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ABSTRACT

Increasing coastal development and global warming have resulted in large-scale habitat changes, with artifi-
cial coastal structures replacing extensive tracts of natural shores. In Singapore, for example, more than 63%
of the natural coastline has been replaced by seawalls. Multiple studies from both temperate and tropical re-
gions have compared species diversity supported by these artificial structures with natural rocky shores. Few,
however, have estimated and compared the population size and movement of common intertidal species
between these two habitat types. Using mark—recapture techniques, this study investigated: (1) the popula-
tion size of three common gastropod genera (Nerita spp., Trochus spp. and Turbo spp.) and (2) differences in
displacement of Nerita spp. and Trochus spp., two common species found on natural rocky shores and seawalls
in Singapore. The results of our mark-recapture surveys indicated that seawalls supported large densities
of Nerita spp.—more than 50 times greater than that on adjacent rocky shores. The mark-recapture data
also revealed that movement of the gastropod species differed between the two habitats, with individuals on

seawalls generally travelling longer distances.

INTRODUCTION

Growing human population numbers (Bloom, 2011; Gerland et
al., 2014), rising sea levels and increasing storm frequency due
to climate change are driving the current expansion of coastal
cities and shoreline defences worldwide (Creel, 2003; Sengupta,
Chen & Meadows, 2018). Artificial defence structures, such as sea-
walls, breakwaters and groynes, are fast replacing natural habitats,
leading to major changes in environmental conditions that have sig-
nificant impacts on ecological communities and their connectivity
(Bulleri & Chapman, 2015; Loke, Heery & Todd, 2019). Previous
studies have shown that, compared with natural rocky shores,
seawalls generally support lower species diversity and composition-
ally different assemblages (Chapman & Bulleri, 2003; Bulleri &
Chapman, 2004; Moschella ez al., 2005; Chapman, 2006; Gacia,
Satta & Martin, 2007; Lai et al., 2018). Lower diversity on seawalls
has often been attributed to differences in slope angle and substrate
type (Chapman & Bulleri, 2003), as well as lower structural com-
plexity and a concomitant reduction in important microhabitats for
intertidal organisms (Chapman, 2003; Moschella et al., 2005; Loke
et al., 2015). However, by contrast, little research has compared
other responses such as the population size and movement of
common intertidal species found in the two habitat types, with
none being performed in the tropics.

One common problem with many field studies comparing rocky
shores and seawalls is their tendency to present only a single snap-

shot of local species abundances, even though they are known to
be highly variable across space and time (Underwood & Chap-
man, 1996; Olabarria & Chapman, 2001, 2002; Chapman & Un-
derwood, 2008). Insufficient replication and the use of inappropri-
ate spatial scales in collecting abundance and density data from
quadrat surveys could result in misleading interpretations regarding
the ecological role of artificial structures in the marine environment.
In addition, estimates of motile organism abundance may be inac-
curate due to dispersal, double counting and animals being hidden
from view, especially at certain times of the diel and tidal cycles. For
instance, ungrouted riprap seawalls may have deep crevices where
certain organisms can hide (Pister, 2009; H.H_J. Yeo, personal ob-
servation), making them difficult to survey.

Mark-recapture techniques have been applied extensively in
wildlife ecology studies for many taxa (Lincoln, 1930; Seber, 1962;
Edwards & Eberhardt, 1967; Otis et al., 1978; Cain, Cook & Cur-
rey, 1990; Pollock et al., 1990; Alexander, Slade & Kettle, 1997;
Kleewein, 1999; Mowat & Strobeck, 2000; Henry & Jarne, 2007;
Carey et al., 2019) and may be used to overcome some of the ob-
stacles listed above. Here, we applied mark-recapture techniques
to intertidal gastropods on seawalls and rocky shores to estimate
their population size via the Schumacher—Eschmeyer technique for
closed populations. Specifically, this involved marking the shells of
snails with number labels and recording individual recapture his-
tory over a 31 day period. This is the first time that such a study has
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been conducted in Singapore or in tropical Southeast Asia (SEA).
We expect our findings to provide an important baseline for long-
term monitoring and can be used to inform conservation and eco-
engineering of artificial coastal structures.

Besides estimating population size, mark-recapture methods can
also be used to track the movement and dispersal of animals. Motile
animals generally move through heterogeneous landscapes, trav-
elling across suitable and unsuitable habitats in response to their
needs (Bowler & Benton, 2005). Examples include responding to
temperature or foraging in resource-rich patches, before return-
ing to habitats that offer refuge from predators (Barraquand &
Benhamou, 2008). Movement patterns therefore can result from
animal-environment interactions that may reflect the response of
animals to spatial distribution of resources (Levin, Cohen & Hast-
ings, 1984; Johnson et al, 1992; With, 1994; Schick et al., 2008)
and/or species interactions. Information on animal movement in
heterogeneous habitats is central to developing a better understand-
ing of habitat utilization, spatiotemporal distribution and commu-
nity dynamics (Chapman, 2000a; Chapperon & Seuront, 2013).

Despite the extensive past research quantifying the differences
in diversity and community composition between seawalls and
rocky shores, to our knowledge, only one study to date (i.e. Bulleri,
Chapman & Underwood, 2004), conducted in a temperate Aus-
tralia, has directly compared the behavioural response of motile
organisms (i.e. intertidal gastropods) between these two habitats.
The movement of key consumers such as gastropod grazers can
have direct and indirect influences on the abundance and distri-
bution of intertidal organisms (Benedetti-Cecchi et al., 2001) and
may explain why different assemblages are often found on arti-
ficial structures. Furthermore, there is substantial evidence that
the behaviour of intertidal species varies spatially and temporally
in relation to various environmental factors. Several studies have
shown that environmental and biotic factors such as water and al-
gal cover, surface complexity, predation risk, prey availability and
the presence of other sessile invertebrates can influence the move-
ment patterns of intertidal gastropods (e.g Branch, 1975; Garrity,
1984; Hazlett, 1984; Fairweather, 1988; Underwood & Chapman,
1989; Chapman & Underwood, 1994; Takada, 1996; Minchinton
& Ross, 1999; Chapman, 2000a; Lauzon-Guay & Scheibling, 2009;
Chapperon & Seuront, 2013). Movement of animals has impor-
tant consequences for the degree of mixing and spatial structure
within a population and interactions between individuals of dif-
ferent species (Morales e al., 2010). Understanding the extent of
movement can be used to guide the type and scale of management
actions needed, such as planning and designing reserves or habi-
tats that facilitate movement and maintain connectivity. For exam-
ple, installing ecological engineered structures (i.e. habitat tiles) at
species-appropriate scales can help managers create a more perme-
able matrix and improve connectivity in the seawall landscape (see
Loke, Chisholm & Todd, 2019).

This study examined the three common genera of gastropods
commonly found on seawalls and rocky shores. To provide key base-
line data that can help inform the management of intertidal hard
shores in Singapore, we (1) estimated gastropod population sizes
and (2) compared their dispersal distances, among sites, habitats
and common genera.

MATERIAL AND METHODS

Study area and study species

Singapore 1s a small tropical island city—state located at the tip of
southern Peninsular Malaysia. Over 63% of its natural coastline
has been modified and replaced by seawalls (Lai ez al., 2015; Tan
et al., 2023). Natural rocky shores are limited to a 300-m stretch
on the mainland, along the southern shore, and several locations in

the Southern Islands (Todd & Chou, 2005; Lai et al., 2015). Our
study was conducted at two island sites south of mainland Singa-
pore: Sentosa Island (1°15'28"N, 103°48'30"E) and St John’s Island
(1°13'23"N, 103°50'42"E) (Fig. 1). At each site, seawall and the ad-
jacent rocky shore, spaced ¢. 300 m apart and separated by sandy
beaches, were surveyed during low tides between June and August
2017. In general, the rocky shore plots were gently sloping with a
variety of rock sizes while seawalls plots were steeply sloping riprap
with crevices between large granite boulders.

For seawalls, we established a permanent quadrat that ran 3 m up
the sloping wall from the middle shore level (i.e. 0.6-0.9 m above
chart datum) and 3 m laterally along the wall was marked out so
that the same 9-m? plot could be surveyed on all subsequent vis-
its. The same was done for rocky shore habitats, except in this case
the horizontal length along the shore was increased to 10 m, cre-
ating a 30-m” quadrat. The length of sampling area for seawall
(3 m) and rocky shore (10 m) was chosen due to the large differ-
ence (greater than two orders of magnitude) in the densities of gas-
tropods in the two habitats; specifically, 10 m was needed to achieve
a reasonable sample size on rocky shores, but on seawalls 10 m re-
sulted in >1,000 snails, far too many to mark within a 3-h low-tide
period.

Due to the time constraints in the field, we identified gastropods
to genus level only (i.e. Nerita, Trochus and Turbo) in this study. Species
covered in this study included Nerita undata, N. albicilla, N. chamaeleon,
N. histro (previously known as N. squamulata), Trochus maculatus, Turbo
intercostalis and Turbo bruneus. None of these species are known to
exhibit homing behaviour, nor have we observed any instances of
this. We did not include individuals that were less than 7 mm as
the labels used for tagging (see the next section) were 5 mm in
diameter.

Mark and recapture field surveys

Surveys were conducted daily during low spring tides over a pe-
riod of 1 month in June 2017. At each site, rocky shores and sea-
walls were surveyed on the same day during daytime low tides and
nonrainy weather conditions. To account for the differences in plot
sizes, total search efforts were standardized by the number of re-
searchers searching the plots for 1 min/m? (i.e. 30 min for rocky
shore plots and 9 min for seawall plots). All snails found within the
plot (with a shell length >7 mm) were collected, identified, mea-
sured with a Vernier calliper and marked with a circular num-
ber label (5 mm in diameter), which was glued to the shell with
clear epoxy (Araldite Rapid 5 Minutes, Huntsman Advanced Ma-
terials LLC, Belgium). Previous studies employing similar marking
techniques have shown that this results in little disturbance to gas-
tropods (e.g. Chapman, 1986, 2000a; but see Chapman, 2000b).
We also checked that there was no disturbance caused by our han-
dling protocol, which may potentially alter their movement on the
first day (see details in Supplementary Material Appendix S1.1,
Table S1). Marked snails were subsequently released to random
points within the plot (following Underwood & Chapman, 1985),
and we recorded their positions relative to the top and bottom cor-
ners of the plot (Fig. 2). On seven consecutive sampling trips per
site, after a time interval of 1, 2, 3, 28, 29, 30 and 31 days after
the first day of marking (day 0), the plots were surveyed again for
marked and unmarked (i.e. new) snails within the focal area. Po-
sition of previously marked snails found at each time point was
recorded i situ without disturbance, by taking the distance from
the two fixed points (top and bottom, Fig. 2). Meanwhile new snails
found were measured, marked and released back into the plot. As
snails could travel outside the fixed plot, we also searched a bound-
ary strip of 5 m in length on both sides of the focal plots during each
survey to record tagged snails’ displacement. Multiple sampling oc-
casions and distinct marking allowed for recording of individuals’

$20Z 1890100 £0 U0 Jasn suinoqaly 10 Alisieaun Aq 12Z£69./9109eAs/z/06/2101e/sn|jow/woo dno olwapeoe//:sdiy Woll papeojumo(]


https://academic.oup.com/mollus/article-lookup/doi/10.1093/mollus/eyae016#supplementary-data
https://academic.oup.com/mollus/article-lookup/doi/10.1093/mollus/eyae016

ECOLOGY OF INTERTIDAL GASTROPODS

RN
50

SINGAPORE

St John Island “cA R
%

Figure 1. Locations of the survey sites on Sentosa and St John’s Island. At cach site, seawall and natural rocky shore habitats were sampled.

displacement and capture history patterns, ranging from 1 day (two
tidal cycles) to 1 month.

Population estimation

Estimates of population size were obtained from individual capture
history for all sampling occasions. Close population size estima-
tion for multiple census mark—recapture was carried out with the
Schumacher & Eschmeyer (1943) method (De Lury, 1958) in R us-
ing the F$4 package v. 0.9.4 (Ogle, 2017). Owing to differences in
sample size and the tendency of intertidal snails to cluster or strat-
ify, De Lury (1958) suggested using the ‘Schumacher—Eschmeyer
(1943) method’, which involves weighting by sample size, over the
‘Schnabel (1938) method’, which weights according to proportion
of marked individuals. To account for differences in plot size, we
calculated population density per square metre by dividing the pop-
ulation size estimate (V) by the respective plot area for seawall (9 m?)
and rocky shore (30 m?) habitats at each site.

Snail displacement

The coordinate’s position (x, y) of each marked snail was cal-
culated by coordinate geometry following Underwood (1977),
using two fixed corners of the plot (Fig 2; Supplementary
Material Appendix S1.2). The position of all recaptured
individuals within the 31 day period in each habitat was
joined together to create a movement pathway, and the
mean displacement was obtained from all recorded lin-
ear displacement distance (d;) travelled by each individual
(Fig. 2). This process involved summing the displacements be-
tween consecutive days—for example, adding the displacement
from day x to x + 1 (Fig 2; d)), from day x + 1 to x + 2 (Fig
2; do) and from day x + 2 to x + 3 (Fig. 2; ds), and so forth (see
Supplementary Material Appendix S1.2 for more details). The
average displacement for each individual was determined, followed
by calculating the average distances displaced for each genus. This
approach avoided double counting and allowed us to obtain a bet-
ter estimate and compare the total and average distances moved by
gastropods over a period of 31 days in both types of habitats. How-
ever, we acknowledge that this method also has its limitations; for
instance, it underestimates the absolute distance travelled by snails.

Given that no Turbo spp. were found on seawall plots in this
study, they were not compared with Nerita spp. and Trochus spp.

For the latter two genera, we fitted linear mixed-effects models
(LMEs) with site, habitat and genus as fixed effects with random
slopes (shell size) and random intercepts (day marked nested within
the identities of unique individuals). The random intercepts ac-
counted for unequal sampling occasions and nonindependence
amongst recapture events for individuals. We also found that shell
height, width and length were highly correlated (variance inflation
factor > 5) with one another and with genus, so we proceeded
with using shell width as a parameter for shell size in our statis-
tical model. Shell height was first removed from the model be-
cause it was strongly influenced by genus shell morphometrics (i.e.
Trochus spp. have a much higher shell height than Nerita spp.). The
choice between using shell width or length in the model determined
via a principal component analysis (PCA) to identify which shell
measurement contributed the most to PC1 for both genera (see
Supplementary Material Tables S2, S3). Since there were more
than two data points (i.e. recapture events) for each individual, we
specified appropriate residual variance structures to account for
the unequal variance in the residuals of our full model (Zuur et
al., 2009). Akaike information criterion corrected for small sam-
ple sizes (AICc) was then used to compare models with and with-
out residual variance structures. We used the varlndent function for
constant variance structure to account for the unequal variance be-
tween time points (i.e. number of days in between two time points),
which improved model fit (see Supplementary Material Table S4).
We evaluated the linear mixed-effects models by fitting every com-
bination of variables, using the R package nime v. 3.1.157 (Pinheiro
et al., 2018). Model selection was achieved by creating a top model
set that comprised all models with 2 AAICc of the best model
(Supplementary Material Table S5), using the package MuMIn v.
1.47.1 (Barton, 2013). Following the protocol in Zuur, Ieno & Elph-
ick (2010), assumptions of normality and homogeneity of variance
were evaluated graphically for all models retained in the top model
set. Based on visual inspection, residual plots for all of the models
did not reveal any nonnormality or heteroscedasticity. Post hoc test
was done using the pairwise argument in the emmeans v. 1.8.2 func-
tion and package (Lenth ez al., 2023) with Bonferroni adjustment.

RESULTS

In total, 741 individuals of three gastropod genera were marked
in this study (Table 1). The majority of snails found and
marked were Nerita spp. (527 individuals), followed by Trochus spp.
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Figure 2. A. Coordinate geometry method for calculating distance displaced (adapted from Underwood, 1977). The distance (m) of C represents the height
of plot from point T (top left corner of plot) to point B (bottom left corner of plot). The distance displaced (1) by each snail from P1 to P2 was calculated
using i situ field measurement of the distance ay, by, as and by (Supplementary Material Appendix S1.2). Average displacement was calculated by averaging
the total distance travelled by an individual snail (i.c. dy, do and d3). B. Marked Nerita sp. (top panel) and Trochus sp. (bottom panel) with circular number labels

attached with clear epoxy.

(113 individuals) and Zurbo spp. (101 individuals). Turbo spp. were
only found and marked on the rocky shores at Sentosa and St John’s
Island. Over a period of 31 days (i.e. seven recapture occasions), we
had a total of 265 recapture events across both sites and habitat
pairs (Table 1).

Mark and recapture population size estimates

The population density estimates for Nerita spp. were greater for
seawalls than for rocky shores (Fig. 3), with ¢. 52 (51.89 vs 1.10)
and 57 (36.33 vs 0.63) times more individuals per square metre on
seawalls than rocky shores at Sentosa and St John’s Island sites, re-
spectively (Table 2). The population density estimates of Trochus spp.
were similar for rocky shores and seawalls (Fig. 3, Table 2). Popu-
lation density estimates of Turbo spp. per square metre were 1.94
at Sentosa and 1.60 at St John’s Island (Table 2). However, since
no Turbo spp. were found in the seawall plots, it was not possible to
compare genus-level population sizes between these habitats.

Mean distance displaced

Generally, there were differences in displacement distances between
seawalls and rocky shores for all species (Table 3). Across all sites
and habitats, Nerita spp. displayed the greatest mean displacement
(1.69 £+ 0.09 m), followed by Turbo spp. (1.05 £ 0.13 m) and
Trochus spp. (1.05 £ 0.12 m) (Table 3). Overall, gastropods moved
significantly greater distances on seawalls than on rocky shores
(P=0.018) (Tables 3, 4), particularly for Nerita spp. and Trochus spp.

at Sentosa (P = 0.016) (Fig. 4, Supplementary Material Table S6).
There was a weaker effect of genus (P = 0.068) across both sites and
habitat, and distance displaced by Nerita spp. (n = 149) was higher
than that by Trochus spp. (n = 58) (Fig. 4, Table 3). There was no
significant interaction between genus and site (P = 0.242) for mean
displacement (Table 4). Snails displaced shorter distances on sea-
walls at St John’s Island compared with the same habitat type at
Sentosa (Fig 4).

DISCUSSION

Baseline data regarding the ecology of organisms on intertidal rocky
shores and seawalls are essential for environmental management
and conservation (Engle & Davis, 2000; Bulleri, Chapman & Un-
derwood, 2005). Here, we obtained population density estimates,
assuming closed populations of key common species in both habi-
tats, and tracked their movement using mark—recapture techniques.
Other studies have used mark-recapture to assess populations or
movement patterns of gastropods on rocky shores (e.g. Underwood,
1977; Barnes, 1998; Bulleri, Chapman & Underwood, 2004), but
the current study is the first to use this approach on tropical shores
to estimate and compare these parameters between natural rocky
shores and artificial structures. Our comparisons showed that pop-
ulation density estimates of Trochus spp. were similar between the
two habitats but that the densities of nerites on seawalls were much
greater than those on natural rocky shores. We also found that snails
moved significantly greater distances on seawalls.
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Table 1. Number of individuals of each genus marked and recaptured at respective sites, habitats and sampling days (Dg = day 0, first day of marking with

no recapture sampling).

Mark Recapture

Site Habitat Genus Do D4 D, D3 Dog Dog Da3o D34 D4 D, D3 Dog Dog D3o D34
Sentosa Rocky shore Nerita 13 9 5 5 8 6 1 0 3 3 3 5 7 1
Sentosa Rocky shore Trochus 14 8 12 5 9 4 7 2 3 4 9 3 3 1
Sentosa Rocky shore Turbo 3 16 6 6 11 4 5 7 0 6 11 2 4 3 0
Sentosa Seawall Nerita 65 74 39 42 27 28 18 15 4 6 14 7 24 22 0
Sentosa Seawall Trochus 0 1 9 2 4 3 3 0 0 0 0 0 3 1
SJI Rocky shore Nerita 8 2 3 2 9 1 0 0 1 1 2 2 5 3 6
SJI Rocky shore Trochus 8 1 3 7 7 2 0 1 1 2 2 4 4 6 6
SJI Rocky shore Turbo 10 6 7 1 4 5 7 0 2 2 1 1 0 5 9
SJI Seawall Nerita 49 13 5 14 26 22 8 10 7 0 1 11 5 6 6
SJl Seawall Turbo 1 0 1 0 0 0 1 0 1 0 0 0 0 0 0

Total 171 130 82 91 103 76 50 38 22 24 43 35 52 59 30

Mark, refers to the number of new snails marked on that day. For seawalls, snails were collected from 9 m?, and rocky shores snails were collected from 30 m?

(see the ‘Material and Methods’ section).

Nerita spp.

Trochus spp.

Turbo spp.

Population density (N/m?)
w
(3]

5.
——=— l
01 ——————

—t

Rocky' shore Sea'wall

Rocky'shore

Sea'wall Rocky' shore Seawall

Figure 3. Mean population density estimate (V/m?) with lower and upper 95% confidence interval on seawalls and rocky shores was calculated using the

Schumacher—Eschmeyer (1943) method (using the £2S4 package; Ogle, 2017).

While seawalls in Singapore generally exhibit lower species rich-
ness compared with rocky shores, as indicated by Lai et al. (2018),
our examination of population density estimates reveals a remark-
able statistic: these seawalls harbour 50 times more Nerita spp. at the
respective sites. The methodology employed in this study, known as
the Schumacher—Eschmeyer method, is tailored for closed popula-
tions characterized by no recruitment or losses, no tag loss and an
equal likelihood of capturing every individual during each sampling
occasion. Given the brief time frame of 1 month, it is highly unlikely
that there would be a significant level of immigration or emigration
by adult individuals from the delimited area in this study. Further-
more, owing to our comprehensive search across the entire plot,
each snail stood an equal chance of being captured.

Neritid species recorded in Singapore can be found in a wide
range of habitats (e.g. brackish to fully marine) and have colo-

nized artificial coastal habitats (Tan & Clements, 2008; Lai e/ al.,
2018; Tan et al., 2018). Nerita undata was particularly common and
represented most of the population of Nerita spp. found on sea-
walls in this study. This species often occupies middle to upper
intertidal zones (Hughes, 1971; Ruwa & Jaccarini, 1986, 1988;
Tan & Clements, 2008), which are usually characterized by rel-
atively harsh environmental conditions (i.e. greater exposure to
high temperatures and desiccation risk). Similar to other tropi-
cal intertidal snails, V. undata uses behavioural thermoregulation
to cope with high seawall temperatures in the upper intertidal
zone that can reach 57.6 °C in Singapore (Chan et al., 2022).
One possible explanation for the large Nerita populations on sea-
walls could be a lack of natural predators (top-down regulation)
or high primary productivity (bottom-up regulation). However,
further investigations are necessary to test these hypotheses on
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Table 2. Population size estimate (V) with 95% confidence intervals and population density per square metre for three gastropod genera on seawalls and

rocky shores at Sentosa and St John’s Island.

95% Confidence interval

Site Habitat Genus N Lower Upper Density/m?
Sentosa Seawall Nerita 467 373 625 51.89
Sentosa Rocky shore Nerita 33 28 42 1.10
Sentosa Seawall Trochus 52 32 140 5.78
Sentosa Rocky shore Trochus 57 41 94 1.90
Sentosa Rocky shore Turbo 58 36 159 1.94
SJl Seawall Nerita 327 227 584 36.33
SJl Rocky shore Nerita 19 16 25 0.63
SJl Seawall Trochus 6 N/A N/A 0.67
SJI Rocky shore Trochus 15 13 19 0.50
SJI Rocky shore Turbo 48 34 81 1.60

N/A, species not present; SJI, St John’s Island.

Table 3. Average distance displaced (metre) with standard error for each
species over a 31 day period, across all sites (Sentosa and St John’s Island).

Genera Seawall Rocky shore Average

Nerita 1.76 £ 0.10 1.55 +0.19 1.69 £+ 0.09
Trochus 1.53 +0.38 1.01 £0.13 1.05 £ 0.12
Turbo N/A 1.05+0.13 1.05+0.13

N/A, species not present.

Table 4. Estimated parameters, standard errors, z-values and P-values of

the LME fitted for average distance displaced.

Variables Estimate SE Adjusted SE  z-value P-value
(Intercept) 1.404 0.162 0.161 8.652 <2e-16"*
Genus (Trochus) —0.366  0.200 0.199 1.827 0.068
Habitat (seawall) 0.443 0.186 0.187 2.371 0.018*
Site (SJI) -0.230 0.270 0.272 0.847 0.397
Genus:site —-0.438 0.372 0.374 1.171 0.242
Habitat:site —0.452  0.344 0.342 1.314 0.189

SJI, St John’s Island; * P < 0.05, ** P < 0.001.

resource availability and species interactions such as competition
and predation (see Yeo et al., 2024).

Opverall, our results suggest that seawalls are viable habitats for,
and may even benefit, certain groups of gastropod species. This
phenomenon of animals, such as birds and mammals success-
fully colonizing urban environments, known as ‘synurbization’, is
common worldwide (Gliwicz, Goszczynski Luniak, 1994; Luniak,
2004). Synurbic populations are characterized by increased pop-
ulation densities (Luniak, 2004; Parker Nilon, 2012) and shifts in
behaviour, such as dispersal, and migratory and activity patterns
(Luniak, 2004). While synurbization has not been used to describe
marine gastropods, results from the current study show preliminary
evidence of V. undata on seawalls as possibly a synurbic population,
with much higher densities compared with those on natural rocky
shores. Future work could examine JV. undata between rural and ur-
ban populations for relevant adaptations to these distinct environ-
ments.

Although we had limited plot replication in our study, estimated
parameters on rocky shores were comparable with those reported
in previous studies conducted in temperate regions (Bulleri ez al.,
2004). For example, intertidal gastropods on artificial structures
tended to disperse over longer distances; in our system, Nerita spp.
and Trochus spp. travelled further (on average) on seawalls compared

with rocky shores at Sentosa Island. This could be due to the dif-
ference in topographic complexity of the two habitats. Previous re-
search has shown that, on more complex surfaces, the movement
of snails 1s shorter and more directionally random (Underwood &
Chapman, 1985, 1989; Chapman, 2000a). Thus, the lower dis-
placement we observed on natural rocky shores could be due to
it being more topographically complex than seawalls at scales rele-
vant to our study species (Chapman, 2003; Moschella et al., 2005;
Loke et al., 2015). Microhabitats could have limited gastropod dis-
placement by providing refuges from predation, desiccation or en-
hancing food availability, allowing gastropods to travel less when
foraging. By contrast, the smoother, larger and relatively more ho-
mogeneous granite boulders used for the construction of riprap sea-
walls in Singapore could potentially drive these gastropods to travel
further to forage or take refuge from predators. This may even be
exacerbated by high intraspecific competition for food and space
due to their large population size on seawalls, as shown earlier in
this study.

It is important to highlight that, on St John’s Island, the dis-
tance displaced by Nerita spp. (excluding Trochus spp.) was in con-
trast to the observed pattern at Sentosa Island. Greater displace-
ment was observed on natural rocky shores instead, possibly influ-
enced by slight temperature variations between the two sites. For
instance, during this study, the Sentosa site was possibly cooler as
it receives more southwest monsoon wind between the months of
June and July. Meanwhile, the sites on St John’s Island face north-
cast and receive limited wind during those months. Granite seawalls
have high solar absorption and thermal conductivity and this, cou-
pled with the limited wind at St John’s during the period of this
study (Zhao et al., 2019), could have resulted in an overall hot-
ter environment there. Intertidal gastropods generally cope with
higher substratum temperature by reducing activity patterns and
displaying certain behaviour that helps to reduce desiccation or
heat stress (see Garrity, 1984). This may be especially so for ner-
ites, as they are usually found higher up the shore compared with
Trochus.

Nerite snails exhibited greater displacement than Trochus spp.,
regardless of whether surfaces were natural or artificial (Fig. 4).
Snails from these two genera are both grazers (Maboloc & Mingoa-
Licuanan, 2013; Lai et al., 2018) and were present within our rocky
shore and seawall plots. Species that are present in the same habitat
and have similar diet and trophic level may vary in displacement
distances due to morphological differences in radula and feeding
efficiency, which affects the distance travelled during feeding excur-
sions (Underwood, 1977). While snails from both the genera Ner-
ita and Trochus possess rhipidoglossan radulae (Underwood, 1977;
Hawkins ez al., 1989; Eisapour, Seyfabadi & Daghooghi, 2015), it
is possible that the better ability of trochids to remove diatoms
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Figure 4. Average distance displaced (&SE) by individuals of each genus at respective sites and habitats over a 31 day period. Letters denote statistical
significance between seawalls and rocky shores at Sentosa and St John’s Island for the genera Nerita and Trochus.

(Hawkins et al., 1989) resulted in Trochus spp. needing to travel
shorter distances to extract sufficient food. Although not explicitly
quantified in the present study, most tagged Zrochus spp. returned to
large boulders in the rocky shore plots (H.H.J. Yeo, personal obser-
vation), and this may limit how far they can travel during foraging
excursions. In addition, many species of Trochus (e.g. Trochus macu-
latus) are mostly found in the lower intertidal zone and may be re-
stricted by environmental conditions from travelling higher up the
shore. Conversely, the species of Nerita in the current study can oc-
cupy the low to high intertidal zone and hence are more likely to
travel greater distances when migrating vertically with falling and
rising tides (Levings & Garrity, 1983).

The mark and recapture survey performed in this study provides
evidence that artificial structures can support high abundances
of nerite snails. Furthermore, dispersal patterns of adult snails
significantly differed between seawalls and natural rocky shores.
Given the trophic importance of grazing gastropods, quantifying
the changes in behaviour or habitat utilization resulting from habi-
tat changes (e.g. replacement of natural rocky shores by seawalls)
will be valuable for teasing apart drivers behind the different distri-
bution and community assemblages on natural and artificial struc-
tures. As the natural intertidal environment undergoes rapid con-
version into artificial habitats as a result of urbanization and coastal
defence (Bulleri & Chapman, 2010; Lai et al, 2015; Todd et al.,
2019), understanding the population ecology and changes in move-
ment behaviour of key invertebrates is essential in order to manage
and enhance the ecological roles that these novel artificial structures
provide.

ACKNOWLEDGEMENTS

We thank friends and members of the Experimental Marine Ecol-
ogy Laboratory for helping with the extensive fieldwork. We also
want to extend our appreciation to Mr Tan Siong Kiat for assisting
us with identifying and differentiating between the different snail
species. NParks kindly provided permits for this study (NP/RP17-
049). The authors would also like to thank the editors and

reviewers for insightful comments and suggestions on earlier drafts
of this manuscript. This work was supported by the National Re-
search Foundation, Prime Minister’s Office, Singapore, under its
Marine Science Research and Development Programme [award
no. MSRDP-05].

SUPPLEMENTARY MATERIAL

Supplementary material is available at Journal of Molluscan Studies
online.

AUTHOR CONTRIBUTIONS

H.HJ.Y.: conceptualization, methodology, data analysis, writing
and original draft preparation. L.H.L.L.: conceptualization,
methodology, supervision, writing, reviewing and editing. PA.'T:
funding acquisition, supervision, writing, reviewing and editing.

REFERENCES

ALEXANDER, H.M., SLADE, NA. & KETTLE, W.D. 1997. Application
of mark-recapture models to estimation of the population size of plants.

Fiology, 78: 1230-1237.
BARNES, R.S.K. 1998. The effects of movement on population density

estimates of mudflat epifauna. Journal of the Marine Biological Association of

the United Kingdom, 78: 377-385.

BARRAQUAND, I' & BENHAMOU, S. 2008. Animal movements in het-
erogeneous landscapes: identifying profitable places and homogeneous
movement bouts. Ecology, 89: 3336-3348.

BARTON, K. 2013. MuMIn: multi-model inference. R package version
1.47.1. Available at: https://CRAN.R-project.org/package=MuMIn
(29 November 2023, date last accessed).

BENEDETTI-CECCHI, L., BULLERI, I, ACUNTO, S. & CINELLI, F.
2001. Scales of variation in the effects of limpets on rocky shores in the
northwest Mediterranean. Marine Ecology Progress Series, 209: 131-141.

BLOOM, D.E. 2011. 7 billion and counting. Science, 333: 562-569.

$20Z 1890100 £0 U0 Jasn suinoqaly 10 Alisieaun Aq 12Z£69./9109eAs/z/06/2101e/sn|jow/woo dno olwapeoe//:sdiy Woll papeojumo(]


https://academic.oup.com/mollus/article-lookup/doi/10.1093/mollus/eyae016#supplementary-data
https://CRAN.R-project.org/package\begingroup \count@ "003D\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef 12{{\char "7E}}}\endgroup \setbox \thr@@ \hbox {12}\@tempdima \wd \thr@@ \advance \@tempdima \ht \thr@@ \advance \@tempdima \dp \thr@@ 12MuMIn

H.H.]J. YEO ET AL.

BOWLER, D.E. & BENTON, T.G. 2005. Causes and consequences of ani-
mal dispersal strategies: relating individual behaviour to spatial dynam-
ics. Buological Reviews, 80: 205-225.

BRANCH, G.M. 1975. Mechanisms reducing intraspecific competition in
Fatella spp.: migration, differentiation and territorial behaviour. 7e four-

nal of Animal Ecology, 44: 575-600.

BULLERI, F & CHAPMAN, M.G. 2004. Intertidal assemblages on arti-
ficial and natural habitats in marinas on the north-west coast of Italy.
Marine Biology, 145: 381-391.

BULLERI, F. & CHAPMAN, M.G. 2010. The introduction of coastal in-
frastructure as a driver of change in marine environments. fournal of Ap-

plied Ecology, 47: 26-35.

BULLERI, F. & CHAPMAN, M.G. 2015. Artificial physical structures. In:
Marine ecosystems: human impacts on biodiversity, functioning and services (C.L.J.
Irid & TP. Crowe, eds), pp. 167-201. Cambridge University Press,
Cambridge.

BULLERI, F, CHAPMAN, M. & UNDERWOOD, A. 2004. Patterns of
movement of the limpet Cellana tramoserica on rocky shores and retaining
seawalls. Marine Ecology Progress Series, 281: 121-129.

BULLERI, F., CHAPMAN, M.G. & UNDERWOOD, A_J. 2005. Intertidal
assemblages on seawalls and vertical rocky shores in Sydney Harbour,
Australia. Austral Ecology, 30: 655-667.

CAIN, AJ., COOK, LM. & CURRELY, ]J.D. 1990. Population size and

morph frequency in a long-term study of Cepaea nemoralis. Proceedings of

the Royal Sociely B, 240: 231-250.

CAREY, C.S,, JONES, JJW, BUTLER, R.S., KELLY, M,J. & HALLER-
MAN, E.M. 2019. A comparison of systematic quadrat and capture-
mark-recapture sampling designs for assessing freshwater mussel popu-
lations. Duwversity, 11: 127.

CHAN, S.H.M.,, ONG, D.R.Y,, WILLIAMS, G.A., CRICKENBERGER,
S., LOKE, LLH.L. & TODD, PA. 2022. Behaviour broadens thermal
safety margins on artificial coastal defences in the tropics. Marine Envi-
ronmental Research, 177: 105618.

CHAPMAN, M.G. 1986. Assessment of some controls in experimental
transplants of intertidal gastropods. Journal of Experimental Marine Biology
and Ecology, 103: 181-201.

CHAPMAN, M.G. 2000a. A comparative study of differences among
species and patches of habitat on movements of three species of inter-
tidal gastropods. Journal of Experimental Marine Biology and Fcology, 244:
181-201.

CHAPMAN, M.G. 2000b. Poor design of behavioural experiments gets
poor results: examples from intertidal habitats. Journal of Experimental Ma-
rine Biology and Ecology, 250: 77-95.

CHAPMAN, M.G. 2003. Paucity of mobile species on constructed seawalls:
effects of urbanization on biodiversity. Marine Ecology Progress Series, 264:
21-29.

CHAPMAN, M.G. 2006. Intertidal scawalls as habitats for molluscs. Journal
of Molluscan Studies, 72: 247-257.

CHAPMAN, M.G. & BULLERI, F. 2003. Intertidal seawalls—new features
of landscape in intertidal environments. Landscape and Urban Planning, 62:
159-172.

CHAPMAN, M.G. & UNDERWOOD, A]J. 1994. Dispersal of the inter-
tidal snail, Nodilittorina pyramidalis, in response to the topographic com-
plexity of the substratum. Journal of Experimental Marine Biology and Ecology,
179: 145-169.

CHAPMAN, M.G. & UNDERWOOD, A/J. 2008. Scales of variation of
gastropod densities over multiple spatial scales: comparison of common
and rare species. Marine Ecology Progress Series, 354: 147—160.

CHAPPERON, C. & SEURONT, L. 2013. Temporal shifts in motion be-
haviour and habitat use in an intertidal gastropod. Journal of the Marine
Biological Association of the United Kingdom, 93: 10251034

CREEL & L. 2003. Ripple effects: population and coastal regions. Population Ref-
erence Bureau, pp. 1-8. Washington, D.C.

DE LURY, D.B. 1958. The estimation of population size by marking and
recapture procedure. Journal of the Fisheries Research Board of Canada, 15:
19-25.

EDWARDS, WR. & EBERHARDT, L. 1967. Estimating cottontail abun-
dance from livetrapping data. The Journal of Wildlife Management, 31: 87—
96.

EISAPOUR, M., SEYFABADI, SJ. & DAGHOOGHI, B. 2015. Compar-
ative radular morphology in some intertidal gastropods along Hormoz-
gan Province, Iran. Journal of Aquaculture Research and Development, 6: 1-3.

ENGLE, J. M. & DAVIS, G.E. 2000. Baseline surveys of rocky intertidal ecologi-
cal resources at Point Loma, San Diego. US Department of the Interior, US
Geological Survey, Sacramento, California.

FAIRWEATHER, PG. 1988. Movements of intertidal whelks (Morula
marginalba and Thais orbita) in relation to availability of prey and shel-
ter. Marine Biology, 100: 63-68.

GACIA, E., SATTA, M.P. & MARTIN, D. 2007. Low crested coastal
defence structures on the Catalan coast of the Mediterranean Sea:
how they compare with natural rocky shores. Scientia Marina, 71: 259~
267.

GARRITY, S.D. 1984. Some adaptations of gastropods to physical stress on
a tropical rocky shore. Ecology, 65: 559-574.

GERLAND, P, RAFTERY, A.E., EV IKOVA, H., LI, N, GU, D.,
SPOORENBERG, T., ALKEMA, L., FOSDICK, B.K., CHUNN, J.,
LALIC, N., BAY, G., BUETTNER, T., HEILIG, G.K. & WILMOTH,
J- 2014. World population stabilization unlikely this century. Science, 346:
234-237.

GLIWICZ, J., GOSZCZYNSKI, J. & LUNIAK, M. 1994. Characteris-
tic features of animal populations under synurbization—the case of the
blackbird and of the striped field mouse. Memorabilia Zoologica, 49: 237~
244.

HAWKINS, SJ., WATSON, D.C., HILL, A.S., HARDING, S.P,, KYRI-
AKIDES, M.A., HUTCHINSON, S. & NORTON, TA. 1989. A com-
parison of feeding mechanisms in microphagous, herbivorous, intertidal,
prosobranchs in relation to resource partitioning. Journal of Molluscan
Studies, 55: 151-165.

HAZLETT, B.A. 1984. Daily movements of some tropical marine gas-
tropods. Marine Behaviour and Physiology, 11: 35-48.

HENRY, PY. & JARNE, P. 2007. Marking hard-shelled gastropods: tag loss,
impact on life-history traits, and perspectives in biology. Invertebrate Biol-

ogy, 126: 138-153.

HUGHES, R.N. 1971. Notes on the Nerita (Archacogastropoda) populations
of Aldabra Atoll, Indian Ocean. Marine Biology, 9: 290-299.

JOHNSON, AR, WIENS, J.A., MILNE, B.'T. & CRIST, T.O. 1992. Ani-
mal movements and population dynamics in heterogeneous landscapes.
Landscape Ecology, 7: 63-75.

KLEEWEIN, D. 1999. Population size, density, spatial distribution and dis-
persal in an Austrian population of the land snail Arianta arbustorum
styriaca (Gastropoda: Helicidae). Journal of Molluscan Studies, 65: 303
315.

LAIL S., LOKE, L., BOUMA, T. & TODD, P. 2018. Biodiversity surveys
and stable isotope analyses reveal key differences in intertidal assem-
blages between tropical seawalls and rocky shores. Marine Ecology Progress
Series, 587: 41-53.

LAL S., LOKE, L., HILTON, M., BOUMA, T. & TODD, P. 2015. The
effects of urbanisation on coastal habitats and the potential for ecological
engineering: a Singapore case study. Ocean & Coastal Management, 103:

78-85.

LAUZON-GUAY, J.S. & SCHEIBLING, R.E. 2009. Food dependent move-
ment of periwinkles (Littorina littorea) associated with feeding fronts. Jour-
nal of Shellfish Research, 28: 581-587.

LENTH, R.V, BOLKER, B., BUERKNER, P, GINE-VAZQUEZ, L,
HERVE, M., JUNG, M., LOVE, ], MIGUEZ, E, RIEBL, H. &
SINGMANN, H. 2023. Emmeans: estimated marginal means, aka
least-squares means. R package version 1.8.2. Available at: https://cran.
r-project.org/package=emmeans (29 November 2023, date last ac-
cessed).

LEVIN, S.A., COHEN, D. & HASTINGS, A. 1984. Dispersal strategies in
patchy environments. 7heoretical Population Biology, 26: 165-191.

LEVINGS, S.C. & GARRITY, S.D. 1983. Diel and tidal movement of two
co-occurring neritid snails; differences in grazing patterns on a tropical
rocky shore. Journal of Experimental Marine Biology and Ecology, 67: 261~
278.

LINCOLN, EC. 1930. Calculating waterfow! abundance on the basis of banding re-
turns. Vol. 118, pp. 1-6. United States Department of Agriculture, Wash-
ington, DC.

$20Z 1890100 £0 U0 Jasn suinoqaly 10 Alisieaun Aq 12Z£69./9109eAs/z/06/2101e/sn|jow/woo dno olwapeoe//:sdiy Woll papeojumo(]


https://cran.r-project.org/package\begingroup \count@ "003D\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef 12{{\char "7E}}}\endgroup \setbox \thr@@ \hbox {12}\@tempdima \wd \thr@@ \advance \@tempdima \ht \thr@@ \advance \@tempdima \dp \thr@@ 12emmeans

ECOLOGY OF INTERTIDAL GASTROPODS

LOKE, L.H.L., CHISHOLM, R.A. & TODD, PA. 2019. Effects of habitat
area and spatial configuration on biodiversity in an experimental inter-
tidal community. Fcology, 100: 02757.

LOKE, L.H.L., HEERY, E.C. & TODD, PA. 2019. Shoreline defences. In:
World seas: an environmental evaluation, pp. 491-504. Academic Press.

LOKE, L.H.L.., LADLE, R J.,, BOUMA, TJ. & TODD, PA. 2015. Creating
complex habitats for restoration and reconciliation. Ecological Engineering,

77:307-313.

LUNIAK, M. 2004. Synurbization—adaptation of animal wildlife to urban
development. Proceedings of the 4th International Urban Wildlife Symposium,
pp- 50-55. Tucson, Arizona.

MABOLOC, E.A. & MINGOA-LICUANAN, S.S. 2013. Spawning in

Trochus maculatus: field observations from Bolinao, Pangasinan (Philip-

pines). Coral Reefs, 32: 1141.

MINCHINTON, TE. & ROSS, PM. 1999. Oysters as habitat for limpets in
a temperate mangrove forest. Australian Journal of Ecology, 24: 157-170.

MORALES, J.M., MOORCROFT, PR., MATTHIOPOULOS, ],
FRAIR, J.L., KIE, J.G., POWELL, R.A., MERRILL, E.H. & HAY-
DON, D.T. 2010. Building the bridge between animal movement and
population dynamics. Philosophical Transactions of the Royal Society B: Biolog-
wcal Sciences, 365: 2289-2301.

MOSCHELLA, PS., ABBIATI, M., ABERG, P, AIROLDI, L., ANDER-
SON, J.M., BACCHIOCCHI, E, BULLERI, E, DINESEN, G.E.,
FROST, M., GACIA, E., GRANHAG, L., JONSSON, PR., SATTA,
M.P, SUNDELOE, A., THOMPSON, R.C. & HAWKINS, S.J. 2005.
Low-crested coastal defence structures as artificial habitats for marine
life: using ecological criteria in design. Coastal Engineering, 52: 1053~
1071.

MOWAT, G. & STROBECK, C. 2000. Estimating population size of grizzly
bears using hair capture, DNA profiling, and mark-recapture analysis.
The Journal of Wildlfe Management, 64: 183-193.

OGLE, D.H. 2017. FSA: fisheries stock analysis. R package version 0.9.4.
Available at: https://fishr-core-team.github.io/FSA/ (29 November
2023, date last accessed).

OLABARRIA, C. & CHAPMAN, M.G. 2001. Comparison of patterns of
spatial variation of microgastropods between two contrasting intertidal
habitats. Marine Ecology Progress Series, 220: 201-211.

OLABARRIA, C. & CHAPMAN, M.G. 2002. Inconsistency in short-term
temporal variability of microgastropods within and between two differ-
ent intertidal habitats. Journal of Experimental Marine Biology and Ecology,
269: 85-100.

OTIS, D.L., BURNHAM, K.P, WHITE, G.C. & ANDERSON, D.R.
1978. Statistical inference from capture data on closed animal popu-
lations. Wildlife Monographs, 62: 3—135.

PARKER, TS. & NILON, C.H. 2012. Urban landscape characteristics cor-
related with the synurbization of wildlife. Landscape and Urban Planning,
106: 316-325.

PINHEIRO, J., BATES, D., DEBROY, S., SARKAR, D. & CORE TEAM,
R.. 2018. Nlme: linear and nonlinear mixed effects models. R package ver-
sion 3.1.157. Available at: https://CRAN.R-project.org/package=nlme
(29 November 2023, date last accessed).

PISTER, B. 2009. Urban marine ecology in southern California: the ability
of riprap structures to serve as rocky intertidal habitat. Marine Biology,
156: 861-873.

POLLOCK, K.H., NICHOLS, J.D., BROWNIE, C. & HINES, J.E. 1990.
Statistical inference for capture-recapture experiments. Wildlife Mono-
graphs, 107: 3-97.

RUWA, R.K. & JACCARINI, V. 1986. Dynamic zonation of Nerita plicata,
N. undata and V. textilis (Prosobranchia: Neritacea) populations on a rocky
shore in Kenya. Marine Biology, 92: 425-430.

RUWA, R.K. & JACCARINI, V. 1988. Nocturnal feeding migrations of
Nerita plicata, N. undata and N. textilis (Prosobranchia: Neritacea) on the
rocky shores at Mkomani, Mombasa, Kenya. Marine Biology, 99: 229~
234.

SCHICK, R.S., LOARIE, S.R., COLCHERO, F, BEST, B.D., BOUS-
TANY, A., CONDE, D.A., HALPIN, PN., JOPPA, L.N., MCCLEL-
LAN, C.M. & CLARK, J.S. 2008. Understanding movement data and
movement processes: current and emerging directions. Ecology Letters, 11:
1338-1350.

SCHNABEL, Z.E. 1938. The estimation of the total fish population of a
lake. American Mathematician Monthly, 45: 348—352.

SCHUMACHER, EX. & ESCHMEYER, R.W. 1943. The estimation of
fish populations in lakes or ponds. Journal of the Tennessee Academy of Science,
18: 228—249.

SEBER, G.A.F. 1962. The multi-sample single recapture census. Biometrika,
49: 339-350.

SENGUPTA, D., CHEN, R. & MEADOWS, M.E. 2018. Building beyond
land: an overview of coastal land reclamation in 16 global megacities.
Applied Geography, 90: 229-238.

TAKADA, Y. 1996. Vertical migration during the life history of the inter-
tidal gastropod Monodonta labio on a boulder shore. Marine Ecology Progress
Series, 130: 117-123.

TAN, S K. & CLEMENTS, R. 2008. Taxonomy and distribution of the
Neritidae (Mollusca: Gastropoda) in Singapore. Loological Studies, 47:
481-494.

TAN, WT,, LOKE, L.H.L.,, YEO, D.C J., TAN, S.K. & TODD, PA. 2018.
Do Singapore’s seawalls host non-native marine molluscs? Aquatic Inva-
sions, 13: 365-378.

TAN, Y.HJ., THAM, JK.Q., PAUL, A, RANA, U, ANG, H.P,
NGUYEN, N-TH., YEE, A’ TK., LEONG, B.PI.,, DRUMMOND, S.
& TUN, K.PP. 2023. Remote sensing mapping of the regeneration
of coastal natural habitats in Singapore: Implications for marine con-
servation in tropical cities. Singapore Journal of Tropical Geography, 44:
130-148.

TODD, PA. & CHOU, L.M. 2005. A tale of survival: Labrador Park, Sin-
gapore. Coral Reefs, 24: 391.

TODD, PA., HEERY, E.C., LOKE, L.H.L., THURSTAN, R.H., KOTZE,
DJ. & SWAN, C. 2019. Towards an urban marine ecology: character-
izing the drivers, patterns and processes of marine ecosystems in coastal
cities. Oikos, 128: 1215-1242.

UNDERWOOD, A J. 1977. Movements of intertidal gastropods. Journal of
Experimental Marine Biology and Ecology, 26: 191-201.

UNDERWOOD, A J. & CHAPMAN, M.G. 1985. Multifactorial analyses of
directions of movement of animals. Journal of Experimental Marine Biology
and Ecology, 91: 17-43.

UNDERWOOD, AJ. & CHAPMAN, M.G. 1989. Experimental analyses
of the influences of topography of the substratum on movements and
density of an intertidal snail, Littorina unifasciata. Journal of Experimental
Marine Biology and Ecology, 134: 175-196.

UNDERWOOD, AJ. & CHAPMAN, M.G. 1996. Scales of spatial pat-
terns of distribution of intertidal invertebrates. Oecologia, 107: 212—

224.

WITH, K.A. 1994. Using fractal analysis to assess how species perceive
landscape structure. Landscape Ecology, 9: 25-36.

YEO, H.H]J., YEO, J.Y. & TODD, PA. 2024. Relative predation intensity
of an intertidal gastropod on artificial coastal defense structures. Feology
and Fvolution, 14: ¢11385.

ZHAO, K., YUAN, J,, LOKE, L.H., CHAN, S.H., TODD, PA. & LIU,
PL.F. 2019. Modelling surface temperature of granite seawalls in Singa-
pore. Case Studies in 'Thermal Engineering, 13: 100395.

ZUUR, A ¥, IENO, E.N. & ELPHICK, C.S. 2010. A protocol for data ex-
ploration to avoid common statistical problems. Data exploration. Methods
in Ecology and Evolution, 1: 3-14.

ZUUR, AE, IENO, E.N., WALKER, N,J., SAVELIEV, A.A. & SMITH,
G.M. 2009. Dealing with heterogeneity. In: Mixed effects models and exten-
sions in ecology with R (A. F. Zuur, E. N. Ieno, N. Walker, A. A. Saveliev &
G. M. Smith, eds), pp. 71-100. Springer, New York.

© The Author(s) 2024. Published by Oxford University Press on behalf of The Malacological Soctety of London. This is an Open Access article distributed under the terms of the

Creative Commons Attribution License (https:/ / creativec
original work is properly cited.

s.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the

$20Z 1890100 £0 U0 Jasn suinoqaly 10 Alisieaun Aq 12Z£69./9109eAs/z/06/2101e/sn|jow/woo dno olwapeoe//:sdiy Woll papeojumo(]


https://fishr-core-team.github.io/FSA/
https://CRAN.R-project.org/package=nlme
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	MATERIAL AND METHODS
	Study area and study species
	Mark and recapture field surveys
	Population estimation
	Snail displacement

	RESULTS
	Mark and recapture population size estimates
	Mean distance displaced

	DISCUSSION
	ACKNOWLEDGEMENTS
	SUPPLEMENTARY MATERIAL
	AUTHOR CONTRIBUTIONS
	REFERENCES

