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ABSTRACT

Extreme events caused by global change are increasingly affecting the ocean’s biogeochemical
cycling and ecosystem functioning, but it is challenging to observe how food webs respond to rapid
habitat disturbances. Benthic communities are particularly vulnerable because their habitats are
easily affected by extreme events. Here, we examined how benthic macrofauna responded to a
“near shutdown” of shallow marine hydrothermal vents, triggered by M5.8 earthquake and C5
typhoon events. Despite reduced vent fluxes, we shows that the endemic vent crab Xenograpsus
testudinatus continued to rely on chemosynthetic sulfur bacteria rather than photosynthetic sources.
We posit this obligate nutritional dependence caused a population decline of vent crabs. In contrast,
the non-endemic mollusks exhibited much greater dietary plasticity with no detectable impact on
the population. Our study based on naturally occurring extreme events exemplifies how specialist
species in marine system are particularly vulnerable to the unprecedented evolutionary and

environmental pressures exerted by human activities worldwide.
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Introduction

Marine habitats and biogeochemical cycles are increasingly affected by extreme natural hazards and
human disturbances, leading to rapid loss of biodiversity and altered food web functioning (1). Of
all the oceanic habitats, benthic food webs are among the most vulnerable to these types of
disturbances because they are often spatially fragmented and contain macrofauna assemblages that
are dominated by rare, endangered, or endemic species (2, 3). Unfortunately, it is challenging to
observe the trophodynamic effects of these large-scale and rapid environmental phenomena on
benthic food webs first-hand because changes can occur suddenly making “before and after”
monitoring unattainable (4, 5). Furthermore, these large scale environmental phenomenon cannot be
easily imitated in mesocosm experiments (6, 7). One of the solutions to this challenge is to conduct
longitudinal studies at easily accessible locations that are frequently affected by earthquakes,
typhoons, and other extreme events. Shallow marine hydrothermal vents, also known as shallow
vents, are ideal locations for longitudinal studies because their food webs are supported by both
chemosynthetic and photosynthetic sources that are sensitive to extreme events causing changes in
fluid flow, elemental cycling, and seawater mixing (8-10) (Supplementary text I).

Although ecologists have monitored food webs around shallow vents under relatively stable
environmental conditions, no studies have yet examined how food webs respond to extreme events
using data collected before and after drastic biogeochemical disruptions (11-14). To improve
environmental management and protection of hydrothermal ecosystems, it is important
understanding how vent benthic fauna respond to a transition from active to inactive, and how they
rely on resources from surrounding non-chemosynthetic ecosystems (15). Furthermore,
hydrothermal vent animals have been studied as model species to understand the origin of life on
Earth as well as animal adaptation and evolution (16) because of their ability to use the geochemical
energy source and tolerate high toxicity at the seafloor (17). Given that hydrothermal ecosystems

are increasingly threatened by human activities and targeted for exploitation (15, 18), we are losing
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biodiversity and the opportunity to continue studying conditions similar to those analogous to
environments that fostered the origin of life on Earth.

In 2016, one of the most heavily studied shallow marine vent systems in the world,
Kueishantao Island (KST, 24.843°N, 121.951°E, site information is detailed Supplementary text I1)
off the coast of Taiwan, was hit by a M5.8 earthquake and a subsequent C5 typhoon within a few
weeks (121" May and 2"9-10" July, respectively). These extreme events triggered underwater
landslides, burying active vents and benthic habitats, causing a near “shutdown” of vent activity for
almost two years (Fig. 1). The combined effect from the earthquake and typhoon decreased the
toxicity and intensity of the discharging shallow vent fluids (9), the two most important factors for
structuring KST’s food webs (19, 20). Before the extreme events, the active Yellow Vents (YV)
and the semi-inactive White Vents (WV) at the KST had distinct biogeochemical properties that
supported different food webs (Fig. 2). The high temperature and toxicity YV discharged gasses
and fluids rich in COg, sulfide (H2S) and sulfur dioxide (SO2) (21). In contrast, WV has low
degassing activity and no discharge of toxic fluids (21). After the disturbance, the rapid change in
the physical environment and reduced vent discharges led to dramatic shifts in the seawater’s
biogeochemistry in both YV and WV (9). While dissolved inorganic carbon (DIC) and elements
recovered to pre-disturbance concentrations after two year, previously abundant native yellow
sulfur accretions near the active YV disappeared (Fig. 1 and 2). The diminished sulfur accretions
could have led to a decrease in chemosynthetic sulfur bacterial biomass, and shifted the benthic
food base from chemosynthetic to photosynthetic resources.

The only macrofaunal species (i.e. body length 0.5-50mm) to inhabit the hostile YV
environment is the endemic vent crab Xenograpsus testudinatus. Its successful existence in the YV
has been attributed to its physiological adaptation to highly acidic and toxic hydrothermal fluids
(19, 22, 23). Although vent crabs are closely associated with toxic sulfur vent habitats, it is unclear
whether they are obligate feeders of sulfur bacteria because vent crabs also rely on substantial

contributions from photosynthetic derived sources by feeding on dead zooplankton, detritus and
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100  biofilms on vent rocks (11-14). Compared to YV, the less hostile WV has a much higher faunal
101  diversity (Fig. 2). Besides the endemic vent crab, the WV hosts several generalist species such as
102 mollusks capable of rapidly colonizing early succession habitats and using a variety of available
103  resources (19). The coexistence of obligate and non-endemic vent species before and after the
104  extreme events, makes KST an important site for understanding how individual members of benthic
105 food webs are differentially affected by rapid and dramatic changes in biogeochemical and physical
106  properties.
107 To understand how the shifts in biogeochemical cycles triggered by extreme events (2016)
108 altered benthic food webs, we analyzed stable sulfur, carbon, and nitrogen isotope compositions
109 (%S, 6'3C, and 6'°N) of the endemic vent crab (X. testudinatus), and three keystone mollusk
110  species in the peripheral WV area (19, 20); the sessile gastropod Thylacodes adamsii (Mdrch, 1859)
111 and the two mobile gastropods, Bostrycapulus gravispinosus (Kuroda & Habe, 1950) and Ergalatax
112  contracta (Reeve, 1846) in 2015 and 2018. These mollusks are considered keystone species in the
113  vent area because they are pioneer species, abundant, and have a fairly high tolerance to the toxic
114  conditions around these geothermal vents (20). The three mollusks represent different feeding
115  strategies: T. adamsii and B. gravispinosus are filter feeders and E. contracta is a carnivore (19,
116  20). By combining 34S, a powerful tracer for tracking vent influence, with the classic dietary tracer
117  3C and trophic tracer °N (24-26), we test the hypothesis that vent crabs have an obligate
118  nutritional relationship with sulfur bacteria. In contrast, we posit that the dietary breadth of the
119  generalist mollusk species will be much broader reflecting the dominant primary production
120  resources at any given time.
121
122 Results
123
124 Changes in sulfur cycling at the KST before and after the disturbance

125
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After these catastrophic events, the seabed landscape near the YV significantly changed; the new
shoreline formed, the old vent mouths were buried, and the seabed was covered by debris and
boulders from the landslide (Fig. 1 and 2). During the SCUBA diving expeditions of 2017 (July and
August) and 2018 to the YV, we observed a dramatic decrease in venting intensities, the complete
disappearance of sulfur ball deposits, and the collapse of the bright yellow sulfur chimneys. The
sulfur deposits that were prevalent before the extreme events were either buried by landslide debris
or dissolved by the changes in the vent’s fluid composition. By 2018, the sulfur chimney and
deposit still did not recover. As illustrated in Figure 2A, when sulfur dioxide (SO.) predominated
over hydrogen sulfide (H.S) in the vent fluids, the precipitation of native sulfur before the extreme
events and the equilibrium between the different sulfur species can be explained as following
equations (27, 28):
S0, + H,0 — H,S50;[1]
3H,S0; — 2H,50, + S+ H,0 [2]
Under these oxidizing conditions, the production of sulfurous acid (H2SOs; reaction 1) resulted in
elemental sulfur (reaction 2). After the disturbance (Fig. 2B), however, the conditions became more
reductive, which lowered SO concentrations (29). Hence, the dominant equilibrium after extreme
events can best be described as:
85 + 8H,0 — 6H,S + 2H,50,[3]
The absence of SO causes dissolution of native sulfur (27). Such a shift in sulfur species from a
more oxidizing to a reductive state (decreasing ratio of SO, to H.S) also resulted in a more

pronounced 3*S depletion of sulfides and the overall sulfur species in the vent fluids (28, 30).

Interannual variability in stable isotope values of vent crabs between 2015 and 2018

We analyzed and compared the 5*3C, 6°N, and 6**S of muscle tissues on vent crab (N=28) and

found a large amount of variability and significant differences in isotope values for vent crabs (X.
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testudinatus) between 2015 and 2018 (Fig. 3, MANOVA Pillai’s Trace = 0.8, F324 = 34.9; P <
0.0001). However, the differences between the two years were mainly driven by changes in 6**S
and 6°N (ANOVA, P-adj =0.003 and P-adj <0.0001 for 6%'S and 5*°N, respectively;
Supplementary Table S2). Interestingly, the direction of change for §°*S and 6°N also differed, for
example the average 5**S values decreased ~2.4%o whereas the 5*°N values increased ~2.1%o from
2015 to 2018. In contrast, the 5*3C values between these two years were not statistically different
(ANOVA, P-adj=0.18, supplementary Table S2), and the mean ¢6*3C values were 15.3 +2.1%o for

2015 and -16.2 +1.1%. for 2018.

Interannual variability in 5*S, 63C and 6'°N of mollusks between 2015 and 2018

We observed apparent shifts in ¢S, 6'3C, and 6*°N for suspension feeding mollusks before and
after extreme events although no statistical analyses were performed (due to small sample and
effect size) (Fig. 3), with increases in 6**S (average of ~3%o and ~5%. for B. gravispinosus and T.
adamsii, respectively), and 6*3C values (average of ~3%o for both species). By contrast, 5*°N values
of these two suspension feeders decreased (~5%o for B. gravispinosus and ~3%. for T. adamsii) and
their respective variability was much larger after these extreme events. For carnivorous mollusk E.
contracta, there are significant increases in all the isotope values after the extreme events (two
sample t-tests: t15=3.7, P-adj=0.02; t;=12.6 and P-adj<0.0001; ts=5.0 and P-adj=0.03 for 5**S,
o'3C, and 6'°N respectively). One striking difference between E. contracta and the two suspension
feeders is the large variability between the 5*°N values—their values greatly departed from each

other by an average of 7% in 2018 compared to those in 2015 (Fig. 3A).

Intra-annual isotope variability between vent crabs and mollusks in 2015 and 2018
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We examined whether there was a significant difference in the intra-annual variability of isotope
values (i.e. 613C, 6*°N, and 5°4S) between vent crabs and the pooled mollusk species. We pooled all
mollusks together because the vent crabs are considered the only endemic species in the KST
hydrothermal vents. Our result show that the vent crabs and mollusks occupy different isotopic
spaces but their difference are driven by a different isotope each year (Fig. 4). For example, the
significant difference in 2015 (Pillai’s Trace = 0.80, F317 = 22.6; P-adj < 0.0001) was driven by
differences in 5*3C and *°N values (ANOVA, P-adj <0.0001, supplementary Table S4), with ¢3S
not significantly differing between the two invertebrate groups (ANOVA, P-adj = 0.9). However,
significant differences in 2018 (MANOVA Pillai’s Trace = 0.77, F224= 40.1; P-adj < 0.0001,
Supplementary Table S5) were driven by changes in ¢**S (ANOVA P-adj <0.0001, Table S5)
instead of 63C (P-adj =0.19). The average 5*3C values were almost identical (-16.2%o and -16.8%o
for vent crabs and mollusks, respectively) despite the large variations among macrofauna. We did

not compared 5*°N values in 2018 as the ranges of mollusks were wider than those of vent crabs.

Stable isotope values of vent crabs by habitats and sex

No significant differences were detected between the vent crabs collected in the YV and WV
habitats (MANOVA Pillai’s Trace = 0.49, F31o= 3.80; P-adj = 0.08, Supplementary Table S6). The
04, 613C and 6'°N isotope signatures between the two habitats were identical (ANOVA P-adj
=0.41, 0.03, and 0.16, respectively). Furthermore, no differences between sexes (female vs. male) in
2018 were found among vent crabs, despite some of the females carrying eggs at the time of
sampling (Pillai’s Trace = 0.27, F3.10= 1.49; P-adj = 0.27, Supplementary Table S7). ANOVA
analyses also show that 5**S, 6*C and 6°N between the two sexes are identical (P-adj =0.91, 0.26,

and 0.53, respectively).

Body sizes and population size changes before and after the extreme events
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By comparing population data from 2004 and 2014 (13, 19) with our own underwater camera
survey in 2018 (Supplementary Table S8), we found that the vent crab population at the YV
decreased from average 23 specimens for every 25x25 ¢cm?in 2004 to average 11 and four
specimens in 2014 and 2018, respectively. Despite lack of quantitative mollusk population data
after the disturbances, we did not observe any apparent changes in mollusks’ population density
after the earthquake.

To investigate whether the macrofanua species changed their body sizes in response to the
biogeochemical changes, we also measured the sizes of vent crabs and mollusks except for the
irregularly coiled T. adamsii. The size data are listed in the Supplementary Table S1. Two sample
t-tests on body width on vent crabs and E. contracta before and after the extreme events showed
that the body size did not change significantly after the disturbances (t26=-0.94, P-adj =0.35 for
crabs; and t7=-0.141, P-adj =0.20 for E. contracta, respectively). The body size of B. gravispinosus
is similar to previous observation (20) and also barely changed before and after the events (ts=-0.41,

P-adj =0.05).

Comparison of 6%S values between hydrothermal vent organisms and marine organisms in the

open ocean

We compiled the 5**S data from this study with §%*S data and from the previously published
literature to gain insight how ¢°4S values of the KST vent macrofauna compared to those deep-sea
hydrothermal vent organisms as well as marine organisms in the open ocean (Fig. 5). Our data show
endemic species vent crabs and non-endemic mollusks in the KST vents have similar 6°4S ranges
(average 9.2 and 7.7%., respectively) before the extreme event. The 5**S values of both groups were
between deep-sea vent fauna and pelagic fish or deep-sea benthic macrofauna (Fig. 5). The average

5**S values of both groups were lower than the middle point (10.5%o) of the two ¢°4S end members
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at the KST vent system: i) chemosynthetic food sources from KST native sulfur have a mean value
of ~1%o., and ii) photosynthetic sources of natural seawater sulfate has a mean value of ~20%. (21)
(Fig. 5). After the extreme event, however, the 6°S values of vent crabs decreased towards values
more typical of deep-sea hydrothermal benthic organisms (average of 5.1%o; Fig. 5), in spite of the
diminished vent activities. In contrast, the 5**S values of mollusk species increased by an average of
7-8%o0 and diverged from those of vent crabs by ~12.3%., thus resembling 534S values typical for

pelagic fish and benthic organisms, ranging from 13%. to 20%. (Fig. 3B and Fig.5).

Discussion

Extreme events triggered drastic changes in sulfur cycling and isotope values

After the earthquake and typhoon in 2016, the major elements in the KST system experienced a
period of rapid re-organization with a two-year near shutdown period and the disappearance of the
previously abundant native yellow sulfur accretions on the seafloor near the active YV (Fig. 1 and
2). This suggests a major change in elemental sulfur cycling, namely a shift in sulfur speciation of
KST fluids in the mixing zone between vent and sea waters where chemosynthetic bacteria uses
H>S as an energy source (31). The shift in sulfur species from a more oxidizing to a reductive state
(decreasing ratio of SO, to H,S) also resulted in a more pronounced %S depletion of sulfides and
other sulfur species in the KST vent fluids. Indeed, studies from volcanic settings have shown that
33 of overall sulfur species become more depleted as a function of decreasing SO2/H,S (27-30). As
a result, dietary sources associated with vents became more 34S depleted after these extreme events.
Besides sulfur speciation, there was also a major reduction in sulfur fluid fluxes from the YV,
leading to the increased influence of seawater (more 34S enriched) in the mixing zone. Taken
together, these two sulfur cycling processes have a profound impact on the dietary sulfur

availability of chemo- or photosynthetic sources for the vent benthic macrofauna (Fig. 5).
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By using multiple isotopes, we were able to track how the KST food web responded to
sudden biogeochemical changes. Due to the underlying biogeochemical complexity in the KST
region, the source tracers S and *C provided complementary dietary information. Under the
strong venting activities prior to these extreme events, vent crabs and all mollusks from both the
YV and WV showed consistent 6*S values but discordant 6°C values (Fig. 3). This result suggests
that sulfur originating from the YV fluids are the largest sulfur source for both chemo- and
photosynthetic production in the entire area, masking over the potential effects of the seawater’s
sulfur source. Vent sulfur’s dominant influence in the vicinity of the KST area is not surprising
because the S* concentration in the YV fluids was approximately five times higher than that of the
WV fluids and 50 times of seawater in the Kuroshio Current (21, 32). Despite the much narrower
range between chemo- and photosynthetic sources of 3C than **S (26, 33), *C is a more
informative source tracer before the extreme events because of the small spatial difference in
dissolved inorganic carbon (DIC) concentrations between the YV and the peripheral area (< 1.25)
(9). After the extreme events disturbed the vent system, however, the reduced vent sulfur flux
dampened the dominance of vent sulfur in the KST region, making **S the most informative source
tracer for chemo vs. photosynthetic origins (Fig. 5). For example, the divergence in 634S values
between mollusks and vent crabs strongly suggest that the vent sulfur is no longer the dominant
sulfur source for the entire KST area (Fig. 4). Our interpretation of the isotope data below is based

on the underlying sulfur and carbon biogeochemistry in the KST region.

Dietary response to the drastic biogeochemical changes and habitat disruption

The marked changes in sulfur cycling influenced the diet of hydrothermal macrofauna except for
the endemic vent crab X. testudinatus. Before the disturbance, the more positive *3C values in vent
crabs compared to other vent invertebrates indicate that the crabs relied more on food derived from
chemosynthetic sources than photosynthetic sources (Fig. 4). Our result corroborate previous
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trophic studies in the KST (11, 14). The consistently high 5*3C values in vent crabs are attributed to
the carbon intake from chemoautotrophic microbes that use high 6*3C of DIC (average -18%o), and
vent POM (~17.4%o) (11, 14). Although DIC concentration peaked immediately after these extreme
events, DIC values recovered to the same level as in May 2018 (9). The fact that 5*3C values for
vent crabs had similar ranges before and after the extreme events suggests that vent crabs continued
to rely more on chemo- rather than photosynthetic dietary sources, despite the decreasing supply of
vent derived dietary sources. Furthermore, the 6°*S values in vent crab have become more negative
after the disturbance affected the vents, indicating that vent crabs continue to obtain nutrients from
the vent associated sources. However, the decrease in ¢S values was unlikely due to a proportional
increase in the consumption of chemosynthetic sources (i.e. vent POM including sulfur based
microbial biomass) as the vent activities decreased. Instead, the more negative 5%*S values in vent
crabs were likely driven by the sulfur speciation-triggered depletion in 34S in vent sourced dietary
sources (Fig. 2). Moreover, isotope values of vent crabs in the WV and YV habitats were
indistinguishable despite the vast differences in biogeochemical conditions (i.e. sulfur sources) and
associated food sources. These multiple lines of evidence show that vent crabs have a confined
dietary niche that is much more closely associated with the hydrothermal vent sources than
previously recognized.

Compared to the vent crabs, the mollusks at the WV consistently consumed more photo-
than chemosynthetic sources. Before the extreme events, the mollusks’ 6*3C values (-20.5%o) were
more negative than those of the crabs (-15.3%o). Since seawater POM was -23%. and vent fluid
POM was -17%o (11), our study confirms previously published data that the mollusks relied less on
chemosynthetic sources than the vent crabs (11, 14). After the extreme events, mollusks gained
more access to photosynthetic dietary sources because the resource base at the WV became more
influenced by pelagic resources (Fig. 2 and Fig 5). The marked increases in §**S values in all
mollusks (average of ~12.3%.) completely diverged from those of the vent crabs, closely

resembling values of pelagic fish and benthic organisms in the open ocean (Fig. 4B and Fig.5). This
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suggests that mollusks relied more on photosynthetic sources (i.e. seawater sulfate, ~20%o) than
chemosynthetic vent sources (-1%o) (Fig. 5). Indeed, a recent biogeochemical time-series in the
region showed a significant decrease in the intensity of conspicuous white color produced by the
dominant chemoautotrophic sulfur bacteria (e.g. epsilonproteobacteria and gammaproteobacteria) in
the WV seawater after the extreme events (9). Decreased consumption of vent associated diet in
mollusks is likely due to the lowered contribution of sulfur-based chemotrophic bacteria and vent
POM to intermediate consumers such as zooplankton and epi-benthic crustaceans, which make up a
large dietary contribution to mollusks (11).

We posit that cyanobacteria made greater dietary contributions to the WV food web after the
extreme events because of the increasing 6'3C values of the mollusks from 2015 to 2018. We rule
out the possibility that increased ¢*3C values are directly linked to vent POM sources since the 6*°N
values of half of the suspension feeders is close to 0%, the typical value for biomass from
dinitrogen fixation (34). Among all marine phytoplankton, the nanoplanktonic cyanobacteria
Trichodesmium, a diazotroph, has the lowest 6*°N value and highest 6*3C (34). In fact,
Trichodesmium is highly abundant in the Kuroshio Current (35, 36), which directly flows through
the KST area. Before the extreme events, cyanobacterial production in the KST area was
suppressed by the high concentration of toxic metals such as arsenic, cadmium, copper and lead
(37). The sharp decrease in toxic metals after the extreme events, however, could have led to a
surge in cyanobacterial production in the KST vent area (9). We attribute the large 6°N variability
(5-6%0) of the suspension feeders to variable contributions of cyanobacterial POM, not the
differences in their body sizes because individual specimen sizes of each species were similar (Sl
Table S1). Interestingly, the two species appear to use similar niches despite their different filtering
modes; T. adamsii secretes a mucus-like net to filter organic particles in the water, and the free
living B. gravispinosus filters and forages on organic matter directly from the water column (20).

With the caveat that our sample number is small (n = 3), our results indicate intraspecific niche
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segregation among similar size classes, but further studies are warranted to investigate this
hypothesis.

Despite the putative contribution of cyanobacterial production to the KST food web after the
disturbance to vent system, both ¢*3C and 6'°N values of carnivorous E. contracta increased
suggesting that they increased their trophic position, probably by feeding on carrion such as
zooplankton, vent crab and fish. E. contracta likely expanded its foraging area towards the YV area
after the decreased toxicity because its 5**S range widened as opposed to its 5*C and ¢*°N ranges.
Taken together, our study shows that each different isotope provided unique insight into changes of
macrofauna’s resource utilization in the KST vents. This underpins the importance of using
multiple isotope tracers for obtaining a holistic understanding of how drastic biogeochemical

changes affects nutrient variability in the hydrothermal vent area.

Foraging adaptations of endemic and non-endemic species

Vent crabs have until now only been found at three shallow hydrothermal vents with high sulfide
concentration (38). Hence, vent crabs are considered endemic to these habitats because they are
physiologically adapted to tolerate the high concentration of toxic sulfur fluids and are able to
ingest sulfur bacteria (12, 22). Our results show that vent crabs have an obligate nutritional
relationship with chemosynthetic bacteria despite their otherwise opportunistic foraging behavior.
The vent crabs’ ability to exploit both chemo- and photosynthetic sources and cope with dramatic
disturbances follows their adaptation to an extreme and variable biogeochemical environment over
geological timescales. Yet, it appears that the crabs continued to rely more on chemo- than
photosynthetic derived sources despite the greatly reduced habitat for chemosynthetic bacteria after
YV became less active. The decline in vent crab population with the decrease in the YV activities
further underlines that vent crabs are nutritionally dependent on sulfuric bacteria. We argue that this

decline is driven by the reduction of chemosynthetic bacteria rather than a higher predation pressure
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because the vent area still remains toxic and inaccessible to predators after the disturbance. We
assume that the crabs feed directly on sulfur bacteria, but it has also been posited that crabs can
receive nutritional supplementation from symbiotrophic chemosynthetic bacteria (23). This
nutritional dependency suggests that vent crabs has low dietary plasticity, and their population will
continue to decline if the KST vent activities decrease and become less sulfur-rich.

The three mollusk species we studied in the KST vent area are widely distributed in
different world oceans (i.e. Indian or Pacific Oceans). Hence, these non-endemic species are
diametrically opposite to the endemic vent crab in terms of their ability to exploit a wide range of
resources and inhabit different environments. We show that the food sources of the suspension
feeders were strongly affected by the biogeochemical disruption, and that they are less constrained
in their exploitation of different chemo- and photosynthetic sources than the vent crabs. After this
disruption, the suspension feeders were able to rely on new dietary sources such as cyanobacteria
into their diet, and the carnivorous mollusks appeared to increase their dietary breadth by foraging
closer to the YV area. The mollusks’ abundance and body sizes did not change after the disturbance
show that they are not nutritionally dependent on sulfur bacteria from the vent (19). Together with
their tolerance to low and medium toxic environments, their wide dietary niche probably plays an
important role in their ability to colonize the transitional environment between the extreme
hydrothermal vent and open pelagic habitats. Our study furthers our understanding of how these
pioneer species are able to inhabit many marine environments in the world’s oceans.

To our knowledge, our study is the first to investigate how sudden and drastic
biogeochemical changes affect a unique hydrothermal vent food web. We found that the two
suspension feeders exhibited a similar response to the disturbance that is very different from vent
crab and carnivorous gastropods. Since the two sampling occasions took place in same season, it is
likely that the changes observed in this study truly reflect the impact of extreme events. However,
to further understand how vent associated animals respond to extreme events it would be necessary

to set up more frequent and longer-term monitoring programs as well as more expansive species
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sampling in future studies. This could provide more robust inferences in regards to niche

segregation among these suspension feeders.

Foraging by benthic macrofauna under frequent natural and human impact

The diverse response of different macrofauna in our study highlights the importance of
understanding ecological heterogeneity and the consequences of habitat disturbance to ecosystem
functioning. While the generalist non-endemic species readily adjusted their foraging strategies to
the biogeochemical changes in the KST area, the endemic specialist continued to rely on one unique
dietary component, sulfur bacteria. This shows that the vent crabs not only occupy habitats
inhospitable to other faunal species because it provides them protection against predation, but also
that they have formed a nutritional dependency on sulfur bacteria. Similarly close associations with
sulfur bacteria have also been found in many deep-sea hydrothermal endemic species such shrimps,
vestimentiferan tube worms, bivalves, and gastropods (Fig. 5). The large endemic faunal diversity
in deep-sea hydrothermal habitats can undoubtedly be linked to their relatively stable and static
environmental conditions. In the much more unstable and dynamic shallow vents, the vent crabs
can survive prolonged periods of food scarcity by storing nutrients and exploiting a range of non-
sulfur bacterial derived resources (22). Nevertheless, the sparse geographical distribution of vent
crabs and their population decline following the decrease in YV activities at the KST shows that
they are obligate sulfur vent species and that they are much more vulnerable to vent shutdown than
the non-endemic mollusks. Our finding is important for assessing the ecological ramifications of
human activities, i.e. higher COz levels, uncontrolled human development, deep-sea mining and
industrial dredging, because the alterations of benthic habitats may pass a threshold after which
they become uninhabitable for many endemic benthic species that are obligate to unique
ecosystems. In such a scenario, generalist species with broad dietary niches and tolerance to rapid

changes in biogeochemistry will become more competitive under frequent and severe disturbances
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from natural hazards and human activities, however, this may come at the cost of substantial loss in
biodiversity.

In conclusion, our study demonstrates that extreme events can dramatically disrupt the
biogeochemical cycling of shallow marine hydrothermal ecosystems, consequently affecting the
relative food basal supplies from photosynthetic and chemosynthetic origins. Our multiple isotopic
results show species-specific response to extreme events at two distinct habitats. Non-endemic
species show broader dietary flexibility than the endemic species, and thus are more resilient to
biogeochemical disruptions. More work must isolate other spatially fragmented habitats containing
macrofauna assemblages comprising rare, endangered, or endemic species. Specifically, long-term
observations dedicated to monitoring marine habitats that have experienced extraordinary amounts
of human use and exploitation will become increasingly necessary to track ecosystem health. Our
work exemplifies how marine specialists are more vulnerable than generalists to the unprecedented

evolutionary pressure exerted by human activities worldwide.

Materials and Methods

Sampling and processing

The research cruises for the collection of vent organisms were carried out between April and May
each year in 2015 and 2018 to avoid seasonal effects on food source and seawater biogeochemistry,
which is strongly influenced by sea water temperature and the direction of the predominant tidal
and Kuroshio Current. No field sampling campaign took place in May 2016 due to the natural
disasters. After the extreme events, the YV landscape was fragmented due to the YV’s close
proximity to the shore of KST. The accumulated YV sulfur chimney was completely destroyed and
the original seabed landscape was buried with new layers of debris and sediments. The vent

activities in YV increased in strength again in 2018 in many smaller fumaroles. Therefore, the
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subsequent sampling in 2018 for YV was conducted on top of the buried old YV site, located
through the GPS and other landmarks. The WV seabed, which is farther away from the shoreline
than the YV area, was only buried with a thin layer of sediment and exhibited less venting activity
in 2018 than 2015. This situation enabled us to sample the same site in the YV in 2018.

Vent organisms were collected on each cruise to the YV and WV via SCUBA diving by a
minimum of two scientific divers. We did not collect organisms outside of the YV and WV areas
since they remained mostly unaffected by the vent chemistry in the mixing zone, and the seafloor
fauna typically reflect the surrounding shelf benthic habitats (19). Vent crabs (X testudinatus) were
collected at both the YV and WV. In 2018, collected crabs were sexed based on their shape of
pleonal structures and males and females were processed separately. Key species of mollusks
including sessile (T. adamsii) and motile gastropod (B. gravispinosu and E. contracta) were
collected at the WV within a 10 m radius within the same site each year. For statistical reasons, at
least 6 specimens of each species were collected. All organisms were placed in portable nets and
brought to the surface where they were then placed in aerated containers with seawater. After
sampling, vent invertebrates were transported to the laboratory at National Taiwan Ocean
University, and placed in an 80 x 50 x 60 (LxWx H) tank with a constant fresh filtered seawater
flow for 24 h to empty their gut contents. However, the filter feeders, namely, T. adamsii and B.
gravispinosu, died or were preyed on by carnivorous E. contracta during the transport and 24 h gut
cleaning. Dead specimens were discarded and resulted in a smaller sample size of the filter feeders.
In 2015, due to lack of trained personnel on-site for dissecting the animals, all vent invertebrates
were rinsed in de-ionized water and then were frozen at -20°C before drying in the oven at 60°C for
48 h. The dry samples were then shipped back and dissected in the Institute of Geosciences, Kiel
University (CAU). In 2018, after being rinsed in de-ionized water, all molluscan samples were
frozen at -20°C for euthanization and the crabs were desensitized by placing them in ice for half
hour before dissection. For the crabs, we pooled and analyzed muscle tissues from the claws. For

the mollusks, we used all muscle tissue available including foot and abductor muscles due to the
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small mass of the specimens. To investigate whether the macrofanua species changed their body
sizes in response to the biogeochemical changes, we also measured the sizes of vent crabs and
mollusks except for the irregularly coiled T. adamsii. We determined the size of vent crab by
measuring the distance between the two most protruding notches. We used the shell height and
length, respectively, to determine the body sizes of the gastropod E. contracta and B. gravispinosu
was determined by. All the body size data is presented in the supplementary Table S1. At the
Institute of Geosciences in CAU, all samples were homogenized using a mortar and pestle and
subdivided into two fractions, one for C and N stable isotope analyses, and the other for S stable

isotope analyses.

Stable carbon and nitrogen isotope analyses

For the samples collected in 2015, approximately 60 to 100 pg of dry mass for each sample were
weighed into tin capsules. Samples were then analyzed for stable C and N isotope ratios using a
continuous-flow isotope-ratio mass spectrometer MAT253 (Thermo Finnigan) coupled to an
elemental analyzer EA1108 (Carlo Erba Instruments) (EA-IRMS) through a Conflo 111 interface
(ThermoFinnigan) in the stable isotope facility of the University of La Corufia, Spain. During the
analyses, a set of international reference materials were used for isotope calibration (NBS 22,
IAEA-CH-6, USGS24 for 6'3C and IAEA-N-1, IAEA-N-2, IAEA-NO-3 for 6° N). The analytical
measurement errors of + 0.15 %o were calculated for §*C and 6*°N based on the replicated assays
of the laboratory standard acetanilide interspersed between sample analyses. Samples collected in
2018 were measured with an EA-IRMS in the Iso Analytical Limited Inc, UK. Approximately 1
milligram of the dry mass of each sample was used for the carbon and nitrogen isotope analysis. For
quality control, internal lab standards (I1A-R068, IA-R038, 1A-R069, and a mixture of IAEA-C7 and
IA-R-R046) were analyzed in between sample runs. These standards were calibrated against

international reference material IAEA-CH-6, IAEA-N-1, IAEA-C-7 for both 6*3C and 6*°*N. The
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isotope data are also expressed in delta () permil (%o): 6 (%0) = [(Rsample/Rstandard) — 1] X1000, where
R is the ratio of heavy to light isotope. The isotope ratios are expressed relative to international
standards: VPDB for carbon and atmospheric air for nitrogen. For organisms C: N ratios greater
than 3.5 in this study, we applied lipid correction to ¢*3C values for muscle tissue samples (N=49)
following Logan et al. (39). We did not perform lipid extraction prior to stable isotope analyses of

muscle tissues because lipid extraction is known to affect 5*°N values (40).

Stable sulfur isotope analyses

Sulfur isotope analyses of all samples were performed on an EA-IRMS at Iso-Analytical Limited,
UK. Tin capsules containing reference or sample material plus vanadium pentoxide catalyst were
loaded into an automatic sampler and dropped, in sequence, into a furnace held at 1080 °C, and
combusted with oxygen. For quality control purposes, test samples of a set of in-house standards
IA-R061 (barium sulfate) (N=12), IAEA-SO-5 (barium sulfate) (N=5), IA-R068 (soy protein)
(N=5) and 1A-R069 (tuna protein) (N=3) were measured during batch analysis of our samples.
Internal laboratory standards, IA-R061, IA-R025 (barium sulfate) and 1A-R026 (silver sulfide) were
used for calibration and correction of ‘80 contribution to the SO* ion beam. Calibration of internal
standards were carried out against inter-laboratory comparison standards (NBS-127, barium sulfate
and IAEA-S-1, silver sulfide) distributed by the International Atomic Energy Agency. The standard
deviation for the test samples were + 0.10%o except for [A-R069 (£0.32%o). The sulfur isotope
ratios also expressed in delta (o) permil (%o): 6 (%o0) = [(Rsample/Rstandard) — 1] x1000 and relative to

international standards: Vienna Canyon Diablo Troilite (V-CTD) for sulfur.

Vent crab population density data change from 2004 to 2018
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We examined the relationship between vent activity and crab abundance to understand whether the
decreased vent activity affected the vent crab population. We conducted the underwater video
survey next to the new Yellow Vent mouths, the most populous area for vent crabs. A digital
camera was set up to capture the 50x88 cm? area for three days, from August 10" to August 12",
2018. To be consistent with previous published population data, which was only captured during
the day time, we only used the footage from the daylight hours for population density analysis. In
addition, our study area is subjected to strong tidal currents mixing with vent fluid discharge, which
make the water too murky for clear visualization after 15:00. Therefore, we used images captured
between 10:00 to 15:00. We omitted film footage from 11:00 onwards on August 12" because the
image quality was blurry, possibly due to a technical failure of the camera equipment or strong
mixing of the underwater currents. To count for the mobile individuals which entered the survey
area, we split each hour into six 10 minute intervals, which amounted to 66 film frames for the all
the hours that were used for this analysis. Then we compared with the vent crab population baseline
established in 2004 and 2014 (13, 19). To make the vent crab density data comparable for three
years, we have converted our own count and published data to area coverage of 25x25 cm? based
on Chan et al. (2016). In 2004, the average density count was 364 specimens for every 100 cm x
100 cm at the YV, which is the equivalent of 23 specimens for every 25x25 cm? (13). By 2014, the

average speciemens was 11 specimens at the YV for every 25cm x 25¢cm quadrats (19).

Statistical analyses

All statistical analyses were performed in R version 3.3.4 (R-Development-Core-Team, 2017-11-
30) with R-Studio interface version 1.0.136. All isotope data (6*3C, 6*°N, and ¢°4S) were assessed
for homoskedasticity (equal-variance among organism groups) by using Fligner-Killeen tests and
were visually checked for any departures from normality on the Q-Q plot. We found P-values of

0.87, 0.23, 0.29 for 53C, 6N, and 5**S, respectively, indicating that the variation in all organism
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was homogenous. All the isotope values were also assessed (R function: cor) for their correlation
with each other, and we found that none of the parameters co-varied with one another. Based on
these tests, we carried out statistical analyses on the isotope results. We first tested for significant
differences in inter-annual isotope values (6*3C, 6°N, and ¢%*S) among vent crabs from 2015 and
2018 by applying Pillai’s trace Multivariate Analysis of Variance (MANOVA). To assess which
dependent variables (6*3C, 534S and/or 5*°N values) are significantly different between groups (R
function: summary.aov), we then used univariate Analysis of Variance (ANOVA) on the output
from MANOVA. Instead of using multiple t-tests, we used a MANOVA test to compare the vent
crabs from 2015 and 2018, because the assumptions for MANOVA test are satisfied. For the
mollusk species, we performed two sample t-tests on isotopic changes on E. contracta before and
after the extreme events because both the standard population effect size (D>4) and sample sizes
satisfied the statistical assumption (41). However, no statistical analyses were performed on B.
gravispinosus and T. adamsii due to the small sample numbers (N=3) and their effect size (41).
Given that vent crabs are considered an endemic species in the KST, we examined whether or not
there was a significant difference in the intra-annual variability of isotope values (6*3C, §*°N, and
5%*S) between vent crabs and the pooled mollusk species by performing MANOVA and ANOVA
analyses. We compared all three isotope variables (6*3C, 6*°N, and §**S) for 2015 but only §**C and
6%*S for 2018 as 6'°N value ranges of mollusks in 2018 were wider compared to those of vent crabs.
MANOVA and ANOVA tests were also conducted to examine whether there were any biases in the
vent crab’s isotope values between habitats (i.e. YV vs. WV, N=6 and 10, respectively), as well as
between the different sexes (female vs. male, N=8 for each) in 2018. Finally, we compared the body
size changes before and after the extreme events using two sample t-test. The P-adjusted values
from all ANOVA decomposition tests were obtained using p.adjust function with FRD method.
Unless otherwise stated, statistical significance is assessed at P< 0.05. All figures are made using

“ggplot2” and “ggpubr” packages.
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Comparison of 6**S values between hydrothermal vent organisms and marine organisms in the

open ocean

To gain insight how %S values of the KST vent macrofauna compared to those deep-sea
hydrothermal vent organisms as well as marine organisms in the open ocean, we compiled and
compared the ¢%S data from this study with ¢%S data from the previously published literature (Fig.
5): for example, jellyfish from the UK shelf (42); pelagic fish (43); offshore_benthic_invertebrates
(43-46), and as well as deep sea hydrothermal vent animals (45, 47, 48). We also compared 534S
values of the KST vent macrofauna with that of KST native sulfur and seawater sulfate (21). This
will provide a larger context for understanding and interpreting the 5%*S results presented in this

study.

Data Availability

The data that support the findings of this study are provided in Supplementary table S1.
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723  Figure Captions
724
725  Fig. 1. Kuishantao Island (Turtle Island, off Taiwan) geographical location and photographs
726  showing the disturbance events that impacted shallow hydrothermal vent activity: (A) Shallow
727  vents study area, located at a tectonic junction northeast of Taiwan and at the southern end of the
728  Okinawa Trough. Its eastern side is directly hit by the Kuroshio Current. (B) Sampling locations at
729  the Yellow Vent (YV), White Vent (WV), and old vent sites as well as Turtle Island east side
730  details. (C) Aerial and submarine photographs showing the vent activity and seabed conditions at
731  the sampling sites before and after the 5.8 Richter Magnitude earthquake on 12" May 2016, and
732 Category 5 typhoon Nepartak from 2™ to 10" of July 2016. Detailed time series aerial and
733 submarine photos from 2011 to 2018 can be found in Lebrato et al. (2019). The databases are
734  deposited at the NOAA National Center for Environmental Information (NCEI) under Accession

735  Number 0175781 in https://data.nodc.noaa.gov/cgi-bin/iso?id=gov.noaa.nodc:0175781 with

736  DOI:10.25921/6hy3-6d56.
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739  Figure 2. Diagrams showing dominant geochemical processes around Turtle Island shallow
740  hydrothermal: A) 2015; B) 2017 and 2018. The geochemical changes owing to the Richter M5.8
741  earthquake and C5 Typhoon caused changes in sulfur element cycling. See text for detailed
742  explanation. This figure is created by Michelle O’Reilly (Graphic Designer for the Max Planck

743 Institute for the Science of Human History, Jena, Germany)
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Figure 3. Inter-annual %S, 6°C and ¢*°N variability of benthic organism tissues in the

Kuishantao Island in 2015 and 2018: vent crabs (Xenograpsus testudinatus); Bostrycapulus

gravispinosus; Thylacodes adamsii; and Ergalatax contracta before and after the 2016 catastrophic

events (Richter M5.8 earthquake and C5 Typhoon). *** denotes for P-adj <0.001 and ** denotes

for P-adj <0.05.
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Figure 4. Paired stable isotope values of vent crabs (Xenograpsus testudinatus) and individual

Molluscs (Ergalatax contracta, Thylacodes adamsii, Bostrycapulus gravispinosus) from the KST

in years 2015, and 2018: A) 63C and 6°N; B) 6*S and §*3C. The yellow stars denote Richter

M5.8 earthquake and C5 Typhoon events in 2016.
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758  Figure 5. Compiled 6%S values of hydrothermal vent organisms and those of marine
759  organisms in the open ocean. Filled circles with different colors indicates individual animal or
760  tissues. The data based on previous published data are often mean values of several individual
761  specimens of the same species. Filled triangle indicates the seawater sulfate from Gulf of Mexico
762  and the KST. The ¢°*S value ranges are also shown for the native sulfur from the KST (n=5) and
763  gelatinous zooplankton from the Atlantic Ocean (shelf seas) (n=675). Data reference: Jellyfish from
764  the UK shelf (42); Pelagic fish (43); Offshore_benthic_invertebrates (43-46); KST native sulfur and

765  seawater sulfate (21); Deep sea hydrothermal vent animals ((45, 47, 48)).

Averaged world seawater and KST seawater A
Gelatinous zooplankton (Atlantic ocean) ! !
Pelagic fish * SumEms e
Offshore benthic invertebrates - e @aus wmees o
KST native sulfur [—
Vent crab ® e
- } 2015
k<)
2 | Mollusca e ew®mese e
w
2
|‘E Vent crab . s oem o o
2018
Mollusca e ¥ wee o
Deep sea hydrothermal
vent fanua
-10 -5 0 5 10 15 20 25
767 533 (%a)

32


https://doi.org/10.1101/2020.09.09.288985

Supplementary Materials

Foraging strategies under extreme events: Contrasting adaptations by benthic

macrofauna to drastic biogeochemical disturbance

Yiming V. Wang'?*, Mario Lebrato?, Li-Chung Tseng®, Thomas Larsen®”, Nicolas Smith
Sanchéz*, Pei-Wen Lee?, Juan-Carlos Molinero*’, Jiang-Shiou Hwang?®, Tin-Yam Chan,

Dieter Garbe-Schdnberg?

“Corresponding Author: Yiming V. Wang, Thomas Larsen

E-mail: ywang@shh.mpg.de, larsen@shh.mpg.de


https://doi.org/10.1101/2020.09.09.288985

Supplementary Table S1

Individual 6*C, 6*°N and 6**S values and shell width of
individual organisms from the KST vent.
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Supplementary text 1: Background on shallow marine vent food sources

Together with deep sea vents, shallow vents are unique underwater volcanic features
that, despite their extreme fluid chemical properties, facilitate habitat formation by creating
new niches for vent specialists and pioneer species in otherwise homogenous and poor
habitats (8, 19, 20, 28). These shallow vents are home to a diverse community of bentho-
pelagic species that are primarily supported by chemical energy created when warm vent
fluids rich in sulfides, methane, and other minerals meet seawater (4, 8, 15, 19, 20). In
addition to the chemosynthetic sources, hydrothermal benthic and planktonic heterotrophic
communities are also adapted to use dietary sources of photosynthetic origin. The extent to
which these two dietary resources are available largely depends on vent intensity and its
interaction with surrounding ecosystems through horizontal and vertical transport pathways
that are affected by multifaceted factors (15). Some of these factors such as fluid flow,
seawater mixing and entraining, biogeochemical process, and biological succession are

highly sensitive to perturbations (8, 15, 18).
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Supplementary text 11: Background of the study region

Kueishantao Island (KST, 24.843°N, 121.951°E), also known as Turtle Island, is situated at
a tectonic junction off the coast of northeastern Taiwan and the southern end of the Okinawa
Trough. KST is a Holocene stratovolcano and volcanic activity beneath the KST area is still
vigorous, even though the last eruption occurred ~7000 years ago (21). In the last two
decades, KST shallow vents are among the most intensively studied shallow vent systems in
the world due to their extreme geochemical properties and their easy accessibility. The
active YV vents are typically within the temperature range of >70 °C and fluid fluxes are up
to 150 m%/h, whereas the temperature range of the semi-inactive WV fluctuates between 30—
65 °C, with frequent degassing activity (21, 27). The low pH values (down to 1.75 at certain
locations) were recorded as the lowest in the world two decades ago (21). Before May 2016,
more than 30 hydrothermal vents located at a water depth between 6 to 30 m were still
active (21, 27), making them easily accessible for scientists to study the geochemical and
biological processes of these vent systems. However, in 2016, KST was hit by a M5.8
earthquake and a subsequent C5 typhoon within a few weeks (12" May and 2"-10™ July,
respectively), disrupting normal conditions, and providing a unique opportunity to study

food web changes induced by the extreme events.
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Supplementary Table S1. Individual 6*3C, 6*°N and ¢°*S values of individual organisms and
the shell width from the Kueishantao (KST) shallow hydrothermal vent.

Species Body size(mm) Year &°C &N 8%S
Bostrycapulus gravispinosus 14.24 2015 -20.2 6.9 10.3
Bostrycapulus gravispinosus 13.92 2015 -204 6.8 8.2
Bostrycapulus gravispinosus 13.77 2015 -204 6.4 8.7
Ergalatax contracta 24.12 2015 -19.2 8.2 7.3
Ergalatax contracta 22.62 2015 -19.7 8.6 6.4
Ergalatax contracta 20.20 2015 -20.3 7.8 6.7
Thylacodes adamsii N.D 2015 -214 74 4.8
Thylacodes adamsii N.D 2015 -216 71 7.5
Thylacodes adamsii N.D 2015 -21.1 6.6 9.4
Xenograpsus testudinatus 23.58 2015 -13.1 5.0 4.3
Xenograpsus testudinatus 22.89 2015 -111 5.2 6.9
Xenograpsus testudinatus 21.12 2015 -13.6 5.3 6.3
Xenograpsus testudinatus 18.36 2015 -16.8 6.1 10.0
Xenograpsus testudinatus 21.91 2015 -16.9 6.7 10.3
Xenograpsus testudinatus 22.99 2015 -15.6 5.2 9.4
Xenograpsus testudinatus 23.18 2015 -155 4.0 7.7
Xenograpsus testudinatus 19.46 2015 -15.7 5.7 10.3
Xenograpsus testudinatus 26.86 2015 -18.1 5.3 9.1
Xenograpsus testudinatus 19.54 2015 -18.0 6.7 7.9
Xenograpsus testudinatus 20.89 2015 -16.1 4.3 3.9
Xenograpsus testudinatus 16.36 2015 -13.2 5.2 7.6
Xenograpsus testudinatus 22.83 2018 -15.7 8.6 5.8
Xenograpsus testudinatus 18.84 2018 -16.9 7.8 6.7
Xenograpsus testudinatus 23.84 2018 -18.2 8.6 5.8
Xenograpsus testudinatus 22.46 2018 -15.3 8.2 5.3
Xenograpsus testudinatus 18.69 2018 -17.6 7.5 4.7
Xenograpsus testudinatus 15.96 2018 -16.3 6.0 1.2
Xenograpsus testudinatus 24.31 2018 -17.2 8.2 4.0
Xenograpsus testudinatus 18.09 2018 -16.5 7.8 8.0
Xenograpsus testudinatus 22.18 2018 -15.6 6.4 4.8
Xenograpsus testudinatus 18.17 2018 -17.8 8.1 5.7
Xenograpsus testudinatus 27.14 2018 -13.8 6.7 5.3
Xenograpsus testudinatus 18.73 2018 -15.7 7.1 5.9
Xenograpsus testudinatus 19.16 2018 -15.2 7.1 7.0
Xenograpsus testudinatus 17.32 2018 -15.5 6.9 5.7
Xenograpsus testudinatus 19.53 2018 -159 7.4 5.4
Xenograpsus testudinatus 18.85 2018 -155 7.4 5.8
Ergalatax contracta 20.85 2018 -153 9.1 7.9
Ergalatax contracta 22.8 2018 -15.2 10.5 9.5
Ergalatax contracta 18.0 2018 -155 9.6 9.0

Ergalatax contracta 21.47 2018 -16.2 10.2 12.6
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Species Body size(mm) Year &°C &N 8%S
Ergalatax contracta 20.44 2018 -16.0 9.8

Ergalatax contracta 20.0 2018 -15.2 10.2 10.7
Thylacodes adamsii N.D 2018 -18.7 5.9 11.0
Thylacodes adamsii N.D 2018 -182 0.7 13.8
Thylacodes adamsii N.D 2018 -186 5.7 13.8
Bostrycapulus gravispinosus 12.98 2018 -18.2 4.6 11.7
Bostrycapulus gravispinosus 13.34 2018 -16.6 0.3 124
Bostrycapulus gravispinosus 13.35 2018 -17.6 1.2 115
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Supplementary Table S2. MANOVA and ANOVA results comparing §*3C, 6°N, 534S
values between 2015 and 2018 for vent crab (Xenograpsus testudinatus).

Manova summary

Df Pillai approx. F num Df den Df P-adj
Regression 1 0.889 50.8 3 19 6.397e-09 ***
Residuals 21
ANOVA summary
Response »4S:

Df sSum Sq Mean Sq F value P-adj
Sampling_year 1 70.283 70.283 37.464 0.003 ==
Residuals 21  39.397 1.876
Response S13C:

Df Sum Sq Mean Sq F value P-adj
Sampling_year 1 1.1615 1.1615 0.906 0.1822
Residuals 21 26.9315 1.2825
Response A°N:

Df Sum Sq Mean Sq F value P-adj
Sampling_year 1 16.060 16.0604 23.765 6.51e-07 ***
Residuals 21 14.192 0.6758
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Supplementary Table S3. Summary of Welch Two Sample t-test comparing §*3C, 6*°N, and
5%4S values for Ergalatax contracta before and after disturbance. Lower and upper limits of
95% Confidence Intervals (ClI) are also presented. The isotope value unit is per mil (%.).

Mean of 2018 Mean of 2015 CI.lower CI.upper p-adj value
&84S 9.94 6.8 0.94 5.34 0.015
S3C -19.73 -15.57 3.07 5.27 0.003

S615N 9.90 8.20 0.91 2.49 0.004
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Supplementary Table S4. MANOVA and ANOVA results comparing 6°C, 6'°N, 6**S
values between the vent crab (Xenograpsus testudinatus) and pooled Mollusca group
(Ergalatax contracta, Thylacodes adamsii, Bostrycapulus gravispinosus) in 2015.

Manova summary

Df Pillai approx F num Df den Df P-adj
Regression 1 0.84509 21.822 3 3.77e-05 **=*
Residuals 14
ANOVA summary
Response »4S:

Df Sum Sq Mean Sq F-value P-adj
Regression 1 9.3729 9.3729 4.4881 0.9025
Residuals 14  29.2371 2.0884
Response S13C:

Df Sum Sq Mean Sq F-value P-adj
Regression 1 57.477 57.477 65.996 4.563e-06%*%*
Residuals 14 12.193 0.871
Response 3515N:

Df Sum Sq Mean Sq F-value P-adj
Regression 1 10.5862 10.5862 14.876 4.028e-05%%**
Residuals 14 9.9632 0.7117
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Supplementary Table S5. MANOVA and ANOVA results comparing 6*3C, §°4S values
between the vent crab (Xenograpsus testudinatus) and pooled Mollusca group (Ergalatax
contracta, Thylacodes adamsii, Bostrycapulus gravispinosus) in 2018.

Manova summary

Df Pillai approx F num Df den Df P-adj
Regression 1 0.76966 40.096 2 24 2.231e-08 ¥
Residuals 25

ANOVA summary

Response &4sS: .
Df Sum Sq Mean Sq F-value P-adj

Regression 1 220.789 220.789 80.598 5.396e-09%**
Residuals 25 68.485 2.739

Response 413C:
Df Sum Sq Mean Sq F-value P-adj

Regression 1 2.985 2.9850 1.8453 0.1865
Residuals 25 40.442 1.6177
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Supplementary Table S6. MANOVA and ANOVA results comparing 5*3C, §°N, and ¢3S
values between the Xenograpsus testudinatus collected in the Yellow and White Vents in
2018 (N=16). This result shows that there are no significant differences in 6*3C, 6*°N, and
5*S for vent crabs in different habitats.

Manova summary

Df Pillai approx F num Df den Df P-adj
Regression 1 0.48737 3.803 3 12 0.0796
Residuals 14

ANOVA summary

Response »4S:

Df Sum Sq Mean Sq F value P-adj
Location 1 1.5844 1.584 0.7208 0.4102
Residuals 14 30.775 2.198
Response A3C:

Df Sum Sq Mean Sq F value P-adj
Location 1 7.812 7.812 9.282 0.0348
Residuals 14 11.782 0.8416
Response A5N:

Df Sum Sq Mean Sq F value P-adj
Location 1 1.442 1.442 2.766 0.1580

Residuals 14 7.296 0.521
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Supplementary Table S7. MANOVA and ANOVA results comparing 5*3C, §°N, and ¢3S
values between the male and female Xenograpsus testudinatus in 2018 (N=16). The results

show that there is no significant difference in 6**C, *°N, and §°S values between sexes.
Manova summary

Df Pillai approx F num Df den Df P-adj
Regression 1 0.2716 1.4915 3 12 0.2667
Residuals 14

ANOVA summary

Response »4S:

Df Sum Sq Mean Sq F value P-adj
sex 1 0.031 0.0306 0.0133 0.91
Residuals 14 32.329 2.3092
Response A3C:

Df Sum Sq Mean Sq F value P-adj
Sex 1 1.756 1.756 1.378 0.2601
Residuals 14 17.839 1.274
Response A5N:

Df Sum Sq Mean Sq F value P-adj
Sex 1 0.250 0.250 0.412 0.5311

Residuals 14 8.488 0.606
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Supplementary Table S8. Vent crab population density data in YV from 2004 to 2018.

Density
Year (25%25cm?) Reference
2004 23 Jeng et al., 2004
2014 11 Chan et al., 2016

2018 4 This study



https://doi.org/10.1101/2020.09.09.288985

	elife_Wang
	Supplementary_Data_Wang

