Flood

Late March (light)

Flood=Ebb

Late March (dark)

Flood>>Ebb

Late April

Flood=Ebb

Early May

Ebb>>Flood

Late July

Flood=Ebb

>, p<0.05; >>, p<0.01
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3.3.1.3 Temporal patterns of release and supply of crab larvae
Temporal patterns of larval release and supply of crab larvae were similar to those of
meroplankton, since crab larvae composed the majority of individuals in the samples.
Almost all crab larvae in the sample were first or second instars.
Larval crab densities varied significantly between months during the flood tide (Fig.
3.5a, b; Table 3.3a,b). Greatest densities of crab larvae occurred during early March at
night (dark) and early May at Woollamia, and early March during the day (light) and
late March at night (dark) at Myola. Lowest densities of larval crabs were observed
during late September at Woollamia and early October at Myola and were over two
orders of magnitude lower than the months with great densities.
Ebb tides also had strikingly large variation in larval crab densities between months,
with four orders of magnitude between the tides with greatest (Woollamia: 11,346 ±
1,750 m-3, Myola: 6,612 ± 4,556 m-3) and least abundances (Woollamia: 1 ± 1 m-3,
Myola: 1 ± 1 m-3) (Fig. 3.5c, d). Tides that occurred in early March at night (dark) had
the greatest larval crab densities for both Woollamia and Myola. Early February had the
lowest larval crab densities, although all tides sampled during the summer months had
low densities despite that most crabs were in brooding during these months (Fig 3.5).
The densities of crab larvae were approximately five times greater during the ebb tides
(844 ± 368 m-3) than the flood tides (162 ± 73 m-3) (Fig. 3.5). In general, ebb tides were
significantly greater in meroplankton densities than flood tides when maximumamplitude tides occurred at night (11 of 13 occasions). No significant difference was
detected between flood and ebb tides for most of the summer and spring dates (Table
3.3a, b, Table 3.4a, b).
Crab larvae densities trended greater during autumn and winter when maximumamplitude tides occur during the night-time and this pattern was observed during both
the flood and ebb tides (Fig. 3.5a, b, c, d). Helograpsus haswellianus and Parasesarma
erythrodactyla accounted for most of the crab larvae in the samples during the winter
months, which corresponded to their brooding times (Fig. 3.5).
Overall, crab larvae appeared to mirror tidal amplitude trends during the ebb tide
autumn and winter months. The exception was during early March when larval
Parasesarma erythrodactyla densities peaked.
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Fig. 3.5 Mean (±SE) larval crab densities in Currambene Creek mangrove forest during flood tides (black
bars) at a) Woollamia and b) Myola and during ebb tides (white bars) at c) Woollamia and d) Myola from
August 2009 to July 2010. Brooding times for common saltmarsh and mangrove crab species are shown
by: straight line = Helograpsus haswellianus (Mazumder 2004), round dots = Parasesarma
erythrodactyla (Sesarma erythrodactyla) (Green & Anderson 1972), square dots = Heloecius cordiformis
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Table 3.3 a) Factorial Analysis of Variance (ANOVA) for temporal differences in larval crab densities in
the mangrove forest water column at Woollamia during flood and ebb maximum-amplitude tides. Data
underwent a ln( x + 10) transformation b) SNK tests for the interaction of tidal and month.

a) ANOVA
Factor

d.f.

MS

P

Tidal

1

20.64

0.008

Month

12

8.99

<0.001

Tidal x Month

12

2.03

<0.001

Error

26

0.13

C = 0.212; ns

ns, non-significant; C, Cochran’s test

b) SNK comparisons for Tidal × Month interaction
Month

Direction

Late August

Ebb>>Flood

Early September

Ebb>>Flood

Late September

Flood=Ebb

Late November

Flood=Ebb

Early January

Flood>Ebb

Early February

Flood=Ebb

Early March (light)

Flood=Ebb

Early March (dark)

Ebb>>Flood

Late March (light)

Flood=Ebb

Late March (dark)

Ebb>>Flood

Late April

Ebb>>Flood

Early May

Ebb>>Flood

Late July

Ebb>>Flood

>, p<0.05; >>, p<0.01
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Table 3.4 a) Factorial Analysis of Variance (ANOVA) for temporal differences in larval crab densities in
the mangrove forest water column at Myola during flood and ebb maximum-amplitude tides. Data
underwent a ln( x + 10) transformation. b) SNK tests for the interaction of tidal and month.

a) ANOVA
Factor

d.f.

MS

P

Tidal

1

<0.01

0.978

Month

12

8.44

<0.001

Tidal x Month

12

4.90

<0.001

Error

26

0.21

C = 0.268; ns

ns, non-significant; C, Cochran’s test

b) SNK comparisons for Tidal × Month interaction
Month

Direction

Early September

Ebb>>Flood

Early October

Flood=Ebb

Early November

Flood=Ebb

Early December

Flood=Ebb

Early January

Flood=Ebb

Early February

Flood=Ebb

Early March (light)

Ebb>>Flood

Early March (dark)

Ebb>>Flood

Late March (light)

Flood=Ebb

Late March (dark)

Flood>>Ebb

Late April

Ebb>Flood

Early May

Ebb>>Flood

Late July

Flood=Ebb

>, p<0.05; >>, p<0.01
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3.3.1.4 Temporal patterns of release and supply of gastropod larvae
The mean for larval gastropods in the water column was 39 ± 44 m-3, an order of
magnitude lower than the mean larval crab densities. Temporal changes in larval
gastropod densities occurred for most months and a winter peak in abundances during
flood tides. The greatest densities were observed during early January (Woollamia: 282
± 54 m-3, Myola: 276 ± 8 m-3) for both sites. The lowest densities were recorded during
the following month in early February (1 ± 1 m-3) (Fig. 3.6a, b).
The greatest densities of larval gastropods in the water column were observed during
early January and late August ebb tides at Woollamia, and during late September at
Myola. The lowest larval gastropod densities occurred during early February and early
March at both sites during the ebb tides.
Unlike crab larvae, gastropod larval densities were similar in magnitude between flood
and ebb tides. Further, there were no consistent significant differences in larval
gastropod densities between flood and ebb tides at Woollamia or Myola (Table 3.5a;
Table 3.6a, b).
Larval release and supply patterns to the diel cycle were unclear, with the greatest
densities of larval gastropods occurring during both day and night (regardless of tidal
direction) (Fig. 3.6a, b, c, d). However, tides that had an absence of larval gastropods,
all occurred during the day. There was no obvious larval gastropod release or supply
patterns to tidal amplitude; and the days with the greatest, and the lowest larval
gastropod densities, occurred over a range of tidal amplitudes.
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2010
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Table 3.5 a) Factorial Analysis of Variance (ANOVA) for temporal differences in larval gastropod
densities in the mangrove forest water column at Woollamia during flood and ebb maximum-amplitude
tides. Data underwent a ln( x + 10) transformation.

a) ANOVA
Factor

d.f.

MS

P

Tidal

1

0.66

0.134

Month

12

3.23

<0.001

Tidal x Month

12

0.26

0.095

Error

26

0.14

C = 0.208; ns

ns, non-significant; C, Cochran’s test
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Table 3.6 a) Factorial Analysis of Variance (ANOVA) for temporal differences in larval gastropod
densities in the mangrove forest water column at Myola during flood and ebb maximum-amplitude tides
b) SNK tests for the interaction of tidal and month. Data underwent a ln( x + 10) transformation.

a) ANOVA
Factor

d.f.

MS

P

Tidal

1

1.59

0.219

Month

12

2.46

<0.001

Tidal x Month

12

0.95

<0.001

Error

26

0.14

C = 0.234; ns

ns, non-significant; C, Cochran’s test

b) SNK for the interaction Tidal × Month
Month

Direction

Early September

Flood=Ebb

Early October

Flood=Ebb

Early November

Flood=Ebb

Early December

Flood>>Ebb

Early January

Flood>>Ebb

Early February

Flood=Ebb

Early March (light)

Flood=Ebb

Early March (dark)

Flood=Ebb

Late March (light)

Flood=Ebb

Late March (dark)

Flood=Ebb

Late April

Flood=Ebb

Early May

Ebb>Flood

Late July

Ebb>Flood

>, p<0.05; >>, p<0.01
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3.3.1.5 Temporal patterns of release and supply of polychaete larvae
Overall, the mean density of larval polychaetes was low compared with crab and
gastropod larvae (24 ± 41). No analysis for Woollamia was included because the data
could not be transformed to remove heterogeneity and the effects tests were significant,
thereby avoiding the risk of a Type I error.
There was large month-to-month variation in larval polychaetes abundances during the
flood tides (Fig. 3.7a, b). At both sites, the greatest density of larval polychaetes was
observed in early January (Woollamia: 43 ± 1; Myola: 114 ±18) during flood tides.
Larval polychaetes were absent or occurred at very low densities from late August to
late November for tides sampled (Fig. 3.7a, b).
Similar to larval polychaete densities observed during flood tides, large variation in
densities were observed during ebb tides. Greatest larval polychaete densities were
observed during early May at both sites (Woollamia: 156 ± 12; Myola: 328 ± 168). No
larval polychaetes were observed for 5 of the 13 sampling occasions at either site (Fig.
3.7c, d).
In general, there were significantly more polychaete larvae observed during the flood
tide than the ebb tide at Myola (Table. 3.9a, b). For trends to the diel cycle, larval
polychaetes were observed during both diurnal and nocturnal tides. The greatest density
of larval polychaetes occurred during the greatest amplitude tide recorded (2.06m AHD)
in early May.
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Fig. 3.7 Mean (±SE) larval polychaete densities in Currambene Creek mangrove forest during flood tides

(black bars) at a) Woollamia and b) Myola and during ebb tides (white bars) at c) Woollamia and d)

Myola from August 2009 to July 2010. Light (L). Dark (D). Observed tidal amplitudes ◊).
( New-moons

(●) and full-moons (○). Stars (*) indicate when no sampling was conducted. Shaded areas indicate when

tides occurred during the night. Both flood and ebb tides are on equal log scales.
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Table 3.7 a) Factorial Analysis of Variance (ANOVA) for temporal differences in larval polychaete
densities in the mangrove forest water column at Myola during flood and ebb maximum-amplitude tides.
Data underwent a ln( x + 10) transformation b) SNK tests for the interaction of tidal and month.

a) ANOVA
Factor

d.f.

MS

P

Tidal

1

0.56

0.425

Month

12

2.99

<0.001

Tidal x Month

12

0.82

<0.001

Error

26

0.11

C = 0.200, ns

ns, non-significant; C, Cochran’s test

b) SNK for the interaction of Tidal × Month
Month

Direction

Early September

Flood=Ebb

Early October

Flood=Ebb

Early November

Flood=Ebb

Early December

Flood>>Ebb

Early January

Flood>Ebb

Early February

Flood>>Ebb

Early March (light)

Flood=Ebb

Early March (dark)

Flood=Ebb

Late March (light)

Flood=Ebb

Late March (dark)

Flood>>Ebb

Late April

Flood=Ebb

Early May

Ebb>>Flood

Late July

Flood=Ebb

>, p<0.05; >>, p<0.01
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3.3.2 Relationships between maximum-amplitude tides and meroplankton
densities
The difference between observed and predicted tides was substantial; there was a mean
difference (± 1 SD) of 8.2 ± 5.0 cm. With the exception of the early January maximumamplitude tides, the tides sampled did not conform to a parabolic peak in tidal height as
expected (Fig 3.8-3.11). Rather, tides were bimodal (February and April) or peaked
before sampling commenced (May) (Fig. 3.8). Generally, peak meroplankton densities
occurred 1.3 ± 0.8 days after the first tidal amplitude maximum. There was a positive
correlation between meroplankton densities and tidal amplitude; but only summer flood
tides (both saltmarsh and mangrove forest) were statistically significant (Fig. 3.12).

3.3.2.1 Relationships between maximum-amplitude tides and meroplankton
densities during diurnal summer and nocturnal autumn tides
Saltmarsh flood tides
Meroplankton densities peaked one day after tidal amplitude maximum during January
flood tides in the saltmarsh. In February, meroplankton densities were generally low
except during the trough of the dual peak of maximum-amplitude tides (Fig. 3.8a). Once
corrected for the time lag (minus one day), there was a positive trend between
meroplankton densities and maximum tidal amplitude during summer months (r =
0.715, P = 0.046, n = 8) (Fig. 3.12a). In April, meroplankton densities peak before the
tidal amplitude maximum. It is unclear when the peak of meroplankton abundances
occurred in May (Fig. 3.8b). No significant relationship between meroplankton densities
and tidal amplitude occurred during the autumn months, although there was a slight
negative trend because of great meroplankton abundances on 27 April (Fig. 3.12a).
With this exception removed from the data set, a positive trend was apparent (r =
0.5993, P = 0.1550, n = 8).

Saltmarsh ebb tides
Meroplankton densities peaked one day after tidal amplitude maximum during January
ebb tides in the saltmarsh. There was a small peak in larval meroplankton densities
during the trough of the dual peak of maximum-amplitude tides during February (Fig.
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3.9a). Although there was a positive trend between meroplankton densities and
maximum tidal amplitude during the summer months although the results were not
statistically significant (r = 0.571, P = 0.140, n = 8) (Fig. 3.12b). In April, meroplankton
densities peaked during the first day of the tidal amplitude maxima. It is unclear
whether when the peak of meroplankton abundances occurred in May (Fig. 3.9b). No
relationship between meroplankton densities and tidal amplitude occurred during the
autumn months (Fig. 3.12b).

Mangrove forest flood tides
Meroplankton densities peaked one day after tidal amplitude maximum during January
flood tides in the mangrove forest. A small peak in larval meroplankton densities
occurred during the trough of the dual peak of maximum-amplitude tides during
February (Fig. 3.10a). There was a positive trend between meroplankton densities and
maximum tidal amplitude during the summer months (r = 0.771, P = 0.026, n = 8) (Fig.
3.12c). In April, meroplankton densities peaked during the last day of the tidal
amplitude maxima. Meroplankton abundances were greatest one day after the tidal
amplitude maximum during May (Fig. 3.10b). There was also a positive trend between
meroplankton densities and tidal amplitude during the autumn months (Fig. 3.12c);
however, this was not statistically significant (r = 0.696, P = 0.055, n = 8).

Mangrove forest ebb tides
Meroplankton densities peaked one day after the tidal amplitude maximum during
January ebb tides in the mangrove forest. There was slight decrease in meroplankton
densities after the first tidal amplitude maximum in February (Fig. 3.11a). There was a
moderate positive trend between meroplankton densities and maximum tidal amplitude
during the summer months (r = 0.482, P = 0.227, n = 8) although the result was not
significantly significant (Fig. 3.12d). In April, meroplankton densities peaked after the
first day of the tidal amplitude maxima. It is unclear whether when the meroplankton
abundances were greatest in respect to the tidal amplitude maximum during May (Fig.
3.11b). There was a slight positive trend between meroplankton densities and tidal
amplitude during the autumn months (Fig. 3.12d); however, this was not statistically
significant (r = 0.253, P = 0.545, n = 8).
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Fig. 3.8 Mean meroplankton densities (±1 SE) (♦) and maximum-amplitude tides (□) during a) summer
(January and February) and b) autumn (April and May) saltmarsh flood tides. The days that tides were
sampled are ordered (1-4/5).
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Fig. 3.9 Mean meroplankton densities (±1 SE) (♦) and maximum-amplitude tides (□) during a) summer
(January and February) and b) autumn (April and May) saltmarsh ebb tides. The days that tides were
sampled are ordered (1-4/5).
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Fig. 3.10 Mean meroplankton densities (±1 SE) (♦) and maximum-amplitude tides (□) during a) summer
(January and February) and b) autumn (April and May) mangrove forest flood tides. The days that tides
were sampled are ordered (1-4/5).
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Fig. 3.11 Mean meroplankton densities (±1 SE) (♦) and maximum-amplitude tides (□) during a) summer
(January and February) and b) autumn (April and May) mangrove forest ebb tides. The days that tides
were sampled are ordered (1-4/5).
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Fig. 3.12 Bivariate plots showing the relationship between tidal amplitude and meroplankton densities
during daytime summer (◊) and night -time autumn (■) in a) saltmarsh flood tides b) saltmarsh ebb tides c)
mangrove flood tides and d) mangrove ebb tides. The correlation coefficient (r), p value (P) and sample
size (n) for summer (January and February) and autumn (April and May).
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3.3.2.2 Maximum-amplitude tides and diel influences on meroplankton
No relationship was observed between tidal amplitude and meroplankton densities
during the flood tides although a positive trend occurred for both day and night samples
(Fig. 3.13, 3.14a). In contrast, there was a negative trend between tidal amplitude and
meroplankton release during the ebb tide for night-time samples and most of the smaller

Tidal amplitude (m)

Mean meroplankton densities (individuals m-3)

tides occurred at night (Fig. 3.13, Fig. 3.14b).

Fig. 3.13 Mean meroplankton densities (±1 SE) (♦) and maximum-amplitude tides (□) during a) flood and
b) ebb tides during March 2010 in the mangrove forest. The maximum-amplitude tides that were sampled
are ordered (1-4). Shaded areas are nocturnal periods. Non-shaded areas are diurnal periods.
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Fig.
3.14 Bivariate plots showing the relationship between tidal amplitude and meroplankton densities during
diurnal (◊) and nocturnal (■) during a) flood and b) ebb tides in March at Currambene mangrove forests.
The correlation coefficient (r), p value (P) and sample size (n) for summer (January and February) and
autumn (April and May).

- 119 -

Chapter 3 – Tidal Amplitude and Lunar Cycles

3.3.3 Meroplankton densities in response to the lunar cycle
3.3.3.1 Meroplankton densities during lunar and tidal phases
All the tides had significantly greater meroplankton densities during the new-moon ebb
tides than the new-moon flood tides, particularly during May when densities during the
new-moon ebb tide were at least four times greater than new-moon flood tides (Fig.
3.15, Table 3.8a,b). However, during the new-moon, differences in meroplankton
densities between months were significant and overall as great as differences between
ebb and flood tides, indicating temporal differences were just as explained differences
in meroplankton densities as much as tidal differences (i.e. great densities of
meroplankton during May compared with September) (Fig. 3.15; Table 3.8a,b,c).
Although ebb tides were only statistically greater in meroplankton densities than flood
tides during the full-moon on one occasion, there was a general trend for greater
densities during the ebb tide (Fig. 3.15, Table 3.8a,b).

Mean meroplankton densities (individuals m-3)
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Fig. 3.15 Mean meroplankton densities (±1 SE) during full and new-moons on flood ■
( ) and ebb (□)
maximum-amplitude tides at a) Woollamia and b) Myola.
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Table 3.8 Nested three-factor ANOVA for densities of meroplankton in Currambene mangrove forest
during lunar (new-moon, full-moon) and tidal (flood, ebb) phases b) SNK tests for the factor Month
(Lunar). Data underwent a ln( x + 10) transformation b) SNK tests for the interaction term Month (Lunar)
× Tidal in regards to the tidal phase and c) in regards to the month. Data underwent a ln( x + 10)
transformation.
a) ANOVA
Woollamia

Myola

Factor

d.f.

MS

P

MS

P

Lunar

1

0.01

0.973

0.71

0.531

Month (Lunar)

2

3.62

<0.001

1.27

<0.001

Tidal

1

6.72

0.067

2.72

0.087

Lunar × Tidal

1

0.01

0.928

1.90

0.118

Month (Lunar) × Tidal

2

0.50

0.049

0.27

0.026

Error

8

0.11

0.05

C = 0.512; ns

C = 0.466; ns

ns, non-significant; C, Cochran’s test

b) SNK for the interaction Month (Lunar) × Tidal in regards to tidal phase (flood/ebb) at Currambene
Creek.
Woollamia

Myola

Lunar

Month

Direction

Lunar

Month

Direction

Full

April

Flood=Ebb

Full

April

Flood=Ebb

Full

July

Ebb>>Flood

Full

July

Flood=Ebb

New

September

Ebb>Flood

New

September

Ebb>>Flood

New

May

Ebb>>Flood

New

May

Ebb>>Flood

>, p<0.05; >>, p<0.01
c) SNK for the interaction Month (Lunar) × Tidal in regards to month at Currambene Creek.
Woollamia

Myola

Lunar

Tidal

Direction

Lunar

Tidal

Direction

Full

Flood

April>>July

Full

Flood

April>>July

Full

Ebb

April=July

Full

Ebb

April>>July

New

Flood

May>>September

New

Flood

September=May

New

Ebb

May>>September

New

Ebb

May>>September

>, p<0.05; >>, p<0.01
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3.3.3.2 Densities of crab larvae during lunar and tidal phases
Ebb tides had significantly greater densities of crab larvae than flood tides regardless of
the lunar cycle, consistent among sites and months (Table 3.9b,d). No significant
difference in crab larval densities occurred between full and new-moons (Fig. 3.16,
Table 3.9a,b). There were also significant differences in crab larvae between months at
both sites (Fig. 3.16, Table 3.9b,c). Greater larval crab densities were observed during
April than July except during full-moon ebb tides. Moreover, greater larval crab

Mean larval crab densities (individuals m-3)

densities were observed in May than September.

1500

a

1000
500
0
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1500

July

b
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Sept

May

New

1000
500
0
April 2010

July 2010

Full

Sept 2009

May 2010

New

Fig. 3.16 Mean larval crab densities (±1 SE) during full and new-moons on flood (■) and ebb (□)
maximum-amplitude tides at a) Woollamia and b) Myola.
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Table 3.9 Nested three-factor ANOVA for densities of crab larvae in Currambene mangrove forest during
lunar (new-moon, full-moon) and tidal (flood, ebb) phases b) SNK tests for the factor Month (Lunar).
Data underwent a ln( x + 10) transformation b) SNK tests for the interaction term Month (Lunar) × Tidal,
c) SNK tests for Month (Lunar) at Myola and d) SNK tests for Tidal at Myola. Data underwent a ln( x + 1)
transformation.
a) ANOVA
Woollamia

Myola

Factor

d.f.

MS

P

MS

P

Lunar

1

0.23

0.899

0.04

0.877

Month(Lunar)

2

11.28

<0.001

1.19

0.011

Tidal

1

31.77

0.057

8.61

0.046

Lunar × Tidal

1

0.02

0.925

2.73

0.127

Month (Lunar) × Tidal

2

1.99

0.021

0.43

0.109

Error

8

0.30

0.14

C = 0.661; ns

C = 0.469; ns

ns, non-significant; C, Cochran’s test
b) SNK for the interaction Month (Lunar) × Tidal in regards to tidal phase and month at Woollamia
Woollamia

Woollamia

Lunar

Month

Direction

Lunar

Tidal

Direction

Full

April

Ebb>>Flood

Full

Flood

April>>July

Full

July

Ebb>>Flood

Full

Ebb

April=July

New

September

Ebb>>Flood

New

Flood

May>>September

New

May

Ebb>>Flood

New

Ebb

May>>September

>, p<0.05; >>, p<0.01
c) SNK for the factor Month (Lunar) at Myola
Lunar

Direction

Full

April>July

New

May>>September

>, p<0.05; >>, p<0.01
d) SNK for the factor Tidal at Myola
Direction
Ebb>>Flood

>, p<0.05; >>, p<0.01
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3.3.3.3 Densities of gastropod larvae during lunar and tidal phases
There were no significant differences in densities of gastropod larvae between the fullmoon and the new-moon at either site (Fig. 3.17; Table 3.10a). Unlike those patterns
observed with crab larvae, the effect of the interaction of the lunar and tidal cycle on
larval gastropod densities was not as clear. However, although not significant, ebb tides
had at least twice the density of larval gastropod during new-moon ebb tides than fullmoon ebb tides (Fig. 3.17). Moreover, full-moon flood tides generally had greater
densities of larval gastropods than full-moon ebb tides.
There was large and significant variation in larval gastropods between months with
some months having four times the abundances than other months. There were
significantly greater densities of larval gastropod observed during April than July at
both sites (Table 3.10b, c). At Myola, significantly greater densities of larval gastropod

Mean larval gastropod densities (individuals m-3)

occurred during September than May.
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Fig. 3.17 Mean larval gastropod densities (±1 SE) during full and new-moons on flood (■) and ebb (□)
maximum-amplitude tides at a) Woollamia and b) Myola.
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Table 3.10 a) Nested three-factor ANOVA for densities of gastropod larvae in Currambene mangrove
forest during lunar (new-moon, full-moon) and tidal (flood, ebb) phases b) SNK tests for the factor Month
(Lunar). Data underwent a ln( x + 10) transformation b) SNK tests for the Month (Lunar) at Woollamia and
c) SNK tests for the Month (Lunar) at Myola. Data underwent a ln( x + 10) transformation.
a) ANOVA
Woollamia

Myola

Factor

d.f.

MS

P

MS

P

Lunar

1

0.26

0.655

3.03

0.298

Month (Lunar)

2

0.96

0.039

1.56

0.005

Tidal

1

0.05

0.483

0.51

0.453

Lunar × Tidal

1

1.18

0.051

0.28

0.563

Month (Lunar) × Tidal

2

0.06

0.725

0.60

0.054

Error

8

0.19

0.14

C = 0.487; ns

C = 0.636; ns

ns, non-significant; C, Cochran’s test
b) SNK for the factor Month (Lunar) at Woollamia
Lunar

Direction

Full

April>July

New

September=May

>, p<0.05; >>, p<0.01

c) SNK for the factor Month (Lunar) at Myola
Lunar

Direction

Full

April>July

New

September>>May

>, p<0.05; >>, p<0.01
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3.3.3.4 Densities of polychaete larvae during lunar and tidal phases
Larval polychaetes were fewer in abundances than other taxa and occurrences were
highly variable during the sampling period. Larval polychaete densities were very low
for most months with the exception of May when great densities occurred during the
new-moon ebb tide (Fig. 3.18; Table 3.11b). Overall, polychaete larvae were not
different in densities during the new-moon than full-moon (Fig. 3.18; Table 3.11a). Data
were only analysed for Woollamia as no transformations could remove the
heterogeneity of variances at Myola. No significant difference in larval polychaete
densities were detected between flood and ebb tides. There was no difference in larval

Mean larval polychaete densities (individuals m-3)
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Fig. 3.18 Mean larval polychaete densities (±1 SE) during full and new-moons on flood (■) and ebb (□)
maximum-amplitude tides at a) Woollamia and b) Myola.
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Table 3.11 a) Nested three-factor ANOVA for densities of polychaete larvae in Woollamia mangrove
forest during lunar (new-moon, full-moon) and tidal (flood, ebb) phases b) SNK tests for the factor Month
(Lunar). Data underwent a ln( x + 10) transformation.
a) ANOVA
Factor

d.f.

MS

P

Lunar

1

0.13

0.861

Month (Lunar)

2

3.22

0.005

Tidal

1

1.65

0.337

Lunar × Tidal

1

0.55

0.545

Month (Lunar) × Tidal

2

1.05

0.079

Error

8

0.30

C = 0.545; ns

ns, non-significant; C, Cochran’s test

b) SNK for the factor Month (Lunar) at Woollamia
Lunar

Direction

Full

April=July

New

May>>September

>, p<0.05; >>, p<0.01
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3.4 Discussion
3.4.1 Summary of findings
Temporal sampling did not reveal clear patterns for larval release and supply as
differences between months were highly variable. However, ebb tides had greater
densities of meroplankton than flood tides for most months and the presence of
meroplankton in the water column appeared to be greatest during months when
maximum-amplitude tides occurred at night-time.
In general, meroplankton abundance showed a positive association (although rarely
statistically significant) with tidal height, despite the limited range of tidal amplitude
sampled. These findings suggest that tidal amplitude regulated larval release and supply
of meroplankton even within the highest tidal range. Sufficient tidal amplitude is needed
for submersion of higher intertidal areas and assists in rapidly exporting or importing
larvae, therefore minimising the risks of predation and unsuitable environmental
conditions (Dittel & Epifanio 1990). Unlike other studies that have sampled the full
tidal amplitude range (Morgan & Christy 1995, Flores et al. 2007, Bueno et al. 2010),
this study shows that tidal amplitude is still fundamental to the timing or larval release
and supply even within the greatest tidal amplitude range.
Larvae did not necessarily release on the first tide that submerged the saltmarsh, as
found in other studies (Mazumder 2004, Hollingsworth & Connolly 2006), but were
observed mostly after the tidal amplitude maxima for most months. At times, the
maxima occurred many days after the first submerging tide.
New-moon ebb tides produced significantly greater abundances of meroplankton than
new-moon flood tides in meroplankton abundances. Similar patterns emerged during the
full-moon, but these were not statistically significant. Total meroplankton densities were
also strikingly greater during the new-moon; however, a substantial spike in
meroplankton densities during May accounted for most this trend. Therefore
meroplankton timed clearly to the tidal cycle but variation between new-moon and fullmoon could just as likely be explained from temporal variation during the ebb tides than
by timing to the lunar cycle. Crab larvae accounted for a large proportion of larvae in
the samples, and thereby provided most of the meroplankton patterns. Further,
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polychaete larval densities contributed to the relatively great meroplankton densities
during the new-moon in May. Gastropods densities varied between months but didn’t
relate to the lunar or tidal cycles.

3.4.2 Temporal patterns of larval release and supply of meroplankton
There were no clear temporal patterns of larval release or supply to environmental
cycles because of the large month-to-month variation in the data. Great, and often
dramatic, variability in release and supply of larvae is common among marine
organisms that have a planktonic larval stage during their life history (Green &
Anderson 1972, Underwood & Fairweather 1989). More meroplankton was observed
during the flood tides in summer; and conversely, more during ebb tides in autumn and
winter. Life histories of species (times of brooding and period of ontogenetic
development) and entrainment to diel factors, again provide an explanation for these
trends, particularly for crabs.
Brooding times for common saltmarsh and mangrove crab species didn’t correlate with
larval crab abundances in the water column during the ebb tide. The spring and summer
months, when most of the crabs were brooding, had the lowest abundances of larvae.
Similarly, Mazumder et al. (2009), observed a similar overall decrease in larval crab
abundance during these months (bar an exception in January). There are two likely
explanations which are not mutually exclusive. First, the release rate varied between
months during brooding times, and second, brooding adults released their larvae at
times when sampling did not occur. Both explanations are probably correct. Green and
Anderson (1972) observed a peak of females of crab H. haswellianus brooding during
May, supporting the first explanation. Since there notable difference from predicted and
observed tidal heights, it is possible that larvae are being released during tides that occur
before the predicted maximum-amplitude tides, which sometimes occur before sunrise.
Larval gastropods and polychaetes showed unclear patterns over time and often varied
by an order of magnitude in abundance among months. For gastropod larvae, there was
no obvious difference between flood and ebb tides. Months when the fewest larval
gastropods were recorded all occurred during the day, but substantial larval gastropod
abundances were not necessarily concordant with night-time larval release/supply.
Perhaps larval gastropods cannot tolerate high salinity or water temperatures that were
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common during these periods, but further work is needed to assess these suggestions.
Similarly, larval polychaetes showed no difference in abundances between flood and
ebb tides. Nonetheless, the greatest densities of larval polychaetes were observed during
the tide with the greatest tidal height, further surveys are needed to determine if there is
a link between larval polychaete abundances and maximum tidal amplitude.

3.4.3 Larval release and supply in response to the tidal amplitude cycle
There was a weak positive association between maximum-amplitude tides and
meroplankton densities for most periods of sampling, although the relationship was
statistically significant for just two occasions. The two significant results occurred
during flood tides indicating supply may have been timed with increasing tidal height
during summer diurnal tides. Alternatively, larvae may not have been able to resist
against the strong tidal currents that ensue with these tides. Either way, tidal amplitude
appeared to play a role in the release and supply of larvae, even within the greatest tidal
heights.
Relationships between meroplankton abundance and maximum-amplitude tides were
unexpectedly similar in the saltmarsh and mangrove forest. Greater synchronised
spawning occurs to environmental cycles for organisms living at infrequently
submerged areas higher on the shore compared with frequently submerged areas lower
on the shore (Morgan & Christy 1995); and there is some evidence that greater densities
of larvae occur in the saltmarsh than lower habitats during periods of maximumamplitude tides. The height on shore of an invertebrate determines the ease or difficulty
with which an individual’s progeny can be dispersed away from their natal habitat
(Skov et al. 2005). With increasing height on shore, stranding becomes a potential risk
for larvae. Tides of the greatest amplitude permit sufficient submersion of higher areas
and help rapid export of propagules from the intertidal areas (Dittel & Epifanio 1990,
Hovel & Morgan 1997). For example, the crab species Helograpsus haswellianus and
the gastropod Ophicardelus spp. only occupy the highest part of the intertidal zone in
south-eastern New South Wales and it is expected that maximum-amplitude tides are
required to prompt larval release of these organisms (Kaly 1988, Mazumder et al. 2009).
However, in this study, patterns of larval release to the tidal amplitude cycle were not
clearer in the saltmarsh compared with the mangrove forest.
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Maximum-amplitude flood tides during autumn in the saltmarsh had a weak negative
correlation with maximum tidal amplitude owing to great abundances of crab zoeae
which occurred during 27 April. Adult crabs may have mistimed release for the ebb tide
and instead prematurely released their larvae towards the end of the flood tide.
Alternatively, sampling may have occurred near the time of slack tide. As
meteorological conditions can affect the times of occurrence, strength and degree of
tides (Crinall & Hindell 2004), invertebrates (and humans) can misjudge the change of
tide, especially when tidal flow is weak during a smaller tide. With this exception
removed from the data set, a positive trend was observed.
During March, when maximum-amplitude tides occurred twice in the same day, a
negative (albeit non-significant) trend between larval release/supply and tidal amplitude
occurred for both daytime and night-time ebb tides. Diel factors may influence the time
of spawning in meroplankton greater than tidal amplitude factors. The number of days
that could be sampled was limited because of the few days in the year when both diurnal
and nocturnal maximum-amplitude tides occured. A greater amount of samples are
needed to make strong conclusions about the comparative role that the diel and tidal
amplitude cycle have on meroplankton densities.
My study was limited by the range of tidal amplitude sampled (the saltmarsh could not
be sampled until it was submerged by at least 30cms) and the number of tides sampled
during each maximum-amplitude tidal cycle. Although a peak of meroplankton
densities ~1 day after the maximum-amplitude tide of the cycle was observed, previous
research has suggested that meroplankton densities peak one day after the saltmarsh is
first inundated (Mazumder 2004, Hollingsworth & Connolly 2006, Platell & Freewater
2009). Since the first submerging tide of the saltmarsh occurred before the first tides
sampled, the peak meroplankton densities could have occurred prior to sampling.

3.4.4 The influence of the lunar cycle on the release and supply of
meroplankton
The lunar cycle appeared to have a greater influence on release and supply than
expected with typically greater abundances during the new-moon ebb tide than the newmoon flood tide. However, few studies have shown any relationship between
meroplankton and the lunar cycle (Saigusa 1988, Naylor 2001). My results indicate the
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role of light through night irradiance may govern larval release and supply. However,
interpretation of these results needs to be tentatively considered because the interaction
between month and tidal direction was also significant, mostly because of the great
densities that occurred in May. Therefore, temporal factors may account for
meroplankton patterns as much as the lunar and tidal cycle during those months.
Moreover, the greatest densities of meroplankton, attributed to the crab Parasesarma
erythrodactyla, occurred during a March full-moon (not included in the analyses as
explained earlier) and therefore it is unlikely that moonlight is an exogenous factor that
reduces larval release rates for this species, or at least, not when other more favourable
exogenous factors occur. Previous research have shown the lunar cycle to be the least
important cue for synchronization of larval release, and synchronization with the phase
of the moon is unlikely (Morgan & Christy 1995, Skov et al. 2005). Changes in tidal
amplitude relating to the moon’s alignment with the sun and the earth, but not relating
to the irradiance of the moon, are a more credible explanation for any synchronization
of larval release or supply with lunar phases (Morgan & Christy 1995).
There is some evidence that larval release of meroplankton synchronizes to the syzygy
inequality cycle – occurrences of greater amplitude tides during one lunar phase than
another (Skov et al. 2005, Flores et al. 2007). The greatest amplitude tides correspond
with full-moons for seven months and then alternate to the new-moons for seven
months (syzygy inequality cycle). For my study sites, greatest amplitude tides were
biased to the new-moon; five of seven maximum-amplitude tides occurred during the
new-moon in the months when maximum-amplitude tides occurred at night. Therefore,
tidal amplitude may have contributed to larval release patterns rather than lunar factors.
Because of the limited periods throughout the year when lunar and tidal conditions are
favourable for sampling, further research is required across seasons and in the
laboratory to determine the degree to which lunar factors impinge on larval processes
for south-eastern Australia.

3.4.5 Conclusions
There was evidence tidal amplitude played a role in timing of release and supply of
larvae during maximum-amplitude tides. These trends were consistent and reasonably
clear considering the limited tidal amplitude range over which sampling was conducted.
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Larval release and supply patterns to the lunar and tidal cycle were also stronger than
expected, with great abundances of larvae observed during the ebb tides, especially
during the new-moon. Over a year of sampling, meroplankton varied significantly
between months highlighting the variable nature of meroplankton abundance during
their larval stages. Crab larvae were dominant in the samples over the course of a year,
and were most abundant in the months when tides occurred at night (autumn and winter)
and were four times greater during the ebb tide. Further investigation is warranted to
determine the significance of tidal amplitude and lunar cycles to the release and supply
of larvae in temperate saltmarshes and mangroves in south-eastern Australia.
Nevertheless, this study provides preliminary spatial and temporal evidence for larval
abundance linked to the tidal amplitude and lunar cycles.

- 133 -

Chapter 4

General Discussion

Currambene Creek (Jan 2010)

- 134 -

Chapter 4 – General Discussion

4.1 General Summary
Meroplankton showed variable and complex patterns linked to environmental cycles;
however strong patterns did emerge during diel and tidal cycles, with the greatest
meroplankton densities observed during the nocturnal ebb tide. These patterns during
diel and tidal cycles occasionally reversed during the daytime, with greater abundances
occurring during the diurnal flood tide. Diel and tidal cycle patterns were explicitly
vastly consistent among locations and sites. Further, tidal cycle patterns were observed
consistently throughout the year of sampling with ebb tides having five times greater
densities of larvae than flood tides. Relationships between meroplankton abundance and
maximum-amplitude tides provided weaker, yet still evident trends. Even within the
upper tidal amplitude range, there was an association with meroplankton abundance.
Finally, during lunar and tidal phases, great meroplankton abundances were found
during the new-moon ebb tide. Similarly, great abundances were observed, but to a
lesser degree, during full-moon ebb tides, and thus variation between months was just as
likely to account for differences in meroplankton densities, here, as much as lunar cycle
trends. Nevertheless, further evidence of timing to the tidal cycle was found. Crab
larvae comprised most of the meroplankton during sampling and therefore accounted
for most of the meroplankton patterns to the environmental cycles. Trends for larval
gastropods and polychaetes, which also occurred at notable densities during sampling,
were more variable. Details of my findings and explanations of meroplankton patterns
to environmental cycles, and the implications of this study, are described below.

4.1 The response of meroplankton to the diel and tidal cycles
The interaction between the diel cycle and the tidal cycle was the main driver of larval
release of meroplankton. Overall, greater abundances of meroplankton were found
during the night, often occurring in several orders of magnitude greater abundance than
in the day. Almost all samples had greater densities of larvae during the nocturnal ebb
tide than the nocturnal flood tide. Timing to the diel cycle has been demonstrated
extensively in studies overseas (Christy 1982, Saigusa 1982, Morgan & Christy 1995,
Krimsky et al. 2009), but this is the first evidence of timing to the diel cycle in
Australian waters. Crabs time the release of their larvae when the likelihood of survival
of their progeny is maximised (Morgan & Christy 1995), and for estuarine intertidal
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crabs in south-eastern Australia, the results indicate this occurs during the cover of
darkness, often during the ebb tide.
Despite strong evidence for nocturnal ebb tide release, the role of the tidal cycle in
determining meroplankton patterns was not always consistent due to the occasional
great abundances of larvae that occurred during the flood tide. There are two
explanations for the elevated numbers during the flood tide. First, retention of larvae in
estuaries is not uncommon, owing to life histories of some intertidal species and the
limited advection potential of the smaller amplitude tides (Hovel & Morgan 1997,
Bueno et al. 2010, Morgan & Fisher 2010). Early-stage larvae may be unable to resist
the pull of strong flood tides that wash back into the intertidal areas. This is likely to
have occurred for crab zoeae, when great abundances of early-stage larvae occurred
during flood tides. Second, larval gastropods and polychaetes occasionally entered the
saltmarsh and mangrove forest during the flood tide, which were considerable in
influencing trends of meroplankton abundances during summer months when larval
crabs were low.
Overall though, gastropod larval densities did not show clear patterns to diel or tidal
cycles. These findings contrasted with those of Mazumder et al. (2009) at a large
saltmarsh/mangrove complex at Towra Point, Botany Bay, Australia, where very high
abundances of gastropod larvae occurred during the ebb tide. The mechanism
underlying the difference between the studies is unclear, although differences in
assemblages of gastropod species and the size of the adult populations may provide an
explanation.

4.2 The response of meroplankton to the tidal amplitude cycle
Tidal amplitude was associated with meroplankton densities for most periods despite
only the upper-most tidal amplitude range being sampled. In particular, strong tidal
currents during flood tides were related to the supply of meroplankton which provides
access to the upper areas on the shore. Unlike other studies where full tidal amplitude
cycles were sampled and positive correlations were found (Morgan & Christy 1995,
Bueno et al. 2010), this study only aimed at determining trends above predicted tidal
amplitude heights of 1.7m Australian Height Datum. The findings suggest that once
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tides are sufficient to inundate either habitat, tidal amplitude is still important for larval
release and supply of meroplankton to the highest tidal elevations in these estuaries.
Aside from relationships between tidal amplitude and meroplankton numbers, there was
a substantial difference between observed (BOM 2011) and predicted tides (BOM
2009). Actual tidal amplitude in upper estuarine areas can often differ substantially from
predicted tidal amplitude heights because of barometric and hydrological factors
(Crinall & Hindell 2004). Use of predicted tides for a narrow range of tidal amplitudes
would likely yield a different and potentially inaccurate result.

4.3 The influence of the lunar cycle on meroplankton larval
release and supply
New-moon ebb tides had greater larval abundances than new-moon flood tides. A
similar, although not often significant, pattern was repeated during full-moon tides. It
appears that crab larvae were released during the nocturnal ebb tide regardless of lunar
phase. During months when polychaete larvae were present in the samples, densities
were overall low and varied greatly among months, with the exception of the great
densities that occurred during new-moon ebb tides in May which were significantly
greater than the new-moon flood tide. A similar, although not significant, pattern was
observed for gastropod larvae, which showed some weak trends to the lunar and tidal
cycles but were overshadowed by large month-to-month variation in abundances. In
addition, during full-moon ebb tides in early March (which was not included in the
analysis to ensure a symmetrical design), the greatest meroplankton abundances for the
year were recorded, further indicating that variation among months accounted for great
densities in May, rather than trends to the lunar cycle. Moon illumination is unlikely to
mediate rhythms in meroplankton, as maximum-amplitude tides that occur during each
lunar phase are limited in number (Skov et al. 2005). A review by Christy (2011) noted
just one study that showed evidence of the timing of larval release by crabs to the lunar
cycle. The benefit of a slight increase in light to predators would probably be negligible
and consequently adaptations for larval release and supply to this environmental cycle
are unlikely. Further, meteorological conditions such as clouds could mask light
reaching these habitats, preventing accurate cueing to this cycle. Relationships between
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the lunar cycle and larval release/supply warrant further investigation over a larger
temporal and spatial scale.

4.4 Spatial patterns and differences of meroplankton abundance
between the saltmarsh and mangrove forest
Few studies have examined meroplankton patterns over a hierarchy of spatial scales and
between habitats; this study showed that diel-tidal patterns for the release and supply of
larval occur consistently over space. In contrast, patterns that occurred at one site or
location often did not occur at other sites, demonstrating the highly variable nature of
meroplankton patterns.
The saltmarsh had greater densities of meroplankton than the mangrove forest at
Minnamurra River but not at Currambene Creek. This is surprising because Currambene
Creek saltmarshes are typically larger (Ozcoasts 2011) and have more conspicuous
adult invertebrates (authors personal observation), and there has been some evidence to
show that the saltmarsh is more productive than seaward habitats in terms of larval
release (Mazumder et al. 2009). Moreover, dilution of meroplankton densities is
expected to increase with depth in seaward habitats, further reducing the density of
larvae in the water column.
Currambene Creek had substantially higher abundances of gastropod and polychaete
larvae than Minnamurra River. Abundances of gastropod and polychaetes were still
substantially less than those found my Mazumder et al. (2009) at Towra Point, NSW,
Australia. Both Currambene Creek and Towra Point are protected areas and it would be
interesting to examine if there is a relationship between marine protected areas and
larval gastropod and polychaete abundances with a series of broader scale surveys.

4.5 Temporal patterns of meroplankton abundance
There was large month-to-month variation in meroplankton abundances. Seasonal
patterns of larval release and tidal amplitude revealed an almost inverse relationship
between the greatest tides during the year, which occurred during summer daytime tides
(the king tides), and larval release, despite summer being the brooding season for three
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of the four common estuarine intertidal crabs (Green & Anderson 1972, Warren 1987,
Mazumder 2004). These seasonal patterns were similar to those observed by Mazumder
et al. (2009), who overall observed elevated larval crab densities during the winter
nocturnal tides. Moreover, the greatest numbers of meroplankton occurred during the
first nocturnal maximum-amplitude tides of the year. Here, it is likely that light was the
driving factor for larval release in crabs, which comprised most of the meroplankton.
A problem arises when observing brooding times of crab species and densities of their
larvae during my sampling. Three of the four saltmarsh/mangrove resident crabs’
brooding period occurs during summer when observed densities of early-stage instars
were very low. If larval release is not occurring during the summer maximum-amplitude
tides, then perhaps the release of larvae is occurring on smaller-amplitude tides with
favourable meteorological conditions that inundate the lowest marsh. With the
exception of Helograpsus haswellianus, the three other estuarine intertidal crabs
(Parasesarma erythrodactyla, Heloecius cordiformis and Paragrapsus laevis) reside in
the lower saltmarsh or mangrove habitat. Therefore maximum tidal amplitude may not
be a necessity for all crab species.
The association between maximum tidal amplitude and meroplankton release varied
over the course of the year. Nevertheless, some patterns to maximum amplitude tides
were evident after nocturnal winter tides and diurnal summer tides were analysed
separately (see section 4.2). It would be interesting to sample the smaller amplitude
tides that occur before sunrise, a few days prior to the maximum-amplitude tides (>1.7
mAHD), to determine if larval release occurs during these smaller-amplitude tides.
Regardless of the association with the tidal amplitude cycle, there was a clear preference
for nocturnal ebb tide larval release over the course of the year.

4.6 Future research and limitations of larval sampling
There is a large gap in the knowledge of meroplankton at a species level and further
research is needed to better understand the role environmental cycles on larval release
and supply of temperate estuarine invertebrates in areas where mangroves dominate.
This is in contrast to temperate North American estuaries that are dominated by
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saltmarsh and reasonably well studied. The following are areas of research that would
assist in further understanding the ecology of estuarine larvae.
First, basic classifications of larval stages in all taxonomic groups are needed. Estuarine
intertidal crab species have mostly been identified to their first larval instar (Green &
Anderson 1972, Fielder & Greenwood 1985), but there is no literature on later instars.
Particularly the identification of the second instar and the megalopa are needed, because
these stages are commonly found in intertidal habitats. There has almost been no
research conducted on gastropod larval stages; in addition, release and supply of larvae
is not well understood for this group. Polychaete research, again, is very limited in
southern Australia.
Classification of larval stages would allow larval release and supply of individual
species to be identified and thus the species that show patterns to environmental cycles
could be determined. Also, identifying periods that adult females are in brooding would
compliment any understanding of larval patterns. For example, Paragrapsus laevis were
described to be in brooding during July and August by Mazumder (2004), but from
October through to February by Green & Anderson (1972).
Future studies should focus on determining the origins of recruits. Use of genetics may
aid in determining the adult population sources of larvae. In some cases, connectivity
modelling may be useful to find the origins of the recruits (Freewater et al. 2007). The
present study only looked at supply of larvae but future studies could look at patterns of
recruitment such as relationships between the numbers of settlers to those supplied
(Underwood and Fairweather 1989). Further, those that recruit to juveniles could also
be examined.
Collecting samples at a range of tidal amplitudes after the first inundation of the marsh
presents a challenge. A minimum depth of 30cm was required in the saltmarsh to allow
sufficient depth for sampling. Thus the saltmarsh would have been at least partially
submerged during large amplitude tides prior to sampling. It is likely that stronger
relationships between larval densities and tidal amplitudes would be revealed if a
greater range of amplitude was sampled, because the saltmarsh is not frequently
submerged and therefore transport of larvae away from the habitat is not possible during
other times (Mazumder et al. 2006). Depths less than 30cm could be sampled with a
smaller net, plankton pump, traps or water bottles although each piece of equipment has
limitations (see Section 1.3). Equipment that is capable of sampling a greater range of
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tidal heights would allow a better comparison of tidal amplitude analyses with previous
studies.
Identifying trends with physical factors, such salinity and water temperature, may assist
in understanding the timing to environmental cycles and rates of ontogenetic
development. Additionally, manipulative laboratory experiments with treatments that
mirror environmental factors in the field would be useful in confirming results found in
mensurative survey experiments.
Once more research has addressed the above questions, larval release and supply
patterns in response to environmental factors can be better understood, particularly at a
species level. For example, Morgan and Christy (1995) suggest that crabs residing
higher on the shore would be more cued to environmental factors compared with their
seaward neighbours - as would be the case for Helograpsus haswellianus. This
suggestion is supported by the corresponding time of brooding of Helograpsus
haswellianus, which are the only intertidal crab species in south-eastern Australia
known to brood during April and May (Green & Anderson 1972, Mazumder 2004).

4.7 Implications of this study
This study presents the first evidence that the diel cycle influences larval release in
Australia, shown consistently over spatial scales. The release and supply of larvae
during night-time tides provides an intermittent opportunity for feeding by transient and
juvenile fish. Boesch and Turner (1984) suggested that saltmarsh is important for
commercial fish stocks and reported a correlation between saltmarsh size and weight of
harvested species. Subsequent studies have confirmed this trophic link (Kneib 1997,
Mazumder et al. 2011). Part of the aim of this study was to provide new insight, or add
to existing knowledge, on patterns of larval release and supply in temperate saltmarsh
and mangrove habitats to determine when larvae are available to planktivorous fish.
Results showed the nocturnal ebb tide to coincide with high densities of crab zoeae,
which is well known as a prey item for some estuarine fish, particularly Ambassis
jacksoniensis (Hollingsworth & Connolly 2006). Hollingsworth and Connolly (2006)
reported that night-time winter months when the saltmarsh was submerged, was a
feeding time for fish. Tides of maximum-amplitude are a necessity to facilitate
advection of larvae and for transient fish to enter high-shore habitats. It may be the case
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that the greatest contribution Australian temperate saltmarshes provide to the production
of the estuary is through this intermittent release of larvae at a secondary trophic level
than from primary production, unlike North American saltmarshes which are relatively
more productive (Morrisey 1995).
Larval release and supply are two important aspects of the life history of meroplankton.
During the pelagic phase, there is high larval mortality. Structure and distributions of
adult populations largely depend on the success of survival of larvae during these
processes (Underwood & Fairweather 1989, Morgan 1995). The synchronised release of
larvae has been argued to minimise the risks of predation and unfavourable
environmental factors (Forward 1987, Morgan 1995). An error in timing of larval
release could have fatal results for the progeny and significant implications for local
populations. Timing errors of larval release could occur if adults did not have an
adaption of endogenous release rhythms, or if entrainment to a cycle, on rare
occurrences, increased the risk of mortality. It is possible that mistiming occurred
during March when great densities of zoeae were found during the diurnal flood tide
following a large release event during the previous night. Zoeae were transported back
to the intertidal habitats and therefore subject to increased risks. Tidal amplitudes were
relatively low during the nocturnal tide and tidal stream transport to the lower estuary or
neritic waters would have been limited. For this particular event, synchronised cueing to
the tidal amplitude cycle may have provided increased safety over diel timing.
Timing of recruitment is also considered very important in determining variation in the
size and structure of adult populations (Underwood & Fairweather 1989). Indeed, the
timing of supply to environmental cycles would again help maximise survival and
ensure recruitment in a suitable habitat. Owing to high mortality of propagules, there is
often large variability and occasional large pulses of recruits. Megalopae were supplied
in such a pulse during early March nocturnal flood tides and were non-existent or in
very low numbers for all other samples. Other than a small peak in abundance in
summer, the supply of gastropod larvae by incoming tides to the saltmarsh and
mangrove forest was generally consistent throughout the year.
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4.8 Main conclusions
The diel cycle is the main driver of larval release and supply in estuarine intertidal areas
for crabs, which comprise most of the meroplankton during tides of maximumamplitude. During the dark phase of this cycle, ebb tides are often utilised by adult crabs
to release their larvae. Despite the strong role of light on larval release and supply, there
is limited evidence to suggest that the lunar cycle is associated with these processes,
since larvae are highly abundant during the full-moon. The tidal amplitude cycle
appears to affect meroplankton densities at the maximum-amplitude flood tides and
there is an overall increase in meroplankton abundance with tidal height. All sites
generally showed similar trends for larval release and supply to these environmental
cycles, but gastropod and polychaete larvae were in greater abundance in the habitat
protected areas of Currambene Creek. The highly variable and dynamic nature of larval
abundance in estuaries means more research is needed to understand larval patterns and
processes. Nevertheless, this thesis has shown consistently that dispersal of
meroplankton occurs during nocturnal ebb tides, which present an opportunity for
planktivorous fish to forage. Therefore, a trophic link between the saltmarsh/mangrove
complex and the rest of the estuary is highlighted. Further, it adds to the limited
knowledge on the timing of dispersal and supply of estuarine invertebrates in southeastern Australia and may provide insight into the structure of adult populations.
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