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Abstract:

The foraging activity of the juvenile horseshoe crabs Tachypleus tridentatus (Leach, 1819) was exam-
ined in natural conditions on a sandy substrate during ebb-tide periods in the intertidal zone at Chingluo
Wetland, Taiwan, during July and August 2019. The movement patterns, length and width of the crawling
paths and the azimuths of direction to sunlight were examined. Juvenile 7. tridentatus at the seventh- to
tenth-instars (95.5%, 210f 22) could emerge from sand and start to feed on beach surface. Their crawling
trails did not follow a straight-line directed pattern; D : Wall was 0.52+1.99; 0.1-0.83 (mean + s.d.; range).
The juveniles rarely faced the sunlight when departing from the starting point or stayed at the end-point
of crawling paths. We first detected a lateral phototaxis tendency of juvenile 7. tridentatus that was more
often with a body lateral to the sunlight than a direct orientation of head towards (81.8% and 18.2%, Bi-
nomial test, N =22, P <0.01). Their body left-side was more frequently exposed in direction to sunlight
the right-side (75% and 25%, Binomial test, N =24, P < 0.01). We suppose that such a lateral phototaxis
and related movement patterns are adaptive foraging strategies of juveniles of 7. tridentatus.
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Introduction

Larval and juvenile phases in the life cycle of horse-
shoe crabs are significantly different in morphologi-
cal and behavioural patterns due to their adaptation
to environment (RUDLOE 1979). LoeB (1893) first
described the phototactic behaviour of the larvae
of the Atlantic horseshoe crab Limulus polyphe-
mus (L., 1758) in laboratory conditions, describing
a positive phototaxis during swimming but a the

"Corresponding author: luek2823348@ylu.edu.cn

negative phototaxis when crawling. RUDLOE (1979)
demonstrated a positive phototaxis in the larvae
studied in the field during all lunar phases except the
new moon. The juveniles of Tachypleus tridentatus
(Leach, 1819) were first observed on sandy inter-
tidal areas by CHIU & MORTON (2004), revealing
some strategies for foraging on surface sediments
in a fluctuating environment. RUDLOE (1981) and
MEURY & GIBSON (1990) observed that the juveniles
of L. polyphemus bury themselves in the sand during
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Fig. 1. Map of Penghu Islands, Taiwan, showing location of the Chingluo Wetlands and the localities at the southern
intertidal zone of Honglou Bay where activity observations of juvenile Tachypleus tridentatus were taken. Blue rect-
angle: location of Chingluo Wetlands. Red circle: intertidal zone of Honglou Bay.

high tide, probably to avoid predators or to be swept
away by strong tidal currents; however, subsequent-
ly, they emerged at low tide to forage.

Juveniles of T tridentatus are important
predators of the sandy intertidal community (CHIU
& MorToN 2004), similarly to the juveniles of L.
polyphemus (GREEN & HOBSON 1970). KwaN (2016)
recorded that the juveniles of 7. tridentatus showed
no territorial behaviour, which supported the trade-
off of energy-allocation concept (HAZLETT 1983)
and could reduce the cost of locomotor activity.

In this study, we focus on the sunlight as an
ambient factor and test the hypothesis that it is re-
lated to the feeding activity of the instar stages of
T. tridentatus. We suggest that the phototaxis in ju-
veniles may increase the efficiency of their foraging
activity on beach surface during the ebb tide.

Materials and Methods

Description of the study site

The foraging activity of juveniles of T tridentatus
were observed in Honglou Bay, the southern inter-
tidal zone of Chingluo Wetland, Penghu Islands,
Taiwan (23.5882N 119.6415E) (Fig. 1). The study
site was characterised by a rainy season that lasts
from April to September and a dry season from
October to March. The annual rainfall averages at
1,000 mm and the evaporation can reach 1,600 mm
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(CHEN 2012). Two small streams run into the study
area from residential districts, which affect dilution
of the bay’s salinity. A strong winter monsoon with
wind speeds of at least 6 m sec™!' occurs from Oc-
tober to January. The mean annual temperature is
23 °C, with the lowest 16.2 °C in February and the
highest 28.3 °C in July. The area has a semidiurnal
tidal cycle, and the tidal range during spring tide
may rise to 0.8 m. The mean water temperature in
the study area is 16.2 °C and 30.6 °C during winter
and summer, respectively. The average pH ranges
between 7.55 and 8.41, and the mean salinity is be-
tween 32.5 and 34.3 ppt (CHEN 2012). The study
site comprises mainly sediments and sandy bottoms
(71.7%), of which three types of sediments are more
frequent: very fine gravel, coarse, and medium-size
sand. Organic matter in the sediment consists of
seagrass (11.3%), algae (10.5%), and coral debris
(6.0%) (SHEN 2015).

Behavioural study

Crawling trajectories of juveniles. Daytime sur-
veys of the juveniles of 7. tridentatus in the intertid-
al zone at Hongluo Bay were made during the ebb-
tide periods on 30-31 July 2019 and 20-23 August
2019. The foraging activity of juveniles was record-
ed beginning about 2 h before predicted lowest tide
following CHIu & MoRTON (2004). The crawling
trajectories of the juveniles were recorded and ana-
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Fig. 2. Schematic diagram of azimuth measurement of a crawling path of a juvenile specimen of Tachypleus tridentatus
and sunlight direction. The crawling trajectory is characterised by an initial position (a) and a final position (b). The
unidirectional arrowed line (c) and the body midline (m-line) are presented as the direction of its head-wards. The pro-
posed straight line (p-line) of parallel to the longest part of crawling-path. Sunlight direction (d) and an indicated-rod
position (rod). Five measurements of crawling-path width: (1)-(5). A shortest distance (i.c., displacement, D) and the
total length of crawling-path (W ) from (a) to (b). The sizes of the crawling-paths are drawn to scale referring to No.

2 in Fig. 4 (modified from CHEN et al. 2023).

lysed by digital photography images. The measure-
ments of the crawling trajectories were comprised
of the total length of the crawling-path (W ) as it
moved from initial position (a) to final position (b),
whereas the shortest distance (i.e., displacement, D)
was the length between the initial and final points
(Fig. 2). The patterns of movement were character-
ised using the ratio of displacement (D) in relation
to the total path length (W ). E.g., if an individual
displayed a perfectly directional movement pattern
moving in a straight line, it had a ratio value of D to
W ,of I (i.e.,, D: W , = 1). For comparison, if a D:
W, valueis>0.7, itis considered highly directional;
ifitis > 0.5, it is considered partly directional; and if
it is < 0.5, it is considered an undirected movement
pattern (based on FERLIN 1973, SCHEIBLING 1981,
MUELLER et al. 2011, SiGL & LAFORSCH 2016). The
mean of path width was taken randomly, taking five
measurements of the crawling-path width (Fig. 2).
The body size of individuals was measured by the
prosomal width (pw) and the stages of instars were
identified according to SEKIGUCHI et al. (1988) and
CHIU & MORTON (2004).

Azimuth measurements. We defined that a
body midline (m-line) when a juvenile individual ar-
rived at the final position (b) and the unidirectional
arrowed line (¢) displaying at about 5 cm from initial
position (a); these two lines presenting the direction
of anterior portion of the body (Fig. 2). The shadow

of a marker pushed into the sand about 10 cm near
the crawling-path is showing the sunlight direction
(d in Fig. 2). An imaginary arrowed straight line (p-
line), which is parallel to the longer and straighter
part of the crawling-path, showed the direction of
the advancing movements of juveniles (Fig. 2). For
the azimuth measurements facing the sun, juveniles
were divided into three groups according to their
advancing position. These were: (1) the SH-start
group: when they were about 5 cm away from the
initial position; (2) the SH-end group: when indi-
viduals stayed at the final position; and (3) the tran-
sition group (ST-p/): the direction of crawling trail
as detected through the imaginary line p-line (Fig.
2). Each of their orientations was measured by the
central angle, i.e. an angle of direction of the head-
wards or crawling trails in relation to sunlight (Fig.
3). The measurements of the azimuth in the three
groups were adapted from MUELLER et al. (2011).
Phototaxis model. We attempted to a new
graphic model of phototaxis, with a circle around the
horseshoe crab and partitioned into four approach-
ing types (i.e., positive, negative, lateral-right and
lateral-left phototaxis), through the central angle of
an individual’s anterior-end oriented in direction of
the sunlight (Fig. 3). We defined that a positive pho-
totaxis was meaning facing the sunlight when, on
the circular diagram, the central angle was within
the range of 0—20° and 341-360° (i.e., P-sector). The
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negative phototaxis showed a directional movement
away from sunlight (or tail-side toward sun), with
the central angle between 161-200° (N sector). The
most other angles belonged to lateral-right or lateral
left-phototaxis, with the central angle locating at
21°-160° (LR sector) or 201°-340° (LL sector). All
the angles referred to the view of the lateral eyes in

o

Phototaxis

positive

lateral

negative

Fig. 3. The proposed phototaxis can be partitioned into
four approaching types through the central angle of an
animal headwards (thick arrow) toward the sunlight di-
rection. In general, positive phototaxis means facing
sunlight (i.e., “P” sector). Negative phototaxis shows the
movement away from sun (i.e., “N” sector). The remain-
ing lateral-right (LL) and lateral-left (LR) phototaxis are
newly-defined in this study (see Methods) (from CHEN et
al. 2023, modified).

relation to the midline in a horizontal plane (adapted
from POWERS et al. 1991 and WEINER & CHAMBER-
LAIN 1994). In addition, the sunrays fell directly on
the right- or left-side of body when horseshoe crabs
approached or moved away from the sunlight.

Statistical analysis

We used a Rayleigh’s test to assess the null hypoth-
esis that the distributions of the azimuths at the ini-
tial position, final position and advancing individuals
were uniform (i.e., no orientation) at the significance
level o = 0.05. The mean angle (0) and the vector
length (r) were calculated and used to compare the
direction and strength of orientation of individuals
relative to the sunlight direction (ZArR 2010). We
used a nonparametric binomial test to another hy-
pothesis, which supported that 7. tridentatus juvenile
had directional behaviours (i.e., phototaxis) through
the azimuth analysis (METHTA & PATEL 1996). The
corresponding 95% confidence interval (CI) value
was calculated, which can determine the juveniles be
more willing to re-orient their body according to sun-
light from left-/right-side of body (CLOPPER & PEAR-
SON 1934, LAERD Statistics 2020). The possible
relationship between individual sizes (i.e., prosomal
width, pw) and the length and width of the crawling
paths were respectively analysed using a Kendall’s
tau-b tests (CONOVER 1980, METHTA & PATEL 1996).
The analyses were performed using SPSS software,
ver. 19.0 (SPSS, Inc., Chicago, Illinois, USA).

Results

Instar and types of crawling trajectories

The juveniles of T. tridentatus were recorded fol-
lowing crawling trails and phototaxis behaviours.
Five instar stages were recorded (from seventh to

Table 1. Total paths length of feeding produced by wild Tachypleus tridentatus juveniles at Chingluo Wetland during
low tide periods. The size-age-growth relationship was recorded as suggested by SEKIGUCHI et al. (1988) and CHIU &

MoRrTON (2004).
Prosomal width Instar Years Total path length (cm) — Mean (range, n)
(range, mm) stage Present study CH1u & MoORTON (2004)
20.1-25.0 6 34 - 92 (76-108, 2)
25.1-30.0 7 4-5 75 (61-96, 8) 121 (119-123, 4)
30.1-35.0 8 5-6 118 (74-188, 4) 165 (131223, 5)
35.1-40.0 89 5-6 170 (96-298, 6) 201 (137-275, 5)
40.1-45.0 9 67 103 (1) 218 (181-275, 4)
45.1-50.0 9 67 148 (1) 263 (215313, 5)
50.1-55.0 9-10 67 - 261 (251270, 2)
55.1-60.0 10 7-8 112 (1) 237 (1)
60.1-65.0 11 89 229 (1) -
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Fig. 4. Schematic crawling trajectories of 22 wild juvenile Tachypleus tridentatus recorded from initial position (I) to

final position (F). Scale bar 50 mm.

Table 2. Kendall’s tau-b correlation coefficients (t, ) among Tachypleus tridentatus juveniles prosomal width, feed-
ing path length, path width and estimated area. Legend: Kendall’s tau-b (2-sided test): “p<0.05, “p<0.01, **p<0.001

(n=22); D, Displacement; EA=Prosomal width x W

. Prosomal Total path . Shortest path | Estimated

Characteristics width length I()Wa“) Path width length (I;)) area (EA) D:W ,

Prosomal width (mm) 1 0.444" 0.447" 0.283 0.503™ -0.044

Total path length (cm) 1 0.413™ 0.622™ 0.778" -0.170

Path width (mm) 1 0.359° 0.636™ -0.048

Shortest path length (cm) 1 0.602* 0.212

Estimated area (cm?) 1 -0.134
Mean = SD 36.2+9.3 1155+634 | 304+11.2 | 56.8+26.0 | 379.84290.6 | 0.52+1.99
(range) (28.0-62.0) | (61.0-298.0) | (17.4-59.6) | (7.0-101.0) |(61.6-1084.7)| (0.1-0.83)

eleventh). Prosomal with (pw) ranged from 28 to 62
mm (Table 1). Among the size groups, the most nu-
merous group included juveniles (36.4 %, or 8 out of
22 specimens) belonging to the group of pw ranging
25.1-30.0 mm (seventh instar). The largest individ-
ual had pw of 62.0 mm (4.5%, 1 of 22), represent-
ing the eleventh instar. The total length of feeding
paths produced by various prosomal-width stages of
T. tridentatus during low-tide periods is shorter than
that registered by CHIU & MoRrTON (2004) at Hong
Kong (Table 1). The internal distribution pattern of
population was clumped-type (similarly to observa-
tions by MoLLEs & MANUEL 2008) and the meander
shape of the trails was mostly of open-type (92%, 22
of 24). The exceptions were two incomplete trails
with the final position far from the starting point

(Fig. 4).

Movement patterns

The studied juveniles of 7. tridentatus were far from
a straight-line directed movement pattern. The mean
value of displacement to total path length (D: W )
(mean +s.d.; range) was 0.52 £ 1.99; 0.1-0.83 (Table
2). The larger animals had greater total path length
(115.5 £ 63.4, 61.0-298.0 cm) and path width (30.3
+11.2,17.4-59.6 mm) of feeding trials (t,: 0.444, P
<0.05;0.447, P <0.05, respectively, N = 22). How-
ever, the mean path width (30.4 £ 11.2, 17.4-59.6
mm) was narrower than the prosomal width (36.2
+ 9.3, 28.0-62.0 mm), tb: 0.447, P < 0.01 (Table
2). The estimated area of activity (379.8 + 290.6,
61.6-1084.7 cm?) had a statistically significant posi-
tive correlation with the length, width of the path of
feeding trials and pw (t,: 0.778, P <0.001; 0.636, P
<0.001; 0.503, P<0.01, respectively, N =22, Table
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Fig. 5. Circular graphs showing distributions of the azimuths of the crawled activity of juveniles of Tachypleus triden-
tatus in the intertidal zone of Hongluo Bay. Filled dots outside the circle represent the angular vector for one juvenile
at different position. The thick arrow in the centre indicates the mean azimuths (0) calculated over all anglers. The
length of the mean vector (r) provides a measure of the degree of clustering in the distribution of the vectors. A. The
circular distributions of the azimuths of juveniles’ headwards direction when leaved from starting position about Scm
(SH-start) were toward sunlight (S). B. Circular distributions of the azimuths of juveniles’ headwards direction when
arrived at ending position (SH- end) were toward sunlight (S). C. Circular distributions of the azimuths of juveniles’
crawling trails by a proposed line (ST-p/) was toward sunlight. The sunlight direction is indicated by sun symbol.
Rayleigh’s directional statistic (Z), and associated significance value (p), tests the null hypothesis that the circular
distribution of directions is uniform (i.e. no orientation), *p < 0.05, **p <0.01, n.s. p > 0.05.

2). The shortest path length (i.e., displacement), ex-
cept prosomal width, had also significant correlation
with the total length and mean width of the path of
feeding trials (t,: 0.622, P < 0.01; 0.359, P < 0.01,
respectively, N =22, Table 2).

Lateral phototaxis

There was a mean direction of 124.5° in the prin-
cipal azimuths of SH-start group (r = 0.436, Z =
4.187, P < 0.05, N = 22) (Fig. 5A) and 104.0° of
SH-end group (r = 0.369, Z = 3.758, P < 0.05, N =
24) (Fig. 5B), i.e., both tended to depart from sun-
light. However, there was not significant differences
in distributions of the azimuths of ST-p/ group with
a mean direction of 108.8° (r = 0.276, Z = 1.68, N
=22, P> 0.05) (Fig. 5C), showing that the circular
distribution of directions was quite uniform, i.e., the
juveniles advanced without significant orientation.
The relative frequency of the angles toward sunlight
direction varied according to three sectors in rela-
tion to the body side (L or R): the sectors 0-20°,
21-160° and 161-180°. The juveniles leaved the
starting site or stayed at the end-point of crawling
paths (i.e., SH-start group and SH-end group). The
relative frequency of the 21-160° sector were 77.3%
and 72%, respectively, which was higher than the
0-20° (0%, 8%) and 161-180° (22.7%, 20%) sec-
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tors (Binomial test, P < 0.05) (Fig. 6). In particu-
lar, the ST-p/ group exhibited the relative frequency
among sectors with a statistically significant differ-
ence, e.g., the 21-160° sector (81.8%) compared
to the 161-180° sector (18.2%) (Binomial test, P <
0.01) (Fig. 6). The results demonstrated that surface
foraging activity of 7. tridentatus juveniles tended
to display lateral phototaxis behaviour with central
angles 21-160° between anterior-end direction and
the sunlight direction.

Left-side sunlight orientation

For juveniles of T. tridentatus when advancing to
stop or stay during their surface foraging activity,
the relative frequencies of the left-side or the right-
side of body relative to the orienting from the sun-
light were recorded. This revealed that the propor-
tion of specimens preferring left-sides was higher
than those preferring right sides among the groups
SH-start, SH-end and ST-p/ (Table 3, Fig. 7). This
suggested the preference of the sun radiation on
the left-hand side. The lateral cross-section areas
showed more sun absorption capability than the pos-
itive or negative phototaxis orientations. In particu-
lar, except ST-p/ group (72.2 %, or 16 of 22), both
SH-start and SH-end groups had a statistically sig-
nificant preference for sunlight with left-side more
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Fig. 6. Relative frequency of direction angles toward sunlight in three groups of wild juvenile Tachypleus tridentatus,
i.e., SH-start, SH-end and ST-p! groups. Each group, of which the percentage of angles variations according to three
sectors, i.e., 0-20 deg, 21-160 deg, and 161-180 deg sectors, respectively. Binomial Test: test value = 20° or 160°, test
proportion = 0.5, two-tailed, * p <0.05, ** p <0.01, *** p <0.001, n. s. p > 0.05.
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Fig. 7. The relative frequency of body inclination versus sunlight showing the higher percentages of left sides com-
pared to right sides among the SH-start, SH-end and ST-pl groups.

than right-side through the binomial test with exact
Clopper-Pearson 95% confidence interval. Such as
Group SH-start, out of the 22 juveniles at start site,
81.8% (18 of 22) preferred the left-side sunlight
and 18.2% (four of 22) preferred the right side. This
preference of potential juveniles for the left side had

a 95% CI of 59.7% to 94.8%, P = 0.004. In another
group, SH-end, 24 juveniles at the finish position,
75.0% (18 of 24) preferred the left-side suffering
sunlight and 25.0% (six of 24) right-side and had a
95% CI of 53.3% to 90.2% of the left-side prefer-
ence (P =0.023).
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Table 3. Tendency to sunlight-suffering, that Tachypleus tridentatus juveniles who more likely preferred tanning with left-
side than right-side of body, indicated by an exact Clopper-Pearson 95% confidence interval through the Binomial test.

Total Left-side sunlight-suffering . .
number 95% Clopper — Pearson Test Binominal
Groups . Estimate ° PP . .. test (2-sided)
of studied | Number . confidence intervals probability
. probability P-value
specimens Lower Upper
SH-start 22 18 0.818 0.597 0.948 0.50 0.004**
SH-end 24 18 0.750 0.533 0.902 0.50 0.023*
ST-pl 22 16 0.727 0.498 0.893 0.50 0.052
Binomial test (2-sided): * p <0.05, ** p <0.01, *** p <0.001
Discussion force due to their body weight or size. The larger

Tachypleus tridentatus requires different coastal
habitats over its life cycle; its juveniles (small in-
stars) grow on the mudflats with moulting every year
until they reach sub-adult stages which a prosomal
width of ¢. 70 mm (SEKIGUCHI et al. 1988, WaADA et
al. 2008). The juvenile stages of this species exhibit
diurnal and circatidal activity rhythms, which are
driven by endogenous clocks, similarly to juvenile
of Limulus studied in laboratory and field (RUDLOE
1981, DUBOFsKY et al. 2013). When the tide rises,
the juvenile of 7. tridentatus bury themselves in the
sand, thus avoiding predators or been swept away
by strong tidal currents (RUDLOE 1981, MEURY &
GiBsoN 1990). At low tide, the juveniles of 7 tri-
dentatus emerge from sand and begin to search for
food on the surface sediments, similarly to juveniles
of Limulus (MEURY & GIiBSON 1990, CHIU & MOR-
TON 2004). WENNER et al. (2002) also found that
the mean population density of Limulus juveniles is
negatively correlated with the water depth, which is
another signal for stimulating the burial response of
the juveniles (but its validity for the juveniles of 7.
tridentatus needs further studies).

MEURY & GIBSON (1990) demonstrated that the
locomotory forces generated by juvenile Limulus
until the sixth instar (pw > 14.0 mm) could generate
a crawling force larger than their body weights out
of water, which enabled them foraging on mudflat.
Juveniles of T. tridentatus showing surface forag-
ing activities during low tide on a nursery beach
at Shui Hau Wan, Hong Kong, had smaller size
and were at the sixth instar stages, pw > 20.0 mm
(CHIU & MorTON 2004); however, the seventh in-
star stage juveniles (pw > 25.0 mm) were recorded
in Chingluo Wetland in this study. We suggest that
the smallest limiting body size is 20—25 mm (pw) of
T tridentatus. As previously reported (PYKE et al.
1977, MEURY & GIBSON 1990) on net cost of travel,
they can increase benefit by the increased crawling
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individuals can generate more sustainable crawling
force, particularly in the constraint of their foraging
activities to the hours around low tide.

In Chingluo Wetland, the clumped distribu-
tion pattern of juveniles of 7 tridentatus was mostly
similar to juvenile Carcinoscorpius rotundicauda
(Latreille, 1802) on Deep Bay, Hong Kong (LEE &
Morton 2016) and those of Limulus, which preferred
submerged to exposed habitats during ebb tide on
Harbor Island, South Carolina (WENNER et al. 2002).
We find that the meander feeding paths are all open-
type, i.e., the end-point is far from the starting point
(Fig. 4). This is different for L. polyphemus at St.
James, USA (RubpLoE 1981) and for the juveniles
of T. tridentatus at Shui Hau, Hong Kong (CHIU &
MortoN 2004). Additionally, the juveniles display
far from a straight line directed movement pattern
(D: W, (mean + s.d., range) 0.52 + 1.99, 0.1-0.83),
which is an indication of the ratio of displacement
to the total path length (Si1GL & LAFORscH 2016).
Kwan (2016) reported that the 7. tridentatus juve-
niles had no territorial behaviour by the data of the
short movement distance from the final position of
feeding activity to the release point due to the avail-
ability of food sources near the initial position; in
our opinion, this is a hypothesis that needs to be test-
ed by further studies. We support the observations
by KwaN et al. (2015) indicating that the evenness
or abundancy of local food resource allocation affect
individual distribution (SCHEIBLING 1981, MOLLES
& MaNUEL 2008). HAZLETT (1983) assumed that
the cost of foraging time, energetic expenditure and
predation risk affected the acquisition of benefits of
feeding activity; this can explain the reason for ju-
veniles not displaying a straight line directed move-
ment as a cost-decreasing strategy.

The optimum foraging movements were asso-
ciated with the trade-off between benefits and costs
of feeding activity and predation efficiency within
a limited foraging time (MACARTHUR & PIANKA
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1966, PYKE et al. 1977, SCHEIBLING 1981). CHEN et
al. (2023) demonstrated that the weaker water flow
through microhabitats induced a rheochemotaxis
strategy (ATEMA 1996, CoHEN 2019) in juveniles
of T. tridentatus during their foraging activity. The
functional mechanisms of receptors associated with
spatial orientation and feeding behaviour are simi-
lar to crustacean chemoreceptors (RITTSCHOF 1992,
ZHOoU & MORTON 2004, XIE et al. 2020).

The directionality of movement is associated
with the visual abilities of juveniles of Limulus
(HErRZOG & BarLOW 1992, ERRIGO et al. 2001, RiD-
INGS et al. 2002, MEDINA & TANKERSLEY 2010) and
T. tridentatus (KwaN et al. 2018). LALL & CHAPMAN
(1973) adopted the phototaxis as an index of visual
behaviour of the adult Limulus under natural condi-
tions. So far, the basic structures and functions of
the photoreceptor organs of the horseshoe crab such
as Limulus had been studied my many authors (e.g.,
CoLE 1924, LALL & CHAPMAN 1973, HANNA et al.
1988, HERZOG et al. 1996, BATTELLE 2002). CHAM-
BERLAIN (1998) mentioned that the visual system of
the horseshoe crab was an important model system
for studies of basic visual processes. In the labora-
tory, LOEB (1893) revealed that the positive photo-
taxis movements of the larvae stage of Limulus are
always carried out in swimming while the negative
phototaxis was always creeping. PEARL (1904) de-
scribed the swimming behaviour of the Limulus lar-
vae to light, with many individuals exhibiting rather
negative than positive phototaxis; the negative
phototaxis was apparently associated with a strong
positive thigmotactic tendency. Additionally, Rup-
LOE (1979) demonstrated that the Limulus larvae
were with positive phototactic behaviour at all lu-
nar phases except new moon. However, the juvenile
stages of the horseshoe crabs show significant dif-
ference from the larval instars in morphology, which
is beneficial for their adaptability at surface forag-
ing activity on sandy intertidal areas (RupLOE 1979,
MEURY & GIBSON 1990). In the present study, our
field observation are focused on the phototaxis be-
haviour of the wild juvenile 7. tridentatus. We pro-
pose a graphic phototaxis model, which represents
positive, negative and lateral phototaxis through the
central angle of an anterior end towards the sunlight
direction as well as we find the lateral phototaxis
for the first time (Fig. 3). The lateral phototaxis be-
haviour of juveniles of 7. tridentatus exhibited very
high proportion, especially when they depart about
5 cm from starting site, they turned to the left-side of
body to sunlight (Fig. 7, 81.8%, p = 0.004). We pre-
sumed that there would be another unknown process
to reduce the cost of their foraging strategy.

In this study, our daily outdoors observations
started in early morning. The sunlight was of rela-
tively weak intensity, which likely directed the juve-
niles advancing. As LALL & CHAPMAN (1973) found,
under full-spectrum sunlight, phototactic behaviour
of the adult Limulus was mediated by lateral eye and
dorsal ocellus; under restricted-spectrum sunlight,
the near-UV but not the visible light elicited the
positive phototaxis by dorsal ocellus. However, the
structures of lateral eye of adults are different from
that in juveniles, which the location of the index om-
matidium is more posterior position (MEADORS et
al. 2001). Consequently, we inferred that juveniles
turned the right- or left-side of body toward sun-
light, with more light efferent input to lateral eye,
which elicited the lateral phototaxis. Nevertheless,
body left-side of juveniles of T tridentatus is more
than right-side toward sunlight, which needs further
research.

Animal movement is a vital process and the
knowledge of it could be crucial for the design of ef-
fective conservation and resource management strat-
egies (DEEGAN 1993, PiTTMAN & MCALPINE 2001,
YANG et al. 2019). The patterns of individual animal
movement reveal different movement behaviours,
which can be characterised by simple measures such
as length, direction, duration, speed, etc. (PITTMAN
& MCcALPINE 2001). As noted earlier, SCHEIBLING
(1981) also revealed the directionality of movement
with a value of D: W ,, which a measure of how
perfect directional movement resembles a straight
path. It can be applied to benthic reef organisms that
move very slowly on substrata, where containing
a relatively uniform distribution of food resources
and a directional foraging path prevents over graz-
ing and extends foraging range (MUELLER et al.
2011). However, juvenile 7. tridentatus survive in
a fluctuating environment in terms of temperature,
salinity and tidal action (CHIU & MoORTON 2004). In
addition, we also proposed an estimate straight line
(Fig. 2, p-line), which parallels to the longest crawl-
ing path and is visualising the direction of its crawl-
ing trajectory. The results have been presented also
as circular graphs, which showing that distributions
of the azimuths of T tridentatus juveniles’ crawling
trails toward sunlight were uniform; this means that
their advancing without orientation.

Concerning about comparison in crawling tra-
jectories, the path length and the path width of feed-
ing trials of juveniles of T tridentatus significantly
correlated with prosomal width. They were similar
to those described by CHIU & MoRTON (2004). It
is not surprising that the larger individual foraging
path is longer; however, the path width of a larger or
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a smaller individual was narrower constantly than
its prosomal width (Table 2). We observed that the
individual juvenile 7. tridentatus advanced mostly in
half-submerged condition (see also MEURY & GiB-
SoN 1990). In addition, we observed that the sides
of body were slightly buried by muddy sediments,
mainly of sands or clays; this resulted in leaving a
narrower trace after foraging away.
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