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Abstract Habitat-forming invasive species cause large,
novel changes to the abiotic environment. These changes
may elicit important behavioural responses in native fauna,
yet little is known about mechanisms driving this behaviour
and how such trait-mediated responses influence the fitness
of native species. Low dissolved oxygen is a key abiotic
change created by the habitat-forming invasive seaweed,
Caulerpa taxifolia, which influences an important behav-
ioural response (burrowing depth) in the native infaunal
bivalve Anadara trapezia. In Caulerpa-colonised areas,
Anadara often emerged completely from the sediment, and
we experimentally demonstrate that water column hypoxia
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beneath the Caulerpa canopy is the mechanism instigating
this “pop-up” behaviour. Importantly, pop-up in Caulerpa
allowed similar survivorship to that in unvegetated sedi-
ment; however, when we prevented Anadara from pop-
ping-up, they suffered >50% mortality in just 1 month. Our
findings not only highlight the substantial environmental
alteration by Caulerpa, but also an important role for the
behaviour of native species in mitigating the effects of hab-
itat-forming invasive species.

Keywords Ecosystem engineers - Hypoxia - Infauna -
Marine algae - Soft-sediment ecology

Introduction

Understanding the response of native species to invasive
species is important in determining the extent of invader
impact. Native species can respond to invasive species via
behavioural and morphological changes (Trussell et al.
2003; Freeman and Byers 2006; Strauss etal. 2006).
Behavioural responses by native fauna to invasive preda-
tors, such as reduced activity and feeding rates and
increased use of refuges, depend on the ability of native
fauna to detect invasive predators. Indeed, several studies
have identified specific predator cues as the mechanism
determining those responses (Kiesecker and Blaustein
1997; Trussell et al. 2003; Pearl et al. 2003).

Invasive habitat-forming species also represent a major
perturbation to many natural ecosystems. These species are
often considered ecosystem engineers (Jones et al. 1994,
1997) or foundation species (Dayton 1972) because of
the way they modify the abiotic environment and influ-
ence community organisation (Crooks 2002; Levine
et al. 2003). Moreover, the large abiotic changes caused by
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habitat-forming invasive species can elicit behavioural
changes in native fauna. Although native species frequently
co-occur with habitat-forming invasive species (Crooks
2002), there are many examples of native faunal species
being less abundant within habitat-forming invasive species
compared to uninvaded habitats (e.g. Trammell and Butler
1995; Valentine 2006). Habitat-choice experiments demon-
strate that some native fauna avoid these invasive species,
preferring native species as habitat (e.g. Valentine et al.
2007). Although such behaviour may be due to the native
species responding to one or more of the changes in the abi-
otic environment following invasion, there is little informa-
tion on the specific mechanism driving avoidance behaviour.
Additionally, although implicit in such predictions of why
native species avoid habitat-forming invasive species, the
fitness consequences (i.e. survivorship) for native species in
responding to the invader remain poorly understood.

Here, we document an important behavioural response
in a native species to a habitat-forming invasive species and
identify both the mechanism causing the response and the
fitness benefit of changing behaviour. The invasive marine
alga Caulerpa taxifolia (Vahl) C. Agardh (hereafter Caul-
erpa) forms dense stands in estuaries in southeastern Aus-
tralia with anoxic sediment, low water flow and low water
column dissolved oxygen (Wright 2005; Gribben et al.
2009a; McKinnon et al. 2009). The dominant native bivalve
in this system, Anadara trapezia (Arcidae, Deshayes
1840, hereafter Anadara), recruits into Caulerpa but has
poor post-recruitment and adult survivorship (Gribben and
Wright 2006; Wright and Gribben 2008; Gribben et al.
2009a). Nonetheless, at least some adult Anadara present in
sediment before Caulerpa invasion are able to persist for at
least 5 years after invasion (J.T. Wright, P.E. Gribben, per-
sonal observations) despite the changes to the abiotic envi-
ronment. In Caulerpa, adult densities can remain as high as
30/m? compared to seagrass (35-65/m?) and unvegetated
sediment (35—90/m2; Wright etal. 2007). Thus, even
though densities are lower in Caulerpa, the fact that Anad-
ara do remain reasonably common suggests they may have
a behavioural response to the abiotic changes caused by
Caulerpa that mitigates its effects. Infaunal bivalves are
often sedentary and unable to move far; however, an impor-
tant behavioural response they have to poor quality habitat
is to adjust their burrowing depth in the sediment (Byers
2002; Taylor and Eggleston 2000; Whitlow et al. 2003). To
address how a native species responds to the creation of
novel habitat by an invasive species, we determined: (1)
differences in behaviour (burrowing depth) of Anadara
between Caulerpa and uninvaded habitats; (2) the mecha-
nism driving changes in behaviour of Anadara in Caulerpa
and (3) the survivorship consequences for Anadara of
changing behaviour in the face of invasion by Caulerpa.
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Materials and methods
Study system and sites

Caulerpa taxifolia has invaded several temperate regions
worldwide (Lowe et al. 2000). In southeastern Australia,
Caulerpa now occurs in 14 estuaries. Our study was con-
ducted in three of those estuaries: St Georges Basin
(35°12'S, 150°35’E), Lake Conjola (35°268'S, 150°508E)
and Burrill Lake (35°395'S, 150°447'E). Caulerpa was dis-
covered in Lake Conjola in 2000, in Burrill Lake in 2001,
and in St Georges Basin in 2004 (Creese et al. 2004). The
three estuaries all have sites with thick infestations of Caul-
erpa which typically occurs in sheltered bays where there is
little water flow (Gribben et al. 2009a). Large areas invaded
by the alga, which would previously have been native sea-
grass or unvegetated habitats, contain Anadara (Wright
et al. 2007). Anadara is a large (up to 70 mm shell length),
thick-shelled bivalve occurring from the intertidal to shal-
low subtidal (0-3 m water depth) in sheltered mud, sand,
seagrass and now Caulerpa habitats (Wright et al. 2007).
Anadara are suspension feeders with short siphons, and in
unvegetated sediment typically occur fully burrowed with
only their siphons showing or approximately 80% bur-
rowed within the sediment.

Differences in burrowing depth among habitats

The in situ burrowing depth of Anadara was measured
in different habitats at depths between 1.5 and 2 m at two
sites in St Georges Basin (Pats Bay and Smiths Bay) and
one site each in both Burrill Lake (Broadwater) and
Lake Conjola (Sponge Bay) between April and June
2006. We sampled the dominant habitats at each site
(Wright et al. 2007): unvegetated sediment, Halophila
ovalis (native seagrass), and Caulerpa in St Georges
Basin; unvegetated sediment, Zostera capricorni
(another native seagrass) and Caulerpa in Burrill Lake;
and unvegetated sediment and Caulerpa in Lake Conj-
ola. Individual Anadara were haphazardly selected in
each habitat (n = 18—-25/habitat) and a line marked with
a pencil on the shell in situ denoting the sediment sur-
face/water interface. Once marked, shells were removed
from the sediment and the distance perpendicular from
the line to the anterior edge measured to obtain burrow-
ing depth. The total length of the shell was then mea-
sured along the same axis from the anterior edge to the
posterior edge of the shell to obtain proportional bur-
rowing depth. Differences in proportional burrowing
depth among habitats were determined with a 1-factor
analysis of covariance (ANCOVA) for each site sepa-
rately with shell length as a covariate.
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Dissolved oxygen in Caulerpa and unvegetated sediment
and its effect on burrowing depth

Following our surveys of burrowing depth, we then com-
pared how a key abiotic factor (water column dissolved
oxygen, DO) differed between Caulerpa and unvegetated
sediment and its effects on burrowing. We focused on
differences between Caulerpa and unvegetated sediment
because, in southeastern Australia, Caulerpa spreads pri-
marily into unvegetated sediment where it forms dense
patches, but does not readily invade seagrass beds (Glasby
and Creese 2007). Differences in water column DO
between Caulerpa and unvegetated sediment were deter-
mined in Sponge Bay, Lake Conjola, in January 2008.
Water samples (n = 10/habitat) were collected during day-
light 3-5 cm above the sediment surface using 20-ml syrin-
ges. Syringes were immediately wrapped in foil and kept in
a cooler with ice, and water column DO was measured back
on shore within 15 min of collection. Water column DO
was measured using oxygen-sensing 100-pum optodes (Pre-
cision Sensing) calibrated linearly to 100% air saturation
using methods outlined in Ulstrup et al. (2005). A t test
(unequal variances) was used to determine differences in
water column DO between habitats.

To distinguish the effects of low water column DO per se
from other influences of Caulerpa—particularly anoxic
sediment (Gribben et al. 2009a; McKinnon et al. 2009)—
on the burrowing depth of Anadara, we tested the effects of
sediment type (Caulerpa vs. unvegetated sediment) and
water column DO (high vs. low) using an orthogonal exper-
iment. Intact sediment cores were collected from Caulerpa
and unvegetated sediment in Sponge Bay, Lake Conjola, on
10 February, 2008, and immediately placed into test con-
tainers (27 cm x 12 cm x 17 cm). Caulerpa cores included
sediment and associated Caulerpa. Adult Anadara
(n =480) were collected from unvegetated sediment in St
Georges Basin on the same day as the cores. All clams and
cores were transported to the laboratory at the University of
Technology, Sydney, and submerged in seawater for 24 h
to recover. For the experiment, ten clams were added to
each container and pushed into the sediment so that ~20%
of the shell was exposed, their natural depth in unvegetated
sediment. Single test containers were then placed into
larger containers (32 cm x 24 cm x 15 cm) with seawater
added to 6 cm above the sediment and sealed. The lid of
each container had two small holes which we could
uncover to allow us to remove oxygen and to measure
water column DO.

To create the low water column DO treatment, nitrogen
was bubbled into the seawater until water column DO
reached ~2 mg/l. During the setting of the low water col-
umn DO levels, water column DO was measured continu-
ously with an optode (described above) until the desired

concentration was reached and then the holes in the con-
tainer lid were sealed. For the ambient water column DO
treatments, air was bubbled continuously to ensure oxygen-
ated water removed the low water column DO boundary
layer but did not disturb sediments. For the treatments
including Caulerpa, water column DO was measured under
the canopy to ensure that the benthic boundary layer was
broken down in the high water column DO treatments.
Water column DO changed slightly during the experiment.
Initial versus final water column DO (mean + SE) in the
low water column DO treatments were: 1.97 (£0.12) ver-
sus 1.22 (£0.14) mg/l (unvegetated sediment) and 1.70
(£0.22) versus 0.75 (£0.01) mg/l (Caulerpa); and in the
high water column DO treatments were: 7.69 (£0.06) ver-
sus 7.94 (£0.05) mg/l (unvegetated sediment) and 7.64
(£0.04) versus 7.57 (£0.11) mg/l (Caulerpa). Light was
kept low so that photosynthesis and thus changes in water
column DO was minimal. Water temperature was kept at a
constant 23°C, within the range of summer water tempera-
tures at our sites (SCC 2003). Replicate treatments (n =6
for each treatment combination) were arranged randomly in
the laboratory. After 36 h, we determined clam position
(either burrowed or not burrowed, which we objectively
defined as >50% of the shell exposed). Because such expo-
sure represents a rapid movement to the surface, we refer to
this clam behaviour as “pop-up”. A 2-factor ANOVA was
used to determine the effect of sediment type (Caulerpa vs.
unvegetated) and water column DO (high vs. low) on
Arcsin-transformed proportions of Anadara popped-up in
each container.

Changes in burrowing depth in Caulerpa and its
consequences

To examine whether there were any benefits to Anadara in
changing burrowing depth in Caulerpa, we determined the
survivorship and pop-up rates of clams that were allowed to
adjust burrowing depth ad libitum in caged tubs placed into
Caulerpa and unvegetated sediment. In Sponge Bay, Lake
Conjola, we created four blocks of paired 1.5m x 1.5 m
habitat plots—Caulerpa and unvegetated sediment (created
by removing Caulerpa by hand). On 11 October 2007, ten
adult Anadara (40-60 mm shell length, collected from
unvegetated sediment) were placed into tubs (10 cm
deep x 10 cm wide x 25 cm long). Tubs contained unveg-
etated sediment to initially ensure sediment quality was the
same in both habitats to eliminate immediate potential
effects of anoxic Caulerpa sediment on Anadara. We
placed two tubs in each habitat type in each of the four
blocks (n = 8 replicates per habitat). Tubs were buried so
that their sediment was level with the surrounding sedi-
ment. In Caulerpa, the canopy was gently pulled apart to
allow tubs to be placed into the sediment and then carefully
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replaced back over them. Tubs were caged with wire mesh
(19 mm) that extended 5 cm in height over the tubs to allow
space for clams to pop-up and to eliminate predation mor-
tality to better isolate the effects of hypoxia. After
12 weeks, survivorship of each clam was determined and
each surviving clam was identified as either burrowed or
not burrowed (>50% of the shell exposed). Differences
between Caulerpa and unvegetated sediment in clam
survivorship and the proportion of surviving Anadara
popped-up were determined with 2-factor ANOVAs with
the factors habitat and block on /Arcsin-transformed data.

Consequences of forced burial in Caulerpa

To determine what happens to clams that are not permitted
to pop-up inside Caulerpa, we experimentally manipulated
their burrowing depth in Sponge Bay, Lake Conjola. Adult
Anadara were collected from unvegetated sediment and
placed into four 0.046-m? plots (17.5 cm x 26 cm) in both
Caulerpa and unvegetated sediment (created by removing
the Caulerpa by hand, n =10 clams/plot) on 10 January
2008. We pushed clams down into the sediment until only
~20% of the shell protruded and placed wire mesh cages
(19 mm mesh size) over each plot. The sides of these cages
extended down 6 cm into sediment to anchor them in place,
with the mesh lid flush against the slightly protruded tips of
the clams. The mesh both ensured that the clams could not
pop up any further than they were initially set, and also pro-

Fig. 1 Proportional burrowing 1.0 1a Pats Bay
depth (mean + SE) of Anadara
trapezia in unvegetated sedi-
ment (Unveg), Halophila ovalis
(Halophila), Zostera capricorni
(Zostera) and Caulerpa taxifolia
(Caulerpa) habitats. ANCOVAs
on untransformed data for the
effect of habitat. a Pats Bay
F,56=35.54, P <0.001;

b Smiths Bay F, ¢; = 58.39,

P < 0.001; ¢ Burrill Lake
F,s9=14.15, P <0.001;

d Lake Conjola F'| 4,; =35.04,

P <0.001. Shell length was a
significant covariate only at Pats
Bay (F, 54 = 8.88, P < 0.004).
Habitats sharing a letter do not
differ within sites at P = 0.05,
Tukey’s analysis. NA Habitat
was not measured

0.8 1 a

1.0 7€ Burrill Lake

0.8 1

Proportional burrowing depth

0.6 1

0.4 1

0.2 1

NA
0.0 -

Unveg
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Halophila Caulerpa

tected the clams from predators. The clams were left for
1 month after which time we removed the mesh cage tops
and assessed mortality. We compared the difference in clam
survivorship between Caulerpa and bare habitats with a ¢
test (unequal variances) on the ./Arcsin-transformed pro-
portion of clams surviving in each plot.

Results
Differences in burrowing depth among habitats

Anadara burrowed significantly shallower in Caulerpa
compared to unvegetated sediment at all four sites and sig-
nificantly shallower in Caulerpa compared to the seagrass
H. ovalis at both sites where they were compared (Fig. 1).
There was no significant difference in burrowing depth
between the seagrass Z. capricorni and Caulerpa. Anadara
also burrowed significantly shallower in both seagrass spe-
cies compared to unvegetated sediment (Fig. 1).

Dissolved oxygen in Caulerpa and unvegetated sediment
and its effect on burrowing depth

In the field, dissolved oxygen was significantly lower
within Caulerpa compared to unvegetated sediment
(t16=9.03, P <0.001), frequently reaching hypoxic levels
<2.8 mg/l (Fig.2a). In the laboratory, significantly more

1 b Smiths Bay

a

1 d Lake Conjola
a

NA NA

Zostera

Unveg Zostera

Habitat

Halophila Caulerpa
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Fig. 2 a Water column dissolved oxygen, DO (mean + SE) in unveg-
etated (unveg) and Caulerpa taxifolia (Caulerpa) habitats in Sponge
Bay, Lake Conjola (n = 9 samples/habitat). b Percent of clams popped
up in unvegetated and Caulerpa sediments exposed to low water col-
umn DO (<2 mg/l) and high water column DO (>7.5 mg/l) after 36 h.
n = 6 tubs per treatment combination with 10 clams in each tub

clams popped up when exposed to the low water column
DO compared to the high water column DO (F ,, = 83.23,
P <0.001; Fig. 2b). In the low water column DO treatment,
33.3 & 7.3% of clams (mean =+ SE pooled across both sedi-
ment types) were gaping, indicating high levels of stress,
compared to none in the high water column DO treatment.
Although the Caulerpa sediment remained black and
strongly anoxic throughout the experiment, sediment type
had no effect on pop-up rate (F ,q=0.13, P=0.724), and

the interaction term was non-significant (F),,=0.18,
P =0.673).

Changes in burrowing depth in Caulerpa and its
consequences

Anadara popped-up at more than double the rate in Caul-
erpa compared to unvegetated sediment (Table 1). These
high rates of pop-up occurred despite tubs initially having
the same sediment suggesting sediment within tubs in
Caulerpa went anoxic relatively quickly and subsequently
influenced hypoxia. There was no difference in the survi-
vorship of Anadara between Caulerpa and unvegetated
sediment after 12 weeks (Table 1).

Consequences of forced burial in Caulerpa

Clams died at significantly higher rates when forced to stay
buried for 1 month in Caulerpa compared to unvegetated
sediment (Table 1). As cage tops were removed in Caul-
erpa we observed that the sediment was mostly black
(anoxic) and a white bacterial film was present.

Discussion

We have identified hypoxic water in the boundary layer
beneath the canopy of invasive Caulerpa as a sufficient
mechanism determining the behavioural pop-up response
of the native bivalve Anadara. When Anadara are not able
to surface in Caulerpa they have a high probability of mor-
tality, presumably due to insufficient dissolved oxygen
within the benthic boundary layer. This pop-up behaviour
most likely allows Anadara to get above the hypoxic
boundary layer into normoxic water. This behavioural
response was not observed in the presence of Caulerpa

Table 1 Percent behavioural pop-up and natural survivorship of
Anadara in cage protected plots over 3 months in unvegetated sedi-
ment and Caulerpa, and the percent that survived under forced burial
for 1 month in each habitat

Comparison Unvegetated Caulerpa Significance
(mean £ SE) (mean £ SE) (of habitat effect)

Natural®

Pop-up 323+£6.6 71.6 £7.1 P =0.005

Survivorship ~ 96.3 2.6 95.0+£33 P=0.859

Forced burial®

Survivorship ~ 90.0 4.1 425 +8.5 P =0.002

Tests comparing between habitats using /Arcsin transformed propor-
tions

* Pop-up: F ;3= 11.10 (Block: F, ;3 =0.24, P = 0.631); survivorship:
F,13=0.03 (Block: F; ;3 =1.69, P =0.296)
b =442
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rhizoids and the anoxic Caulerpa sediment as long as
normoxic water was present, indicating that neither a phys-
ical barrier to burrowing nor anoxic sediments per se were
responsible for the pop-up response. Nonetheless, Caulerpa
sediment contains sulphide-reducing bacteria (Chisholm
and Moulin 2003) which presumably drive microbial
decomposition of organic matter and subsequent depletion
of dissolved oxygen within the boundary layer. Impor-
tantly, when Anadara were able to adjust their burrowing
depth, they had a similar survivorship in invaded and unin-
vaded areas indicating that Anadara mitigates the effects of
hypoxia caused by Caulerpa on survivorship via this
behavioural response.

Although habitat-forming invasive plants and sessile
invertebrates often support many native fauna, the cues
triggering behavioural responses (either positive or nega-
tive) of associated fauna remain poorly understood. For
example, the avoidance of the leaf litter of an invasive vine
by native lizards was suggested as being due to any of three
potential mechanisms: changes in temperature, prey avail-
ability and camouflage (Valentine et al. 2007). Similarly,
changes in the foraging behaviour of a native fish in
response to an invasive aquatic macrophyte were due to
either greater spatial complexity or reduced levels of light
(Theel and Dibble 2008). Although the high densities of
native epifauna often present in marine habitat-forming
invasive species compared to bare substratum (e.g. Castilla
etal. 2004) suggest positive behavioural cues may be
important for larvae of epifauna, to our knowledge there
have been no tests done to separate the effects of larval set-
tlement and post-settlement survivorship on these patterns.

Our findings for Anadara highlight how existing adapta-
tions of native species can ameliorate the effects of invasive
species. For example, the shells of marine molluscs can
become thicker and their refuge-seeking activity greater
when exposed to cues from invasive crabs (Trussell et al.
2003; Freeman and Byers 2006)—both of which may
decrease their susceptibility to crab predation. Marine inver-
tebrates can respond to hypoxia by moving to water with
higher DO or by reducing feeding activity (Diaz and Rosen-
berg 1995). In particular, under hypoxia, infaunal bivalves
burrow shallower and extend their siphons further above the
sediment in an attempt to access normoxic water above the
boundary layer (Taylor and Eggleston 2000). Thus, the pop-
up response of Anadara that allows them to tolerate the
changes caused by Caulerpa appears a generalised response
they already possess that is triggered by the proximate envi-
ronmental conditions (hypoxia) created by Caulerpa.

In addition to identifying the mechanism causing the
behavioural response of Anadara to the hypoxia caused by
Caulerpa, our results emphasise that invasive habitat-form-
ing macroalgae can create hypoxic conditions in shallow
estuarine habitats. Hypoxia in estuaries is typically caused
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by eutrophication which leads to increased microbial
decomposition of organic matter and low dissolved oxygen
(Kennish 2001). Such eutrophication-driven hypoxia can
result in large-scale mortality of estuarine biota including
bivalves (Diaz and Rosenberg 1995), although bivalves do
vary in their tolerance (Altieri 2008) and behavioural
responses to hypoxia (Taylor and Eggleston 2000; Seitz
et al. 2003). Blooms of native macroalgae can similarly cre-
ate hypoxic conditions and affect the burrowing behaviour
of bivalves (Tallqvist 2001). The factors that contribute to
low dissolved oxygen below canopies of blooms of native
macroalgae include algal respiration, microbial decomposi-
tion of accumulated macroalgal detritus and low rates of
photosynthesis (D’Avanzo and Kremer 1994; Deegan et al.
2002). However, for Caulerpa, two lines of evidence indi-
cate that microbial decomposition of accumulated detritus
within or on top of Caulerpa sediments is likely to be an
important mechanism causing hypoxia within the Caulerpa
canopy. First, there are very high densities of Caulerpa frag-
ments in Caulerpa habitats (Wright 2005) suggesting high
levels of detrital input. Second, sulphate-reducing bacteria
are abundant in sediments underlying Caulerpa (Chisholm
and Moulin 2003) and the white film frequently observed on
sediment under the Caulerpa canopy is consistent with the
presence of the sulphide-oxidising bacterium Beggiatoa
(Preisler et al. 2007). We did not measure water column DO
in native seagrass, but sediment redox potential and Anad-
ara densities are both higher in native seagrass compared to
Caulerpa (Wright et al. 2007; McKinnon et al. 2009) and
pop-up was not as extreme, suggesting native seagrasses
have different effects than Caulerpa on Anadara behaviour.
Given the declining number of adult Anadara and the
very high post-recruitment mortality in Caulerpa (Gribben
et al. 2009a), pop-up is an increasingly important behaviour
that allows the persistence of shrinking Anadara popula-
tions. Moreover, the persistence of some adults for at least
5 years after Caulerpa invasion indicates that mitigation of
the effects of Caulerpa via pop-up is likely to persist over
longer time-scales than observed here. In a similar result to
this study, Wright and Gribben (2008) showed that after
9 months, adult Anadara (40-60 mm shell length) that were
reciprocally transplanted between Caulerpa and unvege-
tated sediment, left uncaged and allowed to adjust their bur-
rowing depth naturally (patterns of burrowing in habitats
were similar to those observed here) had no differences in
survivorship. However, very low survivorship in Caulerpa
was evident after 12 months but this only occurred follow-
ing a very heavy rainfall event (Wright and Gribben 2008).
Thus, under “normal” conditions, popping-up in Caulerpa
provides a survivorship benefit as clams suffer 50% mortal-
ity within 1 month if they remain buried in the sediment.
However, in Caulerpa, a long-term decline in fitness and
condition can increase their mortality risk. Additionally,
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unlike other infaunal bivalves (Whitlow et al. 2003; Meyer
and Byers 2005), shallower burrowing of Anadara does not
increase their risk of predation (Byers et al. 2010). Instead,
there is a slight, but variable, reduction in predation in
Caulerpa independent of burrowing depth (Byers et al.
2010). In contrast to the weak predation costs, there are
strong sublethal fitness costs for Anadara that pop-up in
Caulerpa (reduced condition, growth and reproduction;
Wright and Gribben 2008; Gribben et al. 2009a). The rea-
sons for these sublethal costs are not clear but may be due
to the effects of hypoxia in reducing feeding activity or
causing a shift to anaerobic respiration (Wu 2002) or to
Anadara feeding outside the boundary layer where there
may be less available food.

In addition to the benefits to survivorship described here,
the behavioural pop-up response by Anadara results in impor-
tant effects on the larger community. Pop-up of Anadara
causes an increase in the shell surface above the sediment and
thus greater hard substrata for colonisation by epibiota.
Popped-up Anadara have a greater diversity and abundance
of epifauna compared to deeply burrowed Anadara (Gribben
et al. 2009b) and also greater recruitment of Anadara (Gribben
and Wright 2006). This community-wide facilitation is driven
by the invasion of Caulerpa which creates hypoxic conditions
and causes the pop-up response in Anadara.

The impacts that invasive species have on native ecosys-
tems can be complex, far reaching and occur on both eco-
logical and evolutionary timescales (Strauss et al. 2006).
Because they cause large changes to the abiotic environ-
ment, habitat-forming invasive species are likely to elicit
extensive behavioural changes in native fauna, similar to
the variety of behavioural responses observed in native
fauna to invasive predators. The behavioural response of
the dominant bivalve in this system to hypoxia associated
with invasion by Caulerpa gives it an important survivor-
ship benefit which has flow-on consequences for the epifau-
nal community in this system (Gribben et al. 2009b). These
results highlight a crucial role for behaviour of native spe-
cies in mitigating the impacts of habitat-forming invasive
species by detecting and responding to cues associated with
changes in the abiotic environment following invasion.

Acknowledgments Support was provided by the Institute for Con-
servation Biology, University of Wollongong to J.T.W., L.P.K. and
J.E.B.; the National Geographic Society to J.E.B.; and the University
of Technology-Sydney to P.E.G. Comments from Geoffrey Trussell
and three anonymous reviewers greatly improved the previous draft of
the manuscript.

References

Altieri AH (2008) Dead zones enhance key fisheries species by provid-
ing predation refuge. Ecology 89:2808-2818

Byers JE (2002) Physical habitat attribute mediates biotic resistance to
non-indigenous species invasion. Oecologia 130:146-156

Byers JE, Wright JT, Gribben PE (2010) Variable direct and indirect
effects of a habitat-modifying invasive species on mortality of
native fauna. Ecology 91:1787-1798

Castilla JC, Lagos NA, Cerda M (2004) Marine ecosystem engineering
by the alien ascidian Pyura praeputialis on a mid-intertidal rocky
shore. Mar Ecol Prog Ser 268:119-130

Chisholm JRM, Moulin P (2003) Stimulation of nitrogen fixation in
refractory organic sediments by Caulerpa taxifolia (Chloro-
phyta). Limnol Oceanogr 48:787-794

Creese RG, Davis AR, Glasby TM (2004) Eradicating and preventing
the spread of Caulerpa taxifolia in NSW. NSW Fish Final Rep
Ser 64:110 http://www.dpi.nsw.gov.au/_data/assets/pdf_file/0003/
137487/output-466.pdf

Crooks JA (2002) Characterizing ecosystem-level consequences of
biological invasions: the role of ecosystem engineers. Mar Ecol
Prog Ser 97:153-166

D’Avanzo C, Kremer JN (1994) Diel oxygen dynamics and anoxic
events in an eutrophic estuary of Waquoit Bay, Massachusetts.
Estuaries 17:131-139

Dayton PK (1972) Toward an understanding of community resilience
and the potential effects of enrichment to the benthos of McMurdo
Sound, Antarctica. In: Parker BC (ed) Proceedings of the collo-
quium on conservation problems in Antarctica. Allen Press, Law-
rence, pp 81-95

Deegan LA, Wright A, Ayvazian SG, Finn JT, Golden H, Rand
Merson R, Harrison J (2002) Nitrogen loading alters seagrass
ecosystem structure and support of higher trophic levels. Aquat
Conserv Mar Freshw Ecosyst 12:193-212

Diaz RJ, Rosenberg R (1995) Marine benthic hypoxia: a review of its
ecological effects and the behavioural responses of benthic mac-
rofauna. Oceanogr Mar Biol Annu Rev 33:245-303

Freeman AS, Byers JE (2006) Divergent induced responses to an inva-
sive predator in marine mussel populations. Science 313:831-833

Glasby TM, Creese RG (2007) Invasive marine species management
and research. In: Connell SD, Gillanders BM (eds) Marine ecol-
ogy. Oxford University Press, Melbourne, pp 569-594

Gribben PE, Wright JT (2006) Invasive seaweed enhances recruitment
of a native bivalve: roles of refuge from predation and the habitat
choice of recruits. Mar Ecol Prog Ser 318:177-185

Gribben PE, Wright JT, O’Connor WA, Doblin MA, Eyre B, Steinberg
PD (2009a) Reduced performance of native infauna following
recruitment to a habitat-forming invasive marine alga. Oecologia
158:733-745

Gribben PE, Byers JE, Clements M, McKenzie LA, Steinberg PD,
Wright JT (2009b) Behavioural interactions between ecosystems
engineers control community species richness. Ecol Lett
12:1127-1136

Jones CG, Lawton JH, Shachak M (1994) Organisms as ecosystem
engineers. Oikos 69:373-386

Jones CG, Lawton JH, Shachak M (1997) Positive and negative effects
of organisms as physical ecosystem engineers. Ecology 78:1946—
1957

Kennish MJ (2001) Coastal salt marsh systems in the US: a review of
anthropogenic impacts. J Coast Res 17:731-748

Kiesecker JM, Blaustein AR (1997) Population differences in responses
of red-legged frogs (Rana aurora) to introduced bullfrogs.
Ecology 78:1752-1760

Levine JM, Vila M, D’ Antonio CM, Dukes JS, Grigulis K, Lavorel S
(2003) Mechanisms underlying the impacts of exotic plant inva-
sions. Proc R Soc Lond B 270:775-781

Lowe S, Browne M, Boudjelas S, De Poorter M (2000) 100 of the
world’s worst invasive alien species. http://www.issg.org/data-
base/species/search.asp?st=100ss

@ Springer


http://www.dpi.nsw.gov.au/_data/assets/pdf_file/0003/137487/output-466.pdf
http://www.dpi.nsw.gov.au/_data/assets/pdf_file/0003/137487/output-466.pdf
http://www.issg.org/database/species/search.asp?st=100ss
http://www.issg.org/database/species/search.asp?st=100ss

534

Oecologia (2010) 163:527-534

McKinnon JG, Gribben PE, Davis AR, Jolley DF, Wright JT (2009)
Differences in soft-sediment macrobenthic assemblages invaded
by Caulerpa taxifolia compared to uninvaded habitats. Mar Ecol
Prog Ser 380:59-71

Meyer JF, Byers JE (2005) As good as dead? Sublethal predation facil-
itates lethal predation on an intertidal clam. Ecol Lett 8:160-166

Pearl CA, Adams MJ, Schuytema GS, Nebeker AV (2003) Behav-
ioural responses of anuran larvae to chemical cues of native and
introduced predators in the Pacific Northwestern United States. J
Herpetol 37:572-576

Preisler A, de Beer D, Lichtschlag A, Lavik G, Boetius A, Jgrgensen
BB (2007) Biological and chemical sulfide oxidation in a Beggi-
atoa inhabited marine sediment. ISME J 1:341-353

SCC (2003) State of the environment report. Shoalhaven City Council,
Nowra, Australia

Seitz RD, Marshall LS, Hines AH, Clark KL (2003) Effects of hypoxia
on predator-prey dynamics of the blue crab Callinectes sapidus
and the Baltic clam Macoma balthica in Chesapeake Bay. Mar
Ecol Prog Ser 257:179-188

Strauss SY, Lau JA, Carroll SP (2006) Evolutionary responses of
natives to introduced species: what do introductions tell us about
natural communities? Trends Ecol Evol 9:357-374

Tallgvist M (2001) Burrowing behaviour of the Baltic clam Macoma
balthica: effects of sediment type, hypoxia and predator presence.
Mar Ecol Prog Ser 212:183-191

Taylor DL, Eggleston DB (2000) Effects of hypoxia on an estuarine
predator-prey interaction: foraging behavior and mutual interfer-
ence in the blue crab Callinectes sapidus and the infaunal clam
prey Mya arenaria. Mar Ecol Prog Ser 196:221-237

@ Springer

Theel HJ, Dibble ED (2008) An experimental simulation of an exotic
aquatic macrophyte invasion and its influence on foraging behav-
iour of bluegill. J Freshw Ecol 23:79-89

Trammell MA, Butler JL (1995) Effects of exotic plants on native
ungulate use of habitat. ] Wildl Manag 59:808-816

Trussell GC, Ewanchuk PJ, Bertness MD (2003) Trait-mediated
effects in rocky intertidal food chains: predator risk cues alter prey
feeding rates. Ecology 84:629-640

Ulstrup KE, Hill R, Ralph PJ (2005) Photosynthetic impact of hypoxia
on in hospite zooxanthellae in the scleractinian coral Pocillopora
damicornis. Mar Ecol Prog Ser 286:125-132

Valentine LE (2006) Habitat avoidance of an introduced weed by
native lizards. Austral Ecol 31:732-735

Valentine LE, Roberts B, Schwarzkopf L (2007) Mechanisms driving
avoidance of non-native plants by lizards. J Appl Ecol 44:228-
237

Whitlow WL, Rice NA, Sweeney C (2003) Native species vulnerabil-
ity to introduced predators: testing an inducible defense and a ref-
uge from predation. Biol Invasions 5:23-31

Wright JT (2005) Differences between native and invasive Caulerpa
taxifolia: a link between asexual fragmentation and abundance in
invasive populations. Mar Biol 147:559-569

Wright JT, Gribben PE (2008) Predicting the impact of an invasive
seaweed on the fitness of native fauna. J Appl Ecol 45:1540-1549

Wright JT, McKenzie LA, Gribben PE (2007) A decline in the abun-
dance and condition of a native bivalve associated with Caulerpa
taxifolia invasion. Mar Freshw Res 58:263-272

Wu RSS (2002) Hypoxia: from molecular responses to ecosystem
responses. Mar Pollut Bull 45:35-45



	Native species behaviour mitigates the impact of habitat-forming invasive seaweed
	Abstract
	Introduction
	Materials and methods
	Study system and sites
	Differences in burrowing depth among habitats
	Dissolved oxygen in Caulerpa and unvegetated sediment and its effect on burrowing depth
	Changes in burrowing depth in Caulerpa and its consequences
	Consequences of forced burial in Caulerpa

	Results
	Differences in burrowing depth among habitats
	Dissolved oxygen in Caulerpa and unvegetated sediment and its effect on burrowing depth
	Changes in burrowing depth in Caulerpa and its consequences
	Consequences of forced burial in Caulerpa

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


