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Preface
This research project has been driven by curiosity and an interest in ecological
interactions in estuaries. Our initial SCRIP project focused primarily on
understanding ‘dosage-response relationships’ between drift algae and associated
biodiversity. In the early stages of this work we became aware of the potential, but
overlooked, impact of Batillaria and its links to the dynamics of the drift algal
populations. Maintaining several components of the initial project (e.g., quantification
of spatio-temporal variation in drift abundance, identification of drift species, impacts
of drift algae on seagrass health and the role of environmental conditions), our focus
changed towards understanding impacts of drift algae and the potential role of
Batillaria, when additional funding became available. This change was made in
consultation with the Swan River Trust. Some chapters of this report have been
adapted from manuscripts for publication in international scientific journals. While
we have endeavoured to minimise this, there is some overlap in minor components
between some chapters.

Dr Mads S. Thomsen

Dr. Thomas Wernberg

Executive summary
Aim

Seagrass beds provide a number of ecosystem services that are critical to the
ecological function of estuaries, including habitat and food source for invertebrates,
fish and birds, and stabilisation of sediments. However, seagrass beds are under
pressure from eutrophication and associated blooms of drift algae, invasive species
and global warming. The objective of the present research program was to test for
relationships between drift algae, an invasive species and the ecological performance
of seagrasses in the Swan River.
Summary

In chapter 2 we document that drift algae are ubiquitous within seagrass beds across
the lower reaches of the estuary. Drift abundances were, on average, relatively low
(mean: 7% cover), but very high in some localised areas (>80% cover). The survey
indicated a humped relationship between drift algae and seagrasses, probably because
seagrasses retain drift algae at low densities and because drift algae have adverse
effects on seagrasses at high drift abundance. A strong seasonal variation in drift algal
abundance, with peak values in spring and summer are shown. Only four taxa
accounted for >90% of the entire algal biomass; Chaetomorpha linum, Gracilaria
comosa, Hypnea sp. and Laurencia sp. At peak abundance, drift algal cover and
biomass was in excess of values known to negatively impact seagrass beds elsewhere.
In chapter 3 we document that Batillaria australis, a large gastropod, is likely to
have been introduced to the Swan River about 60 years ago. We found that B.
australis is orders of magnitudes more abundant than any other native gastropods in
seagrass beds and sand flats in the Swan River (mean: >400 snails m-2 in seagrass
beds), and we show that high resistance to predation and environmental tolerance
partially explains its success. We document that B. australis provides hard substratum
for macroalgae, which acts as substantial feeder populations for drift algae through
fragmentation. Given Battilaria’s high abundance, wide distribution, relatively large
size, persistent shells and bioturbating behavior, it likely has a range of impacts on the
fundamental ecology and biogeochemical cycling of the Swan River.
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In chapter 4 we test the individual and combined effects of Chaetomorpha linum,
Batillaria australis and temperature on the ecological performance of Halohila
ovalis.

All test factors were found to negatively affect a range of seagrass

performance measures (e.g., growth, biomass and mortality). In general, drift algal
effects were stronger and more consistent than invasive snails that again had stronger
effects than elevated temperature. These results indicate that drift algae, invasive
snails, and elevated temperature have a range of negative impacts on Halophila ovalis
performance, likely mediated via changes to physical disturbance and water and
sediment biogeochemistry.
In chapter 5 we focus on the ecology of Gracilaria comosa, which is abundant in
seagrass beds in association with Batillaria australis. The taxonomic status of G.
comosa is uncertain, but we provide molecular data which indicate a close relatedness
to the G. chilensis species-complex. We show that G. comosa is resistant to salinity,
temperature and nutrient fluctuations, but sensitive to reduced light.

A field

experiment tested for impacts of Gracilaria, Battilaria and nutrients on Halophila
performance. Gracilaria had a negative effect on Halophila biomass, and it was
shown that light reduction was a likely mechanism behind this effect. There were no
effects of nutrient addition and the effects of snails were inconclusive. Nevertheless,
there was circumstantial evidence to suggest that snails affect sediment biochemistry
and thus seagrass performance, as it was observed in Chapter 4.
Knowledge gaps

This research program has revealed several knowledge gaps, most of which relate to
either the basic ecology and population dynamics of the invasive snail and drift algal
species (and links between the two) or their impacts in seagrasses and ecological
processes. Studies with a mechanistic approach (i.e., experimental) and which address
density-dependent effects are particularly needed. We have also identified an urgent
need for comparative studies among different estuaries because this is the only way of
estimating the magnitude of past and future broad-scale changes associated with
species invasions and environmental change.
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Management implications

It is of key importance to recognise that the invasion of Batillaria most likely has
caused large-scale and wide-spread changes to the ecology of the Swan River. For
example, the risk of drift algal blooms are likely increased because the snail facilitate
a readily available population of seed algae. Eradication of Batillaria is unrealistic, so
management should focus on reducing the risk and impacts of drift algal blooms
options (i.e., nutrient input control and drift algal removal). Some control of Batillaria
populations may be possible if large populations of predators (e.g., blue crabs) are
restored and maintained. Avoiding the spread of Batillaria to other estuaries should be
a priority.
Conclusion

Drift algae and the invasive snail Batillaria australis are ubiquitous in seagrass beds
in the Swan River. The drift algal community is dominated by a few species, and is
characterized by high spatio-temporal variability. Batillaria snails, in contrast, are
abundant at all times in most seagrass beds. There appears to be a strong link between
the invasive snail and drift algae because the snail provides attachment to millions
algal thalli which feeds the drift algal population through fragmentation. Both drift
algae and snails have substantial negative effects on seagrass health and performance
under contemporary abundance levels, due to light reduction, physical disturbance
and biogeochemical processes. There are many gaps in the knowledge of ecological
interactions in the Swan River, and mechanistic relationships are particularly poorly
understood. We expect that the impacts of drift algae and invasive snails will become
more severe in the future, as global warming accelerates, nutrient pollution continues
and the snail populations may expand further. Control of nutrient inputs and
prevention of spread of Batillaria to other WA estuaries should be management
priorities.
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1. Introduction
Estuaries have always been focal points for human activities and extraction of
resources, and they are therefore among the most seriously impacted and threatened
coastal ecosystems in the world (Lotze et al. 2006). Seagrass beds provide a number
of ecosystem services that are critical to the ecological function of estuaries,
including habitat for invertebrates, fish and birds, and stabilisation of sediments. It
has been estimated that, on a global scale, >65% of the worlds seagrass beds have
been destroyed over the past decades (Orth et al. 2006), and seagrasses continue to be
under pressure from multiple concurrent stressors of which eutrophication, global
warming and invasive species are considered among the worst (Short & Neckles
1999, Lotze et al. 2006, Orth et al. 2006).
Eutrophication is a serious threat to coastal environments and seagrasses worldwide
(Orth et al. 2006, Airoldi & Beck 2007). Eutrophication reduces the competitive
advantage that seagrasses have over algae due to their ability to take up nutrients
through their roots. Drift algae such as Chaetomorpha linum and Gracilaria comosa,

Figure 1. Researchers from Edith Cowan University inspecting a large accumulation of drift
algae (Chaetomorpha linum) at Point Heathcote in December 2008. Perth CBD can be seen
in the background.
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may benefit from higher nutrient loads because many species have relatively finely
structured thalli with a high capacity for nutrient uptake and growth (Pedersen &
Borum 1997, Pedersen et al. 2005). Drift algae often form dense mats that can get
entangled and retained in seagrass beds (Tweedley et al. 2008) especially in areas of
low hydrodynamic activity (Bell & Hall 1997). These algal mats can block out light
from the seagrasses and cause frequent hypoxia through respiration particularly at
night (Astill & Lavery 2001, Holmer & Nielsen 2007). Moreover, drift algae have a
boom and bust life cycle, rapidly supplying organic material to the sediment which
decomposes within a short time (Pedersen et al. 2005), increasing the oxygen demand
of the sediment.
Increasing ocean traffic and reduced transit times between harbours have caused a
massive increase in the exchange of marine species among distant areas of the globe
(Thomsen et al. 2007c, Williams 2007). Introduced species can have a range of

Figure 2. Halophila ovalis sea grass bed with a blue crab near Point Resolution (Freshwater
Bay). Halophila is by far the most common seagrass species in the Swan River, where it
forms extensive beds between ~0.2-2.5m depth. Healthy seagrass beds are considered an
ecological asset because of their ecological functions. They also support a very brad range
of fauna including charismatic birds such as the black swan and recreationally important
species such as the blue crab.
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effects in their recipient systems including predating on or competing with native
species (Thomsen et al. 2009b) or changing nutrient cycles (Pedersen et al. 2005).
Effects of introduced species are often great in estuaries because these are common
end-points for dispersal vectors and because estuaries are often stressed systems
(either naturally or from human activities) where new opportunistic species can easily
establish.
The Swan River Estuary (hereafter the Swan River), is situated in the heart of the
state capital Perth, and is the most intensively utilized estuary in Western Australia
(Brearley 2005). The Swan River has a long history of intense human activity
(Brearley 2005) and is currently of key recreational importance for fishing, boating,
kiting, wind-surfing, nature-exploration, diving etc.. However, the Swan River is also
drainage basin for agricultural and urban waste-water, potentially stimulating blooms
of ephemeral macroalgae through nutrient inputs. The most abundant seagrass species
in the Swan River is Halophila ovalis (paddle weed), that, in an earlier study, was
estimated to occupy 550-600 ha in the lower reaches (ca. 20% of main basin area),
with most of the population in protected waters <2 m deep (Hillman et al. 1995),
where drift algae also tend to accumulate (Astill & Lavery 2004). The invasive mud
snail Batillaria australis has established itself in the Swan River within the past 50
years, and it is now super-abundant within the Halophila beds (>400 m-2, Chapter 3).
B. australis does not graze on the seagrass, but usually feeds on benthic diatoms and
detritus. However, due to its abundance and its burying behaviour it causes significant
bioturbation and may thus affect seagrasses directly through uprooting or indirectly
through the concentration of reduced compounds in the sediments (i.e., by burial of
drift algae in the sediments or by increasing advection).
The aim of our research was to examine the relationship between environmental
drivers, drift algae, seagrass health and ecological performance, and to assess the role
of an invasive species in mediating these effects.
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Study sites
This study focused on the mid to lower reaches of the Swan River Estuary (hereafter
the Swan River). Sites were distributed between the Narrows Bridge, Canning Bridge
and Rocky Bay (Figure 3).

Figure 3. Map of the Swan River showing sites surveyed for drift algae. 1: Rocky Bay, 2: Pt Roe, 3: Armstrong Spit,
4: Freshwater Bay, 5: Pt Walter, 6: Attadale, 7: Lucky Bay, 8: Waylen Bay, 9: Heathcote, 10: Pelican Point, 11:
Como, 12: Matilda Bay.
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2. Spatial and temporal variation in the abundance of drift algae
Macroalgae (=seaweeds) can be abundant primary producers in estuarine seagrass
beds.

When occurring in low densities, macroalgae can provide habitat for

invertebrates and juvenile fish and filter land-derived nutrients. However, if occurring
in high densities, macroalgae may also compete with seagrasses for light and
nutrients, and can, via respiratory and decomposition processes, cause hypoxic or
anoxic conditions in the sediments and the water column, with negative effects on the
seagrass, and associated invertebrates and fish (McGlathery 2001, McGlathery et al.
2007). Given that seagrasses are considered important water-quality indicators with
many ecosystem benefits (sediment stabilization, nursery ground for fishes, habitat
for invertebrates, filter of land derived nutrients, wave-attenuation and storm
protection) it is important to have basic knowledge about the spatio-temporal
variability of macroalgae species and densities within estuarine seagrass beds. In
addition, large accumulations of estuarine macroalgae is often a consequence of
excessive nutrient pollution, and monitoring of drift algae may therefore provide
insight into the ‘health’ status of an estuary, that is more time-integrated than water
column chemistry and phytoplankton data, both known to vary on very short timescales.
In the Swan River, the macroalgal distribution patterns and nutrient dynamics
associated with hard bottom and unvegetated sand-flats has already been quantified
(Astill 2000, Astill & Lavery 2001, Astill & Lavery 2004), but no studies have yet
focused on macroalgae within seagrass beds, despite this habitat being susceptible to
algal impacts and being considered of highest conservation priority. The objective of
this study was to quantify the distribution and abundance of macroalgae in seagrass
beds in the Swan River.

Spatial variation: broad-scale survey of algae and seagrass cover
A broad-scale survey was conducted to quantify the total abundance and distribution
of macroalgae in seagrass beds in the Swan River. Percent cover of macroalgae (all
species pooled) and seagrasses were determined in May and December 2008, by
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visually inspecting a 1 m2 area of seagrass bed from ca. 0.5 to 2.5 m depth. In May
and December, 10 and 6 sites were visited respectively (Table 1), collecting
corresponding values of seagrass and seaweed cover from 34 to 279 quadrats per site
(a total of 1,777 quadrats).

Details on specific sample sizes for each site with

associated mean values and standard deviations can be found in Table 1.

Table 1. Mean percent cover (standard deviation and sample size) of drift algae in seagrass beds.

Site
Armstrong Spit
Attadale
South Como
Freshwater Bay
Point Heathcote
Lucky Bay
Matilda Bay
Pelican Point
Point Roe
Point Walter
Rocky Bay
Waylen Bay
Total

May 2008
2.3 ± 6.9 (n = 134)
9.1 ± 21.6 (n = 169)
4.5 ± 13.3 (n = 175)
25.0 ± 18.8 (n = 34)

December 2008

12.3 ± 14.48 (n = 43)
22.9 ± 21.8 (n = 70)
14.3 ± 16.8 (n = 121)

10.6 ± 21.6 (n = 144)
0.04 ± 0.2 (n = 41)
8.2 ± 19.0 (n = 194)
3.3 ± 7.0 (n = 279)
1.5 ± 3.9 (n = 101)
8.1 ± 18.8 (n = 49)
6.1 ± 15.6 (n = 1,320)

5.3 ± 7.7 (n = 71)
8.3 ± 7.0 (n = 82)
2.1 ± 3.7 (n = 70)
11.1 ± 15.1 (n = 457)

Pooled
2.3 ± 6. 9 (n = 134)
9.1 ± 21.6 (n = 169)
6.0 ± 13.9 (n = 218)
23.6 ± 20.8 (n = 104)
14.3 ± 16.8 (n = 121)
10.6 ± 21.6 (n = 144)
0.04 ± 0.2 (n = 41)
8.2 ± 19.0 (n = 194)
5.3 ± 7.7 (n = 71)
4.4 ± 7.3 (n = 361)
1.8 ± 3.8 (n = 171)
8.1 ± 18.8 (n = 49)
7.4 ± 15.6 (n = 1,777)
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Figure 4. Distribution and abundance of seagrasses and drift macroalgae in seagrass
beds in the Swan River (± 1 SE). Table 1 for information on sample sizes.
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Halophila ovalis was by far the most common seagrass, constituting >90 of the total
seagrass abundance (Zostera sp., Ruppia sp. and H. decipiens constituted <10%).
Drift algal abundance was relatively consistent between the two surveys (mean cover
values of 6 vs. 11%) and cover values were pooled for simplicity (cf. Table 1). The
overall mean for all sites and sample dates were 7.4% cover, with most drift algae
being found in Freshwater Bay, Heathcote and Lucky Bay (mean covers of 23.6, 14.3
and 10.6%, see Figure 4 for spatio-temporal variability). Matilda Bay, Rocky Bay
and Amstrong Spit where characterized by low drift algal abundances, with 0.04, 1.8,
and 2.3% cover respectively. In general, only few samples where characterized by
very high drift algal cover, e.g. only 30 out of almost 1,800 samples had >80% cover.
On a site-level, there was a humped relationship between the abundance of drift algae
and seagrasses such that there was a positive relationship at low densities (~<10%
algal cover) and a negative relationship above this threshold (Figure 5).

Figure 5. Relationship between drift algae and seagrass cover from the broad-scale survey.
Each point is a site (sample dates pooled). The line represent a non-linear regression line (r
= 0.40).

19

Table 2. Sample sizes per site for samples of macroalgal biomass in seagrass beds (cf. Figure 7).

Site
Attadale
Chidley Point
South Como
Freshwater Bay
Matilda Bay
Point Roe
Point Walter
Point resolution
Rocky Bay
Waylen Bay

16/05/08
10

10

25/07/08
10
10
10
10
10
10
10

10
10

10
10

10

17/09/08

1/12/08

26/02/09
10

2
10
10

10
10
10
10

10
10
10
10
10

10
6

10
10

10
10
10

Total
30
12
40
50
20
40
50
10
40
36

Spatio-temporal variation in species composition
An analysis of spatio-temporal variation in total abundance (all species pooled) of
macroalgae is presented in Chapter 3.
To determine the biomass and species identity of the most common macroalgae,
biomass-samples were collected 5 times from 5-9 sites from May 16 2008 to
February 26 2009. Approximately 10 replicates were collected haphazardly per site
in 0.25 m2 quadrates (see Table 12 for exact sample no.). Within each quadrat all
macroalgae - both unattached and attached to shells and seagrass leaves - were

Biomass (g WW/0.25m2)
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Figure 6. Dominant macroalgal taxa in seagrass beds in Swan River (± 1 SE, n = 328, collected
from 9 sites over the period 16/5-08 to 26/2-09)
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collected and brought to the laboratory to be sorted into genera or species and the wet
weight was measured after blotting with a paper towel.
Four species accounted for more than 90% of the total algal biomass; the green
unbranched filamentous algae Chaetomorpha linum and three fine-to-coarsely
branched red algae; Gracilaria comosa, Hypnea sp. and Laurencia sp. (Figure 6).
The nomenclature of G. comosa is adopted from Withell et al. (1994) and Astill and
Lavery (2001, 2004), but a taxonomic revision is underway based on molecular
analysis of Gracilaria thalli from temperate Australia [unpublished DNA sequencing
show a strong linkage to Gracilaria sp. Clade B found in little muddy creek, New
Zealand and various east Australian estuaries (Cohen et al. 2004) – see Chapter 5 for
more details].

Other species observed but only in low abundances include

Polysiphonia ssp., Ceramium spp, Caulerpa racemosa, Colpomenia sp., Ulva sp.,
Grateloupa sp. and Cystoseira trinodis. The abundance of the four main species were
characterized by large spatio-temporal variability; for example abundances >1 g wet
weight 0.25 m-2 were found in all months for Chaetomorpha, all months but May for
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Figure 7. Distribution of the most abundant algae at different sites and sample dates. Zero
values can either be due to lack of algae or lack of samples. See Table 2 for sample size.
Note logarithmic scale.
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Gracilaria, in February and May for Hypnea and in May and July for Laurencia
(Figure 7). Higher abundances, e.g. >10 g ww 0.25 m-2, were again found in all
months for Chaetomorpha, for Gracilaria only in December, for Hypnea again in
both February and May and for Laurencia only in May (all with large sitedifferences).

Discussion
Drift algae were found to be ubiquitous in seagrass beds in the Swan River, but with a
clear abundance peak in spring and summer. The algal diversity in the seagrass beds
was low compared to near-by oceanic reef assemblages (Wernberg et al. 2003), but
typical of ‘stressful’ estuaries, characterized by high salinity and temperature
fluctuations, high nutrient and sedimentation loads and scarce hard substratum
(Virnstein & Carbonara 1985b, Cecere et al. 1992, Collado-Vides et al. 1994,
Thomsen et al. 2006b). Generally, the biomass values reported here for most sites and
times (typically below 1 kg WW m-2) are lower than densities previously reported to
cause adverse impacts on seagrasses. However, several individual samples had algal
densities known to cause anoxia and damage to seagrasses (cf. Marcia 2000, Nelson
& Lee 2001, Holmer & Nielsen 2007).
We found a humped relationship between between seagrass and drift algal cover. The
positive relationship at low seagrass cover likely reflects that seagrasses trap drift
algae. Seagrass abundance declined at high abundance of drift algae. This supports
the idea that drift algae may have a negative impact on seagrass health and abundance
at landscape scales, although the evidence is only correlational. Importantly though,
this interpretation is supported by our experiments that documented negative effect of
drift algae (Chapter 4, 5), and provide an essential example of why manipulative
experiments should whenever possible accompany correlative studies (as the latter
cannot separate ‘drivers from passengers’). Frequent qualitative observations from the
marine reserve at Pelican Point, where large black spots with holes in the seagrass
cover underneath the mats were observed (see Figure 8), provide additional support
that negative effects may occur with dense accumulations of drift algae. It is likely
that the most stable macroalgal populations in the Swan River, are found in seagrass

22

beds (due to entanglement) and at sheltered sites where hydrodynamic conditions
allow mat accumulations (Salomonsen et al. 1997, Salomonsen et al. 1999, Thomsen
& McGlathery 2006). These are also the sites where impacts are likely to occur.
The two most abundant species in the Swan River, Chaetomorpha and Gracilaria
represent two archetypes of estuarine algae; Chaetomorpha is a fast-growing
filamentous algae that respond rapidly to benign growth conditions (but populations
can also ‘crash’ very rapidly) (Lavery & McComb 1991, Krause-Jensen et al. 1996,
McGlathery et al. 1996, McGlathery et al. 1997, Krause-Jensen et al. 1999,
McGlathery & Pedersen 1999) whereas Gracilaria is slow-growing and relatively
tolerant to physical and biological disturbances (Thomsen 2004, Tyler et al. 2005,
Tyler & McGlathery 2006, Thomsen & McGlathery 2007).

Given the large

differences in ecology and physiology between these taxa, it cannot be assumed that
they affect seagrasses in similar ways, but we expect that Chaetomorpha effects
would be most pronounced due to a higher oxygen consumption and higher likelihood
of population crash. Very little is known about if and how the two other common
taxa, Hypnea and Laurencia, may affect seagrasses [but see (Holmquist 1992, 1994,
Holmquist 1996, 1997) for work on Laurencia in Florida seagrass beds].

Conclusions

A broad scale survey, covering almost 1,800 quadrats, documented that macroalgae
are omnipresent in seagrass beds in the Swan River, but with relatively low average
abundances (0.04 - 23.6% cover per site) and occasional very high cover values
above 80% cover. This survey also indicated a positive correlation between seagrass
abundance and drift algae at low cover values (probable due to physical
entanglement), but a negative correlation at high values (probably due to competition
for light, nutrients and oxygen). Where maximum algal abundances were found, these
exceeded values known to negatively impact seagrass beds.
Our surveys documented that only four species accounted for >90% of the entire algal
biomass. The four species were Chaetomorpha linum, Gracilaria comosa, Hypnea sp.
and Laurencia sp. The two most dominant species represent contrasting ecological
and morphological traits; C. linum is a cosmopolitan, fast growing filamentous green
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alga whereas G. comosa is a slower growing more stress-tolerant coarsely branched
red alga which is virtually unknown. Hypnea and Laurencia are red algae with traits
between C. linum and G. comosa. During survey dives we observed that
Chaetomorpha typically were unattached in intertwined mats, entangled around
seagrass stems and leaves. In contrast, Gracilaria were very often attached to a
super-abundant snail (Batillaria australis), but was also found partly buried in
sediments and unattached on the sediment surface. Hypnea and Laurence were
mainly found looselying but were occasionally also found attached to seagrass leaves
and bivalve and gastropod shells.
Based on the survey data we hypothesize that drift algae and Batillaria snails have
important ecological interactions with seagrasses. Examples of such interactions are
addressed in Chapter 3-5.
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Figure 8. Examples of heavy accumulations of macroalgae (top:
Chaetomorpha linum; mid: Gracilaria comosa;bottom: mixed Chaetomorpha
and Gracilaria) in a seagrass bed in Pelican Point Marine Park.
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3. Batillaria – a super-abundant but under-studied cryptogenic
gastropod in the Swan
Invasions by non-indigenous species (NIS) are considered a serious global
conservation problem, as successful NIS may compete with and eat native species,
alter local biotic communities and ecosystem properties, and homogenize regional
and global biota (Parker et al. 1999). To understand, manage and mitigate effects of
NIS invasions it is of fundamental importance first to identify whether species are
introduced or a native. However, this is not always a straightforward task because
organisms have been trans-located within and between the world’s major
biogeographical regions long before quantitative data, taxonomic surveys and
monitoring programs became everyday practices. In addition, a large number of
species are difficult to identify and have ambiguous taxonomies. Currently, thousands
of ‘cryptogenic’ species, i.e. species of uncertain geographical origin, exist in
terrestrial, freshwater and marine ecosystems (Carlton 1996).

A comprehensive

understanding of basic questions about vector ecology, and what characterizes system
invasibility and superior invasion traits, requires recognition of both the well-known
and cryptogenic invaders. For example, if many cryptogenic species indeed are NIS,
then the total impact of NIS in structuring natural ecosystems may be vastly underestimated. Thus, the identification of cryptogenic species is an important task in
invasion biology.

Moreover, from a conservation perspective, recognition of

cryptogenic species as possible NIS can help managers to mitigate impacts of earlystage invasions and stimulate programs to reduce secondary dispersal to uninfected
neighboring ecosystems, i.e. promote pro-active management.
Most cryptogenic species are inconspicuous and/or rare, and are typically not detected
in standard sampling programs and with hardly any existing ecological data (Carlton
1996, Hewitt et al. 2004, Hayes et al. 2005). However, occasionally cryptogenic
species are large conspicuous species that are orders of magnitude more abundant
than native competitors, and which potentially control entire communities and
ecosystem processes. This type of cryptogenic species is particularly important to
identify in order to understand the full magnitude of NIS impacts, and they are, not
surprisingly, typically intensively studied. The majority of conspicuous cryptogenic
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species has either been introduced centuries ago, prior to early scientific recording
and species descriptions, or has invaded regions where morphologically similar native
sibling species exists, effectively not being recognized as something new.

The

common periwinkle, Littorina littorea and soft shell clam, Mya arenaria, likely
introduced to North America and Europe by Vikings or other early transatlantic
voyagers (Blakeslee et al. 2008, Chapman et al. 2008, Thomsen et al. 2008) represent
the first category, whereas common reed Phragmites australis (Saltonstall 2002),
green crab Carcinus maenas (Geller et al. 2003), common carp Cyprinus carpio
(Mabuchi et al. 2008), and Japanese gracilaria seaweed Gracilaria vermiculphylla
(Thomsen et al. 2006a) are typical examples of the latter category. However, more
recent introductions (less than a century old) of conspicuous species could also have
be overlooked even where they do not resemble native sibling species, for example if
introduced to a region or ecosystem or in a time where attention to ecological change
is imperceptible. In the present paper, we (a) identify a ‘forgotten’ cryptogenic
foundation species, (b) quantify its distribution and abundance in comparisons to
native competitors, (c) quantify ecological traits that likely are associated with its
success, and (d) estimate possible ecosystem consequences.
Australia is a continent where scientific, political, public and management interest in
NIS and cryptogenic species has existed for decades (Ross et al. 2002, Ross et al.
2003, Hayes et al. 2005, Huisman et al. 2008). This awareness is partly a reflection of
a long biogeographical isolation (susceptible to invasions), high degree of endemism
(importance of preservation) and known record of invaders that has already
transformed landscapes (Low 2001). The capital of the state of Western Australia,
Perth, is located on the Swan River Estuary (hereafter the Swan River, although it is
an estuary). European colonization of Perth, and subsequently Western Australia,
originated from this estuary, and it is today the most utilized and intensively managed
estuary in the state (Brearley 2005). The location of four universities, the
Commonwealth Scientific and Industrial Research Organization (CSIRO), the
Department of Conservation, and several environmental consultancies in close
proximity to the Swan River, has resulted in a wealth of scientific publication about
the estuary (reviewed in Brearley, 2005). However, in spite of species invasions being
one of the highest ranked research and management priorities (Anon. 2006), no
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quantitative accounts of NIS in the Swan
River exist in the peer-reviewed literature (but
see Huisman et al., 2008 for a qualitative NIS
list). Recently, it has been suggested that the
gastropod

Batillaria

australis

Quoy

(previously Velacumantis australis, hereafter
Batillaria,

Figure

9)

might

have

been

introduced to the Swan River (Edgar 2000,
Wells & Bryce 2000, Huisman et al. 2008)
from Southeast Austalia, were it is abundant in
soft-bottom estuaries and saline lakes (Ewers
1967a, b). However, a systematic review of
Figure 9. The mudsnail Batillaria australis.

its possible geographical origin has not been
undertaken, and quantitative data on its
distribution and abundance are lacking from the literature, as are assessments of
ecological traits that might facilitate its success and any potential impacts it might
have had. Here, we combine a review of published and unpublished sources with
surveys, experiments and rough calculations to address these shortcomings.

Possible origin and past abundances.
Peer-reviewed biological and geological literature, unpublished management reports
and environmental assessment reports, student theses, and various types of early
accounts of gastropod distributions, were located and reviewed to evaluate the
possible origin and past distribution and abundance of Batillaria in Western
Australia.
Early gastropod surveys from Western Australia did not report a presence of
Batillaria and it has never been found in fossil deposits (Table 3), even though it
builds erosion-resistant shells (Ewers 1966, 1967b, c). The first observation in the
Swan River was apparently in 1954 and the first published record followed one year
later, where B. australis is stated to be ‘common’ (Table 3). Appleton (1980) noted
that B. australis did not appear regularly in shell collections until the early 1960s.
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Table 3. Chronological list of published and unpublished accounts of Batillaria australis in the Swan River estuary
(SR) and Western Australia (WA)

Information type

Battilaria status

Early gastropod surveys (Hedley 1916,
Reath 1925, Thiele 1930, Thomson 1946).

No B. australis recorded.

Fossil surveys (e.g. Kendrick 1960, 1976,
1977).

No B. australis recorded, but virtually all other native
present-day gastropods in the SR are found fossilized.

Early published record (Serventy 1955, no
data presented, Kendrick 1960, no data
presented).

State that B. australis is ‘common’ in the SR.

Blackwell and students (1969).

Qualitative collections of macrofauna from 17 sites in
the SR – only found B. australis at Peppermint Grove.

Distribution map in the SR (qualitative,
Hughes 1973).

B. australis apparently absent from the southern part of
the middle estuary (but not clear how many sites were
visited and how much effort was allocated).

Chalmer (1976, no data presented).

State that B. australis is ‘common’ in the lower SR
(‘zone 1’), middle SR (zone 2, 3, 4, 5, 10), and present at
a single zone in the upper SR (zone 11, but absent from
6, 7, 8, 9 and 12).

Unpublished thesis Appleton (1980).

State that B. australis was found for the first time in
1954 in the SR (and WA) in a shell collection from
Melville Waters – and that it did not appear regularly in
shell-collections until the early 1960s.

Quantitative survey 1978 (Appleton
1980).

(a) Halophila beds = 98.8 ind m-2 (± 3.0 from 9 sites in
middle and lower SR, total n=201), (b) Deeper waters >2
m depth and below the main Halophila zone = 34.4 ind
m-2 (± 21.3, from 2 sites; n=14), (c) Narrow sandy
intertidal zone = 7.4 ind m-2 (± 2.6; 6 sites; n=29).

Qualitative survey 1983 (Kirke 1984).

B. australis found alive at 24 sites, as dead shells at 7
sites, and it was absent from 9 sites (all sites in middle
and upper SR). Kirke also measured molecular
diversity; all populations in the SR and Woodman point
where genetically similar (Kirke 1984, Kirke et al.
1987).

Quantitative survey Kanandjembo et al
(2001).

Grab samples from 9 sites <1 m and 9 sites >2 m, from
the upper reaches of the SR (Canning and Swan river
arms); 42 invertebrate species collected; B. australis
dominance-ranked 21 and 23 (151 and 18 individuals
counted, 0.1% and <<0.1% of assemblage) respectively.

Quantitative survey Pennifold and Davis
(2001).

Cores from summer and winter at Pelican Point (middle
SR). B. australis was fifth most abundant species in
winter but not amongst 10 most abundant species in
summer.

Observations in WA, outside the Perth
metropolitan area.

Museum record from Albany, argued to be an unreliable
record (Appleton 1980, Huisman et al. 2008). A recent
record from the Dampier Archipelago, under verification
(Slack-Smith & Bryce 2004).
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Figure 10. Historical and present day distribution of Batillaria australis in Australia.

The past (fossil record) and present distribution of B. australis can be seen in Figure
10) Today, the only other observations in Western Australia, outside the Perth
metropolitan area (i.e. including Woodmans point), is an unreliable museum record
from Albany 400 km to the south and east (Huisman et al. 2008), and a very recent
record from the Dampier Archipelago >1,300 km to the north, which needs to be
verified (Slack-Smith & Bryce 2004).

In the late 1970’s high densities were

quantified in Halophila seagrass beds in the Swan River, intermediate densities in
deeper waters below the main Halophila zone, and low densities in a narrow sandy
intertidal zone, although these results were never published (Table 3).

Present day abundance of common gastropods and shell-usage
Ten sites (0.5-1.5 m depth, cf. Figure 12) were surveyed in the lower Swan River. At
each site, 4 random samples were collected on both sand flats and in Halophila ovalis
seagrass beds. All macroscopic gastropods (>2-3 mm) were identified and counted in
situ. In the seagrass beds, snails were counted within a 33 cm inner diameter circular
frame (0.34 m2) whereas sand flats were surveyed using a 2.5 m × 0.5 m belt transect
(1.25 m2).

Snails were collected by carefully sifting through the top 5 cm
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Figure 11 Dominant snail species in seagrass beds and adjacent sand flats in the
Swan River (± 1 SE, n = 76, samples pooled from 10 sites collected from May 06
to December 08).

sediment/seagrass bed by hand and returned unharmed immediately after counting.
Also counted were the number of empty shells, their occupancy by hermit crabs, and
dead and live snail shells with visible macroalgae attached (>2-3 mm).
The three most common gastropods in the lower Swan River were Batillaria
australis, Nassarius burchardi and Bedeva paivae constituting >99% of all counted
gastropods. Batillaria and B. paivae are of similar sizes, whereas N. burchardi is a
much smaller gastropod. Batillaria was found in all 80 samples, and was several
orders of magnitude more abundant than any other gastropod in both sand flats and
seagrass patches (Figure 11), with densities of 92 ind m-2 (range 0.8-605) and 424 ind
m-2 (93.6-865.6), respectively (Figure 12, see also Figure 34). The densities found in
seagrasses in 2006 were significantly higher than those reported from 1978 (Table 3;
p < 0.001, F1,17 = 34.705, Levin’s p for test of variance homogeneity = 0.297, the
same regions in the Swan River were surveyed). Live Batillaria were more common
than empty or hermit-crab occupied Batillaria shells in both seagrass patches and
mudflats. Hermit crabs were found in 49% of the dead Batillaria shells on seagrass
patches and 16% on sand flats. Finally, attached macroalgae (see Figure 13, Figure
36) were found on 32% and 26% of live and dead Batillaria shells, respectively, in
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the seagrass patches, and on 24% and 14%, respectively, on the sand-flats (Figure
12).
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Figure 12. Spatial variation in abundance of Batillaria (top figure) and Batillaria with
attached Gracilaria (bottom figure) in seagrass beds and adjacent sand flats in the Swan
River (± 1 SE, n varies from 4-12).
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Ecological performance
Several experiments were conducted to quantify the susceptibility of Batillaria to
predation and environmental stress and quantify links between Gracilaria attached to
snails and the production of unattached algal fragments. First, a tethering experiment
was conducted to test the resistance to net predation. A 50 cm tether of fishing line
was tied around the shell of individual Batillaria and attached to a peg. Pegs were
added to both sand flats (n = 20) and seagrass patches (n = 20). The experiment was
set up at Point Resolution twice (25 April 2007 and 4 January 2008) and run for 30
and 14 days, respectively. Second, short-term predation experiments were conducted
to test the resistance to the voracious and ubiquitous blowfish Torquigener
pleurogramma. Experiments were again conducted at Point Resolution twice (8 May
2007 and 17 January 2008) in the morning and repeated at mid-day. Each time, 10
Batillaria (2-4 cm total length) and 10 Soletellina biradiata (a common native
bivalve, also 2-4 cm total length) were collected. The sediment was stirred to attract
fish (there was always a minimum of 15 blowfish in close proximity to the
experimenter) and molluscs released one by one 50 cm above the sediment surface.
The fate of each mollusc was followed until it was either eaten or the fish stopped
biting it (typically <30 seconds). Third, a laboratory experiment tested the resistance
of Batillaria to salinity stress, using three salinity levels (9, 18, 36 psu, oceanic
seawater was diluted with freshwater) in 250 ml plastic containers (n = 16, 12:12 LD
and 19°C). The experiment was initiated 13 June 2007 and run for 14 days. Water
was exchanged every second day. Fourth, an outdoor experiment (conducted under
shade) tested for resistance to fluctuations in salinity and temperature and quantified
links between Gracilaria attached to snails and the production of unattached algal
fragments. The tests-design was generally similar to the previous experiment, except
that only 15 and 30 psu were used for initial salinities. For this experiment, snails
were selected that either had a high (>10 holdfasts) or low (<5 holdfasts) density of
attached Gracilaria. We pruned the high density algae down to 2.5 cm length and the
low density algae to 0.5 cm to provide contrasting, but standardized, algae attachment
population characteristics, corresponding to a high vs. low ‘abundance’ level. The
experiment was initiated in 9 May 2007 and run for 47 days, but fragment production
(unattached algal fragments >2 mm) was quantified from 9 to 19 of July. Water was
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Figure 13. Fragmentation rates of Gracilaria attached to Battilaria shells (low and high abundance
pooled) (left), and Gracilaria fragments produced from an abundant clump of Gracilaria on a
Battilaria (right).

only exchanged weekly to allow salinity to rise due to evaporation. A 30% reduction
in water volume per week was observed, corresponding to a 30% increase in salinity.
Water temperature fluctuated from 10° C on cold nights to 30° C on hot days.
Not a single Batillaria snail died in any of the predation or stress-tolerance
experiments, demonstrating low top down control and high resistance to salinity and
temperature fluctuations. All but one tether were recovered with live snails attached.
The missing tether was probably buried by sediments or lost due to storm or boating
activities. Blowfish did not consumer any of the 40 Batillaria (bites were observed,
but with no impact on the shell or snail), whereas every single bivalve was crushed
and consumed in less than 30 seconds. No snail died in any of the stress-experiments.
However, different mobility patterns were observed; at the low salinities snails often
had closed operculum, were frequently buried in the sediment and made fewer visible
snail-tracks.

We also found a highly significant effect of algal abundance of

produced fragments (F1,31 = 30.70, p < 0.001) irrespective of salinity (F1,31 = 0.38, p =
0.550, abundance × salinity, F1,31 = 1.08, p = 0.308, Figure 13), with many more
fragments being produced at high abundance (8.7 ± 6.0 SD, n = 16 vs. 0.7 ± 0.6, n =
15, fragments/snail/10 days).
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Discussion
We have documented that the gastropod Batillaria australis is super-abundant and
orders of magnitude more common than any other gastropod in both seagrass beds
and sand flats in the Swan River, and we argue that Batillaria represent a rare
example of a forgotten cryptogenic - but still conspicuous - foundation species.

Origin and abundance.

Based on Chapman and Carlton’s (1991) criteria for cryptogenic species (Table 4),
Batillaria in the Swan River is likely a recent introduction; it is not described in any
old geological or biological literature, it has a disjunctive distribution being separated
by thousands of km from nearest living or fossil conspecifics (Figure 10), it lacks a
long-range dispersal mechanisms and would have to go against the direction of the
main oceanographic flow, the Leeuwin Current, to reach the Swan River naturally, it
is not represented in the fossil records, it has a reduced parasite diversity (3 trematode
species) compared to Batillaria populations from New South Wales (8 trematode
species), and sibling Batillaria species are known to be associated with typical
anthropogenic dispersal vectors such as oyster transplants and ballast water (Table 4).
The alternative explanation - that Batillaria in the Swan River represents a unique
surviving relict population with a past continuous distribution from Perth to
Queensland - seems unlikely, particularly because high abundances of fossilized
Batillaria are found in known native locations on the east coast (Ewers 1966, 1967b,
c) and given that other native snails in the Swan River are common in local fossil
records (Kendrick 1960, 1976, 1977). Ultimately, molecular analyses comparing the
Swan River population with native populations from Southeast Australia are needed
to provide further insight into its origin. However, it is important to recognize that
DNA data do not necessarily provide unequivocal evidence of place of origin. For
example, many conflicting DNA studies and decades of controversy exist over the
origin of the cryptogenic foundation species Littorina littorea – recently reviewed and
approached with a novel parasite-host comparison (Blakeslee & Byers 2008,
Blakeslee et al. 2008, Chapman et al. 2008).
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Table 4. Evidence for the status of Batillaria australis as a NIS in the Swan River estuary (SR) based on Chapman
and Carlton’s (1991) criteria (adapted from Freshwater et al. 2006) with addition of point 11-13

Criteria

Evidence

1. Appearance in local regions where
not found previously

Collected for the first time in the SR and WA in 1954 (Appleton
1980).

2. Initial expansion of local range
after introduction

Observed at increasing number of sites with increasing densities,
over 50 years (cf Table 3).

3. Association with human
mechanisms of dispersal

Sibling species known from aquaculture (Byers 1999, Byers
2005); a free-swimming pelagic larva (MacIntyre 1961) can be
pumped into ballast water tanks.

4. Association with, or dependency
on, other NIS

Sibling species associated with oysters (Byers 1999, Byers 2005)
- transplanted between regions and countries for centuries (Nell
2001, Ruesink et al. 2005).

5. Prevalence on/restriction to new/
artificial environments

Found in multiple habitats, e.g. man-made piers and disturbed
seagrass beds (pers. obs.).

6. Restricted distribution compared
to native species

Native species from the SR found at other sites in WA (Chalmer
et al. 1976, Kendrick 1977, Appleton 1980, Wells & Bryce 2000).
B. australis is only found in the SR and its adjacent surroundings.

7 Disjunct populations in isolated
oceans

Abundant in estuaries in east-southeastern Australia (Ewers
1967a, b). The SR population separated by >3,000 km from
living or fossil populations.

8. Insufficient active dispersal
mechanisms to account for
observed distribution

Produce veliger larvae (MacIntyre 1961), pelagic for ca. 2 weeks
(Appleton 1980); insufficient for long distance drift.

9. Insufficient passive dispersal
mechanisms that could account for
the observed distribution

South and east flowing Leewin Current provides barrier for drift
and floating debris (e.g. rafting) (Pearce 1991).

10. Exotic evolutionary origin.

Endemic to Australia from Whitsunday Islands, Queensland to
Victoria & Tasmania, (http://seashellsofnsw.org.au/Batillariidae/).
Died out in South Australia in Pleistocene where fossils are
encountered (Ludbrook 1984).

11. Not present in fossil record at
study site

Mollucs are generally abundant in fossil deposits in the SR and
WA. B. australis is not found in WA deposits but is an abundant
fossil in other regions where it exist today (southeast-east
Australia) or where it is extinct (South Australia).

12. Low molecular diversity

Low genetic diversity in the SR and Woodman Point populations
(interpreted as a result of high larval dispersal within SE, Kirke
1984). Low genetic diversity could stem from recent arrival of a
small population (founder effects).

13 Low parasite diversity.

Only 3 trematode parasites exist in Swan River Batillaria
populations, compared to 8 in New South Wales Batillaria
(Appleton 1983). Appleton argue that this may be due to lower
bird (transmitter) diversity in Swan, but similar lowered parasite
diversity has been observed in numerous introduced species and
have been proposed to facilitate invasions (enemy release
hypothesis) (Torchin et al. 2003)
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Batillaria is probably introduced from southeastern Australia via larval transport in
ballast waters or via oyster transplants. It has a short-lived pelagic life of up to 2
weeks (Appleton 1980), which is sufficient to survive in ballast tanks during shipping
transport from the eastern states. For example, the pacific oyster Crassostrea gigas
has been transported between Australian regions for decades (Nell 2001), with a welldescribed, but failed, introduction to Albany (Brearley 2005). Importantly, Appleton
(p. 90 1980) describes that oysters were (unsuccessfully) introduced from the eastern
states on a trial basis to supply Perth restaurants with fresh oysters that were kept
alive in the Swan River until required. Similar introductions via oyster transplantation
as juvenile snails, or egg strings attached to the shells, are known from the US for the
sibling B. attramentaria, where it is now displacing native Cerithid species (Byers
1999, 2002). Our survey showed that Batillaria is by far the most dominant and
conspicuous gastropod in the Swan River. Similar dominance is reported from many
east Australian estuaries and saline lakes (Ewers 1964, Ewers 1967a, b), where up to
2,000 ind m-2 have been reported in seagrass beds near Sydney (Cummins 2005). This
is substantially higher than our findings, perhaps suggesting that the abundance of
Batillaria may still be increasing in the Swan River. Dominance of sibling species
has also been reported from New Zealand (Fredensborg et al. 2005, Jones & Marsden
2005), Japan (Kamimura & Tsuchiya 2004, 2006) and in recently invaded estuaries
on the US west coast (Byers 1999, Byers 2005, Wonham et al. 2005).

Ecological Performance

Highly invasive species are typically characterized by ‘super-traits’ to match the
invaded habitat conditions (Mack 1996). For Batillaria species in general, and
Batillaria australis in particular, this can be summed up as low predation pressure
and high environmental stress-tolerance - traits of general importance to succeed in
estuaries. Our experiments did not show any evidence of top-down control, although
it is possible that past higher densities of the blue crab Portunus pelagicus, could
have exerted some predation pressure [e.g. in the US, small Callinectes sapidus prey
heavily on Bittium varium (Wright et al. 1996), a species morphologically similar to
Batillaria]. Other Batillaria species have been documented to be super-abundant
surface dwellers on exposed intertidal flats (Fredensborg et al. 2005, Jones &
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Marsden 2005), and do not appear to be preyed upon by either birds or terrestrial
organisms (pers. obs.). In short, predation on Batillaria species is low both in the
Swan River and elsewhere. In addition, a high stress-tolerance to environmental
fluctuations is also paramount. We showed that Batillaria can survive wide
fluctuations in both temperature and salinity. Moreover, inactivity has been reported
below 10-15 psu suggesting the snail survive adverse environmental fluctuations by
closing the operculum for long time periods (weeks/months) (own study, Hughes
1973, Appleton 1980, Kirke 1984, Kirke et al. 1987). Still, more experiments are
needed to test for long-term interactive effects of multiple estuarine stress factors (e.g.
desiccation, salinity, temperature, hypoxia, and substratum conditions) to better
understand the species traits, and to be able to predict what habitats can be invaded.
For example, it is likely that B.atillaria australis, like its sibling B. attramentaria
(Byers 2000b) also is resistant to low oxygen levels, another common stress in
eutrophied estuaries.

Perspective: estimates on ecological impacts.
There are several approaches to quantifying impacts of NIS and cryptogenic species;
Before-After/Control-Impact tests, experimental manipulations or application of
formulas (Parker et al. 1999). Without quantitative before-invasion data, BA/CI tests
cannot be performed, and experimental manipulations are limited in space and time,
and will only test effects in a system which may already be irreversibly altered by the
invader (Thomsen et al. 2009b). Impact formulae provide an alternative where per
capita effects are scaled up to ecosystem level processes (Parker et al. 1999). Parker
et al. argue that impacts are proportional to the abundance, range, and the per capita
effect of the NIS, but also assume that structures and processes of the native
community otherwise remain un-affected. We applied Parker’s formula to provide a
rough estimate of possible ecosystem impacts of Batillaria in the Swan River ((Table
6)). Based on Batillaria densities and 600 ha seagrass bed and 1200 ha sand flats
shallower than 3m (Hillman et al. 1995), we estimated a standing population of
3,650,623,987 snails. This likely is a conservative estimate because Batillaria can be
abundant in deeper waters (pers. obs.) not included in our calculation. Thus, the
impact question was restated to “what do ca. 3.6 billion snails do in the Swan River?”
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Table 5. Calculations of possible ecosystem impacts of Batillaria australis in Swan River (SR); based on
gastropod densities (Figure 12), presence of ca. 600 ha Halophila bed and 1200 ha sand flats in the lower
Swan River (Hillman et al. 1995) and experimental data from Kamimura and Tsuchiya (K&M 2006).

Batillaria Impact in SE

Unit size

Unit

Total SR

Unit

Formula

Shell Length

2.400

cm

87614976

m

Measured

Shell Width

1.252

cm

45716764

m

Length vs. Width

Shell Volume regression

0.689

ml

2513915

l

WW vs. Volume

2

2

Shell Surface area

4.719

cm

1722608

m

Cone: Sideline × r × π

Shell WW

1.240

g

4528366

kg

Length vs. WW

Shell DW

0.980

g

3576875

kg

WW vs. DW

Shell AFDW

0.852

g

3111243

kg

AFDW vs. DW

Shell DW tissue

0.128

g

465632

kg

DW – AFDW

cm

449421

2

m

Circle: π × r2

Shell circle/drill area

1.231

2

Drilling moving
sediment

123.108

cm3/d

449421

m3/d

Observations & calculation
(100 cm movement per day
per snail)

Faeces production

0.00638

g/d

23282

kg/d

Fig. 3: K&M 2006; 50
mg/day/gDW tissue

Nitrogen production in
faeces

1.275E-5

g/d

46.56

kg/d

Fig. 3: K&M 2006;
0.1mg/day/gDW tissue

892.84

ml/d

3259421663

l/d

Table 1: K&M 2006; 7
l/d/gDW tissue

Water clearance

Note: Shell length (mmL) was measured on a random sample to calculate average snail size. Snail
length (mmL), width (at the widest part, mmW), wet weight (gWW), wet volume (mlWV), dry weight
(gDW), and ash free dry weight (ADW) were measured on a sample covering a range of snail sizes, to
provide conversions formulas between size-metrics. The average length of B. australis was 24.02 mm
(± 0.02, n = 689). Strong correlations were observed between all morphometrics; (1) length vs. width:
mmW = 0.408 × mmL + 0.2731, R² = 0.844, n = 98; (2) length vs. weight wet: gWW = 0.0002 ×
mmL2.7478, R² = 0.962, n = 100; (3) wet vs. dry weight; gDW = 0.8027 × gWW - 0.0159, R² = 0.9651,
n = 98; (4) wet weight vs. wet volume: mlWV = 0.5828 × gWW - 0.0343, R² = 0.9552, n = 26; and
(5) dry weight v. ash-free dry weight: gAFDW = 0.844 × gDW + 0.0253, R² = 0.9656, n = 31.

Most importantly, Batillaria produce hard substratum within the estuarine ‘sea of soft
sediments’. We calculated that 1.72 km2 and 4,528 tons weight wet of living hard
substratum move around on a daily basis in the Swan River. These moving objects
provide a resource (attachment space) for sessile species, such as macroalgae, that
typically are substratum limited in soft sediment estuaries (Thomsen et al. 2007a).
Based on counts of algal attachment frequency we estimate that up to 1 billion erect
macroalgal thalli are attached on live or dead Batillaria shells. Even though a large
proportion were small individuals (5-10 mm, unpubl. data), this spatially fixed and
relatively stable algal population can provide a significant feeder-linkage to abundant,
but more unstable, drift algae populations (Thomsen et al. 2007b) that co-exist in the

40

Table 6. Rough calculations of what 3.6 billion Battilaria do in the Swan River. Based on data provided in
Table 6.

What do 3.6 billion snails do?
Move sediment

450,000 m3 sediment/day

Release nutrients (faeces)

18 ton nitrogen/year

Bind CaCO3, (shells)

1.70 billion shells/year

Make homes for hermit crabs

130 million in Batillaria shells

Build hard substratum

1.8 million m2 (live snails)

Attach seaweeds

36.5 million thalli

Produce algal fragments

433 million/day

Filter water

3 billion litres/day

Swan River (Astill & Lavery 2004). This proposed linkage was supported by the
outdoor experiment that documented a high production of fragments when attached
algae are found in high abundances (Figure 13). We did not quantify the precise size
distribution of attached Gracilaria, but estimate that ~0.5% of snails had abundant
Gracilaria attached (pers. obs., corresponding to 4,713,485 snails in Swan River, e.g.
Figure 36). If the fragmentation process was ‘linear’ in the experiment (= 0.87
fragments produced per snail per day) it can be calculated that >4,100,000 Gracilaria
fragments are produced daily during summer months in the Swan River based solely
on the snail associated algal population.

Thus, fragment production from snail

substrates is likely to provide an enormous propagule supply for further vegetative
growth, dispersal, additional fragmentation and accumulations in low-energy
environments.

In addition to attached Gracilaria, we also observed attached

Chaetomorpha linum and Laurencia sp., and abundant tube-building polychaetes,
bryozoa, encrusting algae, and sea anemones (Figure 36) and similar associations
have been documented for B. atrimanis in the US (Wonham et al. 2005). Empty
Batillaria shells is also a substratum resource, in particular for hermit crabs; based on
our survey data it was calculated that >130 millions hermit crabs occupy Batillaria
shells (Table 6). Very few hermit crabs were found associated with other gastropod
shells (a few in the uncommon Bedeva shells, unpubl. data) and it is therefore likely
that the population of hermit crabs has increased dramatically in response to the
appearance of Batillaria in the Swan River.

Given an average Batillaria life

expectancy of 2.5-3 years (Appleton 1980), and assuming no present-day changes to
its population size, more than a billion new shells are produced every year. Thus,
Batillaria provides a large renewable amount of hard substratum/habitat for hermit
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crabs and sessile species. The ultimate
fate of these erosion resistant shells is
likely sediment burial, subtidal surface
accumulations

where

hydrodynamics

allow so, or beach deposits, and may
thereby also affect deep in-faunal- as
well as semi-terrestrial communities.
Batillaria australis is also an active
snail that moves around on the sediment
surface or just below (Appleton 1980).
Observations and tagging experiments
suggest that Batillaria can have a netmovement of >1m per day (more in
sand, less in seagrasses, unpubl. data).
Based on a combination of the estimated
net-movement, the average diameter of
Batillaria shells and its population size,
we calculate that almost 450,000 m3
sediments may be moved daily in the
Swan River (Table 6). A proportion of
this

sediment

oxygenated,

is

and

ingested

diatoms,

and

bacteria,

organic material and invertebrate eggs
and

larvae

potentially

consumed

(Kamimura & Tsuchiya 2004, 2006).
Thus, Batillaria may exert top-down

Figure 14. Battilaria with Gracilaria growing on the
shell (top), with a diverse assemblage of algae and
sea anemones growing on the shell (middle) and a
pile of dead Battlilaria shells (bottom).

control on prey and competitors via
bioturbation and ingestion of sediments,
as observed for other sediment feeding gastropods (Brenchley & Carlton 1983, Hunt
et al. 1987, Kelaher et al. 2003). Batillaria may also affect sediment properties via
fecal production or biodeposition. Based on measured values for Japanese Batillaria
species, it is estimated that >23 tons faeces, containing ca. 50 kg nitrogen, are
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released daily by Batillaria in the Swan River. Re-mineralization of the nutrients
from the feces may enhance attached macroalgal growth, thereby providing both
mechanical and physiological facilitation to this group of organisms (Thomsen &
McGlathery 2007). Finally, it has been documented that Japanese Batillaria species
are ‘dual feeders’ that, in addition to deposit feeding on sediments, also filter feed
from the water column for particulate organic matter. Based on an average clearance
rate of ca. 7 liters per day per gDW tissue of Batillaria (Kamimura & Tsuchiya 2006)
up to 3 billion liters of Swan River water could be cleared for suspended particles
each day, or, more specifically, Batillaria in a seagrass bed at 1 m depth, could clear
the entire water column every few hours. Similar large-scale ecosystem effects have
been suggested for other non-native filtrators, e.g. the sand mussel Mya arenaria in
Ringkøbing Fjord in Denmark (Petersen et al. 2008), the Japanese clam
Potamocorbula amurensis in San Fransisco Bay (Cloern 1982), and the zebra mussel
Dreissena polymorpha in the Great Lakes (Strayer et al. 1999).

Conclusions and implications

We conclude that Batilaria in the Swan River represents a rare example of a
‘forgotten’ cryptogenic – but conspicuous and super-abundant - foundation species.
We have provided rough estimates of some possible impacts of this species in the
system. Although it is very clear that B. australis has a substantial effect on several
key ecological processes, it is paramount that explicitly designed research projects are
initiated to actually test how B. australis affects the ecology of the Swan River. A
fruitful approach would include both manipulative experiments in the estuary but also
comparative studies to the adjacent estuaries that lack this species. Indeed, ecological
comparisons of seagrass beds and mudflats between Swan River and non-invaded
estuaries nearby may provide much needed theoretical insights into how a single
foundation invader may affect large-scale ecosystem attributes (Cloern 1982, Strayer
et al. 1999, Petersen et al. 2008), and it would provide both an estimate of what the
pre-invasion base line conditions were in the Swan River and an estimate of what
ecological consequences can be anticipated if it spreads to other WA estuarties (e.g.,
Peel-Harvey). Our identification of this cryptogenic species as a likely invasive
species should have immediate implications with management procedures to avoid
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spread to other estuaries. For example, regulations can be implemented to prohibit
direct translocations of Batillaria but also to minimize indirect transfer via associated
species (e.g. shellfish) or trailered boat traffic. If Batillaria, as all circumstantial
evidence indicate, is a NIS, active population control or even eradication of the
smaller Woodman point populations could be a method to hinder secondary dispersal
to the adjacent estuaries.

44

4. Effects of Chaetomorpha, Batillaria and temperature on
Halophila performance
Seagrasses are under threat from multiple pressures (e.g., drift algae and invasive
species), and the impacts of these pressures are likely to depend on environmental
conditions. However, elevated levels of atmospheric CO2 are causing a range of
changes to the environment which are likely to affect seagrasses, including ocean
acidification, rising sea levels and increasing temperatures (Short & Neckles 1999,
Orth et al. 2006). Global warming is probably the most acute of the climate change
related threats, with significant temperature increases already observed in many
coastal habitats. For example, over the past decades, the temperature in the south-east
Indian Ocean adjacent to Western Australia has been rising at a rate of 0.02 °C year-1
(Pearce & Feng 2007), and the projection for the region is an additional 1-2 °C
increase over the next 25 years (Poloczanska et al. 2007). Elevated temperature
directly influences metabolic processes in plants increasing the rates of
photosynthesis and respiration and affecting the ratio between them (e.g., Staehr &
Wernberg 2009). Temperate seagrasses often have their photosynthetic optimum at
temperatures below the seasonal maximum (e.g., Biebl & McRoy 1971) and they are
therefore particularly sensitive to elevated temperatures. The effects may be severe
enough to cause oxygen depletion in seagrass tissue (Greve et al. 2003).
Elevated temperature and eutrophication interact synergistically to increase bacterial
metabolism in the sediment, usually by a factor of 2-3 for each 10 °C increment
(Thamdrup et al. 1998, Sand-Jensen et al. 2007), contributing to stimulate the
accumulation of sulphide in the sediment pore water. Sulphide binds to the iron in
metaloenzymes and is therefore a potent phyto-toxin which inhibits important
enzymes like cytochrome oxidase (Raven & Scrimgeour 1997, Armstrong &
Armstrong 2005). Negative effects of pore water sulphide have been documented for
several seagrass species (Holmer & Bondgaard 2001, Greve et al. 2003, Koch et al.
2007, Kilminster et al. 2008).
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Figure 15. Mat of unattached (drift) Chaetomorpha linum covering Halophila ovalis
seagrasses in the Swan River. The experiments presented in this chapter mimicked this
situation in the presence and absence of the invasive gastropod Batillaria australis under
two different temperature scenarios.

Seagrasses defend against sulphide intrusion by transport of oxygen to the
belowground parts, where it is released to the surroundings creating an oxygenated
rhizosphere which prevents the intrusion of reduced compounds (Frederiksen & Glud
2006). This oxygen is produced by photosynthesis during the day and taken up from
the surrounding water column at night, as the oxygen in the lacunae only lasts for
minutes when photosynthesis stops at night (e.g., Sand-Jensen et al. 2005). If the
oxygen concentration drops below a certain percentage of air saturation (e.g., 35% for
Zostera marina), sulphide can intrude into the seagrass (Pedersen et al. 2004).
The aim of this study was to examine the impact of drift algae on seagrasses, and to
assess the role of an invasive species in mediating these effects now and in a warmer
future. To address this aim we experimentally tested the hypothesis that elevated
temperature and Batillaria would interact synergistically to exacerbate negative
effects of drift Chaetomorpha linum on sediment biogeochemical properties and
growth and survival of Halophila ovalis.
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Methods
In situ patterns of drift algae, invasive snails and temperature

The abundance of drift algae and invasive snails was quantified in three seagrass beds
at 0.5-2 m depth in the Swan River (Freshwater Bay, Point Walter, Waylen Bay,
Figure 16). Drift algae were quantified on five occasions from May 2008 to February
2009, by collecting all algae within ten 0.25 m² haphazardly tossed quadrats. The
algae were returned to the laboratory and weighed fresh after blotting with paper
towels. Snails were counted within four random circular frames (0.33 m diameter) in
May 2006, November 2008 (no data from Point Walter) and December 2008. Both
algal and snail data were analysed by 2-way ANOVA where sites and sampling times
were considered random factors.
Temperature was measured at three sites (Point Roe, Point Resolution, South Como,
Figure 16) from 17/5/08 to 10/2/09. Measurements were taken ~10 cm above the
bottom (~1 m depth) every 30 minutes by Hobo data loggers. Data from Point Roe
between May – July are missing due to the loss of one data logger. Differences in
temperature between sites were tested by pair-wise t-tests between daily mean
temperatures.
Experimental setup

The individual and combined effects on
seagrass performance of temperature
(21, 27 °C), drift algae (0, ~ 1.4 kg fresh
weight Chaetomorpha m-2) and an
invasive species (0, ~120 Batillaria m-2)
was tested in a three factorial aquarium
experiment with 3 replicates of all
orthogonal

treatment

combinations

(Figure 17). The experimental treatment
Figure 16. Map of the Swan River showing the three
sites where drift algae and snails were sampled (FB =
Freshwater Bay, PW = Point Walter, WB = Waylen
Bay), where temperature was measured (Pro = Point
Roe, PR = Point Resolution, SC = South Como) and the
site where seagrasses were collected for the
experiment (PR = Point Resolution).

levels were all in the low range of
extreme values recorded in situ (Figure
18). The aquaria were filled with ~5 cm
quartz sand (filtered through a 1,000 µm
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Figure 17. Experimental setup: The experiment included 24 separate aquaria with different
combinations of presence/absence of drift algae, invasive snails and temperatures.

sieve) and ~25 L seawater. The sediment grain size was on average 458 µm, ranging
from 63 µm (0.01 %) to 500 µm (83.8 %). About one third of the water was
exchanged each week, and air stones provided oxygen and gentle water circulation.
Standard aquarium heaters were used to achieve the higher temperature (27.4 ± 0.2
°C, SE, n = 7 aquaria; daily means from loggers recording every 20 min.) whereas the
lower temperature (21.4 ± 0.1 °C, SE, n = 6 aquaria) was ambient temperature in the
aquarium room. Light was provided by two daylight fluorescent tubes and two UVtubes in a 12:12 hour light:dark cycle.
Halophila ovalis shoots were collected from Point Resolution (Figure 16), and
Chaetomorpha linum was collected from several sites around the Swan River. The
seagrasses were trimmed to two internodes with leaf-pairs and planted in two rows of
four into each aquarium. The younger leaf pair was clipped to mark the beginning of
new shoot production. Each shoot was photographed on a sheet of white paper and
the length of both leaf pairs, of internodes, the growth apex and of the first root was
measured. Terminology and definitions of seagrass characters and measurements
follow Duarte et al. (2004).
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After 2-3 days of acclimation, drift algae were added to half of the aquaria. The algae
were first examined in terms of sight, smell and texture and were discarded if of
questionable quality. The rest was cleaned from other algal species and animals, and
weighed after blotting with paper tissue. The drift algae were replaced twice, and the
average drift algal biomass over the duration of the experiment was 1,476 ± 2 g fresh
weight m-2 (n = 12). The experiment ran for 28 days, well over previously reported
plastochrone intervals (2.2 days for shoots and leaves, 3.3 days for rhizomes, Short &
Duarte 2001).

Growth measurements

Upon harvest, the number of surviving shoots was counted and the mortality rate
calculated as percentage loss of shoots day-1. The number of new shoots produced
during the experiment was counted, and the leaf loss rate calculated as percentage of
leaves lost day-1 (relative to the sum of leaves at the beginning and leaves produced).
Pre-planting measurements were repeated and plastochrone interval of leaves and leaf
elongation was calculated. The length of the second internode was measured for the
belowground parts. Biomass was measured separately for leaves, rhizomes and roots,
and reported as the mean dry weight per surviving shoot per aquarium.
Effects on each univariate variable were tested by 3-way fixed factor ANOVA. Prior
to analysis, each variable was checked for homogeneity of variances by Cochran’s Ctest and transformed if variances were heteroschedastic. Transformation solved all
problems of heterogeneous variances. Post hoc analyses of significant interactions
were done by SNK-tests (α = 0.05). Taking all response variables into account, and
following the same experimental design, multivariate analysis of variance by
permutation (PERMANOVA) was used to test for experimental effects on overall
seagrass performance. These multivariate analyses were based on Euclidian distances
calculated from normalised data.

Sediment and oxygen analyses

The depth to the sulphide horizon in the sediment was measured on three separate
occasions during the experiment. On each occasion, one silver stick (3 mm thick
thread of 99% Ag) was haphazardly placed in each aquarium and incubated for six
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hours. The depth to the sulphide horizon was measured with a ruler as the distance
from the sediment surface to the black coating of Ag2S. The data were analysed with
a 4-way ANOVA where measurement was considered a random factor and the three
experimental treatments fixed factors.
The organic content of the sediment was measured by loss on ignition at 560 °C for 6
hours. Chlorophyll-a content was extracted from the top centimetre of the sediment
(Dalsgaard et al. 2000), using 3.5 ml of ethanol instead of 4 ml of acetone, and
quantified photometrically at 665 nm. The results were analysed by 3-way fixed
factor ANOVA.
Measurement of oxygen content in the water column was done once per week before
exchanging the water. Measurements were done with a handheld DO-meter from
Oxyguard and within the last two hours of each period of the diurnal cycle (i.e., day,
night). The oxygen content was measured in the upper water column above the drift
algal mat (= surface), mid water within the drift algal mat (= mid-water) and at the
sediment surface (= bottom). The four weekly measurements were averaged for each
aquarium, and treatment effects on oxygen levels analyzed with a 5-way fixed factor
ANOVA. Pearson’s product moment correlation tested the relationship between mean
oxygen concentration at the bottom at night, where the lowest oxygen levels were
recorded, and seagrass mortality rate.

Results
In situ patterns of drift algae, invasive snails and temperature

The abundance of drift algae was highly variable from site to site and between
sampling times (Figure 18, psite

x time

< 0.0001, Table 7). Winter (July) and early

spring (September) were times of low drift algal abundance at all sites, the maximum
amount collected in any quadrat being 79.2 g fresh weight 0.25 m-2 (316.8 g m-2).
High drift algal abundances were found in summer (December, February) and autumn
(May) but peak abundances were found at different times at different sites. On
average, peak abundance of drift algae was similar at all sites (~400-800 g fresh
weight m-2). All sites also experienced times of very low drift algal abundance (<74.8
g fresh weight m-2) even when abundance peaked at other sites. Drift abundance also

50

Table 7. ANOVA testing for differences in abundance of drift algae at three sites five times and density of invasive
Battilaria australis snails at three sites three times. Both time and site were considered random factors. It was not
possible to transform variances to homogeneity.

Time
Site
Time x Site
Error

Total algal biomass
LN(x+1) transformed; Cochran’s C
= 0.1959, p < 0.05
df
MS
F
P
4
27.5
1.03
0.448
2
12.5
0.47
0.643
8
26.7
18.4
<0.0001
135 1.46

Battilaria density
Cochran’s C = 0.9764, p < 0.01
df
2
2
3
24

MS
39889
105701
48505
24512

F
8.12
2.18
1.98

p
0.062
0.260
0.144

varied greatly from quadrat to quadrat as indicated by the highly heteroschedastic
variances even after transformation – all sites and times had quadrats with and
without drift algae, and extreme values were often 2-3 orders of magnitude greater
than the means, reaching up to 2,526 g fresh weight m-2.
In contrast to drift algae, the abundance of B. australis did not vary significantly
between sites or sampling times (p > 0.07, Table 7). Indeed, snails were abundant in
all samples ranging from 47 to 1,181 snails m-2, with an overall mean of 489 ± 70
snails m-2 (SE, n = 8), (Figure 18).
Water temperature showed a clear seasonal development (Figure 18) with a late
winter minimum in July-August (lowest value recorded: 12.3 oC) and a summer
maximum around January (highest value recorded: 31.2 oC) after which temperatures
started to decline again. Water temperatures were >25oC for most of December and
January at all three sites, but on average temperatures were higher further into the
estuary (South Como > Point Resolution > Point Roe; t > 2.12, p < 0.035).
Mortality and growth

The aquarium experiment showed that temperature and drift algae both increased the
mortality and leaf loss of Halophila shoots (Figure 19, Table 12). However, whereas
effects of drift algae (p = 0.001) and temperature (p = 0.005) on leaf loss were
straight forward, increasing the leaf loss rate from ~2% day-1 to ~3% day-1, the effects
on mortality were interactive (p = 0.049). At low temperature (21 oC) without drift
algae, mortality was <0.5% shoots day-1, but this increased four-fold to ~2% shoots
day-1 when covered by drift algae at both low and high (27 oC) temperature and at
high temperature regardless of drift algae. The presence of snails did not affect the
mortality rate (p = 0.620) or the leaf loss rate (p = 0.774).
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Figure 18. Biomass of drift algae (top), densities of invasive snails (mid) and water
temperature (bottom) at three sites in the Swan River. Bars are mean values (n = 10 for drift
algae, n = 4 for snails) and white squares maximum values recorded in any one sample. For
drift algae, there was a significant interaction between site and date (p <0.0001, Table 7
Table 7). For invasive snails there were no significant differences between sample dates and
sites (p > 0.07, Table 7). On average, temperatures were higher further into the estuary
(Point Roe < Point Resolution < South Como, p < 0.035). The dashed lines indicate levels
used in the aquarium experiment; nd. = no data.
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Figure 19. Mortality rate (top panels) and leaf loss rate (bottom panels) for Halophila ovalis shoots in
aquaria with or without algae (Chaetomorpha linum) and snails (Batillaria australis) at 21 °C and for 27 °C.
For mortality rate there was a significant interaction between Algae and Temperature (p = 0.049, Table 12).
For leaf loss rate there was a significant effect of Temperature (p = 0.005, Table 12) and Algae (p = 0.001).
Different letters indicate significant differences (SNK-test, p < 0.05) (n = 3 aquaria).

Drift algae caused a ~50% reduction in the production of new shoots (p = 0.010), but
temperature (p = 0.829) or snails (p = 0.919) did not have any effects (Figure 20,
Table 12). In contrast, the plastochrone interval was affected by all three experimental
factors (Figure 20, Table 12). Temperature had a consistent effect across drift algae
and snail treatments (p = 0.026), with slightly lower plastochrone interval at 27 oC
compared to 21 oC (Figure 20). Effects of algae and snails were interactive (p =
0.038), where snails increased the plastochrone interval in the presence of drift algae
but had no effect when algae were absent.
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Figure 20. Number of newly produced shoots (top panel), leaf plastochrone interval (middle panel) and
length of the 2nd internode (bottom panel) for Halophila ovalis shoots in aquaria with or without algae
(Chaetomorpha linum) and snails (Batillaria australis) at 21 °C and for 27 °C. For new leaves there was no
effect of Temperature (p = 0.829, Table 12) but there was a significant effect of Drift algae (p = 0.01, Table
12). For leaf plastochrone interval there was a significant effect of Temperature (p = 0.026, Table 12) and
an interaction between Drift algae and Snails (p = 0.038). For length of the 2nd internode there was a
significant interaction between Temperature and Algae (p = 0.048, Table 12). Different letters indicate
significant differences (SNK-test, p < 0.05) (n = 3 aquaria).
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Figure 21. Leaf elongation rate for Halophila shoots in the experimental treatments.

Leaf elongation rates were typically negative due to the shedding of leaves (Figure
21). The experimental treatments did not have any significant effects on seagrass leaf
elongation rate (Table 12). However, there was a trend for snails to negatively affect
leaf elongation (p = 0.08) with rates being three times lower in treatments with snails
(-1.32 ± 0.32 mm day-1, SE) compared to treatments without snails (-0.43 ± 0.15 mm
day-1).
Below-ground growth was affected by an interaction between temperature and algae
(p = 0.048), where drift algae reduced the length of the second internode by almost
50% at 27 oC but had no effect at 21 oC (Figure 20, Table 12). The biomass of
surviving shoots was affected by temperature and snails, but the effects differed
between below-ground and above-ground components (Figure 22). Both elevated
temperature (p = 0.039) and the presence of snails (p = 0.014) reduced the biomass of
leaves on individual seagrass shoots. Snails also had a negative effect on the root
biomass of shoots (p = 0.017), but rhizome biomass was not significantly affected by
any of the experimental factors (p > 0.100). Still, there was a trend for snails to
reduce rhizome biomass at high temperature (Figure 22).
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Figure 22. Biomass of leaves, rhizomes, and roots for Halophila ovalis shoots in aquaria with or
without algae (Chaetomorpha linum) and snails (Batillaria australis) at 21 °C and for 27 °C. There was
a significant effect of Temperature (p = 0.039, Table 12) and Snails (p = 0.014) on leaf biomass, no
effects on rhizome biomass (p > 0.100) and a significant effect of Snails on root biomass (p = 0.017).
Different letters indicate significant differences (SNK-test, p < 0.05) (n = 3 aquaria).
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Table 8. PERMANOVA testing the effects of temperature, drift algae and invasive snails on the
ecological performance of Halophila ovalis.

Source

df

MS

Pseudo-F

P(perm)

Temperature
Algae
Snails
Te x Al
Te x Sn
Al x Sn
Te x Al x Sn
Residual

1
1
1
1
1
1
1
16

14.852
29.656
18.666
7.3451
5.4484
8.6351
9.6601
7.046

2.1079
4.2089
2.6492
1.0425
0.77327
1.2255
1.371

0.076
0.013
0.038
0.365
0.538
0.268
0.205

Components
of variation
5.5%
16.1%
8.3%
0.4%
0%
2.3%
7.4%
60.0%

Considering all response variables simultaneously in a single multivariate analysis of
impacts on ecological performance, it was found that drift algae and snails were the
only two factors to cause significant effects (p < 0.038) (Table 8). Drift algae was the
most influential factor, contributing more than twice as much to variation (16.1%)
than any of the other experimental factors or their interactions (<7.4%). However,
temperature had a near-significant effect (p = 0.076) and contributed 5.5% to total
variation in ecological performance. Complex interactions between all three
experimental factors also contributed a relatively large (7.4%) amount to total
variation although non-significant (p = 0.205).
Table 9. ANOVA testing effects of measurement (one of 3), temperature, drift algae and snails on the depth to the
sulphide horizon. All interactions involving the measurement were highly non-significant (p > 0.319) and were
pooled (*) with the residual to increase power for tests of other main effects as recommended when p > 0.25
(Winer et al. 1991).

Source of variation
Measurement
Temperature
Algae
Snails
TxA
TxS
AxS
TxAxS
*M x T
*M x A
*M x S
*M x T x A
*M x T x S
*M x A x S
*M x T x A x S
*Residual
Pooled residual

Depth to the sulphide horizon
Untransformed data (Cochran’s C = 1564, p > 0.05)
Df
MS
F
2
251.15
2.04
1
99.17
0.81
1
1815.03
14.75
1
796.67
6.47
1
255.00
2.07
1
19.53
0.16
1
7.67
0.06
1
132.03
1.07
2
62.23
2
42.22
2
166.15
2
13.44
2
47.84
2
50.27
2
132.03
48
142.09
62
123.06

P
0.139
0.373
<0.0001
0.014
0.155
0.692
0.804
0.304
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Figure 23. The content of organic matter and chlorophyl a in the experimental treatments.

Table 10. ANOVA testing for effects of temperature, drift algae and invasive snails on sediment content of
organic matter and chlorophyll a.

Organic matter
Arcsin-transformed,
Cochran’s C = 0.265, p > 0.05

Temperature
Algae
Snails
Te x Al
Te x Sn
Al x Sn
Te x Al x Sn
Residual

Df
1
1
1
1
1
1
1
16

MS
0.1225
0.0163
0.0041
0.1403
2.7524
0.0070
1.0228
0.7115

F
0.17
0.02
0.01
0.20
3.87
0.01
1.44

p
0.684
0.882
0.940
0.663
0.067
0.922
0.248

Chlorophyl a
Sqrt(x+1)-transformed,
Cochran’s C = 0.265, p >
0.05
MS
F
P
0.0021
0.35
0.561
0.0212
3.56
0.077
0.0160
2.70
0.120
0.0005
0.08
0.786
0.0002
0.04
0.842
0.0105
1.76
0.203
0.0014
0.23
0.636
0.0059
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Figure 24. Depth to sulphide horizon in aquaria with or without drift algae (Chaetomorpha linum) and snails
(Batillaria australis). There was no effect of Temperature (p = 0.373, Table 12) but both Drift algae (p < 0.0001)
and Snails (p = 0.014) had a negative effect on the depth to the sulphide horizon. Different letters indicate
significant differences (SNK-test, p<0.05) (n = 3 aquaria).

Figure 25. Oxygen concentration at different depths, day and night, in aquaria with and without drift algae.
There were no effects of snails (p > 0.325, Table 11), and we had no expectation that snails would affect
oxygen concentration in the water column, so we pooled across snail treatments (n = 6 treatments per data
point, each the average of 4 measurements). Depths were estimated by eye: SU = below the surface, MI =
mid-water/within the algal mat, BO = bottom at the sediment surface.
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Sediments and oxygen

Both drift algae (p < 0.0001) and snails (p = 0.014) reduced the depth of the sulphide
horizon, such that the oxygenated zone was more than four times deeper in aquaria
without algae and snails compared to aquaria with both algae and snails (Figure 24).
There were no effects of experimental temperature (p = 0.373) (Table 9). There were
no significant treatment effects on either organic matter (p > 0.067) or Chl-a (p >
0.077) in the sediment (Figure 23, Table 10). However, in both temperature
treatments, the sediments in the combination of algae and snails had considerably
more Chl-a than any of the other treatments (Figure 23). The mean content of organic
Table 11. ANOVA testing for differences in oxygen concentration
between different times of the day, depths, temperature, drift algae
and invasive snails. It was not possible to transform data to
homoscedastic variances. Significant values should be interpreted with
caution.

Time
Depth
Temperature
Algae
Snails
Ti x De
Ti x Te
Ti x Al
Ti x Sn
De x Te
De x Al
De x Sn
Te x Al
Te x Sn
Al x Sn
Ti x De x Te
Ti x De x Al
Ti x De x Sn
Ti x Te x Al
Ti x Te x Sn
Ti x Al x Sn
De x Te x Al
De x Te x Sn
De x Al x Sn
Te x Al x Sn
Ti x De x Te x Al
Ti x De x Te x Sn
Ti x De x Al x Sn
Ti x Te x Al x Sn
De x Te x Al x Sn
Ti x De x Te x Al x Sn
Residual

df
1
2
1
1
1
2
1
1
1
2
2
2
1
1
1
2
2
2
1
1
1
2
2
2
1
2
2
2
1
2
2
96

Oxygen content
Cochran’s C = 0.1810, p <
0.05
MS
F
P
8.3879
28.5
<0.0001
7.4489
25.3
<0.0001
34.9207 118.6
<0.0001
26.3975 89.7
<0.0001
0.0059
0.02
0.888
1.2990
4.41
0.015
0.6417
2.18
0.143
6.7510
22.9
<0.0001
0.2885
0.98
0.325
0.5575
1.89
0.156
4.8062
16.3
<0.0001
0.1632
0.55
0.576
0.5383
1.83
0.180
0.0634
0.22
0.644
0.0000
0.00
0.999
0.0493
0.17
0.846
0.3466
1.18
0.313
0.0661
0.22
0.799
1.3554
4.60
0.034
0.2545
0.86
0.355
0.2476
0.84
0.362
0.2659
0.90
0.409
0.0696
0.24
0.790
0.1727
0.59
0.558
0.1586
0.54
0.465
0.0011
0.00
0.996
0.0097
0.03
0.968
0.0338
0.11
0.892
0.0777
0.26
0.609
0.0118
0.04
0.961
0.0097
0.03
0.968
0.2944

matter in the sediment
was 0.43 ± 0.04 % DW
(SE, n = 8 treatments)
and

the

mean

Chl-a

content was 0.26 ± 0.04
µg cm-3 (SE, n = 8
treatments).
The oxygen concentration
of the water depended on
time

of

day,

depth,

temperature and algae,
but snails had no effect (p
> 0.325, Figure 25, Table
11).

Oxygen

trations

concen-

were

always

lower at the bottom than
at the surface (SNKday,
night:

=

bottom < mid-water
surface),

but

difference

was

greater

night

at

the
much
than

during the day (pdepth x time
= 0.015, Figure 25). The
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presence of drift algae caused lower oxygen levels at all depths (SNKsurface, mid-water,
bottom:

algae < no algae), but the effects were much greater at the bottom than at any of

the other depth strata (pdepth x algae < 0.0001, Figure 25) and these effects were further
exaggerated at the high experimental temperature and at night (ptemperature x algae x time =
0.0344, Figure 25). Oxygen levels were always lower at 27 oC compared to 21 oC
treatments (SNKday, night, algae, no algae: 27 < 21 oC), but day and night differed only when
algae were present (SNKno

algae:

night = day, SNKalgae: night < day). There was a

strong negative correlation between Halophila mortality rate and the mean oxygen
concentration at the sediment surface at night (r = -0.65, p = 0.0001, n = 24), and
there was a conspicuous increase in mortality rate below 6 mg O2 L-1 (Figure 26).

Figure 26. Relationship between the mortality rate of Halophila ovalis shoots and the
oxygen concentration near the bottom at night. The data include all treatments (n = 24
aquaria).
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Table 12. ANOVA testing effects of temperature, drift algae and snails on different indicators of ecological performance of Halophila ovalis shoots.

Mortality rate
MS
F
P

Temperature
Drift Algae
Invasive snail
Temp x Algae
(df = 1)
(df = 1)
(df = 1)
(df = 1)
Arcsin(x)-transformed, Cochran’s C = 0.2896, p > 0.05
0.2941
0.8052
0.0085
0.1525
8.79
24.08
0.26
4.56
0.620
0.009
<0.000
0.049

Leaf loss rate
MS
F
P

2.2306
10.8
0.005

Newly produced
shoots
MS
F
P
Leaf elongation
rate
MS
F
P
Plastochrone
interval
MS
F
P
Continued next
page…

Cochran’s C = 0.2311, p > 0.05
3.4853
0.0178
16.8
0.09
0.774
0.001

Temp x Snail
(df = 1)

Algae x Snail
(df = 1)

Temp x Algae x Snail
(df = 1)

Error
(df = 16)

0.0344
1.03
0.325

0.0205
0.61
0.445

0.0114
0.34
0.567

0.0334

0.3580
1.73
0.207

0.0121
0.06
0.812

0.1126
0.54
0.472

0.4502
2.17
0.160

0.2070

0.0728
0.18
0.675

0.0359
0.09
0.768

0.0043
0.01
0.919

0.4898
1.23
0.284

0.3993

1.1286
1.03
0.324

0.3066
0.28
0.603

0.3259
0.30
0.592

2.5802
2.37
0.144

1.0905

0.0890
0.42
0.524

1.0702
5.10
0.038

0.5884
2.80
0.113

0.2098

Cochran’s C = 0.2755, p > 0.05
0.0192
0.05
0.829

3.4288
8.59
0.010

0.0043
0.01
0.919

Cochran’s C = 0.3519, p > 0.05
0.0082
0.01
0.932

0.1602
0.15
0.707

3.812
3.50
0.080

LN(x+2)-transformed, Cochran’s C = 0.4298, p > 0.05
1.2578
6.00
0.026

0.2204
1.05
0.321

0.3775
1.80
0.199

0.4700
2.24
0.154
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Continued….
Temperature
(df = 1)

Drift Algae
(df = 1)

Invasive snail
(df = 1)

Temp x Algae
(df = 1)

Temp x Snail
(df = 1)

Algae x Snail
(df = 1)

Temp x Algae x Snail
(df = 1)

Error
(df = 16)

2nd Internode
distance
MS
F
P

1.1964
3.44
0.082

1.5932
4.58
0.048

0.4886
1.41
0.253

1.4831
4.26
0.056

0.6155
1.77
0.202

0.3478

Leaf biomass
MS
F
P

LN(x)-transformed, Cochran’s C = 0.3987, p > 0.05
0.7012
0.6174
1.0555
0.0236
5.07
4.46
7.63
0.17
0.051
0.685
0.039
0.014

0.1009
0.73
0.406

0.1722
1.24
0.281

0.5164
3.73
0.071

0.1383

Rhizome biomass
MS
F
P

0.8703
0.13
0.728

Cochran’s C = 0.3446, p > 0.05
0.0942
19.8904
0.01
2.86
0.909
0.110

3.8105
0.55
0.470

21.1138
3.04
0.100

7.5763
1.09
0.312

4.7017
0.68
0.423

6.9448

Root biomass
MS
F
P

15.6025
0.47
0.502

Cochran’s C = 0.2659, p > 0.05
75.4410
234.1310
2.28
7.08
0.150
0.017

6.3389
0.19
0.667

9.0581
0.27
0.608

23.0972
0.70
0.416

34.2271
1.04
0.324

33.0574

LN(X+1)-transformed, Cochran’s C = 0.4369, p > 0.05
0.3843
1.11
0.309

0.0722
0.21
0.655

Organic matter in sediment
MS
0.1225
F
0.17
P
0.684

Arcsin-transformed, Cochran’s C = 0.265, p > 0.05
0.0163
0.0041
0.1403
0.02
0.01
0.20
0.882
0.663
0.20

2.7524
3.87
0.067

0.0070
0.01
0.922

1.0228
1.44
0.248

0.7115

Chl a in sediment
MS
F
P

Sqrt(x+1)-transformed, Cochran’s C = 0.265, p > 0.05
0.0212
0.0160
0.0005
0.0002
3.56
2.70
0.08
0.04
0.077
0.120
0.786
0.842

0.0105
1.76
0.203

0.0014
0.203
0.636

0.0059

0.0021
0.35
0.561
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Discussion
A critical step towards successfully managing and conserving ecologically important
species such as seagrasses, is understanding the effects of multiple concurrent
anthropogenic and environmental pressures. Here, we have documented that
contemporary levels of drift algae, an invasive snail, and elevated temperature have a
broad range of negative effects on the ecological performance of a seagrass species
common to many warm-temperate to tropical estuaries and coastal areas. Moreover,
we documented that these effects predominantly were additive rather than synergistic
or antagonistic.

In situ patterns of drift algae, invasive snails and temperature

Drift algae. Drift algae were ubiquitous within seagrass beds in the Swan River, and,
as in other estuaries, were characterized by a clear summer peak in abundance
although highly variable in space and time (e.g., Virnstein & Carbonara 1985a, Flindt
et al. 1997, Holmquist 1997, Thomsen et al. 2006c). The seasonal pattern likely
reflect concurrent increases in salinity, temperature and light-levels during summer
months, whereas spatial patchiness may be due to ‘random’ entanglement around
leaf structures, counteracted by hydrodynamic forces from waves and tides. Only
four species contributed to 90% of the total algal biomass, but dominance by a few
stress tolerant and fast growing ephemeral species is common in estuaries (see
previous references). The survey also documented that the drift algal load used in the
experiment, although high, is ecologically relevant and can be found in patches in
seagrass beds in the Swan River today. We did not quantify the stability of individual
patches of drift algae, but the effects of drift algae will depend on their residence time
in a specific location. Using tagging experiments, Astill & Lavery (2001) showed that
drift algae can persist for at least 3 weeks at low energy sites in the Swan River,
indicating that the duration of our impact experiment also has ecological relevance.
Snails. The snail survey showed that Battilaria australis is very abundant in the Swan
River with an average of 489 snails m-2 seagrass bed. This mean density for three
sites is almost identical to what was reported from 10 seagrass beds in 2006
(Thomsen et al. 2010, Chapter 3) suggesting a relatively uniform distribution of snails

throughout the Swan River. High abundances of B. australis have also been reported
from its native region in east Australian estuaries (Ewers 1967a, b), with up to 2,000
snails m-2 in seagrass beds near Sydney (Cummins 2005), perhaps suggesting that the
carrying capacity for snails in the Swan River may not yet have been reached. High
abundances of sibling species have been reported from New Zealand (Fredensborg et
al. 2005), Japan (Kamimura & Tsuchiya 2006) and in invaded estuaries on the US
west coast (Byers 2005, Wonham et al. 2005).

This large snail and its

morphologically similar sibling species are often found in high abundances in
temperate and subtropical seagrass beds, probably due to a combination of high
resistance to predators, gastropod competitors, and environmental stress (Appleton
1980, Byers 2005, Chapter 3). Compared to in situ abundances, the density used in
our experiment was relatively low. The impacts we have detected are therefore likely
to be conservative estimates, and true impacts of B. australis on seagrass health in
situ may potentially have been underestimated.
Temperature. There was a substantial variation in temperature over the sampling
period, as would be expected in a temperate estuary. The differences among sites
illustrate that some areas within the estuary are more prone to peak thermal stress
than others. Importantly, our highest experimental temperature corresponded well
with maximum summer temperatures measured in situ at the bottom where the
seagrasses are found, again supporting the ecological relevance of our results.

Experimental effects on ecological performance

Effects of drift algae. The presence of drift algae was the stress factor that most often
caused negative effects on H. ovalis performance, and which explained most of the
total variation in the experimental data. Several field experiments have documented
negative impacts of drift algae on seagrasses (e.g., Holmquist 1997, Nelson & Lee
2001, Cummins 2004, Irlandi et al. 2004, Huntington & Boyer 2008), most attributing
adverse effects to competition for light. However, indirect effects associated with
dark-respiration by and decomposition of drift algae, causing hypoxia and increased
sulphide in the water column and sediment pore-water, can also cause rapid and
severe stress on seagrasses (Krause-Jensen et al. 1997, Holmer & Bondgaard 2001,
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Holmer & Laursen 2002, Holmer et al. 2005, Holmer & Nielsen 2007). These
biogeochemical processes were observed in the present study, where the presence of
drift algae raised the sulphide horizon and reduced oxygen levels in the water column,
ultimately resulting in a negative relationship between water column oxygen and
seagrass mortality. Similar negative effects of low oxygen-levels have been reported
for other seagrass species (Greve et al. 2003, Frederiksen & Glud 2006), and seagrass
mortality has previously been linked to low oxygen levels mediated by drift algae
(Holmer & Nielsen 2007). Interestingly, the negative effects of drift algae were
mainly observed on production responses (increased mortality and leaf loss and
reduced shoot production), but with no detected effects on final standing biomass
(except a near significant negative effect on leaf biomass). Major loss of biomass has
been found in die-back areas, as the shoots soften in the meristems causing shoot loss
(Carlson et al. 1994, Rask et al. 1999). Similar softening of H. ovalis was found here,
but the effect on biomass may have been delayed by the low water movement in the
aquaria failing to detach the leaves from the rhizomes (Holmer & Bondgaard 2001,
Mascaro et al. 2009).
Effects of snails. In contrast to drift algae, the invasive snail, B. australis, had
negative effects on the biomass of both leaves and roots (and a trend towards negative
effect on rhizome biomass). B. australis is considered a deposit feeder (Ewers 1967a,
b), that potentially can shift to filter feeding (Kamimura & Tsuchiya 2004, 2006), and
direct grazing effects on H. ovalis are therefore unlikely. Indeed, most seagrassgastropod studies document positive effects on seagrasses as these tend to consume
epiphytes rather than the basiophyte (= cleaner effect, reviewed in Hughes et al.
2004). Thus, we are not aware of other experimental gastropod studies to have
documented non-trophic negative effects on seagrass biomass. We hypothesize that a
combination of direct ‘uprooting’ (perhaps facilitated by the softened meristematic
tissue, cf. drift algal effects) by bulldozing snails (1-2 shoots were found floating each
day in the snail treatments – these shoots were replanted daily) and indirect effects
associated with bioturbation depositing organic matter in the sediment, leading to
increased sulphide stress, causes the negative effects on H. ovalis biomass. Similar
negative effects associated with bioturbation at low seagrass density have been
observed for a non-native crab in seagrass transplant experiments (Davis et al. 1998),
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and recent studies of other molluscs have showed that bio-deposition from mussel
(Vinther & Holmer 2008, Vinther et al. 2008), and oysters (>150 ind m-2, Booth &
Heck 2009) can have negative effects on seagrasses. As indicated by Davis et al.’s
(1998) experiments, it is possible that our effects were exaggerated due to the low
planting density in the aquaria, and it is likely that a dense and interconnected rootrhizome system may reduce the impacts of bioturbating organisms (Harrison 1987,
Philippart 1994, Valentine et al. 1994). Interestingly, the two same mechanisms
(snail movement and biodeposition) were proposed to explain positive effects of the
invasive sibling species B. attrementaria on the invasive seagrass Zostera japonica
(Wonham et al. 2005). However, this experiment was conducted in a dense seagrass
bed, where uprooting is less likely. In addition, larger seagrass species can transport
more oxygen from the water column to the rhizosphere, potentially converting
negative effects associated with biodeposition of organic matter (anoxia) into a
positive nutrient enrichment effect. In short, more studies are needed to better
understand when, where, how molluscs affect seagrass performance, and we suggest
it is particularly important to investigate movement patterns (for snails), densitydependent effects (Booth & Heck 2009), specific feeding strategies, and small-scale
patterns of bio-deposition and biogeochemisrty, in concert with seagrass density
dependent responses, e.g. their ability to transfer oxygen and resist sulphide toxicity.
Effects of temperature. In contrast to drift algae and snails, elevated temperature had
fewer negative effects on H. ovalis performance, and most severe effects were found
in combination with drift algae. High temperature increased leaf loss, and, in the
presence of drift algae, also reduced the length of the 2nd internode.

Increased

mortality has been observed at high temperatures with other seagrass species, in
particular temperate species (Nejrup & Pedersen 2008), whereas mortality only
occurred at 37.5 °C and higher for tropical H. ovalis suggesting substantially higher
temperature tolerance in tropical populations of this species (Ralph 1998). Similarly
to Z. marina (Greve et al. 2003) H. ovalis may have higher respiratory oxygen
demand at higher temperatures, reducing the oxygen available for plant cell activity
and reducing the capacity of the plant to oxidize the sediment increasing the risk of
sulphide intrusion (Borum et al. 2005). Drift algal cover may further limit the oxygen
supply, especially during the night, when the seagrass takes up oxygen from the water
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column. Although only the snail and algae treatment indicated higher sulphide
pressure at higher temperature, other studies have shown increased sulphide
concentrations in seagrass sediments during summer and linked to sulphide intrusion
(Frederiksen et al. 2007), which could be due to the very low-organic sediments used
in this experiment, limiting the sulphide production due to lack of organic substrate. It
is thus possible that sulphide stress may be even stronger, and occur at even lower
temperatures, in situ where the sediments are much more rich in organic matter. It is
also important to emphasize that the temperature applied in our study is similar to the
summer temperatures already experienced in the Swan River and it is thus likely that
higher temperatures in the future will constrain the oxygen supply in the seagrass
even further, making seagrass beds more susceptible to die-offs.

Interaction effects.

Multiple anthropogenic stressors almost always co-occur

(Breitburg et al. 1998, Crain et al. 2008, Halpern et al. 2008) and it is therefore
essential to consider their combined effects. In the present study, relatively few
interaction effects were detected on individual response variables, indicating that
stress-effects mainly were additive.

Still, we found that the internode length

(presumably a growth response) decreased at high temperature but only in the
presence of drift algae (algae × temperature), and that the plastochrone interval (an
inverse growth response) increased by snail addition, but again only in the presence
of drift algae. Thus, for these two growth-related responses, one stressor (drift algae)
compounded the influence of another stressor (snails or temperature). Similar
synergistic stress effects have been observed in other factorial seagrass experiments;
thus Zostera marina was negatively affected by nutrient enrichment if also stressed
by salinity (van Katwijk et al. 1999), Halodule wrightii and Thalassia testudinum
were negatively affected by sulphide stress when combined with salinity and/or
temperature stress (Koch & Erskine 2001, Koch et al. 2007) and T. testudinum was
negatively affected by salinity stress if co-occurring with excessive amounts of
nutrients (Kahn & Durako 2006). However, Torquemada et al. (2005) found no
synergistic effects between salinity stress and temperature and pH on Halophila
johnsonii performance. Nevertheless, the few seagrass studies that have included
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factorial stress-combinations indicate that adverse synergistic effects can be important
and thereby provide a crucial warning that the health and status of future seagrass
beds can only be understood in a context of co-occurring stressors. In this context,
we have documented that strong additive and synergistic effects are likely to
negatively impact seagrass beds in the Swan River if the weather gets warmer (global
warming), the river becomes more eutrophied (drift algal accumulations) or more
heavily invaded (expansion of B. australis populations). As increasing temperatures,
drift algae, and invasive species are contemporary threats to most other estuaries as
well, these findings are likely to be widely applicable.
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5. Gracilaria in Swan River: identity, environmental tolerances,
distribution, and impact on seagrasses
Introduction
Seaweed species within the family Gracilariaceae are of high economic importance as
agarophytes (for the phycocolloid industry) and as food for humans and several
species of shellfish. Indeed, many species are cultivated in various parts of the world,
including Asia, South America, Africa and Oceania (Li et al. 1984, Santelices & Doty
1989, Kuschel & Buschmann 1991).

Gracilaria species can also be dominant

primary producers in shallow soft-bottom estuaries, where they provide food, shelter,
and structural habitat for a variety of associated organisms (Thomsen & McGlathery
2005, Nyberg et al. 2009). However, where nutrient pollution and low hydrodynamic
forces allow proliferation and mass-accumulations, adverse effects of Gracilaria on
other biota, due to a combination of competition for light, nutrients and space,
‘smothering’ and filtering out of propagules, and indirect effects associated with
development of anoxia underneath the mats, have been detected (Fletcher 1996, Astill
& Lavery 2001, Thomsen & McGlathery 2006, Huntington & Boyer 2008). Finally,
Gracilaria species can be important non-native invaders, likely being introduced to
new biogeographical regions as unwanted side-effects associated with transport of
oysters for mariculture (Byers 1999, Smith et al. 2004, Thomsen et al. 2007b,
Thomsen et al. 2009a). Given that many Gracilaria species are extremely difficult to
identify to species-level, the non-native origin of many Gracilaria blooms have only
been detected recently with the advent of modern molecular techniques (Bellorin et
al. 2004, Rueness 2005, Freshwater et al. 2006, Thomsen et al. 2006a, Saunders
2009).
In the Swan River, a Gracilaria species was recently described as the single most
dominant seaweed that often occur in large and persistent mats on the unvegetated
shallow sand and mudflats (Astill 2000, Astill & Lavery 2001, Astill & Lavery 2004).
Astill and Lavery referred to this species as Gracilaria comosa, probably based on the
morphological descriptions provided in Withell et al. (1994) who described this new
species based on a single algal collection from Port Denison 400 km north of Perth
(the first and only taxonomic report of G. comosa). Except for the studies by Astill
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and Lavery, and a recent study by Thomsen et al. (2007b) which showed that
Gracilaria often is found attached to Batillaria snails in the Swan River, virtually no
taxonomic, biological or ecological information exist on the Gracilaria population
from the Swan River (see also Chapter 3), and its potential affinity to the previously
described species from Port Denison. Thus, neither global (www.algaebase.org) or
regional (http://florabase.calm.wa.gov.au/) databases provide any further information
on G. comosa, than listed by Withell et al. (1994).
Given its abundance in the Swan River, and its obvious ecological importance, it is
important to obtain quantitative taxonomic, biological and ecological knowledge of
this virtually unknown species. Here, we provide data on its (a) molecular identity,
(b) stress tolerances, (c) distribution in seagrass beds (Astill’s surveys did not include
this habitat), and (d) possible impacts on seagrasses (in combination with the
cryptogenic, but super-abundant snail Batillaria australis).

Taxonomic identity
Two Gracilaria individuals were collected from Point Peron and dried in silica gel
for molecular analysis. DNA was extracted from clean apical tissue and the Cox 2-3
spacer sequenced as in (Thomsen et al. 2006a) (Table 13). The two specimens were
100% identical. The cox spacer sequences did not match 100% with any of the
sequences available in GenBank. It was however very similar (98%) to some species
in the Gracilaria chilensis complex listed by Byrne et al. (2002) (6 bp substitutions).
However, the G. chilensis species complex is far from resolved (i.e. it is a
conglomerate of multiple genetically distinct species) and our material may prove to
be particularly interesting in this regard. Thus, a large ongoing effort to resolve the
global biogeography and possible invasive status of Gracilaria species would benefit
greatly from more samples from the Swan River, and the virtually non-sampled
Western Australia in general (pers. com. C. F. Gurgel). For example, an infamous
‘Goff’-Gracilaria sample from Auckland, New Zealand, has created large confusion
in Gracilaria taxonomy (Goff et al. 1994, Byrne et al. 2002, Cohen et al. 2004) but it
appears to be very similar to the Swan River population. Suffice to say here, that we
do not yet know the exact identity of the dominant Gracilaria species in Swan River
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[or of similarly abundant Gracilaria species in other West Australian estuaries
(Hillman et al. 2000, Brearley 2005)], but list the base-sequences as a reference to the
population we study (Table 13). For ease, we refer to this species as the native G.
comosa, but we emphasize that this name, and possibly its origin, may well change
with further collections and molecular work.
Table 13. Cox 2-3 spacer sequence for ‘Gracilaria comosa’, collected from Point Peron, Swan River,
November 2005.

Cox 2-3 spacer sequence for ‘Gracilaria comosa’
AAATGTGATGCTGTACCAGGCCGTTTAAACCAAACATCAATTTTTCTTAAAAGAGA
AGGAGTTTACTATGGGCAGTGTAGTGAAATATGTGGTATAAATCACGGATTTATGC
CAATTGTTATAGAAGCCGTAAAATTGCCCAATTACATTTCTTGAATTTCAAACAAA
TTAAACGAGTAAGAGAATGCGATTTTCATTATCACAAGTAATTGTATTATTTTTAG
TTTTTTTTATTCTTTTTTCAACAAATCTTACAATCGTAAGAAGATTCAGTGAATTGT
TAAGACAGTTTTTTAGAAATTTTTTAAAATAATTATGATTTATTTATCACGAATATC
AAAATCGGTGCAAAGACATCCTTCC

Environmental stress tolerance
A laboratory performance experiment, simultaneously manipulating light intensity
(ambient, 80% shaded), salinity (31, 41 psu), temperature (21, 27 °C) and nutrient
concentrations (± addition of 2.5g slow release Osmocote fertilizer), was conducted
to quantify G. comosa’s tolerance to different environmental stressors. Such a
factorial trait-assay provides a first rapid assessment of the species multi-dimensional
habitat requirements and insights into the environmental factors which control its
growth and proliferation (Thomsen & McGlathery 2007). Gracilaria thalli (~2-3 g
fresh weight, n = 3) were cultured in individual transparent 1-L plastic containers
aerated with air stones. Temperature was manipulated using aquarium heaters and
salinity by either dilution or evaporation. Water and nutrients were exchanged every
3-4 days.

Algal fresh weight was measured after blotting with a paper towel

immediately prior to start of the experiment and again after 4 weeks. The change in
fresh weight (positive values = growth, negative values = loss) was analysed with a 4
factor ANOVA.
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Figure 27. Growth rate of Gracilaria comosa under 16 combinations of salinity (L = 31 psu, H =
o
41 psu), Nutrients (±2.5g Osmocote), light (ambient, 80% shade) and temperature (21, 27 C).

Table 14. Results from 4-way ANOVA testing the effect of
temperature, light, nutrients and salinity (all fixed factors) on
percent change of biomass of Gracilaria comosa. Cochran’s C =
0.205, P > 0.05.

Source of
variation
Temperature
Light
Nutrients
Salinity
TxL
TxN
TxS
LxN
LxS
NxS
TxLxN
TxLxS
TxNxS
LxNxS
TxLxNxS
Residual

DF

MS

F

P

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
32

126.6
8054.4
243.5
365.2
19.8
768.1
152.3
7.8
10.1
71.3
325.9
58.7
50.9
172.8
842.7
425.1

0.30
19.0
0.57
0.86
0.05
1.81
0.36
0.02
0.02
0.17
0.77
0.14
0.12
0.41
1.98

0.589
0.0001
0.455
0.361
0.831
0.188
0.554
0.893
0.879
0.685
0.388
0.713
0.732
0.528
0.169
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The only significant effect was a strong reduction in growth under shaded conditions
Figure 27, Table 14).

In contrast, there were no effects of nutrient addition,

temperature or salinity.

This lack of differentiated response to environmental

variation is typical for stress-resistant Gracilaria species, and is considered a key
reason for their success in estuaries where temperature and salinity can fluctuate
widely (Dawes & Koch 1990, Rueness 2005, Thomsen & McGlathery 2007). Clearly,
more laboratory and field-based trait-experiments, including more extreme
environmental conditions and additional stress factors (grazing, sedimentation/burial,
anoxia/sulphide and desiccation resistance) as well as a wider array of ecological
response

variables

(e.g.,

spore-production,

recruitment

ability,

vegetative

fragmentation and regrowth traits) are needed to understand its ecological limitations
in the Swan River, and to predict when and where this species may proliferate to
nuisance levels in the future (Stokke 1956, Smith et al. 2003, Smith et al. 2004,
Thomsen & McGlathery 2007, Thomsen et al. 2007b).
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Figure 28. Spatio-temporal variability of Gracilaria comosa in 10 seagrass beds in the Swan River. No
samples were collected at Attadale in Sep, Dec and Feb, at Chidley Point in May, Sep and Dec, at South
Como in May, at Matilda Bay in May, Sep and Dec, at Point Roe in May, at Point Resolution in May, Jul, Sep,
Dec and Feb, at Rocky Bay in Sep, and at Waylen Bay in Sep.
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Distribution of Gracilaria comosa in seagrass beds
To determine the abundance of Gracilaria within seagrass beds in the Swan River (a
habitat not covered by Astill and Lavery’s previous surveys), 10 replicate 0.25 m2
quadrats were collected haphazardly from 5-9 sites five times between 16 May 2008
and 26 February 2009 (cf. Figure 28). Both unattached and attached (to shells)
Gracilaria was collected, and the fresh weight measured after blotting with a paper
towel.
Gracilaria was found at all locations and in all seasons, but most often only with a
low biomass below 1 g fresh weight 0.25 m-2. Only on two occasions were >100 g
fresh weight 0.25 m-2 observed.

The omnipresence of the species is in part a

reflection of the association with the ubiquitous invasive snail Batillaria australis,
even though Gracilaria typically only is found as relatively small (mm-cm)
individual thalli attached to the snail (cf. Chapter 3).

However, biomass-wise,

Gracilaria appeared to be less common in seagrass beds than on mudflats (Astill &

Figure 29. Mass accumulation of Gracilaria comosa within the Pelican Point Reserve in
November 2008.
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Lavery 2004). It should be noted that we have observed much larger Gracilaria
accumulations in seagrass beds at other sites (e.g. within the Pelican Point Reserve
where sampling cannot be conducted, Figure 29). Thus, whereas Astill and Lavery
report Gracilaria to be the single most dominant species in Swan, we find it to be less
abundant in seagrass beds compared to the fast growing ephemeral green alga
Chaetomorpha linum (Chapter 2).

Impact in seagrass beds
A manipulative field experiment was conducted to test for possible impacts of
Gracilaria on Halophila ovalis biomass (see Figure 30). We included orthogonal
combinations with Batillaria australis removals and nutrient additions, to represent
the previously described tight linkage with this invasive snail (Chapter 3) and as a
proxy for nutrient-pollution, in a full 3-factorial test-design. The experimental design
included 2 Gracilaria levels (± addition) × 2 Batillaria levels (± snail removal) × 2
nutrient levels (± addition of pellets) × 3 replicates. ~50 g fresh weight of Gracilaria
was added to twelve 0.25 m2 plots in a Halophila seagrass bed of medium density (ca.
50-60% cover) at 1.5 m depth in Waylen Bay. The algae were fixed with small pegs.
Similar number of pegs were added to control plots (but without algae) to ensure

Figure 30. Impact experiment to test effects of Gracilaria comosa on Halophis ovalis at Waylen Bay. The photos
show Gracilaria addition (left; without nutrients, with snails) and nutrient addition (right; without Gracilaria, with
snails).
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similar disturbance regimes in algal-treatments and algal-controls. Nutrients were
added to half the plots as 500 g slow-release Osmocote fertilizer per plot to simulate
eutrophication. The pellets were scattered on the sediment surface below the
Halophila leaves (Figure 30). Finally, Batillaria snails were gently removed from
half the plots, taking care to provide minimal physical disturbance to the seagrasses.
Snails were also removed from a 10 cm buffer zone around each plot. The Batillaria
control plots were disturbed in a similar way by gently poking the sediments and
rhizomes. The experiment was initiated in December 2008 and treatments were
maintained every two weeks for six weeks as Batillaria were found to migrate back
into the removal plots. The nutrients dissolved slowly, and small amounts of
Gracilaria disappeared.
Light penetration was quantified in all treatments using HOBO light loggers. The
loggers were positioned at the sediment surface for 4 hours and the percent light
reduction associated with Gracilaria addition was calculated by reference to loggers
in open plots. Gracilaria caused a reduction in light penetration from ca. 80% light
in seagrass plots to ca. 40% in plots with Gracilaria addition (p < 0.05, Figure 31).
We measured the depth to the sulphide
horizon in the sediment by adding a
silver stick (3 mm thick thread of 99%
Ag) in each plot and incubated it for 24
hours. The depth to the sulphide horizon
was measured with a ruler as the
distance from the sediment surface to
the black coating of Ag2S. However,
we found no effects of any treatments (p
> 0.225, analysed according to the
design in Table 15) on the depth to
sulphide horizon (overall mean = 28.08
mm, n = 24, SD = 13.76).

Figure 31. Effects of Gracilaria addition on light
penetration in a seagrass bed at Waylen Bay. The
percent light reduction was calculated by reference
to loggers in interspersed open plots.
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All plots were sampled in January 2009 with a 20 cm circular corer and the above
ground wet weight of Halophila was measured after blotting with paper towels. These
data were analysed by 3-way fixed factor ANOVA. All large (>1.5cm) Battilaria
were also counted, but there were no differences between any treatments (p > 0.313,
analysed according to the same design as in Table 15), suggesting that the snails
colonised removal plots in <2 weeks. A significant negative effect of Gracilaria
addition on the above ground biomass of Halophila was found and a near-significant
negative effect of Batillaria removal (Table 15). There were no effects of nutrient
addition and all interaction terms were non-significant. Overall, Gracilaria reduced
Halophila biomass by 25%, whereas Batillaria increased biomass by 28% (Figure 32,
but note that despite this percent wise larger effect size, the latter result was only nonsignificant due to larger data-variability).
Table 15. ANOVA testing the effect of Gracilaria, nutrients and Batillaria on
the above-ground biomass of Halophila ovalis. Levene's Test of Equality of
Error Variances: p = 0.27.

Factor
Gracilaria
Batillaria
Nutrients
Gracilaria × Batillaria
Gracilaria × Nutrients
Batillaria × Nutrients
Gracilaria × Batillaria × Nutrients
Error

SS
1166.22
827.2
470.82
202.42
102.094
8.52
27.094
3806.6

df
1
1
1
1
1
1
1
16

F
4.902
3.477
1.979
0.851
0.429
0.036
0.114

P
0.042
(0.081)
0.179
0.370
0.522
0.852
0.740

Plotting the density of Battilaria in all plots at the end of the experiment against the
measured depth to the sulphide horizon and total Halophila biomass revealed
negative relationships in both cases.
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Figure 32. Effects of addition of Gracilaria and nutrients and removal of Batillaria on biomass of
Halophila ovalis above-ground biomass. There was a significant negative effect of Gracilaria (letters
over bars) and a near-significant positive effect of Batillaria (indicated with dotted red lines). There was
no effect of nutrient addition.

The negative effect of Gracilaria on Halophila biomass is in agreement with an
extensive literature on effects of drift-algae on seagrasses (e.g. Holmquist 1997,
Krause-Jensen et al. 1997, Holmer & Bondgaard 2001, Nelson & Lee 2001, Holmer
& Laursen 2002, Cummins 2004, Irlandi et al. 2004, Holmer et al. 2005, Holmer &
Nielsen 2007, Huntington & Boyer 2008). The underlying mechanism is likely a
combination of competition for light, combined with lowered oxygen and increased
sulphide in the water column and sediment pore-water (see Chapter 4 for detailed
discussion of drift algal impacts). The positive effect of snails, or more precisely, the
(near-significant) negative effect of snail removal, contrasts the findings from our
laboratory experiment (Chapter 4). However, a recent study by Wonham et al. (2005)
found a positive effect of the invasive sibling species B. attrementaria on the
percentage cover of the seagrass Zostera japonica.

Like our experiment, their

experiment was conducted in a dense seagrass bed, where negative effects associated
with uprooting is less likely (cf. Chapter 3) and where a dense stand is capable of
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transporting more oxygen from the
water column to the rhizosphere,
potentially

turning

any

negative

effects associated with biodeposition
(anoxia) into a positive nutrient
enrichment effect.

Nevertheless, it

cannot be ruled out that the negative
effect of Battilaria removal is an
artefact

of

procedure,

the
and

snail
the

removal

correlations

between snail density, depth to the
sulphide

horizon

biomass

provides

evidence

that

and

Halophila

circumstantial

snails

may

also

influence sulphide levels and thus
seagrass biomass even in dense
seagrass beds. Clearly, more impact
experiments are needed, in particular
to target density dependent effects, to
fully

understand

interactions

the

between

Batillaria and Halophila.

range

of

Gracilaria,

Figure 33. Relationship between snail density at the end
of the experiments, and total Halophila biomass and
depth to the sulphide horizon, across all experimental
plots (r-values are product-moment correlation
coefficients.

Conclusion
The taxonomic status of Gracilaria comosa from the Swan River is uncertain. We
provide the first molecular data for this species from WA, showing its close
relationship to species within the G. chilensis complex.
Gracilaria comosa is among the most abundant algal species in the Swan River, but it
appears to be less dominant in seagrass beds compared to on mud flats (although it is
still the second-most abundant species in seagrass beds, cf. Chapter 2). The
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omnipresence of this seaweed is, in part, due to its association with Battilaria
(Chapter 3).
Like other Gracilaria species, G. comosa from the Swan River appears to be very
resistant to environmental stress including salinity, temperature and nutrient levels. It
is however susceptible to low light levels.
G. comosa can have a negative effect on the seagrass Halophila ovalis, reducing
above ground biomass with ca. 25%, most likely due to competition for light (and
possible due to indirect effects associated with decreased oxygen and increased
sulphide in the sediment porewater).
Given the abundance and obvious importance of this seaweed, more detailed studies
are needed to elucidate the taxonomy, origin, distribution, traits, and ecosystem
impacts because such knowledge is completely lacking.
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6. Summary, knowledge gaps and management implications
Seagrass beds provide a number of ecosystem services that are critical to the
ecological function of estuaries, including habitat and food source for invertebrates,
fish and birds, and stabilisation of sediments. However, seagrass beds are under
pressure from eutrophication and associated blooms of drift algae, invasive species
and global warming. In the Swan River, the most intensively utilized estuary in
Western Australia, Halophila ovalis is the most abundant seagrass species (this
study), occupying >25% of the lower estuary (Hillman et al. 1995). Despite the well
documented impacts of drift algae and invasive species in estuarine seagrass beds
worldwide, virtually nothing was known about these stressors in seagrass beds in the
the Swan River. The objective of the present research program was therefore to
provide quantitative data on possible relationships between drift algae, invasive
species and the ecological performance of seagrasses.

Summary
In chapter 2 we documented the abundance of drift algae within seagrass beds across
the lower reaches of the estuary. An intensively sampled spatial surveys showed that
drift abundances were, on average, relatively low (mean: 7% cover), but there were
also patches of very high abundance (>80% cover). The survey indicated a humped
relationship between seagrass and drift algal abundance, probable because seagrasses
retain drift algae at low abundance and because drift algae have adverse effects on
seagrasses at high drift abundance. A second survey showed that drift algal biomass
varied strongly between sampling dates, with peak values in spring and summer. Only
four species accounted for >90% of the entire algal biomass; Chaetomorpha linum,
Gracilaria comosa, Hypnea sp. and Laurencia sp. The two most dominant species
represent contrasting ecological and morphological traits; Chatermorpha linum is a
fast-growing cosmopolitan filamentous green algae whereas Gracilaria comosa is a
slower growing but more stress-tolerant coarsely branch red algae. During survey
dives we also observed that Chaetomorpha typically were found unattached and
entangled around seagrass stems and leaves, but that Gracilaria often were attached
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to the abundant snail, Batillaria australis. At peak abundance, drift algal cover and
biomass was in excess of values known to negatively impact seagrass beds elsewhere.
In chapter 3 we documented that Batillaria australis, a large gastropod, is likely to
have been introduced to the Swan River about 60 years ago. Still, virtually no
published data exist on this species from the Swan River. A survey documented that
B. australis is orders of magnitudes more abundant than any other native gastropods
in seagrass beds and sand flats in the Swan River (mean: >400 snails m-2 seagrass
bed). Experiments showed that high resistance to predation and temperature and
salinity fluctuation partially explains its success. Our surveys and experiments
documented that B. australis provides hard substratum for millions of associated
macroalgae (Gracilaria comosa in particular), which acts as substantial feeder
populations for drift algae, through fragmentation. Given Battilaria’s high abundance,
wide distribution, relatively large size, persistent shells and bioturbating behavior, it
likely has a range of impacts on the fundamental ecology and biogeochemcial cycling
of the Swan River.
In chapter 4 we report on a multi-factorial laboratory experiment, that tested the
individual and combined effects of Chaetomorpha linum, Batillaria australis, and
temperature on the ecological performance of Halohila ovalis. All test factors were
found to negatively affect a range of seagrass performance measures. In general, drift
algal effects were stronger and more consistent than invasive snails that again had
stronger effects than elevated temperature. More specifically, drift algae increased
shoot mortality and leaf loss rate and reduced formation of new shoots, the depth of
the sulphide horizon in the sediment, and the oxygen concentration in the water
column. Invasive snails had significant negative effects on the biomass of both leaves
and roots, increased leaf plastochrone interval, and decreased the depth to sulphide
horizon. High temperature increased leaf loss and reduced leaf biomass and the length
of the 2nd internode. In concert, these results indicate that drift algae, invasive snails,
and elevated temperature have a range of negative impacts on Halophila ovalis
performances, probably mediated via changes to sediment and water column oxygen
and sulfide levels.

84

In chapter 5 we focused on the ecology of Gracilaria comosa, which is abundant in
seagrass beds in association with Batillaria australis.

The taxonomic status of

Gracilaria comosa from the Swan River is uncertain, but we provide molecular data
that indicate close relatedness to the G. chilensis species-complex. A multi-factorial
laboratory trait-assay showed that G. comosa is resistant to salinity, temperature and
nutrient fluctuations, but performed poorly under shaded conditions.

A field

experiment tested for impacts of Gracilaria, Battilaria and nutrients on Halophila
performance. Gracilaria had a negative effect on Halophila biomass, and it was
shown that light reduction was a likely mechanism behind this effect. There were no
effects of nutrient addition and the effects of snails were inconclusive. Nevertheless,
there was circumstantial evidence to suggest that snails affect sediment biochemistry
and thus seagrass performance, as it was observed in Chapter 4.

Figure 34. A ‘normal’ patch of Halophila ovalis seagrass with abundant Batillaria australis (marked by red
circles). The area of the photo is approximately 25 x 25 cm).
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Conceptual model of snail-alga interactions
Based on our research program we outline a conceptual model of key interactions
between drift algae, snails and seagrasses in the Swan River (Figure 35). Evidence for
some of the proposed links is circumstantial or suggestive – see also ‘knowledge
gaps’.

Battilaria, which has been introduced to the Swan River, now creates abundant
‘islands’ in the hostile sea of soft sediment (see Figure 34) for algal propagules to
attach to and grow (Chapter 3). This is important because most algae (e.g.,
Gracilaria) cannot complete its life cycle with sexual reproduction without being
attached (see Figure 36). Algae growing on top of Battilaria create a persistent
canopy (see Figure 29) which shades seagrasses (Chapter 5) and abundant algal
fragments (Chapter 3) act as feeders for vegetative growth and drift accumulation
(Chapter 2, 4). These drift algae shade the seagrasses (Chapter 5) and cause hypoxia

Figure 35. Conceptual model of interactions between drift algae, Battilaria snails and
Halophila seagrasses.
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which leads to sulphide stress (Chapter 4). Snails also cause direct physical
disturbance to seagrass leaves and roots (Chapter 4), and cause bio-deposition of
organic matter which promotes sulphide accumulation. Sulphide is a strong phytotoxin which negatively impacts seagrass performance (Chapter 4, 5).

Knowledge gaps
Despite a rich history of biological research in the Swan River (Brearley 2005), very
few (manipulative) experiments have addressed ecological interactions between the
hundreds of conspicuous species living in the estuary. Such experiments are however
critical in order to gain a mechanistic understanding of the processes which drive he
ecosystem. More experimental research will add important strong causal knowledge
to provide a sound scientific baseline for management.

Given the lack of

manipulative ecological experiments knowledge gaps are prolific. Here, we list some
of the more obvious and interesting knowledge gaps with particular relevance to our
research program.
1. The origin of Battilaria australis is unknown. Molecular analyses of snails (and
its parasites) from the Swan River, Woodman Point and several locations in
eastern Australia, is needed to verify the likely origin (Blakeslee & Byers 2008,
Blakeslee et al. 2008).
2. The basic ecology of Batillaria australis is unknown. For example, how does it
feed? Can it filter water like its sibling species (Kamimura & Tsuchiya 2004)?
What are its movement patterns, excretion rates and products (Kamimura &
Tsuchiya 2006)? Does it compete with other molluscs (Byers 2000a)? What are
its reproduction outputs? How does it withstand adverse conditions (physiological
change or hibernation?) (Byers 2000b)? What is the larval dispersal capacity
(potential secondary invasion)? What are the direct and indirect links to the
seaweed community via shell production and behavioural traits?
3. It is unknown if anything can predate on Batillaria. It is possible that certain fish
(e.g. rays) and crustaceans (e.g. blue crabs) can predate on this super-abundant
food source, particularly of juvenile snails (Wright et al. 1996). Predation
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predation studies could indicate if
Batillaria populations potentially
could be top-down controlled if
stocks of key predators were
nurtured.
4. The taxonomic status and origin of
Gracilaria from the Swan River
and

neighbouring

estuaries

is

unknown. Molecular analysis of
Gracilaria

and

comparison

to

Gracilaria-Genbank would verify
its taxonomic nomenclature and
origin (Thomsen et al. 2006a).
5. Very little is known about the
general

ecology

of

For

comosa.
environmental

Gracilaria
example,

tolerances

and

thresholds should be addressed in
multi-factorial stress-trait assays
(Thomsen & McGlathery 2007),
recruitment patterns onto shells and
natural

substrata

should

be

Figure 36. Batillaria with ~15cm big tuft of Gracilaria
growing on it. The ‘black dots’ on the Gracilaria are
mature reproductive structures. The snails provide
‘islands’ of hard substratum in the uninhabitable sea of
soft sediments. This is important because algae like
Gracilaria require attachment to complete sexual
reproduction. Branch fragments from snails with algae
provide substantial feeder populations for vegetative
growth and drift accumulation.

determined (Thomsen et al. 2007a),
and the extent to which Gracilaria provides habitat for small mobile invertebrates
(Thomsen et al. 2009a), growth rates in various parts of the Swan River attached
to shells vs. in the drift, etc..
6. The effects of different drift algal species are poorly understood. Experiments are
needed which compare and contrast the ecological properties and impacts on
seagrasses of several dominant seaweeds (e.g. Chaetomorpha, Gracilaria,
Hypnea, Laurencia) and Batillaria based on different densities of algae, snails
and Halophila (the magnitude and directions of these biotic stressors are most
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likely strong density-dependent processes). In addition, it is important to conduct
‘single’ vs. ‘multiple’ species impacts experiments, to determine if seaweed
impacts in seagrass beds primarily are a function of taxonomic identity or total
algal load (Bruno et al. 2005, Arenas et al. 2006).
7. Potential flow-on effects to higher trophic levels and charismatic fauna is
unknown. For example, do invasive snails and drift algae affect predatory fish,
wading birds, swans and other charismatic megafauna, e.g. as food source (or
replacement of less palatable resource) or by depressing foraging activity
(Luckenbach 1984, Lopes et al. 2006), and do the top-trophic levels have feedback interactions on the snails and algae, e.g via predation or excretion of waste
products?
8. Recruitment ecology and dynamics of drift algae is virtually unknown. During
storms and adverse winter conditions drift algal populations are typically
decimated. How do the drift population rebuild? This process is likely facilitated
greatly by the ‘sleeper/feeder’ populations maintained attached to invasive snail
shells or other biogenic structures (Thomsen & McGlathery 2005, Thomsen et al.
2007b). Experimental and mensurative recruitment studies that document algal
preferences and recruitment rates to specific substrate types for their early lifestages would provide important information for possible population control
measures (i.e. if Batillaria is removed, the Gracilaria fragment supply will be
greatly reduced).

Studies should include different levels of sedimentation,

salinity, temperature, and light levels and seaweed propagule pressures.
9. Studies on ‘positive’ effects of drift algae are needed. Our research largely
focused on negative effects on seagrasses. However, estuarine algae can also
have many ‘positive’ effects on water quality and the native fauna. Research
should be conducted on how algae may provide rapid uptake of excess nutrients
(rather than going into plankton communities), how algae provide structural
complexity to mudflats and seagrass beds, how algae may provide habitat and
food for invertebrates and higher trophic levels, and how tumbling drift algae
provide links between fixed seagrass meta-populations (e.g. transport of seeds and
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Figure 37. Black swans are one of the iconic species that depend the Halophila seagrass
beds in the Swan River. It is currently unknown if drift algae and Batillaria has an impact
on the quality of habitat for Swans, but it would seem likely that large amounts of algae
reduce the fouraging opportunities for the swans.

invertebrates between separate seagrass beds) (Bonsdorff 1992, Holmquist 1994,
Norkko et al. 2000, McGlathery et al. 2007).
10. Comparisons to neighbouring estuaries in larger scale research programs are
needed. Studies only conducted in the Swan River will fail to detect any broader
commonality or idiosyncrasy of processes. For example, it is possible (likely) that
the ubiquity of Batillaria has caused irreversible alterations of the very basic
ecology of the entire middle and lower reaches of the Swan River. Even
manipulative removal experiments (like the one presented in Chapter 5) will not
be able to detect such historical changes, which always will be super-imposed on
the system (Eastwood et al. 2007).

However, by conducting comparative

experiments (e.g. on effects of drift algae) in neighbouring estuaries, vital insight
can be provided into the generality of findings from the Swan River.
Unfortunately, separate estuaries are traditionally researched (and managed and
financed) in isolation, based on local management jurisdiction. From a large-scale
knowledge-perspective key insight on individual estuaries will stand much
stronger if compared to multiple estuaries within a region, and it will provide
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unique information on likely pre-invasion impacts and what conditions constitute
appropriate base lines.
11. Baseline monitoring programs on seagrasses and associated invertebrates and
algae are important to be able to scale up experimental work and to provide
baseline data for the unforseen changes. For example, if an early invertebrate
monitoring program existed, the detection of the Batillaria invasion would not
have gone unnoticed to the management community, and eradication could have
been put in place in the early stage of invasion. It is relatively straightforward to
develop standardized stratified surveys for important macroscopic guilds,
including seagrasses, drift algae, mobile and sessile invertebrates, fish and birds.
Specifically we recommend that monitoring data are collected using multiple
methods, including methods that allow archival, multiple usages, and reinterpretation and verification (e.g. video/photo transects, preservation of
invertebrates and seaweed voucher specimens).

Management implications
Maintaining healthy seagrass beds in the Swan River is contingent upon an
environment that allows growth and reproduction of seagrasses over large spatiotemporal scales. We have documented that two main pressures that may compromise
this environment in the future are 1) invasive Batillaria snails and 2) drift algae.
Here, we briefly outline some possible management implications of our findings.
The first management consideration necessary is to recognise the problem and accept
that the Swan River likely has changed substantially over the past ~50 years due to
the new presence of Batillaria. This has implications for the understanding of what
constitutes an appropriate base line to manage seagrass beds towards.
Eradication and control of invasive species is increasingly being considered as a
management option to protect native species diversity and ecological function (Myers
& Bazely 2003, Secord 2003, Simberloff et al. 2005). However, eradication (or
population control) is generally only successful when implemented in the early stages
of invasion. Indeed, one of the few agreements in applied invasion ecology is that the
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most cost-efficient solution is to avoid invasion in the first place. Based on our data
we consider the Batilaria population in the Swan River for too massive, and the snail
too robust, for it to be possible to eradicate; any form of population control would
incur an enormous workload.

However, regulations should be implemented to

prevent its spread to adjacent estuaries by direct translocation of Batillaria or indirect
transfer via associated species (e.g. transplanted shellfish) or trailered boat traffic
(Peel Harvey, Leuschenault, etc).

If Batillaria, as all circumstantial evidence

indicate, is a non-native species, active population control via manual removal of the
smaller Woodman Point population could also be a method to reduce the likelihood
of secondary dispersal to the adjacent estuaries (Hewitt et al. 2005). Bio-control is a
possible long-term population control-option if native predators (e.g. blue crabs) have
a preference for the snail and can be restored to high densities.
Based on our project period (ca. 1 year) we do not consider the ecological effects of
drift algae to be a serious current problem for seagrass beds in the Swan River.
Negative impacts are at present mainly localized and patchy.

However, the

abundance of drift algal communities can vary dramatically between years (Fletcher
1996, Thomsen et al. 2006b) and we do therefore not know if our data are
representative over longer time scales. Importantly, if drift algae proliferate further in
the near future due to altered environmental conditions, to cover larger areas for
longer time periods, drift algae would become a serious problem and management of
drift populations would become important.

Several management options are

available.
It is well-established that drift algal mass accumulations are strongly dependent on
eutrophied environmental conditions, so managing nitrogen and phosphorous inputs
will be critical.

Thus, control of run-off of agricultural land and urban waste

water/storm water and atmospheric depositions, will be an efficient method to ensure
that seagrasses remain competitive compared to opportunistic drift algae and
phytoplankton (McGlathery 1992, Morand & Briand 1996, Krause-Jensen et al.
2007). Management of nutrient input may be comparatively more important in the
Swan River compared to other estuaries, because of the large latent drift population
carried by the invasive snails.

92

Blooming drift algae are, in contrast to plankton blooms, comparatively easier to
remove manually using various types of harvesters (Kirkman & Kendrick 1997,
Lavery et al. 1999, Zemke-White et al. 2003), and such manual removals can be
organized on an as-needed basis. However, unwanted impacts associated with
biomass removal should be considered; for example on the strand-line communities,
on associated fish and invertebrates and on the seagrass beds themselves (removal of
drift algae could disturb the seagrass more than the algal mats themselves). Also,
plans needs to be in place for what to do with harvested seaweeds and chemical
analysis screening for possible heavy metals and other accumulated toxins needs to be
undertaken routinely. Clearly harvest, in contrast to control of nutrient inputs, will
remove the symptoms only, not the cause of excessive algal accumulations.
Finally, it may be possible to control drift algae via large-scale engineering projects,
e.g. by building ocean outfall pipe-lines for waste water, by altering sluice practices,
or by constructing new oceanic openings (Wilson et al. 1997, Marques et al. 2003,
Lillebo et al. 2005, Petersen et al. 2008, Anon. 2009). Thus, some success using these
engineering techniques has been claimed from estuaries in Denmark, Portugal, New
Zealand and Western Australia (e.g., the Dawesville Channel project). However,
such a dramatic and controversial undertaking will be very costly and could have
numerous unforeseen consequences.
We recommend that more experimental research and studies that compare different
estuaries should be encouraged. Despite a local interest in a local estuary by local
managers, only by comparison to nearby systems is it possible to fully understand the
‘normalities and peculiarities’ of each individual system, and this is critical in order to
establish appropriate base lines for impact assessment and restoration.

Conclusions
We found drift algae and an invasive snail to be ubiquitous in seagrass beds in the
Swan River. The drift algal community was characterized by low species diversity
and a high spatio-temporal variability. Batillaria snails, in contrast, were present in
high abundance throughout the year in most seagrass beds. We documented a strong
link between the invasive snail and one of the most dominant seaweeds in the river,
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Gracilaria comosa; the snail provides millions of pieces of hard-substratum
attachment space in a system otherwise dominated by soft-substratum. Experiments
documented that drift algae and snails have substantial negative effects on seagrass
health and performance even under contemporary levels, due to competition for light
and via control over oxygen and sulphide concentrations. There are many gaps in the
knowledge of ecological interactions in the Swan River. Experimental research
should be promoted as mechanistic relationships are poorly known. We expect that
the impacts of drift algae and invasive snails will become more important in the
future, as global warming accelerates, nutrient pollution continues and the snail
populations may expand further. Control of nutrient inputs and prevention of spread
of Batillaria to other WA estuaries should be management priorities.
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