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Abstract

The runnelling form of habitat modification for mosquito control in saltmarsh increases tidal frequency,
and may affect soil properties such as volumetric soil-water content and consolidation. The effects of habitat
modification on soil properties are in turn likely to affect ecological processes. Runnels constructed
mechanically to a depth of no more than 0.3 m with smooth, spoon shaped edges linked isolated
mosquito-breeding pools in the high marsh to the tidal source at the saltmarsh/mangrove interface. The
physical design of runnels may result in a significant increase in the frequency of flooding tidal events that
flush isolated mosquito-breeding pools. Impacts of the runnelling technique were determined at three
marshes using two sampling protocols: (a) comparisons between modified and unmodified shores and
(b) comparisons with lateral distance from a runnel. At one marsh, volumetric water content was signifi-
cantly higher at runnelled than at unrunnelled sites after tides that only partly inundated the marsh, but this
pattern was not found at the other marshes. Soil consolidation was greater further from the shore, but was
not different between runnelled and unrunnelled shores. Measurements at different lateral distances from
runnels demonstrated higher water content levels and lower consolidation up to 5 m from runnels and no
effect further away. The varied responses to runnelling at different marshes may reflect specific site
characteristics such as slope and hydraulic tidal forces. Remedial strategies for similar mosquito control
techniques, based on habitat modification, should include dynamic classifications of saltmarshes.

saltmarsh occurs within the intertidal zone, the
structuring forces responsible for its genesis and
sustained development are marine-based and
linked to rates of sedimentation and tidal fre-
quency (Hughes et al. 1998; Le Hir et al. 2000;
Hussein and Rabenhorst 2001a, b).

Introduction

Intertidal ecosystems occur at the dynamic bound-
ary between land and sea on all continental mar-
gins. Where there is a reduction in the wave size or
wave energy on coastlines, such as those in the

southern hemisphere which are protected by a
mangrove boundary on the lowest region of the
shore, saltmarsh may form the dominant plant
community. Saltmarsh can exhibit both terrestrial
and marine characteristics however, because

Soil-water content has been investigated as one
of the main abiotic differences between terrestrial
and marine systems because of its capacity to struc-
ture ecological communities. In terrestrial systems,
soil-water content is driven by rain events and
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influenced by topographical (Aucan and Ridd
2000; Qiu et al. 2001; Shaman et al. 2002) and
physical (Yoo et al. 1998; Yoo 2001; Schultz and
Ruppel 2002; Schmalz et al. 2002) conditions.
Marine systems such as saltmarsh are also influ-
enced by topographical and physical factors but
soil-water content is generally driven by tidal
rather than rain events (Adam 1990).

The physical properties of saltmarsh sediments
can limit the movement and residence of water
within the soil column. In systems dominated by
fine-textured soils, the effects of modifying sedi-
ment structure through some management prac-
tices are well-documented and known to directly
impact both the biological (Porporato et al. 2002;
Barzegar et al. 2003) and physical properties (Tan
et al. 1998, 2002) of the soil body. The saltmarsh
soils of southeast Queensland, Australia, are domi-
nated by clay loams (Beckmann et al. 1987) and
resemble these soil types, albeit with significant salt
inputs, and are likely to respond to modifying
management practices in a similar manner.

In recent studies of saltmarsh physical processes,
analyses of spatial and temporal patterns of tidally-
derived soil water have identified its importance for
tidal marsh management and restoration. This is
largely because of the relationship between sub-
strate condition, tidal frequency and some biologi-
cal processes (Flynn et al. 1999; de Jonge 2000).
The frequency of tidal inundation of saltmarsh is
primarily responsible for the distributions of epi-
faunal and infaunal species because it limits the
availability of suitable habitat (Sagasti et al. 2001)
and affects soil chemical factors (Hussein and
Rabenhorst 2001b). Where the frequency of tidal
inundation of saltmarsh is increased by sea level
rise (Stolt and Rabenhorst 1991; Simas et al. 2001)
or human habitat modification (Breitfuss 2001;
Breitfuss et al. 2003), the impact on coastal ecosys-
tems is caused in proportion to the degree of
submergence experienced, resulting in altered com-
munity composition or sediment accretion rates
(Vernberg 1993; Dyer et al. 2000). The investiga-
tion of impacts from altered tidal regimes on eco-
logical systems is complex and difficult; simple,
non-destructive measurement of soil water and
soil mechanics (e.g., consolidation) may provide a
basis for assessing a wider range of substrate con-
ditions (Avnimelech et al. 2001; Zhang et al. 2001)
and act as a proxy measure of ecological effects.

The runnelling method of mosquito control
involves linking isolated mosquito-breeding pools
located high on the saltmarsh shore to the tidal
source at the saltmarsh/mangrove interface.
Runnels are a permanent and cost-effective method
of mosquito control and are usually constructed
mechanically to a depth of less than 30 cm over a
gradient of more than 1:1000 (Dale and Hulsman
1990; Owttrim and Dixon 2001). Runnels are
usually three times wide as they are deep; in cross-
section they have a smooth, spoon-shaped appear-
ance. The depth of runnels enables transport of
tides which would otherwise fail to breach the salt-
marsh/mangrove interface and thus, can signifi-
cantly increase the frequency of tidal inundation
of mosquito-breeding pools (Breitfuss et al.
2003). This action disrupts the conditioning and
developmental cycles of pest mosquitoes such as
Ochlerotatus vigilax Skuse (a significant vector of
arboviruses), reducing the density of adult mosqui-
toes. In addition, the effects of runnelling are
reported to alter the distribution of surface-
dwelling macroinvertebrates (Chapman et al.
1998) which require specific moisture gradients in
which to burrow, feed and reproduce.

In this paper, we examine the effects of runnel-
ling on two easily recorded measures of saltmarsh
sediment, volumetric soil-water content and soil
consolidation. These characteristics are implicated
in a range of other soil features not dealt with
directly in this paper but known to be important
determinants of the patterns of wetting and drying
of saltmarsh sediments following tidal inundation.
Because runnels transport low-amplitude tides
which would otherwise fail to flood the greater
saltmarsh area, we expect volumetric soil-water
content and soil consolidation to differ between
the runnelled and unrunnelled areas as well as at
specific lateral distances from the runnel.

Methods
Study sites

Three saltmarshes (Coomera, Tingalpa 1 and
Tingalpa 2) within Moreton Bay, Queensland,
Australia (153°15'E, 27°35'S), were sampled
(Figure 1). All shores had a similar tidal range
(~2.5 m) and height required for complete
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Figure 1. Location of saltmarsh sites (black diamonds) in southern Moreton Bay where samples were taken. All sites had been
previously runnelled for mosquito control and were similar in terms of vegetation and tidal range.

inundation of the saltmarsh (>2.45 m). Sites were
previously runnelled for mosquito control accord-
ing to local drainage and topographic features
(Owttrim and Dixon 2001), with the runnel begin-
ning at the saltmarsh/mangrove interface low on
the shore and extending at a right angle up the
shore into the saltmarsh.

At all sites, the uppermost layers of substratum
(<9 cm deep) was of primary interest, being domi-
nated by solonchaks which exhibit little profile
development, are strongly saline and have a
loamy/clayey texture (Beckmann et al. 1987). A
review of previous analyses of the properties of
these layers revealed little variation in terms of
particle size (Law 1981) and no significant differ-
ences in samples were detected for pH, salinity and
relative substrate moisture content (Dale and
Hulsman 1990) at distances of between 10 and
50 m from the tidal source, up the saltmarsh
shore. The presence of a fine, superficial silt layer
(<1 cm deep) may reflect the low-energy nature of
the sites in terms of sediment trapping and tidal
flushing (Law 1981; Mwamba and Torres 2002).

Tidal waters flood the sites via either shallow
inlets in the mangrove boundary, at the salt-
marsh/mangrove interface, or through areas of
slightly (<20 cm) lower elevation which support
low-amplitude tidal transport. Saltmarshes of
southeastern Queensland are naturally flat, with
relative relief between the upper and lower regions
of saltmarsh often being less than 0.5 m (Hulsman
et al. 1989; Breitfuss et al. 2003). Complete and
partial inundation of these marshes by tidal waters
can be limited by a difference in predicted tidal
height of only 10—-15 cm.

Mosaics of salt-tolerant plants (primarily
Sporobolus virginicus Bunge ex Ungen-Sternberg
and Sarcocornia quinqueflora (L.) Kunth.) domi-
nate the vegetation and develop on the thin silt
deposits overlying solonchaks. On the seaward
side of saltmarsh, Avicennia marina Forsk. forms
a dominant structural component at the saltmarsh/
mangrove interface. Mangrove transgression into
saltmarsh is rare under natural flooding patterns
but, propagule transport to saltmarsh is signi-
ficantly increased by habitat modification for
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mosquito control (Breitfuss et al. 2003) and likely
to result in the expansion of mangrove distribution
within the intertidal zone.

Physical measurements

Volumetric soil-water content was measured with a
ThetaProbe ML2x (Delta-T Devices, Cambridge)
after a two-point specific soil calibration. The
ThetaProbe device determines volumetric changes
in the apparent dielectric constant of the soil med-
ium. The output signal is converted into a DC
voltage within a range that is virtually proportional
to soil-moisture content (Gaskin and Miller 1996;
Miller and Gaskin 1997), making it a useful tool for
comparative purposes. Measures of soil-water con-
tent were extended to a depth of 6 cm (the length of
the ThetaProbe prongs). Soil consolidation was
measured using a Torvane (ELE International)
shear strength device where strength (in kg - cm?)
was the force required to break a 25 cm? section of
the soil surface to 1 cm depth. Both soil-water
content and consolidation measures were restricted
to the uppermost layer of sediment. This layer was
believed to be of greatest ecological importance to
surface grazing macroinvertebrates which compose
the bulk of keystone fauna species on saltmarsh
(Smith et al. 1991).

Physical measurements were taken daily during
the spring tide period (3—4 days) approximately 1 h
after ebbing of the predicted (Queensland
Department of Transport 2001) highest high tide.
A 1-h period was selected to allow the majority of
surface water to drain from the substrate via
macropores (generally crab burrows) and natural
ebbing. It was then assumed that volumetric soil-
water content and consolidation would reflect
sediment conditions directly following tidal ebb,
enabling post-high tide comparison between the
runnelled and unrunnelled sites.

The highest high tides can be described in terms
of saltmarsh inundation as either non-flood
(<2.38 m) or flood (>2.45 m) events. Non-flood
tides account for ~16% of tidal events annually
and reach only the saltmarsh/mangrove interface,
flooding mangrove, while flood events account for
~T7% of tides and cover the entire mangrove and
saltmarsh. The remaining 77% of tides are not
considered in this paper as their predicted heights
either flood mangrove but do not reach the

saltmarsh/mangrove interface or are too low to
flood mangrove.

Sampling protocols

For the first sampling protocol, two 50 m (made up
by consecutive 10 x 10 m? plots) transects were
established, one along the runnel and the other
20 m from and parallel to the runnel (Figure 2a).
Within each plot, five randomly selected quadrats
were selected from which five soil-water and one
soil consolidation measurements were taken. For
the second sampling protocol (Figure 2b), transects
were located perpendicular to the runnel at dis-
tances of 0, 30 and 50 m up the shore. Sampling
quadrats were situated along each transect at nine
distances (from 0 to 20 m) from the runnel edge in
both directions (see Figure 2b). Five soil-water and
one soil consolidation measurements were taken
within each quadrat.

Data analysis

Volumetric soil-water content and soil consolida-
tion data from the first sampling protocol were
analysed with three-way ANOVA where tide
(flooding, non-flooding), distance from shore and
treatment (runnelled or unrunnelled) were fixed
factors. Measurements from the second protocol
were analysed with three-way ANOVA where
tide, distance from shore (here called shore
height) and lateral distance from runnel edge were
fixed factors. Data from both sides of the runnel
were pooled prior to analysis of differences at
lateral distance from the runnel. Tukey tests
(HSD) were used to identify differences among
means. Data from the three marshes were analysed
separately.

Results
Runnelled versus unrunnelled transects

Runnelling affected volumetric soil-water content
and soil consolidation but not at all three marshes.
Other factors also affected these soil properties. At
Coomera, soil-water values at the runnelled trans-
ect after a non-flooding tide were as high as those
after a flooding tide. At the unrunnelled transect
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Figure 2. Sampling design and plot dimensions for (a) first sampling protocol comparing runnelled and unrunnelled transects (b) second
sampling protocol showing lateral spread of sample points from the runnel edge at three shore heights.

soil-water values were lower after the non-flooding
tide (Figure 3), and this was supported by signifi-
cant interaction between tide and treatment shown
in Table 1.

The soil-water values at Tingalpa 1 were higher
after flooding tides at runnelled and unrunnelled
transects, but there was no interaction between tide

and treatment, indicating that the runnel did not
affect soil-water content. Volumetric soil-water
content values at Tingalpa 2 were not significantly
affected by treatment, tide or distance up the shore.

Soil consolidation values at Coomera were
higher after non-flooding than flooding tides, and
increased with distance up the shore (Figure 4,
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Figure 3. Mean soil-water content (SE) at Coomera saltmarsh

along runnelled (R) and unrunnelled (U) transects after flooding
(F) and non-flooding (NF) tides.

Table 1. Summary of three-way ANOVA results for soil-water
content and soil consolidation at runnelled and unrunnelled
transects. Only significant results are shown. Tukey results are
shown where significant factor has greater than two levels.

Marsh Factor af P Tukey
Soil-water content
Coomera Tide 1 HoHE
Treatment 1 *
Treatment*tide 1 *
Tingalpa 1 Tide 1 *
Soil consolidation
Coomera Tide 1 Hokk
Distance 4 * 10 < 50
Tingalpa 1 Distance 4 * 10 < 50

Table 1), but there was no significant effect of
treatment nor any interaction between tide and
treatment. Soil consolidation values also increased
with distance up the shore at Tingalpa 1 but were
not significantly affected by any other factor. Soil
consolidation values at Tingalpa 2 were not signif-
icantly affected by any measured factors.

Lateral distance from the runnel edge

Runnelling influenced soil-water content and soil
consolidation but not at all sites, shore heights or
lateral distances from the runnel edge. At Tingalpa
2, at 50 m up the shore, soil-water at lateral dis-
tances further than 5 m from the runnel edge
tended to be lower after non-flooding tides whereas
within 5 m of the runnel soil-water was as high as
after flooding tides (Figure 5).
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Figure 4. Mean soil consolidation (+SE) at Coomera saltmarsh
along runnelled (R) and unrunnelled (U) transects after flooding
(F) and non-flooding (NF) tides.
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Figure 5. Mean soil water content (#SE) at Tingalpa 2 saltmarsh
along lateral transects, radiating from a runnel, at 50 m shore
height after flooding (F) and non-flooding (NF) tides.

Table 2. Summary of three-way ANOVA results for soil-water
content and soil consolidation at distances from the runnel edge.
Only significant results are shown. Tukey results are shown
where significant factor has greater than two levels.

Marsh Factor df P Tukey

Soil-water content

Coomera Shore height 2 * 30 >0, 50

Tingalpa 1 Tide )

Tingalpa 2 Shore height 2 *** 0 < 30, 50

Soil consolidation

Coomera Shore height 2 *** 0 < 30, 50

Tingalpa 1 Shore height 2 *** 0 < 30, 50

Tingalpa 2 Shore height 2 *** (0 <30 <50
Distance from 7 ** 0.5,5.0 < 10, 20

runnel

At Tingalpa 1, soil-water was significantly higher
after flood events over the three shore heights
(Table 2). This pattern was not found at either
Coomera or Tingalpa 2 which both recorded
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Figure 6. Mean soil consolidation +SE) at Coomera saltmarsh
along lateral transects, radiating from a runnel, at three shore
heights after flooding (F) and non-flooding (NF) tides (a) 0,
(b) 30 and (c) 50 m from shore.

differences in soil-water contents between shore
heights, rather than tidal events (Table 2). For
Coomera, soil-water measurements 30 m up the
shore were significantly higher than the 0 and
50 m levels. At Tingalpa 2, soil-water content
from 0 m shore height was significantly higher
than either the 30 or 50 m positions.

Tidal inundation influenced soil consolidation
measures, with significantly higher levels after
non-flooding tides at Coomera than after flooding
events (Table 2). Specifically, soil consolidation at
all shore heights was higher at lateral distances
greater than 5 m from the runnel edge after non-
flooding tides, but were as low as those after flood-
ing tides within 5 m of the edge (Figure 6). At
Tingalpa 2, soil consolidation values differed sig-
nificantly (Table 2) at lateral distances between 0.5
and 5.0 m and those taken further (10 and 20 m)
from the runnel.
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Discussion

Patterns of soil-water content and soil consolida-
tion varied between the marshes, reflecting differ-
ent substrate responses to tidal events and the
presence of runnels. At the Coomera marsh, the
runnel had the effect of increasing wetting on
non-flooding tides to the levels measured after
flooding tides, but this did not occur at other
marshes. The effects of runnelling on both soil-
water content and soil consolidation were loca-
lised, affecting the soil properties for up to 5 m
either side of the runnel but having little impact
beyond that distance. Given the similarity of soil
physical structure at the sites sampled, the different
patterns at the three marshes might be explained by
biological consolidation, tidal forces and physical
slope of the shore.

The most striking anomaly, illustrated by data
from the Coomera marsh, is that soil consolidation
increased with distance up the shore but it was not
matched by a decrease in soil-water content. This
lack of relationship between soil-water content and
consolidation conflicts with results of other studies
that examined similar soil properties (Nearing et al.
1991; Zhang et al. 2001) and reported that soil-
water directly affects consolidation. One explana-
tion for the lack of relationship between soil-
water and consolidation in the marshes studied
here is biological consolidation. Vegetation on the
Coomera and Tingalpa 1 saltmarshes is dominated
by grasses high on the marsh and halophytic herbs
in lower parts. Soil consolidation measurements
could be influenced by additional soil resistance
attributable to higher root-mat densities of the
fibrous-rooted grasses (Ringold 1979) higher on
the shore. The influence of substrate biological
factors on soil consolidation could be further
confounded by built-up detritus layers in densely
vegetated higher marsh sites (Smith-White 1988).
Furthermore, these saltmarsh plant communities
themselves are almost certainly influenced by soil
conditions (Clarke and Hannon 1967; Gallagher
1979).

Alternatively, the lack of relationship between
soil-water content and consolidation may be
explained by physical processes which regulate
tidal movement via surface and sub-surface
mechanisms. Tidal forcing is a physical action of
hydraulic head force through estuarine sediments



340

when tides rise and results in surface soil saturation
(Howes and Goehringer 1994). Hughes et al. (1998)
analysed aquifer response to tidal forcing in salt-
marsh wetlands of the lower Hunter River estuary
in Australia and observed uniform forcing of pore-
water through saturated sediments over the length
of a 36 m transect. At the three marshes surveyed in
this study, little variation in soil-water content was
detected over 50 m runnelled and unrunnelled
transects after flooding tides. However, volumetric
soil-water content was significantly lower along
the unrunnelled transect at Coomera after non-
flooding tides. In this case, the runnel may provide
additional moisture resources for the deeper-acting
hydraulic head, resulting in ‘flood-like’ soil-water
levels measured in the top 6 cm of substrate. This
supports observations by Dale et al. (1993) of
increased soil moisture in and around runnels
during tidal events that would not normally flood
saltmarsh. However, the process was evidently not
facilitated by runnels at Tingalpa 1 or Tingalpa 2
marshes, highlighting the variability of runnelling
effects (and presumably deep-acting hydrological
processes) among different marshes.

In addition to the sub-surface hydraulic forces
and biological factors already discussed, tidal
asymmetry and shore slope may provide further
explanation for the variation in soil-water content
and soil consolidation measured at the three sites.
Aucan and Ridd (2000) examined flood and ebb
tide movements across mangrove and saltmarsh
systems in north Queensland, Australia. They
report that the slope of tidal currents exiting
up-shore areas, relative to the slope of the marsh
surface, was an important determinant of water
movement. In systems dominated by a higher
water slope than surface slope (as in systems with
large expanses of flat saltmarsh bordering
mangrove), drying would occur more rapidly closer
to the tidal source. This causes large volumes of
water to become perched high on the marsh on the
ebbing tide, restricting drainage to small channels
(Aucan and Ridd 2000). The degree to which
ebbing tidal waters perch depends on the slope
characteristics of the marsh, and the effects of run-
nelling therefore might also vary among marshes
with different slopes. For example, runnels aid
transport of ebb tides from Coomera marsh so,
volumetric soil water content is higher closer to
the runnel edge than beyond during both flooding

and non-flooding tides. A similar mechanism may
also occur at Tingalpa 2 where soil consolidation
close to the runnel was always different than at
lateral distances greater than 5 m. The relationship
between volumetric soil-water content and consoli-
dation expected from previous work (Nearing et al.
1991; Zhang et al. 2001) was more evident in data
from the second sampling protocol than the first.
This might be an indication that in areas close to
the runnel (within 5 m), where the runnel is having
a greater impact, the effects of soil-water content
on consolidation outweigh other factors (biological
or physical) that are more important away from
runnels. In effect, the presence of a runnel may
exacerbate the influence of deeper sediment pro-
cesses (such as tidal forcing and hydraulic head
forces) that are reflected at the sediment surface.

In general, the impacts of runnels were site-
specific with no general trends apparent at all of
the marshes. In this study, we expected similar
impacts from habitat modification at saltmarshes
selected on the basis of a priori soil, topographical
and tidal characteristics. However, given the varia-
bility in patterns recorded, even at unrunnelled
transects, authorities concerned with managing
impacts from physical methods of mosquito con-
trol should base remedial strategies on dynamic
saltmarsh classifications.
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