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Preface

Living between the land and the sea, mangroves cannot decide if they are terrestrial or
marine in nature. They are a vital part of tropical coasts: many marine and terrestrial
food chains have their beginning in mangroves. Like their terrestrial counterparts,
these forests are under threat worldwide through a variety of destructive human
activities. Successful management to conserve at least some of this vital resource into
the future depends on adequate fundamental knowledge of the processes controlling
natural ecosystem function. Many researchers across the disciplines are working to
improve our scientific understanding of mangroves. This thesis is the attempt of a
classically trained physicist and biogeographer in-the-making to make a small
contribution to this understanding.

Thomas Stieglitz
Townsville, November 2001.
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1 –  Introduction

1.1. Mangroves in Tropical North East Australia

Mangroves are diverse plant communities in the intertidal zone of tropical and

subtropical coastlines. As a transition zone between terrestrial and marine habitats,

mangrove communities play a fundamental role in the ecology of coastal regions. They

are regarded as highly productive source areas of organic matter, from which there is a

net transport of energy to the near-shore zone, supporting complex estuarine and near-

shore food webs (Robertson & Blaber 1992, Sasekumar et al. 1992).

The work described in this thesis was carried out in Tropical North East Australia.

Australia has 11,500 km2 of mangrove forest, extending over approximately 7,000 km of

the Australian mainland coast and island shorelines (Galloway 1982), between the

latitudes of 10°S and 38°34’S. The ecological importance of mangroves is recognised

with a rigorous legislation in place for protection extending beyond National Park areas

(Queensland Fisheries Act 1994 & Fisheries Regulations 1995). Due to their legal

protection and their remoteness from population centres, many forests remain relatively

undisturbed by human impact, in particular in the tropical regions of the country. This is

in stark contrast to other regions in the Paleotropics, most notably South East Asia, where

mangroves exhibit signs of strong pressure as a result of human activities such as forest

clearing, mariculture and coastal development (Robertson 1992, Marshall 1994).

In Tropical North East Australia, the coast is sheltered from high-energy wave action by

the Great Barrier Reef. The large amount of silt deposited by coastal rivers along this

protected shoreline provides an environment well suited to the growth of extensive
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mangrove forests. The northern tropical coast has the highest species diversity in the

country (and together with SE Asia the highest worldwide), and comprises more than

95% of the total mangrove area in Australia. Macnae (1969) provided the first detailed

account of the floral and faunal ecology of mangroves in tropical North East Australia.

He and other workers described a distinct zonation pattern of species both in coastal and

estuarine mangrove communities, commonly shared with forests in other regions of the

world (e.g. Macnae 1969, Chapman 1976, Tomlinson 1986).

1.2. Physical Setting of Mangrove Habitat in the Region

Fieldwork was carried out from 1997 to 2000 in mangrove forests and mangrove-fringed

estuaries close to Townsville, in Princess Charlotte Bay (PCB) and the Southern Gulf of

Carpentaria (SGOC) (Figure 1.1). The former area was chosen for easy accessibility from

Townsville, and the later two areas for their relatively undisturbed forest structure and

hydrology.

Figure 1.1: North East Australia with study areas of Townsville, Princess
Charlotte Bay (PCB) and Southern Gulf of Carpentaria (SGOC).
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Geomorphologic and Oceanographic Settings

In the Wet Tropics World Heritage Area between 160S and 180S on the east coast, the

coastal plain extends ca. 20 km inland from the coast, where coastal ranges rise of up to

1,500 m in height. In dry tropical regions north and west thereof, the coastal plain is

extensive, and has little surface relief. As a consequence of little surface relief close to

the coast, numerous estuaries are of considerable length (here, an estuary is defined in an

oceanographic sense as the intertidal part of a fluvial or tidal channel). For example, 9

rivers have estuaries of over 35 km in length along a 350 km long coastline in the

Southern Gulf of Carpentaria (SGOC), where much of the coastal plain up to 50 km from

the coast is barely above spring high tide level. Large areas of mangrove forests and salt

flats, where evaporation greatly exceeds precipitation, commonly fringe estuaries in the

dry tropical regions. Salt flats are generally far greater in area than mangrove forests in

North Australia. Estuaries are commonly single-channelled, and incised into the stable

coastal plain. The banks of estuaries are generally steep, with the exception of actively

migrating meanders. Channel cross-sections are relatively symmetrical in straight

sections as well as in many bends.

On the east coast, a mesotidal, semidiurnal tide persists with a tidal range of ca 3.5 m at

spring tides and of less than 1 m at neap tides. In the Gulf of Carpentaria, tides are diurnal

with a similar range in tidal height.

Climatic Setting

The climate in tropical North East Australia displays a pronounced wet / dry season

cycle, with generally 80-90% of the rainfall occurring in the wet season months, from

December to March (e.g. Figure 1.2). Typically, rainfall varies from two to four metres

per annum in the Wet Tropics to ca. one metre per annum in the ‘Dry Tropics’. Whereas

estuaries in the Wet Tropics region receive riverine freshwater input throughout the year,

river discharge into most estuaries in other regions ceases completely during the dry

season (e.g. Woodroffe et al. 1986). The head of these estuaries is a dry riverbed for most

of the year. Here, this type of estuary is referred to as a ‘dry tropics estuary’.
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During the dry season, upstream parts of dry tropics estuaries can potentially become

high in salinity due to lack of freshwater input and loss of water by evaporation and other

processes. A salinity maximum zone has been observed to develop in some North East

Australian estuaries (Wolanski 1986), and in some cases an estuary may even become

completely ‘inverse’ with salinity monotonically increasing with distance upstream from

the mouth. Estuaries in the Wet Tropics however remain with a ‘conventional’ salinity

gradient throughout the year, i.e. with salinity decreasing with distance upstream from the

mouth. Both ‘wet estuaries’ and ‘dry estuaries’ constitute important mangrove habitat.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec0

100

200

300

P
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tio

n
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m
]
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Figure 1.2: Monthly precipitation in the catchment area of the Normanby
River, averaged for the years 1995-1999 (data supplied by Australian Bureau
of Meteorology, Weather Station Laura).

1.3. Key Ecological Parameters in the Mangrove Environment

Spatially, mangroves are distributed according to three scales; namely their coastal (or

climatic) range, their location along the length of an estuary, and their position along the

intertidal profile in a zonation pattern (e.g. Chapman 1976, Duke 1992). A combination

of factors such as temperature, rainfall, sea level fluctuation or cyclone frequency

determine the global and regional distribution of species, whereas frequency and duration

of inundation, freshwater supply, porewater salinity or drainage determine distribution on

a local scale (e.g. Hutchings & Saenger 1987, Duke 1992, Smith III 1992). The

conspicuous pattern of distribution of mangrove species (in form of zonation or along an
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estuary) reflects the variation in ecophysiological response of the plants to one or a series

of environmental gradients (e.g. Chapman 1976, Tomlinson 1986).

Temporally, the mangrove environment is highly variable owing to a combination of

periodic fluctuations and extremes in physico-chemical parameters (Smith III 1992).

Despite this variability, the mangrove flora has successfully colonised this environment,

aided by numerous morphological, reproductive and physiological adaptations.

Prominent adaptations are (1) the development of specialised aerial root systems to aid

physical support and ‘breathing’ roots (pneumatophores), (2) the ability to cope with high

salt concentrations and (3) the vivipary and floatability of propagules (e.g. Saenger 1982,

Tomlinson 1986).

1.4. This Work

Overall, the abundance of salt in both surface and sub-surface water is commonly

regarded as the single-most important characteristic of the mangrove environment (e.g.

Hutchings & Saenger 1987). Hydrodynamic processes (i) determine salinity and salinity

gradients, and yet (ii) are determined by salinity and salinity gradients. In this thesis, the

investigations of two such hydrodynamic processes, both previously unstudied, are

described, namely

• the removal of salt from tree roots by diffusion into crustacean burrows in

Rhizophora forests and subsequent tidal flushing of the burrows (chapter 2), and

• the effect of density-driven secondary circulation in estuaries on the dispersal of

mangrove propagules (chapter 3).

Removal of salt from tree roots

A number of adaptation mechanisms allow mangroves to cope with salt in a brackish and

saline environment (e.g. Saenger 1982). Three such mechanisms occur: (1) plants take up

high salinity water and then secrete the salt (extrusion); (2) plants are tolerant to high salt
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loads and allow salt to accumulate in their tissues (accumulation); (3) plants prevent the

entry of salt when taking in water (exclusion). Mangroves have been functionally

classified as ‘salt-secretors’ and ‘salt-excluders’ (Scholander et al. 1962), although the

various mechanisms for dealing with salt are not mutually exclusive. Although displaying

varying efficiency, all mangrove plants exclude salt at the water intake, leaving at least

80% of the salt behind in the soil (Scholander 1968, Clough et al. 1982). In doing so, the

mangrove trees themselves contribute to an increase in salinity of the soil porewater in

their root zone. Considering the typically impermeable nature of mangrove soils, this

accumulation of salt in the root zone can potentially result in ‘self-inflicted’ ecological

stress, if no efficient pathway is available for the removal of excess salt. The role of

crustacean burrows in removing excess salt from the root zone of Rhizophora is

examined in chapter 2.

Density-driven Circulation

Salinity does not only directly influence the ecological conditions for the growth of a

tree, but it is also indirectly important as a key factor in the water circulation of

mangrove-fringed estuaries. The interplay of tides, input of high salinity water from the

ocean and of fresh (or low salinity) water from the upstream regions of estuaries creates a

sometimes complex circulation within an estuary. Because most mangrove propagules

float (e.g. Murray 1986), the surface currents generated by such circulation patterns

directly impact upon the dispersal of floating mangrove propagules. Density-driven

circulation with a mid-stream axial convergence in mangrove-fringed estuaries, and its

ecological and biogeographical implications are examined in chapter 3.



7

2 – Passive Irrigation and Functional
Morphology of Crustacean Burrows in
Rhizophora Forests

2.1. Introduction

2.1.1. Rhizophora Forests

Even though mangrove communities in tropical North East Australia are very high in

species diversity, Rhizophora forests are dominant (e.g. Macnae 1969, Bunt 1982,

Bunt 1996). Three species and one hybrid are known to occur: Rhizophora stylosa,

Rhizophora apiculata, Rhizophora mucronata and Rhizophora x lamarkii (parents:

R. stylosa & R. apiculata) (Duke 1992). Of these, the ‘Red Mangrove’, Rhizophora

stylosa is the most common species, forming extensive, usually monospecific forests

(e.g. Lovelock & Clarke 1993). It can grow up to 20 m tall, and occurs low in the

intertidal zone, where its prop roots are submerged during high tides (Figure 2.1).

Rhizophora is a ‘salt-excluder’; when taking in water at the roots during transpiration,

it leaves more than 90% of the salt behind in the soil (Clough et al. 1982). The

substrate in Rhizophora forests (or swamps) consists of clay-rich, impermeable mud,

the surface of which is perforated by an abundance of crab holes.

2.1.2. The ‘Salinity Problem’

Due to high clay content and therefore high bulk densities, mangrove forest soil is

generally highly impermeable in nature (e.g. Boto & Wellington 1984). Even though

surface water is periodically renewed by tidal inundation of the forest, the exchange of

pore water and solutes between soil and surface water is greatly inhibited by low rates
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of flow through the soil. This slow flow may result in low transport rates of salt,

sometimes causing hypersaline conditions to occur, particularly around mangrove

roots (Passioura et al. 1992). Transport of nutrients and oxygen in the soil is also

likely to be inhibited. The slow flow in the soil presents significant challenges to

fauna and flora living in the forest. Considering the exclusion of salt at the roots of

Rhizophora trees during water intake and the highly impermeable nature of the soil, a

key question arises: what mechanism prevents salinity in the soil around the roots

rising to values that are lethal to the tree?

Figure 2.1: Rhizophora forest at Cocoa Creek, near Townsville.

In Rhizophora forests, crustacean burrows are abundant. The burrows are likely to

provide an efficient pathway for the transport of water and solutes, such as salt, to and

from the soil, and within the soil, thereby possibly aiding the removal of salt from the

sub-surface of the forest (Wolanski et al. 1992). It is widely recognised that benthic

organisms in many aqueous habitats significantly increase the flux of particles and

solutes across the sediment-water interface by (a) increasing the diffusion-effective

surface area (e.g. Aller 1983), and (b) active or passive irrigation of burrows,



9

modifying the total flux across the sediment-water interface by a factor of 2 or more

(Graf & Rosenberg 1997).

2.1.3. Irrigation of Crustacean Burrows

A number of workers have examined the structure and effect of burrows on sediment

structure, nutrient status and dissolved oxygen concentration. In this regard, crabs of

the genus Uca (fiddler crabs) as well as thalassinidean species of burrowing shrimps

have received most attention. The exchange of water and solutes between burrows and

the overlying water is driven by two different mechanisms; burrows are actively

irrigated by biological pumping by thalassinidean and some other species, and/or

passively irrigated by external hydraulic forces.

Burrows of Uca spp. are generally single tubes or L-, U- or Y-shaped, and have a

relatively small volume of a few litres at maximum (e.g. Jones 1984). Nevertheless, in

a Massachusetts salt marsh, burrows of Uca pugnax were found to increase the total

surface area effective for exchange of water by 59% (Katz 1980). The burrows were

found to be relatively small, with a maximum burrow volume of 150 ml and with a

single opening. Only a few burrows penetrated more than 15 cm into the sediment.

The burrows were found to increase soil drainage, soil oxidation-reduction potential

and decomposition of below-ground plant debris (Bertness 1985). Montague (1982)

showed a transport of carbon and CO2 to the surface from Uca pugnax burrows,

resulting in an associated enhanced productivity of Spartina alterniflora (see also

Bertness 1985). Uca tangeri burrowing activity in the Ria Formosa in Portugal was

found to increase oxygenation of the soil (Wolfrath 1992).

Burrows of thalassinidean species are U- and Y-shaped with two openings, and

generally have a volume of a few millilitres each. Upogebia spp. irrigate their burrows

by episodes of pleopod beating of variable duration, which draws oxygenated water

into the burrow and also particulate food for suspension feeding (Astall et al. 1997).

From laboratory measurements of the pumping rate of Upogebia pusilla, Dworschak

(1981) estimated that the volume of water actively pumped through Upogebia

burrows in the lagoon of Grado (Italy) ranges from 25% of the inflowing tidal water at
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spring tides to 100% at neap tides. However, Astall et al. (1997) point out, that a

considerable range of pumping rates is displayed in upogebiid species (from 15 ml h-1

to 900 ml h-1), with higher ranges generally found in suspension-feeding species

compared to deposit-feeding species. In addition to thalassinidean species, the

snapping shrimp Alpheus spp. actively pumps water through its burrows. From

laboratory experiments, a pumping rate of 350 ml h-1 was found to occur in Alpheus

mackayi in Hawaii (Gust & Harrison 1981). Allanson et al. (1992) examined the

passive irrigation of burrows of the thalassinidean prawn Upogebia africana, which

are U-tubes with one opening raised above the surface in the form of a mound. The

flushing of burrows due to a pressure difference across openings was found to play an

important role in the feeding and respiratory behaviour of these animals.

Although the genus Sesarma is a dominant member of the infauna of mangrove

forests (Jones 1984), its burrow morphology, contribution to bioturbation, and

influence on the exchange of overlying surface and porewater in mangroves, has been

scarcely studied. Outside the mangrove environment, the burrows of Sesarma

catenata in a South African salt flat were found to have volumes of up to 130 ml

(Malan et al. 1988). They did not penetrate to the groundwater level, and only a small

portion of the water that entered the burrow during tidal inundation was stored, due to

cracks in the substrate through which water can seep from the burrow into the soil. In

Rhizophora-dominated forests in Missionary Bay on Hinchinbrook Island (North East

Australia), crabs of the genus Sesarma were removed from the forest floor to

investigate their influence on soil nutrient status and forest productivity

(Smith III et al. 1991). Soil sulphide and ammonium concentrations increased to

significantly higher levels in plots from which crabs were being removed, in

comparison to control sites. Cumulative forest growth was significantly less in

removal plots. Trees in the removal plots had significantly less reproductive output

than did trees in control plots. Burrowing by sesarmid crabs was found to affect soil

aeration which in turn affects the productivity and reproductive output of Rhizophora.

Based on these findings, Smith III et al. (1991) regard burrowing crabs like

Sesarma spp. as keystone species in the mangrove ecosystem.
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Burrows in mangrove forests are irrigated by tidal water flow caused by the surface

water slope during tidal inundation creating a pressure difference across different

openings of burrows (Ridd 1996, see also Figure 2.2). Very crude measurements of

flushing rates of burrows were made by dye injection and tracing in a Rhizophora

forest on Gordon’s Creek near Townsville (Ridd 1996). The total volume of water

circulated through burrows was estimated to be up to 3% of the tidal water entering

the forest. Ridd (1996) cautions that this estimate is likely to be very conservative due

to problems associated with dye tracing. Poor visibility of the tracer in the muddy

water and the affinity of dye to attach to sediment restrict the accuracy of this method.

Therefore, these measurements are most likely to underestimate the total flux through

burrow systems.

Figure 2.2: Sketch of the water level in a Rhizophora forest at flood tide
(see also Wolanski et al. 1992). Note the gradient in water level over
different openings of the burrow (water level vertically exaggerated in this
sketch).

The geni Sesarma spp. (Grapsidae) and Uca spp. (Ocipodidae) dominate the infauna

in tropical mangroves in Australia and worldwide (e.g. Jones 1984). In Rhizophora

forests in North East Australia, Uca occurs on the banks of creeks and estuaries, and

hence on the edge of Rhizophora forest (personal observation). On the forest floor

proper, the most common and largest openings belong to burrows inhabited by

Sesarma and also Alpheus (note that this is one of the findings of this work). Unlike

Uca burrow openings, which are found in areas where there are few or no roots, these

burrow openings are generally located close to above-ground root systems, where

excess salt is generated. Hence burrows inhabited by Sesarma (Figure 2.3) and

Alpheus may provide an efficient pathway for removal of salt from the substrate.
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Figure 2.3: The mangrove crab Sesarma messa.

In this chapter, investigations of the passive irrigation of burrows inhabited by

Sesarma messa(1) (Figure 2.3) and Alpheus cf macklay, and their function in removing

salt from roots of Rhizophora trees are described. The experiments are presented in

the following order:

• Determination of the burrow morphology & density

by resin casting & visual observation of burrow openings (traditional technique)

• Non-destructive detection of burrows

by ground conductivity profiling (new technique)

• Measurement of the diffusion of salt from the soil into a burrow

by recording time series of burrow water conductivity (new technique)

• Investigation of the tidal flushing (passive irrigation) of a burrow

by recording time series of burrow water conductivity (new technique)

                                                
1 Note that Sesarma messa has recently been renamed Perisesarma messa due to advances in genetic
studies of this genus. Throughout this thesis the old, commonly known genus name Sesarma is used.
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2.2. Materials and Methods

2.2.1. Study Site

Field work was carried out at Stuart Creek, near Townsville (Figure 2.4). At the study

site, the mangrove fringe is approximately 40 m in width, measured from the creek.

The study was carried out in a part of the forest that is solely composed of Rhizophora

stylosa, from 0 m to 35 m from the creek. Other mangrove species present in the area

are Avicennia marina growing in irregular spacing on the waterfront, and from

35 m to 40 m, the forest is composed of Rhizophora stylosa, Ceriops spp., Avicennia

marina and the occasional Lumnitzera spp. and Xylocarpus mekongensis. The floor of

the forest lays approximately 3 m above Australian Height Datum (AHD), and

therefore it is inundated only during spring high tides.

Figure 2.4: Schematic of Stuart Creek, near Townsville, with study sites
marked. Burrow openings were counted along transects T, and resin casts of
burrows were taken from sites marked with C. The burrow discussed in detail
in this work was taken at site C to the west of the profiles. Vertical conductivity
profiles were taken in random locations close to the transect lines.
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2.2.2. Traditional Methods

2.2.2.1. Visual Observation of Burrow Openings on Forest Floor

Burrow openings were counted in 1 m2 plots at 4 m intervals along two transects

perpendicular to Stuart Creek. Openings belonging to one burrow system were

identified by inserting a pipe 10 cm into one of the openings, and removing burrow

water by pumping. In openings of the same burrow, the water level dropped to the

same depth. In addition, visual observations were made of water levels in the burrow

openings at times of low water level in the creek.

2.2.2.2. Resin Casting

Details of the morphological structure of burrow systems, including volume, total

surface area and distances between burrow parts were determined by means of

polyester resin casting, a method pioneered by Shinn (1968). Polyester resin is ideal

for marine applications, because it is denser than seawater (displacing seawater in the

burrow) and hardens in wet conditions (Atkinson & Chapman 1984).

Polyester resin casts were taken of two burrows. Prior to filling the burrows with

resin, the burrow water was removed to ensure that all burrow parts could be filled

with resin. The technique employed to remove burrow water is described in detail in

section 2.2.3.5. Subsequently, the burrows were filled during low tide with polyester

resin mixed with Talcum powder as filler in a volume ratio of about 1:1. The viscosity

of the resulting fluid proved to be sufficiently low to fill the burrows without

blockage. A low concentration of peroxide catalyst (one percent of total volume) was

added to prevent the casts from cracking excessively during the exothermic process of

hardening. This ratio was sufficient to set the resin within a few hours, and before the

subsequent tidal inundation of the forest. 48 hours after filling the burrows, the casts

were excavated by hand and with small plastic shovels to prevent damage, and then

cleaned.
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The total burrow volume was estimated from the amount of resin required to

completely fill the burrow. The surface area of the burrow was determined by

wrapping the excavated cast in aluminium foil of known weight per unit area, and

weighing the wrapping, a technique previously used by Atkinson & Chapman (1984).

Large burrowing species uncovered during excavation were handpicked for later

identification. The specimens were identified by M. Sheaves (Department of Marine

Biology and Aquaculture, James Cook University).

2.2.3. A New Method to Investigate Burrow Structure and Physical Processes in
Burrows

2.2.3.1. Principle and Design of the Conductivity Probe for Use in Burrows

In this work, a conductivity probe was developed to measure the apparent electrical

conductivity of soil and burrow water in situ. The probe is in principle similar to a

surface positioned half-Wenner array of electrodes, a conventional resistivity method

widely used in geophysical applications (Keller & Frischknecht 1966, Dobrin 1976,

see also Appendix A). The basic probe design was adopted from a ground

conductivity probe, which was previously used to determine the variability in salinity

in salt flat sediments (Ridd & Sam 1996). Electrode configuration and mechanical

setup were adapted to meet the requirements of the small-scale application in burrows.

Electronic components developed previously for different purposes (Ridd 1992,

Ridd & Sam 1996, see also Appendix B) were modified to account for different

electric field configuration due to modified electrode array geometry (e.g. change of

amplification factor). A theoretical background of the method is given in Appendix A,

and technical information on electronic components of the conductivity probe is

summarised in Appendix B.

The conductivity sensor consisted of four electrodes (Figure 2.5). Two ring electrodes

of 0.4 mm diameter copper wire were mounted in grooves separated by a distance of

8 mm on a tapered fibreglass rod which was inserted into the mangrove substrate. The
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rod had a diameter of 8 mm at the tip, and electrode connection cables were running

inside the rod. The remaining two electrodes were directly inserted into the substrate.

The apparent ground conductivity was measured by inducing an electrical field

between a pair of (driving) electrodes, and measuring the voltage V on a second pair

of (measuring) electrodes (Figure 2.5). With the current I driving the induced

electrical field, the ratio I/V is proportional to the apparent ground conductivity around

the electrodes, with the proportional constant depending on the geometry of the

electrode array (Appendix A).

           

Figure 2.5: (left) Schematic diagram of the conductivity probe (half-Wenner
electrode array), with wiring diagram and cross-section of the tip of the
probe, showing internal wires connected to the electrodes. The fibreglass
rod is 1.8 m long and 8 mm in diameter at the tip (diagram not to scale).
(right) Close-up photograph of the electrodes at the tip of the probe.

The measured apparent ground conductivity is a function of (a) the conductivity of the

porewater between individual sediment particles and (b) the relative volume of

porewater to sediment. The probe measures an average of the conductivity of a

spherical volume with a diameter of approximately three times the distance between

the ring electrodes (Keller & Frischknecht 1966, see also Appendix A). For

application in burrows, an electrode spacing of 8 mm was chosen, which is

sufficiently small enough to resolve burrows that are approximately 25 mm or larger

in diameter (see Appendix A).
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To slow down corrosion of the driving electrodes and to reduce polarisation effects, an

alternating (AC) electrical voltage of the frequency f = 4 kHz was induced between

the driving electrode on the sensor and the corresponding ground electrode. The

current density on the probe was adjusted to less than 2 mA cm-2, also in order to

reduce polarisation effects (see also Appendix A).

Two signal generating and recording set-ups were used. (1) In order to detect burrows,

a direct read-out of the ground conductivity was required. For this purpose, the current

I across the driving electrodes was generated using a Wien-bridge oscillator circuit

(developed previously to this work, see Appendix B), and I was measured with a

conventional digital multimeter. The potential difference V across the other set of ring

and ground electrodes was fed into an electronic amplifier in order to measure the

electrode voltage with conventional digital multimeters. (2) In order to record time

series of apparent ground conductivity, the probe was connected to an AC data logger

JCU Atom-Logger V4, which generated the required field as well as allowed I and V

to be continuously recorded, and thereby obtaining time series of apparent

conductivity. The logger was built in-house at James Cook University; its technical

specifications are summarised in Appendix B.

Calibration

The apparent ground conductivity is directly proportional to the ratio I/V (Keller &

Frischknecht 1966, see also Appendix A). Thus the calibration function is linear with

no zero offset. The instrument was calibrated to give absolute values of conductivity

by immersing the probe in water of known conductivity (such as seawater of known

salinity and temperature), and (1) noting I and U from the direct read-out, and

(2) recording a calibration reading with the data logger. Calibration constants K for

both set-ups are given is Appendix B. Typical instrumental errors in the determination

of conductivity with this type of electrode configuration are less than 2% (Keller &

Frischknecht 1966, Ridd 1992). Natural variations in ground conductivity are

generally significantly larger than the instrumental error.
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2.2.3.2. Detection of Burrows by Conductivity Profiling

To record apparent ground conductivity in situ, the probe was introduced into the

ground at a defined depth below the surface and a reading taken. By pushing the probe

further into the sediment and recording readings in continuous intervals, a ground

conductivity profile was constructed. To ensure a minimum impact on the reading and

the environment, a typical speed with which the probe was pushed into the substrate

was 0.5 cm s-1. Readings were taken after a short stabilising period of approximately

one second.

Assuming similar conductivity of porewater in the soil and of burrow water, the

measured apparent ground conductivity is proportional to the relative amount of

porewater, which for the purpose of this study includes burrow water. Thus

conductivity gradually increases when the probe is pushed through the burrow wall

into a burrow filled with water, and decreases, when pushing from the burrow into the

soil. This is due to the electrical conductivity of seawater being approximately three

times that of saturated soil containing seawater of equal salinity (e.g. Keller &

Frischknecht 1966). The presence of the soil particles, which have zero conductivity,

causes the reduction in conductivity in soils. Locations of burrows can thus be

detected by the contrast of apparent conductivity from burrow to soil.

To test the method, trial profiles were taken and the area was carefully excavated to

confirm that burrows existed in the positions inferred from the data. Determining the

location of cavities (and roots) was also aided by noting, how ‘easy’ (or ‘hard’) it was

to physically push the probe further into the substrate. Trials were carried out up to

depths of 30 cm. In addition to excavation, burrow locations inferred from

conductivity profiling were verified by replacing the probe with a PVC pipe deployed

at varying depths. Water could easily be pumped from depths, where the conductivity

method inferred a burrow, and could not be pumped from depths where the method

inferred soil. These tests showed that the method successfully identified burrow

locations in all cases.
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Note that conductivity is a function of both salinity and temperature, and hence

variation in both salinity and temperature cause variations in conductivity. As an

example, at a salinity of 30 ppt (2), a change in temperature from 17 °C to 20 °C results

in a change in conductivity from 38.3 mS cm-1 to 41.2 mS cm-1 (e.g. Lewis 1980). A

similar change in conductivity results from a change in salinity from 27.6 ppt to 30 ppt

at a constant temperature of 20 °C. In the substrate in a densely vegetated mangrove

forest, temperature variations are relatively small, typically varying by no more than

3 °C over a few days (personal observations). Thus if a significant change in

conductivity occurs (>3 mS cm-1), it can be attributed to changes in salinity without

introducing a significant error.

2.2.3.4. Monitoring Burrow Water Conductivity

To record time series of burrow water conductivity, firstly a burrow chamber was

detected by the method described above. Subsequently the conductivity sensor was

deployed in the chamber and the data logger connected. Generally, the logger was set

to record one sample every 5 minutes. In addition to conductivity, the soil temperature

was measured with a standard temperature sensor at 20 cm depth. Water level data

was obtained from routine measurements by the Australian National Tidal Facility,

recorded approximately 5 km away from the field site. Rainfall data, where required,

was provided by the Bureau of Meteorology, Townsville, and is a 24 hour average,

recorded by the tipping bucket method at a location ca. 2 km away from the field site.

2.2.3.5. Burrow Flushing Measurements

To investigate the flushing of burrows during tidal inundation, two chambers of the

same burrow were located by conductivity profiling. The conductivity sensor was

deployed in a chamber at approximately mid-depth of the burrow, and the data logger

connected. The logger was set up to record conductivity every two minutes by

                                                
2 See Appendix C on the use of the salinity unit ‘ppt‘.
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averaging 240 samples taken at 0.5 seconds intervals. A pipe, connected to a hand

pump, was inserted into a second chamber close to the bottom of the burrow, and the

burrow water completely removed by pumping. The salinity of the removed water was

determined with a commercial salinity sensor, and its density calculated using tables

in Weast & Lide (1993). A sugar solution with the same density as the burrow water -

but much lower conductivity - was prepared and poured into the burrow prior to tidal

inundation. The sugar solution has hydrodynamic properties identical to the burrow

water, but is marked by its low conductivity signature, and hence the replacement of

(low conductivity) burrow water with (high conductivity) surface water during tidal

inundation can be recorded. After preparation, the density of the sugar solution was

verified to be equal to the density of the burrow water by weight comparison of 20 l of

each solution. After recording the conductivity time series, the burrow water was

sampled at different depths by introducing a pipe into the shaft to the desired depth.

The conductivity of each sample was measured with a standard conductivity probe,

and the volume measured with a household bucket.

During the flushing measurements, the shaft through which the burrow water was

removed was plugged with a plastic rod to prevent interference with the hydrodynamic

properties of the burrow. Simultaneous to conductivity, the temperature of the soil at

the surface adjacent to the burrow was recorded every 0.5 hours with a standard

commercial temperature sensor. The water level was routinely measured close to the

field site by the Australian National Tidal Facility (see above). Experiments were

carried out in the dry season at the first, second and third spring high tide inundating

the forest, after prolonged periods of non-inundation. A total of four burrows were

investigated, of two of which polyester resin casts were taken after the flushing

experiments were completed (see section 2.3.2).
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2.3. Results

2.3.1. Burrow Openings on Forest Floor

Large numbers of Sesarma messa were observed foraging the forest floor for leaves

and other food at low tide. When disturbed, the crabs quickly disappeared in the

numerous burrow openings found on the forest floor.

Openings of different burrows did not show a drop in water level when water was

pumped from burrows, indicating that burrows are discrete structures. Separate

burrows did not appear to be interconnected. The number of openings per square

metre of forest floor along two parallel, creek-perpendicular, transects is shown in

Figure 2.6. On average, 18 ± 5 openings were found on 1 m2 of forest floor. A single

burrow had 10 ± 2 openings on average, and hence 1.8 ± 0.4 burrows were found

below each 1 m2 of forest floor.
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Figure 2.6: Number of burrow openings per square metre of forest floor
(light grey) and openings per burrow (dark grey) along two parallel
transects in Rhizophora forest.

Figure 2.7 shows a photograph of the forest floor, with a conductivity probe (P)

deployed in a burrow. Nine openings in this particular burrow were identified and

marked with orange bottle lids next to the openings. The openings were less than 6 cm

in diameter,  and layed within a rectangular surface area of  0.75 m x 0.85 m = 0.64 m2
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Figure 2.7: Forest floor with conductivity probe (P) deployed, showing
burrow openings. Openings of one particular burrow are marked with
orange bottle lids; other openings visible belong to neighbouring burrows.
The surface area associated with the burrow is indicated by the dashed
rectangle. As a scale, a pair of pliers (21 cm) is shown.

(upper estimate). One burrow in 0.64 m2 is equivalent to 1.6 burrows m-2, indicating

that the part of the forest floor shown in Figure 2.7 is representative of the forest floor

along the transects, within the error bounds of this survey.

Burrows were water-filled at all times. At spring tides, the water level in the burrow

openings did not fall significantly below the forest floor, whereas at neap tides, it

dropped up to 10 cm below the surface. This indicates that the soil had no highly

permeable layers through which water was lost in significant quantities due to seepage

into the soil. The burrow openings remained open at all times, unlike those of Uca,

which are known to be plugged at rising tide (e.g. De La Iglesia et al. 1994).
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2.3.2. Burrow Structure Derived from Resin Cast

Polyester resin casts of two burrows were taken in the root zone of two Rhizophora

trees, at a distance of approximately 1.5 m from the main tree trunk (the diameter of

the root zone around a tree is approximately 5 m in this forest). Figure 2.9 (pages 26

and 27) shows an excavated resin cast of one of these burrows, in which flushing

experiments were carried out prior to resin casting (see section 2.3.5). The mud served

as a perfect mould, and fine details of the burrow were preserved in the cast. The resin

filled this burrow almost completely, apart from two small chambers, which may have

been due to the trapping of residual burrow water and/or air in these chambers.

The resin cast shows that no tunnels led away from the burrow, indicating that

crustacean burrows in Rhizophora forests are discrete structures and are not

interconnected. The burrow consisted of a large number of tunnels and chambers,

ranging from about 4 cm to 12 cm in diameter. The distinction of tunnels and

chambers is subject to interpretation, however a chamber can be regarded as an

expanded part of a tunnel. Fifteen chambers with a diameter and length larger than

10 cm could be identified. Chambers were always connected to at least two tunnels;

no dead-end tunnels or chambers were present. The burrow extended to 120 cm below

the forest floor. It penetrated the soil as far as the mangrove roots to about mean sea

level. The width of the burrow ranged from 35 cm at 100 cm depth to a maximum of

60 cm at 60 cm depth.

Careful removal of the mud around the cast showed that dense root-mats, consisting

of roots ranging from a fraction of a millimetre to nearly 3 cm in diameter, extensively

penetrated the soil between the tunnels and chambers over the full depth range (Figure

2.9, page 25). During the excavation, it was observed that there was little variation in

root distribution in the root zone. Any two parts of the burrow were no more than

20 cm apart. In other words, the furthest distance of a root to any part of the burrow

was 10 cm. Around the outside parts of the burrow, the root zone extended radially no

further than 20 cm from the burrow.
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The total burrow volume estimated from the amount of resin required to completely

fill the burrow was 68 l, confirming results from pumping the burrow water prior to

taking the cast (see section 2.3.5). The deepest section of the burrow had 5 large

chambers and fewer tunnels, and therefore a higher volume, but similar surface area,

compared to the upper sections (Figure 2.8). The burrow volume can be calculated to

have been 9 % of the associated total soil volume (0.64 × 1.2 m3). The total burrow

surface area as determined by wrapping the excavated cast in aluminium foil was

3.80 m2. Compared to the forest floor area of 0.64 m2 covering the burrow (shown in

Figure 2.7, page 22), the total (diffusion effective) surface area was increased by a

factor of approximately 7, from 0.64 m2 to 4.44 m2 (3.80 m2 + 0.64 m2).
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Figure 2.8: Distribution of volume and surface area of the excavated
burrow with depth. Percentage values shown in the graph are in respect to
total burrow volume and surface area respectively.

During excavation of the cast, adjacent burrows were damaged. In those burrows,

Sesarma messa and Alpheus cf macklay were present in an abundance ratio of 10:1.

The largest animals were 5 cm and 8 cm in carapace length for S. messa and

A. cf macklay respectively. The observed approximate abundance ratio is consistent

with observations made by crustacean biologists in the same forest (M. Sheaves,

pers. comm.). As research on the infauna of mangrove forests progresses, such

estimates may have to be revised. Which of the two species constructs the burrow

remains unknown.
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A second burrow, of which a cast was taken, had 11 openings on a forest floor area of

0.8 m2, a volume of 69 l, a burrow surface area of 4.3 m2, and a total depth of 120 cm.

The structure of the burrow was very similar to the described burrow, with no tunnels

leading away from the cast, and similar diameter and spacing of burrow parts. The

cast broke into countless small pieces shortly after excavation, and therefore no

detailed information or photographs exist of this burrow.

Figure 2.9: Photographs of a resin cast of a crustacean burrow in
Rhizophora forest. This page: Close-up of burrow cast with roots (R)
embedded in the resin. Page 26: Total view of burrow cast. Shaft S was
artificially created to enable removal of burrow water. The conductivity
time series shown in Figure 2.12 (page 32) was recorded in chamber C.
The forest floor is marked with a dashed line. Page 27: The same cast seen
from a view 90° anticlockwise in respect to first view.
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Figure 2.9: (continued)
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Figure 2.9: (continued)
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2.3.3. Conductivity Profiles - The Electrical Structure of Burrows

Conductivity profiles recorded in random locations in the Rhizophora forest at Stuart

Creek in August 1998 and January 1999 are shown in Figure 2.10 (c, d, e and a, b, f

respectively). Profiles a to e were taken in close proximity to surface roots of a

Rhizophora tree. Profile f, showing no significant variations in conductivity down the

profile, was taken at a control site in a small clearing, where no roots (or burrow

openings) were visible at the surface.

Burrow chambers can be distinguished from the soil by the difference in apparent

ground conductivity in and around the burrow chambers, with local conductivity

maxima indicating the presence of burrows. Inferred burrow locations are denoted

with B in Figure 2.10. A conductivity reading lower than the surrounding soil may

have been caused by traversing through roots with a relatively large diameter (R in

Figure 2.10), which was generally also noted by increased physical resistance when

pushing the probe through roots. A much lower conductivity in roots is expected, due

to the relatively low salinity sap in the root.

Note that profiles b, c and d in Figure 2.10 were recorded with a lower spatial

resolution than profiles a, e and f (one reading every 5 cm and 2 cm respectively).

Whilst the spatial resolution of a profile has to be taken into consideration when

investigating the electrical structure (structure inferred from conductivity profiling) of

a burrow, generally similar considerations apply.

2.3.4. Conductivity Time Series 1 – Signatures of Diffusion, Rainfall and Tidal
Inundation

The probe was deployed in a burrow chamber with a vertical diameter of ca. 5 cm,

70 cm below the surface. A time series of burrow water conductivity, recorded over

15 days in this chamber in the late tropical dry season (Dec 1997) is shown in Figure

2.11. Two different logger settings were used. During the first 25.5 days, readings

were taken at 5 min intervals. Each time 100 readings with a sampling interval of 0.5 s

were averaged to obtain 1 data point  (i.e. one 50 s sample every 5 min).
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Figure 2.10: Conductivity profiles at six locations in Rhizophora forest at
Stuart Creek, with inferred root (R) and burrow (B) locations. Locations
denoted with a question mark are not clearly resolved.
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After  25.5 days, the  sampling  rate  was reduced to 1 every 10 min, and 250 readings

were averaged (i.e. one 125 s sample every 10 min). Therefore, the noise/signal ratio

during the second half of the deployment was reduced. However, this does not affect

the interpretation of the data. The mean temperature 20 cm below the surface was

25 °C throughout the deployment time, with a maximum variation of less than ± 2 °C

(day/night variation).

After pumping water out of the burrow and partially filling it with freshwater (up to a

depth of 70 cm) at 17.6 days, the conductivity read 46.4 mS cm-1 (Figure 2.11). With

no tidal influence (no inundation of the forest), from 17.6 to 21.2 days, the

conductivity rose monotonically up to 55.8 mS cm-1, presumably due to diffusion of

salt from the substrate into the burrow through the burrow walls (see section 2.4.3).

This high conductivity (representing high salt concentration) of the burrow water was

reached asymptotically, which may indicate that the burrow water and the pore water

in the surrounding soil were of similar salt concentration approximately from 20 days

to 21.2 days.

At 21.2 days, the conductivity dropped rapidly during a period of significant rainfall.

Rainwater displaced burrow water and flushed the burrow efficiently. At 22.7 days,

the conductivity reached a minimum. The temporarily high conductivity at 21.8 days

during the otherwise monotonic drop in conductivity cannot be authoritatively

explained. After 23.5 days the conductivity started to rise and reached 46.4 mS cm-1 at

27.3 days, presumably due to diffusion of salt through the burrow walls. At 27.3 days,

the approaching spring high tides reached over the banks of the creek as far as the

location of the openings of this burrow on the forest floor, and seawater from the

creek entered the burrow. This process was repeated at 29.4 and 30.5 days, until the

burrow water had the same conductivity as the surface water (indicated by constant

conductivity at the following over-bank tide event). At the time of the high tide on day

28 there was a significant freshwater influence, therefore the tidal signature in the

conductivity curve could not be resolved.
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Figure 2.11: Time series of conductivity of water in a burrow chamber in
70 cm depth in a Rhizophora forest (bottom), with rainfall data (centre)
and tidal water level (top). The forest floor at the site of the burrow layed
3.05 m above Australian Height Datum (AHD). A salt concentration axis
for a soil temperature of 25 °C has been added.
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2.3.5. Conductivity Time Series 2 - Burrow Flushing Experiments

Flushing experiments were carried out in four burrows, all of which exhibited a

similar flushing behaviour. The time series shown in Figure 2.12 was recorded in one

of these burrows, the openings of which are shown in Figure 2.7 (page 22), and of

which a resin cast was taken after the flushing experiments (see section 2.3.2). The

time series was recorded in a chamber with a height of 8 cm, at a depth of 50 cm. The

experiment was carried out at the first spring tide inundating the forest floor at the site

of the experiment, after approximately 10 days of no tidal inundation. Burrow water

removed prior to recording the time series was of salinity 35.2 ppt, at a temperature of

18.5 °C. The time series started just after the burrow was filled with the sugar solution

at 0 h, and covered 45 h, including two tidal inundations of the forest. Initially, a

conductivity of about 10 mS cm-1 was recorded.

Figure 2.12: Time series of conductivity of water in a burrow chamber at 50 cm depth
(centre), with soil temperature (bottom) and tidal water level (top). The forest floor at the
location of the burrow openings layed 3.07 m above Australian Height Datum (AHD).
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The higher conductivity level compared to freshwater is likely to have resulted from

mixing of the sugar solution with residual burrow water that had not been removed

prior to recording. In the first 4.6 h, the conductivity increased slowly, presumably due

to the diffusion of porewater of higher conductivity through the burrow walls (see

section 2.4.3). After 4.6 h, the water level rose above 3 m AHD (Australian Height

Datum) and the forest was inundated. The conductivity in the burrow increased

rapidly: 1 h and 5 min later, at 5.7 h, the conductivity was at 40 mS cm-1, four times

the conductivity recorded just before this flushing process. Displacement of low

conductivity water and active mixing were complete by 15.2 h, when the conductivity

stabilised at ca. 51.5 mS cm-1. From this time, the burrow water was in equilibrium

with the ambient porewater and did not fluctuate more than ± 0.4 mS cm-1. These

small fluctuations were likely due to variations in temperature (note the correlation of

temperature and conductivity after 15.2 h).

The true conductivity of burrow water sampled by deploying the screen of the

‘pumping’ pipe at depths of 30 cm, 60 cm, 90 cm and 120 cm and pumping water

from these depths, had an average conductivity of 54.4 ± 0.4 mS cm-1 (Table 2.1). The

burrow water showed no significant stratification in conductivity/salinity after the

tidal flushing. The small difference in true conductivity of 54.4 mS cm-1 and apparent

conductivity of 51.5 mS cm-1 after the flushing is possibly due to the probe having

been deployed in the vicinity of a burrow wall (grazing effect, see section 2.4.1). The

total volume of water removed from the burrow was 68 l, with water removed from

the deepest 30 cm of the burrow having had the highest volume compared to other

depth intervals (Table 2.1).
________________________________
 
Depth range Conductivity Volume

[mS cm-1] [l]
________________________________

  0 to 30 cm 54.2 15
30 to 60 cm 53.9 16.5
60 to 90 cm 54.5 12.5
90 to 120 cm 54.8 24
________________________________

Table 2.1: Conductivity and volume of burrow water removed after a
flushing experiment with depth.
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2.4. Discussion

2.4.1. Interpretation of the Electrical Structure of a Burrow

From depth profiles of conductivity, a number of structural features common in

burrows in Rhizophora forests at Stuart Creek can be inferred. Burrow chambers can

be distinguished from the soil by the difference in apparent ground conductivity in and

around the burrow chambers, with local conductivity maxima indicating the presence

of burrows. In order to determine parameters of chambers other than their position, for

example their physical extension, a more detailed understanding of the response of the

probe to physical changes in the soil, in particular at the burrow-soil interface, is

required. Here the interpretation of the electrical structure of burrows is discussed,

with special reference to the conductivity profile shown in Figure 2.10a (page 29), and

limitations of the method are outlined.

Response of the conductivity probe to physical changes at the burrow-soil interface

At an electrode spacing of 8 mm, the probe averages conductivity in a spherical

volume with a diameter of ca. 2.5 cm. Therefore, the electrodes ‘see’ a burrow before

they physically reach it when approaching a burrow wall. A gradual increase in

conductivity is recorded when pushing the probe into a burrow chamber, and

conversely, a gradual decrease in conductivity when pushing the probe out of the

chamber (Figure 2.13, see also Appendix A).

Figure 2.13: Two-dimensional schematics of the response of the conductivity
probe to a change of conductivity at the burrow-soil interface. The dashed circle
around the probe delineates the volume in which conductivity is averaged.
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Location of burrow chambers

The centre of a chamber along a profile is located at a local conductivity maximum

(Figure 2.13). The conductivity profile in Figure 2.10a (page 29) shows the presence

of chamber centres at 22 cm, 49 cm, 63 cm, 79 cm and 93 cm depth. In the 140 cm

deep profiles shown in Figure 2.10a-e, a minimum of three burrow chambers were

found, with the burrow chambers spaced irregularly along the vertical profile. In

profile f, where no trees were present close-by, no burrow chamber was detected,

indicating that burrows did not extend (laterally) far beyond the root zone of trees.

Generally, burrows extended up to 120 cm in depth (Figure 2.10b-e). In the survey

presented in Figure 2.10, a conductivity reading was considered to represent a

chamber, if the (maximum) conductivity was obviously higher than the ambient

conductivity. Several minor peaks in conductivity may represent close vicinity to a

burrow without actual penetration of the burrow wall (see  ‘grazing effect’ below), or

alternatively fluctuation of soil conductivity. In Figure 2.10, such minor peaks are

denoted with a question mark.

Diameter of burrow chambers

Taking into account the gradual increase in conductivity when pushing the probe into

a burrow chamber, and the gradual decrease in conductivity when pushing the probe

out of the chamber, the apparent electrical diameter of a chamber is larger than the

true diameter, by half the diameter of the averaging sphere on either side (Figure

2.13). For chambers with a vertical diameter larger than the diameter of the averaging

sphere, the true diameter of the chamber along the profile can therefore be determined

by subtracting the diameter of the averaging sphere of 2.5 cm from the apparent

diameter. For example, in the profile shown in Figure 2.10a, the apparent (vertical)

diameter of the burrow chamber at 22 cm chamber centre depth was approximately

10 cm, extending from ca 17 to 27 cm. Hence the burrow part had a true diameter of

approximately 7.5 cm at this position. Generally, apparent vertical diameters of

burrow chambers in the profiles shown in Figure 2.10 ranged from approximately

10 to 20 cm, corresponding to true vertical diameters of 7.5 to 17.5 cm.

Unless numerous parallel profiles are taken, information can only be gained on the

vertical structure of a burrow, but not on the horizontal structure. This has important
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implications for the interpretation of a vertical profile for two reasons, (a) the shape of

the cross-section of chambers cannot be inferred from vertical profiles alone; (b) the

horizontal position of the probe with respect to the chamber centre is not known,

resulting from what is here termed ‘grazing effect’ (see case B in Figure 2.14).

Figure 2.14: Examples of grazing effect in vertical profiling of apparent
conductivity. Profiles A and B show a different electrical diameter of the
burrow and different burrow water conductivity compared to profiles A’
and B’ respectively. The dashed circle around the probe delineates the
volume in which conductivity is averaged.

This effect presents a significant limitation for the determination of the true diameter

of a burrow from its electrical diameter. Consider profiles B and B’ in Figure 2.14.

The electrical diameter measured in profile B’ is smaller when compared to B because

(i) the burrow at B’ is physically smaller in true vertical diameter and (ii) part of the

averaging sphere is located in soil due to the closer vicinity of the wall. If the probe

intercepts a burrow in an angle or in a bend, the apparent diameter is larger than the

true diameter (compare profiles A’ and A in Figure 2.14). Nevertheless, the true

vertical diameter derived from conductivity profiling provides a good indication of the

size and distribution of chambers in the soil.

Distance between burrows

In the profiles shown in Figure 2.10, the electrical vertical spacing between burrow

chambers ranged from approximately 10 to 35 cm, which corresponds to

12.5 and 37.5 cm respectively in true vertical spacing, when applying similar

considerations as for burrow diameter. In the case of burrow spacing, the diameter of

the averaging sphere has to be added. At a true maximum spacing between burrow

chambers of ca. 40 cm, the true maximum vertical distance Rmax from a burrow part to

any soil parcel located on a profile was approximately 20 cm (Figure 2.15).
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Figure 2.15: Two-dimensional schematics of the vertical spacing of
burrow chambers, showing the maximum distance Rmax of a soil parcel to
a burrow. The dashed line delineates the apparent vertical extension of the
burrow chambers.

Conductivity of burrow water

Similar considerations on the grazing effect have to be applied to the interpretation of

the absolute conductivity reading of burrow water measured in a conductivity profile.

The measured conductivity equals the true conductivity only if the probe is located in

a chamber in such a way, that the measuring sphere with diameter of 2.5 cm is

completely filled with burrow water (e.g. profile B in Figure 2.14).

In the profile shown in Figure 2.10a, the chambers at 22 cm and 93 cm depth showed

a considerably higher conductivity compared to the chambers at 49 cm, 63 cm and

79 cm depth. There are two possible interpretations (which are not mutually

exclusive). (1) The apparent conductivity in the chambers at 22 cm and 93 cm depth

was higher, because the true conductivity of the burrow water in this part of the

burrow was higher. (2) If the probe entered a burrow in a manner such that it grazed

along the side of a burrow wall rather than going through the very centre of a burrow,

the recorded conductivity would have been affected by the presence of the nearby

burrow wall. Thus lower conductivity readings in burrows at 49 cm, 63 cm and 79 cm

depth may have simply reflected the close proximity of the probe to the burrow walls

(e.g. case B’ in Figure 2.14).

Other aspects

A conductivity reading lower than the conductivity of the surrounding soil, e.g. at

43 cm, 52 cm and 68 cm of depth in Figure 2.10a, may have been caused by traversing
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through roots (denoted with R in Figure 2.10). Where low conductivity occurs directly

above a chamber filled with water (e.g. at 43 cm depth in Figure 2.10a), the low

conductivity reading may also have been caused by the top part of the chamber being

filled with air.

Although detailed investigations of changes in burrow structure with time (for

example due to burrowing activity by the inhabitants) have not been made, the data

presented in Figure 2.10 shows that the general structure of burrows was similar in

August and January (c, d, e and a, b respectively), suggesting that the structure of

burrows may not be different seasonally.

2.4.2. Burrow Morphology Derived from Conductivity Profiling and Resin
Casting

Burrow morphology from conductivity profiling

From profiles of apparent ground conductivity, some important features of the

(vertical) burrow structure can be inferred. From their electrical structure, the

investigated burrows in Rhizophora forest appear to be a complex system of

chambers, with an overall depth of 1.2 m. On average, a minimum of three burrow

parts are found along a vertical profile of a burrow. Burrow chambers are up to ca.

18 cm in vertical diameter, and are spaced less than 40 cm apart. Laterally, burrows

appear not to extend far beyond the root zone.

Burrow morphology from resin casting

Resin casting showed that crustacean burrows in Rhizophora forests are complex and

discrete structures, which are located close to the root zone of trees. The burrows are

close to each other, but not interconnected. The true burrow diameter in three

dimensions ranges from 4 to 12 cm, with numerous chambers being of a length greater

than 10 cm (in vertical and/or horizontal direction). The total burrow volume of

approximately 70 l is substantially larger than previously found in Sesarma or other

crustacean burrows in the marine environment, the volume of most of which is in the

order of millilitres (e.g. Katz 1980, Malan et al. 1988, Astall et al. 1997). The total

diffusion-effective surface area is increased approximately a sevenfold by the presence
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of burrows compared to the forest floor area, again a large factor, when compared to

previous findings e.g. in Uca burrows, due to the presence of which the total surface

area was found to be increased by only 59% (Katz 1980).

Comparison of traditional and new methods

By employing the traditional method of resin casting, detailed investigations of the

structure of a burrow can be carried out (e.g. Atkinson & Chapman 1984). However,

the excavation of burrow casts is extremely time and labour intensive. Furthermore,

this method results in the destruction of the burrows, and inflicts significant damage to

the root zone of the associated mangrove tree. Therefore, it is impractical to carry out

large-scale systematic surveys of the structure of burrows in an entire forest by this

method, in particular where burrows have large volumes.

The vertical sub-surface structure of crustacean burrows in Rhizophora forests derived

from profiles of apparent ground conductivity is consistent with the burrow structure

derived from resin casting. Numerous important morphological features can be

investigated by this non-destructive method, including the total depth of a burrow, and

approximate (vertical) diameter, spacing and distribution of burrow chambers can be

determined. Indirectly, the burrow volume can be measured using ground conductivity

profiling, by identifying the deepest chamber of a burrow and pumping water from the

burrow. Most importantly, the method allows for a rapid assessment of the sub-surface

structure of burrows on a forest scale to be made. However, unless a large number of

profiles are taken, only limited conclusions can be drawn on the three-dimensional

structure of single burrows. Additional features that cannot be investigated by

conductivity profiling include the proximity of burrow chambers and tunnels to roots

in horizontal direction, and the effective diffusion surface area.

The ability to locate burrow chambers in situ is in itself an important achievement.

Once a burrow chamber is located, monitoring equipment can be inserted, and time

series of conductivity and/or other physical parameters recorded. Physical processes in

the sub-surface like the transport of salt from the soil to the burrow can not be readily

investigated in detail by traditional methods of collecting water samples (usually only

from top parts of a burrow) and determining conductivity (or salinity) in the
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laboratory. Investigations on the removal of salt from the root zone using conductivity

time series are the subject of the remaining sections of the discussion.

In summary, in aqueous environments, where the conductivity of burrow water is

different to soil conductivity, profiling of apparent ground conductivity together with

simple visual observations provides a rapid, non-destructive method for investigations

of burrow morphology as an alternative to resin casting. It is particularly useful for

investigations of large burrows such as the ones found in Rhizophora forests, where

excavation of burrow casts is an extremely time and labour intensive task. The

development of the conductivity probe provides a significant advancement in studies

of sub-surface processes in mangrove forests. It allows investigations (a) to detect

burrows below the forest floor in a non-destructive manner, and to rapidly determine

some characteristics of the burrow structure, and (b) to monitor burrow water

conductivity in situ with high resolution in time, providing a detailed insight into

physical processes in the burrow previously not achievable.

2.4.3. Diffusion of Salt from the Soil into a Burrow

In the time series shown in Figure 2.11 (page 31), a gentle, monotonic increase in

conductivity of burrow water occurred from day 17 to day 21 and from day 23 to day

27. A priori it is not clear if this increase in conductivity was due to diffusion of salt

through the burrow walls, or due to advection of saline water through cracks in the

soil or along large roots. Here it is shown why diffusion is likely to have been the

dominant process controlling the conductivity increase.

The monotonic rise in conductivity allows an estimation to be made of a diffusion

coefficient K for the diffusion of salt through the burrow walls. The salt flux J(r) in

radial direction r through a burrow wall is given by

r
CKrJ

∆
∆=)(     Equation 2.1
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where ∆C is the difference in salt concentration between the soil porewater and the

burrow water, and ∆r is the characteristic (radial) scale length over which the

concentration gradient ∆C exists and thus diffusion occurs (Figure 2.16).

Figure 2.16: Flux J(r) of high salinity water from the soil into the burrow,
with Cw = salt concentration in the burrow water, Cs = salt concentration
in the soil (Cs > Cw), R = radius of the burrow and ∆r = length scale of
significant concentration gradients for diffusive processes.

By applying conservation of mass (of salt), the time rate of change of the salt

concentration ∆Cw of water in a segment of the burrow with a volume V, equals the

flux J of salt through the burrow wall with a surface area A, and is therefore given by

the relation

r
CAK

t
CV w

∆
∆=

∆
∆ Equation 2.2

Hence K is

1−








∆
∆

∆
∆

=
r
C

t
C

A
VK w Equation 2.3

The chamber in which the time series was recorded had a diameter of ca. 5 cm. i.e. a

radius R of 2.5 cm. Assuming a cylindrical structure, the V/A (πR2/2πR) ratio was

R/2 = 1.25 cm.
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The rate of change of salt concentration in the burrow ∆Cw/∆t can be determined from

the rise in concentration from 23.5 days to 27.3 days (Figure 2.11). During this time ∆t

of 3.8 days, the conductivity changed from 35.1 mS cm-1 to 46.6 mS cm-1, which for a

temperature of 25 °C corresponds to a change in salt concentration of 8.7 g l-1, from

24.3 g l-1 to 33 g l-1 (Weast & Lide 1993). Thus ∆Cw/∆t can be estimated to have been

2.3 g l-1 day-1.

Figure 2.17: Close-up of the time series shown in Figure 2.11, showing
the increase in burrow water salt concentration ∆Cw during the period ∆t,
with the change in soil porewater concentration ∆Cw and the difference in
salt concentration between the soil porewater and the burrow water ∆C.

Estimating ∆r, the length scale, over which a significant salt concentration gradient

∆C existed, is more difficult. Again, by conserving mass, the change in porewater salt

concentration in the soil around the burrow ∆Cs is related to the change in burrow

water salt concentration by the relation

)( 222 RrCRC sw −∆∆=∆ ππ     Equation 2.4

(see Figure 2.16). Note that the concentration gradient ∆C/∆r across the burrow wall

equals the concentration gradient within the soil around the burrow, assuming

constant (with distance) salt concentration in the burrow and continuity at the burrow

wall.
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At 21 days, the salt concentration in the burrow water asymptotically approached a

maximum of about 40 g l-1 (Figure 2.11). This maximum is likely to have been

reached when the burrow water was in diffusive equilibrium with the porewater in the

soil, i.e. when soil porewater and burrow water were of similar salt concentration.

Assuming there was little infiltration of soil porewater by rainwater (due to the very

low permeability), it can be inferred that the soil porewater conductivity Cs was

40 g l-1 at the onset of the diffusion process at 23.5 days. A similar maximum of

33 g l-1 was asymptotically reached at 27 days. Thus Cs varied from 40 g l-1 at 23 days

to not less than 33 g l-1 at 27 days, hence ∆Cs  = 7 g l-1. With ∆Cw  = 8.7 g l-1

determined previously, r∆  can be estimated from Equation 2.4 to be 3.7 cm.

Similar considerations apply for the difference in salt concentration between the soil

porewater and the burrow water ∆C at 23.5 days (Figure 2.17). With Cs = 40 g l-1 and

CW = 24.3 g l-1 at 23.5 days, ∆C = Cs – CW, equals 15.7 g l-1.

Using equation 2.3, the diffusion coefficient K can thus be calculated to have been

K = 6.7 × 10-5 m2 day-1. Equation 2.5

This estimate compares favourably with the diffusion coefficient for salt diffusion

within mangrove soil of 0.8 × 10-9 m2 s-1  = 6.9 × 10-5 m2 day-1 determined by

Passioura et al. (1992) and by Hollins et al. (2000), who determine a K of

4.6 × 10-5 m2 day-1. It can thus be concluded, that the gentle rise in salt concentration

from day 23.5 to 27.3 days is consistent with the diffusion process of salt from the soil

into a cylindrical burrow. If advective processes were to occur, the diffusion

coefficient K estimated here would be expected to be of a different magnitude than

previously determined values for K.
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2.4.4. Passive Irrigation of Burrows

Passive irrigation by rainwater infiltration

In the late tropical dry season, freshwater entered a burrow during a rainfall event,

resulting in a significant salt concentration gradient from burrow to soil (Figure 2.11

and Figure 2.17). The significant drop in conductivity of the soil Cs from 40 g l-1 to

33 g l-1 after the rainfall events indicates that the removal of salt from the soil was

efficient during this time of the year, due to freshwater infiltration of the burrows.

Therefore, this process may be sufficient to remove excess salt from the root zone in

the tropical wet season, provided that frequent freshwater input into the forest occurs.

Following freshwater input from rain, spring high tides inundated the forest in the

second half of the time series shown in Figure 2.11. Tidal surface water entered the

burrow rapidly during each inundation, with the exception of the high tide on day 28.

The flushing signature was masked by further rainfall, which may have caused the

burrow water conductivity to drop after the tidal flushing was completed, possibly

having masked the tidal inundation on day 28 completely. The inundating water was

of relatively high salinity, and therefore the flushing is unlikely to have contributed to

the removal of salt from the soil during this time. It should be noted that the presented

time series was recorded in the late dry season, at a time when freshwater input into

the forest occurred locally, and surface water, inundating the forest, was of full

seawater salinity. In the wet season proper, the inundating water is reduced in salinity,

and flushing with this water may further contribute to removal of salt from the sub-

surface. Note that density effects may have to be taken into account in this case (see

below).

During most of the tropical dry season, when there is little or no freshwater input to

the forest, overall levels of salt concentration are generally higher than in the wet

season. This is one of the reasons why the dry season is commonly regarded as the

ecologically more stressful time for trees with respect to their salt balance (e.g. Clough

1992). During this time, salt concentration gradients from burrow to soil are likely to

be smaller than when freshwater is present. In the dry season, the absolute amount of

excess salt removed from the root zone by diffusion into a burrow in a given period of
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time is likely to be smaller compared to the wet season. Under such conditions, the

tidal flushing of the burrow provides an efficient pathway of exchanging burrow water

with surface water (Figure 2.12, page 32), and thus removes salt diffused into the

burrow from the sub-surface.

Passive irrigation by tidal flushing

A low conductivity sugar solution is rapidly replaced with high conductivity surface

water during tidal inundation (Figure 2.12). This distinct, sharp increase in

conductivity compared to the shallow slope caused by diffusion processes indicates a

short, efficient exchange process. If only a portion of the burrow had been flushed at

the first tidal inundation, then a further increase in conductivity, either in the form of a

‘step’ at the following tidal inundation, or from diffusion, would be expected.

However, the conductivity level in the burrow remained unchanged after the first tidal

inundation, with no further increase at the subsequent tidal inundation after 29 h. Thus

it can be concluded that the complete burrow water had been exchanged at a single

tidal inundation. The total burrow volume of 68 l was exchanged within

approximately three hours, at an average rate of 22.5 l h-1. Most of the flushing

occurred within the first hour: the rapid increase from ca. 13 mS cm-1 to 40 mS cm-1

(0% to ca. 80% tidal water in the burrow), occurred at a rate of 50 l h-1.

The burrow water removed after tidal flushing was of equal salinity at all depths,

providing an additional indication that the low conductivity/salinity sugar solution,

even in the deepest parts of the burrow, had been completely flushed. Considering that

in this burrow, chambers were always connected to at least two tunnels (section 2.3.2),

the ‘design’ of the burrow appears to be well suited to efficient flushing, with no dead-

end tunnels or chambers being present where burrow water could be trapped (as

opposed to Y- or L- shaped Uca burrows).

Active versus passive irrigation

Alpheid species are known to actively pump water through their burrows. Gust &

Harrison (1981) have measured the mean pump rate of Alpheus mackayi to be

0.35 l h-1, a factor of ca. 65 less than the ‘passive pump rate’ of 22 l h-1 measured in

this work. In other words, 65 Alpheids would have to pump in phase to achieve a
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similar flushing rate. Active irrigation of the burrow due to biological pumping by

Alpheids present is thus unlikely to have a considerable effect on the irrigation of a

burrow of such a large volume, although it might contribute to the noise in the

conductivity signal in Figure 2.12. From geometric considerations, it appears that a

burrow volume of 68 l is too large to be exchanged by active pumping within a few

hours, even by a large number of animals. Sesarma spp. are not known to actively

irrigate burrows.

Export of tidally flushed burrow water from the forest

The excavated burrow had a volume of 68 l, which is equivalent to approximately

0.1 m of water overlying the surface area of 0.64 m2 of forest floor occupied by the

burrow (Figure 2.7). The maximum tidal range in the region is 4 m, i.e. 1 m above the

forest floor. At a maximum water depth of 1 m in the forest, the burrow water volume

thus equals a minimum of approximately 10% of the volume of overlying tidal water,

assuming a uniform density of burrows in the forest. At the time of recording the

conductivity time series however, the maximum water level in the forest was only

0.25 m (Figure 2.12). The burrow water thus had a total volume of approximately

40% of the volume of tidal water inundating the forest during this tidal inundation.

Some unpublished data exists that can be used to verify the efficient exchange of tidal

water with burrow water. In 1994, researchers from the Commonwealth Scientific and

Industrial Research Organisation (CSIRO) and the Australian Institute of Marine

Science (AIMS) investigated the export of Radium nuclides during ebbing tide from

Coral Creek on Hinchinbrook Island (100 km N of Townsville), which drains

extensive Rhizophora forests. Following the results of the work presented in this

thesis, the radionuclide data was revisited to estimate the flux of tidal water through

burrows. Radium nuclide activity is enhanced in water that is in contact with soil, i.e.

groundwater. It is therefore regarded as a sensitive tracer of groundwater fluxes (e.g.

Bollinger & Moore 1984). From an oceanographic perspective, water in crustacean

burrows is groundwater (as opposed to surface water, which has very low Radium

activity). In Coral Creek, the export of Radium from the inundated forest was

determined by measuring the inventory of Radium at the mouth of the creek during

ebbing tide, and subtracting the ‘background’ sea water activity measured during
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flooding tide. From a hydrodynamic model of Coral Creek (Wolanski et al. 1980), the

water flow through a cross section of the creek at any given stage of the tide was

calculated, and the tidal water level was related to inundated forest floor area. From

this data, a total export of burrow water per unit area of forest floor of 90 to 135 l m-2

was determined.

From the data presented in this thesis, the amount of burrow water exchanged per unit

area of forest floor during tidal inundation can be calculated to range from

100 to 150 l m-2, at an average burrow density of 1.8 ± 0.4 burrows per m2 forest floor

and at an assumed average burrow volume of ca. 70 l. Considering the fundamentally

different methods used to derive the volume of exchanged water, the results compare

very well with each other, providing an indication that the method utilised in this

thesis adequately quantifies the tidal irrigation of crustacean burrows.

2.4.5. Effect of Functional Burrow Morphology on Rhizophora Trees

In the impermeable mangrove substrate, salt excluded at mangrove roots can reach

concentrations that may cause significant physiological problems for the trees, if the

salt is not removed from the root zone. In section 2.4.3, removal of excess salt from

the root zone has been shown to occur by diffusion of salt into a burrow. The tidal

irrigation of a burrow subsequently exchanges burrow water with surface water,

removing salt from the sub-surface (section 2.4.4).

The maximum distance from a root to a burrow part is 20 cm around the burrow, and

10 cm ‘within’ the burrow, though roots are often located over a metre below the

forest surface (section 2.3.2). Thus, for most of the roots below a few tens of

centimetres from the surface, diffusion of salt to a burrow will occur at a faster rate

than diffusion to the surface. In other words, diffusion distances are greatly reduced by

the presence of burrows. In addition, the diffusion effective surface area is increased a

factor of approximately 7 compared to the forest floor area.
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Figure 2.18: Draft of a cross-section of the root zone in cylindrical
coordinates with a burrow wall at r = R and uniformly distributed roots
from r = R to r = Rmax (other parameters are described in the text). The salt
concentration C(r) increases in a parabolic manner with increasing
distance from the burrow.

To illustrate the effect of burrows on the salt concentration within the root zone, the

maximum salt concentration Cmax in the root zone, occurring at its edge, is estimated,

using a simple diffusion model similar to the expression used to estimate the diffusion

coefficient k in section 2.4.3.  Consider a root zone surrounding a burrow as shown in

Figure 2.18. Rmax is the maximum distance of the roots from the burrow. Salt

accumulates in the volume (Rmax-r) rdθ dz (shaded dark gray in Figure 2.18) at a rate S

due to the exclusion of salt at the roots. Assuming a salt concentration gradient exists

only in the r-direction, then in a steady state a flux of salt J(r) in r-direction balances

the accumulation, i.e.

-J(x) rdθ dz = S(Rmax-r) rdθ  dz Equation 2.6

With Fick’s law of diffusion

dr
dCkrJ −=)( Equation 2.7

the concentration gradient dC/dr equals
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)( max rR
k
S

dr
dC −= . Equation 2.8

Integrating equation 2.8 yields

bCrR
k
Sr

k
SrC ++−= max

2

2
)( Equation 2.9

for  R < r < Rmax, where Cb is the burrow water salt concentration.

The maximum salt concentration Cmax in the root zone therefore occurs at the furthest

extension of the root zone from the burrow Rmax, i.e.

bCR
k

SRrCC +=== 2
maxmaxmax 2

)( Equation 2.10

Assuming spatially homogenous salt production in the root zone, the accumulation

rate of salt S can be estimated from values of transpiration in a mangrove forest.

Assuming the average salt concentration is 35 g l-1 (ca. 3.5% of the mass of sea

water), then the accumulation of salt in the root zone, in a volume with a surface area

of 1 m2 and a depth equalling the total depth of the root zone zmax = 1.2 m, equals

3.5% of the water lost due to transpiration in 1 m2 of surface area. If 4 mm of water

are lost per m2 surface area per day on average (Wolanski & Gardiner 1981,

Passioura et al. 1992, Ridd, unpublished data), then S is 0.12 kg m-3 day-1 (note: this is

a conservative estimate. The evaporative demand of Rhizophora has been estimated to

be up to 7 mm m-2 day-1 e.g. by Passioura et al. 1992).

The diffusion coefficient k was determined at k = 6.7 × 10-5 m2 day-1 in section 2.4.3;

the furthest distance of the root zone from a burrow was determined to be 20 cm

(section 2.3.2). The salt concentration of burrow water Cb is approximately that of sea

water inundating the forest floor, i.e. 35 g l-1, considering the flushing of the burrow

with surface water (section 2.4.4).
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From these estimations, the maximum salt concentration Cmax within the root zone can

be calculated from equation 2.10 to be 44 g l-1, if Rmax = 10 cm is assumed. For

Rmax = 20 cm, Cmax is 70 g l-1. If the root zone were to be located further away from a

burrow than 20 cm, the salt accumulation could cause the salt concentration in the root

zone to rise above 70 g l-1. Rhizophora is known to survive in soils with 65 g l-1 of salt

concentration (Clough 1992), although it is not known if the author refers to an

average, or a maximum salt concentration in the root zone (most likely not

distinguished due to measuring difficulties). In any case, 70 g l-1 is a salt concentration

known to present a significant environmental stress for the trees (Clough 1992).

It is apparent from the above calculation that the chamber separation and location

within the root system is well suited to prevent excessive salt build-up around the

mangrove roots. Owing to the presence of burrows, Rhizophora roots are able to

penetrate deep into the soil, because accumulated salt can diffuse to a close burrow

rather than to the surface located further away.

It is noteworthy that in contrast to the soil around Rhizophora, very few animal

burrows can be found in the soil around shallow rooted Avicennia marina trees. Apart

from some deeper anchor roots, the roots of Avicennia marina do not extend below

20 cm of the forest floor. Similar to the estimations made above, it can be shown that

this distance is small enough in order to remove salt from the roots by diffusion to the

free surface on the forest floor, even without burrows being present.

2.4.6. Limitations of the Presented Study and Scope for Future Work

Conductivity profiling

Limitations of the method with respect to restrictions in investigations of the vertical

structure have been outlined above. Future applications of the conductivity method

developed in this work include locating other burrow systems in the marine or non-

marine environment, e.g. burrows in other mangrove forests. An interesting

application would be to determine the efficiency of burrow plugging by Uca spp.

during tidal inundation. The conductivity profiling method is also applicable in

environments where burrows are filled with air, provided the soil moisture content is
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sufficiently high to provide a conductivity contrast to air. For example, the structure of

platypus burrows in creek banks (filled partly with water and partly with air) could be

investigated with this method.

Burrowing activity by the burrow inhabitants per se was not investigated in this work.

Repetition of conductivity profiles in regular time intervals could reveal information

on the spatial development of burrows, and at which rate burrows expand or contract.

In areas where Rhizophora colonises new areas, the onset of burrowing activity could

be investigated, and the time required to build a new burrow determined.

In this work, it was found that the presence of infaunal crustaceans (and their burrows)

contributes to favourable conditions of growth for the mangrove tree. On the other

hand, the tree provides a food source for the crustaceans. Tree and crustaceans

therefore appear to live in a symbiotic relationship. However, the ‘chicken and egg’

question remains to be answered: what was there first, the crustaceans and their

burrow or the tree? Investigating the changes of the burrow structure with time by

regular conductivity profiling, and expanding the conductivity surveys to newly

colonised areas could contribute to answer this question.

Flushing experiments

The flushing experiments were carried out at the first tidal inundation at spring tide

after three weeks of no inundation of the forest floor. At this time the accumulation of

salt in the burrow due to diffusion from the soil is likely to be greatest (in terms of

absolute concentrations). However, the complete flushing of the sugar solution

indicates that salt potentially accumulated in the burrow above the level of ‘ambient’

tidal water was efficiently removed by tidal irrigation.

Even though the experiments were carried out in a time that is arguably the most

stressful time for the tree, the results derived from this data may not be universally

applicable to other conditions. A number of factors determine the efficiency of

flushing, namely the pressure gradient above burrow openings due to the slope of the

surface water, the burrow structure (volume, number of openings etc.) and differences

in salt concentration of burrow water, soil porewater and tidal (surface) water. The
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data presented here integrates all these effects at the time of the experiments. Here the

three factors are briefly discussed with respect to limitations of the derived

conclusions:

a) Pressure gradient above openings. The water slope can be assumed not to vary

where water levels do not change significantly. In the forest, where the experiments

were carried out, only approximately the ten highest tides per month inundated the

forest floor. The experiments were carried out at a height of water over the forest

floor of 0.25m, in a forest that is inundated approximately 5 times in 15 days

(Figure 2.11, page 31). Other Rhizophora forests are inundated much more

frequently, and the water slope may be different, in particular at different heights of

inundation. Generally, the more frequently a forest is inundated, the more efficient

the removal of salt would be expected to be.

Wave-driven irrigation has been shown to occur in some animal burrows in other

environments (Webster 1992). Mangroves however are known to be efficient wave

‘breakers’ and wave motion is commonly negligible in mangrove forests a few

metres from the seaward edge of the forest (Mazda et al. 1997).

b) Burrow structure. In addition to the work presented here, the burrow structure was

investigated in a number of other Rhizophora forest locations in the region using

conductivity profiling, and found to be similar to the structure described in this

thesis. However, burrows on the landward edge of the Rhizophora forest and in

adjacent Ceriops forest were found to be not as deep. Therefore, a smaller total

volume would be expected to be exchanged at less frequent tidal inundation (higher

position along the intertidal gradient), which could adversely affect the removal of

salt around the roots. This may be an explanation for the stunting of trees on the

landward edge of the forest. Further investigations are required to support this

explanation.

c) Density effects. Due to the accumulation of salt in the burrows, the density of

burrow water can potentially increase above values that can be flushed at a given

height of tidal inundation. This potential effect was considered by carrying out the
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flushing experiments at the first few tidal inundations of the forest after prolonged

periods of non-inundation. However, density effects may prevent burrows from

being flushed after prolonged periods of dry weather or no inundation.

The rate of accumulation of salt in the soil and the burrow is likely to change with

season (see beginning of this section). It is very likely that the evaporative demand

of water by the trees depends on the salinity of the soil. At higher soil (and burrow)

water concentrations, less water may be taken up by the tree to reduce a further

increase in salt concentration around the roots. Under such conditions, the increase

in soil water salt concentration and density may not significantly affect the flushing

at a given water slope. The salt concentration of the tidal water inundating the

forest may at certain times rise above normal sea water concentration (see inverse

estuaries in chapter 3), which could balance a potential increase of the burrow

water salt concentration with respect to tidal flushing at a given tidal water density.

To investigate the effects of passive irrigation of burrows on salt exchange on larger

time scales than tidal cycles, further studies will have to take density effects and

variations in burrow morphology and water slope into account.

Effect of passive irrigation on nutrient and oxygen fluxes across the sediment water

interface

Last but not least, burrow flushing is likely to not only affect the removal of salt from

the root zone, but also the flux of nutrients and oxygen within the substrate. The

flushing is likely to contribute to the oxygenation of the sub-surface in mangrove

forests. Large amounts of nutrients and organic matter are known to be exported from

mangroves into the near-shore zone (e.g. Robertson & Blaber 1992), and the irrigation

of burrows may contribute significantly to this outwelling. Periodic measurements of

nutrient concentrations in and fluxes to/from burrows could be compared to studies of

export of nutrients from mangrove forests (e.g. Alongi et al. 1992), and linkages

between small-scale processes in the sub-surface and larger scale estuarine and coastal

processes could be investigated.
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2.5. Conclusions

The passive irrigation and functional morphology of crustacean burrows in

Rhizophora forests inhabited by Sesarma messa and Alpheus cf macklay was

examined. The investigations were carried out by conductivity profiling and recording

conductivity time series, methods newly developed in this thesis, in combination with

the traditional method of resin casting. The main findings new to science and

conclusions are:

• A new technique, based on the measurement of the apparent ground conductivity

was developed in this work. It provides a rapid, non-destructive method to

investigate burrow irrigation and morphology of animal burrows in aqueous

environments. Burrows can be located conveniently in the field by vertical

conductivity profiling, and temporal variations in burrow water conductivity can

be monitored by installing a sensor in a burrow chamber and recording time series

of conductivity.

• The ability to remotely locate a burrow and to infer some of its structural aspects

without destroying a burrow is a significant improvement in the study of burrows.

Previously, location, shape and volume of burrows were determined almost

exclusively by excavation, and therefore resulted in their destruction. In addition,

high-resolution time series of burrow water conductivity recorded in situ provide a

detailed insight into physical processes in the burrow, which can not readily be

gained by the traditional method of collecting water samples and determining

conductivity (or salinity) in the laboratory.

• Combining traditional and new techniques, crustacean burrows in Rhizophora

forests were found to be discrete structures with an average of 10 openings each, a

total depth of approximately 1.2 m and a total volume of approximately 70 litres

each. The diffusion-effective surface area increased a factor of seven compared to

the forest floor area.
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• Salt excluded during water intake at the roots of a Rhizophora tree diffuses from

the soil into a burrow with a diffusion coefficient of 6.7 × 10-5 m2 day-1.

• In the tropical wet season, rainwater infiltration into burrows provides a pathway

for salt to be removed from the sub-surface. During the dry season, passive

irrigation due to tidal flushing of burrows is an efficient mechanism to periodically

exchange burrow water with surface water: a burrow was completely flushed

within slightly more than one hour of tidal inundation of the forest floor.

• During one tidal cycle, 10 to 40% of the incoming surface water is estimated to

circulate through crustacean burrows in the forest substrate.

• Two aspects of the morphology of the crustacean burrows assist in the removal of

salt accumulated at mangrove roots. Firstly, because burrow chambers penetrating

the root zone of the trees are spaced less than 20 cm apart, the diffusion distance

from the roots to burrows is short enough to prevent salt concentrations becoming

excessive at roots furthest from the burrows. Secondly, by having multiple

openings, the burrows are passively flushed and thus any salt diffusing into the

burrow is rapidly removed.

In conclusion, crustacean burrows in Rhizophora forests provide an efficient pathway

for the removal of excess salt excluded at the roots of trees, and therefore contribute

significantly to favourable conditions for growth of the trees.
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3 – Trapping of Mangrove Propagules due to
Density-driven Secondary Circulation in
Tropical Estuaries

3.1. Introduction

3.1.1. Mangrove Propagule Dispersal

It is widely recognised that the dispersal mechanism of a plant has a large effect on its

distribution on worldwide, regional and local scales (e.g. Ridley 1930, van der Pijl

1969, Underwood & Fairweather 1989). In mangroves, the spatial distribution of

species is commonly attributed to a range of geomorphologic, climatic and physico-

chemical factors (e.g. Smith III & Duke 1987), and dispersal is often regarded as

having little influence, in particular on inter-estuary (regional) and intra-estuary

(local) scale (e.g. Saenger 1982).

The ability of mangrove propagules (fruits, seeds and seedlings) to float, together

with the vivipary of some species is regarded as the dominant mechanism controlling

the dispersal of mangroves (e.g. Chapman 1976, Saenger 1982, Murray 1986). The

propagules of most mangrove species are buoyant, which is regarded as an ecological

response to life in the tidal environment (Chapman 1976, Tomlinson 1986). Some

mangroves, e.g. Rhizophora spp. and Bruguiera spp. are viviparous, producing living

seedlings while still attached to the parent tree, a development rare outside

mangroves. The propagules of many species are released at an advanced stage, and

share excellent flotation abilities, many of them throughout and beyond their viability

period (Clarke et al. 2001). Therefore, the temporal and spatial distribution of
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mangrove propagules (as opposed to mature trees) depends directly on the

hydrodynamics of tides and surface currents.

On a large scale, ocean surface currents are partially held to be responsible for the

present-day distribution of mangroves, in particular on islands (e.g. Woodroffe &

Grindrod, 1991). Tidal sorting of propagules has been suggested to influence

zonation of mangrove species in Panama (Rabinowitz 1978a), however this model

has received little support (e.g. Saenger 1982, Smith III 1992). De Lange & De Lange

(1994) indicated that hydrodynamic flow pattern influencing propagule dispersal

appear to be a more important control than climatic factors for the distribution of the

only mangrove in New Zealand, Avicennia marina. Clarke (1993) described the

predominantly short distance and rarely long distance dispersal of Avicennia marina

in South East Australia due to tidal displacement of propagules. The change in

species distribution and relative abundance during the early life stages of dispersal

and establishment are likely to contribute to the development of growth patterns in a

mangrove forest (McKee 1995). The combined ecological and statistical chance of a

propagule to arrive at an ‘ecologically suitable’ location for growth is therefore likely

to play an important role for the establishment of a mature plant, particularly in a

disturbed area (Woodroffe & Grindrod 1991, McGuinness 1997). Therefore water

flow, and in particular estuarine circulation patterns, may have a significant effect not

only on the dispersal of propagules, but also on the distribution of mature trees.

3.1.2. Axial Convergences in Estuaries

In well-mixed estuaries, an axial convergence front can be found due to an interaction

between the cross-channel gradient in axial velocity and the axial density gradient

(Figure 3.1). Due to frictional effects, the axial velocity is smaller near the channel

banks than in the centre, and thus on flood tides, the advection of the axial salinity

gradient causes a greater density in midstream than at the banks. The centre water

sinks, causing a two-cell circulation (Figure 3.1). An axial convergence front forms

mid-stream on the surface. With surface currents flowing towards midstream, the

convergence is commonly delineated by the accumulation of floating debris in the
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centre of the estuary on flood tides. On ebb tides the circulation direction is reversed

causing an axial surface divergence to form, which is generally less easily observed

because floating material tends to move to the channel banks (Figure 3.1).

Figure 3.1: Faster flow near the centre of the estuary results in density
differences across the estuary that drives a secondary circulation,
generating a mid-stream surface convergence at flood tides (top), and a
mid-stream surface divergence at ebb tides (bottom). Areas of high and
low density are marked. The dashed line denotes a line of constant salinity
on the surface.
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Smith (1976) first predicted the existence of tidally induced density gradients across

an estuary that would drive a lateral density-driven secondary circulation. The

convergence zone formed by this circulation was first noted in the Conwy Estuary,

Wales (Nunes 1982), and described in terms of its physical processes by Nunes &

Simpson (1985). Measurements in the Conwy Estuary were carried out with a boat-

mounted spar system to directly measure the magnitude of the lateral currents in a

density-driven circulation cell (Turrell & Simpson 1988). The magnitude of the

lateral currents was found to be in the order of 10 cm s-1 (approximately one tenth of

the axial currents) with a density gradient of up to 4 × 10-2 kg m-3 m-1, and three times

greater on flood tides compared with those on ebb tides. Nunes & Simpson (1985)

used a simple analytical model to simulate the transverse flow, using a balance

between the horizontal pressure gradient and the frictional shear stress.

The formation of a density-driven secondary circulation cell with an axial surface

convergence is dependent on the presence of a longitudinal salinity gradient in an

estuary (Nunes & Simpson 1985). In temperate regions, this gradient is generally

relatively constant over time, because the riverine freshwater input at the head of the

estuary is generally constant over time. However, in almost every estuary in tropical

northern Australia, the riverine freshwater input is highly episodic, and thus the

salinity gradient is expected to vary with the season. During flood events in the wet

season, estuaries may be fully flushed with freshwater, and as freshwater input

ceases, the salinity in the estuary increases. A maximum salinity is reached at the end

of the dry season. In extreme cases, an estuary can turn hypersaline. Under

hypersaline conditions, a convergence may be expected to form during ebb tides.

To date, density-driven axial convergences have not been documented to occur in

tropical estuaries, and the ecological implications of their formation have neither been

studied in the tropics nor in temperate regions. In tropical estuaries, buoyant

mangrove propagules are expected to accumulate in the convergence zone, and

therefore density-driven secondary circulation is likely to affect the dispersal of

mangrove propagules in these estuaries.
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In the work presented here, the effects of density-driven secondary circulation on

mangrove propagule dispersal and distribution of estuarine mangrove species on local

and regional scales are investigated by

• documenting the formation of axial convergences in tropical estuaries in North

East Australia.

• investigating the trapping of propagules in a convergence in the Normanby River

estuary (North East Australia) and its ecological effects.

• predicting how common convergences should be in the region, and discussing

biogeographical implications of the observed propagule trapping.
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3.2. Materials and Methods

3.2.1. Study Areas

Overview

Field observations of axial convergences and measurements of salinity gradients were

made in the Princess Charlotte Bay (PCB) and Southern Gulf of Carpentaria (SGOC)

regions in North East Australia (Figure 3.2) from July 1997 to December 2000. These

regions receive almost all of their rainfall during the wet season from January to April

(Figure 1.2, page 4). During the dry season (May to December), rainfall and riverine

freshwater input into these arid estuaries is negligible.

Figure 3.2: Locality map of study regions in North East Australia
including the Southern Gulf of Carpentaria (SGOC), Cape York West,
Cape York East which includes Princess Charlotte Bay (PCB) and the
Wet Tropics World Heritage Area.

In addition to estuaries in PCB and SGOC, the change in time of the estuarine salinity

gradient was recorded in Cocoa Creek near Townsville over a 6-week period after a

major rainfall event. Additional observations of density-driven axial convergence
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without detailed measurements of salinity gradients were made in estuaries in the

‘Wet Tropics’ region from Cooktown to Townsville. Due to the proximity of the

Great Dividing Range and coastal ranges, a wet climate persists in this region with

high rainfall throughout most of the year. The Normanby River estuary in PCB was

chosen as the main field site because of the relatively undisturbed status of mangrove

forests and hydrodynamics.

The Normanby River Estuary

For the work presented here, the majority of the field studies on trapping of mangrove

propagules was carried out in the Normanby River estuary in Princess Charlotte Bay

(Figure 3.3). The river forms the eastern boundary of Lakefield National Park, and its

mangrove zone is remote from human impact. The estuary is approximately 55 km in

length, and approximately 200 m wide at the mouth, narrowing to a few tens of

meters at 50 km upstream. It meanders across an extensive low-lying Chenier plain,

and salt flats occupy an area of 28 km2 from the mouth to approximately 10 km

upstream (Bryce et al. 1998). The tidal regime in the estuary is semi-diurnal and

mesotidal with a maximum tidal range of 2.5 m on spring tides and a minimum tidal

range less than 1 m on neap tides. Tidal currents reach up to 0.7 m s-1. The catchment

area is approximately 14,000 km2  (Bryce et al. 1998), however, the Normanby River

is strongly ephemeral with freshwater discharge usually restricted to the period from

January to March, typical for the tropical region in Northern Australia. Mangroves

fringe the channel from the mouth to approximately 45 km upstream, with the fringe

being most extensive in actively migrating meanders. Twenty different species of

mangroves occur with varying along-river distributions. No uniform pattern of

zonation of species appears to exist along this estuary (Bunt 1982).
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Figure 3.3: Site map of the Normanby River estuary in Princess Charlotte
Bay, North East Australia, with study sites marked. Drift buoys were
released from sites R1 and R2. An S4 current meter was deployed at site
S4, where cross-channel salinity transects and salinity profiles were taken.
The area of trapping of a large number of mangrove propagules upstream
from mangrove habitat is marked with T.



64

3.2.2. Visual Observations

Axial convergence zones were visually identified by a distinctive accumulation of leaf

litter and other material floating in a well-defined area near centre stream, with a

negligible amount of litter towards the banks at the same time. To confirm that the

axial convergence results from density-driven circulation, observations were also

made on ebb tides to ensure no accumulation of floating material occurred in centre

stream. In the Normanby River estuary, transport and accumulation of floating

matter, in particular propagules, was visually observed in detail during a one-week

period each in April 1998, September 1998 and December 1997. During the tropical

wet season (January to March) 1999, Lakefield National Park staff noted locations

and movements of large patches of accumulation of floating matter observed during

routine field trips.

3.2.3. Salinity Profiles and Transects

In the Normanby River estuary, vertical profiles and horizontal cross-channel

transects of salinity were recorded in July 1997 with a Yeo-Kal Submersible Data

Logger model 606 deployed from a boat. The instrument was factory calibrated. To

prevent lateral variations being masked by advective changes due to tidal water flow,

cross-channel profiles were taken while drifting with the current across the estuary

channel (the effect of a longitudinal salinity gradient advecting past the observer

while recording a cross-channel profile would cause an apparent monotonic increase,

or decrease, in cross-channel salinity). A total of 20 vertical profiles and 50

horizontal transects of salinity were recorded at both ebb and flood tides.

Longitudinal (axial) salinity transects in estuaries were recorded in December 1997,

April and October 1998 and November 1999 in PCB, May and December 1999 in

SGOC, and September and October 1998 in Cocoa Creek near Townsville. In the

Normanby River estuary, longitudinal transects were recorded during both neap and

spring tides in October 1998. Measurements of surface salinity at different positions

along the estuary were taken at the same tidal phase, at or close to slack high tide, by
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travelling upstream (landward) from the mouth with a fast boat. Although the precise

transect varied at different stages of the tide, these measurements gave a reasonable

description of the general changes in salinity along the estuary. Each longitudinal

salinity transect was recorded by taking water samples at the surface every 2 to 5 km

along the estuary. After a transect was completed, the salinity of each sample was

measured to an accuracy of ± 0.1 ppt with a TPS WP-84 salinity probe, which was

previously calibrated with a commercial salinity standard. The position of sampling

along the estuary (thalweg distance) was determined with a GPS unit and with

1:100.000 scale topographic maps, with an estimated (instrumental) error in position

of ±100 m.

3.2.4. Current and Water Level Measurements

In the Normanby River estuary, current and water level were recorded mid-stream at

25 km from the mouth (thalweg distance) (Figure 3.3). At the instrument site S4, the

channel width was approximately 60 m, and maximum water depth was 11 m.

Current and water level were recorded using an InterOcean S4 current-meter mounted

1 m above the bed in the channel centre, recording an average over 1 minute every 5

minutes (data in Appendix D).

3.2.5. Drift Drogues

In the Normanby River estuary, drift drogues were used to examine the cross-channel

(secondary) current, and the spatial displacement of floating matter over a number of

tidal cycles. Each drogue consisted of a polystyrene float (diameter of 12 cm) and

0.5 kg of steel chain to reduce wind drift. The drift and float behaviour was compared

with that of floating organic matter such as mangrove propagules. It was found to

represent the drift behaviour of the latter very well. Under the conditions of

observation, wind-generated waves or wind-drift seem to have had a negligible

influence on dispersal of both drogues and propagules in estuaries.
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To examine the cross-channel current on flood tide, ten drogues were placed across

the estuary channel from bank to bank (approximately 5 m apart from each other).

Observing from a boat, the time for the drogues deployed close to the banks to move

to the convergence line was noted, and the lateral surface current speed determined.

To investigate the displacement of floating matter along the estuary, 25 drogues were

released from each point R1 and R2 (Figure 3.3) at slack low tide, close to the banks

as if to simulate their entering of the estuary during the previous falling tide. Their

drift paths were observed during rising tide. Experiments were carried out during a

tide with a tidal range of 2 m. To investigate the long-term fate of the drogues, their

positions were observed for five days after the release.

3.2.6. Sampling Floating Organic Matter from the Convergence Zone

In the Normanby River estuary, floating matter accumulated in the convergence was

collected using 2 nets (with a width of 42 cm each) attached to the sides of a boat. By

slowly crossing the convergence line 20 times over its full width of 5 to 10 m, a

representative sample of the floating matter at each location was collected. An

effective length of axial convergence of 20 × 2 × 0.42 m = 16.8 m was sampled. The

collected matter was air dried for one month, and the dry mass determined. All results

were normalised to a length of 50 m. Sample locations were determined arbitrarily to

eliminate subjective influence on the result. In April 1998, 3 samples were taken, in

September 1998 10 samples and in December 1997 5 samples. At each sampling site,

the salinity was determined.
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3.2.7. Modelling of the Temporal Development of Average Salinity in Dry

Tropics Estuaries

To model the temporal development of the salinity gradient in dry tropics estuaries in

detail is not within the scope of this study. Instead, a simple analytical expression for

the rate of change with time of the average salinity in an estuary was derived. This

expression can be used to (a) assess the relative importance of physical processes

driving the evolution of the longitudinal salinity gradient in an estuary, and (b)

predict the average salinity persisting in an estuary at different times of year.

The task of describing the temporal development of the average salinity in dry tropics

estuaries during the dry season is greatly simplified because freshwater inflow into

these estuaries is negligible. In addition, during the dry season, most estuaries are

vertically well mixed (Wolanski 1986, Ridd et al. 1988). Under these conditions, the

processes causing salinity to change are (a) baroclinic circulation, (b) tidal diffusion,

and (c) evaporation over both the channel and fringing mangroves and salt flats. Each

of these factors is briefly outlined below, and discussed in more detail in Appendix E.

Baroclinic circulation

Where a longitudinal salinity gradient persists, baroclinic flow occurs with water near

the bed flowing towards a region of low salinity and surface water flowing in the

opposite direction. Baroclinic circulation in an estuary has the effect of transporting

salt from regions of high salinity to regions of low salinity. In a conventional estuary,

this drives relatively saline bottom water upstream (landward), and in an inverse

estuary, bottom water moves downstream (seaward).

Tidal diffusion

In addition to baroclinic circulation, tidal diffusion also has the effect of transporting

salt from regions of high salinity to regions of low salinity. The diffusion coefficient

for an estuary fringed by mangroves or salt flats was derived by Wolanski & Ridd

(1986). It can be up to a factor 50 greater than that for the estuary alone.
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Evaporation

The effect of evaporation over the estuary and over the salt flats and mangroves

during tidal inundation must be considered in order to calculate the total effect of

evaporation on increasing salinity in the estuary. Evaporation and evapo-transpiration

over the mangroves increase the salinity of the forest soil (see chapter 2). In salt flats,

a thin salty crust commonly forms on the soil surface, following periods of no tidal

inundation or rainfall. Salt accumulating in both the salt flats and mangroves returns

to the estuary as surface water flow during periods of tidal inundation (for the case of

mangroves see also chapter 2). Ridd et al. (1988) found that water inundating salt

flats returned to an estuary with a salinity of 1 ppt higher than the salinity at which it

entered.

Combination of baroclinic, diffusive and evaporative effects

Using scale arguments, the total rate of change in salinity ∆S/∆t due to baroclinic

circulation, tidal diffusion and evaporation can be calculated using
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Equation 3. 1

The terms on the right side represent the baroclinic, diffusive and evaporative term

respectively. S is salinity and t is time. ∆ub is the change of baroclinic velocity over a

distance ∆x along the estuary, and ∆Sz is the difference of salinity from top to bottom

water. k is the diffusion coefficient for tidal diffusion, and ∆Sx the difference of

salinity over a distance ∆x along the estuary. E is the effective evaporation rate over

the estuary (defined in Appendix E), and H is the total water depth. Equation 3.1 is

derived in Appendix E.

The (modelled) average salinity S(T)mod persisting in an estuary at time T can be

determined by multiplying the rate of change ∆S/∆t by the time from T to T0 and

adding the average salinity S(T0) at time T0:

)()()( 00mod TT
t
STSTS −

∆
∆+= Equation 3. 2
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The modelled average estuarine salinity S(T)mod was compared to field data S(T)dat,

and subsequently the model was used to predict the average estuarine salinity

persisting in major estuaries of North East Australia at different times in the dry

season.
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3.3. Results

3.3.1. Visual Observations of Convergence Zones

Axial convergences can be observed at flood tides as a line of floating material, such

as mangrove leaves, twigs and propagules. Convergences in the estuaries of the

Normanby (in the dry tropics) and the Daintree river (in the wet tropics) are shown in

Figure 3.4. The convergences in both estuaries were well defined, and carried a

significant amount of floating matter. The convergence zones were of a width of

ca. 10 m and 1 m in the Normanby and Daintree river estuaries respectively,

reflecting the difference in magnitude of the cross-river currents in the circulation cell

generating the convergence, which are proportional to the axial salinity gradient

(Nunes & Simpson 1985). Table 3.1 contains a compilation of estuaries in North East

Australia, where the formation of density-driven axial convergences has been

observed.

Region Estuary Length Observation of convergence Tidal stage of
[km] early middle / late formation of

dry season dry season convergence

PCB Normanby River 55 Apr-99 Dec-97 Flood, Ebb
North Kennedy River 70 Apr-99 Oct-98 Flood, Ebb
Marrett River 45 Apr-99 Oct-98 Flood, Ebb
Annie River 20 * Nov-99 Ebb, Flood

SGOC Nicholson River 60 May-99 * Flood, Ebb
Albert River 65 May-99 * Flood, Ebb
Flinders River 65 May-99 * Flood, Ebb
Norman River 90 May-99 Dec-99 Flood, Ebb

Wet Tropics Bloomfield River 9 * Oct-98 Flood, Ebb
Daintree River 25 * Oct-98 Flood, Ebb
Mulgrave River 23 May-99 Oct-99 Flood, Ebb
Herbert River 28 Apr-99 Dec-98 Flood, Ebb

Table 3.1: Observation of convergences in selected estuaries in North East
Australia. (*) indicates that no observations were made at the time of the
year. Tidal stage with a strike-through indicates that convergences were
absent at this tidal stage.
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(a)

(b)

Figure 3.4: Midstream axial convergence at flood tide in the late dry
season (October 1998), observed (a) in the Normanby River estuary (the
convergence appears to taper in the photo) and (b) in the Daintree River
estuary. The convergence zone is delineated by a zone of ‘still’ water,
resulting from downwelling of surface water, and by trapped floating
matter.
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Axial convergences were found to occur in long (>35 km) dry tropics estuaries as

well as estuaries in the Wet Tropics, which are generally less than 35 km in length

(Table 3.1). Convergences generally do not form in dry tropics estuaries less than 35

km in length (data not included in Table 3.1). An interesting exception is the

formation of an ‘inverse convergence’ at ebb tides in the inverse Annie River estuary

at the end of the dry season (see also Figure 3.5).

A time lag between tide and formation / breaking up of the convergence was

observed. Generally, the convergence formed approximately 30 minutes after slack

low tide, and persisted throughout the flood tide. The line of floating material

delineating the convergence dispersed within 30 min to 1 hour after slack high tide,

and was not re-established until the onset of the next flood tide.

In relatively straight sections of an estuary the convergence line was generally located

within the central third of the channel. In meanders, the convergence commonly

moved towards the inside bank, in some tight meanders coming within a few metres

of the mangrove fringed channel bank. The convergence never entered a mangrove

forest. Intuitively, a shift towards the outside of the bend due to centripetal force

would be expected. The migrating of the convergence to the inside of most bends can

be explained by super-elevation of the water surface at the outside of the bends,

which reduces water speed, and through continuity, water is thus forced away from

the axis of the estuary towards the inside bend. The behaviour is induced because of

the lack of major asymmetry of the estuary cross-section at bends. This effect is

explained in more detail in Appendix F.

3.3.2. Longitudinal Salinity Transects

Figure 3.5 shows longitudinal salinity gradients recorded in dry tropics estuaries in

Princess Charlotte Bay and the Southern Gulf of Carpentaria recorded at different

times of the year, together with visual observations of convergence zones.
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In the investigated estuaries, a strong freshwater influence occurred in the early dry

season (April & May), with a reduction in salinity from 25 to 35 ppt at the mouth to

0 ppt a few tens of kilometres upstream. In the late dry season (October to

December), the average salinity was significantly higher than in the early dry season.

Three different types of salinity gradients were observed. In estuaries of a length of

35 km or greater, the lowest part of the estuary generally was of approximately

constant salinity. Some estuaries exhibited a slight to pronounced salinity maximum

10 to 25 km upstream of the mouth, e.g. with a salinity of 1 ppt greater than seawater

in the Norman River estuary, and 4 ppt greater than local open seawater in the

Marrett River estuary. Upstream of the salinity maximum the salinity decreased

monotonically towards the head of the estuaries. For example, the longitudinal

salinity gradient was approximately 0.5 ppt km-1, 1.0 ppt km-1, and 1.4 ppt km-1 in the

estuaries of the Norman, Normanby and Marrett Rivers respectively, reflecting the

different estuary lengths (90 km, 60 km and 45 km respectively). This implies that in

the late dry season, a significant quantity of freshwater remained in these long

estuaries despite zero freshwater input over the dry season.

In conventional estuaries (with higher salinity at the mouth), axial convergences were

consistently and exclusively observed at flood tides at locations, where the

longitudinal salinity gradient was greater than 0.5 ppt km-1 (Figure 3.5). On ebb tides,

convergences were never found to occur in conventional estuaries. With the change in

longitudinal salinity gradient, an upstream shift of the axial convergence during the

dry season due to the increase in salinity occurred (Figure 3.5). At the end of the wet

season, the convergence in the Normanby River estuary extended from the mouth to

20 km upstream, in the middle of the dry season from 15 to ca. 48 km, and at the end

of the dry season from 20 km to more than 55 km upstream. A particularly significant

shift occurred in the Marrett River; in the early dry season, a convergence formed

from 0 to 25 km upstream of the mouth, whereas in the late dry season, the

convergence occurred from 25 to 45 km in the same estuary.
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 Figure 3.5: Axial salinity gradients in selected estuaries in the Southern
Gulf of Carpentaria and Princess Charlotte Bay regions. Axes are distance
from mouth (km) vs. salinity (ppt). Note the change in scale on the x-axis
of the Annie River graph. In the part of the estuary where an axial
convergence was observed, the salinity gradient is marked with a black
line. Convergences were observed to form on flood tide in all estuaries
with the exception of the Annie River estuary (see Table 3.1).
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In the shorter length estuaries of the Bizant and Annie Rivers, salinity increased

above seawater values in the late dry season, and the estuaries turned inverse. In the

Annie River, an ‘inverse convergence’ formed at ebb tides at a negative salinity

gradient of greater than –3 ppt km-1 in places. The estuary of the Bizant River

displayed a relatively small negative salinity gradient of –0.4 ppt km-1. It should be

noted that data from the early dry season in the Bizant and Annie River estuaries is

not available due to inaccessibility of the estuaries during this time of the year (the

only access is by unpaved roads and tracks, which are impassable after significant

rainfall). It is reasonable to infer that both estuaries had salinity gradients comparable

to other estuaries in Princess Charlotte Bay in the early dry season.

In the Normanby River and other estuaries, convergences formed both during spring

and neap tides. The distortion of the salinity gradient due to changes in tidal cycle

was negligible, which can be attributed to the well-mixed nature of the estuary and

the negligible input of freshwater at the head. The small distortion of the salinity

gradient did not significantly impact upon the formation of a convergence (Figure

3.6).
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Figure 3.6: Axial salinity gradient and observation of a convergence
(black line) in the Normanby River estuary in October 1998 (dry season),
measured at slack high tide during subsequent neap ( ) and spring (▲)
tidal cycle.

In addition to estuaries in Princess Charlotte Bay and the Southern Gulf of

Carpentaria, the temporal development of the salinity gradient in Cocoa Creek, a

small tidal creek near Townsville was investigated following a rainfall event during
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the dry season (Figure 3.7). Although salinity could not be measured immediately

after the rainfall event, it is likely that the creek was completely flushed of saltwater.

0 2 4 6 8 10
0

10

20

30

40

50

60

 03/09/98      16/09/98
 10/09/98      14/10/98

S
al

in
ity

 [p
pt

]

D istance from mouth [km]

Figure 3.7: Temporal development of the salinity gradient in Cocoa Creek
following a major rainfall event. The estuary becomes completely
hypersaline within 1 month.

On 3/9/98, when the first measurement was taken in Cocoa Creek, salinity dropped

monotonically towards close to the head of the estuary where salinity again increases

slightly. Seven days later (10/9/98), the salinity in the estuary increased to values very

similar to offshore water. By 16/9/98, the rate of increase in salinity had slowed

markedly, and by 14/10/98, salinity has monotonically risen from the mouth to the

head of the estuary. Peak salinity at the head of the estuary exceeded 50 ppt.
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3.3.3. Vertical and Cross-channel Distribution of Salinity in the Normanby

River Estuary

At times of positive observation of a convergence in the Normanby River, only a

small vertical salinity gradient was present associated with the axial convergence,

with the difference in salinity between the surface and bed varying from 0.1 to 0.3 ppt

(Figure 3.8). Thus the estuary can be regarded as well-mixed, confirming results from

Wolanski (1986) and Ridd et al. (1988).
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Figure 3.8: A typical set of vertical salinity profiles at flood tide recorded
in the middle of the dry season (July) at site S4 (Figure 3.3, page 63). The
inset shows the profile locations on the estuarine cross section (L = true
left, R = true right). The distance between profiles was approximately
10 m.

Along a cross-channel transect, on flood tides the highest salinities occurred in mid-

stream, typically 0.2 ppt greater than near the banks (Figure 3.9). On the subsequent

ebb tides, data were consistent with a mid-stream surface divergence with mid-stream

waters 0.2 less saline than near the banks, precisely opposite to the flood tide (Figure

3.9).
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Figure 3.9: A typical salinity transect recorded in the middle of the dry
season (July) at flood tide (top) and ebb tide (bottom) respectively. Cross-
estuary location is normalised, with 0 corresponding to the true left bank
and 1 corresponding to the true right bank.
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3.3.4. Drift Drogues

The drift drogues released across the estuary exhibited behaviour consistent with the

presence of an axial surface convergence on flood tides and with divergence on ebb

tides. On flood tides, all drogues deployed across the stream were located within the

surface convergence line within a few minutes. Surface transverse velocities

calculated from the measured distance and drift time varied from 0.05 to 0.10 m s-1,

comparable with published data of Nunes & Simpson (1985) and Turrell & Simpson

(1988). On ebb tides, drogues were always carried towards the banks.

At the onset of rising tide, the drift drogues released close to the banks at points R1

and R2 were transported into the convergence by the cross-river component of the

surface current, and upstream in clusters (areas with a diameter of 50 m) in due

course. The trajectories of one drogue out of each of the three clusters are shown in

Figure 3.10.
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Figure 3.10: (top) Extract from current meter data recorded at the time of
the drift drogue experiment. (bottom) Trajectories of three representative
drogues transported upstream in the axial convergence during a flood tide.
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At approximately 3.5 km upstream from the release point (1.3 h after release), the

drogues encountered significant turbulence at a river bend, which separated the

drogues that were previously floating together. All, however, stayed within the axial

convergence zone. At 6 h after release, high water was reached. The direction of the

circulation reversed soon after turn of the tide, and the drogues floating midstream

were now driven towards the bank, together with other floating matter, where they

were stranded as the water level dropped. During the following low tide, the drogues

remained on the muddy bank or in eddies behind obstacles, and did not move

downstream. The drogues travelled a mean distance of 12 km in the upstream

(landward) direction during the tidal cycle after the release.

The drogues were picked up by the following rising tide, transported into the

convergence by the cross-river component of the surface current and moved further

upstream. The upriver speed of 16 drogues averaged over 5 days is shown in Table

3.2.

Buoy number Release point
(Figure 3.3)

Average net upstream
speed [km day-1]

A1 R1 0.06
A2 R1 0.20
A3 R1 3.32
A4 R1 1.96
A5 R1 14.60
B1 R2 1.43
B2 R2 2.91
B3 R2 4.00
B4 R2 2.21
B5 R2 2.92
B6 R2 0.06
B7 R2 2.20
B8 R2 0.06
B9 R2 0.87
B10 R2 10.54
B11 R2 4.00

Average 3.2 ± 3.9

Table 3.2: Net upstream speed of drogues averaged over an observation
period of five days.
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The data in Table 3.2 represent the combined effects of upriver movement in the

convergence during each rising tide, and trapping on the bank during each falling tide

during the observation period. Four drogues were permanently trapped in eddies, and

did not move at all or very little. The maximum daily excursion was as much as 14

km, i.e. a full tidal excursion. The mean daily speed averaged over the 16 drogues and

five days was 3.2 ± 3.9 km day-1. Five of the 50 released drogues were trapped in a

root or snag with their chain. The trajectories of these drogues have not been included

in the data, because they do not represent the behaviour of natural floating matter.

The majority of released drogues were not found during the surveys, possibly because

the survey did not extend further than 45 km into the estuary. It is very likely that the

missing drogues drifted far further upstream than initially anticipated, and therefore

were not found at the time of the survey. Thus the calculated average speed of 3.2 km

day-1 is likely to be a very conservative estimate of the minimum upriver drift speed.

Drogues were never found downstream from their release point.

3.3.5. Organic Matter Trapped in Axial Convergence

At the end of the wet season, the amount of floating matter that accumulated in the

convergence tended to decrease with distance from the mouth. The dry mass ranged

from 5.3 kg in 50 m convergence at 7.4 km to 1.65 kg / 50 m at 18.7 km upstream

from the mouth (Figure 3.11a). In the middle of the dry season, the dry mass was with

2 to 4 kg / 50 m relatively evenly distributed over most of the length of the

convergence (Figure 3.11b), apart from the upstream end of the convergence where

19.5 kg / 50 m dry mass was accumulated, a factor of at least 5 higher than at

downstream locations. At the end of the dry season, very little floating matter, i.e. less

than 1 kg / 50 m was found in the convergence (Figure 3.11c). The upstream end of

the convergence was not surveyed at the time.
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Figure 3.11: Total dry mass of organic matter trapped in the axial
convergence along the longitudinal salinity transect in the Normanby
River estuary at different times of the year. The presence of the axial
convergence is indicated in the salinity transect by black dots. The arrow
from 48 to 53 km in (b) indicates the trapping of a large amount of
floating matter in upstream parts of the estuary. Note different scales on
secondary y-axes. The location of each sampling site is given in respect to
the salinity gradient, and not in respect to geographic location, i.e. tidal
advection was taken into account.
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For more detailed investigations of propagule movement, Rhizophora stylosa,

Bruguiera gymnorrhiza, Xylocarpus mekongensis and Heritiera littoralis propagules

(cf Figure 3.12) were extracted from the samples and counted. The four species have

in common a comparatively large propagule size, which (a) guarantees a

representative sample when collecting with nets, and (b) has been found to be

positively correlated to buoyancy  (Saenger 1982, Clarke et al. 2001), i.e. those

propagules tend to display longer buoyancy than smaller sized propagules of other

species (Saenger 1982, Murray 1986).

Other attributes are (see also Table 3.3): R. stylosa is abundant with a distribution

from 0 to 35 km along the estuary (Bunt 1982, see also Figure 3.13). It fruits

throughout the year (Lovelock & Clarke 1993), which makes it an interesting species

to investigate with respect to long-term dispersal. Longevity of propagules is up to 2

months (Murray 1986), in rare cases 6 months. The propagules generally float in both

salt and fresh water (Clarke et al. 2001), and normally sink after a period of a few

weeks. Sinking might be related to predation (Smith III 1988), to reaching the limit of

their longevity, or other factors (Saenger 1982). Please note, that the hybrid R. x

lamarckii occurs in rare stands on the Normanby River (frequency ratio R. x

lamarckii / R. stylosa 1 / 13, Bunt 1982). Although the propagules collected are most

likely to be R. stylosa, it is possible that some stem from R. x lamarckii. Here, both

species are treated as one entity.

_________________________________________________________

Species Fruiting Buoyant Longevity
                period (a) in ... water (b)   [months] (c)

_________________________________________________________

Rhizophora stylosa all year salt/fresh 0-2
Bruguiera gymnorrhiza Apr - Jul salt/(fresh) 4-9
Xylocarpus mekongensis Dec - Feb salt/fresh 6-8 (?)
Heritiera littoralis Sep - Nov salt/fresh 7-9
_________________________________________________________

Table 3.3: Summary of properties of selected propagules relevant to this
study. Sources: (a) Lovelock & Clarke (1993), (b) Clarke et al. (2001),
(c) Murray (1986).
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(a) (b)

            
(c) (d)

            
(e) (f)

Figure 3.12: Photographs of propagules collected in the Normanby River
estuary in October 1998; (a) and (b) Rhizophora stylosa, (c) Bruguiera
gymnorrhiza, (d) Xylocarpus mekongensis and (e) and (f) Heritiera
littoralis (viable and non-viable). As a scale, the white bar in each
photograph indicates an approximate length of 10 cm.
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Figure 3.13: Number of propagules of selected species trapped in the axial
convergence along the longitudinal salinity transect in the Normanby
River estuary at different times of the year. The presence of the axial
convergence is indicated in the salinity transect by black dots. The arrow
from 48 to 53 km in (b) indicates the trapping of a large number of
propagules in upstream parts of the estuary. The top part of the figure
shows the distribution of selected species along the river (extracted from
Bunt 1982); the full specific name is given in Table 3.3. Note different
scales on secondary y-axes. The location of each sampling site is given in
respect to the salinity gradient, and not in respect to geographic location,
i.e. tidal advection was taken into account.
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B. gymnorrhiza occurs over the full length of the mangrove fringe (Figure 3.13) and

fruits from April to July, i.e. the first half of the dry season (Lovelock & Clarke

1993). Clarke et al. (2001) describe the propagules as floating in salt water with a

tendency to sink in fresh water. X. mekongensis and H. littoralis are non-viviparous

with both types of propagules floating for long periods of time, up to or even longer

than one year (Murray 1986). This trait makes them most suitable for the

investigation of long-term dispersal. The mature trees of both species tend to occur in

the middle and upper parts of the estuary (Figure 3.13). X. mekongensis fruits in the

wet season (December to February), and H. littoralis just before the wet season

(September to November) (Lovelock & Clarke 1993). Both seeds float in both salt

and fresh water (Clarke et al. 2001) and have a viability of 6 to 9 months. With these

four species, a whole range of times of fruiting, distribution along the estuary and

propagule traits is covered.

The number of propagules per length of the convergence varied across species and

seasons (Figure 3.13). Generally, the highest accumulation of all species occurred at

the upstream end of the convergence, furthest away from the mouth of the estuary,

with the exception of Rhizophora stylosa propagules, which was most abundant close

to the mouth at the end of the wet season (Figure 3.13a). Viable and non-viable

propagules were trapped in the convergence, with the majority of propagules in the

upstream parts of the convergence appearing to be past their viability age.

3.3.6. Visual Observations of Mangrove Propagule Fate

The samples of floating matter and propagules taken from the convergence

quantitatively represents what was visually observed along the estuary (Figure 3.4a,

page 71, and Figure 3.14). A large amount of floating matter accumulated in an

almost unbroken line along the estuary (Figure 3.4a), wherever the axial salinity

gradient was large enough to support the formation of a circulation cell, i.e. larger

than 0.5 ppt km-1 (Figure 3.5, page 74). The propagules stayed in the convergence

throughout the upstream drift during flood tide. Propagules trapped in the

convergence never entered the fringing forest.
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(a)

Figure 3.14: (a) Trapping of a large number of propagules at the upstream
(landward) end of the axial convergence approximately 45 km upstream
from the mouth of the Marrett River estuary. (b) see next page.

In the middle of the dry season, a large amount of floating matter, including literally

thousands of propagules of Heritiera littoralis and a considerable number of other

species were found in hydrodynamic traps such as snags and eddies in an area of a

length of ca. 5 km upstream from the upstream end of the convergence, where the

river water was fresh. The majority of propagules appeared to be past their viability

age. The photograph in Figure 3.14b taken at position T (Figure 3.3, page 63) shows

an example of an accumulation of trapped mangrove propagules and leaves in

terrestrial habitat. Some of those propagule and leaf rafts were more than one meter

deep and extended over areas in the order of tens of square meter. The overall number

of mangrove propagules and size of the area made it difficult to obtain a

representative sample. A shaded area in Figure 3.13 (page 85) indicates the position

(and numbers) of the observed extraordinary large number of mangrove propagules.
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(b)

Figure 3.14 (continued): (b) Trapping of a large number of mangrove
propagules upstream from a convergence, in terrestrial vegetation zones.
The photograph was taken at site T in the Normanby River estuary (Figure
3.3, page 63).

It was impossible to make detailed observations on propagule dispersal during wet

season flood events. However, limited observations were made by Lakefield National

Park staff from the air. A large number of H. littoralis seeds (mostly non-viable) were

reported to be floating at a distance of ca. 30 km upstream from the mouth in

February 1999, and 20 km upstream in mid-March 1999.
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3.3.7. Modelled Average Salinity in Dry Tropics Estuaries in the Late Dry

Season

3.3.7.1. Average Salinity in Selected Dry Tropics Estuaries

A simplified measure for the salinity gradient in an estuary is its salinity averaged

over the total length of the estuary. In this section, the salt balance in selected dry

tropics estuaries is analysed by calculating the average estuarine salinity using

expression 3.2. The calculated average salinity persisting in the late dry season in the

estuaries is compared to the average salinity determined by integration of measured

salinity over the length of the estuary.

Table 3.4 summarises the estimations of the baroclinic, diffusion and evaporation

terms in equation 3.1 (page 68) for some estuaries, of which the salinity gradients are

shown in Figure 3.5 (page 74). The sum of these terms constitutes the total change in

salinity S(T)mod over the period  T-T0 calculated by applying equation 3.2 (page 69)

and equation E.5 (Appendix E). In order to calculate the total rate of change of

salinity ∆S/∆ttotal, the following assumptions have been made.

Baroclinic term

Assuming the baroclinic velocity changes from ub at the mouth of the estuary to zero

at a distance ∆x from the mouth (where the salinity gradient approaches zero), then

∆u equals the baroclinic velocity ub at the mouth. The distance ∆x effective for

baroclinic flow (where significant salinity gradient persist) is approximately half the

estuary length (Figure 3.5). During the dry season, the estuaries are generally well-

mixed. A vertical salinity variation ∆Sz of ca. 0.1 ppt is assumed, comparable to data

from the Normanby River estuary (Figure 3.8, page 77).
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Period Baroclinic term Diffusion term Evaporation Term ∆∆∆∆S/∆∆∆∆t S(T) S(T)
T0  to T ∆u ∆x ∆Sz ∆S/∆t k ∆Sx ∆x ∆S/∆t Ec L W Es As S(T0) H ∆S/∆t total mod dat
Normanby R (PCB)
Mid Apr -
mid  Oct

0.1 27 0.1 2E-07 2.6 35 27 1E-07 5 55 100 2 28 11.3 5 4E-07 7E-07 22.3 22.1

mid Apr -
mid  Dec

0.1 27 0.1 2E-07 2.6 35 27 1E-07 5 55 100 2 28 11.3 5 4E-07 7E-07 26.0 27.1

Nth Kennedy R (PCB)
mid Apr -
mid  Oct

0.1 35 0.1 1E-07 4.1 35 35 1E-07 5 70 100 2 60 10.2 5 5E-07 8E-07 22.4 16.8

Marrett R (PCB)
mid Apr -
mid  Oct

0.1 25 0.1 2E-07 4.7 35 25 3E-07 5 50 50 2 30 9 6 5E-07 1E-06 24.0 25.3

Norman R (SGOC)
mid May -
early Dec

0.1 45 0.1 1E-07 5.6 35 45 1E-07 5 90 200 2 150 12.6 6 5E-07 7E-07 25.0 25.8

Bizant R (PCB)
mid Apr -
mid Oct

0.1 17 0.1 3E-07 14 35 17 2E-06 5 35 50 2 30 10 3 2E-06 3E-06 63.9 39.5

Annie R (PCB)
mid Apr -
mid Nov

0.1 10 0.1 5E-07 11 35 10 4E-06 5 20 50 2 30 10 5 2E-06 6E-06 113 38.0

Cocoa Ck
(Townsville)
03/09 -
14/10

0.1 5 0.1 1E-06 11 35 5 2E-05 5 10 30 2 6 24.2 3 4E-06 2E-05 98.7 40.6

T0  to T Time between measured salinity transects

Baroclinic term
∆u Change in baroclinic velocity over the distance ∆x (ms-1)
∆x Length of salinity gradient effective for baroclinic circulation (km)
∆Sz Difference in salinity from top to bottom water (ppt)
∆S/∆t Rate of change in salinity over period T-T0 due to baroclinic circulation (ppt s-1)

Diffusion term
k Diffusion coefficient (m2 s-1)
∆Sx Difference in salinity over length of salinity gradient (ppt)
∆x Length of salinity gradient effective for diffusion (km)
∆S/∆t Rate of change in salinity over period T-T0 due to diffusion (ppt s-1)

Evaporation term
Ec Rate of evaporation over free water surface of the estuary (mm day-1)
L Length of the estuary (km)
W Average width of the estuary (m)
Es Rate of evaporation over salt flats (mm day-1)
As Area of salt flats and mangroves (treated as one entity) (km2)
S(T0) Average salinity at time T0 (ppt)
H Average depth of the estuary (m)
∆S/∆t Rate of change in salinity over period T-T0 due to evaporation (ppt s-1)

∆S/∆t total Total rate of change in salinity over period T-T0 (ppt s-1)
S(T)mod Average salinity at time T from model (ppt)
S(T)dat Average salinity at time T from field data (ppt)

Table 3.4: Estimation of the baroclinic, diffusion and evaporation terms of
equation 3.1 in selected estuaries during the observation period. Average
salinities calculated using equation 3.2 and obtained by integration of
field data are shaded dark and light grey respectively.
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The baroclinic velocity ub at the mouth of an estuary can be estimated by the formula

given by Lung and O’Connor (1984),
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Equation 3. 3

where ub(z) is the horizontal baroclinic velocity at depth z,  g is the gravitational field

strength, β is an empirical coefficient equal to 7.6 × 10-4, dS/dx is the surface salinity

gradient along the estuary, as  is the vertical salinity gradient, H is the water depth,

and Nz  is the vertical eddy viscosity. Assuming a water depth of 10 m at the mouth, a

longitudinal salinity gradient of 1 ppt km-1 and Nz = 6 × 10-3 m2 s-1 (Martin et al.

1999), a typical baroclinic current ub can be calculated to be 0.1 m s-1.

Diffusion term

Wolanski & Ridd (1986) give an approximation for k

)1(24

22

ε
ταε

+
= tuk Equation 3. 4

where ε is the ratio of the swamp volume to the creek volume, ut is the typical creek

water speed, α is the fraction of the tidal cycle when mangroves and salt flats are

inundated, and τ is the tidal period. This approximation is valid for estuaries where

salt flats are present, where the diffusion process is dominated by the trapping

mechanisms in mangroves and salt flats. During spring tides, when large areas of

mangroves and/or salt flats are inundated, the value of k may increase by a factor

of 50 compared to diffusion within an estuary channel (Wolanski & Ridd 1986). For

each estuary considered, the diffusion coefficient k can be estimated from equation

3.4, assuming ut = 0.5 m s-1, α = 0.25, τ = 12 hours for PCB estuaries (semidiurnal

tides) and τ = 24 hours for SGOC estuaries (diurnal tides) respectively. Τhe ratio ε  of

estuary volume to volume of water in the salt flats during inundation is calculated as

area of inundated salt flats by an assumed inundation height of 0.1 m divided by the

product of depth, length and width of the estuary.
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The diffusion effective variation in salinity ∆Sx over the distance ∆x varies with time.

Based on observations, it is assumed that on average a salinity variation ∆Sx of 35 ppt

persists over a diffusion effective distance ∆x of half the estuary length (Figure 3.5).

Evaporation term

To determine the effective evaporation rate E using equation E.5 (Appendix E), the

geographic parameters length L, width W, depth H and area of inundated salt flats and

mangroves As are estimated from topographic maps (1:250,000 scale) and personal

observations. Note that the Norman River has a total area As of approximately

300 km2, however only half the area is considered here for the following reason.

During most of the dry season, South East trade winds persist in Northern Australia.

During the wet season however, the winds shift towards (Northern Hemisphere)

north-westerly monsoon winds. In the northward-facing Gulf of Carpentaria, a wind-

driven ‘piling-up’ of tidal water on the coast occurs, which commonly results in an

increase of the maximum water level of ca. 1 m in the months of January to March.

Because of this effect, approximately half the area of salt flats is only inundated

during the wet season months, and remains dry throughout most of the year (Ridd et

al. 1988). This effect occurs throughout most of the Gulf of Carpentaria, but not on

the East Coast.

A typical value of evaporation over open water Ec in tropical areas is 5 mm day-1. For

salt flats, Hollins & Ridd (1997) estimated a monthly average evaporation rate Es of

ca. 2 mm day-1. In the above calculation, the area of mangroves is treated as part of

the total salt flat area because of its comparatively small size. Even though the

evaporation rate over mangroves is expected to be different from the rate over salt

flats, the error introduced is not significant. Where available, the salinity S(T0) in the

evaporation term is determined from data measured at T0 (see first column in Table

3.4), and in other cases assumed to be 10 ppt (average value) to account for

significant freshwater input.
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Average salinity in late dry season from model and field data

The modelled average salinity S(T)mod at time T is determined from equation 3.2, and

the average salinity S(T)dat measured at time T is obtained by determining the integral

of the measured salinity gradient shown in Figure 3.5 and dividing by the length of

the estuary (similar to the determination of S(T0) in evaporation term).

3.3.7.2. Comparison of Modelled and Field Data

Long Estuaries of the Normanby, North Kennedy, Marrett and Norman Rivers

With the assumptions made, the modelled average salinity S(T)mod in the estuaries of

the Normanby, North Kennedy, Marrett and Norman Rivers, agrees very well with

the field data S(T)dat, considering the simplicity of the model. Generally, in these

estuaries, baroclinic circulation, diffusion and evaporation contribute with the same

order of magnitude to the increase of the average salinity in the estuary. The rate of

change of salinity with time is of order of 10-7 ppt s-1 for each term. However, the

contribution of evaporation is systematically greatest, indicating that evaporation is

the most important process determining salinity in this type of estuary.

Note that in the case of the North Kennedy River, the average salinity is

overestimated by 25%. This may be attributed to the relatively high value of S(T0),

possibly resulting from additional input of high salinity water from Saltwater Creek, a

tributary draining salt flats and flowing into the North Kennedy River approximately

30 km upstream from the mouth.

Small Estuaries of the Bizant and Annie Rivers and Cocoa Creek

The average salinity in the late dry season S(T)dat in the estuaries of Bizant and Annie

Rivers is greater than 35 ppt, i.e. the estuaries are inverse. Cocoa Creek also turns

significantly hypersaline within a few weeks after a major rainfall event. In these

cases, the model systematically overestimates the average salinity by a large factor. In

an inverse estuary baroclinic circulation and tidal diffusion do not import salt as in

conventional estuaries, but export salt from an estuary. The removal of salt is not

taken into account in the single-step model applied here.
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In order to model salinity changes more accurately in an estuary that turns inverse

after a certain period of time, an iterative model approach has to be employed to

account for import of salt due to baroclinic circulation and diffusion when the estuary

is conventional, and for export of salt when it is inverse. This is illustrated for Cocoa

Creek, for which the average salinity S(T)dat can be determined at different times T

from field data shown in Figure 3.7 (page 76). The iterative model is summarised in

Table 3.5.

Period Baroclinic term Diffusion term Evaporation Term ∆∆∆∆S/∆∆∆∆t S(T) S(T)

T0 to T ∆u ∆x ∆Sz ∆S/∆t k  ∆Sx ∆x ∆S/∆t Ec L W Es As S(T0) H ∆S/∆t total mod data

03/09 –

10/09

0.1 6 0.1 8E-07 11 22 6 7E-06 5 10 30 2 6 24.2 3 4E-06 1E-05 31.4 32.2

10/09 –

16/09

0 10 0.1 0 11 0 10 0 5 10 30 2 6 31.4 3 5E-06 5E-06 34.2 34.5

16/09 –

14/10

-0.1 7 0.1 -7E-07 11 -7 7 -2E-06 5 10 30 2 6 34.2 3 6E-06 4E-06 43.0 40.6

Table 3.5: Estimation of the baroclinic, diffusion and evaporation terms of
equation 3.1 in Cocoa Creek during the observation period. Variables and
assumptions are explained in the text (variables as in Table 3.4). Average
salinities calculated using equation 3.2 and obtained by integration of
field data are shaded dark and light grey respectively.

In Table 3.5, the following additional assumptions have been made.

Baroclinic term

The baroclinic velocity ∆u changes direction, when the estuary is inverse.

Diffusion term

∆Sx and ∆x were determined from the salinity gradients shown in Figure 3.7. From

03/09 to 10/09, a salinity difference ∆Sx of 22 ppt persisted over 6 km. From 10/09 to

16/09 ∆Sx was negligible, and from 16/09 to 14/10, a (negative) salinity difference of

-7 ppt persisted over 7 km of the then inverse estuary (Figure 3.7).
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Evaporation term

In the first step, the salinity S(T0) in the evaporation term is determined from field

data taken on 03/09, and subsequently the output of the model S(T) is used in an

iterative way.

By considering the change in direction in baroclinic circulation and diffusion, the

comparison between model and field data again becomes very good. Similar to the

other estuaries, the three terms are of the same order of magnitude, and the diffusion

term again dominates over the other contributions. The total rate of change ∆S/∆ttotal

is one order of magnitude higher in estuaries like Cocoa Creek than in the estuaries of

the Normanby and other rivers (10-6 ppt s-1 and 10-7 ppt s-1 respectively). This implies

that the former type of estuary will increase salinity at a much greater rate than the

Normanby River-type estuary. It explains why ‘rapid-change’ estuaries (with ∆S/∆t =

10-6 ppt s-1) like the Bizant River may turn inverse in the late dry season, whereas

‘slow-change’ estuaries (with ∆S/∆t = 10-7 ppt s-1) like the Normanby River retain

low salinity water at the head, despite the lack of freshwater input throughout the dry

season.

The capability of the model to predict the average salinity in the late dry season can

be assessed by analysing the regression of the pairs S(T)mod and S(T)dat for the long

estuaries included in Table 3.4 and the time steps in Table 3.5. The regression

function is

S(T)dat = (0.03 ± 3.93)  + (0.98 ± 0.13) × S(T)mod

with R2  = 0.899 and a slope significantly different to zero (p-value = 3 × 10-4) (Figure

3.15). The high correlation coefficient R shows that this model is a useful tool for the

prediction of the average salinity in the late dry season in estuaries in the region. Note

that due to limited availability of field data, only 8 sample points were considered

(2 × Normanby R., Nth Kennedy R., Marrett R., Norman R., 3 × Cocoa Ck.).
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In summary, together with the assumptions made the model reproduces the field data

very well, considering the simplicity of the model. With a one-step calculation, it is

possible to predict the average salinity relatively accurately, provided S(T)mod remains

less than 35 ppt. If S(T)mod is above 35 ppt, an iterative approach has to be considered.

Nevertheless, it is apparent that a one-step model is able to predict hypersaline

conditions in general: if the average salinity is greater than 35 ppt, it can be inferred

that the estuary is inverse in the late dry season.
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Figure 3.15: Regression of S(T)mod vs S(T)dat. The dotted line marks the
95% confidence limit of the prediction.

It should be noted that the largest potential error in the estimation of the average

salinity most likely lies in the determination of physical parameters of an estuary.

Parameters like length and area of salt flats were estimated from topographic maps,

the accuracy of which in respect to these parameters is often not known.  A detailed

error calculation of S(T)mod is hence not useful. However, with the assumptions made,

the model is apparently adequate to predict the average salinity in the late dry season

with good agreement with field data. It is acknowledged that a much-simplified

predictive model relying on input data from topographic maps may not be able to

accurately represent the conditions persisting in the field in all cases.
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3.4. Discussion

3.4.1. Physical Conditions for the Formation of Convergences

Hydrographic conditions observed in the estuaries of the Normanby and other rivers

result in the formation of density-driven secondary circulation with a mid-stream

surface convergence at flood tide and a mid-stream divergence at ebb tides (Figure

3.1, page 58). The resulting profiles and cross-channel transects of salinity (Figure

3.8, page 77 and Figure 3.9, page 78) are typical for estuaries with axial convergences

(e.g. Nunes & Simpson 1985). The well-mixed nature of the estuary and the presence

of a lateral salinity gradient estuary are necessary conditions for the formation of the

density-driven circulation cell and the surface convergence (Nunes & Simpson 1985).

From the field data presented in section 3.3.2, it is apparent that the single-most

important condition determining whether a convergence forms (or not) in a tropical

Australian estuary is the presence (or non-presence) of a salinity gradient greater than

0.5 ppt km-1. This condition is apparent within and across the investigated

conventional estuaries (Table 3.1, page 70). In addition, in the inverse Annie River

estuary, a convergence formed at ebb tides where a significant inverse salinity

gradient persists. Other factors such as water depth or structure of the bank

(determining friction and therewith velocity shear) appear to play a subordinate role

for the formation of convergences in estuaries in this region.

Density-driven secondary circulation adds to the lateral diffusion processes in

reducing the high salinity zone in mid-stream that is generated by the interaction of

the lateral velocity shear and the longitudinal salinity gradient. The detailed

description of this physically important phenomenon is not of immediate importance

to mangrove propagule dispersal, but is included for completeness in Appendix G.
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3.4.2. A New Classification of Tropical Estuaries

The data presented indicates that three different classes of estuary need to be

considered with respect to the salinity gradient and the potential of convergences to

occur. These are (1) estuaries in the Wet Tropics (e.g. Daintree River), (2) long dry

tropics estuaries with a conventional salinity gradient at the end of the dry season

(e.g. Normanby River) and (3) short dry tropics estuaries that turn inverse in the late

dry season (e.g. Bizant River). Previously, a distinction was only made between

conventional estuaries with permanent freshwater input, and inverse estuaries without

permanent freshwater input (e.g. Martin et al. 1999). Here, a third, previously

undescribed class is recognised, i.e. the class of estuary without permanent freshwater

input that does not turn inverse. Note that all three classes of estuary constitute

important mangrove habitat (e.g. Bunt 1982). The main properties of the different

classes are summarised in Figure 3.16.

Figure 3.16: A new classification of tropical estuaries with regard to the
salinity regime and the potential of (conventional) convergences to form.
The main properties describing the different classes are (as listed): the
length of the estuary (in dry tropics only), the permanency of riverine
freshwater input, the rate of change of salinity (in dry tropics estuaries
only), the salinity regime at the end of the dry season, the salinity at the
head of the estuary at the end of the dry season, and the potential of
conventional convergences to form on flood tides in early and late dry
season.
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Below, the different types of estuaries and their properties are discussed with

reference to their salinity regime and the potential of convergences to form.

3.4.2.1. Wet Tropics Estuaries

Detailed investigations of salinity gradients in wet estuaries have not been carried out.

However, some conclusions on salinity gradients and convergences can be drawn

from general knowledge of this type of estuary.

Due to the permanent riverine freshwater input and the relatively steep coastal plain

in the Wet Tropics, estuaries in this region are comparatively short (see length

column in Table 3.1, page 70), and the salinity gradient in these estuaries varies little

during the dry season. With the exception of some flood events in the wet season that

flush the estuaries to the mouth, throughout the year their salinity gradients are

comparable to the gradients observed in dry estuaries in the early dry season (Figure

3.5, page 74). Due to the permanent riverine freshwater input, a salinity of zero

persists in the upstream part of the estuaries throughout the year, i.e. from ca. 10 to

40 km distance from the mouth. This results in a sufficiently high salinity gradient to

allow axial convergences to form (> 1 ppt km-1). The formation of axial convergences

was observed in a number of estuaries (Table 3.1) considered representative for the

Wet Tropics, and is predicted to occur in all major estuaries in the Wet Tropics

region (see also section 3.4.3). Note that this prediction is of a preliminary nature, and

is subject to variations, for example in river flow or depth range.

3.4.2.2. Dry Tropics Estuaries

In estuaries where riverine freshwater input is restricted to the wet season, the salinity

gradient in the early dry season is steep and short (e.g. estuaries in Princess Charlotte

Bay in April 1998, Figure 3.5). Under these conditions, convergences are likely to

have persisted in most dry tropics estuaries. During the entire dry season however,

salinity in the estuaries increases until it reaches a maximum at the end of the dry
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season. In some estuaries, the salinity gradient in the late dry season is inverse (or

near zero), and convergences do not occur (on flood tides), e.g. Bizant and Annie

River estuaries. Here, the fundamental differences in the factors determining the

salinity gradient and hence the formation of convergences in the two different classes

of dry tropics estuary are discussed.

The salinity regime in short vs long dry tropics estuaries

Dry tropics estuaries exhibit two types of distinctly different hydrodynamic

behaviour: some estuaries turn inverse, whereas others remain fresh/brackish at the

head despite lack of freshwater input during most of the year (Table 3.1, page 70,

Figure 3.5, page 74 and Figure 3.7, page 76). The estimation of the evolution of

average estuarine salinity (equation 3.2, page 69) represents a highly simplified

model of the processes occurring in these estuaries, but successfully explains the

basic differences between those estuaries that remain conventional and those that turn

inverse in the late dry season.

The dimensions of the estuary proper and its associated area of salt flats are the

fundamental parameters, which determine if an estuary is of the ‘rapid-change’ type

with ∆S/∆t = 10-6 ppt s-1 or the ‘slow-change’ type with ∆S/∆t = 10-7 ppt s-1 (Table

3.4, page 90 and Table 3.5, page 94). The length of the estuary is an important

parameter for all three terms determining baroclinic circulation, tidal diffusion and

evaporation, contributing to an increase in salinity during the dry season. Short

estuaries (<35 km) like Cocoa Creek and Bizant River estuary are ‘rapid-change’

estuaries, becoming hypersaline over the whole length, whereas the longer ‘slow-

change’ estuaries (>35 km in length), e.g. of the Norman and Normanby Rivers,

retain low salinity water until the end of the dry season (Figure 3.5, Figure 3.7 and

Table 3.4). In other words, in short estuaries salinity increases at a rate one order of

magnitude higher than in long estuaries. This means that if 8 months (one dry season)

are required for the Bizant River estuary to turn inverse, 80 months would be required

for the Normanby River estuary to fully turn inverse, provided no freshwater input

due to rainfall occured.
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The Marrett River estuary is a boundary case: it is a ‘rapid-change’ estuary from its

rate of increase of salinity ∆S/∆t, but a ‘slow-change’ estuary from its length of

50 km. Indeed, the field data shows that the estuary can be regarded as partly inverse

and partly conventional (Figure 3.5) in the late the dry season.

Short estuaries commonly drain large areas of mangroves and salt flats relative to the

estuary surface area over their entire length, whereas long estuaries extend well

upstream of large areas of mangroves and salt flats. Thus the ratio ε of volume of

water in mangroves and salt flats during inundation vs estuary volume is usually

significantly larger in short estuaries, resulting in a significantly larger diffusion

coefficient k for shorter estuaries (Table 3.4, also Wolanski & Ridd 1986) and also

larger contribution of the evaporation term. In long estuaries, where large areas of salt

flats and mangroves exist only close to the river mouth, the increase in salinity to

values above that of standard seawater only exists a few tens of kilometres from the

estuary mouth, resulting in a salinity maximum (Figure 3.5, see also Wolanski 1986).

In summary, the dominant physical parameters determining the rate of increase of

salinity in a dry tropics estuary are (a) estuary length and (b) physical extent of

mangroves and salt flats associated with the estuary.

3.4.3. Prediction of Axial Convergences in Major Estuaries of North East

Australia

Prediction of average estuarine salinity and potential for convergences to form

Application of the average salinity model  (equation 3.2) to the major estuaries in the

dry tropics region allows prediction of whether convergences can potentially form in

a particular estuary, or whether a high salinity regime prevents their formation in the

late dry season, without carrying out further costly and labour-intensive field

investigations. By estimating the average salinity in an estuary, the salinity regime in

upstream parts of a dry estuary towards the end of the dry season can be determined.

Considering a salinity of 35 ppt at the mouth of an estuary, the head of the estuary

becomes hypersaline if the modelled average salinity S(T)mod > 35 ppt, and retains
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fresh/brackish conditions if S(T)mod < 35 ppt. It can be safely assumed, that

(conventional) convergences do not form on flood tides in estuaries with

S(T)mod > 35 ppt.

An important limitation of modelling the average salinity instead of the salinity

gradient is that this method does not allow for predictions to be made, along which

parts of an estuary a convergence exists. The field data indicate that during the dry

season, a convergence generally occurs upstream from a zone of constant salinity (or

a salinity maximum zone) and extends to the head of the estuary. In an estuary with

S(T)mod just below 35 ppt, it is not obvious if the salinity gradient is sufficiently high

in any part of the estuary for a convergence to form. Here, for practicality reasons,

convergences are predicted to occur in estuaries where S(T)mod ≤ 27 ppt. This is the

highest value for S(T)dat for which the presence of a convergence has been confirmed

in the field (in the Normanby River estuary in December 1997). Based on this

assumption, the model may underestimate the likelihood of convergences to occur.

Prediction of development of estuarine salinity and convergences with time

In order to estimate the average salinity S(T)mod in the major dry tropics estuaries in

North East Australia (Figure 3.17) at different times during the dry season, the

following assumptions are made:  (a) S(T0) in the early dry season (April) is assumed

to be 10 ppt, to account for significant freshwater influence in the early dry season

(see also Table 3.4, page 90). (b) The time t is increased in steps of 2 months up to 8

months, which is the maximum duration of the dry season (April to December). (c)

Width, depth and length of an estuary and associated area of salt flats are estimated

from topographic maps (1:100,000 and 1:250,000 scale) and personal observations.

(d) In the SGOC and Cape York West south of 12.5° S (Figure 3.17), half the total

area of salt flats was considered for similar reasons as described above for the

Norman River estuary. The detailed results are compiled in Table 3.6, and the

predictions summarised by region in Table 3.7. The major estuaries in the Wet

Tropics region are included in the tables and in Figure 3.17.
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Figure 3.17: Major estuaries in North East Australia.

Table 3.6 (following page): Prediction of axial convergences during the
dry season. ∆S/∆t and S(T)mod are calculated from equations 3.1 and 3.2
respectively. A convergence is predicted to occur, where S(T)mod ≤ 27 ppt
(column ‘conv’, noted with a 1 and marked grey). Floristic data from Bunt
(1982) and Duke (unpublished) on Heritiera littoralis (H.l.) and Nypa
fruticans (N.f.) is included (1 = present, 0 = not present, no entry = no data
available).
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Estuary Dimensions Predictions Floristic Data
Jun Aug Oct Dec H.l. N.f

Gin Arm Ck 50 0.1 5 85 2E-06 18.4 1 26.7 1 35.1 0 43.5 0
Nicholson R 60 0.1 5 55 9E-07 14.8 1 19.6 1 24.4 1 29.1 0
Albert R 65 0.2 7 135 7E-07 13.8 1 17.6 1 21.4 1 25.2 1
Leichhart R 60 0.3 5 90 6E-07 13.3 1 16.6 1 20.0 1 23.3 1
Disaster Inlet 35 0.05 3 30 3E-06 27.1 0 44.2 0 61.3 0 78.4 0
Flinders R 65 0.1 3 40 1E-06 15.3 1 20.6 1 25.9 1 31.2 0
Bynoe R 60 0.1 5 45 8E-07 14.2 1 18.4 1 22.6 1 26.8 1
Norman R 90 0.2 6 150 7E-07 13.1 1 16.3 1 19.4 1 22.5 1
Walker Ck 35 0.05 3 15 2E-06 20.6 1 31.3 0 41.9 0 52.6 0
Smithburne R 35 0.05 4 50 4E-06 29.7 0 49.4 0 69.1 0 88.7 0
Gilbert R 35 0.1 3 5 8E-07 14.0 1 18.0 1 22.1 1 26.1 1
Staaten R 30 0.2 5 8 7E-07 13.4 1 16.8 1 20.2 1 23.6 1
Nassau R 45 0.2 5 5 4E-07 12.0 1 14.1 1 16.1 1 18.1 1
Mitchell R Sth 25 0.1 5 3 8E-07 13.9 1 17.9 1 21.8 1 25.8 1
Mitchell R 40 0.4 8 8 4E-07 11.8 1 13.7 1 15.5 1 17.4 1
Coleman R 25 0.2 3 13 1E-06 17.4 1 24.9 1 32.3 0 39.8 0
Kirke R 35 0.6 5 20 5E-07 12.7 1 15.4 1 18.1 1 20.8 1
East Archer R 35 0.5 5 20 5E-07 12.8 1 15.7 1 18.5 1 21.3 1
Hey R 30 0.8 10 60 6E-07 13.0 1 16.1 1 19.1 1 22.1 1
Mission R 30 0.6 5 45 8E-07 14.3 1 18.6 1 22.9 1 27.2 0
Pine R 30 0.1 3 5 9E-07 14.9 1 19.8 1 24.8 1 29.7 0
Nomenade Ck 30 0.1 3 40 3E-06 27.0 1 44.0 0 61.0 0 78.0 0
Wenlock R 50 0.3 7 180 1E-06 15.1 1 20.1 1 25.2 1 30.2 0
Ducie R 45 0.6 7 95 5E-07 12.8 1 15.6 1 18.4 1 21.2 1
Jardine R 25 0.2 3 10 1E-06 16.5 1 23.0 1 29.5 0 35.9 0
Jacky Jacky Ck 31 0.8 5 50 7E-07 13.6 1 17.2 1 20.7 1 24.3 1 1 0
Escape R 25 0.7 5 15 7E-07 13.4 1 16.9 1 20.3 1 23.7 1 1 0
Olive R 25 0.2 5 5 7E-07 13.6 1 17.1 1 20.7 1 24.2 1 1 1
Pascoe R 28 0.1 5 5 7E-07 13.8 1 17.6 1 21.3 1 25.1 1 1 1
Claudie R 26 0.1 5 5 8E-07 14.2 1 18.3 1 22.5 1 26.7 1 1 1
Lockhart R 30 0.7 3 25 8E-07 14.1 1 18.1 1 22.2 1 26.3 1 1 1
Annie R 20 0.05 5 30 2E-05 39.5 0 69.1 0 98.6 0 128 0 0 0
Nth Kennedy R 70 0.1 5 60 8E-07 14.0 1 18.0 1 22.0 1 26.0 1 0 0
Bizant R 35 0.05 3 30 3E-06 25.4 1 40.8 0 56.2 0 71.6 0 0 0
Normanby R 55 0.1 5 28 7E-07 13.4 1 16.8 1 20.2 1 23.5 1 1 0
Marrett R 50 0.05 6 30 1E-06 15.3 1 20.6 1 25.9 1 31.2 0 0 0
Morgan R 30 0.1 5 5 7E-07 13.5 1 16.9 1 20.4 1 23.8 1 1 1
Endeavour R 43 0.1 5 19 7E-07 13.8 1 17.5 1 21.3 1 25.0 1 1 0
Annan R 25 1 1 1 1 1 0
Bloomfield R 9 1 1 1 1 1 0
Daintree R 25 1 1 1 1 1 0
Barron R 18 1 1 1 1 0 0
Trinity Inlet 10 1 1 1 1 1 0
Mulgrave R 23 1 1 1 1 1 0
Russell R 15 1 1 1 1 0 0
Nth Johnstone R 25 1 1 1 1 0 0
Moresby R 15 1 1 1 1 1 0
Hull R 15 1 1 1 1 1 0
Tully R 15 1 1 1 1 0 0
Murray R 12 1 1 1 1 1 0
Herbert R 40 1 1 1 1 0 1
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Limitations of the predictions

Whilst small tidal creeks (length less than 20 km) constitute important mangrove

habitat, they are not included in this prediction. They are likely to behave

hydrodynamically like Cocoa Creek (Figure 3.7, page 76), and belong to the class of

the short dry tropics estuaries in which convergences do not form (on flood tides). It

should be noted that floristic surveys commonly do not cover these creeks, which

prevents making comparisons between floristic diversity and the salinity regime in

such creeks. Generally, however, the richness of species is low in these small

estuaries compared to the large estuaries included in Table 3.6 (Norman Duke, pers.

comm. and personal observations).

The predictions in Table 3.6 are based on the assumption that estuaries outside the

Wet Tropics region receive no or negligible freshwater input during the dry season.

However, it is possible that some rivers do receive a non-negligible input of

freshwater also during the dry season, although no experimental evidence for non-

negligible base flow can be provided to date (note that unlike European rivers, most

rivers in North East Australia are not gauged). For example, the Jardine River drains

large areas of freshwater swamps during the wet season, and maybe also during parts

of the dry season. In addition, from geographic considerations it appears possible that

the Lockhart, Claudie and Pascoe Rivers are fed by run off from the Iron Ranges. If

this is the case, their estuaries have to be treated like estuaries in the Wet Tropics.

However, this reduction in salinity would not impact upon the prediction of the

formation of convergences using the average salinity model, because all these

estuaries are predicted to have convergences throughout the year even without

persistent freshwater input.

Commonness of convergences

The average salinity in the late dry season is predicted to remain below 27 ppt in most

estuaries in North East Australia for most of the dry season (Table 3.6). Hence the

majority of the 51 estuaries considered is predicted to have convergences throughout

the dry season (Table 3.6 and Table 3.7). This indicates that the newly recognised

class of long dry tropics estuary with convergences is the most common class found

in the major estuaries of tropical North East Australia.
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 Region June August October December

C
onvergences

Inverse estuaries

C
onvergences

Inverse estuaries

C
onvergences

Inverse estuaries

C
onvergences

Inverse estuaries

 SGOC 8(9) 0(9) 7(9) 1(9) 6(9) 3(9) 4(9) 3(9)

 Cape York West 15(16) 0(16) 14(16) 2(16) 13(16) 2(16) 9(16) 4(16)

 Cape York East 12(13) 1(13) 11(13) 2(13) 11(13) 2(13) 10(13) 2(13)

 Total dry estuaries 35(38) 1(38) 32(38) 5(38) 30(38) 7(38) 23(38) 9(38)

 Wet Tropics 13(13) 0(13) 13(13) 0(13) 13(13) 0(13) 13(13) 0(13)

 Total 48(51) 1(51) 45(51) 5(51) 43(51) 7(51) 36(51) 9(51)

Table 3.7: Summary of prediction of relative commonness of
convergences and inverse estuaries in two months steps during the dry
season in the different regions in NE Australia. 8(9) in column
Convergences in June reads ‘in eight out of nine estuaries convergences
are predicted to occur’ etc. (likewise with inverse estuaries). The data is a
summary of Table 3.6. ‘Total dry estuaries’ include SGOC and Cape York
West and East.

The proportion of major estuaries with convergences decreases with time into the dry

season (Table 3.7): convergences are predicted to occur in 48 out of 51 (94%)

estuaries in June, whereas in December only 36 out of 51 (71%) estuaries are

predicted to have convergences. During the course of the dry season, the average

salinity exceeds 27 ppt in some estuaries, the assumed threshold for the formation of

convergences. In extreme cases, the estuary changes from conventional to inverse in

the mid or late dry season. Regionally, the SGOC has the highest proportion of

inverse estuaries with 3 out of 9 estuaries (33%) in the late dry season, which can be

attributed to the relatively shallow surface relief and generally large areas of salt flats.

In this region, only in 4 out of 9 (44%) estuaries convergences are predicted to occur
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in the late dry season. In the other regions, the predicted probability of convergences

to occur exceeds 50% at all times during the dry season.

A total of 36 out of 51 (71%) major estuaries in the region are predicted to behave

hydrodynamically similar to the Normanby River estuary, with convergences forming

throughout the dry season (including estuaries in the Wet Tropics). Hence, density-

driven axial convergences are likely to form throughout the dry season in at least 71%

of the major estuaries along the North East Australian coastline. Trapping of

propagules in axial convergences and in upstream parts of estuaries is hence unlikely

to be a local phenomenon, occurring only in the Normanby River estuary where it

was observed and studied in some detail.

The ecological effects of convergences on the mangrove population in the Normanby

River are discussed in section 3.4.4. In other estuaries where the formation of a

convergence is predicted, similar effects can be expected to occur. Considering the

large number of estuaries where axial convergences are likely to form, the

hydrodynamic trapping effect might also play an important role for propagule

dispersal and species distribution, not only on intra-estuary scale, but also on a larger,

i.e. regional, inter-estuary scale. This role is discussed in section 3.4.6.

3.4.4. The Effect of Axial Convergences on Mangrove Propagule Dispersal and

Forest Ecology

Mangrove propagules released from parent trees growing in locations along the

estuary where a convergence is present are subject to trapping in the convergence. In

this section, the effects on propagule dispersal on intra-estuary scale are discussed,

based on observations made in the Normanby River estuary. From the considerations

made in previous sections, it is reasonable to infer that similar effects occur in other

estuaries when axial convergences are present.
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Prevention of mangrove seeds entering a forest

At times of the year when density-driven axial convergences are present, mangrove

forests bordering the main channel are unlikely to receive many propagules from

elsewhere along the estuary. At high water level (last stage of flood tide), when

forests are inundated, mangrove propagules are trapped in mid-channel. During ebb

tide, a surface divergence forms, and previously trapped propagules drift towards the

bank. At the same time, water is flowing out of the forests into the estuary, and the

water level is dropping along the banks of the main channel. Even though some

propagules may be delivered to a suitable location for growth on the bank, propagules

do not enter the forest proper on the high bank in significant numbers. Exceptions

include very tight meanders, where a convergence may take a ‘short cut’ across the

forest during flood tides, and periods of extremely high wind, when wind driven

cross-channel currents are higher than density-driven currents. However, neither case

was observed during a total of 4 months of field studies under varying conditions.

Short-term upstream drift of propagules and trapping in upper parts of the estuary

On a tidal cycle / daily scale, considerable net upstream movement is displayed by

drogues, mangrove propagules and other floating matter. The most notable

accumulation of propagules of all investigated species is found in the middle of the

dry season at the upstream end of the convergence (Figure 3.14a, page 87) and in

even larger numbers in hydrodynamic traps just upstream (Figure 3.14b). Both areas

lie 8 to 48 km upstream of mature stands of different species, i.e. potential sources of

propagules (Figure 3.13, page 85). It can therefore be inferred that propagules are

almost exclusively transported upstream in times when a density-driven axial

convergence zone persists. Furthermore, the propagules are retained in the upper

reaches of the estuary by the convergence zone and eddies, both being efficient

hydrodynamic traps.

Long-term dispersal of propagules

Propagules released from parent trees growing along the estuary in locations where a

convergence is present are likely to be trapped by the convergence and kept within

the estuarine system. Generally, during the dry season the largest accumulation of

propagules is expected to occur at the upstream end of the axial convergence, where
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water salinity is close to zero (Figure 3.13, page 85). In the Normanby river estuary,

this occurs in all species at the end of the wet season and the middle of the dry

season, with the exception of Rhizophora stylosa at the end of the wet season (Figure

3.13a). This exception is likely to result from a continuous release of a relatively high

number of propagules from parent trees during this particular time.

At the end of the dry season, the upstream end of the convergence in the Normanby

River estuary, i.e. the furthest extension of salt, lies further upstream than 60 km from

the mouth, in an area that could not be surveyed at the time. From the presented data,

it is reasonable to infer that the highest accumulation of propagules occurs at the

upstream end of the convergence at the end of the dry season. During the dry season,

the initially steep salinity gradient slowly moves upstream and decreases, as

freshwater input ceases, and baroclinic circulation, diffusion and evaporation increase

salinity (compare April to December transects in Figure 3.11, page 82, and Figure

3.13, page 85, see also Wolanski 1986). The furthest extension of the convergence

zone into the estuary moves upstream with time, and with it the trapped mangrove

propagules (Figure 3.13). In the middle of the dry season, the propagules are trapped

upstream from mangrove habitat (Figure 3.14b, page 87). The end of the convergence

and propagule traps lie within an area, where the mangrove fringe is replaced by

terrestrial vegetation (Figure 3.3, page 63).

At sufficiently high freshwater input into the estuary during the wet season, the

estuary can become fresh to the mouth, especially in the Wet Tropics. In the

Normanby River estuary, this occurs only for a short period of time (in the order of

days), in some years on two or three occasions at the most during the wet season

(John Barton, pers. comm.). Convergences do not form during this time, and

propagules are no longer trapped in upstream parts of the estuary and can thus move

downstream with the prevailing currents. Only during this period of rapid flow

downstream (current speeds of more than 1 m s-1 are not uncommon in wet-season

floods), propagules can potentially leave the estuary. This wet season outwelling of

propagules of estuarine mangroves, which is most likely to occur in short Wet

Tropics estuaries, is likely to contribute to Heritiera littoralis and other propagules,

typically of estuarine origin, being washed up on beaches along the North East
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Australian coast. However, floating propagules encounter large-scale eddies whilst

floating down a river in flood. The data presented here indicates that propagules do

move downstream during the wet season, but do not necessarily leave the estuary in

every wet season. In April 1998, after a moderately ‘strong’ wet season (Australian

Bureau of Meteorology, pers. comm.), a considerable number of H. littoralis

propagules was found at the upstream end of the newly formed convergence (Figure

3.13, page 85). Those propagules had been released from the tree before the wet

season (Table 3.3, page 83), and therefore had not left the estuary during wet season

floods. In addition, Lakefield National Park staff have reported ‘literally thousands’

of H. littoralis propagules floating on the river 20 to 30 km upstream from the mouth

in March 1999, i.e. in the late wet season (John Barton, pers. comm.), after the

strongest floods have passed, which might serve as a further indication of the

phenomenon mentioned above. Generally within one week after heaviest rainfall,

freshwater discharge decreases (John Barton, pers. comm.). Salt rapidly intrudes

upstream, and an initially steep axial salinity gradient builds up (see Figure 3.11a,

page 82 and Figure 3.13a, page 85), axial convergences form and move those

propagules remaining in the estuary upstream.

From the data presented it is apparent that any floating matter is subject to an

upstream drift, regardless of type and size. Although propagules of different species

show distinct differences in shape and size, they share a similar drift path. Note that

the ‘sail’ of Heritiera littoralis seeds, possibly developed to enhance wind-driven

dispersal (Tomlinson 1986, Lovelock & Clarke 1993), seems to play a negligible role

in the dispersal within an estuary. Hence no tidal sorting of propagules as proposed

by Rabinowitz (1978a) seems to occur in an estuary with axial convergences.

Propagules are also not delivered to all portions of the intertidal zone, as previously

suggested by Smith III (1992), but rather to the furthest extension of the intertidal

zone.

Implications for establishment of propagules

Successful development from a propagule to a mature tree is largely determined by

three factors, (a) its longevity, (b) being stranded in suitable areas or substrates and

(c) injury through or attachment of marine organisms and subsequent sinking
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(Saenger 1982). It is therefore interesting to compare ‘timetables’ of hydrodynamic

trapping and longevity.

With the exception of Rhizophora stylosa, the investigated propagules have a

longevity of more than two months (Table 3.3, page 83). The long-lived Bruguiera

gymnorrhiza, Xylocarpus mekongensis and Heritiera littoralis propagules accumulate

at the upstream end of the convergence in large numbers in comparison with the

numbers trapped in the convergence, whereas the difference in numbers of R. stylosa

propagules at upstream end versus in-convergence is not as pronounced (Figure

3.13b, page 85). This is likely to be due to the loss of R. stylosa propagules due to

sinking.

With regard to factor (b), long-lived propagules are moved into upstream parts of the

estuary, where salinity is close to zero. In the dry season, this furthest extension of the

convergence lays in zones of terrestrial vegetation (Figure 3.13b and Figure 3.14,

page 87), an area that is an unsuitable habitat for mangroves, due to its low salinity

prevailing throughout the year. Short-lived propagules are likely to die and sink in the

process of being transported upstream, unless they colonise the banks of the river,

which is a habitat obviously very restricted in space and also ecologically not suitable

for many species.

In conclusion, the hydrodynamic trapping contrasts with the temporal and spatial

requirements of propagules to be stranded in a habitat suitable for development.

Implications for forest structure along river

The zonation of species, which is widely regarded as a response to prevailing

gradients of ecological variables (e.g. Smith III 1992), is unlikely to be affected by the

net upstream displacement of propagules by hydrodynamic means effects, because

differential dispersal of propagules did not appear to occur in convergences.

However, revegetation of mangroves in disturbed areas may be influenced by the

trapping of propagules described in estuarine waters. Species growing downstream

from a forest gap can potentially recolonise the banks of the gap, because their

propagules are moved upstream towards the gap, and have a fair chance to be
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stranded onto the banks at the location of the gap at ebb tides. It is noteworthy, that

the distribution of large Rhizophora stylosa forest on the Normanby River extends

approximately 25 km into the estuary, whereas relatively isolated stands account for

the occurrence of this species up to 35 km. Some of those stands might have been

established in forest gaps due to readily availability of a large number of propagules

throughout the year. On the other hand, gaps high on the banks and far from the

water’s edge are more likely to be recolonised by closely surrounding species’ rather

than by trees from other areas along the estuary. Propagules are unlikely to enter a

forest gap high on the bank, because they are carried in mid-stream at high water

level, and deposited on the bank at low water level.

It is widely acknowledged that in any location, i.e. in an existing forest or in a ‘new’

location like a forest gap, a specific combination of ecological conditions is necessary

for successful development of a species (Smith III 1992, Clarke 1995, McKee 1995).

This regeneration niche concept understates the importance of availability of

propagules prior to establishment, in other words ‘where seeds do not get to, a tree

won’t grow, no matter what the conditions are’ (see also McGuinness 1997). This

simple rule is widely applied in the concept of supply-side ecology (Underwood &

Fairweather 1989). It also has to be considered in the light of modern forest ecology,

where trees are grouped into pioneer group or climax group, depending on the

reproductive strategies (e.g. Whitmore 1989). Generally, mangroves and in particular

Rhizophora spp., are regarded as pioneers (Saenger 1982, Tomlinson 1986), although

different views exist on the relative ability of a species to act as a pioneer (Smith III

1992, Clarke 1995). In summary, revegetation and species diversity in forest gaps

might simply be constrained by propagule availability, which in turn is restricted by

trapping in an axial convergence.
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3.4.5. Ecological Implications of the Salinity Regime in Upstream Parts of

Estuaries

In addition to being an important condition for the formation of convergences, the

salinity regime in the late dry season (conventional or inverse) is an important factor

influencing the species richness in tropical estuaries. Due to inter-specific differences

in salt tolerance, a larger number of species is potentially available to colonise an

estuary with a wide range in salinity (e.g. 0 to 35 ppt), compared to an estuary with

high salinity only (Ball 1998). For mangrove species that prefer brackish to fresh

water (and hence grow in upstream parts of an estuary), it is the high salinity in

upstream parts of a dry tropics estuary in the late dry season that is habitat restricting.

As an example, a total of 9 out of 51 (18%) estuaries in North East Australia are

predicted to be inverse in the late dry season, and hence are expected to have salinity

in upstream regions which is too high to provide a habitat for species like Heritiera

littoralis or Nypa fruticans (compare floristic data in Table 3.6, page 103).

In previous work, estuary length itself has been found to be positively correlated with

species richness (Smith III & Duke 1987). To explain this, it has been suggested that

the principle of island biogeography is applicable, which says ‘more species grow in a

larger space’ (MacArthur & Wilson 1967). In the case of mangroves, this means that

the longer an estuary, the more species can find a suitable habitat, because of a wider

range of habitats provided for niche differentiation (Smith III & Duke 1987).

However, this ‘island concept’ does not explain similar high species richness in short

length wet tropics estuaries and in long dry tropics estuaries (e.g. Bunt 1996).

Considering that the length of an estuary was found to be a fundamental factor

determining the salinity regime in a dry tropics estuary in the late dry season, the

findings of the study presented in this thesis can be regarded as a physical explanation

of the ‘island concept’ with regards to estuaries: species richness in an estuary

depends on the salinity regime persisting in the late dry season, which is dependant

on estuary length in estuaries where freshwater inflow during the dry season is

negligible.
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3.4.6. Floristic Isolation of Mangrove Habitats in Upstream Parts of Estuaries

due to Propagule Trapping

Efficient propagule dispersal might override habitat selection based on ecological

factors (Rabinowitz 1978a&b, McKee 1995, McGuiness 1997) – or alternatively,

inefficient dispersal might predetermine where a tree does not grow, independent of

ecological conditions. It was pointed out previously, that large-scale population

surveys (e.g. Wells 1995, Bunt 1982, Bunt 1996, Ball 1998) show that habitats are

under-saturated with mangrove species, i.e. some species are not represented although

their specific habitat is present. A potential explanation for this lack of saturation is

the ‘inability of species to disperse and establish from supply populations’ (Clarke et

al. 2001). Here, this concept is examined on a regional scale with reference to

hydrodynamic trapping of Heritiera littoralis in the Normanby River estuary

(Princess Charlotte Bay) as well as for the combined habitat of H. littoralis.

The Normanby River is adjacent to the Marrett River to the east, and the Bizant and

North Kennedy Rivers to the west (Figure 3.3, page 63). The mouths of these rivers

are approximately 4 km, 15 km and 25 km away from the Normanby River mouth,

respectively. With the proximity of the four estuaries discharging into PCB, one

would expect an input of propagules from a neighbouring estuary if propagules could

travel freely. Careful surveys revealed complete absence of H. littoralis propagules

(as well as absence of mature trees) in the three estuaries adjacent to the Normanby

River at any time of the year. In the North Kennedy and Marrett River estuaries,

density-driven convergences occur throughout the year similar to the Normanby

River estuary (Figure 3.5, page 74).  Propagules that potentially enter the estuary from

outside, i.e. from the Normanby River via an open sea connection, would be

transported upstream and found in or upstream from the convergence, as observed in

the Normanby River estuary. The obvious lack of propagule exchange between

estuaries can be explained by propagule trapping in the Normanby River estuary. At

the time, when propagules can potentially leave the Normanby River estuary, i.e. in

wet season floods, all rivers in the region are most likely to be in flood, making it

unlikely that propagules enter a neighbouring estuary against freshwater flood

currents. Therefore, the trapping mechanism is likely to prevent propagules that are
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released in the dry season (like H. littoralis) from finding suitable habitats, not only

during the dry season, but also during the wet season. Hence the trapping is likely to

affect the long-range dispersal of a species, regardless if it displays a relatively high

or low longevity. The chance for successful establishment of propagules is correlated

with the time available for finding a suitable place to grow (relative to its longevity).

This chance is reduced significantly where axial convergences are present.

It should be noted, that over longer time scales, the lack of mature trees in an estuary

as opposed to lack of propagules (like the lack of mature H. littoralis in the North

Kennedy, Bizant and Marrett River estuaries), is unlikely to result from convergences

alone. In the Bizant River estuary, the inverse salinity gradient in the late dry season

would prevent the establishment of H. littoralis, if propagules were available. In the

North Kennedy and Marrett River estuaries, ecological conditions other than the

salinity gradient may not be suitable. Further, it is possible that propagules enter an

estuary during some extreme climatic events, e.g. during prolonged flooding of the

entire coastal plain, when propagules possibly could travel across the coastal plain

from one estuary into another (this situation appears to be quite unlikely, however

generally possible). For successful establishment, the propagule has to be stranded at

a suitable place within its longevity. Even if isolated propagules were established

under such conditions, the combination of local extinction due to unfavourable site

conditions, and rare recruitment from other estuaries due to convergences for most of

the time, may prevent the establishment of a species in an estuary.

Table 3.6 (page 103) includes data from a floristic survey (Bunt 1982 and Duke

unpublished) on the occurrence of Heritiera littoralis in selected estuaries. Where H.

littoralis is present, density-driven axial convergences have been found or are

predicted to occur (Table 3.6). The presence of H. littoralis less than 70 km upstream

from the mouth is itself an indication for a significant salinity gradient (and therefore

an axial convergence), because its habitat is commonly characterised by the

substantial dilution of seawater.  Therefore, for all estuaries with H. littoralis, i.e. for

the combined total habitat of H. littoralis, the same considerations on propagule

dispersal apply as for the Normanby River estuary.
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From these observations, propagule trapping by axial convergences is offered as a

possible explanation for the present disjunct pattern of regional distribution of species

associated with upper reaches of estuaries like H. littoralis (e.g. Bunt 1982). Similar

considerations apply for Nypa fruticans, the mangrove palm. Floristic data of

N. fruticans is included in Table 3.6 to illustrate its even more pronounced habitat

disjunction.

In summary, in some aspects regional mangrove biogeography can be compared to

island biogeography. Due to a limited range of habitat, coastal mangrove populations

are characterised by poor species richness compared to estuarine populations (e.g.

Chapman 1976, Tomlinson 1986). Estuaries can therefore be regarded as islands

despite the interconnection by a continuous coastline, with bigger ‘islands’ (longer

estuaries) displaying higher diversity, with the exception of short Wet Tropics

estuaries (see discussion above). This island concept implies that a barrier surround

the ‘islands’ (estuaries) that prevents large-scale floristic exchange between

populations on ‘islands’ (estuaries). The results from the presented study suggest that

hydrodynamic trapping due to density-driven axial convergences provides this

barrier, resulting in floristic isolation of some estuarine mangrove populations.

In regions other than North East Australia, the hydrodynamic phenomenon of density-

driven propagule trapping could potentially contribute to disjunctions in mangrove

distribution, for example between South and North New Guinea (Duke 1992). Due to

its topography and location close to the equator, New Guinea is a region with

extremely high rainfall (in some areas throughout the year), and therefore axial

convergences generated by very steep salinity gradients would be expected to occur in

virtually all New Guinean estuaries. The convergences could act as very efficient

propagule traps, most likely throughout the year, and could efficiently prevent

exchange of propagules across estuaries and across regions. However, to assess

whether convergences play a significant role in propagule dispersal in such a region,

other factors would have to be taken into account in further studies, including

potentially unfavourable coastal currents and effects of different tidal ranges on the

formation of convergences (New Guinea is microtidal).
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In this discussion of the ecological significance of axial convergences, the formation

of inverse convergences (as found in the Annie River estuary) is not considered in

detail. A possible situation in such estuaries is the upstream trapping of propagules

for a short time at the beginning of the dry season; as the season progresses and the

estuary turns inverse, ‘inverse’ convergences may form at ebb tides. In this case, the

export of propagules into the coastal sea is enhanced, and not restricted by the

trapping effect. Although this is an interesting conclusion in itself, inverse

convergences are likely to have a far less significant effect on mangrove dispersal,

because they form in short estuaries, which are analogous to small islands.

Commonly the species richness in such estuaries is significantly reduced; in particular

mangroves preferring brackish water are unlikely to occur in estuaries where inverse

convergences persist for a significant time of the year. However, this effect needs to

be considered in further studies of the ecological impact of hydrodynamic circulation

patterns in estuaries on mangrove ecology and biogeography.
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3.5. Conclusions

In the past, mangrove research has concentrated on ecological parameters specific to

a site and/or a species, and on large-scale biogeographical distribution patterns, with

little understanding of the role of hydrodynamic factors influencing the supply of

propagules to a suitable habitat within an estuary and across estuaries. Propagules of

most species are buoyant, and are dispersed by water. Hence, propagules of estuarine

mangrove populations are subject to the surface currents prevailing in their estuaries.

In this work, density-driven secondary estuarine circulation in North East Australian

estuaries, resulting in an axial surface convergence has been found to have a

considerable, negative effect on mangrove propagule dispersal. The main findings

and conclusions are:

• Axial surface convergences are generated by a density-driven secondary

circulation at flood tides in conventional tropical estuaries (with lower salinity

upstream), where the longitudinal salinity gradient equals or is greater than

0.5 ppt km -1. Axial convergences are likely to persist throughout the dry season

in approximately 70% of the major estuaries along the North East Australian

coastline, and hence are a common feature of estuaries in the region.

• In tropical regions, in addition to the previously known types of conventional and

inverse estuary (with and without riverine freshwater input respectively), a further

type of estuary has to be considered with respect to the salinity regime. Most

estuaries in tropical North East Australia belong to this newly identified class of

conventional estuary without riverine freshwater input. This class of estuary

remains brackish at the head despite the lack of freshwater input throughout the

dry season. Evaporative loss of water and import of salt by baroclinic circulation

and tidal diffusion during the dry season are not sufficient to increase the

estuarine salinity above seawater values in these estuaries. The length and size of

associated salt flats of the estuaries are the most important parameters

determining the estuarine salinity regime in the late dry season. Axial

convergences form on flood tides in both classes of conventional estuaries.
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• Buoyant mangrove propagules and other floating material is trapped in a density-

driven axial convergence at flood tide, and transported upstream. The propagules

subsequently accumulate in large numbers in hydrodynamic traps in upstream

parts of an estuary, and are retained in the estuary upstream from suitable habitat

during the dry season, i.e. for a significant part of their viability. Only in the

tropical wet season may propagules be exported from such an estuary. All

buoyant matter is transported upstream in the same manner. No differential

trapping of buoyant propagules occurs, therefore the trapping mechanism is not

likely to have an effect on a zonation of species. At times when axial

convergences are present, drifting propagules are unlikely to enter a mangrove

forest because they are located midstream at high water level, when the forest is

inundated, and located near the banks only at low water level. In conclusion, this

hydrodynamic trapping contrasts with the temporal and spatial requirements of

propagules to be stranded in a habitat suitable for development.

• The persistence of fresh/brackish water in the upper reaches of estuaries

throughout the year is likely to affect mangrove species assemblages. Estuaries

with riverine freshwater input and long estuaries without riverine freshwater input

in the dry season provide a habitat for a larger number of mangrove species

compared to short dry tropics estuaries. This is partly because the maximum

salinity in the upper reaches is important, influencing the distribution of

mangrove species normally adapted to brackish water in upstream parts of the

estuary. Axial convergences are likely to persist for much of the year in such

estuaries because a significant longitudinal salinity gradient is maintained until

the end of the tropical dry season.

In conclusion, density-driven axial convergences may provide an efficient barrier to

propagule exchange across estuaries. In estuaries where axial convergences form,

mangrove populations may be therefore regarded as floristically isolated, not unlike

island communities, even though the populations lie on a continuous coastline. This

effect may contribute to the disjunct distribution of some mangrove species.



120

4 – Summary

4.1.Summary (English)

Between the land and the sea, mangrove forests provide a habitat for diverse plant and

animal communities. Many plants have adapted to the marine conditions by

developing physiological mechanisms to cope with the tidal, saline environment. The

presence of salt is one of the most important characteristics of the mangrove

environment. Hydrodynamic processes play a fundamental role in the distribution of

salt within mangrove-fringed estuaries and mangrove forests. In this thesis, two

previously unstudied hydrodynamic processes and their ecological implications are

described. These are (1) the removal of salt from tree roots by diffusion into

crustacean burrows in Rhizophora forests and subsequent tidal flushing of the

burrows, and (2) the effect of density-driven secondary circulation on the dispersal of

mangrove propagules in estuaries. The work was carried out in tropical North East

Australia, where a pronounced wet season / dry season cycle persists.

PASSIVE IRRIGATION AND FUNCTIONAL MORPHOLOGY OF CRUSTACEAN BURROWS IN
RHIZOPHORA  FORESTS

Rhizophora trees exclude salt at the water intake, leaving at least 90% of the salt

behind in the soil, thereby contributing to an increase in salinity of the soil porewater

in their root zone. Considering the typically impermeable nature of mangrove soils,

the accumulation of salt in the root zone can potentially turn into ‘self-inflicted’

ecological stress, if no efficient pathway is available for the removal of excess salt. In

this work, the role of crustacean burrows inhabited by Sesarma messa and Alpheus cf

macklay in removing excess salt from the root zone of Rhizophora is examined by

resin casting and by recording conductivity profiles and time series. For this purpose,

a new technique was developed, based on the measurement of the apparent ground
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conductivity. This new technique provides a rapid, non-destructive means to

investigate the morphology and irrigation of burrows in aqueous environments. From

the contrast in apparent conductivity of burrow and soil, burrows can be located in the

field by vertical conductivity profiling. Temporal variations in burrow water

conductivity can be monitored by installing a sensor in a burrow chamber and

recording time series of conductivity.

Combining new geoelectrical and traditional resin casting techniques, crustacean

burrows in Rhizophora forests were found to be discrete structures with an average of

10 openings each, a total depth of approximately 1.2 m and a total volume of

approximately 70 litres each. A diffusion coefficient of 6.7 × 10-5 m2 day-1 for the

diffusion of salt from the soil into a burrow was determined from conductivity time

series. In the tropical wet season, rainwater infiltration into burrows provides a

pathway for salt to be removed from the sub-surface. During the dry season, passive

irrigation due to tidal flushing of burrows constitutes an efficient mechanism to

periodically exchange burrow water with surface water: in a conductivity experiment,

a burrow was found to be completely flushed within slightly more than one hour of

tidal inundation of the forest floor. During one tidal cycle, 10 to 40% of the incoming

surface water is estimated to circulate through crustacean burrows in the forest

substrate.

Using a simple analytical diffusion model, it was shown that an increase in salt

concentration in the root zone of Rhizophora trees to values that are detrimental to the

tree is prevented by diffusion of salt into crustacean burrows. Several aspects of the

morphology of crustacean burrows in Rhizophora forests assist in the removal of salt:

(1) The diffusion distance from the roots to burrow chambers penetrating the root

zone of the trees is less than 20 cm. (2) In comparison with the forest floor associated

with a crustacean burrow, the total diffusion-effective surface area is increased by

approximately a factor of 7. (3) By having multiple openings, the burrows are

passively flushed and thus any salt diffusing into the burrow is rapidly removed.

In summary, crustacean burrows in Rhizophora forests provide an efficient pathway

for the removal of excess salt excluded at the roots of trees, and therefore contribute

significantly to favourable conditions for growth of the trees.
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TRAPPING OF MANGROVE PROPAGULES DUE TO DENSITY-DRIVEN SECONDARY
CIRCULATION IN TROPICAL ESTUARIES

Propagules of most mangrove species are buoyant, and are dispersed by water.

Therefore in the second part of this work, the effect of axial convergences on the

dispersion of mangrove propagules in North East Australian estuaries was

investigated.

In estuaries with a conventional salinity gradient, i.e. with lower salinity upstream, an

axial surface convergence forms midstream on flood tides, generated by a circulation

cell which results from a transversal density gradient. This convergence is clearly

visible in the form of an often kilometre-long line of debris floating midstream. In the

Normanby River estuary, buoyant mangrove propagules and other floating material

were found to be trapped in the convergence, and to move upstream with the

midstream current. On ebb tides, the circulation reverses, and propagules move

towards the banks, where water velocities are much smaller than midstream. Over a

tidal cycle, a net upstream drift of propagules occurs. All buoyant matter is

transported upstream in the same manner. From drift drogue experiments, a net

average upstream drift speed of greater than 3 km day-1 was found to occur in the

Normanby River estuary. Propagules subsequently accumulate in large numbers in

hydrodynamic traps in upstream parts of the estuary, and are retained in the estuary

upstream from suitable habitat at least during the dry season, i.e. for a significant part

of their viability period. Only in the tropical wet season propagules may potentially be

exported from such an estuary. This hydrodynamic trapping reduces the time

available for a propagule to be stranded in a habitat suitable for development within

their viability period.

In ten estuaries in tropical North East Australia, longitudinal salinity gradients were

measured at different times of the year. Density-driven axial convergences were found

to form exclusively and consistently, where the longitudinal salinity gradient equals or

is greater than 0.5 ppt km-1. This condition is likely to persist throughout the dry

season in (a) estuaries in the Wet Tropics World Heritage Area and (b) in long ‘dry

tropics’ estuaries, for the following reasons: (a) generally, in the Wet Tropics region,

a substantial conventional salinity gradient is maintained throughout the year by

continuous riverine freshwater input at the head of the estuary. (b) In long dry tropics
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estuaries (>35 km in length), a significant amount of freshwater remains at the head in

the late dry season despite lack of riverine freshwater input and substantial increase of

estuarine salinity due to baroclinic circulation, tidal diffusion and evaporation during

the dry season. In short estuaries however, these processes increase salinity in the

estuary significantly faster, and in most cases, short estuaries turn inverse during the

dry season. Convergences do not form on flood tides in short dry tropics estuaries.

Using a simple analytical model to estimate the average estuarine salinity, length and

size of associated salt flats of an estuary were found to be the most important

parameters determining the salinity regime in the late dry season. Based on these

findings, a new classification of tropical estuaries was introduced, with the classes

‘wet’, ‘long dry’ and ‘short dry’ tropics estuaries. The salinity model predicts axial

convergences to persist for much of the year in 70% of the major estuaries in North

East Australia.

The persistence of fresh/brackish water in the upper reaches of estuaries throughout

the year is not only a necessary condition for the formation of convergences, but it

also likely to affect mangrove species assemblages. Wet tropics and long dry tropics

estuaries provide a habitat for a larger number of mangrove species compared to short

dry tropics estuaries, partly because the maximum salinity in the upper reaches is an

important ecological parameter limiting the distribution of mangrove species adapted

to low salinity.

In summary, density-driven secondary circulation in tropical estuaries has a

considerable, negative effect on mangrove propagule dispersal. Axial Convergences

generated by this circulation may provide an efficient barrier for propagule exchange

across estuaries. In estuaries where axial convergences form, mangrove populations

may be regarded as floristically isolated, not unlike island communities, even though

the populations lie on a continuous coastline. This effect may contribute to the

disjunct distribution observed in some mangrove species.

In conclusion, the outcomes of this work contribute to the understanding of the flux of

salt in mangrove forests and mangrove-fringed tropical estuaries, and of the

importance of salt as a growth and habitat-restricting factor in the mangrove

environment.



124

4.2. Zusammenfassung (Deutsch)

An der Grenze zwischen Land und Meer bieten Mangrovewälder einen Lebensraum

für eine vielfältige Pflanzen- und Tierwelt, die durch diverse

Anpassungsmechanismen in der salzhaltigen Umgebung und im Gezeiteneinfluss

überleben kann. Die Salinität des Oberflächen- und Grundwassers ist eine der

wichtigsten Eigenschaften von Mangroveökosystemen. Hydrodynamische Prozesse

spielen eine grundlegende Rolle in der Salzverteilung in Mangrovewäldern und

mangrovegesäumten Ästuarien (Flussmündungen). In der vorgelegten Arbeit werden

zwei zuvor unbeschriebene hydrodynamische Prozesse und deren Auswirkungen auf

den „Lebensraum Mangrove“ untersucht. Dies sind (1) der Abbau von an Wurzeln der

Mangrovegattung Rhizophora abgeschiedenem Salz durch Diffusion in unterirdische

Krebsbauten und anschließende passive Irrigation der Bauten durch

Gezeitenströmung, und (2) die Auswirkungen von axialen Konvergenzen in Ästuarien

auf die Verbreitung von Mangroveembryonen und –samen. Die Arbeit wurde im

tropischen Nordostaustralien durchgeführt, wo eine viermonatige Regenzeit von

Dezember bis März, gefolgt von einer achtmonatigen Trockenzeit vorherrscht.

PASSIVE IRRIGATION UND FUNKTIONELLE MORPHOLOGIE VON KREBSBAUTEN IN

RHIZOPHORA-WÄLDERN

Rhizophora-bäume scheiden mehr als 90% des Meerwassersalzes an den Wurzeln ab.

Dies kann in impermeablen Substraten zu einem Anstieg der Bodensalinität im

Wurzelbereich und damit zu einem selbsterzeugten ökologischen Stress für die

Bäume führen, falls kein effizienter Mechanismus für den Abbau von überschüssigem

Salz vom Wurzelbereich besteht. In dieser Arbeit wurde die Rolle von Krebsbauten,

gemeinsam bewohnt von Sesarma messa und Alpheus cf macklay, im Salzhaushalt

eines Rhizophora stylosa-waldes untersucht. Zu diesem Zweck wurde eine neue

Methode entwickelt, die auf geoelektrischen Leitfähigkeitsmessungen beruht, und die

schnelle und zerstörungsfreie Untersuchung der Morphologie und Durchspülung

(Irrigation) von unterirdischen Bauten ermöglicht. Mit Meerwasser gefüllte

Krebsbauten wurden durch den Leitfähigkeitskontrast von Substrat und Meerwasser



125

in situ identifiziert. Desweiteren wurden zeitliche Variationen der Leitfähigkeit von

Wasser in den Bauten gemessen, indem ein Leitfähigkeitssensor in einer

Bautenkammer installiert und damit hochauflösende Leitfähigkeitszeitreihen

aufgenommen wurden.

Unter Anwendung dieser neuen Methoden und mittels Kunstharzausgüssen wurde

festgestellt, dass Krebsbauten in einem Rhizophora-wald diskrete Strukturen sind, und

im Durchschnitt 10 Öffnungen, eine Tiefe von 1.2 Metern und ein Gesamtvolumen

von etwa 70 Litern haben. Ein Diffusionskoeffizient von 6.7 × 10-5 m2 Tag-1 wurde

für die Diffusion von Salz vom Substrat in die Krebsbauten bestimmt. In der

tropischen Regenzeit wird dieses Salz durch Infiltration von Regenwasser aus den

Krebsbauten und damit aus dem Substrat gespült. Während der Trockenzeit hingegen

ist die passive Irrigation durch Gezeitendurchströmung ein effizienter Mechanismus

zum periodischen Austausch von Wasser in den Bauten mit Oberflächenwasser: in

einem Leitfähigkeitsexperiment konnte die vollständige Durchspülung eines

Krebsbaus in etwas mehr als einer Stunde nach Überflutung der Bautenöffnungen

nachgewiesen werden. Auf den gesamten Wald übertragen bedeutet dies, dass

während eines Gezeitenzyklusses 10 bis 40% des Oberflächenwassers durch

Krebsbauten fließen.

Mit einer Modellrechnung wurde gezeigt, dass der Anstieg der Salzkonzentration im

Wurzelbereich von Rhizophora-bäumen zu übermässigen Werten durch Diffusion von

Salz in Krebsbauten verhindert wird. Mehrere Aspekte der speziellen, „funktionellen“

Morphologie von Krebsbauten unterstützen diesen Prozess: (1) Der effektive Abstand

für Diffusion von Salz von der Wurzelzone des Baumes zu einem beliebigen Teil

eines Krebsbaus übersteigt 20 Zentimeter nicht. (2) Im Vergleich zu der mit dem

Krebsbau assoziierten Waldbodenoberfläche ist die diffusionseffektive Oberfläche um

einen Faktor 7 vergrößert. (3) Die Öffnungen der Krebsbauten sind so angeordnet,

dass die Bauten von Gezeitenströmungen effizient durchspült werden, und dadurch

Salz, das in die Krebsbauten diffundiert, vom Substrat entfernt wird.

Zusammenfassend ermöglichen Krebsbauten im Rhizophora-wald den effizienten

Abbau von überschüssigem Salz, das bei der Wasseraufnahme des Baumes



126

abgeschieden wird und sich im Wurzelbereich ansammelt. Sie tragen damit erheblich

zu vorteilhaften Bedingungen für das Wachstum der Bäume in den harten

Umweltbedingungen  bei.

TRAPPING VON MANGROVEEMBRYONEN UND –SAMEN DURCH SEKUNDÄRZIRKULATION

IN TROPISCHEN ÄSTUARIEN

Embryonen und Samen von Mangrovepflanzen treiben an der Wasseroberfläche, und

werden durch Wasserströmungen verdriftet. Deshalb wurde im zweiten Teil dieser

Arbeit der Einfluss von Oberflächenkonvergenzen auf die Verdriftung von

Mangroveembryonen und –samen in nordostaustralischen Ästuarien untersucht.

In einem Ästuar mit konventionellem Salinitätsgradienten, d.h. mit abnehmender

Salinität ästuar-aufwärts (in Strömungsrichtung bei Flut), bildet sich bei Flut eine

axiale Oberflächenkonvergenz in der Ästuarmitte aus. Die Konvergenz wird

hervorgerufen von einer Sekundärzirkulation (senkrecht zur Hauptstromrichtung), die

ihrerseits von einem transversalen Dichtegradient erzeugt wird. Sie kann an einer

häufig kilometerlangen, ästuar-mittigen Linie von Treibgut erkannt werden. Im Ästuar

des Normanby River wurde durch systematisches Sammeln von Treibgut festgestellt,

dass an der Wasseroberfläche treibende Mangroveembryonen und -samen in der

Konvergenz eingeschlossen und mit der Gezeitenströmung ästuar-aufwärts verdriftet

werden. Bei Ebbe kehrt sich die Zirkulationsrichtung der Sekundärzirkulation um,

und Embryonen und Samen driften in Richtung Ufer, wo Fließgeschwindigkeiten

deutlich geringer sind als in Ästuarmitte. Über einen Gezeitenzyklus findet daher eine

ästuar-aufwärts gerichtete Verdriftung der Embryonen und Samen statt. Das gesamte

Treibgut wird in gleicher Weise verdriftet. Mittels Driftbojen wurde im Ästuar des

Normanby Rivers eine durchschnittliche Driftgeschwindigkeit von mehr als drei

Kilometern pro Tag gemessen. Aufgrund dieser Verdriftung akkumulieren

Embryonen und Samen in großer Zahl in hydrodynamischen Fallen ästuar-aufwärts

von für Mangrovepflanzen geeignetem Lebensraum, und werden dort (mindestens)

während der Trockenzeit gefangengehalten. Erst in der Regenzeit, wenn

Süßwasserzufluss den Salinitätsgadienten abbauen kann, ist es potentiell möglich,

dass Embryonen und Samen von solch einem Ästuar ins offene Meer exportiert

werden. Insgesamt ist durch die hydrodynamische Falle in der Konvergenz die Zeit
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erheblich reduziert, die Mangroveembryonen und -samen zur Verfügung haben, um

während ihrer Entwicklungsfähigkeit in einem Lebensraum angeschwemmt zu

werden, der für eine erfolgreiche Entwicklung geeignet ist.

In zehn tropischen Ästuarien in Nordostaustralien wurden in unterschiedlichen

Jahreszeiten axiale Salinitätsgradienten gemessen. Es wurde festgestellt, dass sich

axiale Konvergenzen dann ausbilden, wenn der Salinitätsgradient grösser oder gleich

0,5 ppt km-1 ist. Diese notwendige Bedingung wird während der Trockenzeit in (a)

Ästuarien in der „Wet Tropics World Heritage Area“und (b) langen „dry tropics“

Ästuarien aus folgenden Gründen erfüllt: (a) im Allgemeinen wird in Ästuarien in der

Wet Tropics Region ein ausreichender konventioneller Salinitätsgradient während des

ganzen Jahres durch Süßwasserzufluss aufrechterhalten, und (b) trotz eines Mangels

an Süßwasserzufluss bleibt in langen Ästuarien (>35 km Länge) in den dry tropics ein

konventioneller Salinitätsgradient mit deutlich reduzierter Salinität am ästuar-aufwärts

gelegenen Ende während der Trockenzeit bestehen.

Mit einem einfachen analytischen Modell wurde die durchschnittliche Salinität im

Ästuar berechnet, und es konnte gezeigt werden, dass in den meisten langen Ästuarien

barokline Zirkulation, Diffusion und Verdunstung während der Trockenzeit nicht

ausreichen, um die Salinität über ca. 27 ppt im Ästuar-Durchschnitt ansteigen zu

lassen. In kurzen Ästuarien in den dry tropics hingegegen erhöhen diese Prozesse die

Salinität im Ästuar erheblich schneller, und in der Regel bilden sich in kurzen

Ästuarien inverse Salinitätsgradienten aus, mit höherer Salinität (> 35 ppt) ästuar-

aufwärts. In solchen kurzen Ästuarien bilden sich Konvergenzen während der Flut

nicht aus. Das Modell zeigte, dass die Länge des Ästuars und die Fläche der bei Flut

überschwemmten Salzebenen die wichtigsten Parameter sind, die das Salinitätsregime

in der späten Trockenzeit bestimmen. Auf diesem Fund basierend wurde eine neue

Klassifikation tropischer Ästuarien mit den Kategorien „wet“, „long dry“ und „short

dry“ eingeführt. Das Salinitätsmodell sagte voraus, dass in 70% der bedeutenden

Ästuarien in Nordostaustralien axiale Konvergenzen für die meiste Zeit des Jahres

bestehen.
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Das Andauern von Süßwasser/Brackwasserbedingungen in den oberen Bereichen

eines Ästuars (d.h. Vorherrschung eines konventionellen Salinitätsgradienten) ist

nicht nur eine notwendige Bedingung für die Formation von Konvergenzen, sondern

beeinflusst ebenso die Zusammensetzung der Mangrovepopulation in einem Ästuar.

„Wet Tropics“ und lange „dry tropics“ Ästuarien bieten Lebensraum für eine größere

Anzahl von Arten im Vergleich zu kurzen „dry tropics“ Mündungen, da die maximale

Salinität in den oberen Ästuarbereichen ein wichtiger ökologischer Parameter ist, der

die Verteilung derjenigen Arten einschränkt, die an niedrige Salinität angepasst sind. 

Zusammenfassend hat die Dichtegradient-erzeugte Sekundärzirkulation in tropischen

Ästuarien einen erheblichen, negativen Effekt auf die Ausbreitung von

Mangroveembryonen und -samen. Axiale Konvergenzen, die sich durch diese

Zirkulation ausbilden, können eine leistungsfähige Barriere für den Austausch von

Mangroveembryonen und -samen von Ästuar zu Ästuar darstellen. In Ästuarien mit

axialen Konvergenzen können Mangrovepopulationen daher ähnlich

Inselgemeinschaften als floristisch isoliert angesehen werden, obwohl die

Mangrovepopulationen an einer ununterbrochenen Küstenlinie liegen. Dieser Effekt

kann zu disjunkter Verteilung beitragen, die in einigen Mangrovearten beobachtet

wird.

Die Ergebnisse der vorgelegten Arbeit tragen zum Verständnis von Salzflüssen in

Mangrovewäldern und mangrovegesäumten Ästuarien, und zum Verständnis der

Bedeutung von Salz als Wachstums- und Lebensraum-einschränkender Parameter in

der Mangrove bei.
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Appendix A – Apparent Ground Conductivity

Apparent ground conductivity is measured by inducing an electrical field between a
pair of electrodes, and measuring the induced voltage on a second pair of electrodes
(e.g. Keller & Frischknecht 1966). For the design of electronic and mechanical
components of a probe, an important consideration is that surface area and spacing of
the electrodes be adapted to the problem of spatially resolving burrows. In addition, it
is of advantage if the instrument is simple to use, cost-effective and easy to build.

The probe design described in section 2.2.3 uses ring electrodes glued to a fibreglass
(fishing) rod. The theoretical description of the electrical field generated by ring
electrodes is relatively complex. In this appendix, the theory of the method is
described for the simplest case of inducing a direct current (DC) field on point
electrodes in homogenous soil. Subsequently, the application of ring electrodes and
alternating current (AC) field is addressed, and the implications for the calibration of
the probe are outlined. This appendix provides a basis for the interpretation of data
acquired with the conductivity probe.

Electrical conductivity in homogenous soil measured by direct current and a
half-Wenner array of point electrodes

One of the most common electrode arrangements used in geophysical applications is
the Wenner array of four electrodes, positioned horizontally at the surface (e.g.
Keller & Frischknecht 1966). For applications within a substrate, the electrodes can
be arranged vertically, and introduced into the substrate (Figure A.1). Here, the
potential at the two measuring electrodes is derived for electrically homogenous soils,
i.e. soils with a uniform conductivity C.

Figure A.1: Arrangement of current electrodes A & B and potential
electrodes A’ & B’ in medium with uniform conductivity C.
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Assuming that a direct current I is introduced into the ground through electrodes at
positions A and B, and that the potential field generated by this current is measured at
positions A’ and B’, then the potential at point A’ is
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Equation A.1

where r1 is the distance from electrode A’ to electrode A and r2 is the distance from
electrode A’ to electrode B (Dobrin 1976). Similarly the potential at electrode B’ is
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Equation A.2

where R1 is the distance from B’ to A, and R2 is the distance from B’ to B. The
potential difference V measured across electrodes C and D is VA – VB, therefore the
conductivity measured with a Wenner array is
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i.e. the ratio I/V is proportional to the apparent ground conductivity, with the
proportional constant depending on the geometry of the electrode array.

If working in an extensive medium, and if a high resolution in conductivity profiling
is desired, the current electrode at B and the voltage electrode at B’ can be placed a
great distance from the two remaining electrodes and from each other. Then the last
three summands in the bracket in equation A.3 can be neglected, and the expression is
reduced to

V
I

r
C

12
1
π

= Equation A.4

In practise, ‘a great distance’ means two to three orders of magnitude higher than r1,
i.e. if r1 = 8 mm, then R1 = R2 = r2 = 8 m is sufficient large to be able to safely neglect
the contribution of these summands in A.3 without introducing a significant error.
This electrode configuration with two ground electrodes is known as half-Wenner
array.

Apparent conductivity in electrically inhomogeneous soils

The value C in equation A.4 is referred to as the apparent conductivity, which is
equivalent to the true conductivity only when the latter is uniform throughout the soil.
In inhomogeneous soils, i.e. where two or more mediums with different conductivities
are present, the induced field is distorted significantly. This effect is used in
geophysical applications to detect materials with conductivity different to the
surrounding medium, e.g. iron ore bodies in rocks. In the work presented in this
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thesis, the field distortion is used to detect burrows. The distortion of the electric field
depends on the distance of the measuring point to the boundary of the two mediums.
The analytical determination of the induced potential field is described in the
literature.  Figure A.2 is adapted from Dobrin (1976) and Keller & Frischknecht
(1966) to the application in burrows. The schematic graph shows the calculated
apparent conductivity as a function of the ratio of the electrode separation r1 and
distance d to the interface.

Figure A.2: Two-dimensional apparent conductivity profile as measured
by (half-)Wenner array (simplified schematic, after Keller & Frischknecht
1966, Dobrin 1976). The conductivity is plotted as function of the ratio of
electrode spacing r1 and distance d of electrodes to burrow.

The dashed line in Figure A.2 delineates the true change in conductivity across a
burrow-soil interface, and the solid line represents the measured apparent
conductivity. This discrepancy of measured vs. real electrical structure of the soil has
an important implication for the interpretation of data acquired with the probe.

When the electrodes approach a burrow, they ‘see’ the burrow before they cross the
interface of soil and burrow. This overshooting is dependant on the electrode spacing
r1, starting to come into effect at a ratio r1/d of approximately 1.5 (Figure A.2). In
other words, the probe measures the apparent ground conductivity by (weighted)
average in a sphere with a radius of approximately one and a half times (or a diameter
of three times) the electrode spacing, measured from the centre of the electrodes. For
the application in burrows, an electrode spacing of 8 mm was chosen, with which the
apparent ground conductivity is measured in a sphere with a diameter of ca. 2.5 cm.
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Note that the weighting function for the average (bulk) measurement is given by the
function shown in Figure A.2.

The interpretation of profiles of apparent conductivity is qualitative in nature. The
electrical structure of a burrow can be derived from the change in apparent
conductivity associated with the burrow.  As outlined in section 2.4.1 in some detail, a
quantitative interpretation of the conductivity is not easily possible. However,
understanding of the response of the half-Wenner electrode array to changes in
conductivity (e.g. at a soil-burrow interface) allows a semi-quantitative estimation of
the burrow diameter (section 2.4.1).

Polarisation effects and the need for low-frequency, low-amplitude alternating
current (AC)

If direct current (DC) is used, polarisation of the charged particles in the soil occurs,
and polarisation clouds can build up around the field-generating electrodes, which
results in distortion of the generated field. These charged clouds are not constant in
time and space, and therefore the induced field and the measured induced voltage can
fluctuate significantly. In addition, corrosion of the electrode material is increased due
to the presence of the charged particle cloud, particularly in a saline environment. In
extreme cases, this can result in a change with time of the electrode configuration,
presenting a significant problem for long-term measurements. To reduce polarisation
and corrosion effects, an alternating field with a frequency f = 4 kHz is induced in the
ground. A signal with this frequency is easily generated using an oscillator circuit
(Appendix B), and has been found to adequately prevent polarisation (Ridd & Sam
1996). In addition, interference with low-frequency background noise e.g. from power
lines (~50 Hz) is eliminated, which makes it possible to resolve small changes in
measured induced voltages.

At a given frequency, polarisation can also be caused if the current density on the
electrodes is too high, causing polarisation clouds to build up, even when an AC field
is used. This effect commonly results in a drifting of the induced field with time. To
reduce (and effectively eliminate) the drift, the current density on the probe is
adjusted to be less than 2 mA cm-2 as suggested by Geddes et al. (1971).

The AC theory is more complicated than the DC theory described above. In practical
terms, however, the DC theory can be applied for AC fields without introducing a
significant error, provided the measuring electrode is close to the current source (i.e.
r1 is small), and therefore the attenuation of the signal is small over the measurement
distance (Keller & Frischknecht 1966).

Ring electrodes vs. point electrodes– implications for calibration

The geometric factor in equation A.4 applies only to the ideal case of point electrodes.
In practise, electrodes are not a point, but have a surface area. This complicates the
calculation of the geometrical factor significantly (e.g. Ridd 1994). For the application
described in this thesis, ring electrodes are used, because (a) they are relatively easy to
manufacture, (b) they provide a more homogenous field than a circular electrode with
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a cross section of the same size commonly used in commercial applications for
geophysical exploration (Ridd 1994).

Both the diameter of the ring electrodes and the spacing of the electrodes are 8 mm.
Therefore, the electrodes can not be assumed to be point electrodes, and expression
A.4 does not apply. However, the proportionality constant 1/2πr1 depends on the
geometry of the electrodes only. Therefore, it is in practise possible to determine the
proportionality constant for any electrode array by field calibration, instead of
calculating the geometric factor from theoretical considerations. The conductivity C
measured by any electrode array can simply be found by

  
V
IKC = Equation A.5

where C is the electrical conductivity of the material around the electrodes, I is the
current driven through the electrodes, and V is the potential field measured by the
receiver electrodes. The calibration constant K is dependent on the electrode
geometry, and is determined simply by immersing the probe into water with a known
conductivity.

Ridd (1994) described in detail the potential field around a ring electrode as
implemented in this application. It is not significantly different from the schematic
field shown in Figure A.2. Therefore, the same general considerations regarding the
response of a probe consisting of ring electrodes to the electrical structure of a burrow
can be applied.

Detection of burrows and monitoring of burrow water can be carried out without
considering the detailed (purely mathematical) description of the potential fields.
Even if the exact structure of the electrical field and the response of the receiving
electrodes would be calculated, little additional information on burrow structure could
be gained (see section 2.4.1 on grazing effects). Therefore, detailed modelling of an
AC field induced on ring electrodes would not improve the understanding of the
method or its limitations for this particular application, and is hence not within the
scope of this study.
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Appendix B – Technical Specification of Data
Logger and Calibration Procedures

Technical Specifications of AC Data Logger

Manufacturer: James Cook University, Marine Geophysical Laboratory
Model: JCU ATOM-LOGGER 4 (68HC11)
Data recovery: ASCII format to RS 232 port

Power supply: 6 x 1.5V D-cell alkaline batteries
Power consumption: 2-3 mA h-1 in sleep mode, 50-60 mA h-1 in recording mode
Logging interval: 0.5 s to 1 day, burst or continuous mode
Memory: 512 Kbyte RAM; max. 32000 samples.
Deployment time: > 1 week at 2 min logging interval

> 1 month at 10 min logging interval

Current density on electrodes: less than 2 mA cm-2

Frequency of AC signal: 4 kHz (square wave)

Physical Dimensions Height 42 cm
Diameter 17 cm
Weight 4 kg in air / 0.5 kg in water
Material PVC

      

Figure B.1: (left) Water-proof housing of logger. The probe is connected
to the end-piece of the blue cable. The RS232 interface is connected to the
black plug on the base plate of the housing. (right) circuit board with
prototype wiring of amplifier circuit.
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Circuit Diagrams of Signal Generator and Amplifier Used in Direct Read-out

The schematic circuit diagrams of the sine wave oscillator (signal generator) and the
(voltage) amplifier are shown in Figure B.2 and Figure B.3. The circuits were
designed by S. Hollins and R. Casey, School of Mathematical and Physical Sciences,
James Cook University.

Figure B.2: Schematic diagram of the sine-wave oscillator used for the
direct read-out of the measured electrical conductivity.
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Figure B.3: Schematic diagram of the bandpass filter/amplifier circuit used
for the direct read-out of the measured electrical conductivity.
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Calibration

Conductivity C measured with a half-Wenner array of electrodes is directly
proportional to the ratio I/V with the calibration constant K depending on the distance
of the electrodes (equation A.4),

I
VC

r
K ==

12
1
π

Equation B.1

K was determined by immersing the probe in a large body of water of known
conductivity (such as seawater of known salinity and temperature) together with a
standard conductivity sensor, which was previously calibrated to commercially
available standards. Commonly, the instrument was calibrated in a creek, to ensure
that the ground electrodes are placed sufficiently far away from the probe (see
Appendix A). K was then calculated from C measured with the commercial probe,
and I/V measured with the multimeter read-out and a calibration recording of I/V with
the logger respectively.

Conductivity profiles shown in Figure 2.7 were recorded with probe 1 in August
1998, and probe 2 in January 1999. Time series of burrow water conductivity shown
in Figure 2.9 (showing diffusion) was recorded with probe 3, and the time series
shown in Figure 2.10 (showing flushing) with probe 1. Note that the calibration for
the set-ups are different due to different electronics and probes utilised. Calibrations
were performed before and after the experiments. No drifting occurred over the time
of each experiment.

__________________________________________________________

Electronic set-up C I V K
[mS cm-1] [mA] [V] [mS cm –1 mA V -1]

__________________________________________________________

Probe 1
Direct read-out 44.6 0.562 0.140 11.11
Logger 51.0 0.657 1.601 124.28

Probe 2
Direct read-out 51.8 0.549 0.113 10.66

Probe 3
Logger 53.0 0.727 0.983 71.66
__________________________________________________________

Table B.1: Calibration constants for utilised combinations of electronic
component and probes.

Impact of calibration procedure on measurement of true conductivity
Within the substrate, it is the apparent conductivity that is measured with a probe that
is calibrated in an open water body. To obtain true burrow water conductivity, the
measured conductivity of burrow water would have to be corrected for the presence of
non-conducting soil, which is not easily possible (Appendix A). Alternatively, the
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probe could be calibrated to true burrow water conductivity by installing the probe in
a burrow and extracting burrow water for calibration. This is a difficult procedure,
which has considerable potential for experimentally induced calibration errors.
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Appendix C – The Use of Salinity in this Thesis

Salinity vs salt concentration

In strictly physical terms, salt concentration (in SI units) is more meaningful than
salinity to describe the contents of salt in water. However, many physical and
biological oceanographers ‘think’ in salinity. To them, it is immediately obvious what
a salinity of 30 ppt means, the use of 30 g l-1 on the other hand is not so widespread.
This is particular the case when describing gradients (e.g. 2 ppt km-1 vs. 2 g l-1 km-1).
Therefore, throughout this thesis salinity is used to describe the content of salt in
water, with the exception of physical models that require the use of salt concentration
estimated/derived from measured conductivity or salinity.

The unit of salinity

According to international agreement, salinity has no unit. Often the practical salinity
unit psu is used (Lewis 1980). However, the unit parts per thousand (ppt) is still the
most widespread unit. For better understanding, throughout this thesis the commonly
applied, ‘old-fashioned’ unit ppt is used, acknowledging that it is, strictly speaking,
not a clearly defined unit.
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Appendix D - Longitudinal Currents and Tides in
the Normanby River Estuary
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Figure D.1: Current speed and water depth in the Normanby River estuary
recorded over a period of 10 days (F = flood tide, E = ebb tide) including
spring and neap tides, using an InterOcean S4 current meter at site S4. The
semi-diurnal tidal cycle is dominated by one stronger flood tide per day,
when water speeds exceed 0.6 m s-1 on spring tides. The speed of the
minor daily flood tide and the two daily ebb tides peaks at 0.5 m s-1.
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Appendix E - A Simple Analytical Expression for
the Temporal Development of the Average
Salinity in Dry Estuaries During the Tropical Dry
Season

In this Appendix, a simple analytical expression is derived describing the temporal
development of the average salinity in a tropical dry estuary. In sections 3.2.7 and
3.4.7, this expression is used to investigate salt fluxes in dry tropical estuaries, and to
predict the average estuarine salinity persisting at different times of the year.

By definition, a dry tropical estuary receives no or negligible input of riverine
freshwater. In the majority of dry estuaries, input through groundwater flow can also
be neglected, mainly due to relatively low soil permeability. Note that the net input of
salt due to flushing of crustacean burrows as described in chapter 2 is included in the
evaporation term discussed below. In a dry tropical estuary, the processes causing the
salinity to change are (a) baroclinic circulation, (b) tidal diffusion, and (c) evaporation
over both the creek and fringing mangroves and salt flats. Each of these factors is
discussed separately below.

Baroclinic circulation
Where a longitudinal salinity gradient persists, baroclinic flow occurs with water near
the bed flowing towards a region of low salinity and surface water flowing in the
opposite direction. Baroclinic circulation in an estuary has the effect of transporting
salt from regions of high salinity to regions of low salinity. In a conventional estuary,
this drives (relatively saline) bottom water upstream. If the estuary is completely
inverse, bottom water moves downstream, and in estuaries with a well-developed
salinity maximum, salt is transported away from the maximum.

In the simplest model of this circulation, the baroclinic flow can be separated into two
regions (Figure E.1). In the bottom region with salinity S, water flows towards the
region of lower salinity with a speed ub and in the top region of slightly lower salinity
water flows downstream with the same speed. In order to determine the total flux of
water or salt due to baroclinic circulation into a part of the estuary represented by the
two-layered box shown in Figure E.1, three gradients have to be considered

x
S

∂
∂ salinity gradient in x-direction (along the estuary axis)

z
S

∂
∂ salinity gradient in z-direction (with depth)

x
ub

∂
∂

gradient of baroclinic velocity in x-direction (along the estuary axis)
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Figure E.1: Longitudinal section of an idealised estuary with simplified
baroclinic flow. Water flows upstream at the bed, and downstream at the
surface with a baroclinic velocity ub. Other variables: S Salinity, H water
depth. Coordinates: x along estuary, y across estuary (not shown), z with
depth.

In a section of the estuary with the length ∆x and the volume V = ∆x × W × H, where
W and H are width and depth of the estuary respectively, the rate of change of salt
(expressed as salinity S) with time dS/dt is determined by the net flux J of salt into V,

WHJ
dt
dSV

2
⋅= Equation E.1

where J is the sum of the flux components shown in Figure E.1. Each flux component
is a product of a velocity and a salinity (e.g. ub × S) through the surface H/2 × W.
Adding all fluxes shown in Figure E.1, the residual flux of salt is found to be
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Equation E.2

Combining Equations E.1 and E.2, the rate of change of average salinity in the box
shown in Figure E.1 due to baroclinic circulation is given by
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  Equation E.3

where S is the salinity, t is time, H is the water depth, ub is the baroclinic velocity, and
x and z are the horizontal and vertical directions respectively.

Tidal Diffusion
In addition to baroclinic circulation, tidal diffusion also has the effect of transporting
salt from areas of high salinity to areas of low salinity. The general expression
relating the rate of change in salinity to the longitudinal salinity gradient is given by
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where k is the diffusion coefficient.

Evaporation
The effect of both direct evaporation over the estuary and evaporation over salt flats
and mangroves during inundation must be considered in order to calculate the total
effect of evaporation on increasing salinity in the estuary. Evaporation and evapo-
transpiration over the mangroves increases the salinity of the swamp soil (see
chapter 2). In salt flats, a thin salty crust commonly forms on the soil surface,
following periods of no tidal inundation or rainfall. Salt accumulating in both the salt
flats and mangroves returns to the estuary as surface water flow during periods of
tidal inundation. Ridd et al. (1988) found that water inundating the salt flats returned
to the creek with a salinity of 1 higher than the salinity at which it entered.

The effective evaporation rate over the estuary is given by
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= Equation E.5

where Ec, Es, Ac, and As are the evaporation rate over the estuary, the evaporation rate
over the mangrove swamp or salt flat, the area of the estuary, and the area of the salt
flat respectively.  It should be noted that if one assumes that the swamp area is
constant over the length of the estuary, Ac and As can be replaced by the width of the
estuary and swamp respectively. The rate of change of salinity due to evaporation
with this effective evaporation rate E is given by
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Combination of baroclinic, diffusive and evaporative effects
Combining Equations E.3, E.4 and E.6, the total rate of change in salinity is
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where S is the salinity, t is time, H is the water depth and x and z are the horizontal
and vertical directions respectively. ∂ub/dx is the gradient of the baroclinic velocity
with x, dS/dz the vertical salinity gradient, k the diffusion constant for tidal diffusion
and dS/dx the longitudinal salinity gradient. E is the effective evaporation rate over
the estuary. Using scale arguments, the variations in estuarine salinity can be
estimated by rewriting Equation E.9 as
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where S is salinity and t is time. ∆ub is the change of baroclinic velocity over a
distance ∆x along the estuary, ∆Sz is the difference of salinity of top and bottom part
of the water column in Figure E.1. The scale of ∂z in Equation E.7 is H/2, i.e. the
height difference between the centre of the top half and the centre of the bottom half
of the water column. k is the diffusion coefficient for tidal diffusion, and ∆Sx the
difference of salinity over a distance ∆x along the estuary. E is the effective
evaporation rate over the estuary, and H is the total water depth. Equation E.8 is
identical to Equation 3.1 in chapter 3.2.7.
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Appendix F - The Behaviour of a Convergence
on Channel Bends

In the absence of lateral density gradients, flow in curved channels produces a
secondary cross-channel circulation (Figure F.1b). A lateral surface slope provides the
radially directed force necessary for circular motion, i.e. a centripetal force, and the
magnitude of the force is, to the first order, proportional to the square of the average
water speed (e.g. Fischer et al. 1979). Near the bed, where frictional forces reduce
longitudinal currents, the radial force is greater than that necessary for circular motion
with a radius equal to that of the channel bend, and thus bottom water moves to the
inside bank. Conversely, on the surface, water moves more rapidly than the average
and thus moves towards the outer bank. It would be anticipated that the density-driven
axial convergence of the Normanby River would occur at the outside of bends
because of simple superposition of the single-celled motion (Figure F.1b) on the
double-celled circulation (Figure F.1a). However, observations indicated that the
surface convergence with few exceptions occurred at the inside of bends.

Figure F.1: (a) Density-driven circulation with axial surface convergence,
(b) secondary circulation caused by flow in a bend, where no density
gradient is present (e.g. Fischer et al. 1979).

Without detailed measurements of the velocity profile in the channel bends the
behaviour of the surface convergence in bends cannot be authoritatively explained,
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however the following explanation for the migration of the convergence to the inside
of a bend is offered. Consider a straight channel and a bend (Figure F.2a), there is a
super-elevation of water level on the outside of the bend. Water approaching the
outside of the bend experiences a force opposite to its motion and thus slows down. In
contrasts, water approaching the inside of the bend experiences a force in the same
direction of motion and will thus accelerate. Provided there is little lateral asymmetry
of the channel cross section, water on the inside of the bend will thus move more
rapidly than on the outside, a well known effect for symmetrical channels (e.g.
Demuren & Rodi 1986). By carrying out drogue experiments similar to the
experiments described in section 3.2.5, this effect was verified to occur in a
representative bend of the Normanby River estuary. However, if the water on the
inside of the curve is shallower than on the outside - as is the case in many systems
which have mobile bed and bank sediments - frictional effects dominate over the
forces caused by the super-elevation of the water and the water moves more slowly on
the inside bank. In the Normanby River, in common with many mangrove estuaries,
the cohesive bed and banks combine with strong tidal currents to produce a cross
section with minimal asymmetry, even in channel bends.

Figure F.2: (a) Surface flow vectors in a bend and straight of a channel
with a symmetrical profile. (b) Potential distortion of the circulation cell in
a channel bend due to the combination of density-driven secondary flow
(Figure F.1a) and secondary flow in a river bend (Figure F.1b).
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By considering continuity, water approaching the outside of a channel bend slows
down and moves towards the inside bank, driving the surface convergence across to
the inside bank. Dividing the water in the channel in two separate channels (one either
side of the mid-channel convergence line) the continuity equation for each parcel of
water on entering a curve is
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∆

∆
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+ + = 0        Equation F.1

where ∆u is the longitudinal speed change over a distance ∆x (i.e. the distance over
which the water decelerates as it approaches the apex of the bend), ∆v is the lateral
speed change over half the width of the channel ∆y, ∆w is the vertical speed change
over the whole cell and  ∆z is the channel depth. In this case, ∆x must be less than 400
m (the typical distance from mid-straight to the apex of a bend) and greater than 50 m
(typical width of the channel). The term in the equation of continuity (equation 1)
involving the vertical velocity component can be neglected because ∆w, the change in
the vertical velocity of the whole cell (not to be confused with the internal velocities
within the cell) is extremely small. Because the average water level of the cell rises
just a few millimetres as it approaches the bend, over a time of several minutes or so,
∆w is of order 10-5 m/s and the third term in equation 1 is of order 10-6 s-1. Taking ∆u
to be ca. 0.2 m s-1, a reasonable estimate taken from drifter drogue data, ∆x to be 100
m (see above) and ∆y to be 25 m,  ∆v is estimated at ca. 0.05 m s-1, of the same order
as density-driven lateral flow speeds. At a longitudinal speed of 0.7 m s-1, the water
travels the distance ∆x in 140 s. The lateral expansion ∆y´ of the water in the cell
approaching the outside of the curve, i.e. the net lateral movement of the surface
convergence, is thus about 7 m, broadly confirming observations.

In the few channel bends in which the convergence line moved to the outer bank, the
channel profile was atypically asymmetric (determined by depth sounder), generally
deep on the outer bank with a low-gradient muddy inner bank. Visual observations
indicated that currents were faster on the outer bank, contrary to the flow shown in
Figure F.2a. In these cases, the above continuity argument would predict that the
surface convergence would move to the outer bank, again consistent with
observations.

Although the observations of the surface convergence zone indicate that the
conventional single-celled circulation (Figure F.1b) caused by the vertical velocity
shear, is a subordinate factor at the surface, it may still dominate over the density-
driven flow in regions near the bed. The logarithmic velocity profile predicts much
greater velocity shear near the bed than at the surface, thus the speed of the surface
water may be insignificantly faster than the depth-average and will tend to flow with a
radius of curvature only slightly greater than that of the channel bend. In contrast, the
water near the bed will be much slower and will thus travel with a much smaller
radius of curvature than the channel bend. In short, because the velocity shear is
confined mainly to the bed, transverse currents may be relatively fast near the bed and
slower over the remainder of the water column. A simple flow pattern which would
allow both the water near the surface and near the bed to move to the inside bank is
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shown in Figure F.2b. Finally, it must be cautioned that the effects of bends on flow
patterns are complex, even without density-driven secondary flows.

In summary, the migrating of the convergence to the inside of most bends can be
explained by super-elevation of the water surface at the outside of the bends, which
reduces water speed, and through continuity, water is thus forced away from the axis
of the estuary towards the inside bend. The behaviour is induced because of the lack
of major asymmetry of the estuary cross-section at bends.
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Appendix G - Some Considerations on the
Physics of Convergences: Relative Importance
of Density-driven Circulation and Diffusion to
Water Column Mixing

The profiles and lateral transects of salinity observed in the Normanby River (Figure
3.8 and Figure 3.9) are typical of those recorded by other workers (e.g.
Nunes & Simpson 1985) in estuaries with axial convergence cells. The well-mixed
nature of the estuary and the lateral salinity gradient are a necessary condition for the
formation of the density-driven circulation cell (Nunes & Simpson 1985).

Turrell et al. (1996) noted that one effect of secondary cell formation is to laterally
mix the water, thereby reducing the salinity gradients that initiated the cells. This
effect, although not of importance to propagule displacement, is briefly analysed here
with reference to the Normanby River estuary. The density-driven mixing acts in
concert with the conventional transverse diffusion. The relative magnitude of the
mixing processes is a measure of the importance of the secondary cells to dispersion
processes. This is analysed by considering a simplified flow model.

An estuarine channel cross section may be divided into 5 regions (Figure G.1). On
flood tides, water is downwelling in the centre region, and upwelling in the outer
regions. The intermediate regions are dominated by horizontal flow and may be
subdivided into lower and upper parts, with the upper part containing net flow
towards the centre region, and net flow in the lower part towards the outer regions.
Water leaves the centre region at the bed with slightly higher density (i.e. salt
concentration) than it enters at the surface, representing a loss of salt from this region.
In addition, turbulent diffusion will also cause salt loss from this region due to the
concentration gradient between mid-stream and the banks. These losses are partially
balanced by a gain in salt caused by the centre region having faster longitudinal
currents advecting higher salinity water into this region. By considering a frame of
reference moving along the channel with the average speed of the longitudinal flow
u , the salt conservation in the centre region can be estimated.

The sum of the fluxes into and out of the centre region equals the change of density
with time in the volume BH∆x, i.e.
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where Kt is the diffusion coefficient for lateral diffusion (other variables see Figure
G.1). The components of the flux into the centre region (on the right side of the
equation) are (1) flow into the upstream face (2) flow out of the downstream face
H × B, (3) circulation into and out of the centre region from both sides and (4) lateral
(cross-channel) diffusion. Equation G.1 can be simplified to
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Here, the first term represents the temporal increase in salinity measured by an
observer moving with the average speed of the flood tide. The second term represents
the influence of the faster flood currents in the channel centre, introducing higher
salinity water in the centre. The third and fourth terms represent the loss of salt due to
the secondary cells and transverse diffusion respectively.

Figure G.1: Simplified representation of secondary flow on flood tides due
to density gradients in a normal estuary, where flood tides add salt to the
estuary. The estuary cross section is divided into five regions with cross-
channel velocity v, vertical velocity w and salt densities (approximately
salinities) ρm, ρe, ρs and ρB. um is the longitudinal velocity of the
midstream, H the water depth and B the width of each region.

From the data presented, accurate estimates of the first and second terms can not be
made because salinity time series were not recorded. However, of interest is the
relative magnitude of the third and fourth terms, because they determine the
importance of the secondary cells to relative transverse mixing. It is interesting to
note, that the change in salinity in the centre region is independent of the depth of the
water column.

From the data presented above v can be estimated 0.05 m s-1 and ρs-ρB = - 0.1 kg m-3.
The third (secondary cell) term is thus –5 × 10-3 kg m-2 s-1. In the fourth term, Kt can
be estimated using the equation given by Fischer et al. (1979)
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SgHKt
35.0= Equation G.3

where H is the water depth and S is the channel surface slope, which can be estimated
from depth soundings to be 2 × 10-5 (Sonya Bryce, pers. comm.; data not presented
here). The empirical constant 0.5 used in equation G.3 was given a range of 0.4 to 0.8
by Fisher et al. (1979). By choosing 0.5, no significant errors are introduced. Using
these values, Kt is ca. 0.2 m2 s-1. The lateral change in salt density is ca. 0.2 kg m-3

over 25 m and thus the fourth term is ca. -3 × 10-3 kg m-2 s-1. Therefore the transverse
fluxes due to the secondary cells (third term) are of the same order of magnitude as
those caused by conventional transverse diffusion processes (fourth term).

In summary, salinity data from the Normanby River estuary shows, that the observed
density-driven secondary cells add to the lateral diffusion processes in reducing the
high salinity zone in mid-stream that is generated by the interaction of the lateral
velocity shear and the longitudinal salinity gradient. It should be noted that the
estimations presented here are not of immediate interest to propagule trapping by
convergences, however they give a useful insight into the physics of the circulation
processes.
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