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Sea animal colonies enhance carbonyl sulfide
emissions from coastal Antarctic tundra
Wanying Zhang 1, Renbin Zhu 1✉, Yi Jiao 2,3, Robert C. Rhew4,5, Bowen Sun1, Riikka Rinnan2,3 &

Zeming Zhou1

The Antarctic tundra, dominated by non-vascular photoautotrophs (NVP) like mosses and

lichens, serves as an important habitat for sea animals. These animals contribute organic

matter and oceanic sulfur to land, potentially influencing sulfur transformations. Here, we

measured carbonyl sulfide (OCS) fluxes from the Antarctic tundra and linked them to soil

biochemical properties. Results revealed that the NVP-dominated upland tundra acted as an

OCS sink (−0.97 ± 0.57 pmol m−2 s−1), driven by NVP and OCS-metabolizing enzymes from

soil microbes (e.g., Acidobacteria, Verrucomicrobia, and Chloroflexi). In contrast, tundra within

sea animal colonies exhibited OCS emissions up to 1.35 ± 0.38 pmol m−2 s−1, resulting from

the introduction of organosulfur compounds that stimulated concurrent OCS production.

Furthermore, sea animal colonization likely influenced OCS-metabolizing microbial commu-

nities and further promoted OCS production. Overall, this study highlighted the role of sea

animal activities in shaping the soil-atmospheric exchange of OCS through interacting with

soil chemical properties and microbial compositions.
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Carbonyl sulfide (OCS) is the most long-lived and abundant
sulfur-carrying gas in the atmosphere that can influence
Earth’s radiative balance by forming sulfate aerosols and

affecting cloud condensation nuclei growth1. Major sources of
atmospheric OCS include anthropogenic activities2, oceans3,
biomass burning4, volcanoes5, and salt marshes6, while sinks
include OH oxidation in the troposphere7, photolysis in the
stratosphere8, and plant uptake9. Soil plays a crucial role in the
OCS exchange with the atmosphere as it functions as a bidirec-
tional interface, usually depending on soil aeration and redox
potential10,11. The atmospheric OCS mixing ratio varies both
spatially and temporally, ranging between 360 and 560 parts per
trillion (p.p.t), and is influenced by the relative contributions of
sources and sinks12.

Several studies have been conducted to quantify the exchange
of OCS between ecosystems and the atmosphere6,13–16. These
studies have revealed that vegetation is the primary sink for
atmospheric OCS, with an estimated uptake of 500–1400 Gg
equivalent-S annually14–17. However, the available observations
have not covered all ecosystem types, which is essential for reli-
able bottom-up estimates of the global terrestrial OCS fluxes. For
example, tundra ecosystems have thus far been overlooked. High-
latitude tundra ecosystems are often covered by non-vascular
photoautotrophs (NVP) such as mosses and lichens, which differ
from vascular plants due to the absence of protective cuticles and
responsive stomata. These differences may have an impact on the
uptake of OCS18.

Soil’s role in OCS exchange with the atmosphere is not as well
understood as that of aboveground vegetation. Plants usually
exhibit a unidirectional uptake of OCS that is proportional to the
gross assimilation of CO2, which enables OCS flux measurements
to serve as a useful proxy for estimating gross photosynthetic
rates, such as gross primary productivity (GPP), at the ecosystem
scale19,20. Soil OCS flux can complicate the OCS-derived esti-
mates of stomatal conductance and GPP21, and both OCS pro-
duction and degradation in soil have been demonstrated10,22.
OCS degradation can be catalyzed by carbonic anhydrase (CA), a
ubiquitous enzyme that is present both within soil bacteria, fungi,
and cyanobacteria23–26 as well as extracellularly27,28. Enzymes
like RuBisCO and nitrogenase also contribute to soil OCS
degradation29,30. On the other hand, OCS can be produced in soil
through biotic or abiotic processes. For example, saline microbial
communities in salt marsh soils can mediate OCS production6,31,
and thiocyanate and CS2 hydrolase mediated by soil micro-
organisms can also catalyze OCS production32,33. Heat- and solar
radiation-induced soil organic matter decomposition can produce
OCS, an abiotic process that is often regulated by the availability
of organosulfur compounds in soil22,34.

There are approximately 72,000 km2 of ice-free tundra along
the coast of Antarctica, which provides important habitats for sea
animals such as penguins and seals35,36. These animals are per-
sistently depositing organic matter and marine elements
(including sulfur) into their terrestrial colonies, thereby altering
the biogeochemical environment in coastal tundra ecosystems37.
In zones not inhabited by sea animals, NVP is abundant and
dominates the terrestrial surface. The soil-animal-NVP system in
coastal Antarctica provides a unique, pristine environment for the
study of sulfur transformation, especially the OCS exchange.
Furthermore, the warming of the Antarctic is potentially pro-
moting ice-free tundra expansion and seasonal permafrost
thaw38,39, which may further influence OCS exchange.

Overall, OCS exchange at the Antarctic tundra is a hitherto
unexplored yet relevant component of the global sulfur cycle with
potential climate feedback. We hypothesized that (1) soil OCS
flux significantly contributes to the overall OCS flux in the Ant-
arctic tundra; (2) sea animal colony tundra has a distinct OCS

exchange pattern compared to that without sea animal influence;
and (3) the presence of sea animals alters the community com-
position and activities of soil OCS-metabolizing microbes. In this
study, we measured OCS fluxes with both in situ static chamber
and laboratory-based incubation methods and examined the
relationship between OCS fluxes and soil biological (bacterial and
fungal community composition, OCS-metabolizing enzymatic
activity) and physicochemical (nutrient, moisture, and pH)
properties. With these analyses, we aimed to pinpoint the factors
influencing OCS fluxes, explore OCS production and degradation
mechanisms, and to elucidate the contribution of sea animals to
OCS emissions from coastal Antarctic tundra.

Results
OCS flux from different Antarctic tundra. Upland tundra
dominated by NVP showed a negative OCS flux, with an average
rate of −0.97 ± 0.57 pmolm−2 s−1, while both the seal and penguin
colony tundra showed positive OCS fluxes, with average emission
rates of 0.87 ± 0.69 pmolm−2 s−1 and 1.35 ± 0.38 pmolm−2 s−1,
respectively (Fig. 1a). There was a significant difference (LSD,
p < 0.05) in OCS exchange rates between the upland tundra and
penguin colony tundra, suggesting that the presence of sea animals
or changes in NVP density has altered the OCS flux patterns in the
tundra.

Soil OCS flux across different Antarctic tundra. Soils from five
biogeographical zones of the Antarctic tundra were characterized
by contrasting OCS flux directions and rates (Fig. 1b). Upland
tundra soil (UTS) and tundra marsh soil (TMS) were found to be
sinks of atmospheric OCS with average uptake rates of
−0.93 ± 0.20 pmol 100 g soil−1 min−1 and −0.45 ± 0.25 pmol
100 g soil−1 min−1, respectively. In contrast, soil samples col-
lected from areas inhabited by sea animals such as the seal colony
tundra (SCS), penguin colony tundra (PCS), and penguin-
lingering tundra (PLS) were found to be sources of OCS. The
highest OCS emission rates were observed in soil samples from
the PCS, with an average rate of 1.97 ± 0.97 pmol 100 g
soil−1 min−1. Both SCS and PLS soils exhibited OCS emissions,
with average rates of 0.92 ± 0.58 pmol 100 g soil−1 min−1 and
0.27 ± 0.14 pmol 100 g soil−1 min−1, respectively.

Both anoxic conditions and thermal sterilization treatments
switched the UTS and TMS from OCS sinks to sources (Fig. 1b).
For instance, UTS and TMS changed to emit OCS at a rate of
0.14 ± 0.04 pmol 100 g soil−1 min−1 and 0.35 ± 0.11 pmol 100 g
soil−1 min−1, respectively. After thermal sterilization treatments,
the fluxes were at 0.20 ± 0.11 pmol 100 g soil−1 min−1 and
1.59 ± 0.36 pmol 100 g soil−1 min−1, respectively. The soils from
sea animal colonies (SCS and PCS) and the nearby region (PLS)
remained as sources of OCS both under anoxic conditions and
after thermal sterilization.

In the temperature range from −4 °C to 12 °C, UTS acted as
OCS sinks, whereas sea animal colony soils (SCS and PCS) were
consistent sources (Fig. 1c). OCS uptake in UTS showed a
parabolic response to temperature (R2= 0.956, p < 0.05) with the
highest rate observed between 0 and 8 °C at −1.10 to −0.93 pmol
100 g soil−1 min−1. The relationship between OCS emissions and
temperature in SCS and PCS was better described by exponential
regression, with Q10 values of 1.28 (95% confidential interval:
1.27–1.30) and 1.55 (95% CI: 1.36–1.78), respectively. The mean
OCS fluxes were significantly lower in UTS than those in PCS and
SCS (LSD, p < 0.05), indicating that the presence of sea animals
altered the OCS flux pattern in tundra soils over a wide
temperature range.
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Microbial composition and OCS-metabolizing enzymatic
activity between sea animal colonies and animal-free region.
The soils from penguin (PCS) and seal colonies (SCS) showed the
highest bacterial richness, while there were no significant differ-
ences in bacterial diversity (as measured by Shannon and inverse
Simpson indices) or evenness (Pielou’s index) among the soils
from different biogeographical zones (Supplementary Fig. 1).
Principal coordinates analysis (PCoA) revealed that composi-
tional differences in soil bacterial communities were separated
between colonies (SCS, PCS) and animal-free zones (UTS, TMS,
PLS) along the first axis, which explained 42% of the total var-
iations (Fig. 2a). For fungal communities, PCoA showed that
there was also a significant difference in fungal community
structures between the soils from animal colony and animal-free
zones (Fig. 2b). These results indicate that sea animal coloniza-
tion has a significant impact on the microbial community
structure in tundra soils.

At the phylum level, the dominant bacteria in tundra soils
across different biogeographical zones were Proteobacteria,
Bacteroidetes, Acidobacteria, and Actinobacteria (Fig. 2c). Acid-
obacteria or Proteobacteria were the major phyla in animal-free
zones, while Bacteroidetes dominated in soil from animal
colonies. In addition, soils from animal-free zones (UTS, TMS,
PLS) had higher abundances of Verrucomicrobia and Chloroflexi
compared to soils from animal colonies (SCS, PCS). For fungal
communities, Ascomycota, Basidiomycota, and Mortierellomycota
were dominant among the identified fungal phyla (Fig. 2d).
Particularly, Chytridiomycota was the largest phylum in penguin
colony soils. At the genus level, soils from animal-free zones were
dominated by DA101, Candidatus Solibacter, and Methylibium,

while soils from sea animal colonies featured a diversity of
bacterial genera with even percentages, such as Phormidium,
Rhodoferax, and Dokdonella (Supplementary Fig. 2; Supplemen-
tary Table 1). Canonical correspondence analysis (CCA) showed
that the bacterial communities in soils from the animal colonies
were influenced by total sulfur (TS), total nitrogen (TN), total
phosphorus (TP), and total organic carbon (TOC), whereas the
main soil physicochemical factors affecting fungal compositions
included TS, pH, TP, etc (Supplementary Fig. 3; Supplementary
Table 2).

Soils from animal colonies and animal-free regions also
displayed different OCS-metabolizing enzymatic activities (Sup-
plementary Fig. 4, Supplementary Note 1), with soils from the
animal-free zone (UTS, TMS) featuring higher CA and RuBisCO
activities. Sea animal colonization significantly decreased the
activities of CA, RuBisCO, and nitrogenase in tundra soils (PCS,
SCS, and the adjacent PLS) compared with UTS (LSD, p < 0.05).

Correlations between OCS flux and soil biochemical property.
In situ, OCS fluxes from tundra were significantly correlated with
soil moisture (Mc) and TS content (r ≥ 0.89, p < 0.05) (Fig. 3a).
Soil OCS fluxes from lab-based incubations were also significantly
correlated with Mc, TS, TOC, TP, and TN (r ≥ 0.64, p < 0.05)
(Fig. 3b). It is noted that the soil contents of TS, TOC, TP, and
TN, typically enhanced by sea animal activities40,41, were inter-
correlated with each other (r ≥ 0.69, p < 0.05), suggesting that they
were dominated by the same source, such as the deposition of sea
animal excrement. A significant negative correlation was observed
between soil OCS fluxes and CA enzyme activity (r=−0.87,
p < 0.001), while no such correlation was found for the other

Fig. 1 Carbonyl sulfide (OCS) fluxes from the Antarctic tundra and soils. (a) OCS fluxes from in situ tundra static-chamber measurements (n= 4). (b)
OCS fluxes from lab-based soil incubations at 4 °C under three different manipulated conditions: ambient conditions (oxic); pure N2 conditions (anoxic);
and autoclaved soil samples under ambient conditions (sterilized, oxic). (c) OCS fluxes from lab-based temperature-controlled soil incubations. Site name
notes: UTS - upland tundra, SCS - seal colony tundra, PCS - penguin colony tundra, TMS - tundra marsh, PLS - penguin-lingering tundra. The letters (a, b, c,
or d) indicate significant differences (LSD, p < 0.05) between the mean values of different sites. The shaded area in (c) represents the 95% confidence
interval. Error bars represented the standard errors of the means.
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types of OCS metabolism enzymes: RuBisCO, nitrogenase, and
CS2 hydrolase.

Correlations between OCS flux and OCS-metabolizing enzy-
matic activity and soil microbial community composition.
Correlation analysis showed that the abundance of several

dominant microbial phyla in the animal-free zone, including
Chloroflexi, Acidobacteria, Verrucomicrobia, Mortierellomycota
and Planctomycetes, had a positive correlation with soil CA
activity and a negative correlation with OCS fluxes (Fig. 4a, b and
Supplementary Fig. 5). Conversely, the largest bacterial phylum in
animal colonies, Bacteroidetes, had a negative correlation with soil
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Fig. 2 Bacterial and fungal community compositions in the Antarctic tundra soils. Principle coordinates analysis (PCoA) plots for (a) bacterial and (b)
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CA activity but a positive correlation with OCS fluxes. A positive
relationship was also observed between nitrogenase and the
abundance of bacterial Acidobacteria and fungal Rozellomycota,
which was of higher abundance in animal-free soils featuring
higher OCS uptake fluxes.

At the genus level, bacteria Candidatus Solibacter, Methyli-
bium, DA101, and fungal Rhodotorula, which were the dominant
genera in the soils from the animal-free zone, were positively
correlated with soil CA enzymatic activities and negatively
correlated with soil OCS fluxes (Figs. 4c, d). A positive
relationship was also observed between nitrogenase and the
abundance of bacterial Acidobacteria and fungal Rozellomycota,
which was of higher abundance in animal-free soils featuring
higher OCS uptake fluxes. Additionally, several minority bacterial
genera in the soils showed a negative relationship with CA
enzymes and positive OCS fluxes, such as Paludibacter, Thermo-
monas, and Dermacoccas.

Discussion
Simultaneous OCS degradation and production in Antarctic
tundra soils. This study revealed that OCS fluxes varied across
the five biogeographical zones of the Antarctic tundra. Notably,
soils from animal-free regions were observed to act as OCS sinks,
a pattern consistent with soils from most other global
ecosystems34,42–44. On the other hand, soils from animal colonies
were OCS sources, similar to anoxic soils of wetlands and some
oxic soils6,34,45.

The degradation of atmospheric OCS in soil is believed to be
catalyzed by carbonic anhydrase (CA), an enzyme that can be
produced by soil fungi, bacteria, and cyanobacteria27,28. Soil fungi
Ascomycota and bacteria Actinobacteria (the phylum to which
Mycobacteria belongs) were known to be able to release CA
enzymes23,24,26,27 and they were among the dominant fungal and
bacterial communities in the Antarctic tundra soil (Fig. 2). More
specifically, it was found that CA enzymatic activities were
negatively correlated with soil OCS fluxes (Fig. 3), further

supporting that the CA enzyme may be responsible for the
degradation of atmospheric OCS in soil26,31,46.

In addition to these previously reported OCS-metabolizing
microbes, our findings showed that the abundance of Acidobac-
teria, Verrucomicrobia, Chloroflexi, and Mortierellomycota, as
well as the genera Candidatus Solibacter, Methyllibium, Rhodo-
planes, and Rhodotorula were positively correlated with CA
activity and negatively correlated with OCS flux (Fig. 4), which
indicated that these dominant microbial phyla/genera may also be
able to secrete CA and play a role in OCS degradation.
Furthermore, the presence of nitrogenase enzymes was positively
related to bacterial Acidobacteria and fungal Rozellomycota,
particularly in soils outside of animal colonies, suggesting a
potential OCS-metabolizing role for these microbes as well.

On the other hand, our study did not quantitatively assess the
abundance of OCS-metabolizing microbial communities. Future
research using techniques like real-time qPCR may help reveal
the specific bacterial and fungal species involved in OCS
metabolism, thereby enhancing our understanding of the
abundance and distribution of these microbial communities and
their impact on OCS dynamics in the ecosystem.

The efficacy of CA in catalyzing OCS degradation would be
irreversibly reduced if temperatures exceed 55–80 °C28,47,48. In
this study, thermal sterilization treatment of soils, which could
effectively deactivate the CA during the treatment, switched UTS
and TMS from OCS sinks to sources (Fig. 1b). This further
supports the hypothesis that CA catalysis was important in OCS
degradation. On the other hand, net OCS emissions after the
thermal treatment of soils suggested the likely existence of
simultaneous abiotic production of OCS in tundra soils, which
could be previously obscured by the biogenic sink of the active
CA enzyme.

Sea animal activities promote soil OCS production. In contrast
to the areas free of sea animal influence, soils from sea animal
colonies and the adjacent tundra were observed as OCS sources.
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presented. The shaded areas in (a) and (b) represent the 95% confidence intervals (p < 0.05), and the red and blue lines in (c) and (d) indicate positive
and negative correlations, respectively. For microbial genera, the circles sharing the same color belong to the same phylum.
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The presence of penguin and seal activities in these areas may
have played a role in the production of OCS in the tundra soils.

Firstly, increased levels of TS were observed in soils of sea
animal colonies, as a result of the terrestrial input of oceanic
sulfur from penguin guano, which served as substrates for OCS
production (Table 1 and Supplementary Table 3). The sediments
in penguin colonies had a high concentration of sulfur,
dominated by organosulfur (66.7%), sulfate (23.4%), and reduced
inorganic sulfur (9.9%), such as acid volatile sulfur and pyrite
sulfur37,49. These substances may be converted into volatile sulfur
trace gases, including OCS, as observed in the study, and some
other volatile sulfur compounds such as dimethyl trisulfide,
dimethyl tetrasulfide, and dimethyl pentasulfide50. Similarly,
reduced volatile sulfur compounds such as OCS and dimethyl
sulfide (DMS) are produced during the degradation of fresh
excrement in the poultry industry51,52. In addition, soils in the
penguin colony and its adjacent tundra also showed high N and P
levels and lower pH due to the input of guano. Several empirical
studies have confirmed that soil OCS production is usually
enhanced in low-pH and high-N environments25,26,53. Therefore,
the high-S, high-N, and low pH characteristics of the sea animal
colony soils may support enhanced OCS production through
undetermined mechanisms.

Secondly, sulfate reduction metabolism in anoxic environments
is usually responsible for soil OCS production, such as in salt
marshes6 and rice paddies42,54,55. The soil in sea animal colonies
is often anoxic due to the low-elevation coastal location subject to
frequent inundation by seasonal snowmelt, which can lead to
saturated soils that limit oxygen diffusion into soil pore space.
The results from our lab incubations under an anoxic environ-
ment further implied that the production of OCS in Antarctic sea
animal colonies was associated with the anoxic soil environment
induced by sea animal activities.

Thirdly, penguin and seal inputs to their colony tundra may
have suppressed the abundance of OCS-metabolizing microbes,
such as Candidatus Solibacter, Methyllibium, Rhodoplanes, and
Rhodotorula, and/or promoting the growth of OCS-emitting
microbes, such as Bacteriodetes, thereby enhancing the OCS
production from soils.

The production of OCS through the exposure of soil organic
matter to high light or temperatures has been reported in
previous studies22,34,45. However, considering the polar location
of our study, it is unlikely that this mechanism can fully explain
the in situ production of OCS observed in this study. Nonetheless,
it cannot completely dismiss the possibility that the observed OCS
emissions after thermal treatment were derived from accumulated
OCS in soil pores during the thermal degradation of organo-
sulfur. Future investigations could employ soil sterilization
techniques that minimize disturbance to soil organic matter56,
such as gamma-irradiation and chemical amendment. These
approaches may provide a clearer understanding of whether
thermal degradation of soil organosulfur contributes to OCS
production.

In light of our findings, it can be inferred that sea animal
activities play a significant role in the enhanced production of
OCS from soils. This effect is primarily attributed to two key
factors: the promotion of OCS production through the introduc-
tion of animal-derived organosulfur compounds and the likely
influence on the production and degradation of OCS via
alterations in the soil microbial community (Fig. 5).

Potential OCS uptake by NVP. In situ measurements showed
that upland tundra acted as a sink for atmospheric OCS. In
addition to the microbial sink in the soils, surface NVP may have
also contributed to the uptake of OCS. Some NVP, such as the

Table 1 Physiochemical properties in tundra soils in coastal Antarctica.

Tundra sites pH TOC (%) TN (mg g−1) TP (mg g−1) TS (mg g−1) Mc (%)

UTS 6.7 ± 0.4b 2.9 ± 0.6a 3.4 ± 1.4a 2.1 ± 0.2a 1.0 ± 0.4a 13.5 ± 2.9a

SCS 6.9 ± 0.4b 4.6 ± 0.5b 6.4 ± 2.7a,b 2.7 ± 0.3a 2.9 ± 0.4b 29.3 ± 7.2b

TMS 5.4 ± 0.0a 8.6 ± 1.9c 10.4 ± 0.5b,c 4.4 ± 1.4a 2.1 ± 0.3a,b 47.6 ± 8.7c

PLS 4.9 ± 0.1a 9.4 ± 1.2c 13.0 ± 2.4c,d 12.9 ± 2.7b 2.9 ± 0.4b 41.4 ± 2.6c

PCS 5.0 ± 0.2a 12.6 ± 1.4d 17.8 ± 6.3d 19.6 ± 7.7b 4.3 ± 1.0c 59.4 ± 4.6d

Values sharing the same lower-case letter (a, b, c, or d) do not differ significantly (LSD, p < 0.05).

Fig. 5 Conceptual drawing for the potential mechanisms of OCS production and degradation in the Antarctic tundra. (a) without sea animal influence,
and (b) with or adjacent to sea animal colonies in coastal Antarctica. CA and NA indicate carbonic anhydrase and nitrogenase enzymes, which are excreted
by tundra soil microbes. The white and red lines indicate OCS production and degradation processes, respectively. Line thickness indicates the relative rate
of the process.
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mosses Alectoria sormentosa and Scleropodium purum, the
liverwort Marchantia polymorpha, and the lichen Ramalina
menzlesii, could uptake atmospheric OCS18,57–61. Similarly, the
upland tundra was covered by mosses (Drepanocladus uncinatus
and Bryum pseudotriquetrum), and some sporadic lichens (Usnea
sp.), which may also be capable of consuming OCS at ambient
atmospheric concentrations.

The uptake of OCS and CO2 by plants usually shares the same
enzymes62. Photosynthetic activities of NVP species are usually
only 10% or less of those observed from higher vascular plants63.
Accordingly, a much lower uptake rate of OCS was observed in
comparison to other vascular plant ecosystems (Supplementary
Table 4), which was likely attributed to the lower CA enzyme
activity in these NVP64. For example, the observed OCS uptake
rates from normal tundra were much smaller than other reported
plant sinks, such as temperate and subtropical grassland43,65,
temperate and boreal forest66–69, and agricultural fields53.

The tundra within sea animal colonies, however, were found to
be sources of OCS. The aboveground biogenic OCS sinks, such as
surface NVP, were reduced due to daily trampling and over-
manuring caused by the deposition of excessive animal guano70.
Consequently, the aboveground biogenic OCS sinks were out-
weighed by the soil emissions, which turned them into overall
sources of OCS.

The presence of bidirectional soil OCS fluxes can complicate
the estimation of ecosystem GPP based on OCS fluxes,
particularly when the soil flux is comparable to the plant
flux67,71,72. In Antarctic tundra ecosystems, the limited OCS
uptake capability of NVP may further contribute to this
interference. Additionally, the current global soil OCS flux model
lacks comprehensive measurements from NVP ecosystems in
high latitudes21. Therefore, it is essential to conduct more field-
based or laboratory-based measurements of OCS fluxes in the
Antarctic tundra, especially in NVP-dominated areas, in order to
improve the accuracy of calculating OCS-derived GPP.

Temperature effect on OCS emissions. The Antarctic region,
especially the peninsular area, is experiencing unprecedented and
faster warming compared to the rest of the globe38,39. The OCS
emission rates from soils in seal and penguin colony tundra
increased with soil temperatures from −4 °C to 12 °C (Fig. 1c),
indicating that OCS emissions from these sea animal colonies will
still be enhanced in the projected warming future in Antarctica.
Additionally, the rapid warming of the continent is leading to a
larger area of ice-free tundra and affecting the size of penguin and
seal populations and colonies38, which suggests that the con-
tribution of penguin and seal colony tundra ecosystems to
atmospheric OCS may be enlarged in response to future climate
change.

To conclude, soils in the Antarctic tundra acted as important
bidirectional interfaces of atmospheric OCS. The presence of
organic matter and oceanic sulfur from sea animals impacted the
soil microbial communities and nutrient contents, resulting in
changes in sulfur transformations: soils without animal influence
can take up OCS, primarily due to carbonic anhydrase produced
by soil microbes, whereas soils near animal colonies were OCS
sources, mainly originating from fermentation of organosulfur
from the sea animals. This research underscores the impact of sea
animal activities on soil function as an interface of atmospheric
OCS, via interactions with soil chemical properties and microbial
compositions.

Methods
Site description. The study region (Supplementary Fig. 6) is
located in the Antarctic Peninsula and is characterized by a sub-

Antarctic oceanic climate. Meteorological records from the Ant-
arctic Great Wall Research Station showed an average annual
temperature of approximately −2.5 °C, ranging from −26.6 to
11.7 °C, and an average annual precipitation of 630 mm. The
fieldwork was conducted in two areas of the region: Fildes
Peninsula (61°51′S-62°15′S, 57°30′W-59°00′W) and Ardley Island
(62°13′S, 58°56′W).

The Fildes Peninsula is the largest ice-free area on King George
Island. The middle of the peninsula is bedrock-exposed hills; a
well-developed tundra ecosystem is distributed along the coast-
line, with mosses (Drepanocladus uncinatus and Bryum pseudo-
triquetrum), and lichens (Usnea sp.) as the dominant vegetation.
The western coast of the peninsula is inhabited by seals. In this
area, 5 study sites were selected for both seal colony tundra (S1-5,
Supplementary Fig. 6) and upland tundra without sea animal
influence (U1-5, Supplementary Fig. 6).

The study area at Ardley Island features a penguin habitat with
a population of over 10,000 individuals on its eastern side35.
Penguins can occasionally be found in the middle of the island.
The western side of the island is a lowland tundra marsh
characterized by cushions of mosses, lichens, and algae. In
accordance with the east-middle-west biogeographical gradient,
4 study sites were selected in the penguin colony tundra (P1-4), 2
in the penguin-lingering tundra (PL1-2), and 2 in the tundra
marsh (M1-2).

The different biogeographical zones of the study areas were
characteristic of different soil properties such as moisture, total
organic carbon (TOC), total nitrogen (TN), total phosphorus
(TP)70,73,74. In general, soils in animal colonies had higher
nutrient levels than those in animal-free tundra. Particularly, the
total sulfur (TS) content was higher in the animal colony soils
than in the animal-free tundra soils, with the penguin colony
having the highest TS content (4.3 ± 1.0 mg g−1), about four
times higher than that in the upland tundra (Supplementary
Note 2, Table 1, and Supplementary Table 3).

OCS flux measurements
In situ measurements. In situ measurements of trace gas fluxes
were taken in January 2020 (10:00–12:00 UTC-03) at seal colony
tundra (S1-2), penguin colony tundra (P1-2), and upland tundra
(U1-2). In this field campaign, several trace gases were measured,
including OCS and some halogenated compounds70,75. The static
chamber deployed consisted of a base (50 cm × 50 cm × 5 cm) and
a lid (50 cm × 50 cm × 25 cm), forming a closed headspace with
water sealing between the base and lid. The chamber bases were
installed at each site 2 days ahead of the first sampling to stabilize
and reduce any potential perturbations. Air samples were taken
from the chamber headspace into 1-liter pre-evacuated flasks
(Entech, California) at 1, 16, and 31 minutes after chamber clo-
sure via a stainless-steel tube extended to the center of the
headspace. Two independent replicate static chamber measure-
ments were conducted at each site.

The analysis of OCS in the air samples was performed using a
gas chromatograph-mass spectrometer (GC/MS, 7890B/5973 N,
Agilent Technologies, California, United States) equipped with a
cryotrapping pre-concentrator (7100 A, Entech, California, Uni-
ted States). 0.3 L of each air sample was first cryofocused at
−40 °C. Subsequently, samples in the first trap were heated to
10 °C, and transported to a secondary trap at −40 °C to remove
H2O and CO2. Samples were further heated to 180 °C to transfer
to a third trap and trapped at −160 °C, which was heated up to
80 °C rapidly at the last to inject samples into an HP−1 capillary
column (60 m × 0.32 mm × 1.0 μm, Agilent Technologies, Cali-
fornia, United States) of GC/MS. GC temperature was pro-
grammed in the following procedure: it was initially held at 10 °C
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for 3 min, heated to 120 °C at 5 °Cmin−1, then heated at
10 °Cmin−1 up to 250 °C and held for 7 min. The samples were
calibrated against a commercial standard mixture containing 23
volatile organic compounds, including OCS at 157 p.p.t. (mixed
and calibrated at Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences) using an internal standard method75.

Soil sample collection and laboratory incubation. Surface soil
samples (0–10 cm depth) were collected from all study sites. Soil
samples were preserved at −20 °C prior to laboratory analysis and
incubation. In the laboratory, soil samples were thawed overnight
at room temperature, and then their physical and chemical
properties were measured, including soil pH, gravimetric moist-
ure content (Mc), TOC, TN, TP, and TS contents (Supplementary
Table 3).

Soil samples were incubated under controlled conditions for
OCS fluxes. For each soil sample from the selected sites (S3-5,
U3-5; M1-2, PL1-2, P3−4), 25 g (fresh weight) were enclosed in
glass jars (1.9 L) and incubated over 12 h at 4 °C (in situ average
summer temperature) using a water/ethylene glycol bath (VWR
Model 1180 S, Pennsylvania, United States). The glass jars were
connected to a pre-evacuated stainless-steel coiled tube (25 mL),
which was part of the inlet tube of the cryo-trapping system
(HayeSep® D 100/120 mesh porous polymer adsorbent, sealed
with glass wool) of a gas chromatograph/mass spectrometer (GC/
MS; Agilent 6890 N/5973, Agilent Technologies, California,
United States)76. The headspace air in the jars was drawn,
cryotrapped (dry ice/ethanol bath, ~−85 °C), and injected into
the GC/MS for OCS analysis 1, 31, and 61 min after sealing the
jars, based upon which the flux was calculated.

The incubations were repeated under three different treatments
using independent soil samples: (1) ambient air condition, (2)
anoxic condition, and (3) post-thermal sterilization. The anoxic
condition was accomplished by flushing and filling the jar
headspace with ultra-pure nitrogen gas (≥99.999%, Praxair,
Connecticut, United States) for a week. Thermal sterilization
was conducted by autoclaving the soil samples at 150 °C for 2 h.
After the thermal sterilization, the soil samples were allowed to
vent to the ambient air overnight. Subsequently, they were flushed
with ambient air for several minutes before the incubations
began. This procedure aimed to minimize the presence of
accumulated OCS gas in the soil pores to the best extent possible.
Additionally, to understand the relationship between OCS fluxes
and temperature, independent soil samples (U3-5; S3-5; P3-4)
were also incubated at 4 °C intervals between −4 °C and 12 °C
under ambient air condition in the same method above.

The calibration of the GC/MS in these soil incubations was
performed using a natural air standard collected and calibrated at
the Scripps Institution of Oceanography (SIO-98 calibration
scale). The same standard was run before and after each batch of
incubations on the same day to correct for the daily drift of the
mass spectrometer signal.

Flux calculation. The OCS fluxes (F) were calculated by fitting the
OCS molar fraction to the time of enclosure using linear least
squares, normalizing to the enclosed surface area (for in situ
measurements) or soil sample mass (for lab soil incubations), and
multiplying by the number of moles of air in the measurement
chamber or jar.

F ¼ 1
A
dc
dt

Na ð1Þ

where A represents the surface area or the soil mass; dc/dt is the
slope of the linear least squares fit, and Na is the number of moles
of air in the chamber or jar. To allow comparison with the review
literature17, the OCS fluxes from chamber measurements are

reported in pmol m−2 s−1, and the fluxes from soil incubations
are reported in pmol 100 g soil−1 min−1. Positive fluxes represent
OCS emissions to the atmosphere, whereas negative fluxes
represent OCS deposition or degradation.

For measurements with linear correlation coefficients <0.8, we
assume that the OCS change in the headspace follows an
exponential relationship with time77:

c½ �t ¼ MAX½ � � MAX½ � � c½ �0
� �

e�kt ð2Þ
where [MAX] represents the maximum OCS concentration
reached when the gas concentration within the enclosure
headspace equals that of the soil atmosphere, [c]0 is the initial
OCS concentration in the headspace, and k is a rate constant.
[MAX] and k were solved iteratively6, and then OCS fluxes at
t= 0 were calculated by the following equation:

F ¼ k MAX½ � � c½ �0
� � ð3Þ

Blank measurements were conducted to account for the
detection limit and potential errors associated with chamber
materials (±0.12 pmol m−2 s−1). Only fluxes above the detection
limit were reported in the study.

Determination of soil enzymatic activities and microbial
community compositions. We investigated the impact of soil
enzymes and microbial communities on OCS fluxes in selected
soil samples (S3-5, U3-5; M1-2, PL1-2, P3-4). The activity of
OCS-metabolizing enzymes, such as carbonic anhydrase (CA),
RuBisCO, nitrogenase, and CS2 hydrolase, was determined using
an enzyme-linked immunosorbent assay (ELISA) method78 and
expressed in units U g−1 soil. First, we used a purified CA anti-
body to coat the microplate to make a solid-phase antibody.
Afterward, CA was added through the micropores of the
microplate, and then bound with horseradish peroxidase (HRP)-
labelled antibody to form the “antibody-antigen-HRP-labeled
antibody” complex. This complex was then mixed with TMB
(3,3´,5,5´-tetramethylbenzidine), a chromagen substrate, which
produces a yellow color reaction under the catalysis of HRP. The
shade of yellow is positively correlated with carbonic anhydrase
(CA) in the samples. The absorbance (optical depth) of the
mixture was measured with a microplate reader (λ= 450 nm).
Calibration curves were constructed with standard enzymatic
solutions. The same analytical procedure was used for RuBisCO,
nitrogenase, and CS2 hydrolase.

The microbial community composition was analyzed in the
following sequence: (1) microbial genomic DNA extraction from
soil samples, (2) amplification of DNA using universal primer sets
and purification, and (3) downstream sequencing of DNA using
NCBI GenBank79. In detail, microbial genomic DNA was
extracted from 0.25 g soil using the DNeasy Powersoil Kit (MoBio,
USA). The concentration of extracted DNA was measured by
Implen N50 to confirm that all the soil samples were proper for
sequencing. The universal primer sets 338 F (5’-ACTCCTACGG-
GAGGCAGCA-3’)/806 R (5’-GGACTACHVGGGTWTCTAAT-
3’), and ITS1F (5’-CTTGGTCATTTAGAGGAAGTAA-3’)/ITS2
(5’-GCTGCGTTCTTCATCGATGC-3) were used to amplify the
V3-V4 variable regions of bacterial 16 S rRNA genes, and fungal
internal transcribed spaced (ITS) genes, respectively80,81. Poly-
merase chain reaction (PCR) amplification was performed in 2720
Thermal Cycler (Applied Biosystems) with a 50 μL reaction
mixture containing 1 μL of template DNA, 2 μL of forward and
reverse primer (10 μM), 25 μL of Taq PCR Master Mix (B630293,
BBI Life Sciences Corp.), and 20 μL of ddH2O under the following
cycling procedure: pre-denaturation at 95 °C for 3 min, 35 cycles
of denaturation at 95 °C for 30 s, annealing at 57 °C for 30 s, and
extension at 72 °C for 30 s; post extension at 72 °C for 8 min79.
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After purification, the PCR products were ready for downstream
sequencing. Next-generation sequencing (NGS) was conducted by
Allwegene Tech (Beijing, China) using the Illumina HiSeq 2500
platform (Illumina, CA, USA). The raw paired-end sequences
were submitted to NCBI GenBank.

Afterward, the Illumina NGS sequences of bacteria and fungi
were processed and analyzed using the Quantitative Insights into
Microbial Ecology 2 pipeline (QIIME 2, https://qiime2.org/) and
PIPITS (https://github.com/hsgweon/pipits), respectively. The
taxonomic analysis of bacteria was conducted against the
Greengene 13.8 database, while the analysis of fungi was
performed using the UNITE Fungal ITS reference database.
Due to limitations in current reference databases and the inherent
complexity of these samples, a large portion of the fungal
communities remained unidentified. Additionally, the α-diversity
indices of soil bacterial and fungal communities, including
observed OTUs, Shannon‒Wiener Index, Simpson Index, and
Pielou’s Evenness Index, were calculated by QIIME2.

Statistical analyses. Mean ± standard deviation (S.D.) was used to
report OCS fluxes and soil biogeochemical properties. The sta-
tistical significance of differences in means between different sites
or treatments was determined by analysis of variance (ANOVA)
and Least Significant Difference test (LSD) at p= 0.05 level. The
correlations between OCS fluxes and environmental factors were
assessed by Pearson correlation analysis.

Principal coordinates analysis (PCoA) and canonical corre-
spondence analysis (CCA) were conducted with CANOCO 5.0
(Microcomputer Power, Ithaca, NY, USA) to explore the
differences in microbial community structures and their relation-
ships with soil physicochemical properties. For the network
analysis, a Spearman correlation matrix was generated using the
R programming language and psych 2.1.9 package, and plotted by
Gephi 0.9.7 to further describe the relationships between soil
physicochemical properties and microbial communities at the
genus level individually (only including genera present in at least
five of the twelve samples).

Data availability
All data that support the findings of this study is presented in the manuscript and its
supporting information. Figure source data are available on Zenodo repository with a
DOI number: 10.5281/zenodo.8116208.
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