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The mangrove gastropod Cerithidea decollata feeds on the ground at low tide and climbs trunks 2–3 h before the
arrival of water, settling about 40 cm above the level that the incoming tide will reach at HighWater (between 0,
at Neap Tide, and 80 cm, at Spring Tide). Biological clocks can explain how snails can foresee the time of the in-
coming tide, but local environmental signals that are able to inform the snails how high the incoming tide will be
are likely to exist. To identify the nature of these possible signals, snailswere translocated to three siteswithin the
Mida Creek (Kenya), 0.3–3 kmaway from the site of snail collection. The study sites had amuchwider tidal range
than the original site (up to 160 cm), were dominated by Rhizophora mucronata trees and uninhabited by
C. decollata. If cueing signals were linked to the upper mangrove belt (site-specific signals), the Avicennia marina
area, translocation should affect snail behaviour; conversely,we could conclude that information on the height of
the incoming tide should be widely available within the whole creek (widespread signals), independently from
cues linked to the home area and home site. Tests were performed by releasing the snails close to vertical plastic
pipes (2 m high) following a standardized procedure. Results revealed that snails, even in such unfamiliar sur-
roundings, climbed higher and earlier on pipes where the tide level would be higher, thus allowing rejection
of the hypothesis of site specific signals. Where the tide exceeded 80 cm, however, snail effort was not sufficient
to avoid submersion and snails had to climb higher. Hypotheses on widespread signals possibly involved in
modulating the migratory behaviour of C. decollata are discussed.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Intertidal animals experience continuous variation in habitat condi-
tions due to daily tidal fluctuations which expose them alternately to
marine and terrestrial biomes. For this reason, many species perform
regular migrations to settle in the most suitable places for survival
throughout the tidal phase (see Gibson, 2003 and references therein)
and possess circatidal rhythms in synchrony with local tide conditions
throughout the synodic month (the neap/spring cycle) (Morgan,
2001; Naylor, 2001). The adaptive value of the ability to know when
the tide will arrive and how high it will be is unquestionable; however,
an exhaustive explanation of the mechanisms guiding this ability has
been formulated for only a limited number of species (see Naylor,
2001). Rhythmic tidal migrations, in fact, may be under the control of
endogenous biological clocks, based on mechanisms of direct reaction
39 055222565.
to local environmental stimuli or controlled by both internal and exter-
nal cues (Gibson, 2003; Naylor, 2001).

The gastropod Cerithidea decollata is an intertidal animal that per-
forms regular daily migrations in synchrony with local tidal conditions
to avoid submersion. This species, commonly found in Indo-Pacific
mangroves, feeds on the ground at low tide and rests throughout the
high tide on trees or any vertical substrata above the water level
(Cockcroft and Forbes, 1981). Snails have been observed to climb trees
2–3 h before the arrival of water, settling approximately 40 cm above
the level that the water will reach; subsequently, as the water retreats
the majority of snails descend to the ground to feed (Vannini et al.,
2008a).

While some aspects, such as the pattern of the migratory behaviour
of C. decollata and similar species, have been extensively investigated
(Cockcroft and Forbes, 1981; Harumi et al., 2002; Hodgson and
Dickens, 2012; McGuinness, 1994; Vannini et al., 2006), studies are
yet to clarify how the snails can foresee the level of the incoming tide
(see Vannini et al., 2008c). Other intertidal molluscs, such as gastropods
(Nerita textilis, Vannini and Chelazzi, 1978) and chitons (Acanthopleura
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Fig. 1. Study site map. Mida Creek and the locations of the three experimental study sites.
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spp., Chelazzi et al., 1983), living on exposed rocky shores are known to
vertically migrate twice a day, preceding high tide, being regularly sub-
merged or at least reached by the waves (at Spring Tide) or by water
spray (at Neap Tide). In all of these cases animals retreat to a definite
“home” (usually a hollow in the rock) irrespective of the level of the
incoming tide.

In the Mida Creek (Kenya), the location of this study, C. decollata
occupies the mangrove forest belt dominated by Avicennia marina,
where the water level can vary from 0 cm to 80 cm. The lower level
A. marina areas are always partially submerged by the high tides, with
the exception of a few days during Neap Tide, while the upper level
areas are reached by water only during Spring Tide (Vannini et al.,
2006). Since East African tidal patterns are complicated, due to both di-
urnal disparity and semi-monthly variation (from Neap Tide to Spring
Tide), and as snails are not submerged by the tide, it is unlikely that
snails may be guided by direct contact with water to predict the height
of the incoming tide.

A biological clock is thought to control C. decollatamigratory period-
icity, as demonstrated by Vannini et al. (2008b), but the capability of
this species to predict not only when the incoming tide will arrive but
also how high it will be must presumably be based on internal and/or
external factors that are yet to be thoroughly explained (Vannini et al.,
2008c). Vannini et al. (2008c), by means of field experiments, demon-
strated that C. decollata does not base such a skill on the perception of
either marks left on the trunk by the previous high tides and/or by
surrounding visual cues. We thus hypothesize that C. decollata may
predict tide height relying on local environmental signals that are still
unknown.

A possible step ahead could be an attempt to distinguish site-specific
signals linked to the familiar site and environment (where learning pro-
cesses may have occurred) from more widespread signals possibly
available within the whole bay, even in sites unfamiliar to C. decollata.

Thus, in this study we aimed to investigate the migratory behaviour
of C. decollata when translocated from a familiar site, the landward
mangrove belt, to lower unfamiliar coastward sites dominated by
Rhizophora mucronata. The inclination, sediment quality, vegetation
structure and tidal amplitude of such different coastal sites provided a
contrasting habitat inwhich the snails do not naturally occur. If snail be-
haviour appeared to be unaffected by the translocation, we could reject
the hypothesis of the existence of cues restricted to the familiar sites.
Otherwise, future investigations should further focus on specific local
signals within these sites.
2. Methods

2.1. Species and study sites

C. decollata (L.) (Gastropoda, Caenogastropoda, Potamididae) is a
widespread Indo-Pacific gastropod characterized by a shell approxi-
mately 15–25 mm long with a truncated apex. In East Africa it is
commonly found within the A. marina belt (Cockcroft and Forbes,
1981;Macnae, 1963; Vannini et al., 2006), i.e. in the landwardmangrove
areas between the average height levels of High Water (HW) during
Spring Tide and Neap Tide.

The study area was the Mida Creek (03° 21′ S; 39° 59′ E), a 3–4 km
wide lagoon 80 km north of Mombasa (Kenya) and 25 km south of
Malindi. Within the Mida Creek, the chosen study sites (Fig. 1) were
as follows: 1) Bandarini, a mangrove forest dominated by an A. marina
belt (150 m wide) on the upper levels and by a mixed R. mucronata
and Ceriops tagal belt (100–200 m wide) on the mid-lower levels and
2) Dabaso and 3) Sita, both dominated by a thick (100–150 m wide)
or thin (20–30 m wide) R. mucronata belt, respectively, with a few iso-
latedA.marina trees on the upper levels. C. decollatadoes not inhabit the
Dabaso and Sita sites, presumably due to the absence of awide A.marina
belt.
2.2. Animal observation and experimental procedures

PVC pipes (length 2 m, diameter 20 cm), simulating Avicennia trees,
were planted vertically in the muddy ground of the mangrove. Snails,
collected at high tide and marked with white correcting fluid, were re-
leased at low tide at the base of the pipes following a tested procedure
(Vannini et al., 2008c). The number of snails on each pipe varied be-
tween 40 and 70 individuals, corresponding to their average density
on trees (Lori, 2008).

Snails climb tree trunks (and the pipes) following a relatively
straight path until they settle. “Settling” involves the production of
thick highly adhesive mucus and retreat of the foot and head into the
shell. Thus, the entire body of the mollusc is hidden but remains in
contact with the tree (or the pipe) due to the dried mucus filament. At
the right moment snails extend their head and foot from their shell
and start a downward migration. For unknown reasons, rarely do all
snails exhibit this migration and a fraction (less than 5%) may remain
immobile on the trunk (or pipe), sometimes for more than one tide
(see Vannini et al., 2008a).

Observations were performed by taking photographs (with simple
digital cameras) of the pipes from four different positions, from the
time of animal release until maximum HW. At night time flash was
used. Precise measurement of snail position was possible due to hori-
zontal marks drawn every 10 cm on the pipes, starting from ground
level. PVC pipes have been shown to be efficient substitutes for tree
trunks and they allow procedure standardization, facilitating the identi-
fication of exact position and image capture (Vannini et al., 2008c).

To calculate the exact time at which migration took place, we de-
fined the time at which pipe semi-saturation occurred as F50, i.e. the
time at which half of the total number of snails that finally settled on
the pipe was positioned on the pipe (Vannini et al., 2008b).

Two different translocation experiments from familiar to unfamiliar
conditions were performed; the first experiment was repeated three
times, on three different days at three different sites (Bandarini, Sita
and Dabaso: three-site experiment) and the second experiment was
performed once at a single site (Sita: single-site experiment) during
January–February 2013. After the experiments, all translocated snails
were returned to their original locations.

2.2.1. Three-site experiment
Two pipes were placed vertically in the mangrove sediment in two

locations in Dabaso and Sita and in three locations in Bandarini
(Fig. 1). The relative level of the various pairs of pipes within each site
is listed in Table 1. Bandarini landward and Bandarini middle



Table 1
Relative depth (cm) of various pairs of pipes within the three
experimental sites, assuming the landward mangrove fringe
in Bandarini as 0 cm. Bandarini landward and Bandarini
middle correspond to the only sites inhabited by C. decollata.

Sites Depth

Bandarini landward 0
Bandarini middle 55
Bandarini seaward 106
Sita landward 105
Sita seaward 148
Dabaso landward 106
Dabaso seaward 160
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correspond to the only locations inhabited by C. decollata, while all the
other pipes were placed in unfamiliar locations.

All animals tested for experiments were from Bandarini middle, the
control location. Bandarini landward is the only experimental location
where translocated snails experienced familiar tidal conditions, with a
lower HW level compared to Bandarini middle. In the remaining loca-
tions, snails were exposed to tide levels higher than those of their
home environment (Table 1).
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Fig. 2. Three-site experiment. A, B, and C: correlation betweenHWheight ondifferent pipes and
F: correlation between HW height on different pipes and the time interval between moment o
linear regression lines with b coefficient = 1.
Animals were collected one evening at approximately 20:00 h and
transported to Gede (about 3 km away, Fig. 1). From Gede, animals
were transported in one vehicle to Sita and Dabaso while another
vehicle transported animals back to Bandarini. Animals were released
simultaneously at all locations at the time of Low Water (LW) close to
the pipes. The time from capture to release did not exceed 30 min.
Photographs were taken every hour between LW and maximum HW.
Experiments were conducted on January 26 and 28 and February 8
2013. During the first two sampling sessions the landward pipes at
Sita and Dabaso were not used.

2.2.2. Single-site experiment
A single series of eleven pipes, placed 5 m apart, were set in Sita

along the land–sea axis on January 31 2013. Animals were captured in
Bandarini middle and released during the diurnal low tide in Sita fol-
lowing the procedure described above. Photographs of pipes were
taken every hour until the time of HW.

Three-site experiments were performed at night time to reduce
micro-climatic differences due to different vegetation densities and
canopy structures of the five experimental locations.

Pearson correlation tests (with Bonferroni correction) were applied
to correlate 1) water level at HW and snail cluster height on the trunk
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before the arrival of high tide and 2) water level at HW and F50 values.
t-Tests were also applied to test whether regression coefficients b
obtained from correlation tests were significantly different from 1.

Each point represented in Figs. 2–5 indicates the average level of
50–70 snails, which actively tend to cluster. About 95% of them usually
settle within a 35 cm interval around the average. Easy-Stat software
was used.
3. Results

3.1. Three-site experiment

In all cases, snails climbed the pipes after release settling higher in
locationswhere the tidewas going to be higher (Fig. 2A–C). In addition,
snails appeared to climb pipes much earlier than the water arrival
and spent less time on the ground after release in these locations
(Fig. 2D–F). Snail height was thus positively correlated (Fig. 2A–C)
and F50 negatively correlated with water level at HW (Fig. 2D–F).
Table 2 displays the results of correlation tests applied to the six
diagrams shown in Fig. 2.

Fig. 2(A–C) displays the correspondence between water level and
snail cluster level (solid lines), which was significantly different from
the actual regression lines (Table 2). In cases of the highest water levels,
the snails did not settle high enough to avoid submersion and were
forced by thewater to climb higher or, occasionally, remain submerged.

A high correlation (r= 0.734; df = 32; P b 0.001) between the HW
level and the extra-distance the snails had to climb after the water
arrival can be seen by cumulating all the data of Fig. 2A–C (Fig. 3). It is
evident that snail cluster level is approximately the same both before
water arrival and duringHWon landward pipeswhile onmore seaward
pipes snails tended to cluster too low and about 10% of them had to
climb higher when the water arrived, even an extra 45 cm (Fig. 3).
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Fig. 4. Single-site experiment. Correlation between HWheight on the 11 pipes and average
snail height on the same pipe, 140 min before actual water arrival. Dotted line, actual
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3.2. Single-site experiment

Fig. 4 shows the level at which snails settled 1 h before the water
reached the base of the lowest pipe (about 140 min before actual
HW). Snails clustered on pipes more than 2 h in advance of HW at a
height proportional to the incoming HW level (Fig. 4; r = 0.748;
df = 9; P b 0.001). In this experiment it was also evident that snails
tended to climbhigher on pipeswhere thewater level would be higher;
but, again, they did not avoid submersion in cases when HW levels
were higher than about 80 cm. Thus, the water arrival induced about
40% of the snails to climb an extra distance; this was only a few
centimetres on the pipes with a HW level of 30 cm, but as much as ap-
proximately 40 cm on pipes with a HW level higher than 110 cm. This
extra distance was highly correlated with HW level (Fig. 5; r = 0.889;
df = 9; P b 0.001).
4. Discussion

C. decollata, within theMida Creekmangrove, appeared to be able to
access, and behave according to, information concerning the tide level
at HW in all cases of experimental translocation. Snails climbed to
greater heights on pipes that faced higher water levels, while the time
spent on the ground before climbing was proportionally reduced. This
snail behaviour was observed in cases where snails were tested in
unfamiliar locations (Bandarini lower, Sita and Dabaso landward
and seaward) surrounded by unfamiliar R. mucronata, and in their nat-
ural habitat (Bandarini lower and middle) surrounded by familiar
A. marina. Tide level in unfamiliar locations was up to twice as high
(up to 160 cm, Dabaso) as the tide snails usually experience in their
natural habitat (Bandarini landward 0–10 cm or Bandarini middle
0–80 cm). The height snails climbed was proportional to the water
level, but when HW exceeded 80–100 cm (varying according to loca-
tion) they were not able to calculate exactly how high they should
climb to avoid being reached by the water and were, in some cases,
submerged.
Table 2
Correlation significance of data presented in Fig. 2. r = correlation coefficient; df =
degree of freedom; P = corresponding level of significance of r; a = intercept;
b = regression coefficient; tbbN1 = t test applied to compare whether the hypothesis
that measured b may be different from 1 or not; P = level of significance at which the
above hypothesis can be rejected.

Diagram r df Pb a b tbbN1 Pb

A 0.944 8 0.001 54.25 0.553 6.541 0.001
B 0.932 8 0.01 59.49 0.655 3.986 0.005
C 0.889 12 0.001 58.31 0.515 6.347 0.001
D 0.866 8 0.001
E 0.924 8 0.001
F 0.745 12 0.01
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Direct observations indicated that when still active (foot visible out
of the shell) snails can climb higher but if they already had sealed them-
selves within the shell before water arrival, they will not climb further.

The behaviour of the snails suggests that they are able to acquire in-
formation about the future HW level fromwidespread signals available
within the mangrove bay, and thus the hypothesis that snails may rely
on direct cues restricted to the familiar sites (site-specific signals) can
be rejected. On the other hand, when snails are far from their home
site, widespread signals seem to be incomplete or insufficient.

Direct information, such as direct view or smell of the sea, cannot be
involved in prediction hours in advance and does not carry the detailed
information required. In fact, olfactory cues can likely only inform snails
that they are in the vicinity of the sea. In addition, if we consider that in
the Bandarini landward and middle locations the sea edge is hundreds
of metres away, beyond a 150 m wide R. mucronata forest, when up-
ward migration commences (Vannini et al., 2006), we can definitively
eliminate obvious direct stimuli as cues for migration.

The behaviour of snails translocated from the middle to the land-
ward Bandarini site, i.e. within familiar conditions, does not fully accord
with previous observations (Vannini et al., 2008b), probably due to the
different translocation procedures in the two studies. Nevertheless, pre-
diction of water level appears to be more accurate in familiar locations
that are subject to tidal excursions within an expected range: it is prob-
able that some type of information ismemorized by snails (Lazzeri et al.,
in press) and that this information plays a role in water level prediction.

We are currently exploring several hypotheses to explain the origin of
possible widespread cueing signals. In response to variation in ground-
water salinity due to tidal water motion, mangrove roots could generate
electrical signals (Fromm and Fei, 1998), which could be perceived by
snails when creeping on the ground. In addition, plants could react to
changes in groundwater salinity by releasing volatile organic compounds
(Dicke et al., 2003; Loreto and Schnitzler, 2010; Shulaev et al., 1997). A
further hypothesis may rely on the effect of the oceanic wave reaching
the coast and the barrier reef (Ferretti et al., 2013; Marzorati and Bindi,
2008), or alternatively the water pressure on the coastal limestone
could induce changes in ground resistivity (Versteeg and Johnson,
2008; Wilson et al., 2006). Nothing is known about the snails' capability
to react to these types of signal. Finally, it is obvious that a biological
tidal clock informing the snailswhen the tidewill occurwould not supply
any reliable information on tide height, especially in sites where tides are
much higher than those that snails usually experience.

In conclusion, we believe that site specific and widespread signals
are almost certainly both involved, together with internal information,
in modulating the migratory pattern of C. decollata. Such behavioural
plasticity is a fundamental mechanism to avoid being submerged by
High Water.
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