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Abstract. Mercury concentrations were determined in invertebrates of various taxonomic groups and 
trophic levels sampled in August 2025 near Cape Anastasia, Crillon Peninsula, Sakhalin Island (Far 
East, Russia). Terrestrial and freshwater invertebrates contained significantly more mercury than 
those inhabiting the marine intertidal zone. The highest mercury concentrations were registered for 
the earthworm, Octolasion lacteum (650 ± 387 ng/g), and the lowest – for isopod crustaceans of the 
genus Idotea (28 ± 9 ng/g). The food spectra and trophic group (type of feeding) affect significantly 
the variability of mercury concentrations in regard to taxonomic and ecological groups of invertebrates 
inhabiting the same biotope. The mercury concentrations obtained for studied invertebrates can be used 
as background values.
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Аннотация. Определена концентрация ртути в беспозвоночных различных таксономических 
групп и трофических гильдий, отобранных в августе 2025  г в окрестностях мыса Анастасии, 
п-ов Крильон, о. Сахалин. Наземные и пресноводные беспозвоночные содержали статистически 
значимо больше ртути по сравнению с беспозвоночными, обитающими на морской литорали. 
Наибольшие концентрации отмечены у дождевых червей вида Octolasion lacteum – 650 ± 387 нг/г, 
наименьшие у равноногих раков рода Idotea – 28 ± 9 нг/г. Показано, что тип и способ питания 
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Introduction
The relationship between the chemical composition of animal organisms and the environment 

is undeniable. However, depending on the biogeochemical conditions of the biotope, the levels 
of accumulation of various compounds in tissues and organs can vary significantly, even at similar 
background concentrations.

Mercury emissions into the atmosphere from natural and anthropogenic sources are the starting 
point for the migration of this element in the environment (Driscoll et al., 2013; Selin, 2009). According 
to existing estimates, approximately 5000–6000  tons of mercury enter the atmosphere annually, of 
which 1/3 to 2/3 are of anthropogenic origin (UN Environment Programme, 2019). With air masses, 
atomic mercury (Hg0) is transported over long distances; after its oxidation to the divalent ion (Hg2+), it is 
deposited on the land and water surface at a significant distance from the source. In aquatic ecosystems 
and wetlands, under the influence of microorganisms, part of the divalent mercury is converted into 
extremely toxic methylmercury (CH3Hg+), which readily enters food webs (Scheuhammer et al., 2012).

Food is the main source of methylmercury for animals (Chételat et al., 2020). Organic mercury 
compounds accumulate more rapidly in biota than inorganic compounds; they are also excreted more 
slowly, leading to more efficient bioaccumulation of mercury through the food chain. The highest mercury 
concentrations are typically found in the organs and tissues of species occupying the upper trophic 
levels in terrestrial and aquatic ecosystems (Rumbold et al., 2018; Seco et al., 2021). Methylmercury 
accumulated in the body poses a health threat to most vertebrates, including humans (Scheuhammer 
et al., 2015).

Mercury levels in an ecosystem are often assessed through its concentrations in the tissues of 
upper-trophic-level vertebrates (Chételat et al., 2020; Eagles-Smith et al., 2016). At the same time, 
studies that assess mercury’s role in the food web by measuring its concentrations in organisms at lower 
trophic levels remain limited and fragmented (Martins et al., 2021).
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вод им. И.Д. Папанина РАН.

животных значительно влияют на вариабельность концентраций ртути между таксономическими 
и экологическими группами беспозвоночных, обитающих в одном биотопе на южном побережье 
о.  Сахалин. Выявленные концентрации ртути в организме беспозвоночных могут быть 
использованы как фоновые значения в дальнейших исследованиях.

132



133Udodenko, Yu.G. et al., 2026. Ecosystem Transformation 9 (3), 130–144

Invertebrate species typically occupy narrow ecological niches and exhibit conservative feeding 
habits. Most do not undertake long-distance migrations and instead persist under relatively stable 
biogeochemical conditions. Since invertebrates constitute a key food resource for many vertebrates, their 
mercury content can help predict contaminant levels in upper-trophic-level consumers. Consequently, 
the most abundant invertebrate species, which spanning diverse taxa and ecological groups within a 
biotope, serve as reliable indicators of an ecosystem’s biogeochemical status.

Particular attention should be given to identifying the most informative indicator for assessing the 
ecological status of remote areas with minimal anthropogenic pressure. The results of exploratory 
studies are essential for informed geographic zoning and rational land use. The southern coast of 
Sakhalin Island is particularly interesting from this perspective (Gordeev et al., 2024).

The study aims to compare mercury accumulation levels in the most common terrestrial, freshwater, 
and marine invertebrates occupying lower trophic levels in food webs off the southern coast of Sakhalin 
Island.

Materials and methods
The material was collected on August 4–14, 2025, in the vicinity of Cape Anastasia, Crillon 

Peninsula, Sakhalin Island (Fig. 1). Three main sampling sites were set within the study area: (1) the 
Marine Station "Aniva"; (2) the lower reaches of the Anastasia River; and (3) the marine littoral zone 
(up to 150-m wide).

At each main sampling site, the most abundantly represented macroinvertebrates of different 
taxa and trophic groups were sampled (Table  1). At the Anastasia River and on the marine littoral 
zone, material was collected at several sample plots (SPs), presumably differing from each other in 
biogeochemical conditions. The SPs on the flat section of the Anastasia River were located at distances 
of 300 and 2500 m from the river mouth. In the marine littoral zone, two SPs were surveyed: (1) the area 
100 m to the north of the Marine Station "Aniva", covered with the thickets of surfgrass, Phyllospadix 
iwatensis Makino 1931, with neighboring "bird colony" (rare rocky outcrops 200  m from the shore, 
occupied by a colony of pelagic cormorants Urile pelagicus Pallas, 1811); and (2) a gravel area without 
macrophytes adjacent to the Marine Station. Terrestrial and aquatic invertebrates were collected using 
standard methods (Byzova et al., 1987; Rukovodstvo..., 1992). Spiders and harvestmen were collected 
by hand; earthworms, by manual soil sampling; aquatic invertebrates – with a net. All invertebrates were 
preserved in 95% ethanol and stored prior to analysis.

Mercury content was determined by pyrolysis using an RA-915M atomic absorption spectrometer 
(Lumex, Russia) equipped with a PIRO pyrolytic attachment. This method is widely used in the analysis 
of mercury content in various biological materials (Fernandes et al., 2024; Panichev and Panicheva, 
2015; Sholupov et al., 2004).

Fig. 1. Schematic map of the study area and sampling sites (see Table 1 for explanations).
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Before analysis, all samples were dried in a drying oven at 40 °C for 48 hours to remove residual 
moisture. Depending on the volume of material, each sample was analyzed one to three times. For small 
invertebrates with a dry weight of less than 5 mg (amphipods, mayfly larvae, harvestmen), mercury 
concentrations were determined in a single sample containing 3–4 individuals. Measurement accuracy 
was monitored using DORM-4 international standards; error did not exceed 5–7%.

Mercury concentrations are presented per unit of dry weight as mean ± standard deviation (m ± SD). 
Nonparametric methods were applied for statistical analysis of the obtained results. The Mann-Whitney 
U-test was used to assess the differences between two independent samples. Differences between 
three or more independent samples were assessed using the Kruskal-Wallis H-test.

Results

Mercury content in terrestrial invertebrates
The highest average mercury concentrations were observed in earthworm Octolasion lacteum (Örley, 

1885) (Fig. 2). In another species of earthworm, Lumbricus rubellus (Hoffmeister, 1843), the average 
mercury content was 6.5 times lower, a statistically significant difference. For this species, no statistically 
significant differences in mercury content were found between mature and juvenile individuals (Z = 0.28; 
p = 0.777). No juveniles were found for O. lacteum.

Lower mercury concentrations are observed in arachnids, which are part of grazing food webs. 
Mercury concentrations in orb-weaving spiders (Araneidae) and harvestmen (Opiliones) were 
comparable and did not differ significantly (Fig. 3).

Mercury content in aquatic invertebrates
Among freshwater invertebrates, the highest mercury concentrations were found in the amphipods 

belonging to the family Gammaridae (Fig. 4). Mayfly larvae (family Heptageniidae) were characterized 
by half the mercury content of amphipods. However, no statistically significant differences were found 
between amphipods and Heptageniidae larvae from different collection sites.

Among the marine invertebrates studied, the highest mercury concentrations were found in mysids. 
Meanwhile, isopods of the genus Idotea and hermit crabs of the genus Pagurus contained 2.5–3.0 times 
less mercury than mysids (Fig. 5). These differences were statistically significant.

The mercury content in the isopods of the genus Idotea collected near the bird colony was 
statistically significantly lower than in representatives of the same genus inhabiting the coastal littoral 
zone (H = 15.6, p = 0.013).

Station 
number

Coordinates
Brief description Collected material

N E

1 46.017007 142.170037 Marine Station "Aniva Earthworms, orb-weaver spiders, 
harvestmen

2 46.017719 142.166797 Anastasia River
Larvae of mayflies (family 

Heptageniidae); freshwater 
amphipods (family Gammaridae)

3
46.017829 142.172485

The littoral zone 
northwards the Biological 
Station "Aniva" and the 

bird colony Marine crustaceans (Idotea sp., 
Pagurus sp., Mysidae)

46.01508 142.171411 Littoral zone near the 
Marine Station "Aniva"

Table 1. Location and brief description of the surveyed areas
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Fig. 2. Mercury content in the bodies of the studied earthworm species. Here and further on: the solid line inside the "box" is the 
average value; the circles are individual measurements.

Fig. 3. Mercury content in the bodies of the studied arachnid species.
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Fig. 4. Mercury content in freshwater invertebrates sampled in the Anastasia River.

Fig. 5. Mercury content in crustaceans sampled in the marine littoral zone.
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Discussion
The patterns of mercury accumulation in different ecological groups of terrestrial and aquatic 

invertebrates remain poorly understood. However, mercury distribution among animals inhabiting the 
same biotope follows a pattern typical for vertebrates: predatory species have higher mercury levels 
than those feeding on plant matter and detritus (Komov et al., 2017a; Razavi et al., 2020; Sinclair et al., 
2024). Earthworms are the only exception, as they accumulate mercury at concentrations several times 
higher than other invertebrate species (Komov et al., 2017b; Udodenko et al., 2012; Zhang et al., 2009).

The mercury content in O. lacteum, inhabiting the soils of the study area, exceeds that of all other 
studied groups of terrestrial and aquatic invertebrates of the southern coast of Sakhalin. Average mercury 
concentrations in this species are comparable to the values recorded in earthworms from moist soils of 
the forest park zone of Cherepovets and the Voronezh Nature Reserve (Udodenko et al., 2012, 2022a). 
Despite the fact that a large metallurgical plant is located in Cherepovets, which can be a source of 
various heavy metals in the environment, no elevated mercury concentrations were found in the bodies 
of invertebrates living within the urban biotopes. At the same time, the average mercury concentration 
in O. lacteum was 1.5–3.0 times lower than in the earthworms of the genus Allolobophora and Drawida 
from Liaoning Province, China (Zhang et al., 2009), and Octolasion cyaneum from the forest ecosystems 
of Switzerland (Rieder et al., 2011). On the contrary, mercury content in Lumbricus rubellus from the 
southern coast of Sakhalin is half that of representatives of the same species from forest ecosystems in 
Switzerland and is comparable to that obtained for the worms of the genus Limnodrilus from Liaoning 
Province.

According to the studies performed in Switzerland, earthworm species belonging to various morpho-
ecological groups differ significantly in mercury content (Ernst and Frey, 2007; Rieder et al., 2011). The 
mercury concentration in soil-litter species (including Lumbricus rubellus) was statistically significantly 
lower than that in true soil species, which include O. lacteum. The results of our study are consistent 
with data obtained for Switzerland. The differences in mercury concentrations found between the two 
earthworm species from the southern coast of Sakhalin Island suggest that mercury levels in the food 
resources of these species also differ accordingly.

According to earlier studies, the mercury concentrations in harvestmen were significantly lower than 
in spiders inhabiting the same biotope (Rimmer et al., 2010; Udodenko et al., 2022a). We assume that 
such differences are associated with the dietary patterns characteristic of representatives of different 
arachnid orders. Spiders are obligate predators and hunt primarily insects from various taxonomic 
groups. Unlike spiders, harvestmen's diet includes plant remains and detritus, although some of their 
representatives are predatory. In the present study, harvestmen were not identified down to the species 
level, and the available literature lacks information on the diet of Far Eastern species (Gongal'skii et al., 
2014; Marusik, 2005). We suggest that harvestmen from the southern coast of Sakhalin are predators 
or have a mixed diet; as a result, they accumulate mercury in quantities comparable to those of spiders.

Mercury concentrations in amphipods from the study area exceeded those reported for conspecifics 
or related taxa in known mercury-contaminated ecosystems. For instance, amphipods collected from 
the Anastasia River contained 1.5–2.0 times more mercury than those inhabiting an industrial emissions 
zone in the St. Lawrence River Valley (Canada) (Hodson et al., 2014). In contrast, mayfly larvae from the 
Anastasia River exhibited lower mercury levels compared to those from rivers affected by anthropogenic 
mercury pollution. As an example, mayflies from the Boroo River (Selenge Province, northern Mongolia), 
where a mid-20th-century industrial accident introduced large quantities of metallic mercury into the 
ecosystem, showed mercury concentrations 10–15 times higher than those measured in mayflies from 
the southern coast of Sakhalin (Udodenko et al., 2022b).

Studies comparing mercury levels across different taxa and trophic groups of aquatic invertebrates 
remain scarce and have yielded inconsistent results. For example, crustaceans were found to contain 
higher mercury concentrations than mayfly larvae in western Oregon, USA (Jackson et al., 2020), 
whereas no significant difference was observed between Heptageniidae mayflies and Gammaridae 
amphipods in tributary streams of the Finger Lakes, New York State (Razavi et al., 2020). In the 
Anastasia River, differences in mercury concentrations between amphipods and mayfly larvae are likely 
attributable to their distinct feeding strategies. Heptageniidae larvae are phytophagous scrapers that 
graze on periphytic algae attached to rocks, thus participating in a grazing-based food web. In contrast, 
Gammaridae amphipods are detritivorous shredders that consume dead organic matter (often of terrestrial 
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origin) and operate within a detrital food web. The elevated mercury levels in amphipods suggest that 
mercury transfer in this river is primarily channeled through the detrital pathway. Furthermore, the lack 
of spatial variation in mercury concentrations between amphipods and mayfly larvae across sampling 
sites indicates relatively homogeneous biogeochemical conditions in the studied lower reaches of the 
Anastasia River. These findings underscore that dietary habits critically influence mercury uptake, 
ultimately driving interspecific differences in tissue concentrations among freshwater invertebrates.

It should be noted that mercury concentrations in marine intertidal invertebrates along the southern 
coast of Sakhalin island were 5–10  times lower than those measured in freshwater and terrestrial 
invertebrates from the same region. Similar low levels have been reported for marine intertidal 
invertebrates across diverse taxonomic groups in coastal areas of Poland and Spitsbergen remote 
from anthropogenic mercury sources (Jędruch et al., 2018; Korejwo et al., 2022). These observations 
suggest that marine macrozoobenthos generally exhibits lower mercury burdens compared to terrestrial 
invertebrates, which is a pattern likely rooted in fundamental differences in mercury geochemical 
cycling between terrestrial and marine systems. In coastal zones, dissolved organic matter and clay-silt 
particles that bind Hg2+ are transported into the littoral zone via lateral runoff, but they do not accumulate 
there; instead, they are flushed offshore during ebb tides (Bareket et al., 2016). Consequently, 
mercury availability in shallow intertidal habitats remains limited. This dynamic raises the possibility 
that invertebrates inhabiting deeper waters of the Sea of Okhotsk may contain substantially higher 
mercury concentrations than their intertidal counterparts (Liu et al., 2020; Sisma-Ventura et al., 2024). A 
similar pattern (lower mercury levels in aquatic versus adjacent terrestrial invertebrates) has also been 
documented in mountainous coastal ecosystems along California (Rundio et al., 2022), reinforcing the 
role of ecosystem type in shaping mercury bioaccumulation.

Therefore, the feeding type and foraging strategy of animals drive differences in mercury 
concentrations among taxonomic and ecological groups of invertebrates co-occurring within the same 
biotope on the southern coast of Sakhalin. At the same time, local biogeochemical conditions, governing 
the availability of bioaccessible mercury forms at the base of food webs, appear to be the primary 
determinant of mercury levels in biota within individual biotopes.

To date, regulatory thresholds for mercury concentrations in tissues, above which physiological 
impairments occur, have not been established for most animal species. Only a limited number of studies 
have identified such thresholds, primarily in Arctic birds and marine mammals (Dietz et al., 2013). The 
absence of standardized toxicity benchmarks complicates direct evaluation of the potential adverse 
effects of the mercury levels detected in Sakhalin’s invertebrates. Nevertheless, comparison with data 
from other regions remote from anthropogenic mercury sources indicates that mercury concentrations 
in invertebrates along the southern coast of Sakhalin Island fall within natural background ranges. This 
suggests that current levels are unlikely to pose a risk either to the invertebrates themselves or to higher 
trophic-level consumers.

Conclusions
In the south of Sakhalin Island, terrestrial and riverine environments are more favorable for mercury 

uptake into food webs than coastal marine biotopes. This is evidenced by higher mercury concentrations 
in terrestrial and freshwater invertebrates at lower trophic levels compared to invertebrates in the marine 
intertidal zone.

Mercury levels in the studied species fall within the range typical for biota inhabiting biotopes with 
minimal mercury loads. The studied invertebrates may play a significant role in mercury transport 
through terrestrial and aquatic food webs along the southern coast of Sakhalin. However, the obtained 
mercury concentrations do not appear to pose a health risk to animals or humans, and the ecological 
and toxicological status of the southern coast of Sakhalin Island should be characterized as satisfactory.

The obtained mercury concentrations in biota can be considered as reference values for the study 
area. The results of future studies on the biogeochemical behavior of mercury in various ecosystem 
components within Sakhalin should be compared with the data obtained in this study.
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