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ABSTRACT: The activity pattern of the shallow-water hydrothermal vent crab Xenograpsus testu-
dinatus in the vent and peripheral regions of Kueishan Island, Taiwan, was observed using an
underwater time-lapse camera with infrared lighting during 7 consecutive 2—3 d periods. Hourly
tide levels, in situ water temperature, pH, and light intensity were recorded to examine any effects
of these environmental factors on crab activity. Time series analysis using spectral density plots
indicated that crab activities were not rhythmic. Nevertheless, cross-correlation analysis and Pear-
son's correlation showed that crab density in the vent region was negatively correlated with tide
but positively correlated with water temperature and light intensity. Stepwise multiple regression
analysis showed that water temperature, tide levels, and light intensity are significant predictors of
crab density. There were no significant differences in crab density among specific tide periods, and
thus, a previous hypothesis that vent crabs emerge in large swarms during slack waters was
rejected. The vent region is a refuge from predators, with crabs more active during daytime low
tides and during periods with higher water temperatures. Crab density in the peripheral region is
positively correlated with tide but negatively correlated with pH, indicating that crabs there are
more active at high tides while foraging and during periods with lower pH, probably when there are
fewer predators. Stepwise multiple regression revealed pH and tides were significant predictors for
crab density in the peripheral region.
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1. INTRODUCTION

Hydrothermal vents are underwater dynamic physical
and chemical ecosystems driven by the heating up of
hydrothermal vent fluids (>400°C) and discharging at
the seafloor under high-temperature and high-pressure
conditions. This leads to enrichment in dissolved com-
ponents including metals and acidic gases, especially
carbon dioxide (Kelley et al. 2002). In addition to deep-
sea hydrothermal vent biological studies, there has re-
cently been a surge in research on shallow-water vents,
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such as in Italy (Hall-Spencer et al. 2008, Lucey et al.
2016, Saidi et al. 2023, D'Alessandro et al. 2024) and
Japan (Agostini et al. 2015, 2018), to use natural high
carbon dioxide systems to simulate conditions of future
ocean acidification. The activity of animals inhabiting
hydrothermal vents can be coupled with the dynamic
physical environments of the vents. Understanding the
activity patterns of vent animals in relation to the physi-
cal environment can allow us to understand how vent
animals adapt and survive in these harsh environments.
However, research focusing on this aspect is rare due to
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technical limitations (including tackling strong cur-
rents, high pressure, and long-term battery supplies) in
establishing time-lapse or video cameras for long-term
observationsin the harsh vent environment.

Tunnicliffe et al. (1990) were the first to install un-
derwater time-lapse cameras in the deep-sea hydro-
thermal vents at the Juan de Fuca Ridge in the north-
east Pacific to observe the behavior of ventimentiferan
worms for up to 32 d. Extension and retraction move-
ments of the ventimentiferan worms revealed semi-
diurnal and diurnal activity but were not significantly
related to surrounding currents or suspended particu-
lates. Bates et al. (2010) conducted laboratory aquar-
ium experiments and found that deep-sea scale worms,
limpets, and snails preferred to stay in locations with
cooler temperatures under a continuum of tempera-
ture ranges in the aquarium, and this correlates with in
situ observations that vent organisms are gathered at
the locations with cooler waters.

Compared to ventimentiferan worms
and mollusks, crustaceans including
crabs, galatheids, and shrimps are
highly mobile fauna and are present in
both deep-sea and shallow-water hydro-
thermal vents. However, at present, no
study has investigated the activity
patterns of vent crustaceans and their
relations to dynamic vent environ-
ments. The vent crab Xenograpsus tes-
tudinatus (Xenograpsidae) is common
in shallow- and deep-water hydrother-
mal vents from 10 to >300 m in depth in
the NW Pacific region, including the
Kueishan Island vents in Taiwan (Fig. 1;
Jeng et al. 2004, Wang et al. 2014, Yang
et al. 2022). Two types of vents, charac-
terized by their temperature ranges, are
found in the Kueishan Island vent re-
gion. Yellow vents are hot and acidic
(78—116°C and pH 1.52—6.32 at vent
openings), whereas white vents are rel-
atively cooler but have similar acidity
(30—65°C and pH 1.84—6.96). The water
temperature of vent regions is strongly
affected by tidal currents, whereby high
tides exert greater pressure on the vent
fluids and thus create a hotter environ-
ment (Chen et al. 2005). The inorganic
and organic compounds released from
these vents create a strong biochemical
gradient in the surrounding environ-
ment (e.g. decreasing water tempera-
ture and increasing pH and dissolved

oxygen), consequently leading to a change in species
richness and biodiversity from vent mouths to periph-
eral regions (Chan et al. 2016). The density of vent
crabs is highest in the vent region and lower in the pe-
ripheral region (100 m away from vents), and crabs
were absent from regions farther from the vent periph-
ery towards non-vent regions (Chan et al. 2016). X. tes-
tudinatus has no obligate nutritional dependence on
chemoautotrophic sources (T. Wang et al. 2014, 2022,
Chang et al. 2018, Wu et al. 2021, Y. Wang et al. 2023),
and X. testudinatus in Kueishan Island mainly feeds on
marine snow generated from the dead zooplankton
killed by vent plumes (Jeng et al. 2004, Hu et al. 2012),
algae, particulate organic matter, and also large-sized
carcasses in the vent (Wang et al. 2022).

Intertidal decapod crustaceans, including crabs,
can exhibit rhythmic behavioral patterns to synchro-
nize their activity with external environmental vari-
ables, including tidal cycles (e.g. Bradshaw & Scoffin

Fig. 1. (A) Hydrothermal vent crabs Xenograpsus testudinatus are common in
shallow-water hydrothermal vents in the NW Pacific region. (B) X. testudinatus
often appear as large, aggregated populations in vent regions
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1999, Moriyama et al. 2017, Pombo et al. 2018), day—
night cycles (e.g. Bradshaw & Scoffin 1999, Nordhaus
et al. 2009, Mat et al. 2017, Moriyama et al. 2017,
Pombo et al. 2018), monthly spring—neap cycles
(Zeng et al. 1999, Al-Wazzan et al. 2018), and annual
seasonal changes (Styrishave et al. 1999, Luppi et al.
2013). It is possible that vent crabs inhabiting shallow-
water hydrothermal vents can have their activity
affected by such a dynamic physical environment.
Jeng et al. (2004) conducted daytime SCUBA diving
to observe X. testudinatus and proposed a hypothesis
that these vent crabs may emerge from crevices in
large swarms to feed during slack water at the highest
and lowest tides. During these slack tide periods,
dead plankton can directly sink down to the bottom
when there are only weak or no currents. However,
vent crabs may also respond to diurnal variations in
water temperature generated from the interactions of
the vent plumes and tides. To test these hypotheses
and examine temporal variation in the activity of
shallow-water vent crabs, it is essential to establish an
in situ underwater monitoring system with adequate
battery life for multi-day recording and infrared light-
ing at night. The system should also be robust enough
to withstand the strong current and acidic vent envi-
ronment. Deep-sea time-lapse cameras for observa-
tion of animal diurnal activities are not suitable for
use in shallow water vents due to their large size, and
they can be easily dislodged by strong tidal currents.

In the present study, we developed a novel under-
water time-lapse camera system (with infrared lights
and recording sensors) and a stainless supporting
frame that allows the camera system to be established
in shallow-water vents to take 3—4 d of time-lapse
photographs for each consecutive sampling period.
Based on the use of this camera system to record the
activity of vent crabs, we tested the hypotheses that
vent crabs have rhythmic activity patterns and that
crab density is maximum during the slack water
periods at the highest and lowest tides as proposed by
Jeng et al. (2004). We also tested the hypothesis that
the crab activity pattern is correlated to tide levels,
water temperature, pH, and light intensity.

2. MATERIALS AND METHODS

2.1. Study sites and data sampling
The shallow-water hydrothermal vent study site
(121.962°E, 24.834°W) is located approximately

100 m from the shoreline of Kueishan Island at depths
of 15—18 m (Fig. 2A—C,; also see Chan et al. 2016).

To compare the activity of vent crabs in the vent and
peripheral regions, 3 underwater time-lapse cameras
(see Section 2.2) were installed in the area with the
strongest yellow vent plumes and high populations of
Xenograpsus testudinatus, and 2 other cameras were
established in peripheral sites about 30 m away from
vents but still with the presence of X. testudinatus
(Fig. 2D). All cameras faced towards large areas of rel-
atively flat vertical or inclined rocks without any cre-
vices so that the crabs walking on the rock surfaces
could be easily filmed.

Time-lapse photograph recording started at the
same time in a total of 5 periods between 10 August
and 25 November 2018 with a duration of 2—3 d at
each sampling time, covering variations in tide pat-
terns, moon phases, and seasons. For the 3 vent
cameras, the cameras were set in 3 additional
periods from 23 December 2018 to 17 August 2019,
with a duration of 1—-3 d in each recording period.
All cameras were installed at a distance of 65 cm
from the filming locations to obtain images of an
area of 89 x 50 cm.

HOBO Pendant Temperature/Light 64K Data
Loggers were attached to the sides of all the under-
water cameras from the beginning of the study.
HOBO Bluetooth Low Energy pH and Temperature
Data Loggers were also attached to the cameras at
the vent area from the 2nd to 6th trials between
2 September and 25 December 2018. In the periph-
eral area, a HOBO Bluetooth Low Energy pH and
Temperature Data Logger was attached to 1 of the
cameras between 13 and 25 November 2018. Cam-
eras were set at a time lapse of 5 s, with infrared
mode (i.e. taking black and white photographs based
on infrared light source) from 18:35 to 05:15 h on
each day of sampling.

2.2. Underwater monitoring system

The monitoring system included an underwater
camera housing with a battery (2XD type)-powered
time-lapse surveillance camera (Brinno MAC200
DN), securely fixed on a stainless frame for long-term
monitoring of crab activities (Fig. 3). The time-lapse
camera used in the present study can also capture
infrared photographs at night. To take time-lapse
photographs at night, a custom-made stainless steel
underwater housing for infrared light and a separate
battery supply (18A, 12V) capable of lasting for at
least 36 h of usage was used as the light source at
night. Infrared lighting was employed at night to
avoid any artificial visible light that may disturb the
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Fig. 2. (A) Taiwan, showing the location of Kueishan Island (circled). (B) Kueishan Island. Rectangle denotes the vent region

shown in panel C. (C) Aerial photograph of Kueishan Island, showing the location of the vent region and peripheral region.

(Photo courtesy of Huai Su) (D) Variation in abundance of Xenograpsus testudinatus from the vent to the peripheral region;
data extracted from Chan et al. (2016)
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Fig. 3. (A) Underwater time-lapse camera system, including the underwater housing with the time lapse camera (Cam), in-
stalled with an infrared light (IR) which has a sensor for turning on during low light intensity. The infrared light is supported by
a long-life rechargeable battery (Bat) inside an underwater housing. The whole monitoring system was flexibly mounted on a
movable stand, with 4 adjustable legs to fit the irregular substratum. The stand has a hollow brick (HB) to act as a weight for sta-
bilizing underwater. The stand is fixed on the substratum using 4 stainless steel nails and ropes. (B) The camera system with the
stand established in the vent region. (C) Installing the system on site using SCUBA diving with 2 air tanks to accommodate the
long work time underwater. (D) The camera system viewed from the top. (E) Photograph taken by the time-lapse camera during
the daytime, showing swarming crabs (indicated by white arrows). (F) Photograph taken by the time-lapse camera at night
using infrared lighting. White arrows indicate the crabs identified in the photograph
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natural activity of vent crabs (Fig. 3). The underwater
infrared lights had built-in light sensors and automat-
ically switched on during low light intensity.

Due to the heavy deposits of sulfur crystals and
other suspended matter from hydrothermal vents, the
camera housing sometimes had the porthole partly or
completely blocked within less than 1 d and hence
did not yield usable footage for analysis. In some
cases, suspended matter was too dense, and strong
bubbling from vents prevented the infrared light from
reaching the target areas, resulting in some of the
photographs taken at night not being usable. The
highly corrosive water and heavy sulfur deposits in
vents also damaged the sensors of all 4 pH meters
used in this study at the end of 2018. We successfully
recorded time segments of 354 and 162 h of recording
in vent and peripheral regions, respectively.

2.3. Data and statistical analysis

Only footage consisting of acceptable quality
images from more than 24 consecutive hours was ana-
lyzed. Data analysis involved counting the number of
crabs and fishes (predators) within an area of 50 X
50 cm in each calibrated photograph. The occurrence
of fishes (indication of predator abundance) in the
vent and peripheral regions was recorded to examine
whether there were variations in predator frequencies
between these 2 regions. A crab or fish located be-
tween the inside and outside of the quadrat area (par-
tial view of a body) was also considered as 1 crab or
fish. Mean crab abundance per hour was scored from
12 photographs (at 5 min intervals) from a single
hour. Photographs with low visibility due to blocking
by vent bubbles, sulfur deposits, or plankton were dis-
carded and replaced by a randomly chosen photo-
graph with acceptable quality based on the following
criteria and priority: (1) at least 1 min later than the
original photograph, (2) if no subsequent photograph
could be used, a previous photograph from within the
same hour was randomly selected. Fishes seen in the
photographs were counted and identified to the
family level. Tidal data were obtained by referring to
the tidal records at Wushih harbor (marine obser-
vatory station nearest to Kueishan Island) of the Cen-
tral Weather Bureau, Taiwan.

Time series analysis (Sigma XL) was conducted to
examine the temporal variation in crab density (aver-
aged from 3 cameras at hourly intervals in the vent
region and from 2 cameras at each hour interval in the
peripheral region), tides, water temperature, and pH
from the combined multiple segments of time-lapse

data, covering 354 h in the vent region and 162 h in
the peripheral region. Autocorrelation and spectral
density plots were created for crab density, tides, pH,
water temperature, and light intensity to examine any
rhythmic patterns. Cross correlation analysis was
conducted to examine any relationship between crab
density and tides, water temperature, pH, and light
intensity. Pearson correlation and regression coeffi-
cients were calculated among various combinations
of crab density, water temperature, tide levels, pH,
and light intensity. Stepwise multiple regression
(backward) was conducted to identify the significant
environmental predictors of crab density including
water temperature, tide levels, pH, and light intensity
in the vent and rim region separately, using the soft-
ware SigmaPlot 11 (Grafiti). Crab density was cubic
root transformed to pass the constant variance test
(SigmaPlot 11) in both vent (p = 0.064) and rim
regions (p = 0.445).

To test the hypothesis that crab density is highest
during the slack tide periods (i.e. at the highest and
lowest tides), crab density in the vent region (where
crab densities were greater) at each of the highest
tide, lowest tide, and rising and lowering tide periods
(midpoint between lowest and highest tide) during
the daytime and at night were recorded, where the
hours from 07:00 to 18:59 h were considered daytime,
and from 19:00 to 06:59 h on the following day were
regarded as night. Spring tides were defined as the
maximum amplitude of tide >2 m, and the amplitude
of neap tides was <1.5 m. Variation in crab density
among different tide periods (factor: tide) in the day-
time and at night (factor: day—night) was compared
using 2-way ANOVA (factors: day—night and tides)
using the software SigmaPlot 11. Crab density was
square-root transformed and passed the constant
variance test (p = 0.799) and the Shapiro-Wilk nor-
mality test (p = 0.289).

3. RESULTS
3.1. Vent region

Average crab abundance varied from 0 to 25 individ-
uals per 50 x 50 cm quadrat for the 354 h recorded.
Crab density was variable within a day and among
days (Fig. 4). Within a day, there were 3—5 peaks and
troughs of crab density (Fig. 4). The average density of
crabs was lowest during 2—5 September 2018 (Fig. 4).
Water temperatures recorded in the vent region had
3—4 daily peaks and troughs, with the maximum often
reaching about 30°C. Water temperatures dropped to
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Fig. 4. Time series data of Xenograpsus testudinatus abundance, tide levels, water temperature, light intensity, pH, and fish
occurrence from 354 h data points in the vent region from 10 August 2018 to 17 August 2019
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19—26°C during winter months (October—December)
but still had 2—3 peaks and troughs on most days
(Fig. 4). pH was recorded in September to December
samplings. pH fluctuated between 5.9 and 7.9 during
the sampling period, with 3—5 peaks and troughs at
daily intervals (Fig. 4). Light intensity appeared to fol-
low a diurnal cycle, with greater light intensity during
the daytime (Fig. 4). However, on most days, even dur-
ing the daytime, only very weak light intensity was
recorded, probably because the top layer of the sea-
water was masked by the white and yellowish vent ef-
fluents. Fishes (family Chaetodontidae and Gobiidae)
were seen occasionally. A total of 28 fish were
recorded in 354 h (average 0.07 fish h™!, Fig. 4).

To examine the periodicity of the activity patterns
of crabs and the environmental parameters, autocor-
relation analysis showed that temporal variation in
crab density had a significant correlation with time
lags up to 4 h. Autocorrelation analysis of tide levels
indicated significant correlations with time lags from
0to6hand then from 11 to 13 h (Fig. S1 in the Supple-
ment at www.int-res.com/articles/suppl/m744p069__
supp.pdf). Autocorrelation analysis on pH revealed a
significant correlation up to 5 h (Fig. S1). Autocorre-
lation analysis on water temperature revealed a sig-
nificant correlation up to 23 h (Fig. S1). Spectral den-
sity plots of tide levels revealed a significant peak at
13 h (Fig. S2). However, no significant peaks were
identified in the spectral density plots of crab density,
water temperature, and pH, indicating that these
temporal variations are not rhythmic.

Cross correlation analysis on crab density to tides
revealed a negative significant correlation ranging
from +1 to —2 h time lags (maximum coherence was
0.2 at time lag = 0; Table 1, Fig. S3). Pearson correla-
tion between crab density and tides revealed a signif-
icant negative correlation (correlation coefficient
—0.204, p = 0.0001; Fig. S4). Cross correlation on crab
density to water temperature revealed a positive cor-
relation from 0 to —9 h time lags (coherence was 0.1—
0.15 from O to 1 h time lag) (Table 1, Fig. S3). Pearson
correlation between crab density and water tempera-
ture revealed a significant positive correlation (0.158,
p = 0.0028; Fig. S4). Cross correlation analysis on
crab density to light intensity revealed a significant
correlation in the range of —5to + 5 h time lags (max-
imum coherence 0.39 at +2 time lag). Pearson correla-
tion had a significant positive correlation on crab
density and light intensity (0.296, p < 0.0001; Fig. S4).
Cross correlation between crab density and pH did
not reveal a significant relationship at —4 to + 4 time
lags, with only the time lag at +9 having a significant
relationship, with coherence 0.2 (Table 1, Fig. S3).

Table 1. Cross-correlation analysis on the significant coher-

ence (p < 0.05) from a 354 h time series of selected variables

in the vent region from time lags —3 to + 3 h (for the total

analysis up to 50 h, see Fig. S1 in the Supplement). High pos-

itive coherence value indicates a high correlation between
the 2 variables at a specific time lag

Variable A Variable B Time lag Coherence
(h) (p<0.05
Crab density Water -2 —0.14
temperature —1 —0.19
0 —0.15
1 —0.20
Crab density Tide level -3 0.14
—2 0.15
—1 0.16
0 0.15
1 0.10
Crab density Light -3 0.20
intensity —2 0.29
—1 0.30
0 0.29
1 0.38
2 0.39
3 0.30
Water Tide -3 0.29
temperature -2 0.30
—1 0.30
0 0.31
1 0.31
2 0.30
3 0.28

Table 2. Cross-correlation analysis on the significant coher-

ence (p < 0.05) from a 162 h time series of crab density and

tide level in the peripheral region from time lags —3 to + 3

hours (for the total analysis up to 50 h, see Fig. S7). High co-

herence indicates high correlation between the 2 variables at
a specific time lag

Variable A Variable B Time lag Coherence
(h) (p<0.05
Crab density Tide -3 0.37
level —2 0.40
—1 0.39
0 0.29
1 0.15
Water Tide -3 0.37
temperature level —2 0.41
—1 0.45
0 0.47
1 0.45
2 0.42
3 0.37

Pearson correlation analysis on crab density and pH
did not reveal a significant correlation (p = 0.140).
There was a positive cross-correlation between tide
and water temperature at a wide range of time lags,
with coherences generally reaching 0.3 (Table 1).
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There was no significant cross correlation between
tide level and pH. Among the environmental factors,
the Pearson correlation revealed a positive relationship
between water temperature and tide (0.305, p <0.0001)
and between water temperature and light intensity
(0.308, p <0.0001). However, Pearson's correlation in-
dicated that tide level was significantly negatively cor-
related with pH (—0.163, p <0.007).

Light intensity was considered as a significant pre-
dictor for crab density in backward stepwise multiple
regression (R = 0.186, R? = 0.034). The model was sig-
nificant (F; 179 = 6.395, p < 0.012). The predicted crab
density = (0.000213) x light intensity + 1.701.

3.2. Peripheral region

Time-lapse photography of the peripheral region
yielded 162 h of recordings. Crab density fluctuated
between 0 and 5 individuals per 50 x 50 cm quadrat
throughout the recording periods. There were about
2—4 peaks and troughs of crab densities within a day
(Fig. 5). The daily density fluctuations of crabs were
similar throughout the recording period from Sep-
tember to November. Water temperature exhibited
3—4 peaks and troughs of fluctuation per day, and the
temperature ranged from 24 to 28°C (Fig. ) in Sep-
tember and from 23 to 25°C in November. There were
2—3 daily peaks and troughs in temperature (Fig. 5).
Recorded light intensity was low even during the day-
time, probably due to the masking effect of the vent
effluents at the surface layer (Fig. 5). pH varied from
6.6 to 8.2, with 2—3 maxima and minima in 1 d (Fig. 5).
Fishes (family Chaetodontidae and Gobiidae) were
seen in some periods, with a maximum of 24 fishes
recorded in 1 h. A total of 98 fishes were recorded in
162 h (average 0.6 fish h™!, Fig. 5).

Autocorrelation analysis on the time series data of
crab density indicated a significant correlation of
time lags of 1—2 h. Autocorrelation analysis of tide
levels indicated significant correlations of time lags
up to 3 h and then again at 7 h (Fig. S5). Autocorrela-
tion analysis on pH revealed a significant correlation
up to 2 h. Autocorrelation analysis on water tempera-
ture revealed a significant correlation up to 12 h.
Spectral density plots on tides only revealed a signifi-
cant repeatable pattern at 13 h (Fig. S6), whereas
spectral density plots of crab density, water tempera-
ture, and pH did not have significant peaks, suggest-
ing that these variations are not rhythmic.

Cross-correlation analysis on crab density and tides
revealed a positive significant correlation from +1 to
—4 h time lags (Table 2, Fig. S7), with the highest

coherence of 0.4 at a time lag of —2 h. Pearson corre-
lation between crab density and tides revealed a sig-
nificant positive correlation (correlation coefficient
0.300, p < 0.05; Fig. S8). Cross-correlation on crab
density and water temperature, light intensity, and
pH did not reveal any significant correlations. Pear-
son correlation between crab density and water tem-
perature and light did not reveal any significant cor-
relation (p > 0.05). Pearson correlation revealed a
significant negative correlation between crab density
and pH (—0.280, p = 0.0003; Fig. S8).

There was a positive cross-correlation between tide
and water temperature at a wide range of time lags
(Fig. S7E). Pearson correlation revealed a positive
relationship between water temperature and tide
(0.448, p <0.0001) (Table 2).

Tide levels were considered significant environmen-
tal variables in step-wise multiple regression analysis
for predicting crab density. The model was significant
(Fi95 = 13.664, p < 0.001; R = 0.355, R? = 0.126).
Predicted crab density = (0.0032) x tide + 1.032.

3.3. Variations in crab density among tide periods

There was no significant variation in crab densities
between day and night, among periods of highest and
lowest spring and neap tides, or between the rising and
falling of spring and neap tides at day and night (2-way
ANOVA,; Table 3, Fig. 6). There were large variations
in crab densities within each of these tide periods, re-
sulting in the variation in crab densities among the
tide periods in daytime and night not being significant
(Fig. 6, Table 3).

4. DISCUSSION

This is the first known study using continuous, mul-
tiple days with 24 h in situ underwater observations of
the activity pattern of the subtidal shallow-water hy-
drothermal vent crab Xenograpsus testudinatus. Our
results showed that the activity of X. testudinatus did
not have a rhythmic or repeatable pattern. However,
the activity of the crabs in the vent region was affected
by the interaction of water temperature, tide levels,
and light intensity (Fig. 4, Table 1). Multiple regression
modeling showed that light intensity had the greatest
influence on crab density among other significant fac-
tors in the correlation analysis. Crabs in the peripheral
region had a lower density compared to around the
vents, and multiple regression suggested the activity
was mainly affected by tides (Fig. 5, Table 2).
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Fig. 5. Time series data of Xenograpsus testudinatus abundance, tide levels, water temperature, light intensity, pH, and fish
occurrence from 162 h data points in the peripheral region from 2 September to 25 November 2018
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Table 3. Two-way ANOVA analyzing the variation in density
of Xenograpsus testudinatus between day and night (factor
day—night) and among 8 tidal periods. Density of X. testudi-
natus was square root transformed to meet assumptions of
normality (Shapiro-Wilk test, p = 0.289) and homogeneity of
variances (constant variance test, p = 0.799)

Factor df MS F P
Day—night 1 1.779 2.276 0.135
Tides 7 0.413 0.528 0.811
Day—night x Tides 7 0.523 0.669 0.698
Residual 100 0.782

Many intertidal invertebrates including limpets
and fiddler crabs have circatidal or circalunar behav-
ioral rhythms in feeding, reproduction, or mating
activity in relation to the tidal cycle (de la Iglesia &
Johnson 2013). However, X. testudinatus did not
show circatidal activity; rather, activity appeared to
be plastic and could be affected by the environment.
The density of X. testudinatus was negatively corre-
lated with tide levels in the vent region but vice versa
in the peripheral region. Cross-correlation analysis
indicated that crabs can respond within 1 to 2 h before
and after the tide level changes. Higher abundance of
crabs in the vent region at lower tide levels may be

due to water becoming more acidic (note that pH was
negatively correlated with tide level in the vent
region), as X. testudinatus can well adapt to a lower
pH environment (Allen et al. 2020). The pH in the
vent region was significantly negatively correlated
with tide level. In the peripheral region further away
from the acidic sources at vent plumes, there was no
correlation between pH and tide levels. More crabs
came out during higher tide levels, likely related to
foraging, as subtidal crabs are generally more active
during higher tide levels (Hadlock 1980, Reid & Nay-
lor 1989, Chatterton & Williams 1994). The present
results do not support the hypothesis that X. testudi-
natus come out in large swarms to feed during slack
water in periods of the highest and lowest tides (Jeng
et al. 2004). There were large variations in crab den-
sity among different tide periods, and we found no
significant difference in crab density among tide
periods (Fig. 6, Table 3). The observations by Jeng et
al. (2004) were only made during the daytime, but we
found that X. testudinatus at vents do not often form
distinct large swarms during the highest and lowest
tides in day- and nighttime (Fig. 6, Table 3).

The density of X. testudinatus in vent regions ap-
pears to be affected by light intensity and was signifi-
cantly higher during periods with high light intensity
during the daytime (sunny weather or

i thinner layer of the white coloured

T =12 n=35 vent water on the surface). The long
3] hours of solar illumination during the
3 12 n=6 daytime may explain why the response
s FE90 n=8 Ll of crab density to light intensity can
) 10 4 n=9 n= _ have time lags up to several hours as
g n=7 s reflected in the cross-correlation anal-
g 8 n=8 =g n=11 niZ ysis. However, X. testudinatus was not
g L n=9 completely inactive during the night.
S 54 v In the peripheral area, there was no
%‘ significant correlation between the
& 4 density of crabs and light intensity.
= The limited studies on the diurnal
g > | activities of subtidal crabs generally
showed that crabs are mainly noctur-
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Fig. 6. Variation in mean (+1 SD) crab density during different tide periods in
daytime and at night. Two-way ANOVA revealed that variation in crab density
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among tide periods and between daytime and nighttime was not significant. ~ night is likely due to the lower abun-
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dance of predators (average fish abun-
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dance 0.07 h~!) when compared to the peripheral
region (average fish abundance 0.6 h™!). The pres-
ence of predators can affect the activity of crabs. The
unusual diurnal activity in commercial subtidal crabs
of the genera Cancer and Carcinus in the Gulf of
Maine was suggested to be related to behavioral
changes following the removal of their main pred-
ators, i.e. cod and haddock, as a result of overfishing
(Novak 2004).

The vent region has higher occurrence frequencies
of high temperature (>28°C) and low pH (<6.5) when
compared to the peripheral region. There was a sig-
nificant but weak positive correlation between crab
activities and water temperature in the vent region
(Table 1). As X. testudinatus is a dominant animal in
the hydrothermal vent, its preference for higher tem-
peratures is not unexpected. Nevertheless, such a
correlation was less clear in the peripheral region
(Table 2), probably because of the lower fluctuation
range of temperature variation. In the peripheral
region, crab abundance was negatively correlated
with pH, such that the more acidic the water was, the
more crabs emerged. There are likely fewer predators
in the acidic environment. This concurs with the abil-
ity of vent crabs to adapt to a more acidic environ-
ment (Allen et al. 2020). Recent physiological studies
have also proved that X. testudinatus adapts to envi-
ronments rich in hydrogen sulfide mainly by means of
detoxification in gills and endo-symbiotic bacteria in
gills (Chen et al. 2023, Chou et al. 2023). In the vent
region, there was generally no correlation between
pH and crab abundance. The non-significant correla-
tion of pH with crab density in the vent areas is likely
because the pH environment in the vent regions is
more extreme, and very few predators can enter this
region. X. testudinatus is nearly absent from non-vent
areas off Kueishan Island, which has pH values of
around 8.1 (Chan et al. 2016), similar to other oceans
(Garcia-Soto et al. 2021). The non-vent region has
numerous predatory fishes, and this explains the near
absence of X. testudinatus in these areas (Chan et al.
2016).

Time-lapse photography is an important technique
to document time series of animal behavior. The
shallow-water hydrothermal vent environment pre-
sents many challenges when establishing time-lapse
photography studies. Although we successfully used
a newly designed long-life battery-powered infrared
underwater camera, which can work for 3—4 d, to con-
tinuously monitor subtidal crabs, the strong currents
and acidic environmental conditions of hydrothermal
vents did not allow us to obtain more than one consec-
utive day of images due to dislocation of the illumina-

tion angle of the infrared light, and these data were
not used for analysis. Rapid deposition of sulfur and
organic deposits can mask the glass on the camera
housing and result in failure to obtain successful
longer continuous monitoring. Biofouling issues are
also encountered in deep-sea hydrothermal vent ob-
servations, and microchlorination has been sug-
gested to lessen this problem (Auffret et al. 2009).
However, the shallow-water vents off Kueishan Island
often have strong currents (Chen et al. 2005) that can
stir up the rich sulfur and suspended matter. Inno-
vative techniques will need to be developed to over-
come the heavy fouling problems to gain longer con-
secutive daily observations on the animals inhabiting
these vents.

In conclusion, time-series analysis on the activity of
the hydrothermal vent crab X. testudinatus revealed
that this crab forages at all times, but it is more active
during the day at the vent region. Our results do not
support the hypothesis that X. ftestudinatus forms
large swarms during slack tides. Instead, X. testudina-
tus activity around vents is significantly correlated
with the interactions of water temperature, day—
night cycle, and tide level, with more crabs emerging
at higher temperatures but lower tide levels during
daytime. In the peripheral region, crab activity was af-
fected by the interaction of tides and pH. X. testudi-
natus is more active during high tides for feeding, and
also during periods with lower pH, which may cause a
reduction in the number of predators entering this
region.
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