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Abstract: Mollusks are the macroinvertebrates most commonly introduced into fresh water. In
invaded reservoirs, alien mollusks form a large biomass due to their large size. Climate change, water
level regulation, and anthropogenic impacts on the environment lead to the drying up of water bodies
and the death of littoral macroinvertebrates. To assess the impact of invasive snail mass mortality
on water quality, laboratory experiments on the snail tissue decomposition were performed, the
potential release of nutrients into aquatic ecosystems was calculated, and the predicted concentrations
of nutrients were verified by field studies. The laboratory experiment showed quick decomposition
of the common river snail Viviparus viviparus tissues with release into the environment of ammonium
and total phosphorus of 2.72 + 0.14 mg and 0.10 =+ 0.02 mg, respectively, per gram of decomposing
tissue. The concentrations of ammonium, nitrates, and total phosphorus at the site of snail death
reached 2.70 £ 0.10, 3.13 4 0.38 and 0.30 £ 0.02 mg/L, respectively. This indicates local contamination
of the Novosibirsk reservoir littoral with decomposition products. The aquatic management, water
level regulation, and control of undesirable species should take into account the likelihood of water
quality decreasing as a result of macroinvertebrate mass mortality.
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1. Introduction

The development of water transport, aquaculture, increased trade in hydrobionts
and various human-induced transformations of ecosystems have greatly contributed to
the expansion of species beyond their natural habitats. After establishment, alien species
often reach very high abundance in new locations, causing undesirable ecological and
economic consequences. After an outbreak, alien species’ abundance and biomass often
drop sharply and then stabilize at a lower level [1,2]. A rapid increase in invader abundance
followed by its sharp decline occurs in aquatic and terrestrial species as well as in plants
and animals [3]. The decrease in abundance can be caused by competition aggravation,
diseases, and exhaustion of available resources or varying environmental factors [4—6].
In the case of rapidly changing habitat conditions, the decline in species abundance is
accompanied by mass die-offs and the release of decomposition products into aquatic
ecosystems. Decomposing tissues release toxicants (e.g., ammonium) into water, thus
causing oppression and even mortality of particularly sensitive species [7].

Despite the high volumes of nutrients released into water during mollusk decom-
position, only a few related investigations have been carried out. They reported on the
ability of dead mollusks to be embedded in trophic networks of terrestrial ecosystems [8].
Previous studies also demonstrated a toxic effect of ammonium released due to mollusk
decomposition on their larvae and other macroinvertebrates [7].

Common river snail Viviparus viviparus (Linnaeus, 1758) is a mollusk of European
origin; in recent decades it has actively settled in the reservoirs of West Siberia. The biomass
of V. viviparus in the Novosibirsk reservoir is much higher (up to 16,000 g/m?) than in its
native habitat [9,10]. Peculiar seasonal migration of river snails contributes to the formation
of extremely high biomass on the dried littoral of the Novosibirsk reservoir. In autumn,
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V. viviparus migrates to depth of 2-3 m and greater to overwinter; accordingly, their number
is growing here [11]. Adverse hydrological conditions leading to a drop in water stages
and soil drying induce its mass death in the coastal zone. The research conducted at the
Novosibirsk reservoir in 2005 is evidence of a 90% mortality rate of V. viviparus in the
drained littoral during spring freezing [12].

The present study is aimed at the assessment of consequences of alien mollusk die-offs
in the Novosibirsk reservoir ecosystem. To determine the impact of snail mass mortality on
water quality, (1) laboratory experiments to estimate the rate of snail tissue decomposition
and to quantify the amount of nutrients released were conducted, (2) potential nutrient
concentrations (in cases of mass die-off) were calculated, and (3) field studies were carried
out to assess the number of dead individuals and to measure nutrient concentrations at
sites of mass mortality events.

2. Materials and Methods
2.1. Study Area

The Novosibirsk reservoir was built in the upper section of the Ob River in 1957
(Figure 1). It is a seasonally regulated reservoir of approximately 200 km length, with a
water area of 1070 km? at a full reservoir level, a volume of 8.8 km3, and an average depth
of 9 m [13]. The reservoir is used for power production, navigation, fishing, recreation,
tourism, and drinking water supply.
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Figure 1. Sampling location and changes in water level of the Novosibirsk reservoir in 2020. Changes
in the water level during the field study are highlighted in bold.

The Novosibirsk reservoir is a mesotrophic-eutrophic reservoir with a characteristic
longitudinal distribution of phytoplankton, the density of which is high in the upper part
(chlorophyll a concentration of 20 mg/m? in the surface water layer), drastically reduced
in the middle part (less than 10 mg/m?) and increased in the lower part [14]. Maximum
concentrations of chlorophyll a are registered in Berd Bay (more than 50 mg/m?) [14].
Hydrochemical indicators vary seasonally and depend on substance inflow from the Ob
River. The average concentration of ammonium is within 0.1 mg/L, that of nitrates is
within 0.3 mg/L, that of nitrites is within 0.01 mg/L, and that of phosphates is within
0.04 mg/L [13]. Waters of Berd Bay are distinguished by increased concentrations of am-
monium and total phosphorus (on average, 0.17 and 0.06 mg/L in spring, respectively) [15].
Waters of the Novosibirsk reservoir are slightly alkaline (pH 7.3-8.6) with a favorable
oxygen regime (5.1-12.0 mg/L) [16]. The TDS concentration reaches its maximum in winter
(up to 350 mg/L), whereas it does not exceed 100-150 mg/L in spring [13].

One of the purposes of the reservoir is seasonal regulation of the Ob River flow. The
water level in the reservoir falls during the autumn-winter period, with further draining



Diversity 2021, 13, 362

30f9

of about 30% of its area. Filling of the reservoir begins in the middle of April and continues
until the end of June. An ice-covered period in the reservoir usually lasts from early
November to late April, while a snow cover at the catchment occurs from early November
to mid-April. In April, air temperature can be negative (—7 °C on 18 April 2019) or positive
(+30 °C on 23 April 2020) here. When sampling, air temperature varied from +20 to +28 °C,
except for 6 May 2020 (+9 °C). During investigations, water temperature rose from +12
to +20 °C. Low-wind sunny weather was observed on 27 April 2020, 10 May, and 18 May
2020. Moderate wind was noted on 30 April 2020, whereas strong wind and waves were
recorded on 6 May 2020.

2.2. Laboratory Experiment

The purpose of the laboratory experiment was to evaluate biogeochemical flows of
matter formed due to mollusk tissue decomposition. Snails were collected on 6 June
2019, thoroughly treated to remove sediment and periphyton, and stored in a freezer at a
temperature of —5 °C. Then, 50 g of mollusks with the addition of 600 mL of water (from
the Novosibirsk reservoir) were placed in experimental containers of 0.95 L capacity and
exposed to 21 °C. Reservoir water without snails was used as a control treatment. At 3, 7,
14, and 38 days after the start of the experiment, water was taken from three experimental
and three control containers to analyze nutrient content. To quantify NHy, NO3, and
Piota1 concentrations, the photometric method was used. The accredited laboratory of
Verkhneobregionvodkhoz and the Chemical Analytical Center of the Institute for Water
and Environmental Problems, SB RAS, performed the hydrochemical analysis of water. In
this experiment, the amount of nutrients released per gram of mollusk decomposition was
defined.

The Mann-Whitney U-test was used to assess the statistical significance of differences
in nutrient concentration between control and experiment. Differences were considered
significant at p < 0.05. Data analysis was performed using Statistica 6.0.

2.3. Field Study

In April-May 2020, field studies were arranged to assess the impact of the mass
mortality of snails on the water quality of the Novosibirsk reservoir of Berd Bay. To
undertake these studies, three sites, each 0.05 m? in area, chosen as a result of a water
level drop in the Novosibirsk reservoir of Berd Bay, were randomly selected. All common
river snail individuals from each site were collected and measured. The mass of dead
mollusks was calculated using the equation of body mass as a function of the shell height.
The drawdown area covered with dead snails was measured on 27 April 2020. At the next
survey of the reservoir (30 April 2020), all dead snails were already covered with water
due to the reservoir filling.

During the reservoir filling, water was sampled to determine nutrient concentrations
at the site with dead snails and at the control site. The latter was a place in the reservoir of
Berd Bay with only live individuals. Water sampling was performed on 27 April 2020, 30
April 2020, 6 May 2020, 10 May 2020, and 18 May 2020 in the coastal zone; the depth of
the reservoir at the water sampling site was 0.1 m. On 27 and 30 April 2020, samples were
taken in areas where dead snails were found to be present. As the reservoir filled further,
the area of the temporarily dry zone was decreased, and the sampling site was distanced
from the zone with dead mollusks. By the end of the field research (18 May 2020), the site
with dead mollusks was located at a depth of 1 m and at a distance of 40 m from the water
sampling site.

In situ study results and calculations of potential nutrient concentrations in the areas
of mass mortality were compared using the following formula:

Bdied X Vnutrient
Cnutrient = Tr (1)
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where C,yriens is the potential concentration of nutrients (mg/m?>), Bgiq is the biomass of
recently dead mollusks (g/ m?), Vyutrient is the amount of nutrients (mg) released during
decomposition of 1 g of snails, and 4 is the total depth of reservoir above the decomposed
mollusks (m). As the reservoir fills, the height of the water column above the mollusks
increases, decomposition products are diluted with water, and nutrient concentrations
decrease. When calculating the potential concentration of nutrients, it was assumed that all
snails died simultaneously and decomposed completely.

3. Results
3.1. Abundance and Biomass of Dead Mollusks in the Dried Zone of the Reservoir

In April 2020, a mass mortality of V. viviparus was observed in an area of 25,000 m?
that dried up as a result of a water level drop (Figure S1). The density of dead mollusks was
2970 + 280 ind./m?, whereas the calculated wet biomass with shells was 11,410 + 1050 g/ m2.
Some of the large snails with shell heights of 32-38 mm, which managed to dig themselves
into wet ground, survived. Live snails amounted to 850 4- 30 ind./m?. In dried soils, recently
dead snails were found lying over alive ones; their shells contained decomposing soft
tissue. The number of recently dead snails reached 430 £ 70 ind./ m?2, and their biomass
was calculated as 1640 + 350 g/m?. The surface layer contained empty mollusk shells
(2540 =+ 340 ind./m?).

3.2. Laboratory Experiment

Experiments with V. viviparus tissue decomposition suggested that the values of all ana-
lyzed indicators were higher for containers with snails than for the controls (Figure 2). Over
the course of the experiment, the latter showed a fourfold decrease in ammonium concentra-
tions, i.e., from 0.59 & 0.02 mg/L to 0.14 & 0.01 mg/L. In containers with snails, in the 3 days
after starting the experiment, the ammonium concentration reached 59.3 £ 8.9 mg/L show-
ing its maximum (226.7 &= 40.7 mg/L) on the 14th day. The concentration of NOj3 in the con-
trol, on the contrary, was increased fivefold (from 0.23 & 0.01 mg/L to 1.15 & 0.05 mg/L).
When the tissue decomposed, this trend (i.e., a slight increase throughout the experiment)
was similar for control containers. Despite the similar trends, the NO3z concentration dif-
fered significantly between the control and experiment (Mann-Whitney U test, p = 0.002).
Throughout the experiment, the concentration of phosphorus (Pyy,1) in controls remained
the same. In containers with snails, the maximum phosphorus concentrations were marked
on day 14. After reaching its maximum, this indicator decreased insignificantly until the
end of the experiment.
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Figure 2. Dynamics of NHy, NOs, and Py, concentrations (mg/L) in experimental (with decomposing snail tissues) (1)

and in control containers (2).

According to the laboratory experiment, 1 g of decomposing tissue of V. viviparus
released 2.72 & 0.14 mg of ammonium and 0.10 & 0.02 mg of total phosphorus. By the end
of the experiment, only unbroken shells remained in containers; undecomposed mollusk
bodies were not visually marked.
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To calculate the impact on nutrient inflow to the reservoir (when water rises to the full
reservoir level and fills the zone of temporary drainage with dead snails), the data on the
dead mass of mollusks from the reservoir littoral were combined with the experimental data
on decomposition-induced release of nutrients. Calculations of probable concentrations
of NHy, NOj3, and Py, in the reservoir in case of mass die-offs of snails showed that
aquatic ecosystems can be exposed to extremely high concentrations of nutrients (Table 1).
According to these calculations, only NOs remained within the limits of water quality
standards; its levels did not differ from that characteristic for Berd Bay of the Novosibirsk
reservoir. All other indicators were demonstrated to be in excess of both national water
quality standards and average values for the Novosibirsk reservoir. Thus, the high mortality
of snails drastically deteriorates water quality in the littoral of the Novosibirsk reservoir.
The nutrient inflow caused by mollusk decomposition may lead to a 110-fold increase in
the Russian water quality standards for ammonium.

Table 1. Nutrient concentrations in water of the Novosibirsk reservoir.

Indicator NH;*, mg/L NO;—, mg/L Piotal, mg/L
Over dead mollusks

27.04.2020 2.70 +0.10 2.40 £+ 0.30 0.300 4 0.020

30.04.2020 1.23 £0.26 3.13 +£0.38 -

06.05.2020 0.44 +£0.15 2.27 +0.40 -

12.05.2020 0.44 +0.15 1.66 + 0.30 -

18.05.2020 0.26 + 0.01 0.37 £ 0.05 0.033 & 0.006

Control site 0.12 £ 0.01 0.34 £+ 0.04 0.025 £ 0.006

Background values, mg/L [13] 0.1 0.3 0.06

Calculated potential concentration, mg/L 448 +9.5 0.21 £ 0.05 63+13
Maximum allowable concentration, mg/L 0.4 40

3.3. Field Data on Nutrient Concentrations

The in-situ studies of Berd Bay water revealed a significant increase in nutrient con-
centrations (as compared to background) at sites with dead snails. Maximum concentra-
tions were observed at the beginning of the study in hot weather with little wind. On
27 April 2020, ammonium concentrations were 2.7 mg/L, thus exceeding the maximum
allowable concentration (MAC) and background values by factors of 6.8 and 27, respec-
tively (Table 1). Concentrations of nitrate and total phosphorus were eightfold and fivefold
higher than background values, respectively. In 3 days, a twofold drop in ammonium
concentrations was recorded. In 9 days, its content was within the MAC. During this period,
the reservoir level rose by 179 cm, thereby contributing to the dilution of decomposition
products. In addition, windy weather provided better water mixing and dilution of decom-
position products. Over 3 weeks of observations, a 10-fold decrease in the concentrations
of all nutrients, as well as a decline in most indicators to background values occurred. Only
ammonium concentrations were twofold higher than background values. According to the
field data, concentrations of ammonium, total phosphorus, and phosphates in the water
over dead snails were much lower than predicted ones. This is probably due to the fact
that in situ studies were performed when the water level had already risen by 100 cm,
which greatly influenced the dilution of decomposition products and potentially led to
peak concentrations being missed.

4. Discussion

Mollusks are long-lived organisms; they have a relatively large body and are able to
form clusters with a biomass of several kilograms per square meter. Furthermore, numerous
mollusk species are very sensitive to environmental impacts. Rising temperatures, reduced
oxygen concentrations, reservoir pollution and extreme droughts can initiate mass die-
offs [7,17]. In contrast to native mollusks, invaders are often less adapted to extremely
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varying environmental factors and are, thus, more exposed to high mortality [18]. In the
last decade, mass die-offs of alien mollusks (i.e., Corbicula fluminea, Sinanodonta woodiana,
Belamyia chinnensis, and Dreissena polymorpha) were registered in the USA, Canada, France,
Portugal, Hungary, Switzerland, and the Netherlands [6].

4.1. Ecological Mechanisms of Population Decline

Factors able to regulate invader populations primarily include an abundance of natural
enemies and competitors, interactions with later introduced invaders, human activities to
control their number, environmental transformations caused by these species, and delayed
genetic effects [2]. All of these factors have little impact in the form of reduction in V.
viviparus abundance in the Novosibirsk reservoir. Recorded cases of local collapse of the
V. viviparus population have been caused by cast ashore mollusks during severe storms,
significant and long-term water level drop as a result of human regulation, and essential
decreases in air temperature on the dried littoral [12]. In water bodies of the temperate zone,
including the Novosibirsk reservoir, a decrease in reservoir storage occurs during winter
that ensures macroinvertebrate survival until spring in wet soils under the ice during the
ice-covered period. After spring snowmelt, mollusks find themselves on dried soils of
the drawdown area. The ability of snails to bury into the ground, cover their shell mouth
with operculum, and persist throughout unfavorable periods in moistened soils allows
them to survive. Viviparidae are able to survive for several weeks without water [19,20].
The studied areas of the Novosibirsk reservoir remain dry for 2-3 months, which leads to
the death of snails. Littoral drying is one of the most common causes of mass mortality
of mollusks, especially in small rivers and lakes characterized by unstable hydrological
regime, along with intermittent dry (rain-free) and hot weather.

The post-mortem decomposition of snail soft tissues occurs much faster than that of
vertebrate skeletons and is accompanied by a release of nitrogen and phosphorus into the
water column and interstitial space. Naturally, this creates local environmental problems.
The decomposition rate determines the rate of inflow of nutrients and toxicants into the
reservoir, thus representing an important indicator for predicting pollution. In this study;,
peak concentrations of nutrients and organic substances were noted 1-2 weeks after the
beginning of the experiment. In experiments with fish, decomposition can last several
months, whereas the decomposition of large mammals can last several years [21-23]. Such
a rapid process initiated by massive die-offs of snails forms areas with extremely high
concentrations of nutrients and organic substances. Therefore, high mortality is particularly
dangerous for small and relatively isolated bays of the reservoir with a limited dilution of
decomposition products.

4.2. Assessment of Nutrient Release

Decomposition can provide a release of toxic substances into the water, among which
ammonium is particularly harmful. Toxic ammonium concentrations are different for
various species [7]. Bivalves are most sensitive to ammonium; for example, the median
lethal concentration (LCsp) for juvenile freshwater clams is within 0.04-0.28 mg/L, that
for crustaceans Hyalella azteca is within 0.19-6.09 mg/L, and that for rainbow trout On-
corhynchus mykiss is within 0.26-1.04 mg/L [24]. At the site of mass death of V. viviparus
in the Novosibirsk reservoir, the concentration of ammonium reached 2.7 mg/L, which
significantly exceeds both the tolerance limits of the most sensitive hydrobionts and the
national water quality standards of the Russian Federation.

The NH4/NOs ratio was significantly lower in the natural conditions of the Novosi-
birsk reservoir compared to the experiment. Apparently, this was due to the partial
decomposition of the snail tissues in the air, in contrast to the laboratory experiment where
the decomposition occurred completely in water. When decomposed in air, some of the
gaseous decomposition products (including NH3) are blown with the wind, whereas,
when decomposed in water, they dissolve. In addition, lower air temperatures at night
may contribute to a slower mineralization of organic matter. The optimal temperature
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of ammonification is known to be significantly higher than that of nitrification [25]. Low
night temperatures and colder temperatures in the spring of 2020 contributed to a decrease
in the rate of mineralization of the snail tissues, while these temperature values were
optimal for nitrification. Further studies of the influence of temperature on the decomposi-
tion rate are necessary for a more accurate assessment of the nitrogen release after mass
mortality events.

Snail decomposition also greatly contributes to phosphorus increase in aquatic ecosys-
tems. In freshwater ecosystems, algae are limited by low phosphorus concentrations [26].
V. viviparus have a reduced phosphorus excretion, which contributes to an increase in the
N:P ratio in the water and a decrease in the amount of biologically available P, thus having
a strong effect on the structure of algal communities [27]. In addition, river snails are able
to obtain food by both grazing and filter-feeding [28]. The high biomass of filter-feeding
snails, along with the low excretion of P, provides phosphorus retention and reduces the
probability of the reservoir bloom. Mollusk die-offs can provide ecosystems with a large
phosphorus concentration (up to 6.3 £ 1.3 mg Py, /L). The increased phosphorus release
due to animal decomposition can cause reservoir bloom. An increase in phytoplankton den-
sity during mollusk tissue decomposition was registered both in laboratory experiments
and in the natural reservoir [29]. In shallow and rapidly warming areas of the Novosibirsk
reservoir (e.g., Ordynsky Bay), abundant algae and even their bloom can be observed as
early as in June. Phosphorus arrival during mollusk tissue decomposition is among the
causes of algae bloom in the reservoir.

Field studies confirmed that the mass death of snails has a strong impact on water
quality of the Novosibirsk reservoir. In situ measurements of nutrient concentrations at
sites of mass die-off of V. viviparus suggested much lower values than those calculated
from experimental data. This may have been due to a stronger dilution of decomposition
products under wind-wave action, the non-simultaneous death of snails, and the partial
decomposition of snails in air before reservoir filling. During the research period, there
was no extreme drop in air temperature able to cause the simultaneous death of most of
the population. In the littoral of the reservoir, both empty mollusk shells and recently dead
individuals at various stages of decay were found. This was indicative of gradual dying
off as the soil dried and, accordingly, gradual nutrients release into water. The impact of
extreme weather conditions, as well as an unfavorable combination of various factors, can
result in local environmental disasters. The discrepancy between predicted values and
field observations has also been noted when assessing the consequences of mass mortality
of Corbicula fluminea in US rivers [18].

Unlike fish and mammalian skeletons, which serve as a relatively long source of
nutrients in aquatic ecosystems [23], mollusk bodies provide a rapid release of nitrogen
and phosphorus, thus resulting in a short-term but more profound effect. In this paper,
only a short-term pulse of nutrients entering the ecosystems due to decomposition of soft
tissues of dead snails was calculated. It should be noted that shells remain undecomposed
in the aquatic environment over a long period, representing a long-term source of C, N
and P for aquatic ecosystems [6,30].

The findings of this investigation hold significance in understanding the role of mass
mortality of mollusks in aquatic and terrestrial trophic networks. It is common knowledge
that dead animals can be included in food webs as food for scavengers. McDowell and
Sousa [6] noted that soft tissues of dead Corbicula can be consumed by estuarine fish. How-
ever, there is little evidence of the use of dead snails by scavengers in aquatic ecosystems [6].
Beached shellfish are also considered as a trophic subsidy for terrestrial communities [31].
Dead mollusks can become involved in terrestrial trophic chains when consumed by terres-
trial vertebrates such as crows, near-water birds, and rats [6,32]. The transfer of trophic
resources beyond the habitat boundaries is an important process that ensures nutrient
circulation in ecosystems and the interaction of aquatic and terrestrial ecosystems [32,33].
These studies suggest that the mass death of V. viviparus can also lead to an inflow of large
amounts of pollutants into aquatic ecosystems, followed by a deterioration of water quality
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and ecosystem services. In the case of large volumes of dead mass appearing in trophic
networks, aquatic and terrestrial scavengers do not have time for consumption due to high
rates of decomposition of mollusk soft tissue. Keeping in mind the sedentary lifestyle of
V. viviparus and their localization in certain areas of the reservoir bottom, their periodic
cleaning and removal of invaders may have a positive effect on the ecosystem.

5. Conclusions

Mass die-offs among alien snails caused by adverse environmental conditions con-
tribute to a rapid release of high concentrations of nutrients. When entering aquatic
ecosystems, this can significantly affect the structure of communities, causing the mortality
of particularly sensitive species and contributing to increased algae abundance. When
managing a reservoir, regulating its level, and using it for water consumption purposes,
one should keep in mind that water discharge can bring about the mass death of mollusks
with high biomass and a drastic deterioration in water quality caused by nutrients released
during tissue decomposition. In the near future, the number of extreme climatic events
is predicted to increase. Thus, mass die-offs of hydrobionts will undoubtedly occur more
frequently. As such, a further, more in-depth study of the effect of their decomposition
products on aquatic ecosystems is required.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d13080362/s1, Figure S1: Viviparus viviparus die-off in the temporary drained littoral of the
Novosibirsk reservoir in the Berd Bay (27 April 2020).
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