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Preface

Aquatic ecosystems worldwide are under increasing pressure due to climate change, altered

hydrology, pollution and habitat degradation. It is essential to understand how these environmental

factors interact and influence the structure and function of ecosystems in order to develop effective

conservation and management strategies. This Reprint brings together a selection of studies originally

published in the Special Issue of Water, ’Impact of Environmental Factors on Aquatic Ecosystems’,

which we had the privilege of editing. The collection presents cutting-edge research from a variety

of geographical regions and ecological settings, ranging from rivers and reservoirs to lakes and

lagoons. The contributions employ a variety of approaches, including field investigations, advanced

biomonitoring, remote sensing and numerical modelling, to address important themes such as the

influence of hydrology and morphology, the impact of pollution and its remediation, the assessment

of ecological health and the dynamics of eutrophication. This Reprint is intended for researchers,

water resource managers and environmental practitioners seeking interdisciplinary insights into

the resilience and vulnerability of aquatic systems. By showcasing innovative methodologies and

evidence-based findings, we aim to promote science-based decision-making and encourage further

research into the sustainable management of freshwater ecosystems.

Xuan Ban, Wenxian Guo, and Yicheng Fu

Guest Editors
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Impact of Environmental Factors on Aquatic Ecosystem

Xuan Ban 1,*, Wenxian Guo 2 and Yicheng Fu 3
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3 State Key Laboratory of Simulation and Regulation of River Basin Water Cycle, China Institute of Water
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* Correspondence: banxuan@apm.ac.cn

1. Introduction

Aquatic ecosystems are facing unprecedented challenges due to anthropogenic ac-
tivities and climate change [1]. Environmental factors such as hydrological alterations,
pollution, eutrophication, and habitat degradation significantly affect biodiversity, water
quality, and ecosystem services [2]. Understanding these impacts is critical for developing
effective conservation and management strategies [3]. This Special Issue explores the
multifaceted effects of environmental stressors on aquatic ecosystems through innovative
methodologies, case studies, and interdisciplinary approaches. Its contributions highlight
advancements in monitoring, modeling, and remediation techniques, offering insights into
the resilience and vulnerability of aquatic environments.

This Special Issue of Water addresses these challenges by synthesizing cutting-edge re-
search on the multifaceted impacts of environmental stressors across rivers, lakes, wetlands,
and reservoirs. Its contributions highlight innovative methodologies—from advanced
biomonitoring techniques to hybrid remediation strategies—that bridge gaps between
theoretical understanding and practical conservation. By integrating interdisciplinary
approaches (e.g., hydrology, ecotoxicology, remote sensing, and microbial ecology), this
collection not only diagnoses ecosystem degradation, but also proposes scalable solutions
tailored to diverse geographical and socioecological contexts.

Aquatic ecosystems face tipping points, where cumulative stressors may trigger irre-
versible shifts in function [4]. For instance, eutrophication-driven algal blooms, heavy metal
bioaccumulation, and habitat fragmentation increasingly compromise water security and
human health [5]. This issue underscores the need for science-based policy interventions,
emphasizing resilience-building through adaptive management, community engagement,
and technological innovation.

2. An Overview of the Contributions to This Special Issue

The 13 articles in this Special Issue address diverse aspects of aquatic ecosystem
dynamics, and can be grouped into the following five thematic categories.

2.1. Hydrological and Morphological Influences on Aquatic Ecosystems

Hydrological and geomorphological changes profoundly affect riverine and lacustrine
ecosystems. Yu et al. (Contribution 1) investigated how river sinuosity impacts the hydro-
dynamic conditions and ecological flow requirements in the Nansha River, China. Using the
River2D model, they demonstrated that moderate sinuosity enhanced depth and velocity
diversity, optimizing habitats for target species like Cyprinus carpio. Li et al. (Contribution

Water 2025, 17, 1453 https://doi.org/10.3390/w17101453
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2) examined the morphological traits of Cynodon dactylon in the Three Gorges Reservoir’s
riparian zone, linking plant adaptations to fluctuating water levels and sediment proper-
ties. Their findings revealed that soil moisture and nutrient gradients drive root and stem
plasticity, enabling survival under prolonged submersion. Hong et al. (Contribution 3)
combined LSTM and InVEST models to assess hydrological evolution and habitat quality
in the Xiangjiang River Basin, identifying climate change and human activities as primary
drivers of habitat fragmentation. Lastly, Firsova et al. (Contribution 4) explored how Lake
Baikal’s cold waters influence phytoplankton dynamics in the Irkutsk Reservoir, showing
seasonal shifts in community structure driven by temperature and nutrient inputs.

2.2. Pollution Sources, Impacts, and Remediation Strategies

Pollution mitigation and remediation are central to restoring aquatic health. Sun et al.
(Contribution 5) developed biochar/clay composite particles immobilized with Flavobac-
terium and Aquamicrobium species, achieving >80% removal of ammonia and petroleum
hydrocarbons in contaminated wetlands. Sobiecka et al. (Contribution 6) demonstrated the
efficacy of macrophytes (e.g., Elodea canadensis) in removing chlorpyrifos, with enzymatic
responses (e.g., glutathione-S-transferase) indicating adaptive oxidative stress mechanisms.
Papakonstantinou et al. (Contribution 7) assessed heavy metal contamination in Greece’s
Gialova Lagoon, identifying localized hotspots for Mo and Pb and emphasizing the role
of sediment geochemistry in pollutant retention. Vallese et al. (Contribution 8) employed
electrochemical detection to quantify Cd and Pb bioaccumulation in Cyprinus carpio, reveal-
ing tissue-specific metal accumulation patterns in the Colorado River. Vivien and Ferrari
(Contribution 9) used oligochaete communities to evaluate wastewater treatment plant
effluents, showing improved post-upgrade stream health through reduced pollutant loads.

2.3. Biomonitoring and Ecological Health Assessment

Biomonitoring tools provide critical insights into ecosystem stress. Kim et al. (Con-
tribution 10) analyzed ferritin gene expression in Litopenaeus vannamei postlarvae, linking
thermal and salinity stress to oxidative responses. Melkonyan et al. (Contribution 11)
integrated acetylcholinesterase activity and oxidative stress biomarkers to assess whitefish
health in Lake Sevan, Armenia, identifying eutrophication and hypoxia as key stressors.

2.4. Eutrophication and Algal Community Dynamics

Eutrophication drives shifts in primary producer communities. Ban et al. (Contribu-
tion 12) utilized satellite-derived ocean color data to estimate phytoplankton productivity in
Qinghai Lake, revealing oligotrophic conditions with seasonal peaks in chlorophyll-a. Yang
et al. (Contribution 13) studied filamentous algae (Cladophora, Spirogyra) in the Taihang
catchment, showing nutrient-dependent succession and interactions with macrobenthos
that influence habitat heterogeneity.

2.5. Advanced Technologies and Modeling Applications

Innovative technologies enhance monitoring and predictive capabilities. Hong et al.
(Contribution 3) and Ban et al. (Contribution 12) exemplified the integration of hydro-
logical (LSTM) and ecological (InVEST) models with remote sensing to track habitat and
productivity changes. Vallese et al. (Contribution 8) advanced automated electrochemical
detection for real-time heavy metal monitoring, validated against ICP-AES.

3. Conclusions

The studies in this Special Issue underscore the complexity of environmental impacts
on aquatic ecosystems and the need for multidisciplinary solutions. The key findings
include the following:

2
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1. Hydrological and morphological alterations require balanced management to sustain
biodiversity and ecological flows;

2. Pollution remediation benefits from hybrid approaches (e.g., biochar–microbe com-
posites, phytoremediation) tailored to local conditions;

3. Biomonitoring tools (e.g., enzymatic biomarkers, oligochaete indices) are vital for
early stress detection and policy formulation;

4. Remote sensing and modeling bridge spatial–temporal gaps in ecosystem assessment.

Future research should prioritize long-term monitoring, community engagement, and
adaptive management to address emerging challenges like climate change and microplastic
pollution. This collection advances our understanding of aquatic ecosystem resilience,
providing a foundation for sustainable water resource management.

Acknowledgments: As guest editors of this Special Issue, the authors acknowledge the journal
editors and all authors who submitted manuscripts to this Special Issue. Special thanks are extended
to the referees who diligently reviewed all of the submissions, which greatly improved the quality of
the published papers.
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Article

New Data on the Use of Oligochaete Communities for Assessing
the Impacts of Wastewater Treatment Plant Effluents on
Receiving Streams

Régis Vivien * and Benoît J. D. Ferrari

Swiss Centre for Applied Ecotoxicology (Ecotox Centre), EPFL ENAC IIE-GE, 1015 Lausanne, Switzerland;
benoit.ferrari@centreecotox.ch
* Correspondence: regis.vivien@centreecotox.ch

Abstract: Negative impacts of human activities on stream ecosystems include the re-
duction/modification of the connectivity between surface water and groundwater and
the contamination of these resources. Vertical hydrological exchanges principally occur
through the coarse surface sediments and the hyporheic zone (porous matrix) and these
compartments have the property to store pollutants. Such hydrological exchanges partic-
ipate in the self-purification of the stream and infiltration of polluted surface water can
lead to the contamination of groundwater. A complete environmental monitoring program
should therefore include the assessment of the biological quality of the porous matrix and
of the dynamics of vertical hydrological exchanges. The Functional trait (FTR) method
based on the study of oligochaete communities in the coarse surface sediments and the
hyporheic zone, allows simultaneous assessment of the effects of pollutants present in these
compartments and the dynamics of vertical hydrological exchanges. Here, we applied
the FTR method upstream and downstream of the effluents of three different wastewater
treatment plants (WWTPs) whose discharges were significantly polluted, and for one of
them (Oberglatt), before and after its upgrading. We could clearly observe negative effects
of the effluents of each of these WWTPs on oligochaete communities and the Oberglatt
WWTP upgrading resulted, compared to the state before the upgrading, in a significant
reduction of the polluted sludge effect at the downstream site of the effluent. In addition,
the method allowed us to identify several sites where the stream had a high capacity to
self-purify (through exfiltration of groundwater) and other sites where groundwater was
vulnerable to pollution by surface water.

Keywords: Clitellata; bioindication; hyporheic zone; coarse surface sediments; stream
functioning; chemical pollution

1. Introduction

Negative effects of human activities on aquatic ecosystems include the reduction or
modification of the surface water and groundwater connectivity, as well as the contami-
nation of these resources [1,2]. The dynamics of vertical hydrological exchange depend
on the geomorphological context but can be significantly affected by anthropogenic ac-
tivities [3,4]. Infiltration of surface water into groundwater can be caused by a number
of factors, including excessive groundwater pumping, high discharges from combined
sewer overflows and flash floods, and the presence of impervious surfaces in the catchment
area [5]. Conversely, exfiltration may occur when the flow rate is low (in such condition,
the groundwater can feed the stream) [6], or in case of the raise of the level of subterranean

Water 2025, 17, 724 https://doi.org/10.3390/w17050724
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waters relative to that of surface waters (for example upstream of a dam). The functioning
of the watercourse ecosystem can be defined as the result of the interactions between the
dynamics of vertical hydrological exchanges and the inputs of chemical substances (i.e.,
nutrients and pollutants) [5,7–9].

The coarse surface sediments and the hyporheic zone, which are here collectively
referred to as the “porous matrix”, are generally predominant habitats in the streams and
play a significant ecological role [1,2,10–12]. These compartments possess the capacity to
store pollutants and serve as the substrate through which vertical hydrological exchanges
occur. Such exchanges have the potential to facilitate the self-purification of the stream [13].
However, vertical hydrological exchanges have also the potential to impair the quality
of surface water, the porous matrix and groundwater [6]. Indeed, infiltration of polluted
surface water may result in the contamination of groundwater, while polluted groundwater
exfiltration may lead to a degradation of the quality of the porous matrix and surface
water [14]. It is therefore recommended that the environmental monitoring programs
include an assessment of the biological quality of the porous matrix and of the dynamics of
vertical hydrological exchanges.

Oligochaetes are a common component of the interstitial biota of porous matrices
in aquatic ecosystems, comprising species with a wide range of pollution tolerance and
characteristic of surface sediments or groundwater [5,13,15]. The Functional Trait (FTR)
method, which is based on the study of oligochaete communities in the coarse surface
sediments and the hyporheic zone, allows for the simultaneous assessment of the effects
of pollutants present in these compartments and the dynamics of hydrological exchanges
between surface water and groundwater [5,13].

The FTR method was applied in France (in the Yseron, Chaudanne, Moselle, Loire,
Azergues and Rhône rivers) and Switzerland (in the Roseg and Seymaz rivers) at sites
showing a strong gradient of impairment, from pristine to highly impaired [5,16,17]. In
these studies, oligochaete communities proved good indicators of the different degrees of
stream alteration: sensitive taxa to chemical pollution and taxa indicator of groundwater
exfiltration largely dominated at the unimpacted sites (e.g., in a mountain river), while
at the most impaired sites, where chemical pollution was associated with man-induced
infiltration (e.g., downstream of combined sewer overflows), resistant taxa to chemical
pollution largely dominated, with an absence or very low percentages of taxa indicator
of groundwater exfiltration. More recently, the FTR method was applied in Hochdorf
and Buttisholz (Switzerland) upstream and downstream of the effluents of two outdated
wastewater treatment plants (WWTPs) (at two different periods) to determine if it was
suited to detect, in already impacted areas by human activities (agricultural/industrial
areas), the effects of such effluents on the receiving streams [18]. Oligochaete results
showed at the two different periods more altered biological quality and stream functioning
downstream than upstream of the effluents of these WWTPs, in both the hyporheic zone
and the coarse surface sediments. To confirm the suitability of the FTR method for assessing
the effects of WWTP effluents on the receiving streams, more data were needed.

The objective of the present study was twofold: firstly, to obtain new data on the
efficacy of the FTR method for assessing the impact of WWTP effluents on the biological
quality and functioning of receiving streams; and secondly, to evaluate the potential of
this method for monitoring the effects of a WWTP upgrade on the receiving stream. The
FTR method was applied at upstream and downstream sites of three WWTPs (in Oberglatt,
Muri and Vallorbe) whose discharges were found to be significantly contaminated. Two
WWTPs (Oberglatt and Muri) were studied in detail, while the Vallorbe WWTP was only
investigated with regard to the coarse surface sediments. Furthermore, the FTR method
was applied following the upgrading of one of the WWTPs (Oberglatt) over the course of
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two sampling campaigns, with studies conducted on both compartments or only on coarse
surface sediments.

2. Materials and Methods

2.1. Wastewater Treatment Plants and Studied Sites

Three WWTPs in Switzerland (in Oberglatt in the Canton of St. Gallen, Muri in the
Canton of Aargau and Vallorbe in the Canton of Vaud), identified as significant sources
of pollution for the receiving streams based on chemical measurements performed by the
cantonal water protection services, were selected for our study. The Oberglatt WWTP was
upgraded during our study, while the upgrading of the Muri and Vallorbe WWTPs was
planned. In Oberglatt, one site upstream (UPS) and two sites downstream (Dws1–2) of
the WWTP were selected (Glatt river) (Table 1). In Muri, two different discharges from
the WWTP could be distinguished, a WWTP overflow and the WWTP effluent. Two sites
were selected upstream of both discharges, UPSOa (upstream of the confluence with the
Sörikerbach river) and UPS1 (downstream of this confluence), one site (UPS2) between
the WWTP overflow and the WWTP effluent and three sites (Dws1–3) downstream of the
WWTP effluent (Bünz river). In Vallorbe, three different discharges from the WWTP could
be distinguished: two WWTP overflows and the WWTP effluent (from up- to downstream).
We selected one site upstream (UPS1) of the three discharges, one site (UPS2) between
the WWTP overflows and the WWTP effluent and two sites (Dws1–2) downstream of the
WWTP effluent (Orbe river). Site Dws1 was located close to the outfall of the effluent (a few
meters) and strongly impacted by this effluent, while site Dws2 was located approximately
200 m downstream of the effluent. For each of these WWTPs, the downstream sampling
sites were chosen so that the WWTP effluents were completely mixed with the stream
water across the stream channel.

Table 1. Detail concerning each study site: location, stream, geographical coordinates, studied
compartments.

Location Stream Site Coordinates Studied Compartment(s)

Oberglatt Glatt UPS 47.413301◦ N, 9.206362◦ E
Hyporheic zone and coarse surface sediments

except in November 2022
(only coarse surface sediments)

Oberglatt Glatt Dws1 47.414825◦ N, 9.198461◦ E
Hyporheic zone and coarse surface sediments

except in November 2022
(only coarse surface sediments)

Oberglatt Glatt Dws2 47.419157◦ N, 9.195899◦ E
Hyporheic zone and coarse surface sediments

except in November 2022
(only coarse surface sediments)

Muri Bünz UPSOa 47.279933◦ N, 8.341582◦ E Hyporheic zone and coarse surface sediments

Muri Bünz UPS1 47.280316◦ N, 8.341538◦ E Hyporheic zone and coarse surface sediments

Muri Bünz UPS2 47.281290◦ N, 8.341669◦ E Hyporheic zone and coarse surface sediments

Muri Bünz Dws1 47.282608◦ N, 8.342234◦ E Hyporheic zone and coarse surface sediments

Muri Bünz Dws2 47.291800◦ N, 8.339151◦ E Hyporheic zone and coarse surface sediments

Muri Bünz Dws3 47.305217◦N, 8.327193◦ E Hyporheic zone and coarse surface sediments

Vallorbe Orbe UPS1 46.711611◦ N, 6.382140◦ E Coarse surface sediments

Vallorbe Orbe UPS2 46.713835◦ N, 6.385747◦ E Coarse surface sediments

Vallorbe Orbe Dws1 46.714113◦ N, 6.385774◦ E Coarse surface sediments

Vallorbe Orbe Dws2 46.714958◦ N, 6.388094◦ E Coarse surface sediments
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We conducted three sampling campaigns at Oberglatt, one before the WWTP upgrade
and two after the upgrade, while we conducted only one sampling campaign at the
other two WWTPs (before their upgrade). In Oberglatt, the samplings took place on
27 and 28 October 2020 (before the WWTP upgrade) and on 31 May 2022 (after the WWTP
upgrade) and on 9 November 2022 (after the WWTP upgrade). The November 2022
campaign was added to sample at the same period as before the WWTP upgrade, to ensure
that eventual differences in community composition observed in 2022 could not be solely
explained by seasonal variations in community composition. Sampling took place on
25 and 26 May 2021 in Muri and on 7 March 2022 in Vallorbe. Oligochaete communities
were studied in the coarse surface sediments and in the hyporheic zone in Oberglatt in
October 2020 and May 2022 and in Muri, and in only the coarse surface sediments in
Oberglatt in November 2022 and in Vallorbe.

The watershed of the Glatt and Bünz rivers upstream of the sampling sites comprises
agricultural, industrial and urban areas, so some chemical pollution was expected to be
present at the upstream site(s) of the WWTPs. The Orbe river has its source near Rousses
(France), forms three successive lakes (Rousses, Joux and Brenet) and then flows through
karstic soils to emerge at the surface in the Vallorbe caves. Its biological and chemical
quality is very good in the Vallorbe source [19]. Between the Vallorbe caves and the
sampling sites, the stream is impacted by human activities (agricultural, industrial and
urban areas) but over only 2 km (as the crow flies). For this reason, and also because
the flow rate of the Orbe river is high, pollution at the upstream site was expected to be
limited. We note the presence of two dams (or reservoirs) in Vallorbe, one upstream of site
UPS1 (1–1.5 km upstream) and the other between sites UPS1 and UPS2. Finally, the stream
ecomorphology at all sites in Oberglatt and Vallorbe was natural or rather natural, while it
could be considered as semi-natural (straight canal with natural shores) at all sites in Muri.

For the Oberglatt and Muri WWTPs, we provide the following as supplementary
information: the concentrations of nutrients (nitrate, ammonium, nitrite, phosphate (o-P),
total phosphorus (T-P), dissolved organic carbon and total organic carbon), metals and
micropollutants measured by the Swiss Federal Institute of aquatic science and technology
Eawag (Switzerland) in the stream water directly impacted by the effluent of the WWTPs
during the same months as our sampling of oligochaetes (on 28 October 2020 for Oberglatt
before the WWTP upgrade, on 18 May 2022 for Oberglatt after the WWTP upgrade (first
campaign) and on 1 November 2022 for Oberglatt after the WWTP upgrade (second
campaign); on 18 May 2021 for Muri). The description of the measurement methods can be
found in [20] (in “Box 5”). For the Vallorbe WWTP, we provide as supplemental information
the concentrations of nutrients (nitrate, ammonium, nitrite, phosphate, total phosphorus,
dissolved organic carbon and total organic carbon) measured by the Direction générale
de l’environnement, Protection des eaux (State of Vaud, Switzerland) in the treated water
before its release into the river, in the same month as our sampling of oligochaetes (on
14 March 2022) and in the two previous months (on 18 January and 14 February 2022).
The nutrient and metal concentrations were compared to the Swiss water quality criteria
provided in Liechti [21] and Conseil fédéral Suisse [22], respectively. The concentrations
of at least three parameters (nutrients) in Oberglatt (before WWTP upgrading), Muri
and Vallorbe exceeded the Swiss quality criteria (Tables S1 and S2). Concerning metals,
concentrations of Cu and Zn in Oberglatt (before WWTP upgrading) and of Zn in Muri
exceeded the Swiss quality criteria (Table S3). These results confirmed that the effluents of
the three WWTPs represented a source of chemical pollution. The upgrade of the Oberglatt
WWTP consisted of the addition of a treatment stage using powdered activated carbon. This
treatment process aims primarily to reduce the concentrations of micropollutants but also
has the effect of reducing the concentrations of nutrients and metals. This new treatment
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process was operative in autumn 2021. We observed that the concentrations of most
micropollutants and of Cu and Zn were lower after the (Oberglatt) WWTP upgrade than
before the WWTP upgrade (Tables S3 and S4). Furthermore, in Oberglatt, the concentrations
of only one nutrient in May 2022 and three nutrients in November 2022 exceeded the Swiss
quality criteria, while the concentrations of six nutrients exceeded these quality criteria
before the WWTP upgrading (Table S1). The efficacy of the upgrade of this WWTP was
therefore confirmed by these results.

2.2. Oligochaete Community Analysis
2.2.1. Sampling and Laboratory Procedures

At each site, four subsamples (spaced 10–20 m apart) of coarse surface sediments
and hyporheic material were collected and then pooled (one bucket contained the coarse
surface sediments and another, the hyporheic material).

Coarse surface sediments (5–10 cm depth) were collected using a shovel in a 5 L plastic
bucket. The grain size of the coarse sediment samples was similar between sites (mostly
gravel, with sand and pebbles). Samples from the hyporheic zone were collected in a
5 L plastic bucket using a probe inserted into the coarse surface sediment to a depth of
20–30 cm and a Bou-Rouch pump [23] fitted to the probe (Uwitec, Mondsee, Austria). The
supernatant water was sieved in the field using a 0.2 mm mesh size sieve. The material
retained in the sieve was transferred to the bucket (one per site). Neutral buffered formalin
was then added to the buckets to a final concentration of 4% formaldehyde. The samples
were then transported to the laboratory at ambient temperature and preserved in the
laboratory at 4 ◦C.

In the laboratory, the coarse surface sediment and hyporheic zone samples were
sieved on a column of 5 mm and 0.2 mm mesh size sieves (Fisherbrand, Fisher Scientific,
Reinach, Switzerland) within 1 to 7 days after the sampling. The material retained on
the 0.2 mm mesh size sieve was preserved in absolute ethanol at −20 ◦C (in a plastic
box). For the extraction of oligochaetes, each sieved sample was transferred into a square
subsampling box (5 × 5 cells). The contents of randomly selected cells were transferred
to a Petri dish and examined under a stereomicroscope (Olympus, model SZ51, Basel,
Switzerland). Successive cells were examined until 100 identifiable oligochaetes were
obtained. Oligochaete specimens were mounted on slides in a semi-permanent coating
solution consisting of lactic acid, glycerol and polyvinyl alcohol (Mowiol 4-88) [24] and
identified using a compound microscope (Olympus, model BX43, Basel, Switzerland) to the
lowest practical level (species if possible or genus or family), following the literature [25,26].

Ideally, the number of specimens identified per site should be 100. However, the
results of the community analysis can be interpreted when the number of specimens
obtained per site is less than 100, which is common in hyporheic zone samples. However,
if the number of specimens is <20, the results should be interpreted with caution.

2.2.2. Functional Traits

We used the classification of oligochaete taxa of the porous matrix into 5 FTR categories
proposed by Vivier [13], Lafont and Vivier [4] and Lafont et al. [5] (Table 2). Analysis of
the percentages of these 5 FTRs obtained per site allows an assessment of the degree of
chemical pollution as well as of the dynamics of hydrological exchanges between surface
water and groundwater. FTR1 includes taxa indicating presence of groundwater exfiltration.
They are either subterranean or stygophilic, i.e., living both in surface and in groundwater.
FTR2, FTRi and FTR3 include sensitive, moderately resistant and resistant taxa to chemical
pollution, respectively. FTR4 includes taxa that indicate the presence of polluted sludge
within the interstitial spaces of the porous matrix. These taxa are highly tolerant to pollution.
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A significant percentage of FTR1 taxa in the porous matrix indicates the exfiltration of
groundwater. The intensity of exfiltration can be roughly assessed as follows: FTR1 <15%:
low intensity; 16–30%: moderate intensity; 31–50%: high intensity; >50%: very high
intensity. Conversely, the predominance of taxa belonging to a FTR other than FTR1 in
the hyporheic zone indicates surface water infiltration. Surface water infiltration is low
if the percentage of these taxa in the hyporheic zone is <15%; moderate (16–30%); high
(31–50%); very high (>50%). FTR1 taxa may belong to FTR2 (sensitive taxa to pollution)
or to FTR3 (resistant taxa to pollution) or to no other FTR (no pollution resistance status
assigned). For example, Marionina argentea belongs to FTR1 and FTR2, Pristina jenkinae to
FTR1 and FTR3 and Stylodrilus heringianus to FTR1 only. Calculating the percentages of the
resistant and sensitive taxa included in FTR1 allows an assessment of the pollution status
in groundwater.

Table 2. Description of the five different functional traits (FTRs) and examples of characteristic taxa
of each FTR.

Functional Traits Examples of Taxa

FTR1: Includes taxa which are
characteristic of groundwater. Includes
sensitive and resistant species/taxa to

chemical pollution

All Lumbriculidae except Lumbriculus
variegatus; Haber spp., Pristina spp.,
Cernosvitoviella spp., Achaeta spp.,

Marionina argentea, Haplotaxis gordioides,
Propappus volki, Chaetogaster parvus

FTR2: Includes taxa which are sensitive to
chemical pollution

Cernosvitoviella spp., Marionina argentea,
Eiseniella tetraedra, Nais alpina, Vejdovskyella
comata, Rhyacodrilus falciformis, Propappus

volki, Haplotaxis gordioides

FTR3: Includes taxa which are resistant to
chemical pollution

Nais elinguis, Pristina jenkinae, Dero
digitata, Globulidrilus riparius,

Lumbriculus variegatus

FTR4: Includes taxa which are very
resistant to chemical pollution. Indicative
of the presence of polluted sludge within

sediment interstices (“polluted
sludge effect”)

All Tubificinae with and without hair
setae except Embolocephalus velutinus and

Spirosperma ferox; Bothrioneurum sp.,
Lumbricillus spp.

FTRi: Includes taxa which are moderately
resistant to chemical pollution

Chaetogaster diastrophus, C. diaphanus, Nais
communis, N. christinae, N. barbata, N.

pardalis, Slavina appendiculata

2.2.3. Ecological Potential

The ecological potential (EP) describes the state of the functioning of the porous matrix
(each compartment separately) and is calculated using the following equation [5]:

EP = Log2 [(%FTR1 + %FTR2) + 1] / [(%FTR3 + %FTR4) + 1]

The EP corresponds to the ratio between the sum of the percentages of FTRs considered
as representative of a preserved functioning and the sum of the percentages of FTRs
representative of an impaired functioning. The EP makes it possible to distinguish between
different functioning states, from preserved to very altered, as shown in Table 3.
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Table 3. Classes of functioning state according to ecological potential (EP) values.

EP State of Functioning

≥7 Preserved

4–6.9 Slightly altered

2–3.9 Moderately altered

0.1–1.9 Altered

≤0 Very altered

3. Results

3.1. Oligochaete Diversity

In total, 44 oligochaete taxa were found: 29 taxa of Naididae (11 Tubificinae, 14 Naid-
inae and 4 Pristininae), 9 taxa of Enchytraeidae, 4 taxa of Lumbriculidae and 2 taxa of
Lumbricidae (Tables S5–S7). All the functional traits (1–4, i) were well represented.

3.2. WWTP of Oberglatt

(1) Before WWTP upgrading

The percentages of FTR3 (which include resistant taxa to chemical pollution) were high
at the three sites in both the coarse surface sediments and the hyporheic zone (Figure 1).
High percentages of FTR4 (which includes very resistant taxa to chemical pollution, indica-
tive of the presence of polluted sludge) at site Dws1 in both the coarse surface sediments
and the hyporheic zone and low percentages of this functional trait at sites UPS and Dws2
in both compartments were observed. At site Dws1, the percentage of FTR4 was partic-
ularly high in the hyporheic zone (41%). The percentages of FTR1 (which includes taxa
indicator of groundwater exfiltration) and FTR2 (which includes sensitive taxa to chemical
pollution) were higher at site UPS than at site Dws1 in both compartments (Table 4). In the
hyporheic zone, the EP value at site Dws1 (very altered functioning) was lower than at sites
UPS and Dws2 (altered functioning). In the coarse surface sediments, the EP values at sites
Dws1 and Dws2 were lower than at site UPS, but all three EP values were very low and
indicated a very altered functioning. At the three sites, the percentages of FTR1 and FTR2
were moderate to quite high in the hyporheic zone and low in the coarse surface sediments.

 

Figure 1. Percentages of FTR3 and FTR4 in the hyporheic zone (left) and in the coarse surface
sediments (right) obtained in Oberglatt before the WWTP upgrading (October 2020).
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Table 4. Percentages of the functional traits (FTR1–4; FTRi) and ecological potential (EP) val-
ues obtained in Oberglatt in the hyporheic zone and the coarse surface sediments before the
WWTP upgrading (October 2020). For EP values, red color = very altered functioning; orange
color = altered functioning.

FTR1 FTR2 FTR3 FTR4 FTRi EP

Hyporheic
zone

UPS 40.7 30.20 53.5 3.5 5.8 0.31

Dws1 22.9 16.2 27.6 41 12.4 −0.80

Dws2 29.4 27.1 36.5 4.7 30.6 0.45

Coarse
surface

sediments

UPS 4.9 10.8 80.4 1 3.9 −2.30

Dws1 3 3 50.5 21.8 22.8 −3.39

Dws2 1 2.9 61.5 5.8 28.8 −3.80

(2) After WWTP upgrading

(2a) In May 2022

Compared to the state before the WWTP upgrade (October 2020), we observed in May
2022 a significant decrease in the percentages of FTR3 at the three sites in the coarse surface
sediments and hyporheic zone, and a decrease in the percentages of FTR4 at site Dws1 in
both compartments (Figure 2 and Table 5). EP values at sites Dws1 and Dws2 were higher
than before the WWTP upgrading in both the coarse surface sediments and the hyporheic
zone (Figure 3). Site UPS showed high percentages of FTR4 in both compartments. The
percentages of FTR4 at sites Dws1 and Dws2 were much lower than at site UPS in both
compartments, yet remained quite high. The percentages of FTR1 were particularly high at
sites Dws1 and Dws2 in both compartments, indicating strong groundwater exfiltration.
However, the percentages of FTR2 (sensitive taxa) were low at these sites, the taxa of FTR1
mainly belonging to Lumbriculidae sp. and Stylodrilus heringianus, to which no pollution
resistance status is attributed (only FTR1) (Table S5). In both compartments, EP values at
sites Dws1 and Dws2 were higher than at site UPS, due to the lower percentages of FTR4
and higher percentages of FTR1 at sites Dws1 and Dws2 than at site UPS.

 

Figure 2. Percentages of FTR3 and FTR4 in the hyporheic zone (left) and in the coarse surface
sediments (right) obtained in Oberglatt in May 2022 (after the WWTP upgrading).
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Table 5. Percentages of the functional traits (FTR1–4; FTRi) and ecological potential (EP) values
obtained in Oberglatt in May 2022 (hyporheic zone and coarse surface sediments) and November
2022 (coarse surface sediments). For EP values, red color = very altered functioning; orange color =
altered functioning.

FTR1 FTR2 FTR3 FTR4 FTRi EP

Hyporheic zone in
May 2022

UPS 29.1 5.5 10.9 38.2 21.8 −0.49

Dws1 76 10 18 16 8 1.31

Dws2 59.4 14.5 18.8 14.5 21.7 1.13

Coarse surface
sediments in

May 2022

UPS 34.7 6.1 3.1 52 11.2 −0.42

Dws1 83.8 7.1 11.1 12.1 3 1.93

Dws2 60.4 5 23.8 13.9 23.8 0.78

Coarse surface
sediments in

November 2022

UPS 23.8 16.8 14.9 0 44.6 1.39

Dws1 9 5 9 6 72 −0.09

Dws2 4.9 2.9 2.9 1.9 88.3 0.60

 

Figure 3. Ecological potential (EP) values at sites UPS, Dws1 and Dws2 in Oberglatt before (October
2020) and after the WWTP upgrading (May and November 2022); (left) in the hyporheic zone;
(right) in the coarse surface sediments.

(2b) In November 2022

Compared to the state before the WWTP upgrade (October 2020), we observed in
November 2022 (in the coarse surface sediments) markedly lower percentages of FTR3
at the three sites, and a lower percentage of FTR4 at site Dws1 (Figure 4). Furthermore,
EP values at the three sites were higher than those obtained prior to the WWTP upgrade
(Figure 3). At sites Dws1 and Dws2, particularly high percentages of FTRi (moderately
resistant taxa to chemical pollution) and low percentages of FTR1 and FTR2 were observed
(Table 5). The percentages of Naidinae were, like in October 2020 and unlike in May 2022,
very high at the three sites (≥75%) (Table S5). At sites Dws1 and Dws2, the percentages of
Naidinae species belonging to FTR3 (11% and 3% of Naidinae specimens, respectively) were
significantly lower than in October 2020 (67% at both sites). Conversely, the percentages of
Naidinae species belonging to FTRi (85% and 95% of Naidinae specimens, respectively)
were notably higher than in October 2020 (29% and 31%, respectively). The EP values at
sites Dws1 and Dws2 were found to be lower than at site UPS, which was explained by the
lower percentages of FTR1 and FTR2 at sites Dws1 and Dws2 than at site UPS. EP values at
sites Dws1 and Dws2 were lower than in May 2022, due to the much lower percentages of
FTR1 at these sites in November 2022 than in May 2022.
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Figure 4. Percentages of FTR3 and FTR4 (in coarse surface sediments) obtained in Oberglatt in
November 2022 (after the WWTP upgrading).

3.3. WWTP of Muri

In both compartments, an increase in the percentages of FTR3 was observed from
the two upstream sites to the downstream sites, according to the following trend: UPSOa–
UPS1 < UPS2 < Dws1–3 (Figure 5). All samples exhibited no or a slight to moderate
polluted sludge effect (low percentages of FTR4). In both compartments, the extent of
groundwater exfiltrations as indicated by the percentage of FTR1 decreased from upstream
to the downstream sites: UPSOa > UPS1 > UPS2 > Dws1–3 (Table 6). In both compartments,
the percentages of FTR2 were lower at sites Dws1–3 than at sites UPSOa, UPS1 and UPS2,
with the exception of site UPSOa in the hyporheic zone. Finally, in both compartments,
EP values were higher at sites UPSOa and UPS1 than at sites downstream of the WWTP
overflow and WWTP effluents (Figure 6). There was a progressive decrease in EP values
from upstream to the downstream sites: UPSOa–UPS1 (moderately altered or altered
functioning) > UPS2 (altered functioning) > Dws1–3 (very altered functioning).

 

 

Figure 5. Percentages of FTR3 and FTR4 in the hyporheic zone (left) and in the coarse surface
sediments (right) obtained in Muri.
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Figure 6. Ecological potential (EP) values obtained in Muri in the hyporheic zone (left) and in the
coarse surface sediments (right).

Table 6. Percentages of the functional traits (FTR1–4; FTRi) and ecological potential (EP) values
obtained in Muri in the hyporheic zone and in the coarse surface sediments. For EP values, red
color = very altered functioning; orange color = altered functioning; yellow color = moderately
altered functioning.

FTR1 FTR2 FTR3 FTR4 FTRi EP

Hyporheic
zone

UPSOa 46.9 9.4 6.3 9.4 31.3 1.78

UPS1 35.8 37.7 9.4 0 20.8 2.84

UPS2 22.9 34.3 42.9 2.9 0 0.31

Dws1 8 10 62 8 16 −1.90

Dws2 4.9 7.3 68.3 12.2 7.3 −2.63

Dws3 2.4 0 68.3 7.3 22 −4.49

Coarse
surface

sediments

UPSOa 34 41.7 0 5.8 24.3 3.50

UPS1 22.5 52 5.9 0 24.5 3.45

UPS2 17.3 43.3 30.8 1.9 6.7 0.87

Dws1 5 14.9 63.4 7.9 9.9 −1.79

Dws2 8.9 14.9 50.5 6.9 21.8 −1.24

Dws3 9 5 47 13 29 −2.02

3.4. WWTP of Vallorbe

The coarse surface sediments at sites UPS1, UPS2 and Dws2 contained high percent-
ages of FTR1 and FTR2 and low percentages of resistant taxa (FTR3–4) (Figure 7 and
Table 7). At site Dws1, the percentage of FTR2 was lower than at the other sites, and a
high percentage (33%) of FTR4 was observed. The percentage of FTR1 at site Dws1 was
lower than at the other sites, yet remained high, indicating a significant groundwater
exfiltration. The EP values indicated that the functioning was slightly altered at sites UPS1
and UPS2, moderately altered (but close to the slightly altered class) at site Dws2 and
altered at site Dws1.
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Figure 7. Percentages of the functional traits FTR1–4 (left) and ecological potential (EP) values (right)
obtained in Vallorbe (in coarse surface sediments).

Table 7. Percentages of the functional traits (FTR1–4; FTRi) and ecological potentials (EP) values
obtained in Vallorbe (in coarse surface sediments). For EP values, orange color = altered functioning;
yellow color = moderately altered functioning; green color = slightly altered functioning.

FTR1 FTR2 FTR3 FTR4 FTRi EP

UPS1 92.5 51.6 1.1 6.5 1.1 4.08

UPS2 92.2 62.1 0 4.9 1 4.72

Dws1 61.7 19.1 0 33 5.2 1.27

Dws2 84.5 46.4 0 9.3 6.2 3.68

4. Discussion

This study confirmed that the FTR method was effective in detecting the effects of
WWTP effluents on the biological quality and functioning of the receiving streams, even
in the context of globally impacted areas (agricultural/industrial/urban areas). It also
provided valuable information on the self-purification capacity of the stream environment
and on the vulnerability of groundwater to surface water pollution.

The composition of oligochaete communities upstream and downstream of the effluent
and overflow(s) of each WWTP was diverse:

- In Oberglatt (state before the WWTP upgrade), even if site UPS already showed
significant alteration of the biological quality (high percentages of FTR3), site Dws1
differed from site UPS in higher percentages of FTR4, indicative of strong pollution
(polluted sludge effect), in both compartments and in lower percentages of FTR1
and FTR2 in both compartments. The percentage of FTR4 was particularly high
in the hyporheic zone (site Dws1), suggesting accumulation of polluted sludge in
this compartment. The EP values were lower at site Dws1 than at site UPS, but the
differences were not important given that oligochaete communities already indicated
the presence of significant chemical pollution at site UPS. The absence of polluted
sludge effect at site Dws2 showed that the stream was capable of self-purification
(natural ecomorphology). The higher percentages of FTR1 and FTR2 in the hyporheic
zone than in the coarse surface sediments (at the three sites) indicate that exfiltration
reached the hyporheic zone and not or much less the coarse surface sediments. This
could be explained by clogging in the coarse surface sediments or by more accused
pollution in the coarse surface sediments than in the hyporheic zone (FTR1 partly
includes sensitive taxa).
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- In Muri, the effects of the WWTP overflow and effluent were observed in both compart-
ments, with an increase in the percentages of FTR3 both downstream of the overflow
(UPS2, first increase) and downstream of the effluents (Dws1, second increase). In
addition, the percentages of FTR2 decreased significantly in both compartments down-
stream of the WWTP effluent. Thus, the specific effects of the effluents could be
observed even when the oligochaete communities downstream of the overflow al-
ready showed an altered biological quality (site UPS2). Results also indicated that the
increase in flow rates due to the confluence with the Sörikerbach river (UPS1) and to
the discharges from the WWTP overflow (UPS2) and WWTP effluents (Dws1–3) might
have induced enhanced infiltrations of surface water (decrease in the percentages
of FTR1 from site UPSOa to sites Dws1–3). The percentages of FTR1 were particu-
larly low at sites Dws1–3, suggesting vulnerability of groundwater to surface water
pollution at these sites. At sites Dws2 and Dws3, the percentages of FTR3 remained
high, showing that the stream was unable to recover the quality and functioning it
had upstream of the WWTP overflow and effluents, possibly due to an insufficient
capacity of the stream to self-purify (straight canal, weak exfiltration) and/or to the
presence of other sources of pollution downstream of the WWTP. The percentages of
FTR4 were low at all sites, possibly due to the cleaning of the porous matrix by the
high flows in the weeks prior to sampling. Contrary to Oberglatt, the upstream sites
(UPSOa, UPS1) were only moderately impacted by human activities, and therefore,
results of the functioning state obtained upstream and downstream of the WWTP
overflow and effluent were very contrasted.

- In Vallorbe, the effects of WWTP effluents were visible (at site Dws1) by an increase
in the percentage of FTR4 and a decrease in the percentages of FTR1 and FTR2. The
polluted sludge effect was local, as it was much lower about two hundred meters
downstream (site Dws2). The high percentage of FTR1 at site Dws1 indicates a high
capacity of the stream to self-purify. Contrary to Muri, the effects of the WWTP
overflows were not visible on oligochaete communities (site UPS2). This lack of effects
at sites UPS2 and Dws2 could be explained by the high flow rates leading to dilution
of the local pollution and cleaning of the coarse surface sediments by the current,
and by the strong groundwater exfiltration. At site UPS1, the percentage of sensitive
taxa (FTR2) was high, showing, as expected, limited impacts from human activities
in Vallorbe. Results of the functioning state obtained at sites UPS1 and Dws1 were
thus very contrasted. It is acknowledged that a dam leads downstream to significant
hydrological disturbances [27]. Lafont et al. [5] mention that rapid increases in water
release from a dam tend to induce infiltration dynamics downstream. Oligochaete
results at the three sites (UPS2, Dws1 and Dws2) located immediately downstream of
the dam between sites UPS1 and UPS2 (c.f. Section 2.1) did not indicate significant
infiltration of surface water. The sampling was performed when the flow rate was
low, and outside a strong water release event from the reservoir. The indication of
exfiltration observed in Vallorbe should, however, be interpreted with caution as it
was shown that oligochaetes could be less pertinent indicators of vertical exchanges
in rivers subjected to hydrological disturbance and hydropeaking than in rivers with
no hydrological disturbance [15].

The results of the present work were globally concordant with those obtained upstream
and downstream of the effluents of the two WWTPs in Hochdorf and Buttisholz [18] (see
introduction), in the sense that in both studies, negative effects of the WWTP effluents
were clearly observed on oligochaete communities. Vivien et al. [18] also observed various
responses of oligochaete communities to the WWTP effluents: while the sum of percentages
of FTR1 and FTR2 was much lower at the downstream site than at the upstream site in all
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samples, either only the percentage of FTR3 (two samples) or only the percentage of FTR4
(two samples), or the percentages of FTR3 and FTR4 (three samples) were higher at the
downstream sites than at the upstream sites. For one of the samples, the percentages of
FTR3 and FTR4 were not higher at the downstream site than at the upstream site.

The results obtained at Oberglatt suggest that the FTR method could be suited for
monitoring the effects of a WWTP upgrade on the receiving stream. The WWTP upgrading
resulted, compared to the state before the upgrading, in a significant reduction in the
percentages of FTR4 at site Dws1 (reduction of the polluted sludge effect). Such results
were expected given the improvement of the quality (described in Section 2.1) of the WWTP
effluents following the (WWTP) upgrade. Although a potential seasonal variation in
oligochaete communities was observed in this stream, with Naidinae being more abundant
in autumn than in spring, the results in May and November 2022 were consistent, indicating
that the WWTP upgrade was beneficial to the receiving stream. These results suggest that
when evaluating the impact of a WWTP upgrade on oligochaete communities, it could
not be necessary to conduct pre- and post-upgrade sampling during the same period. The
quite high percentages of FTR4 observed at sites Dws1 and Dws2 in May 2022 in both
compartments could be explained more by the pollution upstream of the WWTP effluent
than by the WWTP effluent. The very high percentage of FTR4 obtained in May 2022 at site
UPS (both compartments) could be explained by an accidental release of organic matter
into the stream from agricultural activities. The dilution of this pollution by the WWTP
effluent could explain that the percentages of FTR4 were much lower at sites Dws1 and
Dws2 (both compartments) than at site UPS. After the WWTP upgrade, only oligochaete
results obtained in November (2022) showed a negative impact of the WWTP effluents on
the receiving stream (EP value lower at site Dws1 than at site UPS). However, this impact
was moderate, the sum of the percentages of resistant taxa (FTR3) and very resistant taxa
(FTR4) at site Dws1 being quite low and not higher than at site UPS.

The WWTP upgrading in Oberglatt did not result in a higher state of stream func-
tioning than altered at sites Dws1 and Dws2. In May 2022, despite the strong exfiltration
of groundwater, the percentages of sensitive taxa were low in both the coarse surface
sediments and the hyporheic zone. This can be attributed to a very low abundance of
sensitive species in the groundwater, which would suggest that the biological quality in
this compartment may have been altered to some extent. Another explanation is that the
groundwater could contain a significant abundance of sensitive taxa that are unable to
maintain a viable population in the hyporheic zone and in coarse surface sediments due to
the pollution present in these compartments. In November 2022, the percentages of FTR1
and FTR2 were very low, with oligochaete communities largely dominated by moderately
resistant taxa. The study sites are situated in an agricultural area and downstream of
industrial and urban areas. The altered or very altered functioning obtained at site UPS
shows that it cannot be expected to achieve a preserved or slightly altered functioning at
sites Dws1 and Dws2. Instead, a reasonable objective for these sites would be to constantly
obtain a moderately altered functioning (EP values between 2 and 3.9) or, at the very least,
an altered functioning (EP values between 0.1 and 1.9).

The rationale for including the hyporheic zone into the FTR method is that this
compartment tends to store pollutants in greater concentrations than the coarse surface
sediments and provides insights into the dynamics of surface water infiltrations into the
hyporheic zone and of groundwater exfiltration into the hyporheic zone. While there
was a general similarity, in the present study, between community composition in the hy-
porheic zone and coarse surface sediments, results obtained in the hyporheic zone provided
some relevant ecological information (see results in Oberglatt in October 2020). In Vivien
et al. [16,18], oligochaete results obtained in the hyporheic zone and coarse surface sedi-
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ments (six different sites at two different periods) were also globally concordant, with EP
values indicating in both compartments the same class of functioning state. Even if it would
be preferable to systematically consider the hyporheic zone, the analysis of oligochaete
communities in only coarse surface sediments already provides valuable information on the
biological quality and functioning of the stream, while significantly reducing the logistical
effort and cost analyses per site.

As stated by Vivien et al. [18], the FTR method should be continuously refined as new
data becomes available. This can be achieved by incorporating additional information on
functional traits and adapting the attribution of functional traits to each oligochaete species.
However, it is important to note that the FTR method is already validated and ready to be
applied in monitoring programs.

The implementation of the FTR method requires expertise in oligochaete taxon-
omy, which would certainly restrict the utilization of this methodology in biomonitoring
programs. Advances in the use of DNA barcodes for the identification of oligochaete
species [28] may allow to facilitate the application of the FTR method. A method based
on high-throughput sequencing of genetically tagged oligochaete specimens is currently
being developed for assessing the biological quality in fine/sandy sediments [29]. This
could be transferred to the FTR method. An alternative approach would be to propose a
simplified morphological FTR method, whereby specimens would be assigned directly
to FTRs, without the attribution of a species name to each specimen. This morphological
method would require identifying families and subfamilies, as well as a limited number
of species.

5. Conclusions

The results of the present study confirmed that the Functional trait (FTR) method was
suited to detect the effects of WWTP effluents on the biological quality and functioning
of the receiving stream, even in areas already impacted by other sources of pollution. In
addition, the results obtained in Oberglatt suggested that this method could be adequate to
monitor the effects of a WWTP upgrade on the receiving stream. It is anticipated that new
FTR data will be collected at sites exhibiting a range of chemical pollution levels and differ-
ent vertical hydrological exchange dynamics (upstream and downstream of point sources
of pollution, before and after the implementation of restoration measures). In the near
future, we intend to confirm on new FTR data that the upgrade of the Oberglatt WWTP was
beneficial to the receiving stream and to monitor the effects of the current/future upgrade
of the Muri and Vallorbe WWTPs. Furthermore, FTR methods will be developed, as men-
tioned above, in a manner that renders them accessible to non-experts in the systematics
of oligochaetes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w17050724/s1, Table S1: Concentrations of nitrate, ammonium,
nitrite, phosphate (o-P), total phosphor (T-P), dissolved organic carbon (DOC) and total organic
carbon (TOC) obtained in Oberglatt and Muri (effluents). Classification according to [21]: in blue:
very good quality; in green: good quality; in yellow: medium quality; in orange: poor quality; in red:
bad quality. Table S2: Concentrations of nitrate, ammonium, nitrite, phosphate (o-P), total phosphor
(T-P), dissolved organic carbon (DOC) and total organic carbon (TOC) obtained in Vallorbe (effluents).
Classification according to [21]: in blue: very good quality; in green: good quality; in yellow: medium
quality; in orange: poor quality; in red: bad quality. Table S3: Concentrations of metals in μg/L
obtained in Oberglatt and Muri (effluents). In bold: concentrations higher than the Swiss quality
criteria [22]. Table S4: Concentrations of micropollutants in ng/L obtained in Oberglatt (campaigns
of 2020 and May 2022) and Muri (effluents). Table S5: Oligochaete communities per sample during
the campaigns of October 2020, May 2022 and November 2022 in Oberglatt. The values correspond
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to the numbers of specimens per taxon. The functional trait(s) FTR(s) of each taxon is(are) indicated
in brackets. Table S6: Oligochaete communities per sample in Muri. The values correspond to the
numbers of specimens per taxon. The functional trait(s) FTR(s) of each taxon is(are) indicated in
brackets. Table S7: Oligochaete communities per sample in Vallorbe. The values correspond to
the numbers of specimens per taxon. The functional trait(s) FTR(s) of each taxon is(are) indicated
in brackets.
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Abstract: The monitoring of heavy metals in aquatic ecosystems is of critical importance
due to the toxic effects that these elements can have on wildlife and the potential risks that
they pose to human health. Rivers situated in close proximity to agricultural regions are
particularly susceptible to contamination from a combination of natural and anthropogenic
sources. The study of bioaccumulation is of great importance for the early detection of envi-
ronmental stressors. The combination of electrochemical techniques, such as square-wave
anodic stripping voltammetry (SWASV), with automated flow-batch systems represents
an efficient and cost-effective approach for the detection of trace metals in environmental
samples. This study examines the bioaccumulation of cadmium and lead in Cyprinus carpio,
a bioindicator of contamination in the Colorado River, Argentina. The fish were exposed to
sublethal metal concentrations for 24, 48, and 96 h. Metal quantification was conducted
using a novel automatic flow-batch system with SWASV and a bismuth film electrode. To
the best of our knowledge, this constitutes the first application of this methodology on
aquatic bioindicators for the assessment of metal accumulation in a natural environment.
The technique demonstrated enhanced sensitivity and selectivity for the detection of trace
metals. The bioaccumulation results demonstrated an increase in cadmium and lead con-
centrations in fish liver tissue after 96 h, reaching 10.5 μg g−1 and 11.9 μg g−1, respectively.
Validation with inductively coupled plasma–atomic emission spectrometry (ICP-AES)
demonstrated a satisfactory correlation, confirming the reliability of the method. This novel
electrochemical approach offers enhanced accuracy and efficiency, making it a promising
tool for environmental monitoring. The results indicate that Colorado River water is within
safe levels for aquatic life regarding these metals. However, continuous monitoring is
recommended to detect changes in contamination levels and protect ecosystem health,
especially during water crises and under climate change.

Keywords: environmental toxicology; heavy metal contamination; electrochemical analysis;
aquatic bioindicators; aquatic pollution indicators; bismuth film electrode
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1. Introduction

Environmental pollution represents a substantial global challenge, mainly in the con-
text of water contamination. This phenomenon has been identified as a crucial driver
of deterioration in aquatic ecosystems, with adverse implications for water quality and
biota [1–3]. Freshwaters are susceptible to contamination as a consequence of human
activity. The introduction of waste and industrial waters, which are not always adequately
subject to purification treatments, into discharge systems with a final destination of rivers
and seas results in the deterioration of ecosystems [4]. The contamination of the environ-
ment can result in the poisoning, disease, and even death of fish, representing a significant
environmental concern due to the prolonged presence of these pollutants and their high
toxicity, even at low levels [5]. The presence of heavy metals in water can have severe
and far-reaching consequences for the ecological balance of the environment, with the
potential for biomagnification up the food chain. This phenomenon amplifies their impact,
not only within the ecosystem and its wildlife but also on individuals who consume con-
taminated organisms. Consequently, this results in significant adverse effects on human
health, whether through direct exposure or bioaccumulation [6–8].

The importance of bioindicators in biovigilance programs has grown significantly in
recent years. They constitute a valuable, specific tool for the assessment of the physiological
state of and stress in natural systems, thereby promoting an enhanced understanding of the
mechanisms by which organisms respond to environmental changes [9–12]. Such methods
provide information on the exposure and effects of substances, as well as on interactive
processes occurring under natural conditions. As the apex of the food chain, fish are
susceptible to direct and indirect pollution effects, rendering them a suitable bioindicator.

The common carp (Cyprinus carpio) is a well-documented fish species that has been
observed in a variety of aquatic habitats over an extended period of time. Originally
from Eurasia, the common carp was introduced to Argentina and was first recorded in
Buenos Aires province, where it now coexists with local ichthyofauna in various aquatic
settings, such as rivers and lakes [13]. Its adaptability has allowed it to establish itself in the
Colorado River ecosystem, where its reproductive rate and feeding habits raise concerns
regarding its status as an invasive species.

The Colorado River is a critical water resource for agriculture, livestock, and human
consumption in the region. Its ecological importance lies in its role as a habitat for a diverse
range of species and its contribution to the regional hydrological balance. However, the
river faces increasing vulnerability to anthropogenic impacts, including pollution, land
use changes, and water extraction for irrigation. In recent years, prolonged droughts
and reduced flow rates have heightened the risk of salinization and the accumulation of
pollutants, further endangering the ecosystem.

Due to its easy identification and capture, as well as the extensive knowledge of
its life cycle, the carp serves as an ideal sentinel bioindicator in environmental studies.
Consequently, it is of interest in studies on bioaccumulative metals of environmental and
toxicological significance, such as cadmium (Cd) and lead (Pb) [14–17]. These metals
are highly toxic heavy metals that accumulate in various tissues, including the liver, kid-
neys, and gills of fish [18]. Cadmium, recognized as a carcinogen, ranks among the most
hazardous substances according to the United States Agency for Toxic Substances and
Disease Registry (ATSDR), and it frequently contaminates aquatic environments. Studies
have shown that Cd impairs essential functions in fish, such as hematological indices,
iron metabolism, and antioxidant enzyme activity, while disrupting their reproductive
capacities. Similarly, lead accumulates across multiple organs, where it impairs enzymatic
activities, cellular structures, and physiological functions, adversely affecting growth, re-
production, and feeding efficiency. The 48 h median lethal concentration (LC50/48 h) for
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the combined effect of these metals is 50 μg mL−1 [19,20]. Given these harmful effects,
the bioaccumulation study of Cd and Pb in Cyprinus carpio presents valuable insights
into contamination dynamics and early warnings for ecosystem health, especially in the
Colorado River watershed.

Cadmium and lead determination in a variety of matrices is typically conducted using
techniques such as atomic absorption spectroscopy (AAS), inductively coupled plasma
mass spectrometry (ICP-MS), or atomic fluorescence spectroscopy (AFS). These techniques
necessitate the use of sophisticated instrumentation, entail the consumption of considerable
quantities of reagents, and are typically conducted by an experienced analyst. In certain
instances, the extraction procedures are lengthy and complex [21–24]. Conversely, electro-
chemical techniques, particularly those based on pulsed voltammetry and redissolution,
are widely employed for the quantification of metals in samples of environmental interest.
This is due to their high sensitivity, selectivity, rapidity of measurement and relatively
inexpensive instrumentation. With regard to the indicator electrodes employed in these
techniques, bismuth film electrodes (BiFEs) are widely utilized, given that they offer a
number of advantages, including undistorted signals (well-defined peaks) and a highly re-
producible, close peak resolution and a wide linear range [25,26]. Bismuth has the potential
to form multicomponent alloys with the metals under investigation, which enables their
accurate detection. Such alloys can be deposited on a variety of supports, including vitre-
ous carbon electrodes, carbon paste, graphite, pencil leads, and screen-printed electrodes.
The generation of the bismuth film on different supports can be achieved through the
“in situ” modality, which allows for the simultaneous generation of the bismuth film and
the presence of the metals under study [27,28]. Pierini et al. employed these systems for
cadmium and lead determination in samples of bee products originating from the province
of Buenos Aires, Argentina. The automation of electrochemical systems has the potential to
enhance the efficiency and precision of analytical processes, facilitating a notable increase
in the frequency, accuracy, and reliability of analyses. These systems permit the handling of
unstable and toxic substances and facilitate continuous monitoring in any process, thereby
reducing costs for large volumes of analysis and the control of equipment with minimal
operator intervention. In this regard, Eggly et al. put forth a prototype comprising a poten-
tiostat with an automated flow-batch system, which incorporates a voltammetric cell with
a BiFE for the analysis of propolis samples [29]. The combination of flow-batch systems
with electrochemical detection makes them an attractive option for routine environmental
analysis laboratories.

In this work, the bioaccumulation of cadmium and lead in the livers of Cyprinus carpio
specimens captured in the Colorado River (Argentina) was studied. These organisms
are used as bioindicators of contamination. To assess the effectiveness of this approach,
specimens of fish were subjected to controlled exposure to sublethal concentrations of
the aforementioned metals for a period of 24, 48 and 96 h. The study was based on the
hypothesis that this species exhibits a quantifiable and proportional accumulation of these
metals in liver tissue, which could be effectively quantified by a novel electrochemical
methodology. To verify this hypothesis, an automated flow-batch system was designed and
developed using square-wave anodic stripping voltammetry with a bismuth film electrode
as the analytical method. The results are intended to contribute to the development of
sensitive tools for monitoring heavy metal contamination in freshwater ecosystems.

2. Materials and Methods

2.1. Chemicals and Reagents

All reagents were of analytical grade, and solutions were prepared employing ul-
trapure water (18 MΩ). The Bi (III) standard stock solution was prepared through the
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dissolution of 0.0534 g of Bi(NO3)3·5 H2O (99.999%, Sigma-Aldrich, Buenos Aires, Ar-
gentina) in 5 mL of 20% (v v−1) nitric acid, which was then brought up to 25.0 mL with
water. Pb (II) and Cd (II) working solutions were obtained by diluting the correspond-
ing standard solution (1000 mg L−1, Merck, Buenos Aires, Argentina). The supporting
electrolyte was 0.1 M acetate buffer (Cicarelli, Santa Fé, Argentina) with a pH of 4.50.
Tris-HCl buffer with a concentration of 50 mM and a pH of 8.10 (Fluka, Buchs, Switzerland)
was employed.

2.2. Study Area

The Colorado River basin is situated in the northern semi-arid region of Argentina’s
Patagonia. The river extends from its source in the Cordillera de los Andes to its point of
discharge into the Atlantic Ocean, covering a total area of 47,459 km2. The mean annual
flow of the basin is 143.5 m3 s−1, which is largely generated by snowmelt in the Cordillera
de los Andes. This flows downstream through the basin’s two major tributaries, the Rio
Grande and the Barrancas. The Colorado River basin is characterized by the presence of
three distinct climatic–terrestrial regions, which are distinguished by variations in climate,
land cover, and land use. The aforementioned zones can be further subdivided as follows:
upper, middle, and lower. The upper zone, situated to the northwest, encompasses a
portion of the Cordillera de los Andes and plays a significant role in precipitation (mainly
through snowfall) and runoff (mainly through snowmelt) within the basin. The middle
region extends in a southeasterly direction to the Casa de Piedra Dam. The dam was
constructed in 1990 with the objective of supplying water to local populations, generating
hydroelectric energy, mitigating the impact of floods, and regulating the flow of water
within the basin. It is the only basin to have a flow distribution agreement in place. The
lower area, commonly designated the Valle Bonaerense del Río Colorado (VBRC), has
been primarily developed as a significant irrigation zone for agricultural production. The
irrigation water concession system is monitored and regulated by the Corporación de
Fomento del Valle Bonaerense del Río Colorado (CORFO).

Since August 2015, a collaboration and assistance agreement has been in place between
four institutions (Universidad Nacional del Sur (UNS), Instituto Nacional de Tecnología
Agropecuaria (INTA Hilario Ascasubi), Comisión de Investigaciones Científicas de la
provincia de Buenos Aires (CIC), and CORFO) with the objective of promoting the de-
velopment of research and carrying out studies for the preservation of the VBRC’s water
resources. The aforementioned agreement designated the Paso Alsina station (39◦22′2.60′′ S
63◦14′16.26′′ W) as a sampling station (Figure 1).

2.3. Water Samples

Water samples were collected on a monthly basis over the course of the period between
August 2015 and February 2021. The procedure was conducted in accordance with the
established guidelines, employing the standard methods for the examination of water and
wastewater [30]. The water samples were obtained directly from the Paso Alsina station
and stored in high-density polyethylene bottles with a nominal volume of 500 milliliters.
In the laboratory, all samples were stored at a temperature of 4 ◦C until analysis, which
was conducted within a seven-day period. The following parameters were analyzed: total
dissolved solids (TDS), pH, electrical conductivity (EC), calcium (Ca2+), magnesium (Mg2+),
sodium (Na+), potassium (K+), carbonates (CO3

2−), bicarbonates (HCO3
−), chlorides (Cl−),

sulfates (SO4
2−), cadmium (Cd), and lead (Pb). The pH, temperature, EC, and TDS were

determined in situ.
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Figure 1. Study area, with the Paso Alsina station as the monitoring site.

2.4. Fish Samples and Pre-Treatment

Cyprinus carpio experiments were carried out in accordance with the international laws
(EU Directive 2010/63/EU for animal experiments) and institutional guidelines for the
protection and welfare of research animals. Following these criteria, the volume of water,
the size of the container, the temperature, and the lighting of the fish were appropriate for
the species [31].

The freshwater Cyprinus carpio were caught exclusively at the Paso Alsina station using
beam trawls. This site was selected as it represents a typical habitat for local population
of Cyprinus carpio and is frequently used for fishing activities. Local fishermen were
consulted to identify the most suitable area for capture within this station, thus ensuring
controlled conditions with minimal environmental variability. Cyprinus carpio specimens
were identified using standard ichthyological keys and morphological characteristics,
such as body shape, fin structure, the presence of two pairs of barbels, and large, thick
scales, as outlined in Kottelat and Freyhof’s Handbook of European Freshwater Fishes [32].
Additionally, local fishermen with extensive experience in catching Cyprinus carpio in the
region contributed to confirming the species identification, ensuring accuracy through
their practical knowledge. The fish were subsequently transported in ice-cold water to the
laboratory, where they were acclimated for a period of seven days in a 500 L aquarium [33].
A total of 36 specimens were employed in the course of the experiments. The fish were
provided with standard powdered food and were fasted for a period of 24 h prior to the
commencement of experimentation. A 12 h photoperiod was maintained throughout the
course of the experimental work. A continuous airflow was maintained, and the fish were
provided with artificial dry food on a daily basis. During the course of the experiment,
the pH of the water was maintained at 8.00 ± 0.30, with a temperature of 20 ± 1 ◦C. It is
noteworthy that the water used for this experiment was sourced directly from the Paso
Alsina station in the Colorado River.

The fish were separated into four distinct groups: the first served as the control group,
while the other three were designated as experimental groups. The fish were randomly
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exposed to a solution of cadmium and lead, with a combined sublethal concentration
of 5.0 μg mL−1 (1/10th of LC50/48 h) [19]. The exposure period was 24, 48, and 96 h,
respectively, in experimental tanks designated as T1, T2, and T3 (Table 1) [19]. Each
experimental group consisted of nine fish, with three fish assigned per exposure period,
ensuring three replicates for each condition. The water was maintained at a consistent level
of aeration and refreshed at 24 h intervals. Prior to anesthesia and dissection of the organs,
the weights and lengths of the fish were determined (Table 1).

Table 1. Experimental data for bioaccumulation of cadmium and lead.

Experimental
Tank 0

(Control)

Experimental
Tank 1 (T1)

Experimental
Tank 2 (T2)

Experimental
Tank 3 (T3)

Average length 38.7 ± 1.8 cm

Average
weight 810 ± 35 g

Cd - 2.5 mg L−1 1.0 mg L−1 4.0 mg L−1

Pb - 2.5 mg L−1 4.0 mg L−1 1.0 mg L−1

Total - 5.0 mg L−1 5.0 mg L−1 5.0 mg L−1

Subsequently, their livers were separated and weighed for analysis. An appropri-
ate quantity of tissue was homogenized using ultrasound in a 50 mM Tris-HCl solution
(pH 8.10), employing a piezoelectric ultrasonic device for 4 min, followed by a 10 min
centrifugation at 2500 rpm. The resulting supernatant was heated to 95 ◦C for a period of
5 min on a hot plate and then filtered. The resulting homogenate was subjected to analysis
using the voltammetric technique, as previously described by Fan et al. [34]. Figure 2 shows
a flow chart of liver sample collection.

Figure 2. Flow diagram of the experimental procedure: fish acclimatization, metal exposure, liver
collection, and sample preparation for analysis.

2.5. Flow-Batch System with Voltammetric Detection

The SWASV was performed using a lab-made prototype (Figure 3) consisting of a lab-
made embedded flow-batch system with a potentiostat for electrochemical detection [29].
This device employs a low-cost microcontroller-based platform on an open-hardware
Arduino kit. The electrochemical reaction takes place in a 25.0 mL electrochemical cell
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(EC), which contains a PTFE cap with three holes for the attachment of a three-electrode
configuration. This configuration includes a bismuth film prepared in situ on a glassy
carbon as the working electrode, an Ag/AgCl (3 M KCl) reference electrode, and a platinum
wire counter electrode.

Figure 3. Embedded flow-batch system with electrochemical detection. MP: metering pump; EC:
electrochemical cell; MS: magnetic stirrer; Buffer: buffer solution of 0.1 M of sodium acetate; BS:
bismuth solution acidified with 5 mL of nitric acid; Sample: cadmium and lead standard solution or
sample; Water: ultrapure water (18 MΩ).

2.6. Procedure

The experiments were conducted in the EC. The glassy carbon electrode (GCE) was
polished with 0.05 μm alumina and subsequently rinsed with deionized water. In order to
stabilize the surface of the working electrode, cyclic voltammograms were performed be-
tween −1.4 and −0.2 V using the supporting electrolyte solution (buffer acetic acid–sodium
acetate, pH 4.50), at a scan rate of 100 mV s−1, with the objective of stabilizing the surface
of the working electrode. SWASV measurements were conducted by immersing the three
electrodes in the EC, which contained the supporting electrolyte, a solution of 1000 μg L−1

of Bi3+, and the sample. This process allows the bismuth film to be generated in situ on
the surface of the GCE. The deposition potential was set at −1.4 V for a period of 120 s,
with a rotation rate of 6000 rpm for the working electrode. Subsequently, the stirring was
concluded, and following a 10 s interval, the voltammogram was recorded in square-wave
voltammetry mode between −1.4 and 0.2 V. The SWASV parameters were as follows: step
potential (ΔEs) 2 mV, amplitude of the square wave (ΔESW) 40 mV, and frequency (f)
25 Hz [27]. These parameters allowed for the effective resolution of the lead and cadmium
peaks. Subsequently, in order to clean the surface of the working electrode, a potential of
0.2 V was applied for 30 s under stirring conditions of 6000 rpm. All experiments were
conducted at room temperature and without the removal of oxygen.

Table 2 illustrates the flow-batch parameters employed for the cadmium and lead
determination in the samples. Prior to the initiation of the analytical process, the metering
pumps (MP1, MP2, MP3, MP4) were activated to facilitate the filling of the channels with
the requisite solutions. Subsequently, the solution within the EC was discarded to the waste
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by activating the MP5. Afterward, MP1 was activated for 75 s to introduce the buffer, to
stabilize the pH; MP2 for 25 s to add the bismuth solution, which serves as a film-forming
agent on the electrode surface; and MP3 for 5 s to incorporate the sample into the EC. These
steps were conducted with the continuous agitation of a magnetic stirrer.

Table 2. Flow-batch procedure steps for sample preparation and metal detection using SWASV.

Steps Events Time (s)
Pump Setup
(μL) @ 1 Hz

Volume (mL)

1 Buffer (V1) 75 200 15.0

2 Bismuth (V2) 25 200 5.0

3 Sample (V3) 5 20 0.1

4 Deposition 120 - -

5 Quiet time 10 - -

6 Detection
(SWASV) 32 - -

7 Cleaning (V4) 480 200 20.0

Once all the reagents were introduced into the EC, the deposition step was performed
at −1.4 V for 120 s, allowing cadmium and lead to accumulate on the bismuth film electrode.
A resting time of 10 s followed to stabilize the system. Finally, the detection step was carried
out for 32 s, recording the voltammograms between −1.4 and 0.2 V. After completing this
stage, the EC underwent a cleaning process. First, MP5 was activated to remove waste
solutions, followed by MP4 to introduce washing water, and MP5 again to eliminate the
water. The total cleaning time was 480 s, preparing the EC for subsequent analyses.

3. Results and Discussions

3.1. Water Quality

Table 3 presents the results of the hydrosaline analysis of the Colorado River water,
evaluated at the Paso Alsina station. The data set comprises the concentrations of the
ions sodium (Na+), potassium (K+), calcium (Ca2+), magnesium (Mg2+), chloride (Cl−),
carbonate (CO3

2− + HCO3
−), and sulfate (SO4

2−), the total hardness (TH), electrical con-
ductivity (EC), pH, and total dissolved solids (TDS). The common carp were collected
in July 2021, a period with particular implications in terms of water quality. This was
due to the high levels of dissolved salts and metals resulting from drought and the flow
regulation by the Casa de Piedra Dam [35,36]. The effects of these extreme conditions
on the health of aquatic species, particularly carp, are of particular interest. Additionally,
water samples were collected at the fishing site the same day and analyzed using ICP-AES.
Metal concentrations (Cd and Pb) in the water were below the detection limit.

With regard to heavy metals, the Pb levels observed during the study period exhib-
ited a range between 0.6 and 28.5 μg L−1, while the Cd levels ranged between 0.22 and
1.3 μg L−1. In some cases, these concentrations exceeded the guideline values for the
protection of aquatic life established by the Canadian Environmental Quality Guidelines,
which specify 7 μg L−1 for lead and 0.37 μg L−1 for cadmium under conditions of total
water hardness above 180 mg L−1 and 280 mg L−1, respectively [37]. From a biological
perspective, increased salinity levels necessitate greater energy expenditure by fish to
maintain osmotic balance, which subsequently reduces their capacity to effectively process
toxic metals [38]. This additional effort may result in saline stress, which in turn affects the
bioaccumulation of metals such as Cd and Pb, primarily affecting organs such as the liver,
where the majority of accumulation occurs [39].
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Table 3. Physicochemical characteristics of Colorado River basin in Paso Alsina station.

Parameters Units Min Max Median Mean Std Method [30] Instruments and Equipment

Na+ mg L−1 119 227 158 164 28 3500-Na+ B
Photometer Metrolab 315.

Manufacturer: Metrolab. Buenos
Aires, Argentina

K+ mg L−1 3 6 4 4 0.6 3500-K+ B
Photometer Metrolab 315.

Manufacturer: Metrolab. Buenos
Aires, Argentina

Ca2+ mg L−1 73 174 134 135 19 3500-Ca2+ B
Sartorius Model Biotrate 50 mL.

Manufacturer: Sartorius.
Göttingen, Germany

Mg2+ mg L−1 3 42 19 20 7.5 3500-Mg2+ B
Sartorius Model Biotrate 50 mL.

Manufacturer: Sartorius.
Göttingen, Germany

Cl− mg L−1 171 400 238 248 48 4500-Cl− B
Sartorius Model Biotrate 50 mL.

Manufacturer: Sartorius.
Göttingen, Germany

CO3
2− +

HCO3
− mg L−1 91 161 121 121 15 2320-B

Sartorius Model Biotrate 50 mL.
Manufacturer: Sartorius.

Göttingen, Germany

SO4
2− mg L−1 83 455 312 293 83 4500-SO4

2− E

Spectrophotometer Lambda 35
UV–Vis Perkin Elmer.

Manufacturer: Perkin Elmer.
Waltham, MA, USA

TH mg L−1 330 517 418 419 46

EC μs cm−1 870 1940 1400 1454 240 2520 B
Hanna 991301, Manufacturer:

Hanna Instruments. Woonsocket,
RI, USA,

pH - 7.7 8.6 8.2 8.2 0.2 4500-H+ B
Hanna 991301. Manufacturer:

Hanna Instruments. Woonsocket,
RI, USA,

Temperature ◦C 16 26 21 20 3 2550 A
Hanna 991301. Manufacturer:

Hanna Instruments. Woonsocket,
RI, USA,

TDS mg L−1 600 1300 1000 983 166 2540 B
Gravimetrics 321 LX 220A.

Manufacturer: Precisa. Buenos
Aires, Argentina

Furthermore, the joint impact of salinity and heavy metals can result in synergistic
interactions, whereby the toxicity of both stressors is amplified [40,41]. It is possible that
the toxic effects of heavy metals on aquatic organisms may be intensified by drought stress
and water regulation. Consequently, this period represents a significant context for the
evaluation of bioaccumulation risks under conditions of environmental adversity, which
could intensify metal accumulation and impact the health of fauna.

3.2. Analytical Parameters

Experimental calibration curves were constructed for the cadmium and lead quan-
tification in the range between 1.00 and 30.00 μg L−1. The resulting calibration curves
were as follows: Ipn = (0.244 ± 0.009) C* Cd + (0.192 ± 0.072) (R2 = 0.996) and
Ipn = (0.211 ± 0.012 C* Pb) + (0.151 ± 0.065) (R2 = 0.998), where Ipn represents the max-
imum current peak and C* the concentration (μg L−1). The estimated detection limits,
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calculated as three times the standard deviation of the signal divided by the slope, were
0.92 μg L−1 and 0.88 μg L−1 for cadmium and lead, respectively. The reproducibility was
evaluated as the percentage of variation relative to standard deviation of six independent
measurements of 15.00 μg L−1 of cadmium and lead solutions, respectively. The resulting
values were 6.2% for cadmium and 5.3% for lead.

3.3. Bioaccumulation Study

Cadmium and lead concentrations in liver samples of Cyprinus carpio were quantified
using SWASV with a BiFE, a method known for its ability to detect trace concentrations of
metals. In contrast to traditional techniques, SWASV offers high sensitivity and is particu-
larly effective for distinguishing between metals in complex biological samples, making
it a promising alternative to conventional methods like atomic absorption spectrometry
or ICP-AES. This method is especially useful in bioaccumulation studies of metals in fish,
where cadmium and lead levels can be low but still pose significant toxicological risks.

The initial analysis of the control group demonstrated the absence of quantifiable
metal concentrations, as illustrated in Figure 4A (the signal at −0.11 V corresponds to Bi3+

ions), thereby confirming the initial conditions of the experiment. The subsequent analysis
of samples exposed to metals at varying time points revealed a notable increase in lead
and cadmium levels, with discernible signals for both elements in samples collected after
48 h (Pb at −0.52 V and Cd at −0.74 V). This is illustrated in Figure 4B. These findings
demonstrate a clear accumulation of the metals in the liver tissues following exposure.

Figure 4. (A) Voltagram for a resulting homogenate of Cyprinus carpio taken from the Colorado River
belonging to the control group. (B) Voltagram for a resulting homogenate of Cyprinus carpio after 48 h
of exposure to metals.

The experimental tanks were subjected to different treatments, as was detailed in
Table 1:

• T1: Equal concentrations of Cd and Pb at sublethal levels (1/10th of LC50/48 h for
both metals) for exposure periods of 24, 48, and 96 h;

• T2: A higher concentration of Pb four times greater than Cd, with the same sublethal
exposure times of 24, 48, and 96 h;

• T3: A higher concentration of Cd four times greater than Pb, with the same sublethal
exposure times of 24, 48, and 96 h.

The results of the bioaccumulation study of these analytes are presented in Table 4.
With regard to the temporal progression of bioaccumulation, a considerable increase in the
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concentration of metals in the liver was observed during the initial 24 h period, followed
by a period of stabilization in the subsequent periods. This pattern indicates an initial
phase of rapid uptake and accumulation in tissues, which is likely associated with the high
permeability of liver membranes to metal ions under conditions of stress. Prior research has
substantiated that the bioaccumulation of metals in fish exhibits considerable variability
contingent on the specific metal in question. Additionally, factors such as the age, size, and
physiological state of the fish also exert a significant influence [42,43].

Table 4. Bioaccumulation of metals in each experimental tank for the different times measured (n = 3).

Experimental Tank
0 (Control)

Experimental Tank 1
(T1)

Experimental Tank 2
(T2)

Experimental Tank 3
(T3)

Cd Pb Cd Pb Cd Pb Cd Pb

μg g−1 Dry wt.

24 h <LD <LD 8.5 ± 0.3 9.9 ± 0.1 2.0 ± 0.3 14.0 ± 0.6 12.9 ± 0.3 2.5 ± 0.2

48 h <LD <LD 10.4 ± 0.8 11.6 ± 0.6 2.0 ± 0.1 14.7 ± 0.5 13.2 ± 0.1 2.5 ± 0.1

96 h <LD <LD 10.5 ± 0.6 11.9 ± 0.7 2.4 ± 0.2 15.1 ± 0.7 13.4 ± 0.2 2.6 ± 0.1

The results of the study demonstrated that the concentration of lead was higher than
that of cadmium when both metals were present in equal concentrations (T1). This finding is
consistent with the results of previous studies that have suggested a greater affinity of liver
tissue for lead (Table 5). These studies also highlight the variability in metal accumulation
depending on environmental conditions, analytical methods, and sampling sites.

Table 5. Accumulation of Cd and Pb in liver tissue of Cyprinus carpio reported in different studies.

Metal Tissue
Liver

Concentration
μg g−1 Dry wt.

Analytical Method Source Reference

Cd, Pb, Cu,
Cr, Ni

Liver, gills, and
muscle

Cd: 1.51
Pb: 9.45

Atomic absorption
spectrophotometry

Seyhan River,
Turkey [14]

Cd, Pb, Cr, Ni Liver, gills, kidney,
and flesh

Cd: 1.69
Pb: 2.00

Atomic absorption
spectrophotometry

Ponds of
Tamilnadu, India [19]

Cd, Pb, Zn,
Cr, Ni, Cu

Liver, muscle,
intestine, and gills

Cd: 58.0
Pb: 261

Atomic absorption
spectrophotometry

Kabul River,
Afghanistan [44]

Cd, Pb, Cu,
Cr, Zn

Liver, muscle,
intestine, and gills

Cd: 39.8
Pb: 307

Atomic absorption
spectrophotometry

Kabul River,
Afghanistan [45]

Cd, Pb, Fe,
Cu, Zn, Hg

Liver, stomach,
intestine, gills, skin,

and muscle

Cd: 0.010
Pb: 0.024 ICP-MS Kızılırmak River,

Turkey [46]

Cd, Pb Liver Cd: 10.0
Pb: 11.0 Proposed method Colorado River,

Argentina This study

The concentrations of Cd and Pb reported in different studies show considerable
variability, ranging from the lowest values observed in the Kızılırmak River, Turkey
(Cd: 0.01 μg g−1 dry wt.; Pb: 0.024 μg g−1 dry wt., [46]), to the highest concentrations
recorded in the Kabul River, Afghanistan (Cd: 39.8–58.0 μg g−1; Pb: 261–307 μg g−1, [44,45]).
This wide range may be attributed to differences in environmental conditions, contamina-
tion levels, or even genetic and ecological variations among Cyprinus carpio populations.
Factors such as water salinity, pH, and hardness are known to play a critical role in metal
bioavailability and bioaccumulation.
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The extreme concentrations reported for the Kabul River highlight the severity of
environmental pollution in that region. As noted in previous studies, industrial and urban
runoff significantly impact the Kabul River, leading to sublethal effects on Cyprinus carpio
populations and potentially reducing their development. This underscores the influence of
anthropogenic activities on metal accumulation in aquatic ecosystems.

Notably, our study is the first to employ an automated electrochemical system with a
bismuth film electrode for the detection of cadmium and lead in aquatic bioindicators. The
system’s automation enables precise analyses with minimal operator intervention, offering
a more accessible, cost-effective alternative to traditional techniques. This innovation
eliminates the need for expensive instrumentation, while maintaining high sensitivity for
trace metal detection, and it allows for continuous monitoring, making it a promising tool
for routine environmental monitoring and toxic substance management.

In experimental T2, where the concentration of lead was four times greater, this trend
of prioritizing lead accumulation over cadmium was maintained. These results further
confirm the suitability of Cyprinus carpio as a bioindicator, particularly in ecosystems where
species may be exposed to heavy metals and fluctuations in water conditions can favor
toxin accumulation in critical tissues.

In contrast, in experimental T3, where the concentration of cadmium was four times
greater than that of lead, the cadmium accumulation exceeded sublethal levels, demonstrat-
ing an accumulation proportional to the concentration present in the medium. This shift
reinforces the capacity of Cyprinus carpio to respond predictably to variations in environ-
mental metal concentrations, highlighting its utility in monitoring aquatic ecosystems [47].

Furthermore, while previous studies predominantly employed atomic absorption
spectrophotometry (AAS) for metal analysis, our study utilized an automated flow-batch
system with SWASV. This novel approach represents a significant advancement in analytical
methodology, offering a comparable sensitivity while reducing operator intervention. Its
automation and ease of use make it a promising tool for routine environmental monitoring.

3.4. Validation with Reference Method

The cadmium and lead content in the samples with 48 h of bioaccumulation in the
three experimental tanks were validated by the inductively coupled atomic emission
spectrometry technique (ICP-AES), and the results obtained were deemed satisfactory
(Table 6). The results derived from the proposed method were compared with the ICP-
AES values for both analytes. With regard to the element of cadmium, the identity line
demonstrates a linear correlation, with an intercept of 0.376 μg L−1, a slope of 0.979,
and a correlation coefficient of r = 0.993. In the case of lead, the identity line yielded a
linear correlation with an intercept of 0.023 μg L−1, a slope of 0.994, and a correlation
coefficient r = 0.988. These results confirm that no notable discrepancy exist between the
proposed method and the reference technique, further validating the robustness of the
automated system.

Table 6. Comparison of the proposed method with the ICP-AES reference method.

Experimental Tank 1 Experimental Tank 2 Experimental Tank 3

Cd Pb Cd Pb Cd Pb

μg g−1 Dry wt.

Proposed
method 10.4 ± 0.8 11.6 ± 0.6 2.0 ± 0.1 14.7 ± 0.5 13.2 ± 0.1 2.5 ± 0.1

ICP-AES 11.1 ± 0.5 10.8 ± 0.3 2.2 ± 0.4 15.2 ± 0.5 12.9 ± 0.2 2.7 ± 0.1

RSD % 6.3 7.4 9.1 3.3 2.3 7.4
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4. Conclusions

This study demonstrates the bioaccumulation of cadmium and lead in Cyprinus carpio,
thereby substantiating its value as a sensitive bioindicator for environmental contamination.
The utilization of sophisticated electrochemical techniques, such as square-wave anodic
stripping voltammetry (SWASV) with a bismuth film electrode integrated into an auto-
mated flow-batch system, offers a cost-effective and reliable methodology for the detection
of trace metal concentrations. The results were validated against those obtained using
traditional techniques, such as inductively coupled plasma–atomic emission spectrom-
etry (ICP-AES), confirming the accuracy and potential of this innovative approach for
monitoring heavy metals in aquatic ecosystems.

The findings revealed a significant degree of bioaccumulation of lead and cadmium
in the liver of Cyprinus carpio, with lead demonstrating a stronger affinity and higher
accumulation levels. These findings are particularly pertinent given the environmental
stressors present during the study, including high salinity and altered flow conditions
resulting from drought and the Casa de Piedra Dam. It is probable that elevated salinity
exacerbated the toxic effects of metal exposure, thereby increasing bioaccumulation and the
potential risks to aquatic organisms. These findings highlight the necessity for continuous
monitoring of the Colorado River in order to mitigate the impacts of water crises and
climate change on vulnerable ecosystems and to ensure the sustainable management of
water resources.
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Abstract: On a model natural object, the Lake Baikal–Angara River–Irkutsk Reservoir (IR), we studied
changes in the qualitative and quantitative characteristics of phytoplankton communities over three
seasons in 2023 depending on seasonal changes in habitat parameters. Of the 151 identified taxa,
Chrysophyta (57), Chlorophyta (41) and Bacillariophyta (24) predominated in diversity. Over the
entire observation period, the highest values of total biomass and total abundance were detected
in the IR in June (hydrological spring) at a water temperature of 10.0–12.7 ◦C, and the lowest in
August, despite the fact that the water warmed up to 20 ◦C. No mass blooms of Cyanobacteria were
observed. Statistical analysis of species abundance profiles revealed that phytoplankton community
structure varied across time and space. The direct effect of cold lake waters on the structure of
phytoplankton in the reservoir was observed only in early June. In summer and autumn, the struc-
tures of phytoplankton in the lake and in the reservoir differed, even at the same water temperature.
Low concentrations of phosphates and nitrates, high species diversity, the presence of cold-water
species and species with a wide range of temperature preferences formed a dynamic spatiotemporal
structure of IR phytoplankton, distinct from other temperate reservoirs, including Lake Baikal. The
results obtained are important for understanding the mechanisms of formation of the flora of artificial
reservoirs of temperate latitudes and for their monitoring, taking into account seasonal dynamics
and the context of global climate warming.

Keywords: freshwater; lake–reservoir transition; species composition; abundance; water temperature

1. Introduction

Phytoplankton are the most important part of the ecosystem, and their responses to en-
vironmental changes not only affect the grazing, feeding, growth, reproduction and survival
of various aquatic organisms [1], along with biogeochemical cycles [2,3], but can also serve
as an indicator of climate change and anthropogenic impacts [4–7]. Planktonic microalgae
have features of seasonal growth, which depend on abiotic conditions in the annual cycle,
affecting its composition and quantitative characteristics [8–10]. In recent years, climate
warming has led to restructuring of the plankton community in large reservoirs [7,11–14],
including a change in species and changes in intraspecific characteristics [15], including
in Lake Baikal, where these changes are most pronounced in the southern part of the
lake [16]. A significant feature of deep-water lakes of temperate latitudes is the spring
bloom, in which the main part of the algae biomass is formed. The study of phytoplankton
in different seasons showed that in large reservoirs, spring phytoplankton is significantly
(1.5–6 times) greater than summer phytoplankton, and it most often consists of diatoms.
For example, in Lake Huron and Erie, spring phytoplankton consisted of filamentous
diatoms, primarily Aulacoseira islandica (O.Müller) Simonsen [17]. In coastal seas, such as
the Baltic Sea, eutrophication can lead to an increase in the abundance and biomass of
summer phytoplankton [11,18], as well as more frequent and intense blooms [19–21]. It has
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also been shown that the species composition of phytoplankton varies depending on the
concentrations of nutrients [22]. Observations of seasonal changes help to identify changes
in communities of planktonic microalgae and also make it possible to judge not only their
biodiversity [8,18,23] but also the appearance of invasive species [24].

The increase in the number of reservoirs in the world over the last century is associated
with their significant economic and geographical role, and assessment of their environ-
mental condition is very important. Differences in the geographic distributions of lakes
and reservoirs determine the geographic features of their catchments. In reservoirs, the
structure of the water balance, the period of water exchange, fluctuations in the water level,
water inflow and runoff and water temperature change affect the structure and functioning
of aquatic organisms [25]. First of all, phytoplankton react to these changes, in which
structural and quantitative rearrangements occur. For example, the flow regime of the
Wimmera River (Australia) was significantly changed after the construction of a reservoir,
and this led to a change in the species structure of algae along the entire length of the
river throughout the year. The diversity of Chlorophyta, Cyanobacteria and Chrysophyta
taxa gradually augmented from the upstream to the downstream regions under normal
flow conditions prior to water release. Conversely, diatom abundance was observed to
be higher in the upstream area and to increase downstream following water release [26].
Depending on the type of reservoir, river or lake, which have differences in hydrodynamics
and water retention times, the structure of the phytoplankton community also differs.
Using the example of the Jiuqiuwan (river-type) and Taihu (lake-type) reservoirs, in the
area of the source of the Dongjiang River in the Pearl River basin (China), it has been
shown that over time, the number of phytoplankton species in the river-type reservoir has
decreased, while in the lake-type reservoir, the number has increased versus that before the
flooding of the reservoir [27]. The Irkutsk Reservoir was formed in 1956–1958 as a result
of the creation of a dam on the Angara River. The hydroelectric power station (HPP) is
located 56 km from Lake Baikal in the city of Irkutsk. The hydrochemical composition of
the Irkutsk Reservoir is influenced by the waters of the southern part of Lake Baikal [28].
The waters of the lake belong to the hydrocarbonate class of the calcium group, character-
ized by very low mineralization (no higher than 100 mg m−3), a low content of organic
matter and high concentrations of dissolved oxygen [29]. In terms of the composition of
planktonic microalgae, the Irkutsk Reservoir is poorer than the underlying sections of the
river after the dam [30–32]. The temperature regime of the reservoir is heterogeneous.
During the open water period, the heated part of the reservoir near the dam is the warmest,
with maximum temperatures in August–September of up to 16.2 ◦C [31]. The bays of
the reservoir are also characterized by heterogeneity of the temperature regime and slow
warming of deep waters; this is especially noticeable in July–August, when the difference
in temperature with depth is 5–8 ◦C [31,32]. Thus, in Kurminsky Bay in July 1958, the
surface temperature reached 19–21 ◦C, while at a depth of 5 m, it was only 12–13 ◦C [30].
Further studies have shown that, when including in the dam section of the reservoir, the
temperature difference between the surface and bottom layers during the period of most
intense heating (July–August) can exceed 14 ◦C. Observations of changes in the state of
phytoplankton in the Irkutsk Reservoir have been carried out sporadically since its cre-
ation [30–32]. The total number of phytoplankton over the entire observation period has
varied from 0.30 × 105 cells L−1 to 2.51 × 105 cells L−1, and the biomass has varied from
0.12 × 105 mg L−1 to 0.85 × 105 mg L−1 [30–32]. The maximum growth of phytoplankton
during the year can occur in different months; for example, in 1973, it occurred in August,
in 1980, in June, in 1982, in August, in 1986, in July and in 1987, in May. The water temper-
ature during these periods was 8.3–16.2 ◦C. Moreover, the dominant complex of species
in the reservoir in the spring was similar to that in Lake Baikal, while in the summer, it
was different [31]. The level of Cyanobacteria growth in the reservoir has always remained
low [30–32].

The dominant phytoplankton complex of the pelagic zone and bays of Lake Baikal
includes cold-water species that develop at low temperatures—Aulacoseira baicalensis (K.
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Meyer) Simonsen at 1–8 ◦C, Aulacoseira islandica (=A. skvortzowii Edlund, Stoermer & Taylor)
at 1–5 ◦C and Stephanodiscus meyeri Genkal et Popovskaya at up to 10 ◦C—and species with
a wider range of temperature tolerance, for example, Nitzschia graciliformis Lange-Bertalot
et Simonsen emend. Genkal et Popovskaya at 1–16 ◦C, Asterionella formosa Hass. At 8–19 ◦C,
Fragilaria radians (Kützing) Williams et Round at up to 15 ◦C and Ulnaria acus (Kützing)
Aboal at up to 16 ◦C [33]. Since the Irkutsk Reservoir is connected to Southern Baikal, but
is shallow and warms up better, it was interesting to determine the degree of influence of
the lake waters on the phytoplankton of the reservoir. In our previous works, we studied
the phytoplankton of Southern Baikal and the Irkutsk Reservoir in the hydrological spring
(June) [34,35] and summer (August) of 2023 [35,36]. The aim of this work was, based
on a comparison of the species structure and abundance of phytoplankton in Southern
Baikal and the Irkutsk Reservoir in the seasonal dynamics of changing habitat parameters,
to assess the degree of influence of lake waters on the spatiotemporal distribution of
phytoplankton in the reservoir.

2. Materials and Methods

2.1. Sampling and Microscopy

Sampling was carried out during expeditions within the framework of the Russian
Science Foundation project in Southern Baikal (SB) and the Irkutsk Reservoir (IR) on
October 15–17. For comparison, we used the results of the analysis of samples taken on
June 22–26 (hydrological spring) [34] and August 17–20 [36] 2023. Additionally, samples
were taken at a station 3 km from Listvyanka Village (51◦49.033 N 104◦54.616 E) after the
ice melted, on 1 June, 16 July and 14 September 2023 (Figure 1).

During sampling, temperature and pH were measured, and water transparency was
determined using a Secchi disk (S, m). In the laboratory, frozen water samples were thawed
at room temperature. The mineral forms of the biogenic elements were determined after
filtration using membrane cellulose acetate filters with 0.45 μm pores (Vladisart, Vladimir,
Russia) to remove suspended matter, and we carried out hydrochemical analyses of the
water for its Si content, PO4

3−, NO2
−, NO3

− and NH4
+ (Table S1). The methods for the

sampling and analysis of hydrochemical parameters were given previously [34].

2.2. Statistical Analysis

Environmental factors and numerical community variables were analyzed for collinear-
ity. Pearson correlation coefficients and their p-values were computed for each pair of
explanatory variables using R packages corrplot [37] and Hmisc [38]. The correlation matrix
was visualized with the corrplot function using hierarchical clustering to group variables.
Exploratory analyses of community composition were performed using R package vegan
v.2.5-6 [39]. Environmental variables were centered and scaled to have zero means and stan-
dard deviations of one. This standardized environmental matrix was used for ordination.
The species abundance data were transformed using the Hellinger procedure and subjected
to transformation-based principal component (tbPCA) and redundancy (tbRDA) analyses.
For unconstrained ordination, linear regression of explanatory variables was performed by
the envfit function of the package vegan followed by the adjustment of permutation-based
regression p-values by the FDR procedure. Environmental factors with an adjusted p-value
below 0.05 were drawn on the ordination plane. For constrained ordination, eJ9, Jl9 and S9
profiles were excluded as these samples lacked data on environmental variables to use in
RDA (Table S1). Both forward selection and backward elimination approaches were tested
to produce an RDA model.

To generate the species abundance heatmap, the R package pheatmap [40] was used.
The 50 most abundant species were selected, and an abundance table was transformed
with log2(x + 1) and passed to the pheatmap function. UPGMA-assisted clustering of the
Bray–Curtis pairwise distance matrices was used to produce sample-wise and OTU-wise
clustering trees. The package apcluster [41] was used for cluster analysis of β-diversity. The

39



Water 2024, 16, 3284

pairwise distance matrix computed with the Bray–Curtis similarity index was used to gener-
ate clusters by affinity propagation, followed by exemplar-based agglomerative clustering.

Figure 1. Map of sampling in 2023. Red dot—monthly sampling during the open water period at a
station 3 km from Listvyanka Village (St. 9); black dots indicate sampling in October 2023 at stations
that were sampled earlier in June [33] and August [35]. Bays of Irkutsk Reservoir: 11—Kurminsky;
13—Elovy; 16—Ershovsky.

3. Results and Discussion

3.1. Temporal Monthly Changes in the Phytoplankton Community at the SB Station near the
Source of the Angara River During the Open Water Period in 2023

To determine which phytoplankton are transported from the SB to the IR, we examined
their composition at St. 9 near the source of the Angara River monthly during the open
water period (from June to October) (Figures 1 and 2).
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Figure 2. Quantitative and qualitative characteristics of phytoplankton at St. 9 near the source of the
Angara River during the open water period in 2023: water temperature (A), total abundance and
biomass of phytoplankton (B), relative share of large taxonomic groups (divisions) of microalgae (C),
number of species in divisions (D), contribution of dominant species, the number of which exceeds
20 × 103 cells L−1, to the total abundance (E) and the total biomass (F) of phytoplankton, the absolute
abundance of the dominant species (G).

During the research period, the water temperature changed from 4.3 ◦C to 7 ◦C
(Figure 2A), and increases in the quantitative indicators of phytoplankton and their struc-
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ture were observed (Figure 2B–G). The total abundance and biomass of phytoplankton
varied from 111 × 103 to 292 × 103 cells L−1 and from 13 × 103 to 366 × 103 mg L−1,
respectively (Figure 2B). The abundance levels at the beginning and end of June had similar
values, but the biomass at the beginning of June was higher (366 × 103 mg L−1) due to the
growth of large species of Bacillariophyta F. radians and Chrysophyta of the genus Dino-
bryon (D. cylindricum and D. cylindricum var. palustre). By the end of June, the biomass of
small-celled Chlorophyta species such as Mychonastes homosphaera and Koliella cf. variabilis
increased, and Microcystis sp. During the entire study period, the number of species at
the station was dominated by Bacillariophyta, with the exception of June 1 and August
18, when Chrysophyta of the genus Dinobryon actively developed (Figure 2G). In June
at St. 9, the species richness of Bacillariophyta was formed of the large-celled species A.
baicalensis, A. islandica, F. radians and U. acus; in July, the number of species increased,
and small centric diatom Stephanodiscus minutulus appeared; and in August, large-celled
diatoms disappeared, such as spring species of the genus Aulacoseira. The representative of
Chlorophyta, M. homosphaera, was found sporadically during open water periods, develop-
ing noticeably in August; however, its number did not exceed 50 × 103 cells L−1 and its
biomass 8 × 103 mg L−1 (Table S1). In July, when the total abundance of phytoplankton
was minimal (111 × 103 cells L−1), the main place in the community composition was
occupied by Chlorophyta, dominated by Koliella sp. (23 × 103 cells L−1) and Monoraphidium
griffithii (19 × 103 cells L−1). The largest contribution to the total biomass, amounting to
68 mg L−1, was made by large-celled Bacillariophyta F. radians (15 × 103 mg L−1) and A.
baicalensis (16 × 103 mg L−1), despite their low abundance. Species richness increased
significantly in the autumn months due to small centric diatoms such as Cyclostephanos
makarovae, Cyclostephanos dubius, Discostella pseudostelligera, Stephanocyclus meneghinianus
and Thalassiosira pseudonana, which were absent in June and July (Figure 2, Table S1).

Thus, at a station near the source of the Angara River during 2023, temporary changes
in the structure of phytoplankton communities were observed. At the next stage of research,
in order to determine the degree of influence of the waters of Southern Baikal on the Irkutsk
Reservoir, a spatial comparison of quantitative and qualitative indicators of phytoplankton
in the lake and reservoir was carried out in three seasons (June—which corresponds to
the hydrological spring, July, August and September—to the hydrological summer, and
October—to the hydrological autumn).

3.2. Seasonal Dynamics of Quantitative Characteristics and Species Structure of Phytoplankton in
Southern Baikal and the Irkutsk Reservoir in 2023

Figure 3 shows that during the open water period of 2023, the quantitative characteris-
tics and structure of phytoplankton were changing.

The total abundance and biomass of microalgae in spring (June) at SB stations varied
within the ranges of (255–1333) × 103 cells L−1 and (61–473) × 103 mg L−1, respectively. It
should be noted that at St. 1 (12 km from Kultuk), we found 2779 × 103 cells L−1 due to the
growth of three Cyanobacteria: Cyanodictyon planctonicum, Cyanodictyon sp. and Microcystis
sp., while their total biomass had a low value of 5.2 × 103 mg L−1 (Figure 3B after [34]). The
abundance and biomass of phytoplankton in the IR had the highest values for all seasons:
(960–2350) × 103 cells L−1 and (544–1679) × 103 mg L−1, respectively (Figure 3B).

In summer, the total abundance and biomass of microalgae in SB varied widely, at
(190–2779) × 103 cells L−1 and (26–427) × 103 mg L−1, respectively. In the IR, including
bays, abundance and biomass decreased significantly and had the lowest values over
the period of our observations—(186–310) × 103 cells L−1 and (41–140) × 103 mg L−1,
respectively (Figure 3B according to [36]).

The autumn period was characterized by the smallest differences in water temperature
between SB and IR (Table S1). In SB, the abundance varied within the range of (147–427)
× 103 cells L−1, and the biomass of microalgae, due to the predominance of small-celled
forms, was significantly lower than in IR and its bays—(12–45) × 103 mg L−1. The number
of microalgae in the IR in autumn varied within the range of (160–494) × 103 cells L−1, and
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the biomass at (123–239) × 103 mg L−1. The highest values of abundance and biomass
were noted in Kurminsky Bay—494 × 103 cells L−1 and 333 × 103 mg L−1, respectively
(Figure 3B).

Figure 3. Seasonal dynamics of water temperature (A) and phytoplankton structure (B–D) in Southern
Baikal and the Irkutsk Reservoir in 2023 during the period of open water: (B)—total abundance and
biomass, (C)—number of species of different taxonomic groups, (D)—abundance of dominant species.

A total of 151 taxa of microalgae were discovered during the observation period
(Table S2), 109 in SB and 129 in IR. We expanded the species list of phytoplankton in IR
compared to previous data (118 species [32]) due to greater coverage of stations in the
water area reservoirs and a thorough study of silica-scaled chrysophytes within the class
Chrysophyceae using scanning QUANTA 200 SEM (FEI Company; Hillsboro, OR, USA)
and transmission Leo 906 E TEM (Zeiss, Germany) microscopy [36].
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Figure 3C shows the change in departmental structure. The proportion of Chrysophyta
in SB and IR varied from 43% in spring to 27% in autumn of the total number of species.
The Chlorophyta group was represented by 41 taxa, their number increasing from spring
(15%) to autumn (34%). The same trend was noted for Bacillariophyta, the number of
which increased due to small-celled centric diatoms from 19% in spring and summer to
22% in autumn.

The species richness of Cyanobacteria, both in SB and IR, was not high (9–11%), increas-
ing slightly by summer in well-warmed bays of the reservoir (St. 11, St. 13 and St. 16).

The predominance of species diversity of microalgae Chrysophyta in the IR distin-
guishes it from other reservoirs, consisting of Bacillariophyta, Chlorophyta and Cyanobac-
teria. The predominance of these groups in reservoirs of both temperate [42–44] and
tropical latitudes [45–47] is typical. An analysis of studies in temperate Russian reser-
voirs of the Volga River—Rybinsk, Sheksna and Kuibyshev—previously showed a high
diversity of Chrysophyta [48], but they were not among the three dominant microalgae in
those reservoirs.

Figure 3D shows that SB and IR phytoplankton differed in the range of dominant
species across all seasons.

Cluster analysis of the abundance of phytoplankton species (Figure 4A) showed that
in all seasons, the communities of IR stations form clusters, separate from the clusters of
SB stations.

At the same time, St. 9 (eJ9, J9, Jl9, A9, S9, O9), located near the source of the Angara
River (3 km from Listvyanka Village), does not fall into the cluster of reservoir stations at
any time. But the profile of St. 10, located in the reservoir at a distance of 26 km from the
source, is grouped with the spring profiles of Southern Baikal. These observations indicate
that the direct influence of lake waters and the transfer of phytoplankton species from the
lake to the reservoir occurred only in the spring.

Figure 4B shows that divisions occurred in community groups due to changes in
species, changes in the abundance of the same species and changes in dominant species.
The divisions occurred into four large clusters. The first cluster combined spring samples
from SB and IR; the second, summer–autumn samples from IR. Summer and autumn SB
samples formed two more separate clusters. This may indicate that the phytoplankton of
the reservoir develop in relative independence from the phytoplankton of the lake in the
summer and autumn periods.

3.3. Correlation of Parameters of the Aquatic Environment with Quantitative Indicators of
Phytoplankton and Its Structure

We have shown differences in the degrees of correlation between environmental
parameters and quantitative characteristics of phytoplankton in different seasons of the
year (Figure 5A). For example, in spring (June), biomass is positively correlated with water
temperature, with a coefficient of 0.85, in summer (July), it does not depend on temperature,
and in autumn (October), it is again positively correlated, but with a lower correlation
coefficient (0.53) than in spring.

During the open water period, environmental parameters had different relationships
(Figure 5A). In June, there was a high positive correlation between water transparency
and the concentration of phosphates and nitrates, as well as between water temperature
and general indicators of community productivity (abundance, biomass). There was a
negative correlation between these two groups of parameters. In August and October,
the interdependence of these two groups of factors became less pronounced, but was
partially preserved.

If we consider the codependency of environmental factors throughout the entire pe-
riod of open water (Figure 5B), then the concentrations of phosphates and nitrates had a
positive correlation. In addition, PO4

3− and NO3
− concentrations were positively corre-

lated with water clarity. These three measures were negatively correlated with temperature.
The silicon concentration, on the contrary, had a strong positive correlation with water
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temperature. No strong or moderate correlation of phytoplankton quantitative parameters
with parameters of the aquatic environment was observed (Figure 5B). Concentrations
of nitrites and ammonium in all periods considered were at the detection limits of the
methods used, and, accordingly, their connection with the growth of phytoplankton was
not identified (Table S1).

Figure 4. Cluster analysis of species abundance community profiles using affinity propagation (A)
and heatmap (B) of the species abundance profiles generated with a set of the 50 most abundant
species. Color annotations below the cluster dendrogram and above the heatmap describe the spatial
(Type) and temporal (Month) categories of communities. Color annotation on the left of heatmap
denotes the species taxonomic affiliation at the “Class” level.
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Figure 5. Correlation of environmental parameters (A,B) and exploratory analysis of environmental
parameters and species abundance data (C,D): (A) Correlation of environmental parameters and
summary numerical variables by month of sampling. Numerical values are Pearson correlation
coefficients with the color legend on the right. Strikeout cells are non-significant correlations (p > 0.05).
Profiles eJ9, Jl9 and S9 were not analyzed. (B) Correlation of environmental parameters and summary
numerical variables of all community profiles sampled during 2023. (C) Unconstrained ordination
of species abundance data using tbPCA. Shape of the point designates the month of sampling, and
color denotes the sampling site type: Lake Baikal or Irkutsk Reservoir (Table S1). (D) Constrained
ordination of species abundance profiles, excluding eJ9, Jl9 and S9, using tbRDA. Color and shape of
the points as in Figure 4B. Red and green isolines show the gradient of S and pH, respectively.

The results of the unconstrained ordination of all community profiles (Figure 5C)
support the results of the cluster analysis (Figure 4A) and show that in all seasons, IR
stations cluster separately from SB stations. The sample taken near the source of the Angara
River (St. 9) on 1 June (eJ9) is grouped with samples from IR stations (J10–J17) on June 24–25
(Figure 5C), which may indicate a direct influence of lake waters on the reservoir. In the
results of the cluster analysis of the full species profiles (Figure 5D), eJ9 falls into the group
J7–10 + Jl9, and this group is somewhat distant from J1–6 (SB)/J11–17. That is, it turns out
that in June, the IR profiles are similar to the profiles of Baikal communities with St. 1–6.
However, in the remaining months of observation, no such connection was detected.

We used the following continuous environmental variables to build a model of factors
influencing the community structure: phosphate, nitrite anion concentrations, concentra-
tion of ammonium cation, water transparency, water temperature and pH. The adjusted
total explained variance of a community composition matrix was only 28%. By using
the “forward selection” approach, a model was generated that included the phosphate
anion concentration, water temperature, transparency and pH as significant quantitative
model variables (Figure 5D). The adjusted total explained variance of the model was 25.5%.
The ordination pattern obtained with the constrained approach was similar to that of the
unconstrained technique (Figure 5C).
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3.4. Changes in the Concentration of Nutrients and the Growth of Different Groups of Microalgae

If the species composition and abundance of phytoplankton depend on temperature,
and temperature does not depend on the presence of microalgae, then interactions with
other environmental parameters are more complex for microalgae. Water transparency
depends not only on suspended matter but also on the presence of algae themselves in the
environment. On the one hand, nutrients are necessary for the growth of algae, and on
the other hand, they are susceptible to grazing, and in different ways by different groups
of microalgae. Therefore, when interpreting the correlation between the concentration
of nutrients and the growth of phytoplankton, it is necessary to consider the species
composition of the dominant species.

High concentrations of phosphates (0.015–0.023 mg L−1) and nitrates (0.29–0.41 mg L−1)
were observed in the cold (3.6–4.5 ◦C) SB waters in spring (Table S1). Silicon concentra-
tions during this period varied over a wide range, as a rule, depending on the dominant
microalgae in abundance and biomass. For example, at St. 1 and St. 2, higher silicon
concentrations were noted (0.52 and 0.53 mg L−1, respectively), with the dominance of
Chlorophyta M. homosphaera, which does not consume silicon. At St. 4 and St. 5, the drop
in silicon concentration (to 0.17 and 0.20 mg L−1, respectively) was associated not only
with the growth of Bacillariophyta A. baicalensis, N. gracilliformis, F. radians and U. acus
but also with the formation of siliceous stomatocysts of the chrysophyte D. cylindricum.
During the same period, in warmer (7.6–11.5 ◦C) IR waters, the concentrations of phos-
phates (0.007–0.016 mg L−1) and nitrates (0.04–0.24 mg L−1) were lower than in SB due to
more active growth of microalgae. The silicon concentration also dropped to 0.40 mg L−1

(Table S1) as a result of its consumption by the dominant Bacillariophyta A. formosa, A.
islandica, N. gracilliformis, F. radians and U. acus (Figure 3D from [34]).

At SB stations in summer, the temperature in the surface layers of water mainly varied
between 10 and 16 ◦C. The abundance and biomass were dominated by Chrysophyta genus
Dinobryon and Chlorophyta M. homosphaera, which is not involved in silicon consump-
tion, and the growth of which led to a decrease in the concentrations of phosphates (to
0.007 mg L−1) and nitrates (to 0.06 mg L−1). St. 9 (3 km from Listvyanka) differed from
other SB stations in the summer, where at the lowest water temperature (6.3 ◦C), the highest
concentrations of nutrients (phosphates—0.023 mg L−1 and nitrates—0.35 mg L−1, respec-
tively) and the lowest values of the abundance and biomass of microalgae were observed
(according to [36]). Summer water temperatures in the IR reached the highest values for
the period of our observations (16.6–18.3 ◦C), large species of spring Bacillariophyta had
low numbers (Figure 3A,D according to [36]) and the silicon concentration had the highest
values, up to 0.91 mg L−1 for the entire period of our study. The drop in concentrations to
the lowest values for the entire period of our study for phosphates (up to 0.008 mg L−1)
and nitrates (up to 0.06 mg L−1) (Table S1) was associated with their consumption by
small-celled Cyanobacteria (dominated by C. planctonicum, Microcystis sp., Dolichospermum
lemmermannii) and Chlorophyta (Koliella longiseta, M. griffithii and Chlorella sp. dominated).
The abundance of large-celled species was low, with only Dinobryon sociale and D. sociale
var. americanum.

In autumn, water temperature (Figure 3A) and nutrient concentrations (Table S1) were
generally comparable between SB and IR. At St. 3 and St. 7, the highest concentrations
of phosphates (0.016 and 0.015 mg L−1, respectively) and nitrates (0.30 and 0.29 mg L−1,
respectively) were observed; the productivity of microalgae was not high, but the max-
imum abundance of the small-celled cyanobacterium C. planctonicum was noted (at St.
7—144 × 103 cells L−1) (Figure 3B). In addition, these two stations had the highest trans-
parency (9.5 and 9 m, respectively). The abundance of phytoplankton in SB, as in the
summer, was formed by small-celled Cyanobacteria—Microcystis sp., C. planctonicum, Syne-
chocystis limnetica—and Chlorophyta—Coenococcus planctonicus, Coenocystis sp., Lindavia
minuta, which were dominant among Bacillariophyta.

Although silicon concentrations were comparable between SB and IR in autumn, in
contrast to SB, large species of Chrysophyta, Bacillariophyta and Dinophyta predominated
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in IR. Also in IR, a high content of benthic diatoms was observed, the number of which
exceeded 50% of the total number of species and amounted to up to 147 × 103 cells L−1.
At the same time, at all IR stations, including bays, transparency was low, at 1.5–2 m,
with the exception of the very first station of the reservoir, where transparency was 7 m.
Cyanobacteria were practically absent. The abundance was formed by Chlorophyta—
Coenocystis sp., M. griffithii, Koliella variabilis—as well as small centric diatoms C. dubius,
C. makarovae, Discostella pseudostelligera, S. minutulus and T. pseudonana. The abundance of
Chrysophyta in IR compared to SB was higher due to D. divergens, and Bacillariophyta due
to N. graciliformis, A. formosa and U. acus. The IR bays differed in composition, both among
themselves and from the central part of the reservoir. In Kurminsky Bay, the dominant
species were Bacillariophyta A. formosa, A. granulata, N. graciliformis, U. acus and A. islandica.
In Elovy Bay, Chlorophyta C. planctonicus and Bacillariophyta A. formosa were dominant.
In Ershovsky Bay, Coenocystis sp., N. graciliformis, U. acus, A. granulata and Chrysophyta
Dinobryon divergens were dominant. All bays were dominated by small centric diatoms, the
maximum abundance of which was noted in Kurminsky Bay—120 × 103 cells L−1.

In autumn, the concentrations of phosphates (0.008–0.012 mg L−1) and nitrates
(0.06–0.10 mg L−1) in the bays were not high, as in other parts of the IR, due to their
consumption by actively developing microalgae. Silicon concentrations in the bays were
comparable to other IR stations and varied from 0.61 to 0.76 mg L−1.

Thus, in autumn, despite similar habitat parameters, the species compositions in SB
and IR differed. Small-celled Cyanobacteria and Chlorophyta continued to develop in SB,
while large-celled Chrysophyta, Bacillariophyta and Dinophyta species predominated in
IR, which was reflected in higher phytoplankton biomass values in IR compared to SB
(Figure 3D).

3.5. Comparison of the Obtained Data with Previous Studies

As our studies showed, the species compositions of phytoplankton in SB and IR
throughout all three seasons had both similarities and differences (Figure 6). Studies
conducted in the Irkutsk Reservoir previously [30–32] also showed significant differences
in both quantitative indicators and species structure of phytoplankton throughout the year.
Comparison of the species structure of phytoplankton in SB and IR in the same seasons
revealed differences in the growth of the dominant Baikal species. As shown above, their
distribution is influenced by a complex of factors, the most significant of which is water
temperature. A comparison of the phytoplankton communities of SB and IR (not including
bays) in different seasons showed that the largest number of common species is observed
in summer (August), when the difference in water temperature evens out. The number of
common species is lowest in spring and autumn (Figure 6).

In spring, these differences are most pronounced in SB, with a spring peak in the
growth of cold-loving Bacillariophyta species, some of which do not develop in IR. At
the same time, a peak in the growth of heat-loving Bacillariophyta species not found
in SB was observed in IR. The spring growth of Bacillariophyta in IR was also shown
previously [32]. However, analysis of seasonal dynamics in IR in different years indicates
significant variability may occur in spring [32], summer [30,31] and autumn [30]. As a rule,
the growth of large species of Bacillariophyta in spring and early summer is typical for
many reservoirs in both temperate [42,43,49] and tropical zones [50].

Previous studies [30–32] showed that in spring, A. baicalensis is capable of developing
in the waters of the reservoir, and its abundance depends on its abundance in Lake Baikal.
In our study, A. baicalensis did not reach great growth in Baikal, and it did not spread far
with the water flow in IR. If we evaluate the level of phytoplankton growth in 2023 on the
productivity scale [51], then in SB, the year was unproductive, since the biomass did not
exceed 500 × 103 mg L−1. At the same time, IR should be classified as highly productive,
since the biomass exceeded 1600 × 103 mg L−1. This high productivity was ensured by the
absolute dominance of three diatom species—A. formosa, N. graciliformis and A. islandica.
At St. 11, these three species accounted for 80% of the total abundance. A. islandica is
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an oligotrophic cold-water species that replaced A. baicalensis, developing maximally at
temperatures of 7.66–11.55 ◦C (Sts 11–17). Also, S. meyeri developed at these stations,
reaching its maximum values during the observation period at the same temperatures
(Figure 3D), which corresponds to its autecology.

Figure 6. Venn diagram. Species composition of phytoplankton in SB and IR during different seasons
in 2023.

As was shown earlier, the cosmopolitan species A. formosa has a temperature optimum
of 10–15 ◦C; temperatures above this inhibit the growth of this species [30], making it a
typical representative of summer phytoplankton for Baikal [52]. In our study, the peak of
its development occurred at the end of June, falling within the range of these temperatures
in the warmer IR waters of Sts 11–17 at temperatures of 7.66–11.55 ◦C.

It was previously noted that in the spring of 1980, N. graciliformis was actively develop-
ing in SB, reaching 2 × 105 cells L−1, and remained dominant in IR. In summer, the growth
of N. graciliformis began to decline. It was replaced by A. formosa and A. islandica [31]. In
our study, N. graciliformis reaches its peak growth in spring in the IR. At the same time, A.
formosa and A. islandica were its subdominants, remaining in the summer phytoplankton in
insignificant quantities (less than 10 × 103 cells L−1).

In summer, species diversity increases significantly in both SB and IR and the number
of common species increases (Figure 6). The role of small-celled Cyanobacteria and Chloro-
phyta is increasing. At the same time, Cyanobacteria C. planctonicum, colonial cyanobacteria
typical of surface waters of mesotrophic lakes in the summer, dominate in abundance. This
species of Cyanobacteria was previously shown to be part of the dominant group in the
coastal areas of SB [53], together with two representatives of summer phytoplankton—
Microcystis sp. and D. lemmermannii. These species, while actively developing in SB,
significantly reduced their quantitative indicators in IR. Thus, C. planctonicum had the
maximum abundance in SB at St. 1 (840 × 103 cells L−1), at other stations its abundance
was significantly lower (Figure 3D) and at IR stations it did not exceed 68 × 103 cells L−1.
Importantly, the active growth in summer in SB of small-celled Cyanobacteria and Chloro-
phyta, which have the characteristics of R-strategists, was noted previously [52,53]. The
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total biomass of this ultrananoplanktonic group of algae, which includes Chlorophyta,
Chlorococcales and Cyanobacteria with a size of no more than 4 microns, first described by
O.M. Kozhova (1964) [30] as “green bacteria”, during the year varied from 1 × 103 mg L−1

to 238 × 103 mg L−1 with a maximum in July–September. Changes in the community
structure towards small cells under conditions of summer warming of waters, as a rule,
indicate ecological instability [43,49,54]. However, since in our studies, the quantitative
indicators of this group of planktonic algae were low and did not exceed 60 × 103 mg L−1

(among which M. homosphaera predominated), we cannot consider them indicators of dete-
rioration in water quality. Among Chlorophyta, as before, Koliella longiseta and M. griffithii
predominated [32]. In the present study, the summer growth of Chlorella sp. and the number
of large-celled species has decreased significantly, leaving only Dinobryon sociale and D.
sociale var. americanum. The total abundance and biomass of microalgae in IR, including
bays, decreased significantly in summer from 186 × 103 cells L−1 to 310 × 103 cells L−1

and 41 × 103 mg L−1 to 140 × 103 mg L−1, respectively [36].
In autumn in IR, we observed the growth of the phytoplankton community, previously

characteristic of the summer period [32]. In addition, we recorded a second peak in the
growth of large-celled microalgae, mainly Bacillariophyta. The quantitative indicators of
IR did not exceed those previously discovered. As before, Cyanobacteria species did not
reach high values, unlike other reservoirs of the Angara cascade [31,55,56].

4. Conclusions

For the first time, we carried out simultaneous studies of the southern part of Lake
Baikal and the Irkutsk Reservoir during three seasons of the year, which made it possible
to identify the dynamics of phytoplankton growth, assess the influence of environmental
parameters on the distribution and growth of qualitative and quantitative indicators of
phytoplankton and trace the relationship between the drop in nutrient concentrations
and the levels of growth of various microalgae. During the most productive period in the
growth of phytoplankton in the reservoir, in spring (June), the main abundance and biomass
are created by diatoms. During this season, water temperature has a major influence on
the spatial distribution of algae. The most sensitive to changes in the temperature regime
in the phytoplankton community were silica-scaled chrysophytes and diatoms. In the
summer and autumn periods, the flow of water with a low content of phosphates and
nitrates from the oligotrophic lake into the reservoir limited the growth of Cyanobacteria
and small-celled Chlorophyta; they were present both in the lake and in the reservoir, but
their numbers and biomass were not high. The influence of Southern Baikal on the Irkutsk
Reservoir primarily lies in the direct transfer of water from the lake to the Angara River, on
which a dam was built and a reservoir was formed. The high diversity of species, both cold-
water and those with broader temperature preferences, forms a spatiotemporal structure of
the reservoir’s phytoplankton that differs from those of other temperate reservoirs.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/w16223284/s1, Table S1. Water parameters at stations in Southern
Baikal and the Irkutsk Reservoir in different seasons in 2023. For localization of stations, see Figure 1.
Table S2. The species composition of phytoplankton in the Southern Baikal (SB) and the Irkutsk
Reservoir (IR) during the open water period in 2023 (station numbering corresponds to Figure 1 and
Table S1). Data for June [34] and August [36] were published earlier.
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Abstract: Lake Sevan is a freshwater reservoir in the Caucasus region. Since the first half of the 20th
century, the lake has undergone significant changes caused by human activity and anthropogenic
pressure. To identify the current ecological state of two bays—Lchashen and Lichk—located in
different parts of the lake, a study was conducted in 2022–2023 using a multi-biomarker approach. For
this purpose, biomarkers for assessing the health status of fish and the quality of their living conditions
were used such as the activity of acetylcholinesterase (AChE) in the brain, glutathione-S-transferase
(GST), superoxide dismutase (SOD), catalase (CAT), and the concentration of reduced glutathione
(RGS) and malondialdehyde (MDA) in the liver and gills of the whitefish (Coregonus lavaretus
Linnaeus, 1758). In addition, hydrochemical and ichthyological analyses were conducted. This
study demonstrated seasonal dynamics for all biomarkers. Comparative analysis of biomarkers and
hydrochemical and ichthyological data showed that the whitefish in Lchashen Bay is in worse health,
and its living conditions there are less favorable than in Lichk Bay.

Keywords: fish health; habitat conditions; assessment; multi-biomarker approach; whitefish;
condition factor

1. Introduction

Anthropogenic pollution of aquatic ecosystems globally is one of the pressing envi-
ronmental problems of modern society. Pollution of water bodies disrupts the functioning
of their ecosystems and related ecosystem services. In particular, wastewater from the
food processing industry and municipal and agricultural wastewater cause an additional
flow of easily oxidized organic matter and biogenic elements into water bodies, which
leads to an increase in their trophicity and saprobity. This, in turn, can cause a decrease
in the concentration of dissolved oxygen leading to the creation of hypoxia or anoxia and
deterioration of the living conditions of aquatic organisms. The discharge of industrial
wastewater containing heavy metals and inorganic and organic toxic compounds cause
pathological disorders in the body of aquatic animals and their death. All this leads to a
change in the structure of aquatic communities and ecosystems [1–6].

Lake Sevan, one of the largest freshwater high-mountain lakes in the world, is the
largest freshwater reservoir in the Caucasus region. It consists of two parts, Small and Big
Sevan, which were formed in the late Miocene and then significantly transformed in the
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Pleistocene and Holocene [7]. The ecosystem of Lake Sevan is a complex object of great
natural and socio-economic significance representing a strategic source of drinking water,
providing water for recreation, irrigation, hydropower generation, and fish resources [8,9].

Since the first half of the 20th century, the lake has experienced significant changes
caused by human activities: declining water levels, loss of biodiversity, habitat degradation,
intensive nutrient input from the catchment area, and overfishing. As a result, since the
mid-20th century, the oligotrophic lake has turned into a mesotrophic one [8].

Bays of Lake Sevan are one of the main habitats of different fishes. Young whitefish
(Coregonus lavareus) mainly feed in the bays of the lake, the Lichk and Lchashen Bays also
serve as spawning grounds for whitefish. The whitefish was introduced into the lake in the
late 1920s and 1930s and became the main commercial species of the lake by the 1960 [10,11].
While they have been the main pelagic consumer of zooplankton [12], the whitefish have
large feeding plasticity and can feed on any available prey [13].

However, the bays are subject to anthropogenic input associated with industrial activity
and municipal and agricultural wastewater [14], and the whitefish (Coregonus lavaretus) be-
longing to the Salmonidae family is sensitive to changes in the water quality. For example,
the feeding of Atlantic salmon may be reduced to as low as 60% at an oxygen level around
40% saturation [15]. Changes in the biochemical parameters of fish may be early signs of
deteriorated feeding conditions long before the irreversible changes are shown at the population
level [16]. For example, the activity of acetylcholinesterase (AChE) is a widely used method
for monitoring pollution, mainly due to its high sensitivity to anticholinergic chemicals such
as organophosphate pesticides and carbamates [17]. AChE has the ability to stoichiometrically
bind organophosphorus (OP) and carbamate compounds (Cs), which leads to irreversible
inhibition of ChE activity, thereby causing disruption of the normal functioning of the organism,
ultimately leading to its death [17,18]. Moreover, there are data of AChE activity inhibition via
cyanotoxins [19]. In this connection, a decrease in cholinesterase activity in animal tissues is a
specific and long-term biomarker of fish being poisoned with these compounds [20]. On the
other hand, it has been shown that the activity of AChE in the fish brain can increase during
acute and chronic stress, induced by different factors [21].

At the molecular biological level, the damaging effect of xenobiotics is caused by
excessive production of reactive oxygen species (ROS) in living organisms. Under normal
conditions, ROS are produced in small quantities as a by-product of metabolism. ROS
are strong oxidizers and extremely active compounds that destroy submolecular cellular
structures and functional molecules. At the same time, the intensity of lipid peroxidation
(LPO) and oxidative damage to DNA and proteins increases and the activity of the antioxi-
dant system (AOS) is changed [22]. Increased accumulation of lipid peroxidation products,
in particular malondialdehyde (MDA), is one of the signs indicating oxidative stress and
the presence of active oxygen species in the cell. The cellular antioxidant defense system
neutralizes the damaging effects of ROS. Important elements of AOS are the enzymes
catalase (CAT), superoxide dismutase (SOD), glutathione reductase (GSH), glutathione
peroxidase (GPO), and glutathione transferase (GST).

Hence, the aim of this work is to evaluate the health of whitefish and its habitat
conditions in the two bays of Lake Sevan (Lichk and Lchashen) via biochemical methods
(biomarkers of oxidative stress, AChE, and LPO) using a multi-biomarker approach. In par-
allel, ichthyological investigations were conducted to evaluate the changes in the Condition
Factor (CF) of fish which is indicative of the fish feeding state in the bays.

2. Materials and Methods

2.1. Study Area and Fish Sampling

The studies were conducted on Lake Sevan (Armenia), located at an altitude of about 1900
m above sea level and consisting of two morphometrically different parts: Small Sevan (SS)
in the northwest and Big Sevan (BS) in the southeast, connected by a narrow strait (Figure 1).
Samples were collected in May, August, and October of 2022 and 2023 years at two stations
located along the eastern coast of the lake at a distance of 30 m from the shore: one in the
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northern part of Small Sevan in Lchashen Bay (40◦30′45.0′′ N 44◦57′25.3′′ E) and the other
in the southern part of Big Sevan in Lichk Bay (40◦11′12.4′′ N 45◦14′39.3′′ E). Both bays are
ecosystems with rich biodiversity due to their shallow depth and unique hydrological regime.
Due to the relatively shallow depth compared to other parts of the lake and the direct influence
of runoff from the drainage areas, the most intensive processing of nutrients and energy transfer
occurs in these bays. The Lichk Bay receives the input of two rivers, while in Lchashen Bay, the
water is mostly stagnant due to the absence of inflowing rivers. Nevertheless, both bays are
under the influence of anthropogenic loads associated with industrial activity and domestic
and agricultural wastewater [14].

 

Figure 1. Location of sampling sites in Lchashen and Lichk Bays of Lake Sevan (Armenia).

Whitefish (Coregonus lavaretus Linnaeus, 1758) were caught using gill nets (length
100 m, width 3 and 5 m, mesh size 45 × 45 mm), which were set in the previous evening at
19:00–20:00 and removed around 06:00–07:00 the following morning. The total number of
whitefish studied was 120 individuals—10 specimens in each season in each bay.

2.2. Ichthyological Analysis

The fish were taken out of the nets, and the length to the tips of the caudal fins and the
weight of whole fish were measured as quickly as possible. The fish were killed via cervical
transection, dissected, and sexed. Biometric and morphological analyses were carried out using
standard ichthyological methods [23–26]. Age structure was determined through counting
annual rings on a scale [24,26]. Size structure was identified through measuring the total length.
The total body weight (W) was recorded. The sex structure—sex and the level of development of
gonads (according to a 6-grade system) were identified [24]. Food components were investigated
according to a guide for the investigation of fish feeding [27,28].

CF was calculated according to the following formula [27,28]:

CF = (whole body weight, g/total length3, cm) × 100

2.3. Biochemical Analysis

Immediately after biometric analyses, fish were placed on ice and dissected: the
brain, liver, and gills were removed, weighed, washed in a chilled 0.1 M phosphate
buffer with pH 7.5, and dried on filter paper. The samples were placed in a sealed bag
and stored at a temperature of no more than −86 ◦C until biochemical analysis was
performed. Each tissue sample was homogenized in ice-cold phosphate buffer pH 7.5 at
a 1:5 ratio (w/v) for enzyme activity assays (1 g tissue in 5 mL buffer) and a 1:1 ratio for
reduced glutathione (GSH) assay (1 g tissue in 1 mL buffer) using an Ultra-Turrax T10
Basic homogenizer (IKA). Homogenates were centrifuged at 12,000× g for 10 min at 4 ◦C
in a Hettich Mikro 22 R (Germany) centrifuge. After centrifugation, the lipid phase was
removed, and supernatants were collected for further analysis. The brain was used for
the determination of acetylcholinesterase activity (AChE), and the liver and gill were used
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for the determination of glutathione S-transferase (GST) activity, superoxide dismutase
(SOD) activity, catalase (CAT) activity, reduced glutathione (GSH) concentrations, and
lipoperoxidation (LOP). Biochemical assays were carried out using an MRC Spectro UV-18
(Israel) spectrophotometer. Each sample was measured in duplicate. Protein contents
were measured using the method of Bradford (1976) [29] with bovine serum albumin as a
standard.

The AChE activity was determined following the procedure of Ellman (1961) [30].
The enzyme activities were assayed via the addition of a substrate of acetylthiocholine
iodide (Sigma-Aldrich®, Darmstadt, Germany) (AThCh; 4.3 × 10−4 M final concentration)
and dithiobisnitrobenzoic acid (Sigma-Aldrich®, Germany) (DTNB; 7.1 × 10−5 M final
concentration) mixture. After 20 min of incubation, the reaction was stopped with the
addition of prostigmine (Sigma-Aldrich®, Germany) to each of the tubes except the blank
control, and the enzyme activities were determined. Samples were measured at 412 nm.
The activity of AChE was calculated as nmol/μg protein/min.

The contents of MDA as a measure of LOP intensity were assayed via color reac-
tion with 2-thiobarbituric acid [31]. Trichloroacetic acid (Component-Reaktiv, Moscow,
Russia) solution at 30%, 0.5 M HCl (Component-Reaktiv, Russia) solution, and 0.75% 2-
thiobarbituric acid (Sigma-Aldrich®, Germany) solution were successively added to tissue
homogenate. The mixture was stirred vigorously and heated for 20 min in a bath of boiling
water. After cooling, samples were separated via centrifuging. An ethanol solution of ionol
(Sigma-Aldrich®, Germany) was added to the supernatant (final concentration 5 mM) in
order to prevent lipid peroxidation in the sample. Samples were measured at 532 nm. A
molar extinction coefficient of 1.56 × 105 M−1 cm−1 was used for calculations. The content
of MDA was calculated as pmol/μg protein.

The CAT activity was measured by following the rate of 0.3% H2O2 decomposition,
which can be determined directly by the decrease in absorbance at 410 nm, using a molar
extinction coefficient of 22.2 × 103 M−1 cm−1. Change in absorbance per minute was
measured and calculated as pmol/μg protein/min [32].

The SOD activity was measured by the inhibition of nitroblue tetrazolium reduction
in reaction with phenazine methosulfate and NADH under basic conditions [33]. Measure-
ment was performed in 0.15 M phosphate buffer pH 7.8 at 20 ◦C. The reaction mixture
contained 0.00033 M EDTA (Sigma-Aldrich®, Germany), 0.0006 M phenazine methosulfate
(Sigma-Aldrich®, Germany), 0.00135 M nitroblue tetrazolium (Sigma-Aldrich®, Germany),
0.078 M NADH (Sigma-Aldrich®, Germany), and 0.3 mL sample aliquot. SOD activity
determination was performed at 540 nm and calculated as the increase in concentration
(ΔE × 10–6) of nitroformazan produced per μg protein in the sample per 1 min of reaction
time.

The GSH concentrations were detected in reaction with 5,5’-dithiobis (2-nitrobenzoic
acid) (DTNB). Trichloroacetic acid (30%) was added to homogenate aliquot, mixed thor-
oughly, and placed on ice for 1 h. The resulting precipitate was separated via centrifugation
at 10,000× g for 10 min at 4 ◦C. Each sample cuvette contained 0.1 M phosphate buffer
pH 7.5, 0.001 M DTNB (Sigma-Aldrich®, Germany), and 0.5 mL supernatant fraction. The
colored complex was registered at 412 nm. GSH content was calculated using a molar
extinction coefficient of 13.6 × 103 M−1 cm−1 and calculated as pmol/μg protein [34].

The GST activity was determined by monitoring the conjugation of GSH with 1-chloro-
2,4-dinitrobenzene used as a substrate [35]. The reaction mixture was composed of 0.1 M
phosphate buffer pH 7.5, 0.1 M GSH, 0.05 M 1-chloro-2,4-dinitrobenzene (Sigma-Aldrich®,
Germany), and 0.1 mL of the sample aliquot. Absorbance was measured at 340 nm, 20 ◦C.
The increase in absorbance was recorded for 3 min. Enzyme activity was measured using a
molar extinction coefficient of 9.6 × 103 M−1 cm−1 and calculated as the concentration of
1-cloro-2,4-dinitrobenzene produced per mg protein in the sample per minute of reaction
time (nmol/μg protein/min).

All reagent work solutions for analysis were prepared in the laboratory and commer-
cial kits were not used.
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2.4. Hydrochemical and Hydrophysical Analysis

Simultaneously with the catch of fish, water samples were taken in the same places
using a Molchanov bathometer (Zawod Gidrometpribor, Russia) from 5 to 10 m depth
of the lake. Water samples were collected for physical–chemical analysis using 1 L clean
polyethylene bottles (ten bottles from each bay) after being rinsed three times with a few
milliliters of lake water sample.

Dissolved oxygen (DO) concentration, biochemical oxygen demand (BOD5), perman-
ganate oxidation, nutrients (nitrates, nitrites, ammonium ions, and phosphates), metals
(K, Na, Ca, Mg, total Fe, Cu, Zn, Pb, and Cd) concentrations, and pH were determined.
Nitrate ion was analyzed via an ion chromatograph with a photoelectrocolorimetric detec-
tor Metrohm 940 Professional IC Vario (Switzerland); nitrites, ammonium, and phosphate
ions were measured via the photoelectrocolorimetric method using a Specord 210 PLUS
Analytic Jena spectrophotometer (Germany). BOD5 was measured via the electrochemical
method with a portable dissolved oxygen meter H19146 (Germany). The concentrations
of metals (K, Na, Ca, Mg, total Fe, Cu, Zn, Pb, and Cd) in water were measured on a
7900 ICP-MS Agilent inductively coupled plasma mass spectrometer (US).

2.5. Statistical Analysis

The data are presented as the means with the standard errors (mean ± SEM). The data
were statistically processed using the Statistica 8.0 software package. The differences in the
levels of AChE, antioxidants, and MDA and the length and weight of the whitefish among
the season sampling points were examined using one-way ANOVA analysis with Tukey
post hoc tests or Student’s t-test between bays at a p = 0.05 significance level.

3. Results

3.1. Hydrochemical and Hydrophysical Analyses

Hydrochemical and hydrophysical parameters of the water taken from the Lichk and
Lchashen Bays are presented in Tables 1 and 2.

Table 1. Hydrochemical and hydrophysical parameters of the water in Lichk and Lchashen Bays.
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May, 2022
Lchashen 22 8.4 6.8 3.9 6 0.1 0.24 0.007 0.06
Lichk 18 8.4 8.3 3.5 5.7 0.07 1.1 0.012 0.09

August 2022
Lchashen 20 8.5 2.4 4.5 6.8 0.27 0.18 0.005 0.09
Lichk 23 8.4 6.1 3.9 6.2 0.1 0.16 0.004 0.08

October, 2022
Lchashen 16.7 8.4 5.1 4.2 6.2 0.21 0.23 0.008 0.07
Lichk 19.7 8.4 6.9 3.6 5.9 0.08 0.19 0.005 0.09

May, 2023
Lchashen 21 8.3 6.5 3.8 5.9 0.13 0.2 0.006 0.08
Lichk 19 8.4 8.3 3.2 5.3 0.08 1.14 0.01 0.06

August, 2023
Lchashen 23 8.5 3.7 4.6 6.4 0.18 0.17 0.004 0.1
Lichk 22 8.3 6.4 3.7 5.8 0.11 0.16 0.007 0.07

October, 2023
Lchashen 17 8.5 5.8 4 6 0.17 0.19 0.007 0.09
Lichk 19 8.4 6.9 3.3 5.4 0.1 0.17 0.006 0.06

National surface water quality criteria * - 6.5–
8.5 ≥6 3.0 5 0.39 9.0 0.02 3.5

Notes: * National surface water quality criteria adopted by the Ministry of Environment of Armenia (http://env.am/
en/environment/environmental-monitoring, accessed 10 July 2024).
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Table 2. Concentrations (mg L−1) of select elements present in the water samples of Lichk and
Lchashen Bays.

Bay K+ Na+ Ca2+ Mg2+ Fe Total Cu2+ Zn2+ Pb2+ Cd2+

May, 2022
Lchashen 13 62 26 45 0.02 <dL <dL <dL <dL
Lichk 7.6 40 29 18 0.21 <dL <dL <dL <dL

August, 2022
Lchashen 31.1 61 26.1 44 0.02 <dL <dL <dL <dL
Lichk 19.4 56 27 34 0.09 <dL <dL <dL <dL

October, 2022
Lchashen 12.8 58 27 44.3 0.01 <dL <dL <dL <dL
Lichk 14 47 27.2 39 0.02 <dL <dL <dL <dL

May, 2023
Lchashen 14 59 27 46 0.04 <dL <dL <dL <dL
Lichk 7.3 41 28 23 0.19 <dL <dL <dL <dL

August, 2023
Lchashen 26 60 27.1 46 0.03 <dL <dL <dL <dL
Lichk 17 54 27 38 0.07 <dL <dL <dL <dL

October, 2023
Lchashen 13.1 56 26.7 48 0.02 <dL <dL <dL <dL
Lichk 12.6 49 27 41 0.02 <dL <dL <dL <dL

“average” quality * 4 × B 4 × B 200 100 0.5 0.05 0.2 0.025 B + 0.002
“good” quality * 2 × B 2 × B 100 50 2 × B B + 0.02
“excellent” quality * B B B B B B

Notes: * Armenia surface water quality guidelines. B—background value of a given element in a local environment;
dL—detection limit: 0.002 mg L−1.

The water temperature in both bays varied in the range of 16.7–23 ◦C, i.e., during
the entire observation period the seasonal temperature range was no more than 6.3 ◦C,
which corresponds to the usual seasonal temperature values and their variability in these
parts of Lake Sevan (Table 1). In May, the water temperature in the Lchaschen Bay was
always slightly higher, and in October, it was lower than in the Lichk Bay. In August,
the temperature in both bays was almost the same and the highest of the season, and in
October, the water temperature was minimal. Water pH values varied little during the
entire observation period, equaling 8.3–8.5, and were within the norms for the previous pe-
riod of 2017–2022 (http://env.am/en/environment/environmental-monitoring, accessed
10 July 2024). No pronounced seasonal variability was revealed.

The DO content varied over the observation period in a wide range from 2.4 to 8.3 mg L−1

(Table 1). In both bays, it was highest in May, then decreased to a minimum in August, and
increased again in October, but did not reach the May values. It should be noted that in
Lchashen Bay, the values of this indicator were always lower than in Lichk Bay. At the same
time, in Lchashen Bay in May, the dissolved oxygen content corresponded to the national
standard level, while in August and October, it was 1.62–2.5- and 1.03–1.18-times lower,
respectively, depending on the year. Note that in Lichk Bay, the content of DO for all months
was above the national standard level. The reduced concentrations of DO in Lchashen Bay
are most likely associated with the increased content of easily oxidized organic matter, the
oxidation of which consumes oxygen.

The organic matter content measured as BOD5 and permanganate oxidation in both
bays was high during the observation period, varying in the range from 3.2 to 6.8 mg L−1

(Table 1). It was highest in August compared to May and October. It should be noted that
the organic content in Lchashen Bay was always higher than in Lichk Bay. At the same
time, the BOD5 and permanganate oxidation values in both bays exceeded the national
water quality standards (by 1.13–1.5 and 1.2–1.4 times, respectively).
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The content of nitrates and phosphates in both bays varied in the range of 0.004–1.14 mg L−1

(Table 1). The concentration of nitrates and nitrites was highest in May, then decreased in August
and increased again in October but did not reach the May values. In contrast, the ammonium
and phosphate content were higher in August than in May and October. According to the
data, the nitrate and phosphate values in Lchashen Bay were always higher than those in Lichk
Bay, which was due to the increase in the concentration of ammonium ions and additionally
indicates some obvious deterioration in water quality. The nitrate, nitrite, and phosphate content
in both bays corresponded to the national standard level (Table 1).

The concentrations of all studied metal ions (K, Na, Ca, Mg, total Fe, Cu, Zn, Pb,
and Cd) varied throughout the observation period in the range of 0.02–62 and were much
lower than the “average” water quality indicator, mostly corresponding to the “good” and
even “excellent” water quality criterion (Table 2) according to the national surface water
quality criteria adopted by the Ministry of Environment of Armenia (http://env.am/en/
environment/environmental-monitoring, accessed 10 July 2024).

3.2. Ichthyological Data

Biometric parameters of the lake’s whitefish in the study seasons are presented in
Table 3.

Table 3. Biometric indicators of whitefish from Lichk and Lchaschen Bays of Lake Sevan.

Age N Length, cm Weight, g Condition Factor

Lichk Bay

May, 2022 1 + 2+ 10
0 28.61 ± 0.346 a 224.6 ± 7.45 a 0.96 ± 0.01 a

August, 2022 1 + 2+ 4
6 31.52 ± 0.59 b 318.3 ± 20.7 b 1.01 ± 0.05 a,b

October, 2022 1 + 2+ 7
3 30.2 ± 0.65 b,c * 291.7 ± 21.1 b * 1.05 ± 0.02 a,b,c

May, 2023 1 + 2+ 9
1 29.05 ± 0.42 a 255.3 ± 12.3 a * 1.04 ± 0.03 a,b,c *

August, 2023 1 + 2+ 9
1 31.71 ± 0.43 b,c,d 358.3 ± 14.3 a,b,c * 1.12 ± 0.04 b,c *

October, 2023 1 + 2+ 0
10 33.18 ± 0.55 b,c,d * 385.8 ± 11.1 b,c * 1.06 ± 0.02 a,b,c

Lchashen Bay

May, 2022 1 + 2+ 10
0 28.4 ± 0.247 a 224.9 ± 3.59 a 0.98 ± 0.01 a

August, 2022 1 + 2+ 2
8 32.11 ± 0.367 b 344.6 ± 11.7 b 1.04 ± 0.03 a,b

October, 2022 1 + 2+ 10
0 28.4 ± 0.296 a * 223.3 ± 5.37 a * 0.98 ± 0.02 a,b

May, 2023 1 + 2+ 10
0 28.65 ± 0.224 a 224.6 ± 6.32 a * 0.95 ± 0.02 a,b,c *

August, 2023 1 + 2+ 9
1 30.88 ± 0.262 c 290.5 ± 8.9 c * 0.99 ± 0.02 a,b,c *

October, 2023 1 + 2+ 6
4 31.99 ± 0.38 b,c * 329.4 ± 20.2 b,c * 1.00 ± 0.04 a,b,c

Note: a,b,c,d values marked with the same letters in each column are not significantly different (ANOVA and LSD
test, p = 0.05). * Means for the same date differ significantly between stations (Student’s t-test, p = 0.05).
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3.3. Biochemical Studies

Comparative analysis of the data showed that the values of all studied biochemical pa-
rameters of fish during the observation period of 2022–2023 were consistently and statistically
significantly higher in fish from Lchashen Bay than in fish from Lichk Bay (Student’s t-test,
p = 0.05). In both bays, fish showed similar seasonal dynamics for each indicator, and seasonal
differences within each year, with some exceptions, were statistically significant, while interan-
nual differences for each month were mostly absent or minimal (ANOVA Tukey test, p = 0.05).
In the liver, the values of AOS indicators were slightly higher than in the gills.

AChE activity. The value of this indicator in the brain of whitefish from Lchashen Bay
was approximately 2-times higher than that of fish from Lichk Bay and varied within the
range of 0.3543–0.5215 and 0.1692–0.2546 nmol/μg protein/min, respectively (Table 4). The
maximum seasonal activity was observed in May; in August, it decreased by 1.4–1.5 times,
and in October, it increased again but did not reach the maximum value, remaining
1.3-times lower than the May values. The differences between the May (maximum) and
August (minimum) values were statistically significant, and the October values, which
occupied an intermediate position, did not statistically differ depending on the year from
either the May or August values.

Table 4. Values of acetylcholinesterase (AChE) in the brain of whitefish specimens.

Month, Year

Mean Values of Parameters ± S.E.

AChE
nmol per 1 μg Protein per 1 min

Lichk Bay Lchashen Bay

May, 2022 0.2546 ± 0.010 a 0.5117 ± 0.004 a *
August, 2022 0.1692 ± 0.008 b 0.3623 ± 0.012 b,d *
October, 2022 0.1934 ± 0.009 b,c 0.3973 ± 0.007 c *
May, 2023 0.2389 ± 0.010 a,d 0.5215 ± 0.004 a *
August, 2023 0.1807 ± 0.004 b,c 0.3543 ± 0.009 b *
October, 2023 0.2081 ± 0.005 c,d 0.3903 ± 0.0025 c,d *

Note: a,b,c,d values marked with the same letters in each column are not significantly different (ANOVA and LSD
test, p = 0.05). * Means for the same date differ significantly between stations (Student’s t-test, p = 0.05). The same
note for Tables 5 and 6.

Table 5. Values of lipid peroxidation and antioxidant system in the liver of whitefish specimens.

Month, Year

Mean Values of Parameters ±S.E.

MDA GSH GST Catalase SOD

pmol per 1 μg Protein nmol per 1 μg Protein per 1 min
ΔE × 10–6 per 1 μg
Protein per 1 min

Lichk Bay

May, 2022 0.5213 ± 0.026 a,c 8.21 ± 0.27 a 2.27 ± 0.18 a 24.1± 0.35 a 7.6 ± 0.18 a

August, 2022 0.6140 ± 0.016 b 12.9 ± 0.15 b 1.15 ± 0.03 b,c 29.7 ± 0.17 b 16.2 ± 0.13 b

October, 2022 0.5835 ± 0.017 a,b 11.1 ± 0.16 c 1.54 ± 0.03 c 27.4 ± 0.13 c 13.8 ± 0.08 c

May, 2023 0.5102 ± 0.013 c 8.27 ± 0.16 a 2.21 ± 0.15 a 23.7 ± 0.17 a 8.2 ± 0.13 d

August, 2023 0.6320 ± 0.009 b 13.3 ± 0.13 b 1.11 ± 0.02 b 29.3 ± 0.127 b 15.7 ± 0.13 b

October, 2023 0.5792 ± 0.003 a,b 12.8 ± 0.095 b 1.27 ± 0.05 b,c 28.4 ± 0.14 d 14.9 ± 0.02 e

Lchashen Bay

May, 2022 0.6147 ± 0.020 a * 9.72 ± 0.21 a * 3.67 ± 0.26a * 36.3 ± 0.27 a 14.9 ± 0.24 a

August, 2022 0.7420 ± 0.012 b * 14.8 ± 0.1 b * 2.73 ± 0.12 b * 41.3 ± 0.14 b 28.3 ± 0.12 b

October, 2022 0.6912 ± 0.007 c * 13.3 ± 0.18 c * 2.97 ± 0.103 b * 39.7 ± 0.053 c 26.9 ± 0.12 c,e

May, 2023 0.6412 ± 0.005 a,d * 9.77 ± 0.045 a * 3.73 ± 0.05 a * 34.9 ± 0.02 d 14.2 ± 0.046 d

August, 2023 0.7390 ± 0.008 b * 14.1 ± 0.04 d * 2.67 ± 0.096 b * 40.7 ± 0.072 e 27.1 ± 0.11 e

October, 2023 0.6827 ± 0.007 c,d * 13.5 ± 0.09 c * 2.91 ± 0.13 b * 39.1 ± 0.02 f 26.3 ± 0.2 c

Note: a,b,c,d values marked with the same letters in each column are not significantly different (ANOVA and LSD
test, p = 0.05).
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Table 6. Values of lipid peroxidation and antioxidant system in the gill of whitefish specimens.

Month, Year

Mean Values of Parameters ±S.E.

MDA GSH GST Catalase SOD

pmol per 1 μg Protein nmol per 1 μg Protein per 1 min
ΔE × 10–6 per 1 μg
Protein per 1 min

Lichk Bay

May, 2022 0.3217 ± 0.026 a 5.26 ± 0.24 a 1.97± 0.13 a 17.3 ± 0.35 a 6.9 ± 0.16 a

August, 2022 0.3671 ± 0.014 a 8.90 ± 0.15 b 1.09± 0.04 b 21.8 ± 0.19 b 14.8 ± 0.11 b

October, 2022 0.3583 ± 0.008 a 7.40 ± 0.16 c 1.37 ± 0.07 b 19.5 ± 0.08 c 12.9 ± 0.11 c

May, 2023 0.3172 ± 0.016 a 5.71 ± 0.10 a 1.81 ± 0.14 a 16.7 ± 0.13 a 7.6 ± 0.12 d

August, 2023 0.3431 ± 0.010 a 8.31 ± 0.13 b,d 1.16 ± 0.014 b 23.1 ± 0.18 d 13.9 ± 0.13 e

October, 2023 0.3479 ± 0.011 a 7.80 ± 0.095 c,d 1.31 ± 0.04 b 21.2 ± 0.14 b 12.3 ± 0.12 f

Lchashen Bay

May, 2022 0.5134 ± 0.017 a 7.12 ± 0.12 a 2.73 ± 0.08 a 24.8 ± 0.16 a 11.9 ± 0.24 a

August, 2022 0.6052 ± 0.006 b 13.1 ± 0.11 b 1.89 ± 0.10 b,c 32.3 ± 0.15 b 26.1 ± 0.11 b

October, 2022 0.5943 ± 0.006 b 11.9 ± 0.07 c 2.18 ± 0.10 c 29.4 ± 0.13 c 23.2 ± 0.11 c

May, 2023 0.5371 ± 0.004 a 7.79 ± 0.04 d 2.87 ± 0.07 a 25.9 ± 0.02 d 12.8 ± 0.13 d

August, 2023 0.6149 ± 0.007 b 12.67 ± 0.16 e 1.71 ± 0.11 b 34.2 ± 0.33 e 27.4 ± 0.09 e

October, 2023 0.5818 ± 0.007 b 11.43 ± 0.08 f 2.03 ± 0.10 b,c 30.7 ± 0.16 f 24.9 ± 0.12 f

Note: a,b,c,d values marked with the same letters in each column are not significantly different (ANOVA and LSD
test, p = 0.05).

MDA content. The values of the indicator in the liver and gills of fish from Lchashen
Bay were statistically significantly higher than that of the fish from Lichk Bay by 17–26%
and 60–79%, respectively (Tables 5 and 6).

In the liver, they varied in the range of 0.6147–0.7420 and 0.5102–0.6320 pmol/μg
protein, respectively (Table 5). In May, the minimum seasonal values were observed; in
August, they increased by 15–24%, and in October, they decreased again but did not reach
the minimum, remaining 6–14% higher than the May values. The differences between the
minimum (May) and maximum (August) values of the indicator were statistically signifi-
cant, and the October values, which occupied an intermediate position, either statistically
significantly differed from the other two months or did not.

In the gills, the indicator varied in the range of 0.5134–0.6149 and 0.3172–0.3671 pmol/μg
protein, respectively (Table 6). For fish from Lchashen Bay, minimum seasonal values were
observed in May; in August, they increased by 8–18%, reaching maximum values and remained
at this level in October. The differences between the May (minimum) and August (maximum)
values were statistically significant. In fish from Lichk Bay, the trend of seasonal dynamics was
similar to that in fish from Lchashen Bay, but there were no statistically significant seasonal
differences in the indicator within each year. Interannual differences in the same months in
fish from both bays were mostly absent or statistically significant, but minimal.

GSH content. The value of the indicator in the liver and gills of fish from Lchashen
Bay were statistically significantly higher than in the fish from Lichk Bay by 5–20% and
60–79% (Tables 5 and 6).

In the liver, it varied in the range of 9.72–14.8 and 8.21–13.3 pmol/μg protein, re-
spectively (Table 5). Seasonal minimum values were observed in May; in August, they
increased by 44–61%, and in October, they decreased again but did not reach the minimum,
remaining 35–55% higher than May values. Interannual differences in the same months
were mostly absent or minimal.

In the gills they varied in the range of 7.12–12.67 and 5.26–8.90 pmol/μg protein
(Table 6). The minimum values were noted in May; in August, they increased by 46–84%,
and in October, they decreased again but did not reach the minimum, remaining 37–67%
higher than the May values. There were no interannual differences in the same months
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in fishes from Lichk Bay, but in fishes from Lchashen Bay, they were minimal but statisti-
cally significant.

GST activity. The values of the indicator in the liver and gills of fish from Lchashen
Bay were statistically significantly higher than in fishes from Lichk Bay by 62–193% and by
39–73% (Tables 5 and 6).

In the liver, they varied in the range of 2.73–3.73 and 1.11–2.27 nmol/μg protein/min,
respectively (Table 5). The maximum values were observed in May; in August, they de-
creased by 28–50%, while in October, they increased again but did not reach the maximum,
remaining 19–43% lower than the May values. The differences between the maximum
(May) and August minimum (August)) values were statistically significant, but the October
values, which occupied an intermediate position, did not differ from the August ones.
Interannual differences in the same months were either absent or minimal.

In the gills, they varied in the range of 1.71–2.87 and 1.09–1.97 nmol/μg protein/min,
respectively (Table 6). In May, the maximum values were noted; in August, they decreased
by 31–45%, and in October, they increased again but did not reach the maximum, remaining
13–27% higher than the May values.

CAT activity. The values of the indicator in the liver and gills of fish from Lchashen
Bay were statistically significantly higher than in fishes from Lichk Bay by 38–51% and
45–55% (Tables 5 and 6).

In the liver, they varied in the range of 34.9–41.3 and 23.7–29.7 nmol/μg protein/min,
respectively (Table 5). The minimum values were observed in May; in August, they were
maximum, increasing by 14–24%, and in October, they decreased again but did not reach
the May minimum, remaining 9–20% higher. Interannual differences in the same months
were either absent or minimal.

In the gills, they varied in the range of 24.8–34.2 and 16.7–23.1 nmol/μg protein/min
(Table 6). In May, the minimum values were noted; in August, they were maximum,
increasing by 26–38%, and in October, they decreased again but did not reach the May
minimum, remaining 9–20% higher. Interannual differences in the same months in fish
from Lichk Bay were absent, and for the fishes from Lchashen Bay, they were minimal but
statistically significant.

SOD activity. The values of the indicator in the liver and gills of fish from Lchashen
Bay were statistically significantly higher than in the liver of fishes from Lichk Bay by
73–96% and 68–124% (Tables 5 and 6).

In the liver, they varied in the range of 14.2–28.3 and 7.6–16.2 ΔE × 10–6/μg pro-
tein/min, respectively (Table 5). The minimum values were observed in May; in August,
they were maximum, increasing by 90–113%, and in October, they decreased again but
did not reach the May minimum, remaining 81–85% higher. Interannual differences in the
same months were mostly absent or minimal.

In the gills, this indicator varied in the range of 11.9–27.4 and 6.9–14.8 ΔE × 10–6/μg
protein/min (Table 6). The minimum values were observed in May; in August, they were
maximum, increasing by 83–119%, and in October, they decreased again but did not reach
the May minimum, remaining 62–95% higher. The interannual differences in the same
months were minimal but statistically significant.

4. Discussion

In this study, the brain AChE activity of the whitefish taken out from both bays of
Lake Sevan varied within the range of 0.1692–0.5215 nmol/μg protein/min. This is in
good agreement with previously published data, showing that the enzyme activity in
the same whitefish, crucian carp (Carassius auratus gibelio (Bloch, 1782), and khramicarp
(Capoeta sevangi De Filippi, 1865) from Lake Sevan averages 0.548, 5.01, and 4.25 nmol/μg
protein/min, respectively [36]. Similar values were obtained for roach (Rutilus rutilus
Linnaeus, 1758) and bream (Abramis brama Linnaeus, 1758) of the Rybinsk Reservoir, equal
to 0.280–0.603 [37] and 0.15–0.20 nmol/μg protein/min [38], respectively, depending on
the season. In bream (A. brama) from the Danube River in Serbia [39] and carp (Cyprinus
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carpio Linnaeus, 1758) from three reservoirs in Tunisia [40], the brain AChE activity was
equal to 0.05 and 0.125–0.195, respectively. In capoeta (Capoeta umbla Heckel, 1843) from the
Pülümür River (Pülümür Stream, Turkey), it varies within the range of 0.04–0.54 nmol/μg
protein/min [41]. In the ten-spotted live-bearer fish (Cnesterodon decemmaculatus, Jenyns
1842) from the Lujan River basin (Argentina), the enzyme activity varied within the range of
0.113–0.285 nmol/μg protein/min throughout the year [42]. In the Mediterranean rainbow
wrasse (Coris julis Linnaeus, 1758), the brain AChE activity depending on habitat varied
between 0.048 and 0.95 nmol/μg protein/min [43].

The data on the AOS values in the liver and gills of whitefish are generally consistent with
the results obtained earlier by different authors on other fish species. Thus, in the liver of bream
(A. brama L.) of the Rybinsk Reservoir, the values of MDA, GSH, GST, CAT, and SOD activity
depending on the fishing location varied within the range of 0.311–0.601 and 7.99–11.95 pmol/μg
protein, 1.03–3.57, 25.4–37.6 nmol/μg protein/min, and 11.0–34.5 ΔE × 10–6/μg protein/min,
respectively [44]. In another study, GST and CAT activities in the liver of bream (A. brama)
from the Danube River, depending on the catch location, averaged 0.2–0.3 and 12–14 nmol/μg
protein/min, respectively [39]. In carp (C. carpio) from three reservoirs in Tunisia, GST activities
ranged from 0.3 to 0.8 nmol/μg protein/min [40].

Our study revealed two main trends in the status of the studied biochemical parame-
ters in whitefish in Lake Sevan. First, all of the parameters demonstrated stable seasonal
dynamics, repeating without noticeable changes during two years of observations. Sec-
ondly, the values of all parameters were higher in whitefish from Lchashen Bay than in fish
from Lichk Bay.

It is well known that seasonal changes in the metabolism of living organisms are
adaptive in nature and are aimed at ensuring their normal functioning under periodically
changing external natural conditions during the annual cycle. The main drivers of the
rhythm of seasonal biological cycles in mid-latitudes are photoperiod and temperature.
Moreover, the first serves as a trigger that launches the sequence and direction of bio-
chemical, physiological, structural–morphological, and behavioral reactions of the body,
and the temperature allows for the operational regulation of these processes, accelerating
or slowing them down [37,44,45]. In general, when there is a longer night phase of the
day and lower temperatures in the autumn–winter season, the intensity of morphological
and functional processes is reduced, and in the spring–summer, when the duration of
the light phase of the day and average daily temperatures are increased, it is increased.
An additional factor influencing the metabolism and seasonal dynamics of the internal
processes of the body is spawning.

The seasonal dynamics of brain AChE activity in the whitefish from Lake Sevan
generally corresponds to the identified patterns. The highest enzyme activity over a two-
year period (2022–2023) was observed in May; in August, it decreased and then increased
slightly again but did not reach the May values. Such natural dynamics of AChE activity,
in our opinion, may be due to the action of two factors. In May and August, it reflects the
seasonal cyclicity of the photoperiod, and the observed increase in activity in October is
caused by the beginning of fish preparation for spawning, which for whitefish in Lake
Sevan occurs in late November-early December. Note that the similar seasonal dynamics
of AChE activity were previously found in the brain of the European sardine (Sardina
pilchardus Walbaum, 1792) [46].

Correspondence of the fish brain AChE activity to natural seasonal rhythms has also
been shown for perch (P. fluviatilis Linnaeus, 1758), roach (R. rutilus Linnaeus, 1758), and
bream (A. brama Linnaeus, 1758) in the Rybinsk Reservoir (Russia) [37,38], capoeta (C. umbla
Heckel, 1843) from the Pülümür River (Pülümür Stream, Turkey) [41], and ten-spotted
live-bearer fish (C. decemmaculatus) from the Lujan River basin (Argentina) [42]. In winter,
the AChE activity in the brain is the lowest. In spring, when the water temperature is still
close to 0 ◦C, but the light phase of the day is already increased, it also begins to increase.
Subsequently, the activity increases with an increase in the average water temperature,
reaching a maximum in the summer months. In fish, with a one-time spawning (whitefish,
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bream, roach, perch, capoeta, etc.), an additional increase in enzyme activity is observed in
the prespawning–spawning period.

Changes in enzyme activity during the prespawning and spawning period compared
to other seasonal stages of the life of fish and other aquatic organisms are associated with
hormonal changes and stress states that they experience at this time. An increase in AChE
activity has been experimentally demonstrated during the stress response induced by
hormones (by adrenaline and dexamethasone) and by “handling” in the fish brain [21], as
well as in sea urchin coelomocytes upon exposure to cold [47].

Seasonal dynamics of AOS indicators both in the liver and in the gills of whitefish
from Lake Sevan were generally similar and also cyclical. Moreover, changes in different
indicators over a two-year period (2022–2023) had a multidirectional nature. Thus, in May,
the content of MDA and GSH, SOD, and CAT activity in both organs of whitefish showed
the lowest seasonal values, while GST activity was the highest. In August, the values of
the first four indicators have reached a seasonal maximum, and the last one decreased to a
seasonal minimum. In October, the changes in indicators were in the opposite direction, but
they did not reach the extreme values observed in May. Previously, the seasonal dynamics
of AOS indicators was studied in bream (A. brama Linneaus 1758.) from the Rybinsk
Reservoir [44]. It was found that all these AOS indicators demonstrate minimum values in
the winter months and maximum values in spring or summer. It should be noted that the
MDA content in both whitefish and bream had the lowest interseasonal variability, which
amounted to 15 and 29%, respectively, and was not always statistically significant. That
is, during the seasonal cycle, the fish organism managed to maintain the content of lipid
peroxidation products (LPOs) at a relatively constant level, and, consequently, the content
of ROS also remained constant due to the active work of the antioxidant defense (AOD)
system. The intensification of the work of the AOD system is indicated by a wider range of
seasonal changes in the values of its components: from 30% and higher for GSH and up to
more than 2 times for SOD.

In our study, throughout the entire observation period, the values of all the studied
biochemical markers of whitefish from Lchashen Bay were higher than those from Lichk
Bay. These differences may be due to both internal biological and external environmental
factors. Comparative analysis of biometric indicators of whitefish in the bays across the
seasons showed consistently lower weight, length, or CF in the fish (1+ and 2+ years old) of
Lchashen Bay starting from the October 2022 (Table 3). These values may primarily indicate
worsened feeding conditions in Lchashen Bay, compared to the Lichk, caused by lesser
food availability due to different anthropogenic pressures, e.g., organic pollution. The DO
content was lower, while biological (BOD) and chemical (COD) oxygen demand, as well as
the concentration of ammonium in the water throughout the year, were significantly higher
in Lchashen Bay than in Lichk Bay. At the same time, the nitrate content was higher in Lichk
bay. The remaining indicators, as well as the concentrations of the main elements, including
metals, differ to a lesser extent and are significantly below the level of national water
quality standards (http://env.am/en/environment/environmental-monitoring, accessed
10 July 2024). The most pronounced differences were observed for the DO indicator, the
values of which in Lchashen Bay in August and October were below the national standard
level (≥6 mg L−1), decreasing especially sharply in August (2.7–3.4 mg L−1), which is even
below the critical level (4 mg L−1) necessary for the normal existence of the fish. The reason
for the decrease in the DO level in Lchashen Bay in August and partly in October may be the
higher level of organic matter, which is oxidized using dissolved oxygen. This assumption
is supported by the increased values of BOD, COD, and ammonium concentration in the
water in Lchashen Bay compared to Lichk Bay. As Lchashen Bay is characterized by water
stagnation due to the absence of inflowing rivers, pollution from neighboring lands may
apparently have greater impact on the water chemistry and the biota inhabiting the bay.
It can be assumed that Lchashen Bay is more susceptible to anthropogenic impact than
Lichk Bay.
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Hence, the elevated levels of brain AChE activity and AOS indices in the liver and
gills of the whitefish from Lchashen Bay found in our case are due to hypoxia. In Lichk
Bay, the oxygen regime of fish has corresponded to normal conditions and the values of
all biochemical indicators were lower than those of fish from Lchashen Bay. The effect
of hypoxia on the activity of brain AChE was previously demonstrated in rats. It has
been established that after exposure to hypoxia in the prenatal period, an increased level
of activity of the membrane-bound form of AChE is observed in the brains of animals
throughout their life [48].

It is also known that the decrease in the DO level in water and hypoxia results in
the development of AOS in fish [49–52]. In our study, the whitefish from Lchashen Bay
had an increased MDA level in both organs, indicating an increase in the intensity of ROS
formation. At the same time, the values of the AOD system indicators were also increased,
indicating its activation. Normally, the intensity of ROS formation and neutralization in
the cell, recorded via the MDA content, is balanced, and their content is at a stationary
level [49,53]. With short-term exposure to a stress factor, acute oxidative stress is developed
when the balance is shifted towards the formation of ROS. However, activation of the
AOD system quickly returns their level to the normal values. With long-term action of
the stress factor, chronic oxidative stress develops, and a return to the initial level of ROS
content requires more intensive work of the AOD system for a long time. However, in
some cases, the ROS content does not return to the initial level, despite the high activity of
the AOD system, but is established at a new, higher level, called quasi-stationary. Based on
the data we received, we can say that this is exactly the condition observed in whitefish
from Lchashen Bay. It should be noted that such a state is less stable than a stationary one,
and under the influence of additional stress factors, for example, elevated temperatures or
increased anthropogenic load, a depletion of the AOD system and an uncontrolled increase
in the content of ROS in the cell may occur. This can result in the development of numerous
pathological processes in the body [50,52].

5. Conclusions

The AChE activity in the brain and AOS indicators in the liver and gills of whitefish
from Lchashen and Lichk Bays of Lake Sevan demonstrate a stable seasonal cyclicity
during the studied period 2022–2023. Comparative analysis of biochemical parameters
showed that the whitefish in Lchashen Bay are in a worse condition, and their habitat
conditions are less favorable than in Lichk Bay. The most probable reason for this is a low
DO value and the increased level of organic pollution, which is confirmed by the data from
hydrochemical analysis. The concentration of main elements and metals in waters of bays
do not play a significant role in the fish biochemistry responses. The ichthyological data also
demonstrated worse feeding condition for whitefish in Lchashen Bay compared to Lichk
Bay. It can be assumed that in the future, additional anthropogenic load on Lchashen Bay
can lead to an even greater deterioration in the health of fish and pronounced pathological
disorders in their organisms.
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Abstract: Human activities have resulted in the eutrophication of rivers, leading to heightened
concerns regarding the occurrence of filamentous algal blooms. With the increasing utilization of
rivers by humans, the occurrence of these nuisance filamentous algae is expected to increase in
frequency in the future. Blooms primarily occur due to energy congestion at the trophic level of
primary producers, resulting from inefficient energy flow in both the bottom-up and top-down
pathways. To investigate the mechanism underlying the outbreak of filamentous algae, two streams
in the southern Taihang catchment with different nutrient conditions were selected for this study.
The objective of this study was to understand the effects of nutrient levels and other potential
factors on the distribution and succession of filamentous algae. Our findings revealed a positive
correlation between nutrient conditions and the biomass of filamentous algae. Cladophora and
Spirogyra were identified as the dominant species among filamentous algae, each exhibiting unique
distribution patterns in the two streams. Spirogyra thrived predominantly in the Baligou stream,
where lower nutrient levels and warmer temperatures prevailed. In contrast, Cladophora flourished in
the nutrient-rich Nanping stream at colder temperatures. Results from the generalized linear model
indicated that the biomass of Cladophora was influenced by nutrient concentration, water depth,
water temperature, and macrobenthic biomass. The biomass of Spirogyra, on the other hand, was
primarily determined by water temperature, nutrient concentrations, water depth, and velocity. The
positive correlation between Cladophora and macrobenthos revealed a possible mutually beneficial
relationship, suggesting that macrobenthos may promote the growth of Cladophora by inhibiting
periphytic diatoms. In return, the macrobenthos benefit from a secure refuge and an environment
conducive to foraging and reproduction. This study suggested that to alleviate energy flow congestion
in the benthic food chain, it is advisable to address this issue by either reducing nutrient loadings in
rivers or enhancing the presence of benthivorous fishes in streams.

Keywords: eutrophication; filamentous algae; periphytic diatoms; macrobenthos; interpretation model

1. Introduction

The muddy substrates commonly observed in rivers and shallow lakes often reveal
a prevalent dominance of either macrophytes or phytoplankton, attracting the interest
of researchers who are particularly focused on investigating the regime shift dynamics
between these two ecological components [1,2]. However, it is worth emphasizing that
a distinct contrast arises when considering the rocky and artificial cement substrates
within river environments, as these substrates exhibit a higher vulnerability to being
overwhelmed by filamentous green algae, which are a diverse group of photosynthetic
organisms characterized by long, thread-like structures [3]. The proliferation of filamentous
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green algae not only significantly diminishes the aesthetic appeal of water bodies but also
gives rise to blockage issues in water supply channels, ultimately leading to disruptions in
the water distribution network.

Eutrophication refers to the excessive input of nutrients (such as nitrogen and phos-
phorus) into water bodies due to human activities, leading to the overgrowth of algae [4],
which is a significant issue that impacts rivers globally. This phenomenon triggers the
overgrowth of nuisance filamentous algae, leading to a shift from well-maintained water
bodies to nuisance ones with visible coverage on the water surface [5]. The formation
of algal mats not only creates aesthetic and odor problems but also threatens water con-
servation and recreational value [6]. For example, the explosive growth of Spirogyra, a
filamentous green alga, in the littoral zone of Lake Baikal is chiefly caused by groundwater
contamination stemming from untreated sewage. The excessive growth of Spirogyra not
only deteriorates water quality but also presents risks to the endemic species inhabiting
the lake and endangers the lake’s unique ecosystem [7]. Localized blooms of Cladophora in
the western basin of Lake Erie are mainly driven by nutrient enrichment from agricultural
runoff and the presence of invasive dreissenid mussels, resulting in significant ecological
degradation and posing risks to recreational activities due to beach fouling and water
quality deterioration [8].

Filamentous algae play a vital role in river and stream ecosystems, providing food
and habitats for other organisms [9]. Species from the genera Spirogyra, Cladophora, and
Oedogonium are common bloom-forming algae. In recent years, the frequency of filamentous
algae outbreaks has significantly increased, raising concerns about the negative effects
of these blooms on water quality and ecosystem health [10–12]. These algae can grow
rapidly and form dense mats, depleting oxygen and blocking sunlight, which adversely
affects aquatic organisms and habitats [13]. Researchers have observed that the biomass of
Spirogyra and Cladophora species in filamentous algae tends to increase as nutrient levels
increase [12]. However, there is currently a lack of comprehensive understanding of the
distribution and succession patterns of filamentous algae communities under different
nutrient conditions.

The southern Taihang catchment is a crucial region with abundant streams, multiple
conservations, and biodiversity. The impact of human activities on each stream ecosystem
varies significantly, resulting in notable differences in water trophic levels across different
regions. This discrepancy can be attributed to the distinct management strategies employed
in each conservation area. In recent years, frequent outbreaks of filamentous algae have
occurred in these regions. Notably, each species of filamentous algae exhibits specific
nutrient preferences during the vegetative season [14]. This emphasizes the importance
of understanding the influence of trophic levels, such as nitrogen and phosphorus levels,
on the growth and proliferation of filamentous algae. These factors can lead to notable
changes in the distribution and succession patterns of filamentous algae communities.

Although the trophic level has been recognized as a crucial factor influencing fila-
mentous algae biomass, our study adopted a comprehensive approach by investigating
additional ecological variables, such as temperature, water velocity, light availability, and
biotic interactions. These variables also significantly influence the distribution of filamen-
tous algae communities [15,16]. Through a comprehensive examination of dense mat
composition within aquatic ecosystems and analysis of environmental gradients, our re-
search enhances the fundamental comprehension of filamentous algal blooms and provides
practical applications for controlling.

The southern Taihang catchment encompasses several conservation zones, each of
which primarily depends on rainfall for its water supply [17]. Nonetheless, the variation
in management strategies among these zones renders the area particularly conducive to
scientific research. The objective of this study was to explore the distribution and succession
patterns of filamentous algae communities under two nutrient regimes within the southern
Taihang catchment. By assessing filamentous algae species composition and biomass,
we aim to deepen the understanding of their adaptive strategies to different nutrient
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conditions, as well as their occupation of diverse ecological niches and establishment of
succession patterns. Specifically, this study aimed to (i) compare the distribution patterns
of filamentous algae in the two regions, (ii) identify the factors influencing the presence of
Cladophora and Spirogyra in the catchment, and (iii) develop effective interpretive models of
filamentous algae for water management. In summary, this study significantly contributes
to the understanding of the ecological dynamics of filamentous algae while providing
valuable insights for the effective management and conservation of water resources.

2. Materials and Methods

2.1. Study Sites

The study sites for this research are two independent conservation areas, Nanping
and Baligou, located in the southern Taihang catchment of central China (34◦34′–40◦43′ N,
110◦14′–114◦33′ E) (Figure 1). Both streams within these conservation zones primarily rely
on rainfall as their water source [17], but their tributary networks are not interconnected.
The management strategy in Nanping conservation is relatively lenient, with a local popu-
lation of approximately 15,000. In contrast, Baligou conservation has a stricter management
strategy, with a resident population of less than 500, resulting in distinct and independent
water trophic levels. The lengths of the Nanping and Baligou streams are 70 km and
60 km, respectively, and both are punctuated by several waterfalls and deep pools. The dry
season spans from October to May, while the wet season spans from June to September and
accounts for approximately 70% of the annual precipitation. The catchment area receives an
annual precipitation range of 390–750 mm [18]. The average annual temperature is 13 ◦C,
with the lowest (−1.6 ◦C) and highest (26.3 ◦C) monthly temperatures occurring in January
and July, respectively.

Figure 1. Locations of the Nanping and Baligou streams in the southern Taihang black dots show
the sampling sites in the two streams. 1# to 10# are the sampling sites of Nanping; 11# to 20# are the
sampling sites of Baligou.

2.2. Filamentous Algae Collection, Identification, and Measurement

Sampling was carried out during the peak growth season from mid-July to mid-September
in 2023. Ten designated sites within each stream were sampled once every two weeks
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(Figure 1), with a total of five sampling sessions. Filamentous algae samples were collected
from the tops of rocks or boulders within the streams using a grab bucket within a defined
area of 0.2 m2. To ensure accuracy, replicate samples (n = 5) were collected from the top layer
of the rocks, typically within the range of 20 to 50 cm below the water-surfaced depth to assess
the filamentous algal biomass. Then, the defined area was scraped with brushes to collect all
the filamentous algae on the rocks. The combined samples were then carefully washed using a
series of sieves to remove any traces of mud or silt. To remove excess water, the samples were
placed between layers of paper towels before their biomass was weighed using an electronic
scale [19]. The collected samples were then preserved in polythene bags treated with a 4%
formalin solution and transported to the laboratory for further analysis. All the collected algal
samples were stored in a refrigerator for future research. In the laboratory, a light microscope
(Nikon Ci-L, Tokyo, Japan) with a magnification of ×100 was used to examine the samples,
allowing for algae identification and calculation of the relative abundance of each species. The
identification of filamentous algae followed the guidelines provided by the Flora Algarum
Sinicarum Aquae Dulcis [20]. The spatial and temporal distribution profiles of the filamentous
algae samples were analyzed.

2.3. Periphytic Algae Collection, Identification, and Measurement

Periphytic algae were collected simultaneously with filamentous algae samples by
using natural substrates such as stones and boulders. The quantitative samples were
brushed from the substrate surfaces under 10–30 cm of water using toothbrushes. At each
site, samples from three locations were mixed to create a composite sample, which was then
rinsed several times with distilled water. The composite sample was placed in a 100 mL
plastic bottle and preserved with a 4% formalin solution. The examination of diatom
taxa was conducted using an inverted microscope (Nikon ECLIPSE TS2; Tokyo, Japan)
and the identification references used were Krammer and Lange-Bertalot and Diatoms
of North America (http://diatoms.org/ (accessed on 24 July 2024)) [21,22]. To evaluate
the competitive impact of periphytic algae on filamentous algae, the relative abundance
of periphytic algae was assessed by counting the number of cells per square centimeter
under a microscope [23]. To estimate the periphytic algae biomass, at least 10 individuals
for each species were measured and then approximations to geometric solids were applied
to calculate individual biovolume [24]. Periphytic algae biomass was estimated from the
biovolume, assuming that 106 μm3 corresponds to 1 μg of biomass.

2.4. Macrobenthos Collection, Identification, and Measurement

During the sampling of filamentous algae, macrobenthic samples were simultaneously
collected using a Ponar grab. The collection area covered an area of 1 m2 and focused on
substrates predominantly composed of sand, gravel, or cobbles. To ensure effective sampling,
riverbank areas containing rocks and boulders were avoided. The grab samples were washed
and sieved on-site using a 0.5 mm mesh. The macrobenthos were then extracted using forceps
and placed in sampling bottles. The macrobenthic samples were preserved in 70% alcohol,
and additional sorting was conducted in the laboratory. The samples were examined under
a stereomicroscope (Nikon SMZ645, Tokyo, Japan) at ×100 magnification for identification
in accordance with the methods described by Campos et al. [25]. The wet biomass of the
macrobenthos was determined using an electronic scale with 10–5 g of precision [26].

2.5. Fish Collection, Identification, and Measurement

Fish samples were collected from the two streams using fish traps constructed with
16 steel frames measuring 25 cm × 12 cm × 15 cm and spaced 6 cm apart. The fish
entrance had a vertical depth of 15 cm and a mesh size of 4 mm, with a total trap length
of 3 m. The traps were set in the evening at 18:00 and retrieved the following morning
at 6:00, allowing for a full night of sampling. In the laboratory, the collected fish were
carefully identified and classified following the methods described by Joseph S. Nelson [27].
Subsequently, the samples were accurately counted, weighed (using an electronic scale with
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a precision of 0.1 g), and measured for length (with an accuracy of 0.1 cm). The catch per
unit effort (CPUE) of fish was calculated using the formula provided by Harley et al. [28]
and Gupta et al. [29]:

CPUE =
Total catch

Sum o f e f f orts

The sum of effort was measured in terms of time and the number of traps.

2.6. Abiotic Conditions

Various abiotic conditions were measured to analyze their impacts on filamentous
algae. These conditions included water temperature (T), pH, dissolved oxygen (DO),
electrical conductivity (EC), water velocity (V), water depth (Dep), light intensity, elevation,
hardness, soluble reactive phosphorus (SRP), nitrate (NO3-N), nitrite (NO2-N), ammonium
(NH4-N), ferrite (Fe2+), silicate (SiO3

2−), total carbon (TC), and inorganic carbon (IC)
concentrations. We utilized several instruments to collect data for our water quality
analysis. A multiparameter water quality monitor (YSI Pro20; Ohio, USA) was used to
measure T, pH, DO, EC, and Dep at the water surface. A flowmeter (Xiangruide LS300-A;
Weifang, China) was used to measure water velocity. An illuminometer (Spectrum 3415FX
LightScout; San Antonio, TX, USA) was used to measure light intensity, and a mobile
positioning device (Huawei Pocket; Shenzhen, China) was used to measure elevation. For
water sample collection, we employed a 5 L iron sampler. The water was collected at a
depth ranging from 0.2 m to 0.5 m.These samples were subsequently analyzed for SRP,
NO3-N, NO2-N, NH4-N, hardness, Fe2+, and SiO3

2− concentrations in accordance with the
Chinese National Standards for Water Quality and the Environmental Protection Agency
of the USA [30]. Subsequently, 20 mL of the water samples were filtered through a 0.45-μm
membrane filter and subjected to a carbon analyzer (Multi N/C 3100, Jena, Germany) for
TC and IC measurements.

2.7. Data Analysis
2.7.1. Patterns in the Filamentous Algae Community and Environmental Contributions

Principal coordinate analysis (PCoA) was performed using the ‘VEGAN’ package
(v2.6-6.1) in R based on Bray-Curtis distance metrics calculated for the species compositions
of the filamentous communities [31]. The data points were color-coded and shaped based
on two independent streams (Nanping and Baligou). Ellipses with 90% confidence intervals
were constructed to indicate differences between the two streams.

A detailed correspondence analysis using the Decorana function was conducted with
R’s ‘VEGAN’ package. The results indicated that the first axis had a gradient length of 1.98,
suggesting that a linear model was appropriate for further analysis. To identify the key
factors influencing filamentous algal species composition, a forward-selection procedure
(ordistep function) with Monte Carlo permutation tests (999 permutations) was performed
using the ordistep function to select a parsimonious set of factors explaining a statistically
significant (p < 0.05) amount of variation in the filamentous algae data in each sample [32].
The explanatory variables were sequentially tested using the variance inflation factor (VIF)
to eliminate collinearity among the selected factors, employing the VIF function until all
the VIF values were less than 20. Finally, a linear model redundancy analysis (RDA) was
conducted to examine patterns of interaction between filamentous algae and environmental
determinants [33].

To determine the contributions of potential explanatory variables to specific filamen-
tous algae, a variation partitioning analysis (VPA) based on the RDA algorithm was utilized.
Prior to conducting the VPA, Hellinger standardization was applied to the filamentous al-
gae biomass data. Furthermore, feature scaling transformation was employed to normalize
the environmental explanatory conditions, thereby avoiding differential weighting. VPA
was performed using the ‘RDACCA.HP’ package (v1.1-0) [34].
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2.7.2. Generalized Linear Models

To assess the effects of the explanatory variables on filamentous algae biomass, a
generalized linear model (GLM) was used to determine the relative contributions of these
variables. The ‘best’ model from the GLMs was selected using a forward stepwise procedure
based on the Akaike information criterion (AIC) and Bayesian information criterion (BIC).
The model incorporating the set of explanatory factors with the lowest AIC and BIC
values was selected [35]. All GLM analyses were performed using the ‘GLMULTI’ package
(v1.0.8) in R.

2.7.3. Association Network between the Filamentous Algae and Macrobenthos

All macrobenthic species and two filamentous algae (Cladophora glomerata (Linnaeus)
Kützing, 1843 and Spirogyra communis (Hassall) Kützing, 1849), were utilized for network
analyses aiming to determine the correlations between the filamentous algae and macroben-
thos. To simplify the data sets, only species that were present in more than ten samples
were included in the construction of networks. Subsequently, all possible pairwise Spear-
man’s rank correlations (r) between these species were calculated using the ‘PICANTE’ R
package. Only correlations that were both effective (r > 0.4 or r < −0.4) and statistically
significant (p < 0.05) were used for the network analyses [36]. To visualize the network
and perform modular analysis, Gephi 0.9.2 was used. Additionally, node-level topological
properties such as degree, betweenness, closeness, and eigenvector were calculated using
the ‘IGRAPH’ R package. Statistical differences in node-level attributes across different
taxa were determined using the nonparametric Mann-Whitney U test. Macrobenthos that
had a high degree (>100) and low betweenness centrality values (<5000) were considered
keystone species for the C. glomerata and S. communis networks [37].

2.7.4. Other Statistical Analysis

Independent t-tests were used to assess differences in abiotic and biotic variables
between the two streams.

3. Results

3.1. Characteristics of Nutrients, Other Biotic, and Abiotic Conditions in the Two Streams

During the two-month observation period, there was a peak in the growth of filamen-
tous algae followed by a gradual decrease, marking this sampling period as a significant
stage in the succession of filamentous algal communities. Table 1 presents the mean values
of nutrients and biotic and abiotic conditions in the Baligou and Nanping streams. All
15 abiotic factors and 9 biotic parameters exhibited wide ranges, demonstrating diverse
spatial and temporal disparities.

Independent T-tests revealed significant increases in the SRP and dissolved inorganic
nitrogen (DIN, NO3

−-N + NO2
−-N + NH4

+-N) in the Nanping stream compared to those
in the Baligou stream (SRP: p = 0.005, DIN: p < 0.001) (Figure 2a,b). The Baligou stream
has a significantly higher water temperature than Nanping (p = 0.021) (Figure 2c). No
significant differences were found between the two streams in terms of pH, DO, EC, V, Dep,
light intensity, elevation, hardness, ferrite, silicate, TC, or IC (p > 0.05).

Macrobenthos are grazers of benthic algae [38]. It was found that the abundance
and biomass of macrobenthos were significantly higher in Nanping than in the Baligou
stream (abundance: p = 0.003; biomass: p = 0.003) (Table 1, Figure 2d). Fish are the top
predators in benthic food chains [39]. The CPUE of total fish was significantly greater
in the Baligou stream than in the Nanping stream (p = 0.001). A total of five fish species
were identified across all sampling sites in the two streams: Phoxinus oxycephalus (Sauvage
& Dabry de Thiersant, 1874), Gnathopogon taeniellus (Nichols, 1925), Pseudorasbora parva
(Temminck & Schlegel, 1846), Onychostoma macrolepis (Bleeker, 1871), and Rhinogobius
giurinus (Rutter, 1897). Notably, p. oxycephalus was the predominant species, and its CPUE
was also significantly greater in the Baligou stream than in the Nanping stream (p = 0.002).
Periphytic diatoms are the most important competitors of filamentous algae [40]. After
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identification, all periphytic algae were periphytic diatoms. The biomass of periphytic
diatoms in Baligou was slightly greater than those in Nanping but the difference was not
statistically significant (p > 0.05).

Table 1. Environmental factors and biotic parameters (mean values ± standard error, n = 50) in the
two streams.

Classification
Environmental Factors and Biotic
Parameters

Nanping Baligou

Environmental factors

T (◦C) 19.64 ± 3.34 a 22.82 ± 3.32 b
pH 8.53 ± 0.26 8.59 ± 0.25
DO (mg/L) 8.95 ± 1.01 9.03 ± 1.50
EC (μs/cm) 409.86 ± 24.79 388.76 ± 27.32
Hardness (mol/L) 0.81 ± 0.04 0.79 ± 0.12
V (m/s) 0.13 ± 0.19 0.10 ± 0.16
Dep (m) 0.40 ± 0.44 0.26 ± 0.24
Light (μmol/m2·s) 403.16 ± 493.37 641.66 ± 605.37
Elevation (m) 718.90 ± 101.61 446.20 ± 94.49
SRP (mg/L) 0.024 ± 0.06 a 0.004 ± 0.00 b
DIN (mg/L) 7.82 ± 3.00 a 6.60 ± 1.17 b
Fe2+ (mg/L) 0.11 ± 0.03 0.12 ± 0.09
SiO3

2− (mg/L) 216.15 ± 22.69 212.84 ± 27.02
TC (mg/L) 43.71 ± 5.83 40.39 ± 4.66
IC (mg/L) 36.64 ± 4.98 34.21 ± 3.67
Filamentous algae biomass (g/m2) 49.73 ± 70.47 a 35.95 ± 37.28 b
S. communis biomass (g/m2) 4.27 ± 16.85 a 12.48 ± 22.66 b
C. glomerata biomass (g/m2) 38.88 ± 68.86 a 11.06 ± 13.46 b
PDA (cells/cm2) 51897.45 ± 58567.75 60180.55 ± 68943.36
PDB (mg/m2) 603.01 ± 618.43 759.94 ± 918.36
MBA (cells/m2) 445.02 ± 514.47 a 198.65 ± 189.86 b
MBB (g/m2) 9.35 ± 28.55 a 0.89 ± 1.29 b
Phoxinus oxycephalus CPUE (g/trap·d) 2171 ± 871.32 a 7794 ± 3913.26 b
Total fish CPUE (g/ trap·d) 3159 ± 340.74 a 8177 ± 586.73 b

Note(s): a, b: Different letters denote significant differences (p < 0.05) between the two streams based on the
independent T-tests. T: water temperature, DO: dissolved oxygen, EC: electrical conductivity, V: water velocity,
Dep: water depth, Light: light intensity, SRP: soluble reactive phosphorus, DIN: dissolved inorganic nitrogen,
Fe2+: ferrite, SiO3

2−: silicate, TC: total carbon, IC: inorganic carbon, PDA: periphytic diatom abundance, PDB:
periphytic diatom biomass, MBA: macrobenthic abundance, MBB: macrobenthic biomass, CPUE: catch per unit
effort of fish.

3.2. Distribution Patterns of Filamentous Algae Communities

During the observation period, filamentous algae were highly abundant in both
the Nanping and Baligou streams, with average biomasses of 49.73 ± 70.47 g/m2 and
35.95 ± 37.28 g/m2, respectively (Table 1). Notably, the total biomass of filamentous algae
in the Nanping Reservoir was significantly greater than that in the Baligou River (biomass:
p = 0.036; biomass: p = 0.028). Five taxa were identified across all sampling sites in the
two streams, namely, C. glomerata (Linnaeus) Kützing, 1843, S. communis (Hassall) Kützing,
1849, Zygnema sp. (C. Agardh in Liljeblad, 1816), Oedogonium sp. (Link ex Hirn, 1900), and
Tribonema sp. (Derbes and Solier, 1851). Among these, C. glomerata and S. communis were
the most dominant taxa and were responsible for forming benthic algal blooms (Figure 3).
In contrast, the remaining three species collectively accounted for less than 25% in these
two areas (Figure 4). Interestingly, the biomass of S. communis was significantly greater in
the Baligou stream than in the Nanping stream (p = 0.027) (Figure 4a), while the biomass
of C. glomerata was significantly greater in the Nanping stream than in the Baligou stream
(p < 0.001) (Figure 4b). In the Nanping stream, C. glomerata accounted for 78.1% of the
total biomass and remained abundant and persistent throughout the observation period.
Moreover, S. communis contributed 35.4% of the total biomass in the Baligou stream.
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Figure 2. Environmental conditions exhibiting significant differences between the two streams. Boxes
represent the interquartile range, central bars represent the median, and solid lines represent the
data range. Corresponding letters denote means that do not statistically differ from one another.
* Denote that statistically differ from the other (p ≤ 0.05). ** indicates a significant difference (p ≤ 0.01).
*** indicates an extremely significant difference (p ≤ 0.001). SRP: soluble reactive phosphorus,
DIN: dissolved inorganic nitrogen, T: water temperature, MBB: macrobenthic biomass.
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Figure 3. Morphology of the C. glomerata (a,b) and S. communis (c,d).

Figure 4. Taxa composition of filamentous algae communities in the Nanping (a) and Baligou (b) plots.

To assess the difference in community structure for filamentous algae in the two
streams, PCoA was conducted, incorporating all temporal and spatial sampling sites. The
first two axes explained 32.0% of the variance in the species composition of the filamentous
algae. The analysis revealed that the filamentous algal species in the two streams formed
distinct communities, indicating a significant difference in community structure (p = 0.005)
(Figure 5).
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Figure 5. Principal coordinate analysis (PCoA) of filamentous algae communities in the two streams.

3.3. Determinants of the Distribution of Filamentous Algae Communities

RDA was conducted using 17 variables to assess the influence of abiotic and biotic
factors on the biomass of filamentous algal species in the two streams. These variables
included water temperature, depth, velocity, pH, DO, EC, TC, IC, SRP, DIN, light inten-
sity, elevation, hardness, ferrite, silicate, periphytic diatom biomass, and macrobenthic
biomass. The forward selection results revealed that temperature, depth, velocity, DIN,
SRP, macrobenthic biomass, and periphytic diatom biomass accounted for 19.46% and
15.18%, respectively, of the variation in environmental variables along the first and second
axes (Figure 6, R2 = 0.35, p = 0.001). Nutrient levels were identified as key determinants
influencing the species composition of filamentous algae. Additionally, abiotic factors such
as water depth, velocity, and temperature played significant roles in the distribution of
filamentous algae. Biotic factors, including macrobenthic biomass and periphytic diatom
biomass, were also found to be important variables.

The VPA results for the 17 explanatory variables indicated that temperature, DIN
concentration, SRP concentration, pH, depth, and velocity collectively accounted for more
than 70% of the biomass of S. communis (Figure 7a). On the other hand, DIN, depth, mac-
robenthic biomass, SRP, and temperature were identified as determinants of the biomass
of C. glomerata (Figure 7b). These findings clearly demonstrated the significant contribu-
tion of nutrient levels to the presence of both filamentous algal species, highlighting the
importance of water trophic status in determining their biomass.

78



Water 2024, 16, 2453

Figure 6. Redundancy analysis (RDA) of filamentous algal species composition and forward-selected
environmental factors. T: water temperature, V: water velocity, Dep: water depth, SRP: soluble
reactive phosphorus, DIN: dissolved inorganic nitrogen, PDB: periphytic diatom biomass, MBB: mac-
robenthic biomass.

Figure 7. Contributions of the potential variables explaining the biomass of S. communis (a) and C.
glomerata (b) in the VPA. T: water temperature, DO: dissolved oxygen, EC: electrical conductivity,
V: water velocity, Dep: water depth, SRP: soluble reactive phosphorus, DIN: dissolved inorganic
nitrogen, Fe2+: ferrite, SiO3

2−: silicate, TC: total carbon, IC: inorganic carbon, PDB: periphytic diatom
biomass, MBB: macrobenthic biomass.
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The best GLM results from the 17 explanatory variables are presented in Table 2.
The determination coefficients (R2) of 0.37 and 0.27, along with AIC values of 65.88 and
70.12 for S. communis and C. glomerata, respectively, indicated the valid performance of the
GLMs. The Generalized Linear Model (GLM) analysis revealed that both S. communis and
C. glomerata had positive correlations with water temperature, nutrient concentrations, and
water depth. Moreover, the models revealed distinct differences for the two species. S.
communis demonstrated a negative correlation with water velocity (Figure 8a), whereas C.
glomerata showed a positive correlation with macrobenthic biomass (Figure 8b). A positive
correlation observed between macrobenthic biomass and C. glomerata biomass suggested
a potential mutually beneficial relationship between the two taxa. Notably, C. glomerata
may serve as an important refuge and habitat for macrobenthos, while macrobenthos may
help eliminate competitors for C. glomerata in benthic habitats. Macrobenthos increased the
availability of light and nutrients for filamentous algae by feeding on periphytic diatoms,
thereby promoting the growth of filamentous algae.

Table 2. Best GLMs for explaining the biomass of S. communis and C. glomerata.

Species Adj-R2 AIC BIC Best Model

S. communis biomass 0.38 65.88 69.92 Y = 0.343T + 0.308SRP + 0.249DIN + 0.22Dep − 0.187V + 0.643
C. glomerata biomass 0.32 70.12 75.38 Y = 0.365DIN + 0.322Dep + 0.238MBB + 0.198T + 0.152SRP + 1.782

Note(s): AIC: Akaike information criterion, BIC: Bayesian information criterion, T: water temperature, V: water ve-
locity, Dep: water depth, SRP: soluble reactive phosphorus, DIN: dissolved inorganic nitrogen, MBB: macrobenthic
biomass.

Figure 8. Relative importance of abiotic and biotic factors on S. communis (a) and C. glomerata (b).
T: water temperature, DO: dissolved oxygen, EC: electrical conductivity, V: water velocity, Dep: water
depth, SRP: soluble reactive phosphorus, DIN: dissolved inorganic nitrogen, Fe2+: ferrite, SiO3

2−:
silicate, TC: total carbon, IC: inorganic carbon, PDB: periphytic diatom biomass, MBB: macroben-
thic biomass.

The co-occurrence networks between filamentous algae and macrobenthos were fur-
ther examined. Figure 9 demonstrates that the macrobenthic species associated with S.
communis and C. glomerata were distinctly different. The results demonstrated that mac-
robenthos species associated with S. communis mostly exhibited negative effects, such
as Cordulegastridae sp., Polypedilum sp., Baetis sp., and Hydropsyche sp., which are com-
mon consumers of Spirogyra [41]. Conversely, macrobenthic species closely related to C.
glomerata were primarily herbivores with positive correlations, including Radix swinhoei
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(Adams, 1866), Hydropsyche sp. (Pictet, 1834), and Phryganea sp. (Linnaeus, 1758). Due to
the poor palatability of Cladophora, hardly any macrobenthos can feed on it. Competition
from periphytic diatoms has become the most significant limiting factor for the growth
of Cladophora. At sampling sites with abundant herbivorous macrobenthos, periphytic
diatoms were rarely observed on C. glomerata (Figure 10a). In contrast, at sampling sites
lacking herbivorous macrobenthos, a large amount of periphytic diatoms were found
attached to C. glomerata (Figure 10b). These findings suggested that these herbivores may
positively affect the growth of C. glomerata by consuming periphytic diatoms attached to
filamentous algae.

 
Figure 9. Co-occurrence networks between the filamentous algae and macrobenthic taxa. The red
lines represent positive correlations, and the blue lines represent negative correlations.

Figure 10. C. glomerata at the sites with (a) and without macrobenthos (b).

4. Discussion

Recent research has identified the frequent bloom of two common filamentous algae,
Cladophora and Spirogyra, in streams [42]. While these streams have exhibited a transition
from Spirogyra to Cladophora, the precise mechanisms underlying this shift remain unclear
and lack definitive evidence. During the observed period, we found a low diversity but
large biomass of filamentous algae in the southern Taihang catchment. Our study revealed
that S. communis and C. glomerata were the two most prevalent filamentous algal species
capable of causing blooms in this area. C. glomerata tended to dominate under high-nutrient
conditions, while S. communis was more likely to thrive at slightly lower nutrient levels,
reflecting their different ecological preferences.
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Previous studies have shown that the coverage and biomass of filamentous algae gen-
erally increase in aquatic ecosystems experiencing eutrophication. For instance, Bosch et al.,
Higgins et al., and Olsen et al. have indicated this trend [43–45]. Additionally, Page et al.
conducted a study in Conesus Lake, New York, and demonstrated a correlation between
high filamentous algae coverage and elevated nitrogen and phosphorus loadings in
streams [46]. Francoeur et al. [15] investigated the reappearance of filamentous algae
blooms in the Great Lakes and found that the growth of filamentous algae was stimulated
by mussel nutrient excretion and artificial fertilization with nitrogen and phosphorus.
In our study, we observed a significantly greater total biomass of filamentous algae in
Nanping compared to Baligou, confirming an increase in filamentous algae coverage with
trophic level. Additionally, C. glomerata exhibited greater susceptibility to eutrophication
than S. communis did, consistent with previous findings that Spirogyra is tolerant to olig-
otrophic conditions, while Cladophora prefers eutrophic conditions [47,48]. Hawes [49]
noted that Spirogyra can store nitrogen and phosphorus, even at their low concentrations
in water, allowing for the development of a large biomass of this taxon, highlighting its
tolerance to nutrient-poor conditions. Han et al. [50] also suggested that internal reserves
of inorganic nutrients likely contribute to the initial development of Spirogyra, even under
low nutrient concentrations. Therefore, as nutrient levels increase, the filamentous algae
community may shift from Spirogyra to Cladophora, which have lower palatability and
greater biomass [51].

In addition to nutrient levels, water temperature is also believed to play a significant
role in the distribution of filamentous algae, as different taxa have specific temperature
preferences that affect their growth and survival [10,12,44,51]. It is thought that the growth
of Cladophora is favored by relatively high water temperatures [44]. Adams and Stone [52]
determined that the optimal temperature range for Cladophora was from 25 to 30 ◦C.
Furthermore, Cambra-Sanchez and Aboal [53] reported that the Spirogyra typically appears
in early spring and is subsequently succeeded by a vigorous growth of Cladophora in early
summer, suggesting distinct temperature preferences for these two species. However,
our findings showed that S. communis had a broader distribution in the Baligou, where
temperatures were higher, compared to the Nanping stream. The positive effect of water
temperature on the distribution of S. communis, as indicated in the GLM, also suggested
that this species has a broad temperature niche.

Several studies have documented the preferences of these two species for other envi-
ronmental factors. For instance, Margalef [54] noted that the filamentous algae of Spirogyra
are replaced by C. fracta and C. glomerata mats in more permanent waters. Spirogyra can
survive periodic drought, produce durable zygospores, and become the dominant genus in
all types of temporary water [53,55]. Frossard et al. [56] reported that Cladophora attached
to a solid substrate was more resistant to the effects of wind, waves, and current compared
to weakly attached Spirogyra. In our study, the GLM results also indicated a preference for
S. communis for slow flow. Additionally, C. glomerata was found to be more sensitive to
water depth, confirming its preference for living in permanent waters that do not dry up in
the summer.

We observed a positive correlation between C. glomerata and macrobenthos, which are
larger aquatic organisms that can influence algal growth through grazing and nutrient re-
cycling. It is well documented that grazers can remove periphytic diatoms from the surface
of host plants, thus reducing the shading effect on the latter [57,58]. Ye et al. [59] demon-
strated that grazing by the shrimp Neocaridina denticulata sinensis (Kemp, 1918) removed
periphytic diatoms from the submerged plant Vallisneria denseserrulata (Makino, 1921),
leading to a notable increase in biomass accumulation in the host plants. In spite of these
studies have focused primarily on submerged macrophytes as host plants, the ecological
effects of these macrobenthos are consistent. Some researchers believe that macrobenthos
not only consume periphytic microalgae but also filamentous macroalgae [60]. Notably,
a reduction in filamentous algae is often achieved through grazing by large herbivores
rather than small species [61]. Pinowska [62] noted out that grazing and nutrient release
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by the small-sized species Lymnaea turricula stimulated the growth of Cladophora sp. The
macrobenthic species related to C. glomerata in our study were mostly small herbivores,
indicating that the presence of the macrobenthos may increase the growth of Cladophora
mainly by reducing the biomass of periphytic diatoms. A high fish density in Baligou
has a controlling effect on macrobenthic density, which promotes the development of
periphytic diatoms. These diatoms compete strongly with Cladophora, ultimately leading to
the suppression of Cladophora biomass (Figure 11 Left). In contrast, the low fish density in
Nanping allows for the flourishing of macrobenthos, which controls periphytic diatoms,
ultimately promoting the growth of Cladophora (Figure 11 Right).

Figure 11. The mechanism diagram illustrating the variations in Cladophora biomass under two differ-
ent fish population density conditions.

5. Conclusions

The findings of our study have important implications for river restoration. As nutrient
levels rise, rivers undergo an initial increase in Spirogyra density, followed by Cladophora, of-
ten resulting in a shift from clear water to nuisance water with surface coverage. Many river
restoration projects aim to reduce filamentous algal coverage as a primary goal. However,
controlling Cladophora through biomanipulation is challenging due to its lower palatability
to grazers than to other benthic algae [51]. Nevertheless, Cladophora provides substrates
for periphytic diatom growth, creating the possibility of controlling it by leveraging the
competition between Cladophora and its periphytic diatoms [63,64]. Food web management
is often used to reduce the abundance of macrobenthos, which in turn decreases predation
pressure on periphytic diatoms and can be an effective approach. Manipulating the benthic
food web to diminish grazing control of periphytic diatoms may prove to be a crucial
management tool, as Cladophora may be shaded by these periphytic diatoms. Increasing the
population of benthivorous fishes, such as the indigenous species Phoxinus oxycephalus, in
rivers may yield significant improvements with less effort. Nonetheless, managing trophic
states in rivers remains the fundamental approach to water management.
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Abstract: This study describes the prevalent sedimentological and geochemical patterns and investi-
gates the environmental status of the bottom of Gialova lagoon, a highly vulnerable coastal site of
the EU’s Natura 2000 network. For this task, lithological, geochemical, and microfaunal analyses of
sediment samples were combined with a high-resolution bathymetric survey. Potential pollution was
determined using geochemical-based (EF, I-geo, and PLI) and faunal (Foram-AMBI) indices. We find
that sedimentation is mainly controlled by the bottom morphology, hydrodynamic variations, and
biogenic productivity of the lagoon. The application of the multivariate factor analysis technique
revealed four dominant factors explaining the geochemical processes occurring in the lagoon. The
first factor, namely “terrigenous aluminosilicates associated with Corg vs. autochthonous biogenic car-
bonates”, discriminates the deposition of detrital sediments, related to the high adsorption of heavy
metals—versus bioclastic sediments. The “sulfides” factor represents an anoxic phase of the lagoon
floor, whereas the “Mn-oxyhydroxides” factor indicates increased manganese content with several
compounded trace elements. The “phosphate” factor reveals multiple sources of phosphorus in the
lagoon. The lagoon bottom shows negligible to minor contamination in heavy metals, except Mo and
Pb, which induce moderate pollution levels. The maximum contamination and environmental stress
concern two small-sized, shallow basins within the lagoon.

Keywords: Gialova lagoon; geochemistry; heavy metals; pollution; environmental indices; factor
analysis

1. Introduction

According to the definition of Kjerfve [1], coastal lagoons are shallow, usually shore-
parallel oriented water bodies, separated from the open sea by a barrier and connected at
least intermittently to the adjoining sea by one or more restricted inlets. Lagoons result
from the interplay between coastal processes such as littoral drift and fluvial (deltaic)
progradation, while their formation is mainly related to regional climate and landscape
morphology. Due to their particular geomorphological setting, modern coastal lagoons
are highly vulnerable environments, exposed to both natural and anthropogenic pressures.
Natural drivers comprise wave action, tidal effects, freshwater inflows, and variations in
sediment fluxes and sea level, while human-induced forces include agriculture, touristic
activities, industrialization, and the composite impact of the rapidly growing climatic crisis,
such as abrupt flooding events alternating with extended aridity, that leads to intensified
coastal erosion [1–5].

A high number of coastal lagoons are distributed across the boundaries of the Mediter-
ranean Sea. Given their significance in terms of human resources and biodiversity, they
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constitute socio-environmentally protected areas under EU-directives and protocols [6].
Previous studies have focused on the ecological status of several Mediterranean coastal
lagoons, investigating the interrelationships between sedimentary processes and potential
human-driven pollution and aiming to establish specific guidelines in terms of sustainabil-
ity management and environmental monitoring [6–9]. Sediment investigation concerns the
variation in the lithological, geochemical, and biological characteristics over the lagoon’s
bottom, thus leading to the discrimination of several sedimentary facies that reflect dif-
ferentiations in the sediment sources, hydrodynamic regime, and hydrological conditions
of the lagoon [1,10–13]. This is typically accomplished by standard techniques such as
grain-size analysis, macro- and microscopic analysis of sediment texture and composition,
bulk elemental analysis, organic carbon measurement, and targeted microfaunal analyses.

The determination of heavy metal concentration in the lagoon’s sediments is a princi-
pal procedure for assessing the possible anthropogenic contamination, which is strongly
related to the agricultural and industrial uses of the surrounding plain [14–23]. The distri-
bution and accumulation of heavy metals depend on the sediments’ grain size, the metal’s
chemical properties, the physiochemical parameters of the water column (Eh, pH, dis-
solved oxygen, and organic load), the biochemical state of the environment, and physical
transport [18,23,24]. Heavy metals are mainly distinguished by their high toxicity to ecosys-
tems, a wide range of sources, non-degradable pollution by biological processes, and their
bioaccumulation behavior. Heavy metals get incorporated in sediments, accumulating
predominately in the fine (<63 μm) size fraction [1,20], while maximum adsorption is
observed in the fine-very-fine silt and clay fractions (<16 μm) [21,25].

The degree of sediment contamination from heavy metals and metalloids is widely
determined in lagoonal environments using the following indices: the Enrichment Factor
(EF), the Geoaccumulation Index (I-geo), and the Pollution Loading Index (PLI) [17,20,26].
These indices are mathematical formulas that compare the concentration of a certain
metal (or multiple) in the potentially contaminated sediment with its natural background
value. The most common metals and metalloids used for contamination assessment
are: As, Cd, Co, Cr, Cu, Mn, Ni, Pb, V, and Zn [20,26]. Additionally, indices based on
the faunal composition of the lagoon’s bottom have been employed to evaluate human-
related pressures. Most prominently, the Foram-AMBI index has been implemented as a
foraminiferal biomonitoring tool in a wide range of aquatic ecosystems, such as deep-water
environments of the North Atlantic [27], the Mediterranean Sea [28], and transitional waters
in Europe like estuaries and lagoons [29].

The present study focuses on the Gialova lagoon (SW Peloponnese, Greece), which
represents a typical example of a Mediterranean coastal lagoon and is marked as a wildlife
refuge of high importance [30]. Even though it belongs to the Natura 2000 European com-
munity network as a Special Protection Area (SPA) and Site of Community Interest (SCI),
the lagoon has experienced intense pressure from human activities during the last 70 years,
including extensive drainage, agriculture, and touristic activities [30–33]. As a result, these
activities led to the reduction in the lagoon’s extent from 7.5 km2 to 2.5 km2 while also
causing severe environmental deterioration, including frequent dystrophic events and a
prominent increase in water salinity, which altered wetland habitats [30,32,34–36].

To date, the only information on the sedimentology and contamination degree of the
modern lagoon’s bottom comes from analyses of a set of samples collected back in 1995,
published by Kontopoulos and Bouzos [31] and Avramidis et al. [32]. According to these
works, the sedimentary characteristics show distinct zonation that follows the lagoon’s
hydrodynamic regime, while environmental pollution was found at low levels. Our paper
expands on the investigation of the aforementioned studies, performing sedimentologi-
cal (granulometry, composition), geochemical (bulk geochemistry, organic carbon), and
microfaunal (benthic foraminifera) analyses on new bottom samples collected during a
2020 survey, combined with high-resolution bathymetry. The data presented here were
treated with an integrated analytical scheme, comprising standard analytical methods
with multivariate statistical techniques (hierarchical clustering and factor analysis), while
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potential pollution was determined using both geochemical-based (EF, I-geo, and PLI) and
faunal (Foram-AMBI) indices. Consequently, this new study shares two main objectives:
(a) present an updated and more detailed perspective of the current state of the lagoon in
terms of sedimentary processes and pollution loads, and (b) evaluate the recent environ-
mental evolution of the lagoon over the last ~30 years by comparing with the results of
Kontopoulos and Bouzos [31] and Avramidis et al. [32] in order to establish spatiotemporal
variations of a highly vulnerable and socio-environmentally protected coastal setting.

2. Materials and Methods

2.1. Study Area

The Gialova lagoon (Figure 1) is located in the SW Peloponnese, Greece, separated
from the Navarino bay (Ionian Sea, Eastern Mediterranean) by a 3.3 km long and 0.15 km
wide sand barrier. The interaction with the bay occurs through a narrow inlet that is
formed on the barrier. The surrounding geological setting of the Gialova lagoon consists of
Holocene alluvial deposits and dunes, Plio-Pleistocene conglomerates, marls, and sand-
stones, and Eocene to Oligocene turbidites, while the alpine bedrock consists of Upper
Cretaceous to Eocene limestones [32]. Core sediment records from the Gialova lagoon and
the surrounding wetland reveal that this coastal setting has been highly vulnerable and
prone to climatic and environmental shifts over the last 5000 years, including subjection to
extended dry or wet periods and exposure to high-energy tsunamigenic events [37–39].

 

Figure 1. Overview of the Gialova lagoon and the main surrounding human-induced interventions.
The basic geomorphological features are depicted, as are the sampling sites and the acoustic survey
tracklines of the present study. Coordinate system: Hellenic Geodetic Reference System, 1987.

The lagoon is fed in freshwater and sediment by the Xirolagkados River and Tyflomyti
springs (Figure 1). Before the 1950s, the Xirolagkados River was the main sediment supplier
discharging in the northern sector of the lagoon, while Tyflomyti springs occurred in the
eastern margin, pouring freshwater into the lagoon and the adjoining marshes of the
Gianouzagas River plain [31,32]. Nevertheless, during the 1950s, the Xirolagkados River
and Tyflomyti springs were diverted to Voidokoilia Bay and Navarino Bay, respectively.
Currently, groundwater from the neighboring alluvial plain, together with the construction
of two canals that have restored the connection with the Xirolagkados River and Tyflomyti
springs since 1998, allow the input of freshwater into the lagoon [35,36].
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The lagoon is quite shallow, while the hydrological regime shows intense seasonal
variations, affected by the equilibrium between evaporation and precipitation/freshwater
input [40]. Water temperature and salinity range between 15–32 ◦C and 30–70‰, respec-
tively, the pH values between 7 and 9 and the dissolved oxygen levels between 4 and
11 mg/L, with the latter being higher in the winter season [40,41]. Concerning trophic
state levels, the lagoon is characterized as eutrophic in April and hypereutrophic in August
regarding phosphate content, whereas ammonium concentrations exhibit high values on
an annual basis [40]. The high trophic levels are in line with the extended seagrass growth
in the lagoon, as over 25% of its bottom is covered by submerged aquatic vegetation [42].
Notably, during the summer season, the eastern part of the lagoon becomes partially
dried out.

2.2. Fieldwork

A combined acoustic (bathymetric) and sampling survey was conducted in the autumn
of 2020. Bathymetric data were obtained using a high-resolution sonar (Lowrance—Elite-5
Ti) equipped on board an unmanned surface vehicle (USV) [43]. The imprinting of the
lagoon’s bathymetry was accomplished using a TotalScan-type sensor, while coverage was
attained in the 20 m slant range, achieving 25% overlapping. Further, a 455 kHz operation
pulse frequency was selected as the optimum choice due to the extremely shallow waters
and high turbidity in the water column, most probably due to the presence of suspended
solids (nutrients) and/or bottom sediment resuspension.

The design of track lines (Figure 1) was made on Mission Planner Software version
1.3.74, to support USV navigation on water. The USV platform was further equipped with a
Global Positioning System (GPS—Magellan NAV 6500) for the positioning data and a high-
resolution digital camcorder placed in a waterproof case for the data ground-truthing. For
the position of USV during operation, real-time kinematic satellite navigation technology
(RTK GPS) (Emlid Reach M2) was used, based onshore, with less than 10 cm accuracy. For
the acquisition of the data, USV operated in water at 1 m/s speed (≈2 knots) for about nine
working hours in total.

The sampling campaign was designed following the bathymetric survey. Twenty-
eight (28) surficial sediment samples (Figure 1) were collected from pre-defined sampling
sites, oriented by the backscatter data gained from the acoustic survey, covering the entire
spectrum of the different backscatter levels. The samples were collected using a Van–Veen
grab, corresponding to the upper ~20 cm of the lagoon’s bottom, while positioning was
determined with a Garmin GPS 60 device. Sub-samples for laboratory analyses (S1–S28)
were taken from the central part of the grab to avoid contamination, sealed in polyethylene
bags, and stored at 4 ◦C until the beginning of laboratory analyses. Systematic sediment
sampling is considered a very effective ground-truthing technique in the acoustic survey.

2.3. Laboratory Analyses
2.3.1. Sedimentology

The sedimentological examination of the 28 collected samples included macro- and
microscopic textural and compositional observations, together with grain size analysis.
Macroscopic description is aimed at the general characterization of the sample, focusing
primarily on features such as color (based on the Munsell Color Chart), lithology, and
abundance of biogenic material. Microscopic observations were performed in the sand
fraction of the samples (grain size > 63 μm, or <4Φ, see below) using a Leica MZ6 binocular
stereo microscope after wet sieving and drying the retained fraction.

Grain size analysis was carried out by laser diffraction using a Malvern Mastersizer
2000 particle analyzer. Hydrogen peroxide (H2O2) treatment was applied before analysis
to eliminate organic matter. The logarithmic (original) graphical measures of Folk and
Ward, [44] were calculated with the GRADISTAT software version 8.0 [45], while sediment
classification followed the nomenclature of Folk [46]. Accordingly, the five statistical
parameters: median (Md), mean size (Mz), sorting (σi), skewness (Sk), and kurtosis (KG) of
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the grain size distribution as well as the size fractions are expressed in the logarithmic phi
scale (Φ). Thus, sand, silt, and clay regard the size fraction as between −1Φ–4Φ, 4Φ–8Φ,
and >8Φ, respectively [46].

The interrelationships between grain size and statistical parameters were examined
in order to investigate the prevailing environmental conditions during sediment depo-
sition [12,46]. We used the bivariate diagram of median (Md) versus sorting (σi) to dif-
ferentiate between riverine, wave, and quiet water processes in a lagoonal setting [47]
and the most appropriate of the discriminant functions proposed by Sahu [48], which
suggests a higher influence between shallow marine versus fluvial (deltaic) environments:
Ysm:f = 0.2852 × Md − 8.7604 × σi2 − 4.8932 × Sk + 0.0482 × KG. When Y < −7.4190, a
fluvial (deltaic) deposit is indicated, whereas when Y > −7.4190, shallow marine conditions
prevail. The above proxies concern the statistical parameters obtained through the original
graphical method of Folk and Ward [44] and have been widely used in the research of
lagoonal and coastal settings [49–52].

2.3.2. Geochemistry

Bulk geochemistry and Total Organic Carbon (Corg) analyses in the 28 samples were
both conducted at ALS Geochemistry Ltd. (Loughrea, Ireland), certified to ISO/IEC
17025:2017. Bulk geochemical analysis targets the elemental composition of the sediment.
It was performed through a multi-element ultratrace method that combined four-acid
digestion (HCl, HNO3, HClO4, and HF) with an inductively plasma—mass spectrometry
(ICP—MS) finish. The four-acid digestion breaks down most silicate and oxide minerals,
allowing for a “near-total” recovery of most analytes. The following forty-three (43) major
and trace elements were determined: Al, Ca, Fe, K, Mg, Na, S, Ti (major, %) and Ag, As, Ba,
Be, Cd, Ce, Co, Cr, Cs, Cu, Ga, Hf, In, La, Li, Mn, Mo, Nb, Ni, P, Pb, Rb, Sb, Sc, Sn, Sr, Ta,
Th, Tl, U, V, W, Y, Zn, Zr (trace, ppm). Total organic carbon content (Corg) was determined
using a LECO furnace carbon analyzer. Pre-treatment with HCl (25%) was necessary for
removing inorganic carbonates.

2.3.3. Benthic Foraminifera

Benthic foraminifera tests were studied in 14 samples. Each sample was wet-sieved
through 125 μm, then oven-dried at 50 ◦C. A number of 200–300 foraminiferal tests were
used for microfaunal analysis. In cases where the dried residue exceeded the 200–300 tests
of benthic foraminifera, it was split with a microsplitter in order to provide an adequate
number. Then, each sample was weighed, and each foraminifera specimen was picked
and identified up to the species level when possible based on the World Register of Marine
Species database taxonomy (WoRMS). In addition, foraminiferal parameters have been
calculated, like foraminiferal abundance (number of specimens per 1 g of dry sediment),
relative foraminiferal abundance (the percent composition of a certain species relative to
the total number of foraminifera), and Shannon-Weaver index (Hs = −∑R

i=1 pilnpi) as an
estimation of the species diversity.

2.4. Contamination Assessement

For the assessment of the metal contamination levels and the possible anthropogenic
impact on the sediments of Gialova lagoon, three (3) of the most commonly used pollution
indices were employed: (a) Enrichment Factor (EF), (b) Geo-accumulation Index (I-geo),
and (c) Pollution Loading Index (PLI) [17,26]. The global average shale values proposed
by Turekian and Wedepohl [53] were used as natural background sediment reference con-
centrations. Additionally, for the implementation of the Foram-AMBI index, foraminiferal
species were assigned to one of five ecological groups, according to the sensitivity of species
to increasing stress [27–29]. The assignment of each species to an ecological category was
mainly based on the list of species from intertidal and transitional waters in the Mediter-
ranean Sea [29] and similar ecological areas that were found in the literature (e.g., [28]). All
the above is summarized in Table 1, including basic information for each index.
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Table 1. Environmental Indices used in the present study.

Index Procedures of Calculation Values Description-Classification Reference

EF

EF = (Metal/RE)sample/
(Metal/RE)background. “RE” stands for
the Reference Element. Aluminum (Al)
was selected as the most suitable
reference element, as it is mostly
indicative of the natural, lithogenic
fraction of the sediments [54].

EF ≤ 1
1 < EF ≤ 3
3 < EF ≤ 5
5 < EF ≤ 10
10 < EF ≤ 25
25 < EF ≤ 50
EF > 50

No enrichment
Minor enrichment
Moderate enrichment
Moderate to severe enrichment
Severe enrichment
Very severe enrichment
Extremely severe enrichment

[55]

I-geo

I-geo = log2 (Cn/1.5Bn), where Cn is
the measured content of element “n”,
and Bn is the background content of
the “n” element.

Igeo ≤ 0
0 < Igeo < 1
1 < Igeo < 2
2 < Igeo < 3
3 < Igeo < 4
4 < Igeo < 5
Igeo ≥ 5

Unpolluted
Unpolluted to moderately
polluted
Moderately polluted
Moderately to heavily polluted
Heavily polluted
Heavily to extremely polluted
Extremely polluted

[56]

PLI

PLI = (CF1 × CF2 × CF3 × . . . ×
CFn)1/n where CFmetals is the ratio
between the content of each metal to
the background values in sediment;
CFmetals = Cmetal/Cbackground. The PLI
ascribes an evaluation of the overall
toxicity status of the sediments.

PLI < 1
PLI = 1
PLI > 1

Unpolluted sediments
Baseline level of contamination
Progressive deterioration of the
environmental conditions and
increasing pollution

[57]

Foram-AMBI

AMBI = {(0*%GI) + (1.5*%GII) +
(3*%GIII) + (4.5*%GIV) +
(6*%GV)}/100
Where GI-GV the relative abundance of
each ecological group. Specifically, GI
is the “sensitive species”, GII
“Indifferent species”, GIII “3rd-order
opportunistic species”, GIV “2nd-order
opportunistic species” and GV
“1st-order opportunistic species”

0 < AMBI ≤ 1.2
1.2 < AMBI ≤ 3.3
3.3 < AMBI ≤ 4.3
4.3 < AMBI ≤ 5.5
5.5 < AMBI ≤ 7

High Ecological Quality Status
(EcoQs)
Good EcoQs
Moderate EcoQs
Poor EcoQs
Bad EcoQs

[28,58]

2.5. Statistical Treatment—Hierarchical Clustering and Factor Analysis

Hierarchical clustering was performed on the grain size distribution (GSD) data using
the statistical software SPSS v27 to identify possible similarities between the GSD curves
and, consequently, classify the samples into distinct groups. Clustering was based on
Ward’s method with Squared Euclidean distance intervals.

Factor analysis is a multivariate statistical method that detects any interrelationships
within a set of variables (R-mode) or objects (Q-mode) [59]. Factor analysis has been
successfully used in the sedimentary research of Greek lagoons, unraveling certain patterns
in the distribution of heavy metals, organic material, and textural components [16,20,60].
R-mode factor analysis was performed to investigate the interrelationships between the
examined geochemical parameters (variables) and identify the processes that explain their
spatial distribution as well as possible common sources [61,62], whereas Q-mode factor
analysis was designed to investigate interrelationships between samples (objects) on the
basis of geochemical properties (variables).

The aims of the Q-mode analysis, according to Reyment and Joreskog [59], are: (i) to
find the minimum number of “end-members” needed to account for the compositional
variation observed (ii) to identify the composition of the “end-member” in relation to the
original variables; and (iii) to describe each sample in terms of the “end-member”. To
bring to fruition the aims of the Q-mode analysis, a plot of factor loadings for the first
two factors was constructed, the loadings of which were normalized by being divided by
their communalities.
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In the current study, R-mode and Q-mode factor analysis were conducted via the
statistical software program IBM SPSS v27 on the whole geochemical dataset, contain-
ing 28 samples × 44 variables (Corg and the 43 major and trace elements; see Supple-
mentary File S3). The analysis was conducted following the steps described by Pap-
atheodorou et al. [63].

3. Results and Discussion

3.1. Bathymetry

The acquired acoustic data showed that Gialova Lagoon is very shallow, with water
depths up to 0.7 m. The detailed bathymetry showed that the lagoon floor is not flat, but
the variation in topography forms three small-sized basins located in the eastern, central,
and western parts of the examined area (Figure 2). The highest depths occur in the eastern
part, while in the western basin, two smaller sub-basins are distinguished. The shallower
depths were obtained along the borders and in the central part of the lagoon. Yet, it is
worth mentioning the clear view of an elongated ridge running from east to southwest at
the central part of the lagoon, which could possibly be related to fishing activities [30,33]
(Figure 2). Moreover, traces of another ridge have been observed running the lagoon from
north to south.

 
Figure 2. Bathymetric map of the Gialova lagoon. The sampling sites are also shown. The shallow
basins are highlighted with dashed elliptic shapes, while elongated ridges are indicated with arrows.

3.2. Sedimentology
3.2.1. Grain Size Distribution

The grain size analyses of the collected bottom sediment samples (Supplementary
File S1) showed that the average proportion of sand, silt, and clay is in the order of 7.50%,
63.17%, and 29.32%, respectively, while the mean size (Mz) ranged from 4.99 Φ to 7.28 Φ,
with an average value of 6.67 Φ, implying that the lagoon’s sediments are composed
principally of silt-sized sediments.
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The coarser sediments accumulate along the southwestern border of the lagoon,
just north of the sandy barrier that separates the lagoon from Navarino Bay (Figure 3a).
However, the distribution of the fine material does not exactly follow the morphology of
the lagoon’s floor. The high percentage of clay and the high values (Φ) of Mz (Figure 3b,c)
are not located in the three shallow basins of the lagoon but slightly north of them.

 

Figure 3. Spatial distribution of (a) Sand (%), (b) Clay (%), (c) Mz (Φ), and (d) σ (Φ) (Sorting) over
the Gialova lagoon bottom.

The Gialova sediments are characterized as poorly to very poorly sorted, with σi values
ranging from 1.25 Φ to 3.03 Φ, with an average value of 1.80 Φ (Figure 3d). Sorting values
follow the trend of sand content, presenting the highest values along the southwestern
border of the lagoon and diminishing towards the central part. Skewness (Sk) displays
low variability and ranges between −0.36 Φ and 0.02 Φ with an average value of −0.17 Φ
(Supplementary File S1), thus characterizing mainly coarse-skewed sediments. Finally,
kurtosis fluctuates between platykurtic and mesokurtic values (KG: 0.68–1.06 Φ), with an
average value of 0.91 Φ (Supplementary File S1).

3.2.2. Sand Composition

The microscopic examination led to the determination of three major classes that
comprise the sand grains: (a) lithological components (detrital lithics and various mineral
grains)—(b) biogenic components (fragments and/or individual specimens of benthic
foraminifera, gastropods, ostracods, bivalves, etc.)—(c) organic components (wood frag-
ments, algal constituents, and pyritized features). The relative proportions of lithogenic,
biogenic, and organic components in the sandy material were determined on a semi-
quantitative basis, as described by Chevillon [11]. The mean proportions of the above
classes are 33%, 62%, and 5% for the lithogenic, biogenic, and organic grains, respec-
tively (Supplementary File S1), suggesting that the sandy material of Gialova sediments is
primarily of biogenic origin.
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3.2.3. Insights on the Depositional Environment

The overall sedimentological work indicates a number of common features among
the studied samples, which, in turn, reflect similar processes at the sampling sites. At
first, all samples are fine-grained (dominant mud and silt) and accompanied by various
seagrass residues and skeletal remains (Supplementary File S2, Table S1), thus suggesting a
low-energy environment and adequate biogenic productivity. The sand content throughout
the lagoon has a principally bioclastic composition (as mentioned in the previous section),
comprising fragments and individuals of mollusk shells (gastropods and bivalves), os-
tracods, and benthic foraminifera. Bioclastic sand is commonly observed in lagoons and
is closely related to increased organic productivity and seagrass growth [11,64–66]. The
prevalent low-energy conditions are further supported by the bivariate Md—σi plot on the
grain size data, while the discriminant function analysis indicates that the fluvial influence
overcomes the effects of seawater intrusions throughout the lagoon [47,48] (Supplementary
File S2, Figure S2).

Secondly, all samples share the same very dark gray color according to the Munsell
Color Chart (5Y 3/1) implying similar eutrophic conditions throughout the lagoon [1]. This
is further supported by the relatively high and weakly varying Corg values of the samples
(1.35–2.02% range, mean value: 1.67%; Table 2) and agrees with the eutrophic character
of the lagoon waters [40]. Thirdly, the large majority of the samples are characterized
by coarse—skewed grain size distribution curves, likely reflecting a winnowing process
along the lagoon bottom. This is a typical process in shallow lagoon environments and
corresponds to the removal of the fine-grained distribution tail through re-suspension,
induced by wind action [21,67,68].

Table 2. Mean, minimum, and maximum values of the major and trace elements and organic carbon
(Corg) in the surface sediments of Gialova lagoon.

Element Unit Mean Min Max

Ag ppm 0.03 0.02 0.05
Al % 4.47 3.11 5.33
As ppm 8.40 6.20 10.00
Ba ppm 136.79 110.00 160.00
Be ppm 1.22 0.87 1.50
Ca % 11.18 7.48 16.05
Cd ppm 0.13 0.10 0.16
Ce ppm 37.99 35.40 40.80
Co ppm 14.81 10.30 17.40
Cr ppm 122.50 91.00 151.00
Cs ppm 4.06 2.70 4.93
Cu ppm 30.50 20.50 36.50
Fe % 3.20 2.13 3.84
Ga ppm 10.61 7.14 12.65
Hf ppm 1.33 1.00 1.60
In ppm 0.04 0.03 0.05
K % 1.40 1.00 1.63
La ppm 20.09 18.00 22.90
Li ppm 43.01 31.20 50.20

Mg % 1.97 1.27 2.25
Mn ppm 1026.32 646.00 1150.00
Mo ppm 6.32 3.26 8.90
Na % 2.72 1.82 3.61
Nb ppm 7.46 5.10 8.80
Ni ppm 103.20 66.50 123.50
P ppm 395.71 330.00 450.00

Pb ppm 35.46 26.30 44.40
Rb ppm 80.07 55.20 95.20
S % 1.50 0.99 1.84
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Table 2. Cont.

Element Unit Mean Min Max

Sb ppm 0.49 0.36 0.57
Sc ppm 10.60 7.00 12.70
Sn ppm 1.62 1.10 2.00
Sr ppm 713.00 434.00 1145.00
Ta ppm 0.48 0.33 0.57
Th ppm 5.91 4.54 7.55
Ti % 0.22 0.16 0.26
Tl ppm 0.42 0.31 0.51
U ppm 2.94 2.10 3.90
V ppm 69.18 46.00 83.00
W ppm 0.85 0.60 1.00
Y ppm 16.97 13.50 18.70

Zn ppm 64.50 45.00 79.00
Zr ppm 48.38 32.70 59.80

Corg % 1.67 1.35 2.02

However, and despite the above-mentioned similarities, the detailed examination
through hierarchical clustering of the grain size distribution (GSD) curves plus the textural
and compositional evaluation of the samples revealed the presence of four (4) dominant
sedimentary facies that describe the lagoon’s bottom (Supplementary File S2, Figure S1,
Table S1). These facies reflect the hydrodynamic variations within the lagoon, revealing
different conditions between the western and eastern small basins (Facies 1 versus Facies 4)
and the presence of a N-S-SW mixing zone (Facies 2 and 3). The four facies are thoroughly
presented in Supplementary File S2.

3.3. Geochemistry
3.3.1. Elemental Concentrations in Gialova Lagoon Sediments

The concentration values of all measured major and trace elements, as well as organic
carbon (Corg), are shown in Table 2. Additionally, the measured values per sample are
presented in Supplementary File S3.

Herein, the spatial distribution of selected elements’ concentrations (Al, As, Ca, Cd, Cr,
Cu, Fe, Mn, Mo, Ni, Pb, P, S, Zn) and Corg is discussed. Among them, specific elements have
been grouped and described together due to their highly similar spatial distribution. These
groups are Al-Cr-Cu-Fe-Ni-Pb-S-Zn (Group A) and As-Cd-Mo (Group B). The distribution
of the other elements (Ca, Mn, P, and Corg) is discussed separately.

The maximum concentrations of Group A elements are observed slightly north of the
western shallow basin (Figure 4). Low concentrations are detected at the southwestern
margin, close to the communication channel (inlet) with Navarino Bay, and at the northern
part of the lagoon.

The spatial distribution pattern of Group B metals shows two areas of maximum con-
centrations: (i) at the western sub-basin of the shallow western basin and (ii) at the shallow
area between the western and eastern basins of the lagoon (Figure 5). Low concentrations
are measured at the eastern and northern margins of the lagoon and close to the inlet.

Manganese (Mn) shows a different spatial pattern compared to those of Groups A and
B. The maximum concentrations are found at the eastern shallow basin and at the north of
the western shallow basin (Figure 6a). Furthermore, low Mn concentrations are measured
close to the inlet (Figure 6a).

The concentration of phosphorus (P) shows the highest values at the eastern shallow
basin of the lagoon, while it is also increased along the northwestern sector (Figure 6b). On
the other hand, low values are observed near the inlet and across a zone that extends from
the southern part towards the central and northern sides of the lagoon.
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Figure 4. Spatial distribution of representative Group A elements: (a) Al (%), (b) Cu (ppm), (c) Fe (%)
and (d) S (%) concentrations in Gialova lagoon bottom sediments.

 

Figure 5. Spatial distribution of Group B metals: (a) As (ppm), (b) Cd (ppb), and (c) Mo (ppm)
concentrations in Gialova lagoon bottom sediments.
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Figure 6. Spatial distribution of (a) Mn (ppm), (b) P (ppm), (c) Corg (TOC) (%), and (d) Ca (%) in
Gialova lagoon bottom sediments.

The Corg values vary between 1.35 and 2.02% with a mean content of 1.67%, which
is a typical range for Mediterranean coastal lagoon sediments [14,21,23,69]. The spatial
distribution of Corg is shown in Figure 6c. The highest Corg percentages (>1.8%) were
measured at the eastern sub-basin of the shallow western basin and at the western part
of the eastern shallow basin, while low concentration values (<1.5%) were obtained along
the sand-rich depositional zone behind the barrier as well as the central part and northern
margin of the lagoon. This pattern highlights the enhanced adsorption of organic matter
in the fine silt and clay fractions of the sediment. It also suggests that organic matter is
primarily deposited in the two depressed morphological basins where the burial process
prevents oxidation and that the oxygenation of the lagoon is ascribed to the saline water
inflows from the adjacent Navarino Bay through the inlet.

Calcium (Ca) concentration in Gialova lagoon sediments is found between 7.48 and
16.05% (mean value: 11.18%) and shows an almost opposite distribution pattern with
Group A elements (Figures 4 and 6d). Specifically, the maximum concentrations (>13%) are
noticed in the northern sector and close to the inlet, whereas the minimum values (<9.5%)
lie in the western shallow basin.

3.3.2. Geochemical Comparison with Other Greek Lagoons

The range of Cd, Cr, Cu, Fe, Mn, Ni, Pb, V, and Zn concentrations found in the present
study are comparable with those from other lagoonal and coastal environments in Greece
(Table 3) and are usually lower than the mean concentration for those elements. Exceptions
are Mn and Pb, which present higher concentrations in Gialova lagoon (present study) in
relation to their mean concentrations found in other lagoonal and coastal environments in
Greece. In addition, the comparison of the mean concentrations of Cd, Cr, Cu, Fe, Ni, V,
and Zn found in the present study is lower than the average shale values, but that of Mn
and Pb is higher.
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Table 3. Mean values of selected heavy metal concentrations in the Gialova lagoon compared to other
Greek aquatic systems and average Shales’ proportion.

Element Cd Cr Cu Fe Mn Ni Pb V Zn Reference

Element Unit ppm ppm ppm % ppm ppm ppm ppm ppm

Gialova lagoon 0.13 122.50 30.50 3.20 1026.32 103.20 35.46 69.18 64.50 This
study

Gialova lagoon 0.81 118.20 57.51 4.76 1549 172.11 36.29 69.24 98.47 [32]
Messolonghi

Lagoon – 101.00 20.00 2.36 630.00 84.00 16.00 75.00 60.00 [16]

Koumoundourou
Lake – 58.00 21.00 0.58 155.00 28.00 53.00 23.00 83.00 [70]

Alikes Lagoon – 251.67 29.17 3.59 630.00 134.17 9.88 109.33 68.89 [71]
Aetoliko Lagoon – 140 88 4.17 837 75.6 – – 122.2 [72]
Kleisova Lagoon – – 13.00 1.64 562.00 62.00 – – 29.00 [60]
Rhodia Lagoon – 231 37 2.83 867 124 36 112 72 [73]

Tsoukalio Lagoon – 274 31 3.16 1191 131 26 108 76 [73]
Logarou Lagoon – 302 44 4.74 922 221 25 153 105 [73]
Tsopeli Lagoon – 295 48 3.98 665 168 26 129 100 [73]

Navarino
Bay—upper
sediments

– – 66.00 – – 151.00 – – 352.00 [74]

Mean 196.76 38.87 3.18 800.8 119.99 28.52 97.32 81.45
(min-max) (58–302) (13–88) (0.58–4.76) (155–1549) (28–221) (16–36.3) (23–109.3) (29–122.2)

Average Shales 0.3 90 45 4.72 850 68 20 130 95 [53]

Moreover, when comparing the metal concentration values in Gialova sediments
between 2020 (this study) and 1995 [32], there is an evident downslope trend for several
metals, such as Cd, Cu, Mn, Ni, and Zn. This decline in metal concentrations could be par-
tially attributed to the different analytical methods employed in the two studies; however,
it could also indicate efficient modifications in the recent environmental conditions and/or
changes in sedimentary processes (see Section 3.7).

3.4. Benthic Foraminifera

A total of 26 benthic foraminiferal species were identified in the samples. These are
Ammonia spp., Ammonia parkinsoniana, Ammonia perlucida, Ammonia tepida, Asterigerinata
mammila, Bulimina marginata, Cassidulina sp., Cibicides spp., Elphidium crispum, Elphidium
sp., Eponides sp., Gyroidina sp., Haynesina germanica, Lenticulina orbicularis, Melonis baleaanus,
Miliolinella subrotunda, Nonion spp., Quinqueloculina auberiana, Quinqueloculina seminula,
Quinqueloculina vulgaris, Quinqueloculina spp., Rosalina globularis, Spiroloculina sp., Triloculina
trigonula, Rectuvigerina phlegeri, and Valvulineria sp.

The relative abundance of recognized species varies from site to site, while only nine
species show relative abundances greater than 2% in at least one sample (Supplementary
File S4). The foraminifera microfauna is largely dominated by A. tepida (73.75% on average),
followed by A. parkinsoniana (15.12% on average), and Q. seminula (3.23% on average). The
foraminifera abundance varies from 510.7 indv/g in S13 to 5225.9 indv/g in S15, with an
average value of 1492.5 indv/g. The Shannon–Weaver index (Hs) ranged from 0.65 (S28) to
1.25 (S13), with an average value of 0.85.

In addition, morphological abnormalities have been observed in most sampling sites,
except for S13 and S28, while the highest abundance of deformed individuals was ob-
served at S18 (6.6% of total fauna). The deformed assemblage is exclusively the species
Ammonia tepida, which is 3.31% on average in the total fauna and 4.7% of the Ammonia
tepida fauna. The abnormalities in hyaline specimens are likely associated with imperfect
biomineralization [75] that can be attributed to the development of cavities in the wall or to
disorganization in the pattern of crystallites [76]. Environmental factors such as pollution
and/or environmental stress are potential factors that could contribute to the observed
disorganization [76].
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3.5. Geochemical Processes—Elemental Source Identification

The results of the R-mode factor analysis analysis led to the discrimination of cer-
tain geochemical processes along the bottom sediments and allowed the identification of
possible sources from which the metals have been derived into the lagoon.

A four (4) factor model was utilized to describe the geochemical dataset without losing
significant information. These factors explain about 92% of the total variance, and each
variable shows communalities higher than 0.65 (Table 4). This means that the four-factor
model expresses the analyzed variables efficiently [59].

Table 4. Communalities and varimax rotated R-mode factor loadings (R-mode) of the geochemical
dataset. Variables with loadings ≥0.4 are highlighted in bold. High negative loadings are indicated
in italics.

Variable Communalities Rotated Component Matrix

Factor 1 Factor 2 Factor 3 Factor 4
Ag 0.646 0.731 0.299 −0.141 0.046
Al 0.995 0.927 0.257 0.253 0.074
As 0.796 0.242 0.736 0.374 −0.236
Ba 0.947 0.901 0.249 0.268 0.028
Be 0.977 0.943 0.218 0.197 0.044
Ca 0.928 −0.898 −0.106 −0.191 −0.272
Cd 0.789 0.650 0.605 0.027 −0.010
Ce 0.856 0.494 −0.102 0.304 −0.713
Co 0.971 0.862 0.359 0.311 0.039
Cr 0.876 0.929 −0.038 −0.029 −0.101
Cs 0.993 0.917 0.294 0.248 0.058
Cu 0.982 0.899 0.292 0.274 0.110
Fe 0.995 0.903 0.264 0.319 0.095
Ga 0.994 0.913 0.275 0.273 0.102
Hf 0.918 0.904 0.231 0.210 0.060
In 0.906 0.790 0.339 0.362 0.186
K 0.990 0.897 0.280 0.277 0.177
La 0.881 0.556 0.162 0.544 −0.500
Li 0.935 0.860 0.380 0.221 0.048

Mg 0.958 0.677 0.186 0.432 0.527
Mn 0.911 0.297 0.144 0.800 0.403
Mo 0.926 0.369 0.884 0.036 −0.086
Na 0.757 0.265 −0.016 0.191 0.806
Nb 0.989 0.902 0.254 0.313 0.113
Ni 0.993 0.894 0.334 0.279 0.061
P 0.829 0.183 −0.169 0.212 0.850

Pb 0.973 0.927 0.239 0.236 −0.014
Rb 0.994 0.910 0.304 0.260 0.072
S 0.919 0.780 0.403 0.386 0.003

Sb 0.868 0.126 0.883 0.171 0.209
Sc 0.992 0.914 0.285 0.260 0.086
Sn 0.974 0.928 0.188 0.237 0.146
Sr 0.904 −0.908 −0.064 −0.246 −0.123
Ta 0.976 0.911 0.239 0.288 0.075
Th 0.897 0.849 0.105 0.406 0.006
Ti 0.996 0.924 0.254 0.264 0.090
Tl 0.972 0.938 0.267 0.129 0.059
U 0.830 0.387 0.824 −0.007 −0.027
V 0.975 0.890 0.361 0.219 0.067
W 0.945 0.889 0.204 0.322 0.093
Y 0.934 0.485 0.169 0.813 0.098

Zn 0.986 0.925 0.308 0.187 0.041
Zr 0.854 0.733 0.217 0.519 0.015

Corg 0.702 0.597 0.295 −0.033 0.508
Explained Variance (%) 61.506 12.784 10.215 7.378
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Factor 1 explains the largest proportion (61.5%) of the total variance and can be
considered a bipolar factor (Table 4). It displays high positive loadings for Al, Ba, Be, Co,
Cr, Cs, Cu, Fe, Ga, Hf, In, K, Li, Nb, Ni, Pb, Rb, S, Sc, Sn, Ta, Th, Ti, Tl, V, W, and Zn and
moderate positive loadings for Ag, Cd, Ce, La, Mg, Y, Zr, and Corg. In contrast, Ca and Sr
show high negative loadings, constituting the negative pole of the factor.

Based on the loadings of the positive pole of Factor 1, this pole can be identified as
the “terrigenous aluminosilicates” factor pole and represents the terrigenous inputs with a
rather constant mineralogical sediment composition. Al, Fe, K, and Ti are major constituents
of common silicate minerals and originate from the weathering release of parent materials
in the local bedrock [77,78]. Additionally, Mg, Ni, Nb, and Rb provide good geochemical
proxies for clay minerals, such as kaolinite, chlorite, illite, and smectite [79,80].

The terrigenous aluminosilicates factor pole exhibits a close relationship with Corg,
as indicated by the moderate positive factor loading (Table 4). Several previous studies
in shallow coastal areas and lagoonal environments have shown that clay minerals and
organic matter build aggregates and flocs that absorb trace metals and then sink to form a
“fluffy layer” [81,82]. Although the “fluffy layer” was not observed and sampled during
the Gialova survey, its existence cannot be excluded. Moreover, the low-moderate (0.39)
loading of U on Factor 1 could be related to the adsorption and complexion of U in humic
organic material and poorly crystalline clay minerals [83,84]. It is also important to mention
that although most of the elements with high positive loadings on Factor 1 are mostly of
terrigenous origin, some of them could also be absorbed onto the aluminosilicate/Corg
particles from anthropogenic sources. Based on the above, the positive pole of Factor
1 can be considered a “terrigenous aluminosilicate associated with Corg” factor, which
additionally represents the potential adsorption of trace metals.

The high factor loading of S (0.780) combined with Fe (0.903) and many other heavy
metals may outline acid-volatile sulfides (AVSs), a geochemical phase that contributes to
the binding of metals [85]. AVS is an operationally defined reactive sulfide fraction that
mainly comprises dissolved (hydrogen) sulfides and mackinawite (FeS), which may differ
largely in their composition and capacity for precipitating trace metals in different aquatic
environments [85]. It should also be mentioned that the existence of more stable forms of
sulfides, like elemental sulfur and pyrite (FeS2), cannot be excluded for Gialova lagoon.
Consequently, the contribution of sulfur in the first factor further supports that a portion of
metals could be absorbed by Corg and sulfides and do not hold solely lattice-held positions
in the aluminosilicate minerals.

The high negative loadings of Ca and Sr in this factor imply an antipathetic relationship
between the autochthonous biogenic carbonates and the terrigenous aluminosilicates. The
element assemblages of Ca and Sr behave similarly to each other due to their similar
ionic radius (rSr = 0.113 nm vs. rCa = 0.099 nm) and are the dominant components of
most bioclastic materials in sediments [77,86]. In the present study, Ca presents a strong
correlation with Sr and, contrariwise, a high anti-correlation with all typical terrigenous
elements (Al, Ti, K, Fe, Rb, etc.). Notably, the macro- and microscopic examination of
sediments suggests that the calcium carbonate component is principally of biogenic origin
in Gialova lagoon, thus indicating that the primary production rates overcome the detrital
intrusions of the distant limestone bedrock. Hence, the Ca and Sr loadings comprise the
negative pole of Factor 1, associated with biogenic sedimentation.

Overall, the inverse relation between the main element assemblages of Factor 1 is the
dominant geochemical process of the surface sediments of Gialova Lagoon, as indicated by
the very high variance explained by the analysis. A similar “terrigenous aluminosilicates vs.
autochthonous biogenic carbonates” bipolar factor was also determined in the geochemical
data of other lagoons in western Greece (Messolonghi lagoon, [16]; Prokopos lagoon, [20]),
thus highlighting the competitive contrast between detrital and biogenic sedimentation in
lagoonal environments of the wider region.

The positive pole of Factor 1 (terrigenous aluminosilicates) shows high score values
at the two basins of the lagoon and in the area north of the western one (Figure 7a). This
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pattern follows the distribution of clay and sediment mean size (Mz) (Figure 3b,c), which
further indicates the potential adsorption of trace metals and Corg into the finer-grained
fractions of the sediments [21,87]. The increased metal and Corg loads at the two basins
hint at increased eutrophication levels and seagrass growth [88,89] but are not related to
significant CaCO3 deposition.

 

Figure 7. Spatial distribution of Factors 1–4 scores (a–d).

Regarding the negative pole of Factor 1 (autochthonous biogenic carbonates), it shows
high values at the southern, central, and especially northern parts of the Gialova lagoon,
forming a N-S-SW distribution zone (Figure 7a). At these parts of the lagoon, sediments of
Facies 2 and 3 prevail, characterized by increased sand (mostly biogenic) and the common
presence of seagrass residues (Supplementary File S2, Figure S1). These sediments display
mainly platykurtic and bimodal grain size distributions, which could be explained by one
of the following: (a) an elevated proportion of the coarser-grained fractions; (b) mixing
processes; or (c) both.

The second factor (Factor 2) accounts for 12.8% of the total variance of the variables
(Table 4) and shows high positive loadings on Mo, Sb, and U and moderate positive
loadings on As, Cd and S.

The loading profile and the moderately positive loading of S suggest that this factor
can be considered a solely “sulfide” factor. Mo, As, and Sb show intense correlation against
S, as indicated by the high to moderate loadings, representing an anoxic phase in the surface
sediments of the lagoon [24,90]. Divalent metals, such as Cd, have a high affinity with
sulfides in sediments, especially in anoxic conditions [91]. Sulfides act as good scavengers
of divalent metals that are trapped in the solid phase. Redox-sensitive metals like Mo and U
show a similar distribution pattern, suggesting that redox processes are responsible for the
deposition of both of these elements in the lagoon [90,92]. Moreover, Mo may be related to
algal blooms because this element is essential for cyanobacterial uptake of nitrogen [93,94].
It is thought that algal remnants with increased concentrations of Mo are transported to the
seafloor attached to particulate matter.
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The spatial distribution of Factor 2 scores (Figure 7b) shows that the influence of
sulfides takes place in a wider area at the central part of the lagoon. Maximum values of
Factor 2 scores are observed at the western sub-basin of the western shallow basin and at
the western part of the eastern shallow basin, indicating the enhanced influence of sulfides
to those areas.

Factor 3 accounts for 10.2% of the total variance and shows high positive loadings on
Mn and Y while having moderate loadings on La, Zr, Mg, and Th (Table 4). Manganese
(Mn) is one of the main geochemical phases in the lagoon sediments and an important
scavenger of heavy metals. Based on the loading profile, Factor 3 can be considered a
“Mn-hydroxide” factor. The factor loading of Corg is negligible, indicating the competition
between Corg and Mn-hydroxides for scavenging heavy metals.

The high to moderate loadings of Y, La, Zr, Mg, and Th on Factor 3 probably represent
the adsorption and/or co-precipitation of these five elements into amorphous Mn oxyhy-
droxides. The Yttrium (Y), Lanthanum (La), and generally the Rare Earth Elements (REEs)
distribution in surface aquatic sediments is mainly controlled by scavenging processes, in
particular by Mn–oxides [95,96]. Y, La, Zr, Mg, and Th also show moderate—to—high load-
ings on Factor 1 (terrigenous aluminosilicates), which suggests the terrigenous (lattice-held)
fraction of those elements and/or the limited scavenging from the aluminosilicates [96].

The spatial pattern of the Factor 3 scores implies that the influence of the Mn-oxyhydroxides
is more intense at the eastern shallow basin and in the area between the two shallow basins
of the lagoon (Figure 7c).

Factor 4 is a bipolar factor and accounts for 7.4% of the total variance of the data.
It exhibits high positive loadings on P and Na and moderate positive loadings on Mg,
Mn, and Corg (Table 4). The negative pole of the third factor presents moderate negative
loadings on Ce and La (Table 4).

Phosphorus (P) has a key role in aquatic environments and is considered not only as
a primary nutrient for aquatic ecology but also as the most critical limiting nutrient for
aquatic productivity [97]. Sedimentary total phosphorus (TP) can be obtained in fractions,
namely inorganic-P (IP), organic-P (OP), P bound to Al, Fe, and Mn-oxyhydroxides (Mn-
P), and calcium-bound P (Ca-P) [98]. In the case of the Gialova lagoon, the positive
correlation of P to Na, Mn and Corg suggests at least three P-fractions in the lagoon
sediments: (a) inorganic-P in the form of sodium polyphosphate compounds [99], (b) Mn-
oxyhydroxides, and (c) organic-P (OP). Based on the above, the positive pole of the fourth
factor can be considered a “phosphate” factor of both natural (OP, Mn-P) and anthropogenic
(phosphate and polyphosphate fertilizers) origin.

Mg, as mentioned before, also shows a high positive loading on Factor 1, suggesting
that Mg concentrations in the lagoon are controlled by multiple processes, such as the
“terrigenous aluminosilicates” distribution (Factor 1) and the sea salt influence and/or
chlorophyll a degradation (Factor 4). Magnesium, being the metallic part of chlorophyll,
can be found in association with phytoplankton and macrophytic debris, which contribute
to the organic matter content of the sediments. The Mg released through chlorophyll
degradation during cellular senescence and death [100] could replenish some of the Mg
content of the sediments [16]. The moderately positive loading of the Corg further sug-
gests this interpretation. Moreover, Mg has been used in magnesium-fortified phosphate
fertilizers [101], and as such, an additional, anthropogenic source is possible.

The high loadings of Ce and La on the negative pole of Factor 4 probably represent
the “dissolved” form, which includes both truly dissolved and/or colloidal and/or the
labile (hydroxylamine) form [102].

The “phosphates” factor pole has an important contribution at the northwestern and
eastern parts of the lagoon, as indicated by the spatial distribution of the factor scores
(Figure 7d). The northwestern part is directly affected by the Xirolagkados River mouth
and discharges, so it is most probable that the high Factor 4 scores at this area indicate
increased accumulation of materials related to phosphate fertilizers rather than organic-P
compounds (low Corg values at the northwestern part; Figure 6c). On the other hand, the
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co-variation with the Factor 3 scores at the eastern basin suggests a predominant coupling
of P to Mn-oxyhydroxides (Mn-P).

3.6. Contamination Assessment (Environmental Indices)
3.6.1. Heavy Metal Pollution Indices (EF, I-geo, PLI)

The application of the metal-related pollution indices regarded a total of 14 metals
(Ag, As, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, Sn, U, V, and Zn), which are typically used
for contamination assessment in environmental studies due to their increased toxicity
levels and hazardous impact on ecosystems and human health [103–105]. Concerning
Enrichment Factor (EF) and I-geo indices, the results are presented and discussed in terms
of the average values of the above metals in the lagoon sediments. The total results per
sample are presented in Supplementary File S5 for both indices.

Based on the EF variation, the Gialova lagoon sediments are characterized by relatively
low metal pollution levels (Table 5). More particularly, the sediments present no enrichment
(EF ≤ 1) in four metals (Ag, Cd, Sn, V), minor enrichment (1 < EF ≤ 3) in eight metals
(As, Co, Cr, Cu, Mn, Ni, U, Zn), and moderate enrichment (3 < EF ≤ 5) in only two metals
(Mo, Pb). Regarding the I-geo values, the lagoonal sediments are classified as unpolluted
(I-geo ≤ 0) in nearly all metals except Mo and Pb, which cause up to moderate pollution
(0 < Igeo < 1) (Table 5). The examined metals display the same order of contamination
degree for both EF and I-geo as follows: Sn < Cd < Ag < V<As < Cu < Zn < Co < U<Mn <
Cr < Ni < Pb < Mo (Table 5).

Table 5. Contamination assessment of the Gialova lagoon sediments based on the Enrichment Factor
(EF) and Geoaccumulation Index (I-geo) values for the pollution-indicator metals concentration.

Enrichment Factor (EF) Geoaccumulation Index (I-geo)
Metal Min Max Mean Class State Min Max Mean Class State

Sn 0.45 0.52 0.48 EF ≤ 1 No
enrichment −3.03 −2.17 −2.49 I-geo ≤ 0 Unpolluted

Cd 0.64 0.87 0.76 EF ≤ 1 No
enrichment −2.17 −1.49 −1.84 I-geo ≤ 0 Unpolluted

Ag 0.55 1.13 0.86 EF ≤ 1 No
enrichment −2.39 −1.07 −1.68 I-geo ≤ 0 Unpolluted

V 0.87 1.00 0.95 EF ≤ 1 No
enrichment −2.08 −1.23 −1.51 I-geo ≤ 0 Unpolluted

As 0.93 1.48 1.17 1 < EF ≤ 3 Minor
enrichment −1.65 −0.96 −1.23 I-geo ≤ 0 Unpolluted

Cu 1.15 1.25 1.21 1 < EF ≤ 3 Minor
enrichment −1.72 −0.89 −1.16 I-geo ≤ 0 Unpolluted

Zn 1.17 1.28 1.21 1 < EF ≤ 3 Minor
enrichment −1.66 −0.85 −1.16 I-geo ≤ 0 Unpolluted

Co 1.32 1.47 1.40 1 < EF ≤ 3 Minor
enrichment −1.47 −0.71 −0.95 I-geo ≤ 0 Unpolluted

U 1.03 1.69 1.43 1 < EF ≤ 3 Minor
enrichment −1.40 −0.51 −0.93 I-geo ≤ 0 Unpolluted

Mn 1.77 2.69 2.18 1 < EF ≤ 3 Minor
enrichment −0.98 −0.15 −0.32 I-geo ≤ 0 Unpolluted

Cr 2.13 3.43 2.45 1 < EF ≤ 3 Minor
enrichment −0.57 0.16 −0.15 I-geo ≤ 0 Unpolluted

Ni 2.52 2.79 2.71 1 < EF ≤ 3 Minor
enrichment −0.62 0.28 0.00 I-geo ≤ 0 Unpolluted

Pb 3.03 3.38 3.17 3 < EF ≤ 5 Moderate
enrichment −0.19 0.57 0.23 0 < Igeo < 1

Unpolluted to
moderately
polluted

Mo 2.18 5.49 4.36 3 < EF ≤ 5 Moderate
enrichment −0.26 1.19 0.66 0 < Igeo < 1

Unpolluted to
moderately
polluted
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PLI values range from 0.56 to 0.95, with a mean value of 0.82 suggesting unpolluted
sediments throughout the lagoon. According to the spatial distribution of the PLI values
(Figure 8), the western shallow basin and the area north of it, as well as the western part of
the eastern shallow basin, exhibit the highest levels, whereas the lowest values are noted at
the aforementioned N-S-SW zone, where biogenic carbonates prevail.

 

Figure 8. Spatial distribution of the PLI values in Gialova lagoon bottom sediments and Foram-AMBI
values. The value-range for each index indicates the contamination degree and environmental stress,
as presented in Table 1.

3.6.2. Q-mode Factor Analysis

Using the Q-mode factor analysis, we evaluated the interrelationships among the
28 sediment samples in terms of their geochemical composition and defined certain sedi-
ment clusters that provide significant information on the contamination assessment. Two
factors account for more than 99.9% of the information among the studied samples (Supple-
mentary File S6, Table S1). All samples display very high communalities, while according
to the Kaiser–Meyer–Olkin (KMO) Test (0.837), the dataset is suitable for factor analysis.
Therefore, the 2-factor model is considered efficient for the description and explanation of
the samples’ investigation.

By plotting the factor loadings on the two factor axes (Supplementary File S6, Figure S1),
we portray the relationships between the samples according to the entire spectrum of their
geochemical parameters. The samples occurring nearest the two axes are “end-member”
samples (Clusters A and B). The other samples (Cluster C) can all be considered mixtures
of the former two. Q-Factor 1 represents sediment samples with the highest elemental
(except Ca and Sr) and Corg concentrations, as indicated by the chemical composition of
their end-members (Cluster A) (Supplementary File S6, Table S2). On the other hand,
the end-members of Q-Factor 2 (Cluster B) are characterized by the highest Ca and Sr
concentrations among the whole geochemical dataset (Supplementary File S6, Table S2).
The sediment samples of Cluster C, which is located at the midpoint of the Q-mode factor
plot, show intermediate element concentrations compared to the end-member samples
(Supplementary File S6, Table S2).
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The two end-member clusters link the samples with the highest scores of the positive
(Cluster A) and negative (Cluster B) poles of the aforementioned “terrigenous aluminosili-
cates associated with Corg vs. biogenic carbonates” R-mode factor, which represents the
leading geochemical pattern in the Gialova lagoon (see Section 3.5). The Cluster A samples
are located in the eastern sub-basin of the western shallow basin and in the area north
of it (Figure 9). The area of Cluster A sediments matches very well with the maximum
PLI values (Figure 8), suggesting that Cluster A sediments represent the elevated metal
concentration area of the lagoon. On the other hand, the Cluster B sediments are located
at the northern and southwestern boundaries of the lagoon, close to the Xirolagkados
River mouth and the sand barrier/inlet, respectively (Figure 9). The area of Cluster B sedi-
ments coincides with the lowest PLI values of the lagoon (Figure 8) and the biogenic-rich
sediments. Based on the above, the Q-factor plot can be considered to portray the entire
spectrum of sediments in the lagoon in terms of elevated and low metal concentrations.
The correct assignment of the lagoon sediments confirmed the adequacy of the Q-mode
factor analysis as a classification method for the overall geochemistry of the lagoon.

 

Figure 9. Spatial pattern of Gialova lagoon sediment contamination degree from lowest (Cluster B) to
intermediate (Cluster C) and highest (Cluster A) levels.

3.6.3. Microfaunal Index (Foram-AMBI)

The Foram-AMBI values within the studied area exhibited a range from 2.84 (S28) to
1.63 (S24), averaging at 2.36. Employing the classification proposed by [58] for the AMBI
index, the entirety of the lagoon demonstrated a “Good” ecological quality status. Notably,
the most adverse (>2.36) conditions were predominantly observed in the western and
eastern basins, whereas the N-S-SW zone, where biogenic carbonates prevail, showcased a
comparatively higher ecological quality status (Figure 8). Consequently, a notable correla-
tion between Foram-AMBI and the Pollution Loading Index (PLI) is observed, thus further
emphasizing the utility of AMBI as an indicator for environmental quality assessment
(Figure 8). Additionally, the Foram-AMBI values exhibited a negative correlation with the
diversity index, suggesting that areas with better environmental conditions are preferred
for multi-diverse microfauna (Supplementary File S4).
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3.7. Depositional and Environmental Variations of the Last 30 Years

In this section, we compare our sedimentological and geochemical findings with
the ones derived back in 1995 to address how and to which degree the environmental
conditions within the Gialova lagoon have changed during a period of 25 years (until
the 2020 sampling survey), referred to as the last 30 years approximately. The initial
sedimentological results of the 1995 survey were first described by Kontopoulos and
Bouzos [31], while the later work of Avramidis et al. [32] provided further details both
on the sedimentology and geochemistry of the lagoon bottom, including contamination
assessment via EF and I-geo indices. Nevertheless, we note at this point that the different
methodological approaches in grain size (sieving and pipette vs. laser diffraction), bulk
geochemistry (3-acids and ICP-OS vs. 4-acids and ICP-MS), and organic carbon (titration
vs. combustion method) might affect the comparisons between the two surveys, and
therefore we keep the comparison efforts under a more general perspective, thus avoiding
overinterpretation.

Modern sediments are remarkably less abundant in sandy material compared to 1995,
leading to grain size fining and much improved sorting values (Supplementary File S7,
Table S1). Similarly to the present study, Kontopoulos and Bouzos [31] also defined the
primarily biogenic composition of the sandy material throughout the lagoon. Consequently,
a reduction in sand content is most likely associated with a decrease in biogenic productivity.
This is further supported by the overall Corg reduction in the lagoon (Supplementary File S7,
Table S1) and also by the fact that today carbonate material prevails in a relatively limited
N-S-SW zone, whereas in 1995 it presented a widespread distribution of high values [31].
This modification could be the outcome of the construction of the two canals in 1998, which
restored the freshwater inflows into the lagoon, favoring important rearrangements in the
subaqueous ecosystems and physiochemical properties of the water column [35,36]. The
large influence of the restored freshwater inflows is also confirmed by the discriminant
function analysis on the sedimentological data, suggesting that the fluvial effects are more
pronounced than the signals of seawater intrusions (Supplementary File S2, Figure S2b).

Another difference between the two surveys regards the heavy metal pollution levels
of the lagoon sediments, which presents a clear reduction in the later survey (Supplemen-
tary File S7, Table S2). A possible explanation for this reduction could be the installation of
a Wastewater Treatment Plant (WWTP) in 2016 at about 4 km north of the lagoon, affecting
the Xirolagkados River drainage basin [106]. Notably, it has been documented that the op-
eration of WWTPs leads to a gradual decrease in heavy metal accumulation in lagoonal and
nearshore sediments [107,108], following a series of chemical treatments in the wastewater
and sewage sludge [109,110]. However, we cannot exclude the possibility that the reduction
in metal-related pollution results from changes in the hydrologic/hydrodynamic regime of
the lagoon, namely due to the aforementioned construction of the two drainage canals.

4. Conclusions

In the present study, the compilation of acoustic, sedimentological, geochemical,
and microfaunal data enabled us to assess the environmental conditions of the shallow
Gialova lagoon and identify the dominant sedimentological and geochemical patterns.
The environmental status of the lagoon has been achieved through the application of
geochemical—and microfaunal—based indices and the statistical treatment of the datasets.

Although the Gialova lagoon is an extremely shallow environment, a detailed bathy-
metric map was obtained using an unmanned surface vehicle (USV). The lagoon floor can
be considered flat, with three small basins forming in the central, western, and eastern parts.

The lagoon bottom shows rather low contamination with heavy metals except Mo and
Pb, which induce moderate pollution levels. Comparing with the findings of a previous
study conducted in 1995, we find that over the last ~30 years, biogenic productivity is
currently at lower levels, most likely due to rearrangements in the subaqueous ecosystems
and the physiochemical properties of the water column induced by the construction of two
drainage canals in 1998. Moreover, we note a clear reduction in heavy metal pollution. It
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should be emphasized that the different methodologies used in the two studies cast doubt
on the above comparisons.

The most significant sedimentary process in the lagoon regards detrital versus bio-
genic sedimentation in a low-energy environment. Terrigenous aluminosilicates and
autochthonous biogenic carbonates are the principal geochemical phases of the lagoon,
followed by sulfides, Mn-hydroxides, and phosphates. Organic matter seems to build
aggregates and flocs with clay minerals and shows a close relationship with the sulfides.
Certain metals (Cd, Zr, Mg, and Y) have been shown to be absorbed by more than one
scavenger, suggesting that two different processes control their distribution in the surface
sediments of the lagoon. Aluminosilicate-rich sediments predominately accumulate at
the western and eastern parts of the lagoon, where two small-sized basins prevail, while
biogenic carbonates prevail in a N-S-SW zone shaped by riverine flow (northern part) and
seawater intrusions through the inlet (southwestern part). The terrigenous sediments are
finer-grained (fine to very fine silt) and more abundant in Corg than the biogenic deposits,
while they adsorb the largest proportion of trace metal loads. Accordingly, the maximum
contamination and environmental stress concern the two shallow basins.

Overall, the findings of this study can contribute to the development of a robust socio-
environmental management plan for a highly vulnerable coastal site of the EU’s Natura
2000 network. In addition, the present work updates and promotes scientific knowledge
on the natural versus anthropogenic processes that shape such settings under the threat of
growing climatic instability across the eastern Mediterranean.
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Abstract: Estimation of primary production in Qinghai Lake is crucial for the aquatic ecosystem
management in the northeastern Qinghai–Tibet Plateau. This study used the Vertically Generalized
Production Model (VGPM) with ocean color satellite data to estimate phytoplankton primary pro-
ductivity (PP) in Qinghai Lake during the non-freezing period from 2002 to 2023. Field data from
2018 and 2023 were used to calibrate and verify the model. The results showed a seasonal trend in
chlorophyll-a and PP, with the lowest values in May and peaks from June to September. Qinghai
Lake was identified as oligotrophic, with annual mean chlorophyl-a of 0.24–0.40 μg/L and PP of
40–369 mg C/m2/day. The spatial distribution of PP was low in the center of the lake and high
near the shores and estuaries. An interesting periodic increasing trend in PP every 2 to 4 years was
observed from 2002 to 2023. This study established a remote sensing method for PP assessment in
Qinghai Lake, revealing seasonal and interannual variations and providing a useful example for
monitoring large saline mountain lakes.

Keywords: Qinghai Lake; Vertically Generalized Production Model; chlorophyll-a; phytoplankton
primary production; remote sensing

1. Introduction

Aquatic ecosystems are highly dependent on phytoplankton for primary production
(PP). In large lakes, phytoplankton often accounts for more than 95% of PP [1]. Qinghai
Lake, located in the northeastern part of the Qinghai–Tibet Plateau, is the largest and
highest inland saline lake in China. Primary productivity plays a key role in maintaining
the balance of the aquatic ecosystem in Qinghai Lake, and its assessment is importance
for effective aquatic ecosystem management of the lake [2]. The growth in various aquatic
organisms in Qinghai Lake basically depends on the energy accumulated by phytoplankton
photosynthesis, so phytoplankton can be regarded as the primary energy for fisheries in
Qinghai Lake [3]. Since 2001, Qinghai Province has implemented a comprehensive lake
closure and stocking strategy for nearly two decades, with a fishing ban policy to protect
a special fish, the naked carp (Gymnocypris przewalskii), in Qinghai Lake [4]. PP estimates
provide important guidance for the conservation and management of fisheries in Qinghai
Lake and for the development of a comprehensive lake closure and no-fishing policy.
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The traditional monitoring methods of PP are the light and dark bottle method based
on scattered sample points from in situ observation; however, these methods cannot be
used to analyze the dynamic monitoring of long time series on a large spatial scale [5].
The area of Qinghai Lake is about 4500 km2. Most studies on ecological parameters
(i.e., chlorophyll-a, dissolved oxygen, temperature, nitrogen, etc.) are mainly based on a
small number of field samples from cruise surveys. These methods are time-consuming
and labor-intensive, and are also unable to enable spatial distribution estimation over a
long time sequence [6–8]. Remote sensing monitoring technology, with its advantages of
wide spatial coverage and high temporal continuity, is a powerful tool for monitoring lake
environments at large spatial scales [9]. PP monitoring and assessment of Qinghai Lake by
remote sensing is currently one of the most efficient methods, but it has not been reported
so far [10,11]. Ocean color (OC) inversion products obtain environmental parameters from
multiple satellite data (the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) and Moderate
Resolution Imaging Spectroradiometer (MODIS)) to obtain long time series (2002–present)
of environmental parameters to quantify and analyze global or regional ecological and
environmental changes in water bodies. This approach has the advantages of high temporal
resolution (revisit period of 1 day), numerous effective data points, and wider coverage
than other satellite data [12]. The standard OC algorithm is mainly a set of algorithms
developed based on datasets collected from coastal or open ocean waters, including the
optical properties of saline alpine lakes [12]. Therefore, OC products are also expected to
be applied to the study of the PP assessment of long time series in Qinghai Lake.

Several empirical, analytical, and bio-optical models have been applied to estimate ma-
rine PP [13–18]. Among them, empirical models are usually driven by basic remote sensing
products, supported by measured data, to estimate the spatial and temporal distribution of
biological parameters related to lake ecology [11]. For example, the Vertically Generalized
Production Model (VGPM) proposed by Behrenfeld and Falkowski is one of the most-used
models to estimate PP based on products such as chlorophyll-a and water temperature
from satellite remote sensing inversions [13]. The VGPM is a vertically integrated model
that combines empirical relationships with phytoplankton photosynthetic mechanisms and
relies on optical principles. It has the advantage of having few input variables and can be
driven by satellite remote sensing data products to estimate PP [14]. Due to the intricate
challenges posed by the analysis of water quality parameters in inland lakes, encompassing
optical complexity, adjacency effects, atmospheric correction issues, and diminished water
quality and transparency, accurately estimating phytoplankton productivity (PP) in lakes
remains a more daunting task compared to the marine environment [15]. Although we
have considerable knowledge of photosynthetic processes and ocean optics, which has
been extensively applied in marine research, there are still limitations in using satellite
data to monitor primary productivity (PP) in lakes based on observational data [16]. It has
been found that re-parameterization of the original inverse relationship based on in situ
data can eliminate systematic biases associated with the algorithm [16–18]. Therefore, it
is imperative to develop remote sensing estimation models for primary productivity in
specific areas. Qinghai Lake is an ideal lake for use of the VGPM method because of its
good water quality and high transparency. This study attempts to develop an improved
VGPM model applicable to Qinghai Lake using OC products and in situ observational data,
and applies this model to estimate chlorophyll-a and PP levels during the non-freezing
period of Qinghai Lake over 20 years. This study aims to provide a theoretical basis for
the long-term monitoring of PP and dynamic assessment of spatial and temporal variation
patterns, and to provide scientific and technological support for the evaluation of ecological
restoration effects and fishery management of Qinghai Lake.
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2. Materials and Methods

2.1. Study Area

Qinghai Lake is located between 99◦36′~100◦16′ E longitude and 36◦32′~37◦15′ N
latitude with an elevation of about 3200 m. It has a total area of about 4500 km2, a
perimeter of about 360 km, and an average water depth of about 19 m. It is the largest
inland saltwater lake on plateaus in China [2]. The Qinghai Lake region has a highland
continental climate with abundant light and low precipitation. The lake region receives
little precipitation throughout the year, with most of it falling from May to September. The
water temperature varies seasonally. In summer, there is an obvious isothermal layer in
the lake, with the highest temperature of 22.3 ◦C in August. The lower layer of the water
has a lower temperature, with an average temperature of 9.5 ◦C. In autumn, the lake water
is stirred up by windy weather, so the phenomenon of water temperature stratification
disappears. In winter, the lake water temperature is subject to the isothermal inversion
phenomenon. In January, the upper layer of the lake water under the ice is −0.9 ◦C, while
the lower layer is 3.3 ◦C [19]. The sources of lake water recharge in Qinghai Lake are river
water, rainwater, and groundwater. Among the major sources of recharge are five tributary
rivers, namely Buha River, Shaliu River, Quanji River, Wuha Alam River, and Hargai River
(Figure 1) [20]. In Qinghai Lake, the freezing season typically begins in November and lasts
until April of the following year with ice cover, while the non-freezing season lasts from
May to October [21,22]. As it is impossible to obtain the water color parameters by remote
sensing when the lake surface is frozen, our study period is from May to October in the
non-freezing period.

Figure 1. The distribution of sample points and location of the tributary rivers of Qinghai Lake.

2.2. Field Data

Field data were collected from 2018 to 2023, during the non-freezing period. Water
temperature and chlorophyll-a were measured at 0.5 m underwater using a portable water
quality multi-parameter analyzer (CTD, OCEAN SEVEN310, Idronaut, Brugherio, Italy)
(Table 1). Approximately 30 sampling points were measured once throughout the Qinghai
Lake, and a total of 257 sample points were measured in this study. The PP was measured
with a light–dark bottle device in each sampling site [5].
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Table 1. The information of the sampling data in the surface water (<0.5 m underwater) of Qinghai Lake.

Month Date Time
Number of

Samples

Chlorophyl-a
(μg·L−1)

Surface Water
Temperature (◦C)

Average Density of
Phytoplankton

(ind·L−1)

Biomass of
Phytoplankton

(mg·L−1)

Range Average Average Average Average

May 14–15 May 2018 7:30~19:50 12 0.030~0.245 0.089 8.8 2400 0.0093
July 1–2 July 2018 8:00~19:38 20 0.070~0.788 0.404 15 21,400 0.0823

August 7–10 August 2018 8:10~19:15 29 0.070~0.730 0.258 17.5 50,730 0.238
September 26–27 September 2018 6:40~19:02 19 0.020~1.229 0.42 13.4 39,470 0.126

August 2–5 August 2019 6:30~18:30 30 0.134~0.594 0.295 13 49,268 0.221
September 19–20 September 2019 7:20~17:50 24 0.196~0.605 0.364 10 38,456 0.119

June 30 June–2 July 2021 8:45~16:20 25 0.198~0.475 0.296 11 14,399 0.044
August 19–23 August 2021 8:50~17:50 24 0.034~0.536 0.266 15 56,687 0.154

June 23–24 June 2022 7:06~17:16 23 0.211~0.719 0.354 15.5 44,106 0.673
May 25–26 May 2023 7:10~17:13 22 0.04~1.642 0.258 8.4 42,061 0.695

August 10–13 August 2023 7:10~18:30 29 0.14~3.23 1.404 17.4 52,693 1.857

A 1 L water sample was collected using a polymethylmethacrylate bottle for analyzing
the phytoplankton. Water samples were collected from three layers at each sampling point
0.5 m below the water surface, and 15 mL of Lugol’s solution was added to the sample for
retention. Species classification and biomass count analysis (wet weight) were performed
in the laboratory. A quantity of 1 L of water sample was concentrated to 10–25 mL to count
the density and biomass of phytoplankton after standing and precipitation for more than
24 h in the laboratory. The concentrated sample was shaken well and then 0.1 mL was
transferred to the phytoplankton counting chamber. Counting was performed under a
10 × 40 microscope, with usually 30–50 fields per slide, and the number of individuals or
cells was counted by species. Each sample was counted twice and averaged. The results
were valid only if the difference between the two counts and their average were less than
10%; otherwise, the third slide was counted.

The formula for calculating the number of phytoplankton of each water sample is as
follows:

N =
A

a·n ·
μ

V
·p

where N is the number of phytoplankton in 1 L of water (#. L−1); A is the area of the
counting chamber (mm2); a is the area of each visual field (mm2); n is the number of
individuals counted in each slide; μ is the volume of the concentrated water sample (mL);
V is the volume of the counting chamber (mL); and p is the number of phytoplankton
counted by each slide.

The counting results were converted into biomass (wet weight) by the cell volume
method. The average of the counting results from the three layers of each sampling point
was taken as the result of that sampling point.

2.3. Vertically Generalized Production Model (VGPM)

The VGPM model was developed to estimate marine primary productivity based on
parameters such as temperature and chlorophyll-a samples in water quality classes I and II
of the Environmental Quality Standards for Surface Water of China (GB3838-2002) [13,23].
The water quality of Qinghai Lake was classified as class I with high transparency, which is
suitable for the use of this model to calculate PP. The parameters can be obtained using
remote sensing monitoring and other resources, and the equation is:

PP= 0.66125 × PB
ept ×

E0

E0 + 4.1
× Zeu × Copt × Dirr (1)

where PP is the primary productivity (mg C/m2/day) integrated from the surface layer to
the euphotic layer; PB

ept is the maximum rate of carbon fixation in the water column (mg
C/mg Chl·h); E0 is the photosynthetically available radiation (PAR) at the water surface
(μmol/m2/day); Zeu is the depth of the true photosphere (m); Dirr is the photoperiod (h);
and Copt is the chlorophyll-a concentration (Chl-a) (μg/L) at the water surface.
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2.3.1. Calculation of the Maximum Rate of Carbon Fixation in the Water Column

PB
ept can be considered as a function of the temperature in the water column and is

calculated as follows [15]:

PB
ept=

⎧⎨
⎩

1.13(T ≤ −1.0)
4.00(T ≥ 28.5)

PB
ept(−1.0 < T < 28.5)

⎫⎬
⎭ (2)

T (◦C) is the surface temperature.

PB
ept = 1.2956 + 2.749 × 10−1T + 6.17 × 10−2T2 − 2.05 × 10−2T3 + 2.462 × 10−3T4 − 1.348 × 10−4T5

+3.4132 × 10−6T6 − 3.27 × 10−8T7

2.3.2. Estimation of Photoperiod and Photosynthetically Available Radiation

The photoperiod Dirr is calculated from the average monthly sunshine hours from
national weather station websites (http://data.cma.cn/ (accessed on 31 December 2023)).
The spectral component of solar radiation that is effective for plant photosynthesis is called
PAR, and has a wavelength range of 380–710 nm and largely coincides with visible light [24].
The photosynthetically available radiation E0 is derived from remotely sensed products
from the ocean color satellite MODIS.

2.3.3. Calculation of Euphotic Zone

The euphotic zone (Zeu) is obtained from the diffuse attenuation coefficient KdPAR of
photosynthetically available radiation obtained from OC products, which is calculated by
the equation [24,25] below:

Zeu=
4.605

KdPAR
(3)

KdPAR = 0.896Kd490
0.873, (r2 = 0.98, n = 81, P < 0.001) (4)

Since the diffuse attenuation coefficient of irradiance at a wavelength of 490 nm
correlates well with the diffuse attenuation coefficient of photosynthetically available
radiation KdPAR, KdPAR can be calculated from Kd490 [24,25].

2.4. Estimating Phytoplankton Primary Productivity in Qinghai Lake
2.4.1. Setting up the Model and Data Sources

In this study, an improved VGPM model was constructed to estimate the PP of
Qinghai Lake. The model construction involved the following two steps: (1) Extracting
the MODIS satellite data from the OC Level-2 products of NASA Goddard Space Flight
Center (GSFC, https://Oceancolor.gsfc.nasa.gov/ (accessed on 31 December 2023)) in the
non-freezing period (May to October) of Qinghai Lake from 2002 to 2023, with a total of
32,120 images at a spatial resolution of 1 km and a temporal resolution of daily satellite
revisits. The data were pre-processed, specifically including batch clipping, matching,
and reprojection in ArcGIS using a Python scripting program with a uniform WGS 84
coordinate system and UTM projection. (2) The relevant parameters required for the
VGPM model to calculate PP (Equation (1)) were extracted from the above data products.
The chlorophyll-a concentration (Copt) product was obtained using the standard blue-
to-green band ratio algorithm in the NASA OC4 Algorithm products [26]. Surface water
temperature (T) is a product obtained from MODIS mid- and far-infrared bands, inverted
using the proto-algorithm algorithm, and validated by AVHRR satellite sensors and situ
data. The photosynthetically available radiation (E0) and the diffuse attenuation coefficient
of photosynthetically available radiation at a wavelength of 490 nm (Kd(490)) were OC data
products from the Visible Infrared Imaging Radiometer Suite (VIIRS) [26]. Photoperiod
was obtained from the nearest Republican National Reference Weather Station closest to
Qinghai Lake (http://data.cma.cn (accessed on 31 December 2023)). These parameters
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were used as input parameters to the VGPM model shown in Equations (1)–(4) for the
estimation of PP.

2.4.2. Calibration and Validation of VGPM Model

In this study, the survey data from 2018 to 2023 (mainly including chlorophyll-a
concentration (Copt) and surface water temperature (T)) were compared with the spatio-
temporal synchronized data products extracted by OC to verify the accuracy of the model
and calibrate the model. The final model-estimated PP values from the model can be
compared with the measured mean phytoplankton densities, and the reasonableness of
the model-estimated PP values can be verified by analyzing their correlations. First, the
applicability of the OC data products in Qinghai Lake was verified by comparing the errors
between the simulated and measured values of water temperature and chlorophyll-a from
the model inversion. A total of 179 out of 256 samples in Qinghai Lake were selected to
establish a regression equation with the temperature products of OC. The remaining 77
samples were used to validate the temperature values. The comparative analysis of the
measured water temperature and the OC data product showed a correlation coefficient
of 0.88, indicating that the OC water temperature data product could explain 88% of
the measured data, with an average relative error of 5% and an absolute error range of
−1.76~1.64 ◦C (Figure 2a). The water temperature error was within an acceptable range,
so the OC water temperature data products could be directly substituted into the VGPM
model for PP estimation.

Figure 2. The comparison of the measured and ocean color remote sensing data in Qinghai Lake.
(a) is the comparative analysis of the measured and the OC derived water temperature; (b) is
the comparative analysis of the measured and the OC derived rectified chlorophyll-a; (c) is the
comparative analysis of the measured and VGPM modelled primary productivity.

The results of the comparative analysis between the chlorophyll-a data products of
OC and the measured values showed the chlorophyll-a product values of OC are much
higher than the measured values and the correlation is low, so the chlorophyll-a products
of OC cannot be directly used to calculate the PP values, and the chlorophyll-a values
from the OC products need to be rectified with measured data before applying the VGPM
model of Qinghai Lake (Figure 2b). The rectification process is as follows: (1) A total of
193 out of 256 samples were selected to establish a regression equation with chlorophyll-a
products of OC; 43 measured samples collected between 2018 and 2023 were selected to
rectify the chlorophyll-a products; and the remaining 20 samples were used to validate the
rectified chlorophyll-a values. The validation results showed that the correlation coefficient
between the calibrated chlorophyll-a and the measured values was 0.92, with a relative
error of 9% and an absolute error range of −0.07 to 0.04 μg/L (Figure 2b), and the error of
the calibrated chlorophyll-a values was within an acceptable range. A total of 14 matched
pairs of PP from the surveyed data were compared with simultaneous VGPM-modeled
PP results; the correlation coefficient was 0.70, with a relative error of 26% (Figure 2c),
indicating that the VGPM model for Qinghai Lake has a good accuracy for predicting PP.
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3. Results

3.1. Seasonal Variation of Chlorophyll-a during the Non-Freeze Period in Qinghai Lake

The 2019 results were used as an example to analyze the spatial distribution of
chlorophyll-a in Qinghai Lake. The center of the lake had a low concentration of chlorophyll-
a, while there was a much higher concentration near the lakeshore and in the estuary
regions (Figure 3). From 2002 to 2023, the seasonal variation of chlorophyll-a showed a
fluctuating trend with the low values occurring in May and the high values occurring in
June, then decreasing from July to October (Figure 4). In May, the aquatic plants begin
to proliferate as the thaw occurs after the freezing period. Meanwhile, the chlorophyll-a
shows a lower value in the box plots with an interquartile distance of 0.07 g/L, indicating
that chlorophyll-a concentration fluctuated less from year to year than other months of the
year (interquartile range was 0.17–0.23 μg/L). Regarding the medians, the lowest median
chlorophyll-a was 0.18 μg/L in May; from June to September, chlorophyll-a showed a
gradual increase from 0.20 μg/L in June to 0.39 μg/L in September, and started to decrease
to 0.32 μg/L in October. Concerning the minima, the minima of chlorophyll-a varied little
from May to September, ranging from 0.11 to 0.16 μg/L, and the lowest minima occurred
in October, at 0.06 μg/L. In terms of maxima, the lowest maxima chlorophyll-a was 0.79
μg/L in May, the maxima from June to October showed a trend of decreasing and then
increasing, and the highest maxima also occurred in October, at 0.91 μg/L. The maximum
value of 0.91 μg/L in October indicates that October is the month with the largest interan-
nual fluctuation of chlorophyll-a. The multi-year monthly mean values of chlorophyll-a
concentration during the non-freezing period of Qinghai Lake from 2002 to 2023 ranged
from 0.24 to 0.40 μg/L, which is typical for an oligotrophic lake.

Figure 3. The spatial distribution of chlorophyll-a (MODIS Aqua) in Qinghai Lake from May to
October, 2019.

Figure 4. The boxplots of chlorophyll-a (MODIS Aqua) in Qinghai Lake from 2002 to 2023 in the
non-freezing period. The five lines from the bottom to the top of the box plot represent the minimum,
lower quartile, median, upper quartile, and maximum values, respectively.
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3.2. Seasonal Changes in PP during the Non-Freezing Period of Qinghai Lake

The results estimated by MODIS Aqua data source were used to analyze the seasonal
variation pattern of PP during the non-freezing period of Qinghai Lake. The spatial distribu-
tion of PP was basically consistent with chlorophyll-a, and the spatial distribution showed
a small value in the center of the lake and a large value near the lakeshore and estuary
areas (Figure 5, taking 2019 as an example). The seasonal variation trend also showed a
fluctuation of first increasing and then decreasing, with the low value occurring in May
and October and the high value occurring in July to September (Figure 6). The box plots of
PP values were smaller in May and September, with interquartile distances of 87.37 mg
C/m2/day and 94.86 mg C/m2/day, respectively, indicating that the PP values fluctuated
less annually in May and September than in other months. With regard to the median, the
mean PP was lowest in May at 16.76 mg C/m2/day, and the PP from June to September
showed a gradual increase from 92.77 mg C/m2/day in June to 135.27 mg C/m2/day in
September, and then started to decrease to 119.38 mg C/m2/day in October. The minimum
value of PP also increased first and then decreased from May to October, ranging from
10.07 mg C/m2/day to 28.30 mg C/m2/day. The maximum value in May was the smallest
among all the months, being 223.83 mg C/m2/day. The maximum value from June to
October showed a trend of first decreasing and then increasing, and the maximum value
also appeared in July, which was 397.50 mg C/m2/day. This indicates that July is the month
with the highest seasonal value of PP, and it is also the month with the largest interannual
variation in PP. The multi-year monthly average values of PP during the non-freezing
period of Qinghai Lake from 2002 to 2023 ranged from 40 to 369 mg C/m2/day.

Figure 5. The spatial distribution of phytoplankton primary productivity in Qinghai Lake from May
to October, 2019.

Figure 6. The boxplots of phytoplankton primary productivity (MODIS Aqua) in Qinghai Lake from
2002 to 2023 in the non-freezing period. The five lines from the bottom to the top of the box plot
represent the minimum, lower quartile, median, upper quartile, and maximum values, respectively.
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3.3. Interannual Variation of PP during the Non-Freezing Period of Qinghai Lake

The PP value of Qinghai Lake in the non-freezing period from 2002 to 2023, which is
in the period of “closed lake for breeding fish”, was estimated in our study. Estimated PP
values in August are most representative for analysis of the interannual variation trend of
PP values in Qinghai Lake from 2002 to 2023. This is because the only months in which the
OC data product had no missing data records for Qinghai Lake were August and October;
the month of August also coincides with a critical life stage for naked carp, and the PP
could be related to fish resources through the food web [27]. The results show that the PP
values near the lakeshore are larger than those near the center of the lake in all years in
terms of spatial distribution. In particular, the PP values near the mouth of Buha River
and Quanji River in the western region are significantly larger than those in other regions
(Figure 7). The PP values showed a very significant interannual fluctuation trend, with
values ranging from about 20 to 400 mg C/m2/day. Among them, the PP values were less
than 100 mg C/m2/day from 2002 to 2004, which were smaller than those of other years
(the green area in Figure 7). While the PP values increased significantly to 200–400 mg
C/m2/day from 2005 to 2007 (the color changes from green to yellow in the graph), the PP
values decreased again to less than 100 mg C/m2/day from 2008 to 2009. The PP values
increased significantly in 2010, especially in the northwest area near the Buha and Quanji
River regions. From 2011 to 2014, PP values began to decrease again, and most areas of the
lake fluctuated in the range of 100 to 200 mg C/m2/day. The PP values of the whole lake
increased significantly again to about 300 mg C/m2/day in 2015; in particular, the value
for the area near the river estuary was larger than that for other areas. PP then decreased
to below 200 mg C/m2/day in 2016~2018, and PP increased to the highest value of about
400 mg C/m2/day in 2019. Overall, the range of PP values in Qinghai Lake from 2002 to
August 2019 seems to be from about 20 to 400 mg C/m2/day, showing a cyclical fluctuating
upward trend, with PP values decreasing and then increasing significantly at intervals of
2–4 years, reaching the highest value in 2019, then decreasing from 2020 to 2023 (Figure 8).

Figure 7. Spatial and temporal distribution map of phytoplankton primary productivity (PP) in
Qinghai Lake from 2002 to 2023 (August).
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Figure 8. Trend of mean of phytoplankton primary productivity (PP) in Qinghai Lake from 2002 to
2023 in August.

4. Discussion

4.1. Limitation and Improvement of Remote Sensing Estimation Method for Phytoplankton
Primary Productivity in Qinghai Lake

Due to the large difference between chlorophyll-a from OC products and in situ
samples, the chlorophyll-a from OC products cannot be directly used for calculation in
the VGPM model; therefore, we used the measured data to rectify the OC products. After
rectification, the relative error between the calibrated chlorophyll-a and the measured value
was less than 9%, which could be substituted into the VGPM formula to calculate the PP
value of Qinghai Lake. The reason for this error is, on the one hand, that the measured
sample points do not coincide with the time of the remote sensing satellite products. The
time period of the sampling point measurement is from about 6:30 a.m. to 19:30 p.m.,
while the MODIS satellite transit time is 6:00 a.m. and 15:00 p.m. Due to the large area of
Qinghai Lake (about 4500 km2), the measurement work required several days to obtain a
large amount of sample data for the average distribution of the whole lake. Therefore, it is
impossible to collect the sample points of the whole lake within the satellite transit time
period, and only the satellite data products close to the sampling time point were selected
for verification. On the other hand, because the spatial resolution of the MODIS satellite OC
product is 1 km, the actual sampling point value and the remote sensing satellite extraction
value have a spatial error of 1 km. However, because the MODIS satellite has a long time
series and high-temporal-resolution data, combined with the large area of Qinghai Lake,
enough sampling points (more than 4000 data points) can be extracted for interpolation,
and the error caused by the spatial resolution is within the acceptable range. In contrast,
other satellites (Landsat, Sentinel series satellites, etc.) have high spatial resolution, but low
temporal resolution because of their long revisit period; thus, they have few images per
month (cloudy weather above Qinghai Lake), and it is impossible to obtain enough valid
sample points to cover the whole lake. Therefore, in order to estimate the PP results over a
long time series for each month of the whole Qinghai Lake, MODIS satellite imagery is the
most suitable for use in PP estimation.

Although the error is caused by the time and space issues described above, it is an
absolute error, and does not affect the relative value from the same satellite data source.
Therefore, the results of the spatial and temporal variation trend of chlorophyll-a and PP
values reflected by the model results are credible. In addition, due to the limitations of
remote sensing satellite products, there are many dates without effective data. In this study,
the number of days with effective data of chlorophyll-a in each month of the OC data
products from 2002 to 2023 was counted (if the data points of the obtained remote sensing
data products can cover more than 50% of the lake area, this day is considered as providing
effective remote sensing data) (Figure 9). The results show that the number of days with
effective data is higher in August and October than in May and July, so the accuracy of
the remote sensing data products is higher in August and October than in other months.
The PAR in the OC data product cannot be compared with the results of the VGPM model
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because it was not measured in our study. In the future, this parameter will be measured
synchronously to better verify the model.

Figure 9. Statistical results of the effective days of chlorophyll-a in OC data products in each month
from 2002 to 2023.

4.2. Validation Analysis of Estimation Results of Phytoplankton Primary Productivity in
Qinghai Lake

In other lakes at a high altitude and having high salinity, water quality and trans-
parency are similar to those of Qinghai Lake, and these lakes thus highly suitable for the
assessment of their long-term and large-scale primary productivity of plankton using the
method proposed in this study. Other results show that chlorophyll-a and PP are relatively
low in these similar ecosystems, which are oligotrophic lakes [28–30]. Studies have shown
that the primary productivity of phytoplankton is mainly affected by temperature, salinity,
sunshine duration, nutrients, wind, and the growth cycle of phytoplankton [28–30]. Factors
such as water temperature and light cycle have been considered in this model. Therefore,
comparison of the measured phytoplankton with the PP trend simulated by this model
was considered to verify the reliability of the model (taking 2018 as an example). The
average biomass and density of phytoplankton at 20 sampling sites monitored from May to
October in 2018 were compared with the simulated PP. The results showed that the average
density of phytoplankton in May is the smallest in the surveyed months, and has a similar
trend to the simulated PP values in Haixin Mountain, Sankuaishi, and Heima Estuary
(Figure 10). In August, the average density of phytoplankton in Heimahekou, Haixinshan,
and Erlangjian is largest among the surveyed months, and the simulated PP values also
had a similar trend [31]. The results of the VGPM model showed that the PP values reached
their peak in July, and the measured average density of phytoplankton was the highest
in August and September. Since the PP is also affected by light and temperature, and the
average temperature of Qinghai Lake from May to October is highest in July, temperature
has the greatest impact on PP [32]. The variation trend and distribution of the average
density of phytoplankton is basically consistent with the simulated PP; therefore, the simu-
lated PP from the VGPM model can well reflect the spatial and temporal distribution of
phytoplankton primary productivity in Qinghai Lake.
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Figure 10. Contrast of average density of the phytoplankton and simulated PP in Qinghai Lake.

4.3. The Change Trend of Chlorophyll-a and PP in Qinghai Lake in the Past Twenty Years and
Its Causes

The seasonal variation in chlorophyll-a and PP values from 2002 to 2023 showed a
trend of first increasing and then decreasing in most years. This phenomenon may be
caused by the life stage of phytoplankton and the feeding of naked carp in Qinghai Lake.
Naked carp is an anadromous spawning fish that migrates from the lake to the tributaries
of Qinghai Lake to spawn. Its peak spawning period is around mid-June, and adult fish
mostly migrate to the tributaries. Thus, fewer adults remain in the lake, which is one
of the reasons for the increase in PP in July and August [2,27]. During this period, the
phytoplankton just start to grow from May to September, and there are fewer fish in the
lake to feed on it, causing the PP value to peak in August. After August, the adult naked
carp and their larvae migrate into the lake and start to feed on the plankton in Qinghai
Lake, causing the PP value to decrease. In September and October, due to the feeding of
naked carp, and because the phytoplankton gradually enter a dormant period, the density
of phytoplankton begins to decrease, while the PP also begins to decrease [13,28]. The
spatial distribution of PP values shows a low value in the center of the lake and a high value
near the lakeshore and estuary, where more nutrients can be received from the lakeshore
drainage or tributary streams for phytoplankton growth [29].

The interannual fluctuation trend in the PP value from 2002 to 2023 is consistent with
the research results of other scholars on the primary productivity of Qinghai Lake. The
reasons for the fluctuation are mainly the nutrient input and water temperature [33–35].
The results of this study show that the PP value shows a trend of periodic fluctuation
and increase from 2002 to 2023. It is speculated that this may be related to the significant
increase in the average temperature of Qinghai Lake in the past 50 years [36]. According to
this study, the average temperature of Qinghai Lake shows interannual fluctuation with a
gradual upward trend [37]. It is speculated that the fluctuating trend in water temperature
affects the interannual fluctuation in PP. In addition, the increased precipitation in the
Qinghai Lake basin caused the increase in runoff in the Buha River estuary [38], which
resulted in more nutrients being imported into Qinghai Lake. Increased chlorophyll-a and
PP will increase the food supply for fish resources in Qinghai Lake [32].
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5. Conclusions

The model of phytoplankton primary productivity of Qinghai Lake established in
this study can estimate the monthly mean value of phytoplankton primary productivity
of Qinghai Lake during the non-freezing period (May to October), and can be used to
analyze the interannual spatial and temporal distribution trends of phytoplankton primary
productivity of a long time series. The spatial distribution of chlorophyll-a and PP generally
showed a small value in the center of the lake, and a large value in the lakeshore and estuary
area. Seasonal changes showed an increasing and then decreasing trend. Chlorophyll-
a and PP were lowest in the early stages of thawing (May), increased with increasing
water temperature, and decreased to a low value in October. The multiannual monthly
mean values ranged from 0.24 to 0.40 μg/L and 40 to 369 mg C/m2/day, characteristic of
oligotrophic lakes. The interannual fluctuation trend in PP showed a fluctuating upward
trend with a period of 2~4 years, and the range of its value was about 20~400 mg C/m2/day.
The results can be explained by the growth cycles of phytoplankton and naked carp.
Compared with traditional measurement methods, the PP estimation method of Qinghai
Lake based on satellite remote sensing established in this study not only has the advantages
of wide monitoring coverage and strong monitoring timeliness, but also significantly
reduces the cost of field sampling and avoids the risks of field work. It can also enable
continuous systematic observation and historical inversion of phytoplankton productivity
in Qinghai Lake. In the future, it could provide important support for the dynamic
monitoring of the ecological environment, and the conservation and management of fish
resources, by linking it with analysis of the trophic food chain in Qinghai Lake.
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Abstract: Phytoremediation is one of the effective technologies for removing pollutants from the
aquatic environment. Toxic compounds such as chlorpyrifos can affect the physiological processes of
aquatic plants, causing secondary oxidative stress in plant tissues. Macrophytes, like other organisms
inhabiting the contaminated ecosystem, have developed a system of defense mechanisms, thanks to
which plants can still exist in their natural ecosystem. Our research is a summary of the previously
presented results of the effectiveness of purifying contaminated water with chlorpyrifos in the
phytoremediation process and the second type of phytoremediation supported by microorganisms,
which intensify the process of removing contaminants from the environment. This research concerned
changes in nonenzymatic and enzymatic antioxidants in Canadian seaweed, needle spikerush and
water mint caused by chlorpyrifos. The research determines changes in the total concentration of
polyphenols, flavonoids and dyes (chlorophyll A, chlorophyll B, anthocyanins and carotenoids) as
well as differences in the activity of guaiacol peroxidase and glutathione S-transferase. The analysis
of the results showed an increase in the content of polyphenols and flavonoids. The reverse trend
was observed in the case of the pigment content. The appearance of chlorpyrifos in the environment
caused an increase in the activity of the examined enzymes. The process involving microorganisms
that were obtained from places contaminated with pesticide proved to be more effective. This shows
the cooperation of species living in an investigated ecosystem.

Keywords: antioxidant defense system; autochthonic microorganisms; chlorpyrifos; macrophytes;
phytoremediation

1. Introduction

The intensive development of civilization caused the high negative effects on the
environment. The increase in awareness and the desire to improve the quality of life, which
initiated the dynamic development of industry with the appearance of synthetic com-
pounds, have a negative impact on the aquatic ecosystems. This required the development
of new and effective processes based on biological, chemical and thermal methods, whose
utilitarian use will allow to get safety products [1–3]. One of the technologies based on
biological methods used in the degradation of organic compounds is a phytoremediation
that uses plants for reduction, degradation, assimilation and metabolizing environmental
pollution such as heavy metals, hydrocarbons or pesticides [4,5]. Some water plants that
appear naturally in the aquatic ecosystems in Poland are able to participate in biological pro-
cesses to decrease or move the pollutants amounts [6]. The native plants are able to change
their physiological functions to exist in a polluted environment; this is their response to
abiotic stress. This phenomenon allows the plants to participate in water treatment as a
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main tool for phytoremediation. This process occurs naturally and can be intensified using
microbial consortia to increase the effectiveness of pollution removal [7–9].

Plant protection products that have been used for years have a beneficial effect on
inhibiting the development of microorganisms. However, intensive use of pesticides in
agriculture may pose threats to the proper functioning of aquatic and terrestrial ecosys-
tems, both fauna and flora [10–12]. Improperly selected doses of chemical compounds
may remain in the environment and migrate within ecosystems. The presence of plant
protection products was found in all types of flowing waters—rainwater, surface and
groundwater, which may increase during agrochemical treatments. Organophosphate
pesticides were very popular in the world and used intensely. These include, among
others, chlorpyrifos which was distributed by the Dow Chemical Company since 1965 as a
foliar pesticide [13]. These compounds were used to control pests in industrial crops, in
vegetable and orchards [14]. Organophosphate pesticides are esters of phosphoric acid
and its derivatives. Their activities relate to the electrophilic nature of the phosphorus
ester bond [15]. The presence of organophosphorus compounds in the environment may
cause unfavorable changes in the physiological processes of plants such as: photosynthesis,
respiration, cell division, synthesis of growth regulators, water uptake, as well as changes
in the structure of cell organelles and limiting plant productivity [16]. The presence of
pesticides in the environment is one of the causes of secondary oxidative stress in plant
tissues, characterized by intensive production of reactive oxygen species (ROS). An unde-
sirable effect caused by toxic pesticide particles may be a change in the proper functioning
of protein, lipid or nucleic acid molecules [17].

One of the groups found in aquatic ecosystems are aquatic plants called macrophytes.
The presence of toxic chemical compounds such as pesticides resulted in the activation
of defense mechanisms in plants tissues [18]. The ability to quickly adapt macrophytes
to new environmental conditions enabled the initiation of research using them. The
phytoremediation process was used to optimize the system of macrophytes antioxidant
mechanisms, consisting of nonenzymatic and enzymatic antioxidants [19]. The system
of enzymes that remove free radicals include guaiacol peroxidase (GPX) and glutathione
S-transferase (GST) [20–22]. Biochemical reactions involving enzymes, e.g., GPX, contribute
to detoxification processes that remove various types of toxic compounds [23]. This enzyme
participates in various physiological processes, such as auxin catabolism, wound healing
and defense mechanisms against infections caused by pathogens [24]. GPX may also
participate in the capture of pollutants in the root sphere and the oxidative degradation
of compounds found in the plant’s environment [25]. The second enzyme that enters the
system of enzymatic mechanisms is glutathione S-transferase (GST). In 1970, a reaction
involving GST was first described, catalyzing the decomposition of atrazine by conjugation
with glutathione tripeptide in Sorghum and corn plants [26]. The results initiated intensive
research on the participation of GST in the detoxification processes of herbicides and other
plant xenobiotics [27]. According to the literature, the GPX and GST activities can be
induced in plants by abiotic factors including insecticides, heavy metals, infection caused
by pathogens. Both the enzymes can be treated as stress markers [28].

The nonenzymatic antioxidant system of plants consists of low molecular weight
compounds such as phenols, flavonoids, pigments—chlorophyll A and B, anthocyanins,
carotenoids [29–31]. Phenolic compounds participate in reactions leading to the removal
of reactive oxygen species and inhibition of the formation of free radicals [32]. Research
on the properties of flavonoids has proven that they are responsible for the color of plants,
the smell of flowers and the taste of fruit [33,34]. This feature qualifies them as natural
repellents, and any action of toxic compounds, including pesticides, causes changes in their
proper functioning [35].

In our research, we focused on the chosen macrophytes use in a pure phytoremediation
process and a phytoremediation assisted by microorganisms to remove chlorpyrifos from an
aquatic environment. We compared effectiveness both types of the processes. Because the
enzymatic and nonenzymatic antioxidants defense system is responsible for water plants’
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stress tolerance we also investigated the polyphenols, flavonoids and pigments (chlorophyll
a, chlorophyll b, anthocyanins and carotenoids) contents as well as the activities changes
of guaiacol peroxidase (GPX) and glutathione S-transferase (GST) caused by chlorpyrifos
presence during the phytoremediation process. There are many works in the literature
describing research on the biological degradation of pesticides. However, there are many
questions about specific compounds such as chlorpyrifos. Our research focused on the
answers to such questions regarding a single compound of chlorpyrifos as an example
of an organophosphorus pesticide, and, more precisely, on the use of phytoremediation
appearing in natural conditions as a part of the processes taking place to clean aquatic
ecosystems. In addition, we confirmed that in the natural environment, water treatment
occurs as a complex process where all organisms that live in the habitat participate in it. It
is also important that the plants and microorganisms conducting the water purification
process are characteristic for a given climate zone—in our case, a moderate zone. The
above shows the novelty of our applied research, which brings elements of innovation to
the general knowledge.

2. Materials and Methods

2.1. Materials
2.1.1. Water Plants

Three species of macrophytes were used in our studies: Canadian waterweed (Elodea
canadensis Michx.), needle spikerush (Eleocharis acicularis L.) and water mint (Mentha aquat-
ica L.), which originated from organic farming “Ogrody Wodne”, Miedzychod, Poland.
The plants were chosen because of their natural location. They are characteristic for the
moderate climate zone and are often found in areas of water reservoirs.

2.1.2. Microorganisms

In the process of supported phytoremediation the autochthonous microorganisms
isolated from soils were used in the studies: Bacillus cereus, Bacillus licheniformis, Oerskovia
paurometabola. The details concerning the species are presented in Table 2, Results.

2.1.3. Chlorpyrifos

In our research, we used chlorpyrifos, a commercial plant protection product. For
the analytical part, we used the chlorpyrifos standard (Sigma-Aldrich Production GmbH,
Buchs, Switzerland; CAS: 2921-88-2). Selected physicochemical properties of the chlorpyri-
fos are presented in Table 1.

Table 1. Chlorpyrifos chosen properties.

Chemical Formula C9H11Cl3NO3PS

Molar mass 350.57 g/mol

Melting point 42–43.5 ◦C

Density 1.398 g/cm3 in 43.5 ◦C

Solubility in water 2 mg/dm3

Vapor pressure 1.87 × 10−5 mmHg at 25 ◦C

Octanol–Water Partition Coefficient (Kow) 4.70

Henry’s constant 4.2 × 10−6 atm·m3/mol at 25 ◦C

Soil Sorption Coefficient (Koc) 360 to 31 000 depending on soil type and
environmental conditions
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2.2. Experiments
2.2.1. Isolation of Microorganisms

Soil samples were taken from agricultural areas where the following crops were
supported by pesticide spraying: A—corn (central Poland), B—celery (central Poland),
C—strawberries (Germany), D—apple trees (Germany). The collected soil samples were
sieved through sieves with a mesh size of 2 mm. The sieved fractions were used for further
studies. An enrichment procedure was used to isolate bacteria that effectively degrade
insecticides. The process was carried out in a mineral medium: (NH4)2SO4 2.0 g/dm3

(Pol-Aura sp z o.o., Lodz, Poland), Na2HPO4 12H2O 1.5 g/dm3 (Pol-Aura sp z o.o., Lodz,
Poland), KH2PO4 1.5 g/dm3 (Pol-Aura sp z o.o., Lodz, Poland), MgSO4 ·7H2O 0.01 g/dm3

(Pol-Aura sp z o.o., Lodz, Poland), FeSO4 ·7H2O 0.01 g/dm3 (Pol-Aura sp z o.o., Lodz,
Poland), CaCl2 2H2O 0.001 g/dm3 (Pol-Aura sp z o.o., Lodz, Poland). Chlorpyrifos was
added to the medium at a concentration of 50 mg/dm3.

To 90 mL of the medium prepared in this way, 10 g of soil was added and culturing
was carried out at 30 ◦C for 72 h. After this time, the culture of microorganisms was
passaged on a medium for the determination of the total number of microorganisms, using
Plate Count Agar (PCA) with the following composition: casein peptone 5.0 g/dm3, yeast
extract 2.5 g/dm3 (Pol-Aura sp z o.o., Lodz, Poland), glucose 1.0 g/dm3 (Pol-Aura sp z
o.o., Lodz, Poland), agar 12 g/dm3 (Pol-Aura sp z o.o., Lodz, Poland). The plates were
incubated in an incubator at 37 ◦C for 48 h.

After this time, three strains of morphologically different bacteria were isolated from
each soil sample. Pure bacterial cultures were stored in cryobanks at −30 ◦C. The strains
from the pure culture were then inoculated into 100 mL mineral medium, which contained
50 mg/ dm3 of chlorpyrifos. After 72 h of incubation at 30 ◦C, the concentration of
chlorpyrifos was measured. The optical density of the culture (OD550) was also measured
using a DEN-1B densitometer (Biosan). Three strains with the highest biodegradation
activity were selected for further research.

The bacteria were identified using molecular methods based on 16S rRNA gene
analysis. Genomic DNA was extracted using the Genomic Mini kit (A&A Biotechnology)
according to the methodology provided by the manufacturer. The reaction mixture was
prepared in a volume of 25 μL containing 12 μL of polymerase (1.5 units) REDTaq™
ReadyMix™ (Sigma), 0.2 μL of each universal primer (27F and 1492R) and 11.6 μL of water
and 1 μL of DNA. The 16S rRNA gene was amplified via PCR in the MJ Mini Gradient
Thermal Cycler (Bio-Rad) in a cycle consisting of initial denaturation at 94 ◦C for 2 min,
denaturation at 94 ◦C for 1 min, primer annealing at 50 ◦C for 1 min (34 repetitions),
extension 72 ◦C for 3 min and final extension at 72 ◦C for 3 min.

The PCR reaction products were analyzed with horizontal electrophoresis in 1%
(w/v) agarose gel in 0.5 × TBE buffer (Sigma-Aldrich Sp z o.o., Poznan, Poland). The
amplified PCR products were purified employing the Clean-Up AX kit (A&A Biotech-
nology) and then subjected to a sequencing reaction. The obtained nucleotide sequences
were compared with the BLAST 2.10.0+ program (the Basic Local Alignment Search Tool)
with the sequences available in the NCBI database (the National Center of Biotechnology
Information database).

2.2.2. Phytoremediation Process

All details concerning the cultivation process were described in the previously pub-
lished paper of Sobiecka et al. [36]. The pure phytoremediation process (F1) was car-
ried out in an aquatic environment polluted by different concentrations of chlorpyrifos:
50 μg/dm3, 100 μg/dm3, 150 μg/dm3. Macrophytes were also cultivated in the medium
without adding the tested pesticide, as a reference test. The second phytoremediation
process was conducted with assistance of microbial consortia (F2). In this process, the plant
cultivation environment was enriched with inoculum of three isolated microbial consortia.
To prepare the inoculum, each strain was activated on PCA medium. After 72 h of culturing
in 37 ◦C, suspensions of the tested strains were made in physiological saline. The density
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of each suspension was determined densitometrically so that the final number of cells was
1.0 × 106 cells/cm3. Then, 0.650 cm3 of each of the suspensions prepared in this way was
added to 1 dm3 of the medium in which the phytoremediation process was carried out. The
initial abundance of each strain in the environment was approximately 2.0 × 103 cells/cm3.

2.3. Determination of Chlorpyrifos

After the end of phytoremediation supported by microorganisms, the bacterial suspen-
sion had to be removed before performing the chromatographic analysis. For this purpose,
a sample containing bacterial cells was extracted by Solid Phase Extraction (SPE). The
extraction was carried out in extraction columns filled with a C-18 bed from Phenomenex
on a 12-station SPE system from J.T. Baker. After conditioning the column by passing
5 mL of methylene chloride and then 10 mL of distilled water, the samples were applied
to the column. A sample of the bacterial suspension was loaded onto the column under
pressure 5mBar.

Methylene chloride (Pol-Aura sp z o.o., Lodz, Poland) was used to extract the chlor-
pyrifos from the column. Elution was carried out twice using 10 mL of reagent. Each
portion of the solvent remained in contact with the stationary phase from 20 s to 1 min,
because then the leaching effect is most effective.

Chlorpyrifos concentrations before and after both phytoremediation processes were
determined with gas chromatography on a two-dimensional gas chromatograph coupled
with a mass spectrometer, with a TOF ion time-of-flight detector (Pegasus 4D, LECO
Corp., St. Joseph, MI, USA). An extremely important advantage of this electron cap-
ture detector is its high sensitivity and selectivity to impurities containing elements with
high electronegativity.

After the extraction process, the obtained eluates were dosed to the chromatographic
column in various temperature programs of the oven, which enabled the determination of
the effect of the oven temperature on the chromatographic separation of chlorpyrifos. The
retention time of the pesticide with a positive response was then recorded. The following
temperature program was used: initial temperature 70 ◦C, then increase of 15 ◦C/min
to 300 ◦C, at which chlorpyrifos in the tested samples gave a positive response with the
correct peak shape.

2.4. Determination of Enzymatic Antioxidants

The enzymatic antioxidants system analytical details were described in a previous
paper of Sobiecka et al. [37]. The information concerned the determination of a glutathione
S-transferase (GST) and guaiacol peroxidase (GPX). The standards came from the Polish
Office of Sigma-Aldrich Sp z o.o., Poznan, Poland.

2.5. Determination of Nonenzymatic Antioxidants

The nonenzymatic antioxidants system analytical details were described in a previous
paper of Sobiecka et al. and concerned the determination of polyphenols, flavonoids and
pigments has been repeated [36]. All the required standards were bought in the Polish
Office of Sigma-Aldrich Sp z o.o., Poznan, Poland.

2.6. Statistical Analysis

The STATISTICA Version 10 (StatSoft, Cracow, Poland) was used for statistical calcu-
lations. The results present the average of three biological samples measurements. The
single-factor analysis of ANOVA variance was used. The Duncan multiple-range post
hoc test (p < 0.05) in order to show statistically significant differences between the tested
samples was used to analysis.

3. Results

Our research on the purification of water contaminated with chlorpyrifos was pre-
ceded by the isolation of bacterial strains naturally occurring in temperate climate zones—
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including Poland. The bacteria were isolated from places contaminated with pesticides.
Next, they were cultivated in a solution polluted by chlorpyrifos to check their biodegrada-
tion effectiveness, as seen in Figure 1. The three most effective strains were identified, and
these results are summarized in Table 2.

Figure 1. Biodegradation of chlorpyrifos by soil bacteria originating from A—a corn field, B—celery
cultivation, C—a strawberry field, D—an apple orchard.

Table 2. Summary of the most efficient strains.

Identified Strain
[Accession Number in GenBank]

Reference Strain in GenBank
[Accession Number]

Similarity Taxonomy

Bacillus cereus A2
[PP473786]

Bacillus cereus strain CBC-4
[MK285635] 100%

Domain Bacteria, Phylum Bacillota, Class
Bacilli, Order Caryophanales, Family

Bacillaceae, Genus Bacillus

Bacillus licheniformis B2
[PP473787]

Bacillus licheniformis strain
HO-A7

[MT495615]
99.9%

Domain Bacteria, Phylum Bacillota, Class
Bacilli, Order Caryophanales, Family

Bacillaceae, Genus Bacillus

Oerskovia paurometabola D1
[PP473788]

Oerskovia paurometabola strain
CSE_1 [KX027337] 99.9%

Domain Bacteria, Phylum Actinomycetota,
Order Micrococcales, Family

Promicromonosporaceae, Genus Oerskovia

In the main part of our studies we estimated the effectiveness of phytoremediation—
one of the biological technologies for pollutant removal from aquatic environment. During
the phytoremediation process (F1) and phytoremediation supported by microorganisms
(F2) various concentrations of chlorpyrifos: 50 μg/dm3, 100 μg/dm3 and 150 μg/dm3, in
the aquatic environment were monitoring (Figure 2). The enrichment of the aquatic environ-
ment with the bacteria species (Bacillus cereus, Bacillus licheniformis, Oerskovia paurometabola)
intensified the biological process, which resulted in an increase in the effectiveness of the
phytoremediation process. The presence of macrophytes and microorganisms enlarged
their scope to get rid of toxins from the environment. The investigated macrophytes re-
duced the concentration of chlorpyrifos to a large extent after the end of F1 and F2 processes
according to the initial concentrations, Figure 2.

The used of a hybrid phytoremediation method in the removal of chlorpyrifos sig-
nificantly decreased the pesticide amount from the aquatic environment. After the F2
process, the pesticide concentration was from 1.55% to 14.00% of its initial values, and
after the F1 process from 5.35% to 34.00%. Analyzing the results, it was found that the
phytoremediation process supported by microorganisms conducted by macrophytes is
more effective. The plants selected for this research, Canadian waterweed, needle spikerush
and water mint, showed increased activity of an enzymatic antioxidant systems in response
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to abiotic stress caused by the presence of chlorpyrifos in the environment. These results
confirmed that biological methods, including commonly occurring aquatic plants, can be
effective in cleaning an aquatic environment contaminated with chlorpyrifos.

Figure 2. Chlorpyrifos removal from an aquatic environment in F1—phytoremediation; and F2—
phytoremediation supported by microorganisms.

Water plants have developed the ability to accumulate pollutants in their tissues in
order to grow in difficult environmental conditions in the presence of toxic substances.
In order to protect against oxidative stress, macrophytes have developed mechanisms
consisting of nonenzymatic and enzymatic antioxidants system.

For the second part of the presented results of our studies, we focused on the behavior
of the chosen water plants (Canadian waterweed (A), needle spikerush (B) and water
mint (C)) in the presence of three various concentrations of chlorpyrifos: 50 μg/dm3,
100 μg/dm3 and 150 μg/dm3. One of the processes conducted in the aquatic environment
was enriched by an inoculum of bacterial consortia. We analyzed a few nonenzymatic
and enzymatic antioxidants that can be markers of the abiotic stress caused by various
concentrations of chlorpyrifos.

The contents of polyphenols and flavonoids were measured in leaves of the chosen
macrophytes (Table 3). The increased concentration of chlorpyrifos in the cultures intensi-
fied the concentration of both investigated compounds in the tissues of the tested plants.
The increasing amounts of polyphenols and flavonoids correlated with the increasing
chlorpyrifos concentrations in the water solution. All of the macrophytes were able to grow
and develop in the presence of toxic substances.

Table 4 shows the average content of four pigments in the leaves of Canadian sea-
weed, needle spikerush and water mint. The presence of chlorpyrifos in the plant growth
environment resulted in a reduction in the content of pigments in the tissues of the tested
plants. This correlation was directly proportional and the concentration of chlorpyrifos
150 μg/dm3 significantly inhibited the pigment content in plant tissues compared to the
control sample.
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Table 3. The content of polyphenols and flavonoids in chosen macrophytes after phytoremediation
processes F1and F2.

Nonenzymatic
Antioxidants

Phytoremediation Plant
Chlorpyrifos Concentration [μg/dm3]

0 50 100 150

Polyphenols
[mg CEA/g f.m.]

F1
A 3.66 ± 0.02 8.80 ± 0.01 10.46 ± 0.01 18.57 ± 0.02
B 4.45 ± 0.01 11.85 ± 0.03 14.61 ± 0.02 15.89 ± 0.02
C 5.60 ± 0.02 14.59 ± 0.02 16.64 ± 0.01 19.51 ± 0.02

F2
A 6.60 ± 0.03 13.86 ± 0.01 19.81 ± 0.02 23.73 ± 0.02
B 6.85 ± 0.02 15.83 ± 0.03 19.59 ± 0.02 23.09 ± 0.01
C 6.82 ± 0.02 14.52 ± 0.01 18.85 ± 0.01 24.10 ± 0.02

Flavonoids
[mg QE/g f.m.]

F1
A 4.56 ± 0.03 7.24 ± 0.01 9.30 ± 0.02 13.29 ± 0.02
B 3.81 ± 0.02 7.66 ± 0.01 10.56 ± 0.03 14.67 ± 0.01
C 5.22 ± 0.01 6.28 ± 0.02 10.64 ± 0.01 16.82 ± 0.01

F2
A 3.99 ± 0.02 8.22 ± 0.03 10.88 ± 0.01 15.06 ± 0.01
B 4.50 ± 0.01 8.56 ± 0.01 12.79 ± 0.03 16.38 ± 0.01
C 5.19 ± 0.02 7.85 ± 0.02 11.53 ± 0.02 19.21 ± 0.01

Notes: F1—phytoremediation; F2—phytoremediation assisted by microorganisms; A—Canadian waterweed
(Elodea canadensis Michx.), B—needle spikerush (Eleocharis acicularis), C—water mint (Mentha aquatica L.).

Table 4. The content of nonenzymatic antioxidants in chosen macrophytes after phytoremediation
processes.

Nonenzymatic Antioxidant
[mg/g f.m.]

Phytoremediation Plant
Chlorpyrifos Concentration [μg/dm3]

0 50 100 150

Chlorophyll a

F1
A 12.15 ± 0.02 10.28 ± 0.02 7.25 ± 0.03 2.36 ± 0.01
B 13.02 ± 0.02 12.18 ± 0.03 7.38 ± 0.03 5.12 ± 0.02
C 13.71 ± 0.01 12.27 ± 0.01 8.12 ± 0.02 6.08 ± 0.01

F2
A 12.10 ± 0.02 11.12 ± 0.03 7.97 ± 0.01 3.62 ± 0.03
B 15.32 ± 0.03 13.78 ± 0.01 8.02 ± 0.01 5.42 ± 0.02
C 13.08 ± 0.02 12.24 ± 0.03 7.35 ± 0.03 6.71 ± 0.03

Chlorophyll b

F1
A 13.52 ± 0.03 10.00 ± 0.02 7.24 ± 0.02 3.14 ± 0.03
B 13.01 ± 0.02 12.15 ± 0.02 8.18 ± 0.03 7.02 ± 0.03
C 12.97 ± 0.02 11.71 ± 0.03 7.93 ± 0.01 3.14 ± 0.02

F2
A 12.05 ± 0.03 10.27 ± 0.02 8.19 ± 0.03 3.28 ± 0.02
B 14.12 ± 0.02 12.32 ± 0.01 8.27 ± 0.02 5.64 ± 0.03
C 13.09 ± 0.03 11.02 ± 0.01 7.37 ± 0.03 6.27 ± 0.03

Anthocyanins

F1
A 29.52 ± 0.03 26.36 ± 0.01 23.09 ± 0.03 18.38 ± 0.03
B 35.12 ± 0.02 31.51 ± 0.02 27.11 ± 0.01 20.32 ± 0.03
C 33.41 ± 0.01 31.81 ± 0.01 23.72 ± 0.03 17.42 ± 0.02

F2
A 30.21 ± 0.01 27.21 ± 0.02 23.34 ± 0.01 18.34 ± 0.01
B 35.32 ± 0.02 31.37 ± 0.01 27.81 ± 0.02 20.18 ± 0.01
C 32.41 ± 0.01 29.46 ± 0.02 23.47 ± 0.03 17.24 ± 0.02

Carotenoids

F1
A 25.18 ± 0.03 19.21 ± 0.03 15.32 ± 0.01 8.71 ± 0.01
B 24.28 ± 0.02 22.08 ± 0.02 14.54 ± 0.03 5.21 ± 0.02
C 23.58 ± 0.01 20.36 ± 0.02 13.37 ± 0.01 7.83 ± 0.03

F2
A 25.04 ± 0.01 18.54 ± 0.01 16.23 ± 0.01 9.14 ± 0.01
B 24.52 ± 0.02 23.21 ± 0.01 14.75 ± 0.02 8.35 ± 0.01
C 23.24 ± 0.01 21.87 ± 0.03 14.41 ± 0.01 7.08 ± 0.03

Notes: F1—phytoremediation; F2—phytoremediation assisted by microorganisms; A—Canadian waterweed
(Elodea canadensis Michx.), B—needle spikerush (Eleocharis acicularis), C—water mint (Mentha aquatica L.).

Our research also analyzed changes in the activities of selected enzymatic oxidants,
glutathione S-transferase (GST) and guaiacol peroxidase (GPX), in leaf and root tissues.
The results are presented in Table 5. It was observed that the concentration of chlorpyrifos
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150 μg/dm3 intensifies the enzyme activity the most. Activity increased more than three
times compared to the initial value in all plant species. For water mint the highest increase
in GST activity was observed in leaves and roots. In a case of Canadian waterweed and
needle spikerush the activity intensification was observed in leaves. Generally, the similar
tendency was observed in activity changes of GXP. The highest concentration of pollutant
caused the most intensive activity of the enzyme. We observed more intensified activities
in leaves compared roots.

Table 5. The enzymes activities changes in chosen macrophytes after phytoremediation processes.

Enzymatic Antioxidant Phytoremediation Plant
Chlorpyrifos Concentration [μg/dm3]

0 50 100 150

GST in leaves
[nmol CDNB/g f.m.]

F1
A 4.40 ± 0.01 9.67 ± 0.02 12.68 ± 0.02 16.89 ± 0.01
B 4.82 ± 0.01 10.61 ± 0.01 12.93 ± 0.01 20.24 ± 0.03
C 5.88 ± 0.02 9.22 ± 0.03 14.44 ± 0.01 19.77 ± 0.01

GST in leaves
[nmol CDNB/g f.m.]

F2
A 5.93 ± 0.03 12.62 ± 0.02 20.07 ± 0.03 22.18 ± 0.01
B 6.73 ± 0.01 11.71 ± 0.02 18.83 ± 0.01 23.14 ± 0.03
C 6.60 ± 0.03 11.99 ± 0.01 19.97 ± 0.03 20.07 ± 0.01

GST in roots
[nmol CDNB/g f.m.]

F1
A 2.93 ± 0.03 5.29 ± 0.02 9.87 ± 0.01 12.34 ± 0.03
B 2.33 ± 0.01 6.84 ± 0.03 11.33 ± 0.03 15.23 ± 0.01
C 6.36 ± 0.02 12.38 ± 0.02 19.51 ± 0.01 22.61 ± 0.01

GST in roots
[nmol CDNB/g f.m.]

F2
A 1.98 ± 0.01 3.24 ± 0.01 9.86 ± 0.02 13.19 ± 0.01
B 2.67 ± 0.01 7.33 ± 0.02 14.80 ± 0.01 17.79 ± 0.02
C 6.14 ± 0.03 12.59 ± 0.01 20.16 ± 0.03 23.29 ± 0.01

GPX in leaves
[mmol TG/g f.m.]

F1
A 3.66 ± 0.02 8.80 ± 0.01 10.46 ± 0.03 18.57 ± 0.03
B 4.45 ± 0.01 11.85 ± 0.01 14.61 ± 0.03 15.89 ± 0.01
C 5.60 ± 0.01 14.59 ± 0.02 16.64 ± 0.01 19.51 ± 0.03

GPX in leaves
[mmol TG/g f.m.]

F2
A 6.60 ± 0.01 13.86 ± 0.01 19.81 ± 0.03 23.75 ± 0.01
B 6.86 ± 0.02 15.80 ± 0.01 19.60 ± 0.01 23.09 ± 0.03
C 6.92 ± 0.03 14.53 ± 0.01 18.85 ± 0.03 24.11 ± 0.02

GPX in roots
[mmol TG/g f.m.]

F1
A 4.18 ± 0.01 6.78 ± 0.03 9.83 ± 0.02 14.27 ± 0.03
B 4.34 ± 0.03 12.70 ± 0.01 16.41 ± 0.03 16.10 ± 0.03
C 6.36 ± 0.03 12.38 ± 0.03 19.51 ± 0.01 22.61 ± 0.01

GPX in roots
[mmol TG/g f.m.]

F2
A 2.27 ± 0.03 9.18 ± 0.01 12.47 ± 0.02 17.36 ± 0.03
B 5.09 ± 0.01 16.74 ± 0.01 18.64 ± 0.03 21.45 ± 0.01
C 6.14 ± 0.03 12.59 ± 0.02 20.16 ± 0.01 23.29 ± 0.03

Notes: F1—phytoremediation; F2—phytoremediation assisted by microorganisms; A—Canadian waterweed
(Elodea canadensis Michx.), B—needle spikerush (Eleocharis acicularis), C—water mint (Mentha aquatica L.).

4. Discussion

The results presented in this paper compare the changes of chosen nonenzymatic
and enzymatic antioxidants defense system for pure phytoremediation process (F1) and
the phytoremediation assisted by microorganisms (F2). Changes in the activities and
concentrations of compounds that are part of the plant defense system enable the removal
of pollutants from the environment. Living organisms, both plants and microorganisms,
are exposed to toxic compounds which induce the response to stress. In the presence of
chlorpyrifos, the plants activated the cell organelles that induce biochemical processes
of transcriptional up-regulation of phenylpropanoid pathway [38]. The activation of
biosynthetic enzymes and up-regulation of key genes of phenylpropanoid branch allowed
to stimulate a phenolic biosynthesis [39,40].

The presence of chlorpyrifos resulted in a decrease in the content of chloroplast
pigments in the studied macrophytes, caused by oxidative stress. The toxic compound
caused an increased content of free radicals. The direct effect of these reactions was the
inhibition of the activity of enzymes responsible for the process of chlorophyll synthesis [41].
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Similar results were obtained by the Shixiang and Yadav groups [42,43]. Scientists have
also observed that chlorophyll concentrations decrease as the concentration of pesticides
in the environment increases. Higher concentrations of pollutants adversely affect the
physiology of macrophytes.

Abiotic stress caused by the presence of pesticides in the environment also affects the
enzymatic defense system of plants. Our studies have proven that the activities of both
enzymes: glutathione S-transferase (GST) and guaiacol peroxidase (GPX) in plant tissues
increase with increasing concentration of chlorpyrifos. Both enzymes are involved in the
biochemical reactions of plants responsible for the detoxification process of xenobiotics such
as pesticides. The plant defends itself against accumulating pollutants in its tissues [44].
Our study results regarding changes in GST activity were similar to those obtained in
Tlidjen’s study [45]. In the case of the activity of guaiacol peroxidase (GPX), which is
responsible for the proper course of physiological processes in plant tissues, a correlation
with the growth of chlorpyrifos in the environment was observed. The increased activity of
GPX was also observed in research of Sharma group [46] and Bertrand, in which different
concentrations of chlorpyrifos were tested in culture in small pondweed (Potamogeton
pusillus) tissue [14]. The obtained results of the increase in activity confirm that guaiacol
peroxidase is one of the enzymes responsible for the plant response to abiotic stress caused
by chlorpyrifos. The analysis of the results also confirms that both enzymes—GPX and
GST—are involved in the process of removing organic peroxides and hydrogen peroxide,
which are products of aerobic metabolism [47,48]. These enzymes significantly reduce the
oxidative stress effects on plant tissues.

The proper management of waste disposal is one of the elements of the economy
that requires not only technological, but also economic and social activities, taking into
account the needs and interests of man together with balancing adverse impact on the
natural environment.

During the research, the hypothesis that the concentration of abiotic factors directly af-
fects the activity of enzymes was also confirmed. The highest concentration of chlorpyrifos
stimulated enzyme activity most intensely.

The investigated nonenzymatic antioxidative stress system compounds: polyphenols,
flavonoids and pigments (chlorophyll a, chlorophyll b, anthocyanins and carotenoids)
effected in amount changes which was correlated to the chlorpyrifos concentration. The
aquatic environment polluted by the highest chlorpyrifos concentration (150 μg/dm3)
caused an increase in polyphenols and flavonoids in plants tissues while the content of
pigments diminished.

The ability of the chosen macrophytes to adapt in the presence of toxic chlorpyrifos
molecules allowed for the testing of a remediation process to clean a polluted ecosystem [49,50].
For the study we used three species of plants naturally occurring in the aquatic environment
of our temperate climate in Poland.

5. Conclusions

To summarize our research, we confirm the proper choice of macrophytes used in
our studies: Canadian waterweed, needle spikerush and water mint. The chosen water
plants provided an efficient process of pollutant removal. The phytoremediation process
was intensified in the presence of the following microbial consortia: Bacillus cereus, Bacillus
licheniformis, Oerskovia paurometabola, selected from the polluted sites. The investigated
method was a useful technology for cleansing the aquatic environment of chlorpyrifos,
resulting in chlorpyrifos removals of 86% to 98% after the F2 process, compared to its initial
values, and 66% to 94% after the F1 process.
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Abstract: Human disturbance and climatic factors alter the hydrological state of rivers in many ways
and have a degree of negative impact on the quality of watershed habitats; quantifying the impact of
both human disturbance and climatic factors on hydrological change can help improve the quality of
watershed habitats. Therefore, in this research, an integrated watershed assessment framework is
proposed to analyse the watershed from four perspectives: hydrological situation, environmental
flows, drivers, and habitat quality. A meteorological streamflow model based on the Long Short-
Term Memory (LSTM) model was employed to analyse the hydrological evolution and quantify the
influence of the drivers from the perspective of hydrological and environmental flows. The Integrated
Valuation of Ecosystem Services and Tradeoffs (InVEST) model was then used to evaluate the spatial
and temporal evolution of habitat quality in the basin. And, finally, the grey correlation theory was
used to reveal the response of habitat quality to hydrological changes. Studies have shown that
annual flow and precipitation are increasing in the Xiangjiang River (XJR) basin, while its annual
potential evapotranspiration is decreasing significantly. After 1991, the hydrological conditions of
the XJR were highly variable, with the combined rate of change of the most Ecologically Relevant
Hydrological Indicators, ERHIs-IHA and ERHIs-EFCs, reaching 26.21% and 121.23%, respectively.
Climate change and human disturbance are the main drivers of change for both (with contributions
of 60% and 71%, respectively). Between 1990 and 2020, the habitat quality in the basin declined over
time (from 0.770 to 0.757), with areas of high habitat value located mainly in mountainous areas and
habitat degradation being concentrated in urban areas in the middle and lower reaches, gradually
evolving towards areas of high habitat value in the periphery. There is a strong correlation between
watershed habitat quality and the ERHIs. The results of the study can provide a scientific basis for
maintaining regional ecological security and rational allocation of water resources.

Keywords: ERHIs; LSTM model; InVEST model; habitat quality; comprehensive evaluation

1. Introduction

As the lifeblood of a watershed ecosystem, rivers perform an important ecological
service [1]. Although watershed ecosystems have a degree of self-healing capacity, today’s
climate extremes and frequent human disturbances threaten to break the ceiling of this
capacity. According to the Intergovernmental Panel on Climate Change (IPCC)’s Sixth
Assessment Report, the global average temperature rose by ca. 1.09 ◦C between 2011 and
2020, relative to pre-industrial times [2]. Myhre et al. [3] noted that extreme precipitation
events are expected to increase in frequency with global warming. Frequent human
disturbances are mainly reflected in the changes in land use caused by the construction
of water projects, industry, and agricultural development. It has been shown that only
37% of rivers over 1000 km that maintain free flow exist globally [4]. The above climatic
extremes and human disturbance are the two main causes of changes in natural river flow
patterns. Such unnatural changes can cause significant disruption to essential ecosystem
services throughout the basin, with some weakening of basic ecosystem functions including
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material cycling and energy transfer, as well as negative impacts on basin habitat quality
(i.e., the ability of ecosystems to provide conditions suitable for the continued development
of individuals and populations) [5]. A prerequisite for ensuring the effective management
of water resources in a changing environment is the scientifically sound dissection of a
river’s hydrological evolution and its drivers, as well as the revealing of the habitat quality’s
response to hydrological change.

The Indicators of Hydrologic Alteration (IHA) were proposed by Richter et al. [6].
They are recognised as the most comprehensive set of indicators currently available for
assessing rivers’ hydrologic conditions, not only for systematically characterising flow
variability but also for establishing the ecosystem impacts associated with each indicator.
Song et al. [7] used the IHA-based Range of Variability Approach (RVA) to analyse data from
32 stations in China, finding that the rivers’ hydrological situation in China was moderately
variable. And, Gao et al. [8] found a significant reduction in the early fry of “four major
domestic fish” species in a study of fish stocks in the Hengyang and Changzhutan river
sections of the XJR. Moreover, Richter et al. [9], who proposed the Environmental Flow
Components (EFCs), suggested that maintaining adequate flows during dry periods is
essential to maintaining suitable river habitats, and that extreme flow events play an
important ecological function. Based on the IHA and the EFCs, Gunawardana et al. [10]
found that hydropower development within the Srepok River Basin primarily affects
decline rates and reversals. The IHA and the EFCs are now widely used globally, but in a
review of 171 hydrological indicators, Olden et al. [11] found that there was a sinkhole of
information between most indicators. Using the IHA, Smakhtin et al. [12] point out that
there is a high autocorrelation between annual minimum multi-day flows with a difference
of less than 6%, and that annual maximum multi-day flows exhibit the same characteristics.
Principal Components Analysis (PCA) is considered to be an effective method for solving
this problem. For the 32 IHA indicators, Cheng et al. [13] used PCA to successfully screen
seven ERHIs for the estimation of environmental flow at the outlet of Dongting Lake and
found that it could retain the valid information of the IHA well.

In addition, “observation–simulation” comparison is considered to be an important
method for quantifying the effects of human disturbance and climatic factors on flow
variability [14]. There are two types of models commonly used in streamflow simulation:
one is the hydrological model, which contains mainly distributed hydrological models,
and the other is the conceptual hydrological model. While the former’s simulations are
somewhat physical in nature, they are also problematic, with the large observational dataset
required and the numerous model parameters raising the threshold for their application.
The uncertainty in the model’s parameters and the spatial and temporal transformation
of the dataset are also problematic; furthermore, some of these models were developed
for specific study areas, thus limiting their applicability [15]. The latter model, while
having fewer model parameters, also limits its simulation time scales, with most conceptual
hydrological simulations stopping at the monthly scale flow level [16]. In response to
these problems, a large number of scholars have turned to methods for studying data
characteristics, and, with the rapid development of computers in recent years, data-driven
models such as artificial neural networks have been sought after by most scholars in the
field of hydrology, with the Long Short-Term Memory (LSTM) model being widely used
in hydrology. The LSTM models solve the problem of vanishing gradients in traditional
machine learning and eliminate long- and short-term dependence in time-series. Therefore,
it is more suitable for dealing with long time-series datasets, including simulating flow-
variation processes under natural conditions [17]. For example, Fan et al. [18] constructed a
meteorological streamflow model of the Poyang Lake basin based on the LSTM model and
realised the process of simulating the daily flow under natural conditions. Cao et al. [19]
also introduced this method and combined it with ecological flow indicators to quantify
the effects of climate change and human activities in terms of ecological water demand.

Human activities and climate change have influenced hydrological evolution and
disturbed watershed habitats’ quality [20]. In the early days, researchers focused on habitat-
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specific and biodiversity-based field surveys; however, this method is time-consuming
and expensive, suitable only for small-scale surveys, and is difficult to implement at the
catchment scale. With the rapid development of geo-information technology, ecological
models based on remote sensing techniques have been widely used to assess watershed
habitat quality [21]. One of the most established and commonly used models is the
Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model, developed
jointly by Stanford University, the University of Minnesota, the Nature Conservancy, and
the Wildlife Fund Society. Its strength lies in establishing a link between suitability and
threat for different land-use types and then assessing the distribution and degradation
according to the sensitivity of each habitat to the sources of threat. Using this model,
Zhang et al. [22] found that land-use changes in the Yangtze River Delta region between
1975 and 2010 led to a significantly reduced habitat quality.

In recent decades, the XJR basin has experienced rapid demographic, economic, indus-
trial, and agricultural development, as well as rapid urban expansion. These changes have
not only affected the alteration of river flow regimes in the basin but have also been ac-
companied by a degradation of habitat quality [23]. For example, urban expansion implies
the expansion of urban population, industrial development, etc., which will increase the
local water demand and affect the hydrological situation of rivers to some extent. Urban
expansion also leads to the loss of surrounding habitats, habitat fragmentation, and habitat
quality degradation, which seriously threatens biodiversity and human well-being [24].
Zeng et al. [25] conducted a study on the fish community of the Xiangjiang River. They
discovered that human activities have had a significant impact on the fish habitat, resulting
in a decline in fish biodiversity and abundance. In addition, the impact of human activities
and climate change on hydrology is multifaceted; for instance, in a given month, although
the average flow increases, the low flow may lower. Most previous studies have quantified
the amount of change in river runoff due to climate change and human activities based on
an annual scale, for instance, by applying the Budyko model [26]. And, few studies have
quantified the contribution of human activities and climate change to hydrologic change
in terms of hydrologic conditions and environmental flows, and few studies have linked
them to habitat quality. Therefore, this study proposes an integrated watershed assess-
ment framework to analyse watersheds from four perspectives: hydrological situation,
environmental flows, drivers, and habitat quality. This study is divided into four main
steps as follows: (1) The most Ecologically Relevant Indicators (ERHIs) were obtained by
screening for the IHA and the EFCs, respectively, using Principal Components Analysis
(PCA). (2) The reconstruction of flows in their natural state based on LSTM models and
the quantification of the effects of climatic factors and human disturbances on the hydro-
logical situation and environmental flows using a separation framework were carried out.
(3) Land-use data was used to construct the InVEST model in order to evaluate the spatial
and temporal evolutionary characteristics of the watershed habitat’s quality. And (4), the
relationship between hydrological change and watershed habitat quality through grey
correlation theory was revealed. The results of this study may provide a new idea for the
hydrological analysis of river basins and are expected to provide a scientific basis for the
management of water resources in the XJR and promote the ecological protection of the
river basin.

2. Study Area and Data

2.1. Study Area Overview

The XJR (110◦50′–114◦25′ E, 24◦5′–28◦25′ N) is located in the hilly region of southeast
China and is the largest tributary of the Dongting Lake system, as well as a first-class
tributary of the Yangtze River (Figure 1). The watershed has abundant precipitation and
a dense network of rivers, with a total length of 856 km on the main stream and an
asymmetrical feather pattern of tributaries on both sides of the river. The recharge source
of flow is mainly rainfall, which is influenced by its spatial and temporal distribution, and,
in its natural state, the flow in the XJR basin is very unevenly distributed within the year.
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As a result, a large number of reservoirs have been built on its main tributaries. But, this
has also led to significant changes in the natural hydrological situation of the XJR, which
has largely affected the habitat and biological abundance of the wetlands of the XJR basin
and Dongting Lake.

Figure 1. Location of the Xiangjiang River basin and the distribution of meteorological and hydrolog-
ical stations.

2.2. Data Source and Processing

In this research, meteorological data from eight national meteorological stations in
the XJR basin and flow data from the XJR basin’s hydrological control station (Xiangtan
Station) were selected (Table 1 records the basic information of the relevant stations). In
particular, weather station data (including wind speed, relative humidity, temperature,
sunshine hours, and precipitation) are provided by the China Meteorological Data Service
Center (http://data.cma.cn/, accessed on 16 March 2022). The flow data from the Xiangtan
station is obtained from the Yangtze River Basin Hydrological Yearbook. The potential
evapotranspiration was calculated for each meteorological station using the Penman–
Monteith formula [27]. The Thiessen polygon principle was also used to calculate the
precipitation and potential evapotranspiration for the whole basin [28]. In addition, most
neural network models require normalized pre-processing of the dataset before simulation.
In this paper, the original dataset is pre-processed using a normalization formula to ensure
fast and stable convergence of the model, while the normalized output is subjected to a
corresponding denormalization operation; the specific steps can be found in [29]. The
land-use data used in the InVEST model (1990, 1995, 2000, 2005, 2010, 2015, and 2020) were
derived from the Data Center for Resources and Environmental Sciences of the Chinese
Academy of Sciences (http://www.resdc.cn, accessed on 16 March 2022).
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Table 1. Basic information on hydrological and meteorological stations.

Station Station Type Control Area (km2) Altitude (m) Longitude (E) Latitude (N)

Xiangtan Hydrological station 81,600.00 63.80 112.93 27.87
Chenzhou 10,601.17 368.80 112.97 25.73
Shuangfeng 11,905.68 100.00 112.17 27.45
Yongzhou 12,826.50 172.60 111.62 26.23
Daoxian Meteorological station 16,456.87 192.00 111.60 25.53
Zhuzhou 16,444.20 74.60 113.17 27.87
Guidong 6170.81 835.90 113.95 26.00
Hengyang 9593.82 104.90 112.60 26.88
Youxian 10,166.43 115.20 113.35 27.00

Note: The control area of the meteorological stations in the basin is calculated based on the Thiessen principle.

3. Methodology

3.1. Hydrological Variability Determination

The Mann–Kendall trend test determines whether there is a significant trend change
in the time-series data. In this study, the Mann–Kendall trend test was used to calculate
three series of flow, precipitation, and potential evapotranspiration in the Xiangjiang River
basin, and the specific principles can be found in [30]. When the statistic Z < 0 indicates
that the series shows a decreasing trend, Z > 0 indicates that the series shows an increasing
trend, and, when |Z| > 1.96, it indicates that the series trend passes the 95% significance
test. Meanwhile, to analyse the variation of flow series more intuitively, we determined
the mutation years of the flow series using the Sliding t-test and the Cumulative Anomaly
test [31].

3.1.1. Sliding t-Test

Sliding t-test is widely used in the analysis of hydrological time-series mutability. The
method tests for mutation points by examining whether the difference between the means
of the two sample groups is significant. For the time-series (x), there are a total of n sample
sizes, with a certain moment as the reference point. The samples of the sequence x1 and x2
before and after the base point are n1 and n2, respectively, with mean x1 and x2 (in m3/s)
and variance s1

2 and s2
2 (in m6/s2). Then, the statistics are as follows:

t =
x1 − x2

s ×
√

1
n1

+ 1
n2

(1)

of which

s =

√
n1s1

2 + n2s22

n1 + n2 − 2
(2)

3.1.2. Cumulative Anomaly Test

The principle of the Cumulative Anomaly test is to accumulate the difference between
each data point and the mean of the series in order to determine the year of mutation. Due
to its simple structure and easy implementation, this method has been widely used in the
field of hydrology. For a flow series Q, the cumulative distance level xt at any moment t is
expressed as follows:

xt =
t

∑
i=1

(Qi − Q) (3)

where Qi is the value of the ith time-period of the flow series, Q is the mean value of the
flow series, and the units of the parameters are m3/s.

145



Water 2023, 15, 3626

3.2. The Most Ecologically Relevant Hydrological Indicators
3.2.1. The Indicators of Hydrologic Alteration

To better evaluate the hydrological situation of a basin, Richter et al. [32] developed
33 Indicators of Hydrologic Alteration (IHA) in terms of flow, time, frequency, delay, and
rate of change. Based on the IHA indicator, Richter proposed a method to quantify the
extent of change in the IHA indicator following hydrological disturbance, the Range of
Variability Approach (RVA). It is calculated as follows:

Di =

∣∣∣∣∣N0,i − Nf

Nf

∣∣∣∣∣× 100% (4)

D0= (
1
32

32

∑
i=1

Di
2)0.5 (5)

where Di indicates the degree of change in the ith hydrological indicator (when Di is at
0–33%, it is considered a low degree of change; when Di is at 33–67%, it is considered a
moderate degree of change; and when Di is at 67–100%, it is considered a high degree of
change); N0,i indicates the number of years in which the ith hydrological indicator falls
within the RVA target threshold after hydrological variation; Nf indicates the number of
years that the IHA value is expected to be at the RVA target threshold after hydrological
variation; and D0 is the degree of change in the combined hydrological indicators.

3.2.2. The Environmental Flow Components

Extreme flows, including high-flow events and low-flow events, are considered nec-
essary to maintain the health of river ecosystems. The Environmental Flow Components
(EFCs) are based on this and consist of five flow processes: low flows, extreme low flows,
high-flow pulses, small floods, and large floods, with a total of 34 hydrological indica-
tors [33]. The EFCs indicators were evaluated by conducting calculations before and after
the disturbances and using coefficients of variation (C). The Ci mainly reflects the degree of
variation of the ith indicator from the mean value and is calculated as follows:

Ci =

∣∣∣∣ S
m

∣∣∣∣ (6)

where S is the standard deviation before and after hydrological variation, and m is the
mean value before and after hydrological variation. The overall change in the coefficients
of variation of the EFCs indicator is calculated using the principle of calculating the overall
degree of change using the weighted average of the IHA indicators above (Equation (2)).

3.2.3. Principal Components Analysis

Principal Components Analysis (PCA) is a statistical method for multivariate analysis,
the basic principle of which is to reduce the dimensionality of a large number of relevant
variables into a few uncorrelated variables using orthogonal transformations, and to retain
as much information as possible [34]. The principles for determining the number of princi-
pal components n are the following: (1) a cumulative contribution of 70–90% and (2) an
eigenvalue ≥ 1. The Indicators of Hydrologic Alteration and Environmental Flow Compo-
nents indicators were screened separately using PCA. And, finally, the most Ecologically
Relevant Hydrological Indicators-the Indicators of Hydrologic Alteration (ERHIs-IHA) and
the most Ecologically Relevant Hydrological Indicators-the Environmental Flow Compo-
nents (ERHIs-EFCs) were obtained. They are used to evaluate hydrological situation and
environmental flows separately.
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3.3. The Long Short-Term Memory Model
3.3.1. Model Structure

The LSTM model is a variant of the Artificial Neural Network (ANN) model, whose
special design structure (cell state and “gate” structure) allows it to avoid the problem
of long-term dependency in long-time sequence prediction. Figure 2 reflects a schematic
representation of the operation and structure of the LSTM, the details of which can be
found in [35]. The study refers to the basin meteorological flow model proposed by
Gauch et al. [36]. In this research, natural flows were reconstructed using measured data
(including precipitation, potential evapotranspiration, temperature, sunshine hours, wind
speed, relative humidity, etc.) from meteorological stations in the basin as the input. The
NSE, R2, and RMSE were used as evaluation indicators (Equations (4) and (5)).

NSE = 1 −

n
∑

i=1
(Qobs,i − Qsim,i)

2

n
∑

i=1

(
Qobs,i − Qobs

)2
; RMSE =

√√√√√ n
∑

i=1
(Qobs,i − Qsim,i)

2

n
(7)

R2 =

⎡
⎢⎢⎢⎣
((

Qobs,i − Qobs
) n

∑
i=1

(
Qsim,i − Qsim

))2

n
∑

i=1

(
Qobs,i − Qobs

)2 n
∑

i=1

(
Qsim,i − Qsim

)2

⎤
⎥⎥⎥⎦ (8)

Figure 2. Structure of the Long Short-Term Memory model.

3.3.2. Model Parameters

To better train the LSTM model, the model parameters suitable for the watershed in
question were determined. This research refers to the study of Yin et al. [37], which took
the 1961–1969 sequence of the XJR basin as the base period and further divided it into
a calibration period (1961–1966) and a validation period (1967–1969). The LSTM model
contains many important hyperparameters, including hidden size, epoch, dropout rate,
batch size, etc., that usually need to be optimised before the model can be learned. In this
study, we first determined the hidden size in the hidden layer, and, through training, we
found that the model worked best with 150 neurons. As for the epoch, this study first set a
longer epoch (200 times), and, after several training sessions, the best fit was found to be
after 150 times, thus setting the epoch to 150 times. And, to prevent overfitting problems
during the simulation, a discard layer was set up in the study, with a discard probability
of 0.4, which meant that there was a 60% probability that the hidden units in this layer
would be retained. In addition, it has been shown that the batch size has an impact on
the prediction accuracy of the model. Therefore, we set up eight groups of batch sizes
(1 d, 5 d, 10 d, 20 d, 40 d, 60 d, 80 d, and 100 d) to train the XJR meteorological streamflow
model 15 times, respectively, and used NSE, R2, and RMSE as the evaluation indicators.
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The model’s results for the calibration and validation periods are shown in Figure 3, and it
can be observed that the simulation works best at a batch size of 10 d.

Figure 3. Model performance with different batch sizes (1, 5, 10, 20, 40, 60, 80, and 100).

Ultimately, the main model parameters were set as shown in Table 2. The results of
the meteorological streamflow model’s reconstructions for the XJR streamflow all follow
these parameters. Figure 4 shows the overall effect of the streamflow reconstruction by
the model. The observed and simulated streamflow series between 1961 and 2019 reached
an R2 of 0.85 and an NSE of 0.84; in the natural period (1961–1990) and in the variation
period (1991–2019), the R2 was 0.88 and 0.82, respectively, and the NSE was 0.86 and 0.82,
respectively. These results indicate that the LSTM model performs well and can effectively
capture the characteristics of streamflow variability.
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Table 2. Model’s parameter settings.

Type of Parameters Parameter Name Setting

Hyper parameters

Dropout rate 40
Initial learning rate 0.02
Epoch 150
Batch size 10
Layers 5
Dropout period 40
Hidden size 150

Common parameters
Training hardware CPU
Gradient threshold 1
Network solving algorithm adam

Figure 4. Comparison of observed and simulated flows in the Xiangjiang River basin. The left three
panels (a,c,e) show the fitted plots of the measured and simulated flows. The three plots on the right
(b,d,f) show the variations of the measured and simulated flow rates.

3.3.3. Separation Framework

Based on the streamflow series simulated by the meteorological streamflow model, an
“observation–simulation” comparative analysis was used to quantify the effects of human
disturbances and climatic factors on hydrological changes [38]. First, the degree of change
(D) for the ERHIs-IHA indicator and the change in the coefficients of variation (CV) for the
ERHIs-EFCs indicator were calculated for the measured and simulated series, respectively.
Assuming that human disturbance and climatic effects are independent of each other, the
degrees of change (Dobs) of the observed flow’s hydrological situation and the change in
the coefficients of variation (CVobs) of environmental flows are as follows:

Dobs = Dh + Dc (9)
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CVobs = CVc + CVh (10)

The simulated streamflow is streamflow under the influence of only climate change;
thus, the degree of change (Dsim) of the simulated streamflow’s hydrological situation and
the change in the coefficients of variation (CVsim) of the environmental flow are as follows:

Dsim = Dc (11)
CVsim = CVc (12)

The difference between the D values of the observed and simulated sequences and the
difference between the observed and simulated CV values are as follows:

Dh = Dobs − Dsim (13)
CVh = CVobs − CVsim (14)

The contribution of human disturbances and climatic factors to the hydrological
situation and environmental flows, respectively, are the following:

ηh =
|Dh|

|Dc|+ |Dh| × 100%; ηc =
|Dc|

|Dc|+ |Dh| × 100% (15)

ηVh =
|CVh|

|CVc|+ |CVh| × 100%; ηVc =
|CVc|

|CVc|+ |CVh| × 100% (16)

In the above equations, Dobs and CVobs indicate the degree of variation in the observed
ERHIs-IHA indicators and the change in the coefficient of variation of the ERHIs-EFCs
indicators, respectively. Dsim and CVsim indicate the degree of variation in the simulated
ERHIs-IHA indicators and the change in the coefficient of variation of the ERHIs-EFCs
indicators, respectively. Dh and Dc indicate changes in ecohydrological situation due
to human disturbance and climatic factors, respectively. CVh and CVc indicate changes
in environmental flows due to human disturbance and climatic factors, respectively. ηh
and ηc indicate the contribution of human disturbances and climatic factors to changes
in hydrological situation, respectively. ηVh and ηVc indicate the contribution of human
disturbances and climatic factors to changes in environmental flows, respectively.

3.4. The Integrated Valuation of Ecosystem Services and Tradeoffs Model

The “Habitat Quality” module of the Integrated Valuation of Ecosystem Services and
Tradeoffs (InVEST) model was used to assess habitat quality in the XJR basin. This module
uses land-use data to reflect the impact of human activity on the environment: the higher
the intensity of human activity, the greater the threat to the habitat and the lower the quality
of the habitat. Therefore, the relevant parameters (Tables 3 and 4) were set with reference
to relevant studies [39].

Table 3. Threat factors and their stress intensity.

Habitat Threat Factors Maximum Impact Distance (km) Weight Recession Correlation

Agricultural land 4 0.6 Linear

Rural land 5 0.6 Exponential

Urban land 10 1.0 Exponential

Industrial mining 12 1.0 Exponential

Reservoir/Pond 6 0.6 Exponential
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Table 4. Sensitivity of land-use type to habitat threat factors.

Land-Use Type
Habitat
Suitability

Sensitivity

Agricultural
Land

Rural Land Urban Land
Industrial
Mining

Reservoir/Pond

Agricultural land 0.3 0.0 0.6 0.8 0.8 0.6

Forest land 1.0 0.6 0.4 0.6 0.7 0.5

Grass land 1.0 0.8 0.5 0.4 0.6 0.6

Water body 0.7 0.5 0.3 0.7 0.5 0.7

Built-up land 0.0 0.0 0.0 0.0 0.0 0.4

Unused land 0.4 0.3 0.1 0.1 0.3 0.4

3.5. Grey Correlation Theory

Grey correlation analysis is a method of multi-factor statistical analysis that is mainly
used to study the degree of correlation between series. The basic idea is to determine
whether sequence curves are closely related according to their geometric similarity. The
higher the geometric similarity between the sequence curves, the greater the correlation
between the corresponding data sequences, thus achieving a quantitative description of
the operation process and evolution of the system [40]. The method is based on uncertain
information and can effectively measure the degree of association in order to grasp the
main characteristics of things to use; it is widely used in the field of hydrology. This study
used a grey correlation model to reveal the correlation between the hydrological changes
(hydrological situation and environmental flows) and the habitat quality in the XJR basin.

3.6. Shannon Index

Hydrologic changes often impact aquatic organisms, and the Shannon Index (SI) is
often used to reflect the evaluation of watershed biodiversity. Yang et al. (2008) [41]
established the best-fit relationship between the IHA metrics and the Shannon Index, which
has been widely used for evaluating rivers’ biodiversity. In this paper, due to the lack of
data on the number of riverine biomes and species in the Xiangjiang River Basin, it is not
possible to directly calculate the SI indicators; therefore, by using the relationship equation
constructed by Formula (17) for SI and hydrological indicators, it is then possible to initially,
roughly assess the biodiversity of the river.

SI =
Dmin/Qmin7 + Dmin

Q3 + Q5 + Qmin3 + 2 × Qmax3
+ Rrate (17)

where Dmin is the Julian date of the annual minimum daily flow; Q3 and Q5 are the average
monthly flows in March and May, respectively; Qmin3 and Qmin7 are the annual minimum
3-day flow and the annual minimum 7-day flow; Qmax3 is the annual maximum 3-day flow;
and Rrate is the overflow rate.

4. Results

4.1. Trend and Mutation Analysis

The study conducted a Mann–Kendall trend test for annual flow, annual precipitation,
and annual potential evapotranspiration in the XJR basin (Table 5). The statistics (Z) for the
annual flow and precipitation were 1.11 and 1.23, respectively, both of which failed the 95%
significance level test, also indicating that the annual flow and the annual precipitation
in the XJR are on an upward, but not significant, trend. The annual flow’s and annual
precipitation’s rate of rise were 1334 (m3/s)/Year and 1.58 mm/Year, respectively (Figure 5).
In contrast, the annual potential evapotranspiration statistic (Z) was −2.41, which passed
the 95% significance level test, indicating a significant decrease in the annual potential
evapotranspiration in the XJR basin; its rate of decrease was −1.26 mm/Year. Based on the
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Sliding t-test and Cumulative Anomaly test used to analyse the mutation years of the XJR
flow (Figure 6), the mutation point detected by both tests, together, was 1991. This research
thus takes 1991 as the year of sudden hydrological change in the XJR and divides the flow
sequence (1961–2019) into a natural period (1961–1990) and a variation period (1991–2019).

Table 5. Results of the test for trends in flow, precipitation, and potential evapotranspiration in the
XJR basin.

Study Area
Flow Precipitation Potential Evapotranspiration

Z Trend Z Trend Z Trend

Xiangjiang River basin 1.11 Rise 1.23 Rise −2.41 * Decline

Note: * is passing the 95% significance level test.

Figure 5. Changes in the inter-annual flow, precipitation, and potential evapotranspiration in the
Xiangjiang River basin.

Figure 6. Mutation test for the Xiangjiang River flow (a) shows the results of the Sliding t-test, and
(b) shows the results of the Cumulative Anomaly test.

4.2. The Most Ecologically Relevant Hydrological Indicators
4.2.1. Correlation Analysis of Indicators and Selection of ERHIs

The correlation between the 32 IHAs and between the 34 EFCs was analysed based
on the Pearson correlation coefficients. And, Figure 7 reflects the high sink residual
and strong correlation between both indicators, like between the annual minimum flows
(1, 3, 7, 30, and 90 day), between the time of occurrence and the number of major floods,
etc. Thus, the ERHIs in this study were selected from the IHAs and the EFCs using PCA.
Figure 8a,b show the eigenvalues and cumulative contributions of the IHA and the EFCs at
Xiangtan Station, respectively. From Figure 8a, it can be observed that the eigenvalues of
the first seven principal components of the IHA indicators for the XJR basin are all greater
than one and have a cumulative contribution of about 80%. From Figure 8b, it can be
found that the eigenvalues of the first nine principal components of the XJR basin’s EFCs
indicators are all greater than one, and the cumulative contribution is about 80%. Based on
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the principle of principal component extraction, the PC1–PC7 in Figure 8a were selected as
the main components of the required IHA indicators. And the PC1–PC9 in Figure 8b were
selected as the main components of the required EFCs indicators in this study. In addition,
a factor loading matrix of the principal components was calculated to further screen the
ERHIs, with the criterion that the indicator with the highest or higher absolute value of the
loading was used as the ERHIs. A month’s flow may be correlated to the previous month’s
flow, but, as the 12-month average and low flows reflect the intra-year course of human
and ecosystem water availability in a given month, we added these indicators to the ERHIs.
The final screening of the ERHIs can be seen in Table 6.

Table 6. Changes before and after mutations in the ERHIs-IHA and ERHIs-EFCs in the Xiangjiang
River basin.

ERHIs-IHA (label)
Measured average values Measured thresholds Degree of

change (%)

1961–1990 1991–2019 Low High Obs Sim

Mean flow in January (1) 829 1298 297 1361 24.4 5.55
Mean flow in February (2) 1357 1559 680 2034 1.25 3.45

Mean flow in March (3) 2048 2527 964 3131 8.37 6.40
Mean flow in April (4) 3855 3247 2261 5449 3.45 5.96
Mean flow in May (5) 4312 3867 2435 6189 23.15 3.45
Mean flow in June (6) 3788 4323 1940 5636 13.3 24.14
Mean flow in July (7) 2128 2866 9401 3710 3.45 2.30

Mean flow in August (8) 1451 2083 759 2143 11.33 34.17
Mean flow in September (9) 1219 1333 231 2207 11.72 3.44
Mean flow in October (10) 984.5 1066 460 1509 18.97 15.36

Mean flow in November (11) 1113 1223 439 1788 3.448 2.29
Mean flow in December (12) 805.2 1099 403 1379 19.78 9.48

Base flow index (13) 0.17 0.22 0.13 0.21 60.59 8.37
Date of maximum (14) 156.30 182.90 121.20 191.40 6.90 13.79
Low pulse count (15) 5.20 5.03 3.25 7.16 45.55 26.72
High pulse count (16) 6.30 8.24 4.30 8.30 58.62 31.03

Rise rate (17) 363.50 409.60 251.00 476.00 3.45 5.55
Overall degree of change (18) —— —— —— —— 26.21 15.71

ERHIs-IHA (label)
Measured average values Coefficient of variation Degree of variation (%)

1961–1990 1991–2019 Pre-1991 Post-1991 Obs Sim

January Low Flow (19) 846 1104 0.47 0.41 11.67 12.58
February Low Flow (20) 1136 1186 0.30 0.33 12.46 21.03

March Low Flow (21) 1416 1641 0.28 0.27 5.15 9.95
April Low Flow (22) 1807 1836 0.20 0.20 0.66 15.76
May Low Flow (23) 1870 1946 0.14 0.14 3.91 0.87
June Low Flow (24) 1675 1942 0.22 0.14 38.03 31.59
July Low Flow (25) 1206 1500 0.31 0.26 14.61 3.968

August Low Flow (26) 1096 1392 0.24 0.34 38.19 48.94
September Low Flow (27) 1054 1152 0.39 0.32 18.45 16.35

October Low Flow (28) 924 926 0.34 0.42 21.48 23.06
November Low Flow (29) 1004 1026 0.45 0.40 10.54 1.70
December Low Flow (30) 808 906 0.43 0.44 3.216 17.91

High-flow peak (31) 4923 4711 0.17 0.24 44.41 13.53
High flow rise rate (32) 760 781 0.29 0.38 31.12 44.88

Small Flood duration (33) 31 39 0.60 0.74 22.63 13.06
Small Flood timing (34) 150 181.6 0.09 0.13 40.15 70.19
Large flood peak (35) 19,230 21,310 0.03 0.15 490.30 90.19

Overall variability (36) —— —— —— —— 121.23 35.07
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Figure 7. Correlation plots: (a) plot represents the correlation between the 32 IHA indicators and
(b) represents the correlation between the 34 EFCs indicators; the specific values can be found in
Appendix A. p represents the significant level.

Figure 8. Cont.
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Figure 8. Changes in the characteristic values and cumulative contribution of the Xiangjiang
River basin.

4.2.2. Inter-Annual Variation in ERHIs Indicators

The inter-annual variability of the screened ERHIs indicators was studied based on the
observed flow series (Figure 9). In terms of the temporal characteristics of the ERHIs-IHAs,
only April, May, and October saw a decrease in the mean flow (rates of 20.86 (m3/s)/year,
11.30 (m3/s)/year, and 0.20 (m3/s)/year, respectively). The remaining monthly average
flows showed an upward trend, with more pronounced increases in January, March, and
July (rates of 11.07 (m3/s)/year, 12.90 (m3/s)/year, and 17.17 (m3/s)/year, respectively).
The base flow index showed a slight increase (0.0015); the date of maximum had a delay;
and the flow rate’s rise rate was increasing at a rate of 0.69 m3/s/d per year. In addition,
the low pulse count and high pulse count showed an increasing trend. For the ERHIs-
EFCs, the monthly low flows only showed a decreasing trend in October (at a rate of
1.63 (m3/s)/year), while remaining monthly low flows showed an increasing trend. The
high flow’s rise rate was increasing at a rate of 1.41 m3/s/d per year. The small flood
duration was extended and the small flood timing was delayed. In addition, the large
flood peak increased significantly at a rate of 69.20 m3/s per year, but the high-flow peak
decreased at a rate of 7.65 m3/s per year. These two indicator changes indicate that flows
in the XJR basin have increased in many ways.

4.3. Ecohydrological Situation, Environmental Flow Evolution, and Quantitative Attribution

A meteorological streamflow model was used to reconstruct the natural flow of the
XJR under the influence of climatic factors only and was combined with measured flows to
calculate the ERHIs-IHA and the ERHIs-EFCs. Table 6 reflects the changes in the observed
flow before and after hydrological variation while giving the degree of change (ERHIs-
IHA) and the change in the coefficients of variation (ERHIs-EFCs) calculated based on
the observed (obs) and simulated (sim) flow series. From this, it could be seen that the
overall degree of change for the ERHIs-IHA and the overall change in the coefficients
of variation for the ERHIs-EFCs obtained based on the measured flow were 26.21% and
121.23%, respectively. The overall degree of change for the ERHIs-IHA and the overall
change in the coefficients of variation for the ERHIs-EFCs obtained based on the simulated
flow were 15.71% and 35.07%, respectively. We attributed changes in the ERHIs in the XJR
based on an “observation–simulation” comparison (Figure 10). Climatic factors contributed
more to changes in the ecohydrological situation (60%) and human disturbance was the
main driver of changes in the environmental flows (71%).
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Figure 9. Inter-annual variation in the selected ERHIs (the extent of variation in these ERHIs was
greater than 33%).

For the ERHIs-IHA, the base flow index, low pulse count, and high pulse count based
on the measured flow all achieved a moderate change, while the three indicators based
on the simulated flow showed a low change. Most of the simulated flow’s variability
was reduced compared to the measured monthly average flow’s variability. In addition,
the measured changes in the date of maximum and the rise rate were 6.90% and 3.45%,
respectively, while the simulated flow’s changes increased to 13.79% and 5.55%, respectively.
For the ERHIs-EFCs, the variability of monthly dry flows in May–September (except
August) and November was lower in the modelled results than in the measured flow’s
results. The measured variances for the high flow rise rate and the small flood timing were
31.12% and 40.15%, respectively, while the simulated flow’s variances were even higher
(44.88% and 70.19%). From the attribution results, it can also be seen (Figure 10c) that
human disturbances contribute more than 50% to the mean low in January, mean flow in
May, mean flow in September, mean flow in December, and base flow index (77%, 85%,
71%, 52%, and 86%, respectively), and that climate factors have a greater impact on the
remaining ERHIs-IHA (53–81%). For the ERHIs-EFCs (Figure 10d), human disturbance
had a greater impact on the changes in the four indicators of May low flow, July low flow,
November low flow, high-flow peak, and large flood peak than on climatic factors (78–87%),
while, for the other ERHIs-EFCs indicators, the contribution of climate change was more
pronounced (51–94%).
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Figure 10. Impact of human disturbance and climatic factors on the ERHIs: (a,b) represent the degree
of changes in the hydrological parameters (parameters 1–36, can refer to Table 6) driven by human
activities and climate change; and (c,d) represent the contribution rates of human activities and
climate change to changes in the hydrological parameters.

4.4. Habitat Quality Assessment and Its Response to Hydrological Change

The results of habitat degradation and habitat quality distribution in the XJR basin
were obtained based on the InVEST model. Figure 11 reflects the spatial distribution of
the habitat’s degeneration degree in the XJR basin between 1990 and 2020. The high-
degradation areas were concentrated in the middle and lower reaches of the basin, and
the high-degradation areas spread to the surrounding areas over time, especially in the
cities of Changsha, Xiangtan, and Zhuzhou, during which the average degradation of the
basin increased from 0.0159 to 0.0181 (an increase of 13.84%). The maximum degradation
increased from 0.1137 to 0.1190 (an increase of 4.66%); the low values of degradation
were concentrated in the mountainous areas of the upper part of the basin. The spatial
distribution of habitat quality in the XJR basin from 1990 to 2020 (Figure 12) shows that the
areas with low habitat quality are also located in the urban areas in the middle and lower
reaches of the basin, especially in the axis around Changsha and between Xiangtan and
Zhuzhou, and in the Hengyang area in the middle reaches of the basin, while the habitat

157



Water 2023, 15, 3626

quality is higher in the Luoxiao Mountains, the Baku Lian Jiu Mountains, the Yangming
Mountains, and the Nanling Mountains. In terms of temporal changes, the habitat quality
in the XJR basin was on a declining trend between 1990 and 2020, with the average level of
habitat quality in the basin decreasing from 0.7698 to 0.7569 (a decrease of 1.68%) during
this period. The habitat quality decreased by 0.0004 (0.05%), 0.0007 (0.09%), 0.0015 (0.20%),
0.0009 (0.12%), 0.0041 (0.54%), and 0.0053 (0.70%) in the six periods between 1990 and
2020, respectively, while the area of low habitat quality in the basin gradually expanded to
the periphery.

 

Figure 11. Distribution of habitat degeneration degree in the Xiangjiang River basin, 1990–2020.
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Figure 12. Spatial distribution of habitat quality in the Xiangjiang River basin, 1990–2020.

A grey correlation model was constructed from the time-series of habitat degeneration
degree, habitat quality, and ERHIs in the XJR basin to quantitatively reveal the impact of
hydrological changes on habitat quality (Figure 13). The habitat quality index had a strong
correlation with each of the ERHIs (all the correlations were greater than 0.6). Of these, the
ERHIs-EFCs were more highly correlated with the habitat’s quality (habitat degeneration
degree) than the ERHIs-IHA, overall. For both the habitat quality and habitat degeneration
degree, the ERHIs with correlations greater than 0.90 were mean flow in August, March
low flow, May low flow, August low flow, and large flood peak. It is also clear from this
that habitat quality (habitat degeneration degree) responds more strongly to changes in
environmental flows.
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Figure 13. Grey correlation between ERHIs and habitat quality (habitat degeneration degree) in the
Xiangjiang River.

4.5. Riverine Biological Conditions

The study adopted widely used SI indicators to evaluate the river biodiversity of
the XJR (Figure 14a) and collected the number of XJR’s four major domestic fish after
hydrological variability (Figure 14b) [42,43]. It can be found that, before the hydrological
mutation, the decline rate of the SI index in Xiangjiang River was −1.05/year; however,
after the mutation, the decline rate of the SI index reached −1.45/year. At the same time,
we found that the number of the four major domestic fish in the XJR basin also showed a
decreasing trend after the hydrological variability, with a decreasing rate of 2703 fish/year.
In addition, from the correlation between the catch of tetras and the ERHIs, we found that
several ERHIs metrics showed a strong correlation (greater than 0.65) with them. These
indicators were large flood peak, small flood duration, October low flow, June low flow,
low pulse count, and mean flow in October.
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Figure 14. (a) Changes in the Shannon Index and (b) Situation of four major domestic fish in the
Xiangjiang River.

5. Discussion

Rivers are among the most complex natural ecosystems, and fluctuations in flow in
their natural state are considered critical for maintaining the health of watershed ecosys-
tems [44]. However, research found that global environmental change (including climate
and land-use change) has profoundly altered the flow patterns of most rivers worldwide.
River ecosystems are sensitive to changes in flow [45]. Palmer and Ruhi [46] found that,
when flow changes occur, they not only reduce primary productivity but also affect ma-
terial cycling, ultimately leading to ecological degradation. The XJR, as the mother river
of the Hunan Province as well as the largest river in the Dongting Lake system, not only
feeds 60% of the provincial population but is also the habitat of many rare plants and
animals [47]. This study found that the annual potential evapotranspiration in the XJR
basin declined significantly, the precipitation and the flow were on an upward trend in
terms of inter-annual variability, and the annual flow changed abruptly in 1991. Based on
the measured daily flow of the XJR, the study used PCA to screen Indicators of Hydrologic
Alteration and Environmental Flow Components, effectively avoiding information sink
between indicators, and finally obtained 34 ERHIs.

It was found that the vast majority of the ERHIs-IHA showed an increasing trend after
hydrological variation. After 1991, the average monthly flow increased more markedly in
winter and decreased most markedly in spring (except March), which is inextricably linked
to the human regulation of river water allocation. The XJR flows significantly less during
the flood season, which represents the onset of flow homogenisation, with a reduced
flow during the high-flow months and increased in flow during the low-flow months.
Tonkin et al. [48] found that this phenomenon can lead to a reduction in organic matter
in downstream floodplains, while potentially altering the adaptive range of vegetation
habitats and reducing habitat quality. The degree of change in the base flow index, the
low pulse count, and the high pulse count were 60.59%, 45.55%, and 58.62, respectively, all
reaching a moderate change. And, the increase in the base flow index (from 0.17 to 0.22)
had a negative impact on drifting eggs [49]. High and low pulses play an important role in
maintaining the compatibility of organisms’ life cycles, and their variation can directly or
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indirectly affect the population dynamics and structure of aquatic communities in river
and floodplain systems [50]. Khatun and Pal [51] found that dam construction in the
Tangon River basin resulted in reduced flow velocities in the lower river and a significant
reduction in suitable fish habitats. Only two of the ERHIs-EFCs showed a decreasing
trend (October low flow and high flow peak), with the high flow peak variation reaching
44.41%, the main reason for this phenomenon being the storage of water in the middle
and upper reaches of the reservoir complex during the flood season. After the mutation,
most of the monthly low flows were replenished, which effectively restored a certain level
of dissolved oxygen and water temperature in the river, which could then provide basic
living conditions for organisms [52]. After 1991, the small flood duration was extended
from 30.54 d to 38.76 d. The small flood timing was also delayed from late spring to early
summer. And, in a study of flooding by Bailly et al. [53], they found that prolonged small
flood events may be beneficial in preventing encroachment of riparian vegetation on the
river and that their duration is important for the reproduction and survival of fish. These
findings were corroborated by our results, where the decline in the SI indicator intensified
after hydrological variability, with the rate of decline decreasing from −1.05/year to a rate
that would be −1.45/year. Four major domestic fish also showed a downward trend in
their abundance (2703 fish/year). In conclusion, the operation of the upper and middle
reaches of the XJR reservoir complex changed the hydrological situation and environmental
flow composition in the basin, and the spatial and temporal evolution of hydrological
processes in their natural state was disrupted. These changes negatively impacted the XJR’s
four major domestic fish. Therefore, this study developed a quantitative attribution study
for both.

In the study, the human contribution to the change in mean flow in January was found
to be 77%, but, for the change in January low flow, the human contribution was only 7%.
This reasonably reflects the role of human activities aimed at recharging the dry season,
as well as the fact that climatic elements are the primary cause of January low flow. This
conclusion is supported by the findings of Guo et al. [54] that the role of human activities
in the XJR flow is mainly reflected in the recharge of the downstream flow during the dry
season and the release of water during the flood season. For changes in the other ERHIs, it
is mostly climatic factors that contribute more. Most annual maximum floods in the XJR
occur in April–July, when floods are primarily formed by cyclonic frontal storms, and their
spatial and temporal variation characteristics are similar to those of heavy rainfall. Flood
regulation efforts in the middle and upper reservoirs have led to a reduction in high flows.
Best [55] also found that dam operation reduces high flows and affects fish diversity and
floodplain area. The attribution results for the high-flow peak explain this phenomenon
well (human interference contributing 81%). However, an increasing trend was observed
for the large flood peak, which increased from 19,230 m3/s before hydrological variation to
21,310 m3/s after hydrological variation, with a variation of 490.30%. The increase in the
frequency of extreme weather occurrences following the sudden change is the main reason
for the dramatic increase in the magnitude of major floods in the XJR. Especially in July
2019, when a mega-flood exceeding the 1-in-50-year event occurred in the lower reaches of
the XJR, from Hengshan to Xiangtan, including the 1-in-200-year event at Xiangtan station,
with a peak flood flow of 26,060 m3/s, far exceeding the historical measured maximum
flow (20,600 m3/s on 18 June 1994).

Human activities affect not only the hydrological changes in rivers, but also the quality
of watershed habitats. The habitat quality in the XJR basin was on a declining trend
between 1990 and 2020, but was overall at a high level (above 0.75). This is because the
XJR basin is mainly composed of forest land (62.55–63.29% of the whole basin), with only
(2.89–5.23%) of both building land and water bodies. As a result, areas of high value for
habitat quality in the catchment dominate. However, the area of water bodies in the basin
has increased from 1312 km2 to 1528 km2 (an expansion of 16.46%), and built-up land has
expanded from 1411 km2 to 3400 km2 (an expansion of 140.96%), both of which have had
a negative impact on the quality of habitats in the basin, where the expansion of water
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bodies also reflects the increased construction and operation of reservoirs in the basin.
The construction and operation of reservoirs in the middle and upper reaches not only
influences changes in river hydrology, but also continuously erodes habitats and causes
the continuous fragmentation of habitats. In a study of Amazonian forests, Benchimol
and Peres [56] found that man-made dams can reduce local habitat quality and adversely
affect biodiversity. The expansion of construction land highlights the rapid urbanisation
of the middle and lower reaches of the XJR, leading to the gradual expansion of the areas
of lower habitat quality around the built-up areas of the city to the periphery, swallowing
up the surrounding areas of higher habitat quality. Berta et al. [57], in their study of the
Winike Watershed, found that urbanization poses a threat to and continues to degrade
habitat quality. Urbanisation has been accompanied by population build-up, industrial
and agricultural development, and a dramatic increase in water consumption in all sectors,
putting enormous pressure on the local water-transfer sector, as well as compressing
ecological water use and having a greater impact on local habitat quality. The correlation
between habitat quality (habitat degeneration degree) and the ERHIs corroborates this
finding, and the effect of extreme flow events on habitat quality is greater.

There are also some limitations and potential uncertainties in this study. The LSTM
model on which the separation framework in the research is based is a black-box model,
and its simulation results are a mapping of independent variables to dependent variables,
which has some mechanistic resolution but is weak compared to traditional hydrological
models [58]. Despite this, its excellent simulation performance and lightweight computa-
tion are still loved by many hydrological researchers. The results of Fan et al. (2020) [59]
also demonstrate the reliability of the LSTM model in river flow simulations. Meanwhile,
in the past two years, researchers have used LSTM models to construct meteorological
flow models to reconstruct natural daily flows, and quantitative attribution studies have
been conducted with relevant ecohydrological indicators [60]. This all indicates that the
output of the model can be applied to hydrological analysis. In addition, LSTM models
are subject to uncertainties, e.g., the model structure, parameter values, and input data
can lead to model uncertainty and can affect the simulated flow; model uncertainties are
inevitable and we have tried our best to optimize our model. For example, the XJR flow
mainly originates from precipitation, so a wider range of influencing factors (including
precipitation, temperature, wind speed, sunshine hours, etc.) are adopted in the paper to
simulate the XJR flow in order to reduce the impact of model uncertainties on the output
results. Also, we introduced relevant evaluation metrics (NSE, RMSE, and R2) to evaluate
the simulation effectiveness of the model, and the results also indicate that the constructed
meteorological flow model is useful in this basin and can be used for the analysis of river
ecohydrology. In addition, the final results are basically consistent with the results of
previous studies based on hydrological models [61], which indicates that, although there
are some uncertainties and limitations in the models, they have little influence on the
results of this article, and the conclusions of this article are scientific and reliable [62].

In summary, the XJR basin is undergoing major ecohydrological changes and the
habitat’s quality is deteriorating, which poses a huge challenge to local water resources
regulation and ecological conservation. The core of the problem is how to restore the
natural flow regime of the river as far as possible while ensuring normal water use for
human production and living. This study has analysed the hydrological situation and
environmental flows, and the quantitative attribution results, habitat quality, and response
to ERHIs can provide a scientific basis for managerial decisions. In addition, the LSTM
model is more applicable because of its excellent simulation performance, smaller compu-
tational effort, and less data required; meanwhile, the data of the InVEST model are easily
available. So, the comprehensive evaluation framework constructed in this study can be
easily used to evaluate other watersheds, comprehensively analyse changes in watershed
hydrology and habitat quality, and provide a scientific basis for the rational allocation of
water resources and ecological restoration in the watershed.
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6. Conclusions

This study presents a comprehensive assessment of the XJR basin in terms of four
aspects: hydrological situation, environmental flows, drivers, and habitat quality. The
annual precipitation and annual flow in the XJR basin showed a non-significant upward
trend, but the annual potential evapotranspiration showed a significant downward trend.
It was found that human disturbances and frequent climate extremes are inevitably altering
the natural flow. Most of the ERHIs showed varying degrees of upward trend after hydro-
logical variation (1991). The overall degree of change of the ERHIs-IHA and the overall
change in the coefficients of variation of the ERHIs-EFCs obtained from the measured data
reached 26.21% and 121.23%, respectively. And, it was found that the ecohydrological
situation of the XJR basin is deteriorating, which has had adverse effects on river organ-
isms. Quantitative attribution results indicated that climatic factors are the main factor
influencing the ecohydrological evolution of the XJR, but the role of human disturbance
cannot be ignored. The habitat quality in the basin decreased over the period 1990–2020,
with high values mainly in mountainous areas and low values mostly in urban areas in
the middle and lower reaches, gradually expanding to the periphery. The habitat quality
(habitat degeneration degree) in the XJR basin has a strong correlation with each ERHIs
and responds more strongly to changes in environmental flows.

The impact of human disturbance and climatic factors on watersheds is a complex
issue, and the integrated evaluation framework in this paper may provide new insights
for other researchers on watershed analysis. The results of the study show that the ecohy-
drological situation of the XJR has been significantly disturbed and that the quality of the
watershed habitat has been damaged. In order to better maintain the natural hydrological
evolution of the XJR and improve the quality of the river basin habitats, we propose the
following recommendations. Policy makers need to enhance the basin water allocation
capacity, which can be improved by constructing a basin-wide scientific water resource
regulation and control system, at the same time accelerating the construction of a water-
saving society and improving the efficiency of water resources’ utilization. The relevant
water-related departments can also strengthen their joint efforts and properly simulate
natural flow events through artificial regulation, especially for environmental flow events.

Author Contributions: Conceptualization, F.H.; data curation, F.H.; formal analysis, F.H.; method-
ology, F.H.; supervision, W.G., F.H. and H.W.; validation, F.H.; writing original draft, F.H.; writing,
review, and editing, F.H. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Nature Science Foundation of China (Grant No.
51779094); the Wisdom Introduction Project of Henan Province (GH2019032); the 2023 Special Funda-
mental Research Project Plan for Higher Education Institutions in the Henan Province (23ZX012);
and the North China University of Water Resources and Electric Power for the Master’s Innovation
Capacity Enhancement Project (NCWUYC-2023025).

Data Availability Statement: Data will be made available on request.

Conflicts of Interest: The authors declare no conflict of interest.

164



Water 2023, 15, 3626

Appendix A. Correlation of Hydrological Parameters
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62. Valentukevičienė, M.; Bagdžiūnaitė-Litvinaitienė, L.; Chadyšas, V.; Litvinaitis, A. Evaluating the impacts of integrated pollution
on water quality of the trans-boundary neris (viliya) river. Sustainability 2018, 10, 4239. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

167



water

Article

What Drives the Morphological Traits of Stress-Tolerant Plant
Cynodon dactylon in a Riparian Zone of the Three Gorges
Reservoir, China

Xiaolong Li 1,2, Shanze Li 3, Yawei Xie 4, Zehui Wei 1 and Zilong Li 1,*

1 Ocean College, Zhejiang University, Zhoushan 316021, China; lixiaolong@mwr.gov.cn (X.L.);
22134120@zju.edu.cn (Z.W.)

2 Ministry of Water Resources of the People’s Republic of China, Beijing 100054, China
3 State Key Laboratory of Simulation and Regulation of Water Cycle in River Basin, China Institute of Water

Resources and Hydropower Research, Beijing 100038, China; lishanze@126.com
4 Nanjiang Hydrogeology Brigade of Chongqing Geological Survey Bureau, Chongqing 401121, China;

xieyawei-2@163.com
* Correspondence: zilongli@zju.edu.cn; Tel.: +86-135-8873-6851

Abstract: The cyclical process of water storage and recession in the regular operation of the Three
Gorges Reservoir creates a unique habitat stress that alters the structural and functional attributes
of vegetation ecology within the riparian zone. The stress-tolerant plant Cynodon dactylon (L.) Pers
is the dominant plant species in the riparian zone of the Three Gorges Reservoir. In this study, the
riparian zone of the Daning River, a tributary located in the center of the Three Gorges Reservoir, was
selected as our study area. To identify the drivers of the morphological traits of C. dactylon in the
riparian zone of Daning River, we examined plant biomass and plant characteristics across different
elevation gradients, with reference to abiotic factors to determine the distribution patterns of plant
morphological traits. Results indicated that in the two main soil types of the riparian zone, plant
biomass showed a consistent trend along the elevation gradient, with a “middle-height expansion”
pattern; biomass increased and then decreased with rising water levels. Plant biomass positively
correlated with soil total nitrogen and negatively correlated with soil pH, electrical conductivity,
and total phosphorus. C. dactylon adapted to prolonged flooding in the riparian zone by having a
significant negative correlation between plant height and erect stem length with soil moisture content
to facilitate root respiration.

Keywords: Three Gorges Reservoir; riparian zone; soil; plant morphological traits; Cynodon dactylon

1. Introduction

The riparian zone of a reservoir, also known as the drawdown zone or disturbance
zone, is a transitional ecosystem that alternately experiences submergence and exposure
due to periodic fluctuations in water level [1]. These fluctuations can result from natural
hydrological changes, such as seasonal water level fluctuations or anthropogenic manip-
ulations, primarily due to cyclical water storage and discharge operations. Additionally,
specific climatic events such as droughts can cause drawdown in reservoirs.

The Three Gorges Project is key for national infrastructure and a critical node in the
water network of China. The Three Gorges Reservoir serves as an important strategic
freshwater resource reserve for the nation and is a crucial ecological barrier in the upper
reaches of the Yangtze River [2]. In 2010, the project achieved its experimental water
storage target of 175 m for the first time. Since then, to maximize flood control benefits, the
Three Gorges Reservoir has adopted a “winter storage and summer discharge” regulatory
approach. The reservoir operates at a lower water level from April to October and at a
higher water level from October to the following April. This unique operational scheduling
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forms a unique fluctuating environment in the riparian zone with a drop range of 30 m,
between 145 m and 175 m [1].

The cyclic water impoundment and release during normal operation of the Three
Gorges Reservoir creates a unique form of habitat stress, altering the structure and function
of the ecological pattern of vegetation in the riparian zone. In the cross-section of the
riparian zone at different elevations, the ecological pattern of the vegetation exhibits notable
spatial heterogeneity [3]. The biodiversity in the riparian zone is significantly affected
by hydrological disturbances. Large-scale, unnatural water level fluctuations severely
disrupt the original distribution of plant communities, resulting in a reverse succession
in the riparian zone [4–6]. After the water impoundment operation of the Three Gorges
Reservoir in 2003, the riparian zone gradually formed a vegetation succession pattern
dominated by a few species including the plant Cynodon dactylon (L.) Pers, accompanied by
Atractylodes macrocephala Koidz. and Homalomena aromatica Gagnep [1,7]. Since C. dactylon
is the most dominant plant species, covering almost all the riparian zones of the Three
Gorges Reservoir, we selected it as our study object. The plant C. dactylon shows significant
resistance to flooding and nutrient-poor conditions [8,9]. This might have significant effects
on the material conversion and ecological effects of element cycling in the riparian zone [10].
During the flooding period, the submerged plants will release several nutrients into the
water, resulting in water eutrophication [11]. During the water-level drawdown period,
plants are in their growing season.

The growth behavior and life history strategies of plants at each stage of their growth
and development are closely related to the morphological traits of plants and can determine
the distribution pattern and population behavior of plant species in the habitat to a certain
extent. The adaptability of species is developed in the process of species evolution, which
is manifested in morphology. Different morphological growth strategies are adopted by
plants to maximize the fitness of species at certain stages. Plant morphological traits play
an important role in studying biogeography in many ecosystems such as forestry [12] and
agricultural [13] ecosystems. Under drought stress, plants can obtain the water content
required for normal growth and development through the plasticity of morphological and
structural characteristics, and adapt to the stressed environment by changing their mor-
phogenesis. However, the morphological traits of plants in the riparian zone of reservoirs
have received little attention. Differences in abiotic factors caused by climate change and
geographical location differences will lead to different morphological characteristics of
vegetation [14,15].

To maintain the C. dactylon community, it is important to address the morpholog-
ical traits of this plant across a gradient of elevations, as well as its relationships with
regional abiotic factors in the riparian zones. Hence, in this study, we tested the hypotheses
that (1) C. dactylon morphological traits varied across elevations between two types of
soil (yellow loam and purple soil) and (2) C. dactylon morphological traits varied with
abiotic drivers.

2. Methods

2.1. Study Area

Our study area was located in a riparian zone (31.2813◦ N; 109.8179◦ E) of the Daning
River (Figure 1). The Daning River is a tributary on the left bank of the Three Gorges
Reservoir area. The region has a subtropical monsoon climate. The average annual temper-
ature is 19.8 ◦C, with an average annual precipitation over 1000 mm. The Three Gorges
Reservoir has a water level drop of 30 m. The types of riparian zones mainly include
rocky bank slopes and gentle soil slopes. Our study was focused on the soil bank. Purple
soil and yellow loam were the main soil types in the riparian zone of the Three Gorges
Reservoir [16].

169



Water 2023, 15, 3183

Figure 1. Study area.

2.2. Sample Collection and Testing

To give a comprehensive comparison of plant morphological traits between two types
of soil, yellow loam and purple soil, across different elevations in a riparian zone of the
Three Gorges Reservoir, China, we located three study sites in the riparian zones that are
constituted of yellow loam and three study sites in the riparian zones that are constituted
of purple soil. Thus, six riparian zones were selected. In each of the riparian zones, seven
transects were selected from 145 m to 175 m (Figure 2). In each transect, we randomly set
up three sampling quadrats as three replications of the plant community. At each sampling
quadrat (1 m × 1 m), we recorded plant species and collected all the plant biomass. Plant
biomass was dried in an oven (60 ◦C, 72 h), and weighed. We randomly selected six
individuals of C. dactylon in each quadrat and recorded their erect stem length, number
of ramets, average erect stem internode length, shoot height, first creeping stem, and
root length.

  

Figure 2. Schematic diagram of sampling locations in the Three Gorges Reservoir area (Left); photos
of yellow loam and purple soil profiles (Right).

We examined environmental factors that might affect C. dactylon morphology, includ-
ing soil types (yellow loam and purple soil), pH, electrical conductivity, total phosphorus,
total nitrogen, moisture content, and temperature, and the duration of flooding. Three
topsoil cores with a depth of 5 cm and a diameter of 5.05 cm were collected at each sampling
point to obtain soil abiotic factors. Soil moisture content was determined by weighing
wet soil cores and re-weighing them after drying for 48 h at 60 ◦C. Soil pH was analyzed
by measuring the resulting supernatant of dry soil with deionized water at 1:5 w/v. Soil
total nitrogen and total phosphorus were measured with a continuous flow analysis instru-
ment [17]. The water level data were obtained from the Yangtze River Hydrology Bureau.
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2.3. Data Analysis and Processing

We correlated yellow loam and purple soil with plant C. dactylon morphological traits
(erect stem length, number of ramets, average erect stem internode length, shoot height,
first creeping stem, and root length) using non-linear regression. The comparison between
plant biomass in two soil types of riparian zone was carried out by using analysis of
variance (ANOVA). We used Spearman’s rank correlation analysis to examine potential
relationships between plant morphology and soil abiotic factors (pH, electrical conductivity,
total phosphorus, total nitrogen, moisture content, temperature, and duration of flooding).
All statistical analyses were performed using SPSS 22 software (SPSS Inc., Chicago, IL,
USA), where p < 0.05 was considered statistically significant [18].

3. Results

3.1. Dynamic Changes in Water Level in the Three Gorges Reservoir

The Three Gorges Reservoir has adopted a “winter storage and summer discharge”
regulation mode. The water level slowly rises from 145 m to 175 m beginning at the end
of September each year. The rising process generally takes about 60 days, during which
time the riparian zone and its vegetation are gradually submerged. The high water level of
170~175 m then persists for approximately 60 days. Water discharge begins in April of the
following year, and the water level gradually drops from 175 m to 145 m, a process that
typically takes 200 days. During this time, the riparian zone and its vegetation gradually
emerge from the water. A low water level of 145~150 m persists for approximately 90 days.
The variations in water level in the Three Gorges Reservoir riparian zone over the past
three years are shown in Figure 3.

Figure 3. Variations of water level in the Three Gorges Reservoir.

3.2. Characteristics of Soil Type and Plant Biomass Distribution in the Riparian Zone

Through our survey, we found that the purple soil and yellow loam were the main soil
types in the Daning River riparian zones. The proportions of clay and silt in yellow loam
and purple soil reached as high as 66.44% and 56.4%, respectively, showing fine texture. As
the drying time increases, the total nitrogen and phosphorus content in the soil gradually
decreases.

The plant biomass at different elevations in the riparian zone under the two soil types
is shown in Figure 4. This indicated significant differences in the plant biomass at different
elevations in the yellow loam and purple soil riparian zones (F = 6.159, p < 0.001), but the
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trend of plant biomass changes with water level elevation is consistent. That is, from an
elevation of 145 m to 160 m, plant biomass increased with elevation. The plant biomass in
yellow loam peaked at an elevation of 160 m to approximately 1395.40 g/cm2, whereas the
biomass in purple soil peaked at an elevation of 155 m to approximately 1291.17 g/cm2.
From an elevation of 165 m to 180 m, plant biomass showed a trend of decreasing.

Figure 4. Distribution of plant biomass along different elevation gradients in the riparian zone of
two soil types. Data are shown as means ± SE (N = 54). All ANOVA tests were significant (p < 0.05 in
each case). The letter above each bar represents the results of post hoc Tukey’s HSD test; bars sharing
the same letter are not significantly different from one another.

3.3. Plant Community and Morphological Traits of C. dactylon under Different Soil Types
and Elevations

The investigation results revealed that the dominant plant species within the 145 m to
165 m elevation range in the riparian zone of the Daning River were primarily C. dactylon,
occasionally accompanied by A. macrocephala and H. aromatica. At elevations of 170 m
and above, higher plant diversity was observed, including species such as Daucus carota
L., Ambrosia artemisiifolia L., Conyza canadensis (L.) Cronq., Digitaria sanguinalis (L.) Scop.,
Bidens frondosa L., Vitex negundo L., Melilotus officinalis (L.) Desr., Beckmannia syzigachne
(Steud.) Fern., and Setaria viridis (L.) Beauv. These species are mainly annual and perennial
herbaceous plants. At higher elevations, shrubs, trees, and farmland were also present.

Within the elevation range of 145 m to 165 m in the riparian zone, the predominance
of C. dactylon as the main plant species was related to its inherent plant characteristics.
In the lower elevation riparian zone, where the duration of flooding was longer and
species diversity was lower, C. dactylon exhibited strong tolerance to flooding. Even
when the riparian zone soil remained inundated for more than 200 days during winter,
C. dactylon could still grow during the following summer when water was released from
the reservoir. However, when the elevation exceeded 165 m, the duration of soil inundation
became shorter, and the number of viable species increased, leading to greater interspecific
competition and the loss of dominance by C. dactylon. Hemarthria compressa, S. viridis, and
Euphorbia humifusa became the dominant plant species at elevations of 170 m or above.

From 145 m to 180 m elevations, the length of the upright stems of C. dactylon increased
with elevation (yellow loam riparian zone: R2 = 0.494, p < 0.05; purple soil riparian zone:
R2 = 0.674, p < 0.05). The number of tillers of C. dactylon varied significantly across different
elevations. In the yellow loam riparian zone, the number of tillers initially decreased and
then increased with elevation (R2 = 0.664, p < 0.05). In the purple soil riparian zone, the
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number of tillers significantly decreased with increasing elevation (R2 = 0.944, p < 0.001).
The average internode length showed a trend of increasing with elevation (yellow loam
riparian zone: R2 = 0.262, p = 0.137; purple soil riparian zone: R2 = 0.460, p = 0.084). From
the 145 m to 175 m elevations, the height of C. dactylon increased with elevation (yellow
loam riparian zone: R2 = 0.314, p = 0.111; purple soil riparian zone: R2 = 0.891, p < 0.01). The
primary stolon length of C. dactylon exhibited a trend of decreasing followed by increasing
with elevation (yellow loam riparian zone: R2 = 0.463, p < 0.05; purple soil riparian zone:
R2 = 0.714, p < 0.05). The root length of C. dactylon showed a trend of increasing with
elevation in both the yellow loam riparian zone (R2 = 0.370, p = 0.087) and the purple soil
riparian zone (R2 = 0.648, p < 0.05). Figure 5 illustrates the variations in the morphological
characteristics of C. dactylon under different soil types and elevations of water level.

Figure 5. Variation patterns of C. dactylon morphology at different elevations of water level. Data
are shown as means ± SE (N = 54). (A) Erect stem length, (B) number of ramets, (C) average erect
stem internode length, (D) shoot height, (E) first creeping stem, and (F) root length of C. dactylon at
different elevations of water level.
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3.4. Relationship between Riparian Plant Biomass and C. dactylon Morphological Traits with
Environmental Factors
3.4.1. Relationship between Riparian Plant Biomass and Environmental Factors

The relationships between plant biomass and environmental factors are shown in
Figure 6. The biomass of plant C. dactylon in the Daning River was significantly positively
correlated with soil total nitrogen content (R = 0.44, p < 0.05) and flood duration (R = 0.4, p
< 0.05). Plant biomass also showed a positive correlation with soil moisture content and
temperature. The biomass of plant C. dactylon was negatively correlated with soil pH,
electrical conductivity, and total phosphorus.

Figure 6. Relationship between plant biomass distribution and environmental factors in the riparian
zone of the Daning River. Data are shown as means ± SE (N = 36). * p < 0.05.

3.4.2. Relationship between C. dactylon Morphological Traits and Environmental Factors

The Spearman’s rank correlation between the morphological characteristics of C. dactylon
and soil environmental factors is shown in Figure 7. Results indicated a correlation between
the morphological traits of C. dactylon and environmental factors. The plant height of
C. dactylon was highly positively correlated with its upright stem length (R = 0.95, p < 0.001)
and significantly negatively correlated with its first creeping stem length (R = −0.44,
p < 0.05). The upright stem length (R = −0.48, p < 0.05) and plant height (R = −0.47,
p < 0.05) of C. dactylon were significantly negatively correlated with soil moisture content.
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Figure 7. Spearman’s rank correlation between C. dactylon morphological traits and soil environmen-
tal factors. N = 108, ** p < 0.01; * p < 0.05.

4. Discussion

4.1. Influence of Reservoir Water Level Rhythm on the Survival and Growth of Plants in the
Riparian Zones

The periodic fluctuation of water levels in the Three Gorges Reservoir disrupts the
natural flood–drought pattern of rivers and creates a specific reservoir water level rhythm.
The impact of water level elevation on plant communities may be related to resource
differentiation and vegetation ecological adaptation differences [1]. In the lower part of
the riparian zone, where flooding stress was intense, the establishment of vegetation was
hindered, and intolerant plant species perished due to the lack of organismal structures
and functions that adapted to extreme environments, resulting in simplified community
composition. The upper part of the riparian zone, where microhabitat conditions were more
complex and resource combinations were optimal, was conducive to the establishment
and growth of vegetation species with a wider ecological niche, leading to a higher species
diversity in the community [19,20]. The results of this study indicated that there was a
correlation among the main influencing factors (duration of flooding, elevation of water
level, and soil moisture content) that affected the spatial distribution of plant communities,
and they are all related to the hydrological characteristics of the reservoir. As the elevation of
the water level increased, flooding duration, frequency, and depth decreased (Figure 3). Soil
moisture content also showed a strong correlation with hydrological factors such as flooding
duration, frequency, and depth. For example, soil moisture content was significantly
negatively correlated with water level elevation (R = −0.61, p < 0.001) and significantly
positively correlated with the number of days of inundation (R = 0.61, p < 0.001). These
results are consistent with previous studies. Capon [21] and Su et al. [22] considered the
duration of flooding as the main factor influencing plant community composition and
diversity. In their study on the species richness patterns of riparian plant communities
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in the Pengxi River, Tong et al. [23] found that flooding duration, soil moisture content,
and substrate heterogeneity had important effects on the distribution patterns of plant
communities. Wang and Hong [24] found in their study on the effects of the Three Gorges
Dam on vegetation coverage at different elevations in the riparian zone that an increase in
water level had a negative impact on vegetation coverage below an elevation of 175 m.

4.2. Impact of Multiple Environmental Stressors on the Vegetation Biomass in the Riparian Zone

Previous studies have shown various forms of relationship between riparian plant
biomass and elevation of water level [25,26]. It is generally believed that they exhibit
a negative correlation, meaning that species diversity decreases with increasing water
level [27]. Another form is the “mid-domain bulge”, where biomass initially increases
and then decreases with increasing water level [28]. The conclusions drawn in this study
align with the “mid-domain bulge” theory. Influenced by the fluctuation of water levels
in the Three Gorges Reservoir (Figure 4), the diversity index of vegetation in the riparian
zone reached its lowest value in the low elevation zone (145~155 m). After experiencing
long-term annual water level fluctuations, vegetation biomass in the reservoir riparian
zone showed a trend of initially increasing and then decreasing with increasing elevation,
reaching its highest point in the mid-elevation zone (155~165 m).

The seasonal inundation–exposure regime in the riparian zone of the Three Gorges
Reservoir created specific macro-habitats. However, soil erosion, sediment deposition,
and changes in the soil matrix environment have increased habitat fragmentation and
vulnerability, making the ecosystem more fragile and sensitive [29]. The periodic rise
and fall of water levels disrupted the stability of soil structure through water erosion and
sediment deposition, leading to soil nutrient loss and unstable growth substrates [30,31].
The accumulated duration of flooding formed during the periodic rise and fall of water
levels (Figure 3) primarily affects soil physical properties such as soil moisture content
and porosity. For example, with the increasing duration of flooding, soil moisture content
showed a significant positive correlation (R = 0.61, p < 0.01). It further affected soil chem-
ical properties, such as organic matter and nutrient content. Soil moisture content was
significantly negatively correlated with soil pH (R = −0.49, p < 0.05), and soil bulk density
was significantly negatively correlated with total nitrogen content (R = −0.45, p < 0.05).
Therefore, the accumulated duration of flooding and average flooding depth formed by
the periodic rise and fall of water levels were the primary stressors determining the differ-
entiation of vegetation biomass along the elevation gradient. The intense and prolonged
flooding and delayed exposure in the lower part of the riparian zone hindered the photo-
synthesis and metabolic processes of vegetation. To reduce energy consumption, plants
adopted strategies such as reducing population density and allocating more resources to
reproduction, thereby slowing down plant growth [30]. In the upper part of the riparian
zone, vegetation was greatly affected by land-based infrastructure and human factors, and
the low moisture content was unfavorable for plant growth and nutrient uptake, resulting
in a distribution trend of low biomass at both ends and high biomass in the middle.

Soil, as an important component of material and energy cycling in the riparian zone,
plays a crucial role in coordinating plant growth and supplying nutrients, thus determining
the productivity of plant communities. The periodic rise and fall of water levels lead to
the breakdown of large-sized soil aggregates into microaggregates, accelerating the release,
transport, and diffusion of soil nutrients and resulting in nutrient-poor soil conditions in
the riparian zone. The positive correlation between vegetation biomass and duration of
flooding and total nitrogen content indicated that these factors were the main soil limiting
factors determining the differentiation of vegetation biomass along the elevation gradient.
High concentrations of total nitrogen can stimulate seed germination [32], promote root
absorption to maintain plant nitrogen stoichiometry balance, and enhance chlorophyll
synthesis to increase ecosystem productivity. Thus, soil total nitrogen is in line with
changes in vegetation biomass. On the other hand, the duration of flooding can increase
soil moisture content. As an important carrier of energy cycling, soil moisture content
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affects the transformation and transport of nutrients in the soil, thereby determining
the efficiency of vegetation in utilizing soil water and nutrients and promoting biomass
accumulation.

4.3. Adaptation Mechanisms of C. dactylon Morphology in the Reservoir Riparian Zones

The morphological mechanisms by which plants in the riparian zone adapt to flooding
stress involve various processes that facilitate gas transport to avoid hypoxia. These
mechanisms include the development of adventitious roots, the formation of root and
leaf aerenchyma, and the formation of leaf gas films, all of which enhance oxygen and
carbon dioxide exchange in plants and maintain root aeration status [33]. During the
flooding period, the root aerenchyma tissue of C. dactylon develops [34] and root biomass
increases [35], indicating that the roots remain vital, enabling quick sprouting after the
riparian zone is exposed. Additionally, during flooding, the aboveground stolons of
C. dactylon quickly die off, while the underground rhizomes firmly anchor in the soil,
absorbing soil nutrients and storing energy. When the aboveground stems of C. dactylon
emerge from the water surface, photosynthesis and aerobic respiration can take place,
facilitating rapid plant growth.

Plant height, upright stem length, primary stolon length, and root length of C. dactylon
in the riparian zone were positively correlated with elevation and negatively correlated with
flooding duration. The dominance of C. dactylon in the 145~155 m elevation of the Three
Gorges Reservoir riparian zone may be related to its internal aerenchyma tissue [36–38].
In the low elevation zone, the plant height and average internode length of C. dactylon
decreased, whereas the number of tillers increased. This facilitated the rapid diffusion
of gases from stems to roots, providing oxygen for root respiration and promoting root
growth. Consequently, it increased tissue porosity and oxygen leakage, enhancing the
porosity of primary and adventitious roots and the waterlogging tolerance of the plant.
In the high elevation zone, as the duration of waterlogging decreased, the time available
for photosynthesis and aerobic respiration increased, leading to more pronounced growth.
Considering the growth pattern of C. dactylon under flooding conditions, shorter flooding
durations allowed for a longer period of photosynthesis in the aboveground stems, resulting
in longer vegetation growth. This aligns with the findings of this study.

5. Conclusions

This study focused on the riparian zone of the Daning River, a typical tributary in
the Three Gorges Reservoir area. Through field investigations and laboratory analysis, the
distribution characteristics of riparian vegetation under different soil types and elevations
of water level were revealed. C. dactylon, as the dominant species, was selected for studying
its plant characteristics under different soil types and elevations, and the environmental
factors influencing its growth were explored. The main conclusions are as follows:

(1) There was no significant difference in plant biomass and morphological indicators
between the yellow loam and purple soil riparian zones along the same elevation
gradient.

(2) Plant biomass showed a trend of initial increase followed by a decrease with increasing
elevation of water level, reaching a higher value in the riparian zone at an elevation
of 155–165 m.

(3) Soil total nitrogen content was identified as a key limiting factor for plant biomass.
(4) The plant height and stolon length of C. dactylon decreased with increasing flooding

duration, facilitating the rapid diffusion of gases from stems to roots, providing
oxygen for root respiration, and adapting to long-term flooding in the riparian zone.
Consequently, C. dactylon became the dominant species in the 145–155 m elevation
range in the riparian zone.

177



Water 2023, 15, 3183

Author Contributions: Conceptualization, X.L., S.L. and Z.L.; methodology, X.L. and S.L.; software,
X.L., S.L. and Z.W.; validation, Y.X. and Z.L.; formal analysis, X.L., S.L. and Z.W.; investigation, X.L.
and S.L.; resources, S.L., Z.L. and Y.X.; data curation, X.L. and S.L.; writing—original draft preparation,
X.L., S.L. and Z.W.; writing—review and editing, X.L., S.L., Y.X., Z.W. and Z.L.; visualization, X.L.,
S.L. and Z.W.; supervision, Z.L.; project administration, S.L. and Z.L.; funding acquisition, S.L., Y.X.
and Z.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China project
(No. 51809287, No. 42202269), the Young Elite Scientists Sponsorship Program by CAST (No.
2022QNRC001), and the Follow-up Work of the Three Gorges Project (No. 2136902).

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: We thank Aimin Cai, Yijie Liu and Pengcheng Du for their help with sample
collection. We also thank Xiaoru Su for the English translation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, S.; Wang, Y.; Hu, L.; Zhao, J.; Liao, X.; Xie, T.; Wen, J.; Bao, Y.; Li, L. Nitrogen fixation of Cyndon dactylon: A possible strategy
coping with long-term flooding in the Three Gorges Reservoir. Sci. Total Environ. 2023, 866, 161422. [CrossRef] [PubMed]

2. Wang, Y.; Yeh, T.C.J.; Wen, J.C.; Gao, X.; Zhang, Z.; Huang, S.Y. Resolution and ergodicity issues of river stage tomography with
different excitations. Water Resour. Res. 2019, 55, 4974–4993. [CrossRef]

3. Chen, S.; Li, S.; Liu, L.; Wang, Y.; Zeng, X.; Long, S.; Zhou, H.; Yang, J.; Li, F.; Luo, H. Seasonal variations alter the effect of an
invasive plant on the decomposition of a native plant in a subtropical eutrophic lake, China. Hydrobiologia 2022, 849, 4153–4165.
[CrossRef]

4. Ye, C.; Butler, O.M.; Chen, C.; Liu, W.; Du, M.; Zhang, Q. Shifts in characteristics of the plant-soil system associated with flooding
and revegetation in the riparian zone of Three Gorges Reservoir, China. Geoderma 2020, 361, 114015. [CrossRef]

5. Huang, Y.; Wang, J.; Yang, M. Unexpected sedimentation patterns upstream and downstream of the Three Gorges Reservoir:
Future risks. Int. J. Sediment Res. 2019, 34, 27–36. [CrossRef]

6. Ren, Q.; Li, C.; Yang, W.; Hong, S.; Ma, P.; Wang, C.; Schneider, R.L.; Morreale, S.J. Revegetation of the riparian zone of the Three
Gorges Dam Reservoir leads to increased soil bacterial diversity. Environ. Sci. Pollut. Res. 2018, 25, 23748–23763. [CrossRef]

7. Wen, Z.; Ma, M.; Zhang, C.; Yi, X.; Chen, J.; Wu, S. Estimating seasonal aboveground biomass of a riparian pioneer plant
community: An exploratory analysis by canopy structural data. Ecol. Indic. 2017, 83, 441–450. [CrossRef]

8. Al-Snafi, A.E. Chemical constituents and pharmacological effects of Cynodon dactylon—A review. J. Pharm. 2016, 6, 17–31.
[CrossRef]

9. Valencia-Gredilla, F.; Royo-Esnal, A.; Juárez-Escario, A.; Recasens, J. Different ground vegetation cover management systems to
manage Cynodon dactylon in an irrigated vineyard. Agronomy 2020, 10, 908. [CrossRef]

10. Ye, C.; Zhang, K.; Deng, Q.; Zhang, Q. Plant communities in relation to flooding and soil characteristics in the water level
fluctuation zone of the Three Gorges Reservoir, China. Environ. Sci. Pollut. Res. 2013, 20, 1794–1802. [CrossRef]

11. Xiao, L.; Zhu, B.; Kumwimba, M.N.; Jiang, S. Plant soaking decomposition as well as nitrogen and phosphorous release in the
water-level fluctuation zone of the Three Gorges Reservoir. Sci. Total Environ. 2017, 592, 527–534. [CrossRef] [PubMed]

12. Schneider, F.D.; Morsdorf, F.; Schmid, B.; Petchey, O.L.; Hueni, A.; Schimel, D.S.; Schaepman, M.E. Mapping functional diversity
from remotely sensed morphological and physiological forest traits. Nat. Commun. 2017, 8, 1441. [CrossRef]

13. Herms, C.H.; Hennessy, R.C.; Bak, F.; Dresbøll, D.B.; Nicolaisen, M.H. Back to our roots: Exploring the role of root morphology as
a mediator of beneficial plant–microbe interactions. Environ. Microbiol. 2022, 24, 3264–3272. [CrossRef]

14. Li, S.; Cui, B.; Bai, J.; Xie, T.; Yan, J.; Wang, Q.; Zhang, S. Effects of soil abiotic factors on the plant morphology in an intertidal salt
marsh, Yellow River Delta, China. Phys. Chem. Earth Parts A/B/Cb 2018, 103, 75–80. [CrossRef]

15. Wang, H.; Wang, R.; Harrison, S.P.; Prentice, I.C. Leaf morphological traits as adaptations to multiple climate gradients. J. Ecol.
2022, 110, 1344–1355. [CrossRef]

16. Peng, X.; Shi, D.; Jiang, D.; Wang, S.; Li, Y. Runoff erosion process on different underlying surfaces from disturbed soils in the
Three Gorges Reservoir Area, China. Catena 2014, 123, 215–224. [CrossRef]

17. Li, S.; Cui, B.; Xie, T.; Zhang, K. Diversity pattern of macrobenthos associated with different stages of wetland restoration in the
yellow river delta. Wetlands 2016, 36, 57–67. [CrossRef]

18. Li, S.; Cui, B.; Xie, T.; Bai, J.; Wang, Q.; Shi, W. What drives the distribution of crab burrows in different habitats of intertidal salt
marshes, Yellow River Delta, China. Ecol. Indic. 2018, 92, 99–106. [CrossRef]

19. Guo, Y.; Yang, S.; Shen, Y.F.; Xiao, W.F.; Cheng, R.M. Study on the natural distribution characteristics and community species
diversity of existing plants in the Three Gorges Reservoir. Acta Ecol. Sin. 2019, 39, 4255–4265.

20. Hong, M.; Guo, Q.; Nie, B.; Kang, Y.; Pei, S.; Jin, J.; Wang, X. Responses of Cynodon dactylon population in hydro-fluctuation belt
of Three Gorges Reservoir area to flooding-drying habitat change. Chin. J. Appl. Ecol. 2011, 22, 2829–2835.

178



Water 2023, 15, 3183

21. Capon, S.J. Flood variability and spatial variation in plant community composition and structure on a large arid floodplain.
J. Arid. Environ. 2005, 60, 283–302. [CrossRef]

22. Su, X.; Zeng, B.; Qiao, P.; Ayi, Q.; Huang, W. The effects of winter water submergence on flowering phenology and reproductive
allocation of Salix variegata Franch. in Three Gorges reservoir region. Acta Ecol. Sin. 2010, 30, 2585–2592.

23. Tong, X.X.; Chen, C.D.; Wu, S.J.; Jia, Z.Y.; Yi, X.M.; Ma, M.H. Spatial distribution pattern of plant community and habitat impact
analysis of the drawdown zone of Pengxi River in the Three Gorges Reservoir. Acta Ecol. Sin. 2018, 38, 571–580.

24. Wang, Y.; Liu, Y.; Liu, S.; Huang, H. Vegetation reconstruction in the water-level-fluctuation zone of the Three Gorges Reservoir.
Chin. Bull. Bot. 2005, 22, 513–522.

25. Lomolino, M.V. Elevation gradients of species-density: Historical and prospective views. Glob. Ecol. Biogeogr. 2011, 10, 3–13.
[CrossRef]

26. Tilman, D.; Reich, P.B.; Knops, J.M. Biodiversity and ecosystem stability in a decade-long grassland experiment. Nature
2006, 441, 629–632. [CrossRef] [PubMed]

27. Wang, Q.; Yuan, X.; Willison, J.H.M.; Zhang, Y.; Liu, H. Diversity and above-ground biomass patterns of vascular flora induced
by flooding in the drawdown area of China’s Three Gorges Reservoir. PLoS ONE 2014, 9, e100889. [CrossRef] [PubMed]

28. Oommen, M.A.; Shanker, K. Elevational species richness patterns emerge from multiple local mechanisms in Himalayan woody
plants. Ecology 2005, 86, 3039–3047. [CrossRef]

29. Bao, Y.; He, X.; Anbang, W.; Gao, P.; Tang, Q. Dynamic changes of soil erosion in a typical disturbance zone of China’s Three
Gorges Reservoir. Catena 2018, 169, 128–139. [CrossRef]

30. He, X.; Bao, Y. Research advances on soil erosion and ecological restoration in the riparian zone of the Three Gorges Reservoir.
Sci. Soil Water Conserv. 2019, 17, 160–168.

31. Li, L.; Xie, T.; Zhang, S.; Yuan, Z.; Liu, M.; Li, C. Characteristics of nutrient content and enzyme activity in the rhizosphere and bulk
soils of four suitable plant species in the hydro-fluctuation zone of the Three Gorges Reservoir. Acta Ecol. Sin. 2020, 40, 7611–7620.

32. Li, T.; Zhu, Z.; Shao, Y.; Chen, Z.; Roß-Nickoll, M. Soil seedbank: Importance for revegetation in the water level fluctuation zone
of the reservoir area. Sci. Total Environ. 2022, 829, 154686. [CrossRef]

33. Peng, C.; Zhang, L.; Qin, H.; Li, D. Revegetation in the water level fluctuation zone of a reservoir: An ideal measure to reduce the
input of nutrients and sediment. Ecol. Eng. 2014, 71, 574–577. [CrossRef]

34. Abiko, T.; Kotula, L.; Shiono, K.; Malik, A.I.; Colmer, T.D.; Nakazono, M. Enhanced formation of aerenchyma and induction of a
barrier to radial oxygen loss in adventitious roots of Zea nicaraguensis contribute to its waterlogging tolerance as compared with
maize (Zea mays ssp. mays). Plant Cell Environ. 2012, 35, 1618–1630. [CrossRef] [PubMed]

35. Li, Q.; Ding, W.; Wang, S.; Zhu, Q.; Yang, J.; Ke, S.; Qin, L.; Yang, L.; Zheng, J.; Meng, Y. Influence of multi-year high water level
running on growth recovery of Cynodon dactylon population in water-level-fluctuating zone of the Three Gorges Reservoir. Acta
Ecol. Sin. 2020, 40, 985–992.

36. Ribeiro, C.L.; Silva, C.M.; Drost, D.R.; Novaes, E.; Novaes, C.R.; Dervinis, C.; Kirst, M. Integration of genetic, genomic and
transcriptomic information identifies putative regulators of adventitious root formation in Populus. BMC Plant Biol. 2016, 16, 1–11.
[CrossRef]

37. Voesenek, L.; Colmer, T.; Pierik, R.; Millenaar, F.; Peeters, A. How plants cope with complete submergence. New Phytol.
2006, 170, 213–226. [CrossRef]

38. Yamauchi, T.; Watanabe, K.; Fukazawa, A.; Mori, H.; Abe, F.; Kawaguchi, K.; Oyanagi, A.; Nakazono, M. Ethylene and reactive
oxygen species are involved in root aerenchyma formation and adaptation of wheat seedlings to oxygen-deficient conditions.
J. Exp. Bot. 2014, 65, 261–273. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

179



water

Article

Biochar/Clay Composite Particle Immobilized Compound
Bacteria: Preparation, Collaborative Degradation Performance
and Environmental Tolerance

Pengfei Sun 1,2,3, Jun Wei 4, Yaoyao Gao 4, Zuhao Zhu 1,2,3 and Xiao Huang 4,*

1 Ministry of Natural Resources, Fourth Institute of Oceanography, Beihai 536000, China;
sunpengfei@4io.org.cn (P.S.); zhuzuhao@4io.org.cn (Z.Z.)

2 Key Laboratory of Tropical Marine Ecosystem and Bioresource, Ministry of Natural Resources,
Beihai 536000, China

3 Guangxi Beibu Gulf Key Laboratory of Marine Resources, Environment and Sustainable Development,
Beihai 536000, China

4 Jiangsu Key Laboratory of Atmospheric Environment Monitoring and Pollution Control,
Collaborative Innovation Center of Atmospheric Environment and Equipment Technology,
School of Environmental Science and Engineering, Nanjing University of Information Science and
Technology, Nanjing 210000, China; 20211248087@nuist.edu.cn (J.W.); 202212480164@nuist.edu.cn (Y.G.)

* Correspondence: 003199@nuist.edu.cn

Abstract: Immobilized microbial materials can effectively remove pollutants from surface water, and a
biochar/clay composite particle (BCCP) material is prepared with immobilized Flavobacterium mizutaii
sp. and Aquamicrobium sp. to remove ammonia nitrogen (NH4

+–N) and petroleum hydrocarbons
(PHCs). The results indicated that the optimal ratios of biochar, Na2SiO3 and NaHCO3 were 15%, 3%,
and 3%, and the adsorption process was found to be better described with the pseudo-second-order
kinetic equation. The individual immobilization of Flavobacterium mizutaii sp. and Aquamicrobium
sp. with sodium alginate–polyvinyl alcohol (PVA + SA) achieved 80% and 90% removal efficiencies
for NH4

+–N and PHCs at the 10th d. The composite immobilization of two efficient bacteria could
degrade 82.48% NH4

+–N and 74.62% PHCs. In addition, immobilization relieved the effects of
temperature and salinity. This study can provide guidance for the application of immobilized
microbial composite materials in natural water environments.

Keywords: biochar; composite particle; immobilization; compound bacteria; environmental tolerance

1. Introduction

Wetland systems are special zones between marine and terrestrial ecosystems that
play a crucial role in maintaining ecological balance [1]. The Liaohe Estuarine Wetland
(LEW) is an important crab breeding area and also a reused oil extraction area. In recent
years, aquaculture and oil exploration have led to excessive emissions of ammonia nitrogen
(NH4

+–N) and severe petroleum pollution in wetland water systems, resulting in damage
to the living environment of river crabs and affecting the ecological environment of wet-
lands [2]. Therefore, it is particularly important to control the concentrations of NH4

+–N
and petroleum hydrocarbons (PHCs) in wetlands.

Secondary pollution during the removal of NH4
+–N and PHCs from surface water

using conventional chemical methods used in wastewater treatment plants renders these
methods unsuitable. The adsorption method has a wide application range and good
treatment performance. Previous studies have shown that the use of biochar and clay
to prepare biochar/clay composite particles (BCCP) to adsorb NH4

+–N has a significant
effect [3]. However, adsorption alone cannot completely degrade petroleum pollutants
such as PHCs. With the development of biotechnology, many microbial strains can be
screened and applied for the degradation of NH4

+–N and PHCs. Flavobacterium mizutaii
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sp. was reported as a predominant bacterial genus in the denitrification process and can
effectively degrade NH4

+–N in water [4]. Aquamicrobium sp. was found to be effective
in degrading alkanes [5]. However, the use of high-efficiency bacterial agents is affected
by the persistence of residence in freely flowing water bodies. Using BCCP as a carrier
to immobilize efficient bacterial communities on BCCP can effectively maintain the con-
centration of microorganisms and provide pollutant degradation effects [6]. Meanwhile,
environmental factors, such as salinity and temperature, restrict pollutant degradation, and
it is necessary to study the degradation of pollutants by immobilized bacteria technology
in wetlands [6]. The activity of nitrite oxidizing bacteria (NOB) gradually decreased as
the salinity increased from approximately zero to 35.0 g/L [7]. When the temperature was
lower than the optimal temperature, it affected the growth rate of bacteria, while higher
temperatures reduced protein activity and even lead to cell death [8].

Sodium alginate (SA) and sodium alginate–polyvinyl alcohol (PVA + SA) as crosslink-
ing materials can protect the bacteria against the intrusion of the environment [9]. Reddy
and Osborne 2020 immobilized Pseudomonas guariconensis in the biocarrier matrix to de-
grade Reactive red 120, and the degradation efficiency could reach 91% [10]. Yan et al., 2020
found that the degradation efficiency of Ca2+ and Mg2+ can reach 90% and 70% under the
action of immobilized Lysinibacillus fusiformis DB1-3 bacteria [11]. Hence, immobilization
technology has good performance on the microbial degradation of pollutants. The previous
research showed that the immobilized ammonia-oxidizing bacteria (AOB) could resist the
influence of low temperature and maintained a good degradation efficiency [12]. However,
LEW has received severe combined pollution of PHCs and NH4

+–N, and whether immo-
bilized composite microbial communities still have good effects is unknown. Hence, the
degradation performance of combined immobilization of oil degrading bacteria and AOB
needs further research.

In addition, the LEW is located in northern China and is affected by low temperature,
high salinity and tides. The application of high-efficiency degrading bacteria is a challenge.
Therefore, immobilization methods with BCCP do not only resist low temperature and
high salinity but also avoid being dispersed by tides in the wetland. Immobilized BCCP is
an effective method to solve the above problems, and its tolerance to low temperature and
high salt needs to be further explored.

In this study, we investigated the effectiveness of immobilized microbial composite
materials in removing NH4

+–N and PHCs in wetland environments. (1) Orthogonal
experiments and adsorption kinetics were studied to explore the optimal formulation of
BCCP, and the adsorption effectiveness of BCCP on NH4

+–N was investigated. (2) The
degradation efficiency of NH4

+–N and PHCs by BCCP immobilized with Flavobacterium
mizutaii sp. and Aquamicrobium sp. was studied. (3) The tolerance to low temperatures
and high salinity on the immobilized microorganisms was examined. This experiment
can provide guidance for the application of immobilized microbial composite materials
in wetlands.

2. Materials and Methods

2.1. Preparation of BCCP

Clay and reed stalk materials were obtained from the LEW. The reed stalks were
repeatedly washed with deionized water to remove impurities. Then, they were placed in
a crucible and dried at 105 ◦C for 24 h to eliminate any remaining moisture and impurities.
The dried reed stalks were ground into powder using a mini plant grinder (FZ 102, Beijing
Weiye, Nanhai, China), and the resulting powder was sieved to obtain particles with a
size of 0.85 mm for further use. The reed stalk powder was subjected to carbonization in
a pyrolyzer under a constant oxygen-limited condition with a heating rate of 10 ◦C per
minute. The carbonization process was carried out at 600 ◦C for 3 h. Subsequently, the
biochar and clay samples were crushed and sieved to obtain a uniform particle size of
0.15 mm. The biochar samples were dried at 105 ◦C for 24 h and then sealed in brown
containers. Prior to use, they were rinsed multiple times with deionized water to remove
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any remaining ash content. Detailed information regarding the characteristics of the
biochar can be found in [3]. The specific preparation process of the biochar/clay is shown
in Figure 1.

Figure 1. The preparation process of BCCP.

The formulation for the preparation of BCCP includes the base amount of binder,
the amount of Na2SiO3 and the amount of NaHCO3. An orthogonal experiment, L9 (34),
was conducted to optimize the best preparation method. The levels of the orthogonal
experiment for the preparation formulation are shown in Table 1.

Table 1. The orthogonal test table level of BCCP preparation factors.

Number. Biochar Dosage (%) Na2SiO3 Dosage (%) NaHCO3 Dosage (%)

1 5 1 1
2 5 2 2
3 5 3 3
4 10 1 2
5 10 2 3
6 10 3 1
7 15 1 3
8 15 2 1
9 15 3 2

2.2. Flavobacterium mizutaii sp. and Aquamicrobium sp.

The screening methods for Flavobacterium mizutaii sp. and Aquamicrobium sp. can be found
in Huang et al., 2017 and Huang et al., 2022 [13,14]. The 16S rDNA gene of strain HXN-2 has
been cloned and sequenced using the SeqMatch program in RDP (http://rdp.cme.msu.edu/
(accessed on 10 July 2023)). In Figure 2, it has been classified that HXN-2 shows a 95%
similarity to the 16S rDNA gene of Aquamicrobium sp. genus [13].

The 16S rDNA gene of strain SY-I has been cloned and sequenced, and the gene sequence
has been submitted to GenBank. Using the SeqMatch program in RDP (http://rdp.cme.msu.
edu/ (accessed on 10 July 2023)) and conducting a BLAST analysis against the online database,
it was found that SY-I shows a 94% similarity to the 16S rDNA gene of Flavobacterium mizutaii
sp. Through searching for other closely related strains to SY-I and using software such as
MNGA, a 16S rDNA phylogenetic tree has been constructed. Table 2 shows the physiological
and chemical reactions of high-efficiency degrading bacteria.
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Figure 2. Phylogenetic tree of strain SY-I based on the complete sequences of the 16SrDNA gene.

Table 2. Physiological and biochemical responses of HXN-2 and SY-1.

No. of
Strains

Catalase
Test

Starch Hydrolysis
Test

Citrate
Test

MR Test
Glucose Oxidation
Fermentation Test

VP Test Indole Test

HXN-2 + + − + − − +
SY-I − − − + − + +

2.3. Adsorption kinetics of NH4
+–N by BCCP

In order to comprehensively understand the adsorption kinetics characteristics of
biochar spheres on NH4

+–N, this study used the pseudo-first-order kinetic Equation (1),
pseudo-second-order kinetic Equation (2) and intra-particle diffusion model (3) to fit the
experimental data.

qt = qe

(
1 − e−k1t

)
(1)

t
qt

=
1

k2qe2 +
t
qe

(2)

qt = kp
√

t + C (3)

In the equations, k1 represents the rate constant of the pseudo-first-order kinetic equa-
tion, min−1; k2 represents the rate constant of the pseudo-second-order kinetic equation,
g/mg min; kp represents the rate constant of intra-particle diffusion, mg/g min0.5; qe repre-
sents the adsorption capacity of the biochar spheres, expressed in mg/g; and qt represents
the adsorption capacity of the biochar spheres at time t, mg/g.

2.4. Preparation of Immobilized Compound Bacteria

A 2% SA solution and a 12% PVA solution were prepared with deionized water. Then,
a certain amount of CaCl2 was weighed and dissolved in deionized water to prepare a 2%
CaCl2 solution. Both solutions dissolved in a constant-temperature water bath at 100 ◦C,
and the solution was then sterilized at 121 ◦C and high pressure for 30 min. Flavobacterium
mizutaii sp. and Aquamicrobium sp. were concentrated using a centrifuge at 4000 rpm,
20 ◦C for 10 min once they were cultured in logarithmic growth phase (OD600≈0.6). The
supernatant was discarded and rinsed with sterile water to remove surface nutrients, and
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this process was repeated 2–3 times. The cultured and concentrated bacterial strains were
mixed with the embedding material in a 1:2 ratio to obtain an embedding mixture. In
addition, the BCCP was added into the embedding mixture and then removed into a 2%
CaCl2 solution, where gel particles formed. The prepared gel particles were placed in the
sterilized CaCl2 solution and then crosslinked in a refrigerator at 4 ◦C for 24 h.

2.5. Degradation of NH4
+–N and PHCs by Immobilized Compound Bacteria

The experiment involved the addition of four different treatments to a 100 mL solution
containing NH4

+–N at a concentration of 50 mg L−1 and PHCs at a concentration of
1000 mg L−1. The treatments included the following: (1) Control group: addition of BCCP
alone; (2) FB group: addition of free bacteria; (3) P-B group: addition of BCCP followed by
the adsorption of bacterial species; and (4) P-B-SA + PVA group: addition of BCCP with
SA+PVA encapsulated bacterial species. The experiment was run continuously for 10 d to
investigate the removal efficiency of NH4

+–N and PHCs. The concentration of NH4
+–N in

the effluent was detected every day, and a sample of the effluent was taken every 3 days to
test for PHCs.

2.6. Tolerances of Low Temperature and High Salinity

The preparation of high-efficiency bacteria with SA+PVA immobilized BCCP particles
was based on the above immobilization method. They were placed separately under
temperature conditions of 10, 15, 20, 25, 30 and 35 ◦C as well as salinity conditions of
10‰, 15‰, 20‰, 25‰, 30‰ and 35‰ They were run continuously to investigate the
performance of temperature and salinity on NH4

+–N and PHCs degradation.

2.7. Analysis Methods

The determination method for NH4
+–N involves using Nessler’s reagent and spec-

trophotometry. The analysis method for PHCs is as follows. Transfer the test water sample
along with 2.0 g of anhydrous sulfuric acid to a 250 mL separating funnel and mix well.
Add 10 mL of n-hexane and rinse the sample bottle twice with 10 mL of n-hexane; then,
transfer all the rinsing solution to the separating funnel. Shake the separating funnel for
5 min (release any trapped gas), and let it stand for 10 min. After sufficient phase separation
between the extract and the water sample, transfer the lower aqueous layer back to the
original water sample bottle. Use filter paper to remove any moisture from the neck of the
separating funnel. Transfer the n-hexane extract to a 50 mL stoppered colorimetric tube.
Repeat the process two more times to ensure complete extraction of PHCs from the test
sample. Transfer the extract to a 1 cm quartz cuvette and measure the absorbance (A) at
a wavelength of 225 nm using n-hexane as a reference. Record the measured data and
calculate the concentration of PHCs in the water sample according to Formula (4):

Coil =
QV1

V2
(4)

In the formula, Coil represents the concentration of oil in the water sample, mg L−1; Q
represents the concentration of oil in the n-hexane extract obtained from the standard curve,
mg L−1; V1 represents the volume of n-hexane extraction solvent, mL; and V2 represents
the volume of the sample, mL.

3. Results

3.1. Preparation and Condition Optimization of BCCP
3.1.1. Effect of Preparation Formula on the Adsorption Characteristics of NH4

+–N

The control of the preparation formula (biochar dosage, Na2SiO3 dosage and NaHCO3
dosage) could change the surface structure of biochar to a certain extent and affect its ad-
sorption performance for NH4

+–N [15]. Therefore, in this study, the orthogonal experiment
method was used to investigate the effect of the BCCP preparation formula on NH4

+–N
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adsorption (Table 3). The preparation formula of BCCP had a great influence on the adsorp-
tion of NH4

+–N. The minimum adsorption capacity was 0.452 mg/g; the maximum was
0.538 mg/g. With the dosage increase of the biochar, Na2SiO3 and NaHCO3, the adsorption
capacity of the prepared biochar spheres showed an increasing trend. When the dosage
ratio of biochar, Na2SiO3 and NaHCO3 was 15%, 3% and 3%, the adsorption capacity of
the biochar spheres was the largest, which was 0.528, 0.500 and 0.506 mg/g, respectively.
This may be because the increase in biochar dosage increases the specific surface area of the
biochar spheres and the porosity of the biochar spheres, which increases the adsorption ca-
pacity of the biochar spheres. The addition of the Na2SiO3 crosslinking agent increased the
interlayer distance of the clay on the basis of maintaining the original layered structure of
the clay. Meanwhile, the addition of Na2SiO3 increased the amount of Na2SiO3 to generate
NaHCO3 with CO2 in the air [3]. After the decomposition of Na2CO3 at high temperature,
CO2 was released, which promoted the formation of a microporous structure of the biochar
spheres, thereby increasing the adsorption capacity of the biochar spheres [16]. NaHCO3
is decomposed into CO2 at high temperature, which further increases the porosity of the
material and enhances the adsorption capacity of NH4

+–N.

Table 3. Orthogonal experiment results with different preparation formulas.

Levels
Biochar Dosage (%) Na2SiO3 Dosage (%) NaHCO3 Dosage (%) Result

A B C Adsorption Capacity (mg/g)

1 5 1 1 0.452
2 5 2 2 0.463
3 5 3 3 0.484
4 10 1 2 0.487
5 10 2 3 0.495
6 10 3 1 0.491
7 15 1 3 0.538
8 15 2 1 0.521
9 15 3 2 0.526

Average value 1 0.466 0.492 0.488

0.506Average value 2 0.491 0.493 0.492

Average value 3 0.528 0.500 0.506

Table 4 shows the range analysis of NH4
+–N adsorption by BCCP preparation formula,

and the primary and secondary relationships of the influence of three factors on NH4
+–N

adsorption were judged by the range. Through the experimental results T3 > T1 > T2, it
showed that the primary and secondary relationships affecting the adsorption capacity
of the biochar spheres were CAB (NaHCO3 dosage > biochar dosage > Na2SiO3 dosage).
Through the analysis of the influence of each factor, it was concluded that A3B3C3 was the
best biochar configuration formula, and the corresponding parameters were biochar 15%,
Na2SiO3 3% and NaHCO3 3%.

Table 4. The range analysis of NH4
+–N adsorption with different biochar preparation formulas.

Levels
Factor

δ1 δ2 δ3 R T

1 δ11 = −0.029 δ21 = −0.003 δ31 = −0.007
R01 = −0.003

0.026R11 = −0.029

2 δ12 = −0.004 δ22 = −0.002 δ32 = −0.003
R02 = −0.002

0.002R12 = −0.004

3 δ13 = 0.033 δ23 = 0.005 δ33 = 0.011
R03 = 0.033

0.028R13 = 0.005

Primary relation CAB

Optimal scheme A3B3C3 (15% – 3% – 3%)
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3.1.2. Effect of Raw Material Ratio on NH4
+–N Adsorption

By fitting the experimental data of different biochar dosages and different NaHCO3
dosages, the quasi-first-order kinetic equation, quasi-second-order kinetic equation and
intra-particle diffusion model of NH4

+–N adsorption by the biochar spheres were obtained.
The kinetic model parameters and correlation coefficients are shown in Tables 5 and 6,
respectively. By comparing the correlation coefficients, the quasi-second-order kinetic
equation is more suitable for the adsorption of NH4

+–N by BCCP than the quasi-first-order
kinetic equation and the intra-particle diffusion equation under the conditions of different
biochar dosages and different NaHCO3 dosages. Intra-particle diffusion is not the control
step to control the adsorption rate.

Table 5. The adsorption kinetic parameters of BCCP with different biochar dosing quantities.

Biochar
Clay

Pseudo-First-Order Pseudo-Second-Order Intra-Particle Diffusion

qe K−1 qeq
R2

K2 qeq
R2

kp
R2

(mg/g) (min−1) (mg/g) (g/mg min) (mg/g) (g/mg min0.5)

5% 0.450 0.036 0.455 0.929 0.093 0.513 0.986 0.024 0.944
10% 0.482 0.036 0.469 0.939 0.088 0.530 0.991 0.025 0.944
15% 0.518 0.039 0.495 0.916 0.092 0.557 0.983 0.026 0.945

Table 6. The adsorption kinetic parameters of BCCP with different NaHCO3 dosing quantities.

Na2CO3
Clay

Pseudo-First-Order Pseudo-Second-Order Intra-Particle Diffusion

qe K−1 qeq
R2

K2 qeq
R2

kp
R2

(mg/g) (min−1) (mg/g) (g/mg min) (mg/g) (g/mg min0.5)

1.0% 0.395 0.035 0.370 0.877 0.117 0.414 0.959 0.019 0.960
2.0% 0.404 0.029 0.385 0.899 0.091 0.435 0.953 0.021 0.961
3.0% 0.411 0.039 0.394 0.934 0.121 0.440 0.985 0.020 0.928

The pseudo-second-order kinetic equation can better describe the adsorption process
of NH4

+–N by the biochar spheres [17]. The model includes all the processes of biochar
sphere adsorption, namely external membrane diffusion, surface adsorption and intra-
particle diffusion. Compared with the pseudo-first-order kinetic model, the formation
of chemical bonds affects the pseudo-second-order kinetic adsorption and is the main
reason [18], indicating that the adsorption process of BCCP on NH4

+–N is mainly chemical
adsorption.

The adsorption process of BCCP can be divided into three stages, namely external
diffusion, internal diffusion (pore internal diffusion) and adsorption reaction stage, and
finally, the adsorption equilibrium is reached [19]. In the internal diffusion model, it
indicates that the internal diffusion is the rate-determining step of the reaction during
the adsorption process. However, the internal diffusion fitting curve did not pass the
coordinate origin in this study, which indicated that the internal diffusion was not the only
rate-determining step in the adsorption process of NH4

+–N by BCCP.

3.2. Performances of Individual AOB and Petroleum-Degrading Bacteria Immobilization

As a carrier for microbial immobilization, BCCP can avoid the dispersion of free
bacteria and reduce its pollutant degradation performance, which is a common and effective
method [20]. However, whether immobilization becomes the main controlling factor
limiting the conversion of pollutants needs further research. In this study, the individual
immobilization of AOB and petroleum-degrading bacteria were studied to discuss the
degradation efficiency of NH4

+–N and PHCs, and the results are shown in Figure 3A,B.

186



Water 2023, 15, 2959

Figure 3. Effect of BCCP-immobilized AOB (A) and petroleum-degrading bacteria (B).

3.2.1. NH4
+–N Removal Performance with Immobilized Flavobacterium mizutaii sp.

Figure 3A demonstrates the degradation performance of BCCP-immobilized AOB
on NH4

+–N. The removal efficiency of NH4
+–N in the control group (only added BCCP)

was stable at approximately 30%. The control group did not add bacteria but had a
certain adsorption effect, which relied on the adsorption of the BCCP themselves. In the
experimental group of (FB) (only free bacteria and no composite particles), the effect was
little in the first 2 d, and the degradation efficiency was less than 10%. Then, with the time
extending, the degradation efficiency continued to increase and reached 65.74% at 10 d.

The experimental groups of P-B (BCCP adsorbed the bacteria) and the SA + PVA
combined embedding bacteria increased with the time extending and reached more than
80% at 10 d. The NH4

+–N rapid adsorption performance of the P-B and P-B-SA + PVA
groups at the beginning resulted in a higher removal performance than free bacteria.
However, the effect of the P-B-SA + PVA group is lower than that of the P-B group after a
period of time, and then the removal efficiency of the P-B-SA + PVA group restored and
equivalented to the P-B group with the further extension of the reaction time. It indicated
that the embedding first had a certain inhibitory effect on the experiment, and then the
permeability became stronger, and the degradation effect was significantly improved
with the increase in enrichment [6]. The results showed that BCCP could improve the
degradation efficiency of NH4

+–N as the carrier of immobilized AOB. Due to the porous
structure of the biochar sphere that provides a larger surface area and more pores, it can
store more substrates and promote the growth of microorganisms [21].

3.2.2. The Effect of Immobilized Aquamicrobium sp. on the Removal of PHCs

Figure 3B shows the removal efficiency of PHCs under different conditions. From the
figure, it can be observed that the PHC degradation in the control group with the addition
of BCCP exhibited a gradual increase from 32.45% on the 3rd d to 43.14% on the 15th d,
which indicated the process was only adsorption efficiency. However, upon the addition
of bacterial strains, the removal efficiency of PHCs significantly improved. FB, P-B and
P-B-SA + PVA demonstrated removal efficiencies of 96.48%, 93.69% and 96.53% for PHCs
at the 15th d, respectively. Notably, P-B-SA + PVA showed superior removal performance
compared to PB, primarily due to its porous structure, which enhances PHC adsorption
while providing a larger substrate reservoir to promote microbial growth [22].

3.3. Performance of Immobilized Compound Bacteria

Individual immobilization of Aquamicrobium sp. and Flavobacterium mizutaii sp. showed
better degradation effects for NH4

+–N and PHCs. However, whether the composite em-
bedding of the two bacterial communities still has the same effect for NH4

+–N and PHCs
removal needs to be studied and is demonstrated in Figure 4. At the 1st d, the degradation
effects of NH4

+–N and PHCs by the two bacteria were unsatisfactory at only 28.74% and
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32.5%, respectively. With the time extending, the adaptability of the flora to the environ-
ment was enhanced, and the abundance of microorganisms was enriched [23], resulting
in increased degradation of NH4

+–N and PHCs. At the 10th d, the degradation efficiency
reached 74.62% and 82.48%, respectively. Compared with the individual immobilized
Aquamicrobium sp. and Flavobacterium mizutaii sp. (the removal efficiencies of NH4

+–N and
PHCs were 84.69% and 96.53%), the removal efficiencies of NH4

+–N and PHCs with the
immobilized compound bacteria were slightly reduced (individual immobilized bacteria
was 10.07% and 14.05% higher than those by the composite embedding).

Figure 4. Removal performance of immobilized compound bacteria on NH4
+–N and PHCs.

3.4. Tolerance of Immobilized Compound Bacteria to Low Temperature and High Salinity
3.4.1. Tolerance to Temperature

Temperature is an important environmental factor that affects microbial growth.
Figure 5A demonstrates the effect of temperature on the degradation of NH4

+–N and
PHCs by immobilized Flavobacterium mizutaii sp. and Aquamicrobium sp. As the tempera-
ture gradually increased, the degradation efficiency of NH4

+–N and PHCs also increased.
At 10 ◦C, the removal efficiencies of NH4

+–N and PHCs were 52.5% and 41.25%, respec-
tively. However, as the temperature rose to 35 ◦C, the removal efficiencies of NH4

+–N
and PHCs increased to 92.76% and 89.92%, respectively. When the temperature was
lower than the optimal growth temperature for Flavobacterium mizutaii sp. and Aquami-
crobium sp., the intracellular activity within the microbial cells decreased, which led to a
slower growth rate of bacteria [24]. The previous study by Huang et al. (2017) confirmed
that the Aquamicrobium sp. was a cold-tolerant AOB and could degrade 53.48% NH4

+–N
when the temperature was 15 ◦C [13]. The high removal efficiency reflected by SA and PVA
immobilization with BCCP is owed to cold-resistant function. Meanwhile, Huang et al.
(2022) utilized SA and PVA immobilized petroleum degrading bacteria and found it to
have certain salt- and cold-resistance performances [14].
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Figure 5. Effects of temperature (A) and salinity (B) on immobilized compound bacteria.

3.4.2. Tolerance to Salinity

Salinity is another important environmental factor that affects microbial growth. As
shown in Figure 5B, the optimal salinity for the degradation of NH4

+–N and PHCs is 15‰
with removal efficiencies of 88.27% and 91.64%, respectively. However, as salinity increases,
the removal efficiencies of PHCs and NH4

+–N continuously decrease. At a salinity of 35‰,
the removal efficiencies of NH4

+–N and PHCs decrease to 58.74% and 47.68%, respectively.
This is mainly due to the impact of high salt environments on cell osmotic pressure, leading
to a decrease in microbial abundance [25]. Gao et al., 2020 found that immobilization
materials provide protection to bacteria in high-salinity environments [25]. When salinity
exceeds 15%, bacterial growth is inhibited, which is consistent with the findings of this
study. The previous study by Huang et al., 2017 found that the Aquamicrobium sp. was a
salt-tolerant AOB, and the NH4

+–N removal efficiency could reach 60% when the salinity
was 20‰ [13]. In this study, the removal efficiencies were 58.74% and 47.68% under the
conditions of 35‰ and 20‰, which indicated the SA and PVA immobilization with BCCP
can protect bacteria and slow down the impact of high salinity.

3.5. NH4
+–N and PHCs Degradation Mechanism with BCCP Immobilization

Based on the above research, a preliminary discussion of the mechanisms underlying
the degradation of NH4

+–N by immobilized Flavobacterium mizutaii sp. and the degradation
of PHCs by Aquamicrobium sp. has been conducted and is illustrated in Figure 6. The BCCP
exhibits physical adsorption, which facilitates the rapid adsorption and accumulation of
NH4

+–N and PHCs, providing better conditions for subsequent microbial degradation. Ad-
ditionally, the encapsulation of bacterial populations within the biochar spheres allows for
the degradation of high concentrations of NH4

+–N. The porous nature of biochar provides
a habitat for the bacterial community, and its adsorption capacity promotes microbial trans-
formation, leading to the degradation of NH4

+–N and PHCs [26]. In summary, the BCCP
contribute to the effective removal of NH4

+–N and PHCs through physical adsorption,
while the encapsulation of bacterial populations within the biochar spheres and the porous
nature of biochar provide favorable conditions for bacterial degradation and transformation
processes, ultimately leading to the degradation of NH4

+–N and PHCs.
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Figure 6. NH4
+–N and PHCs removal mechanism by immobilization of compound bacteria on BCCP.

4. Conclusions

The results showed that the optimal composition of BCCP was 15% biochar, 3%
Na2SiO3 and 3% NaHCO3. The primary and secondary factors influencing the adsorption
capacity were NaHCO3 dosage > biochar dosage > Na2SiO3 dosage. The adsorption
process of BCCP for NH4

+–N fitted the pseudo-second-order kinetic equation. Individual
immobilization of AOB (Flavobacterium mizutaii sp.) and petroleum-degrading bacteria
(Aquamicrobium sp.) owned higher removal efficiencies (84.69% and 96.53%) than free
bacteria. Compared with the individual immobilized Aquamicrobium sp. and Flavobacterium
mizutaii sp., the removal efficiencies of NH4

+–N and PHCs with immobilizing compound
bacteria were reduced by 10.07% and 14.05%. In addition, immobilization relieved the
effects of low temperature and high salinity.
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Abstract: To quantitatively study the hydrodynamic changes in different river morphologies and
clarify the impact of morphological changes on river ecosystems, this study examined a section of
the Nansha River near Laoniuwan in the Haidian District, Beijing, and characterized different river
morphologies by river sinuosity. The River 2D model was used for simulation and analysis, and
the depth and velocity diversity indices were introduced to quantify the distribution of depth and
velocity under different sinuosities. Cyprinus carpio was selected as the target fish in this study, and its
suitability curve was determined using literature and field surveys. Combined with the simulation
results, a weighted usable area curve was established to identify its inflection point and maximum
value and determine the ecological flow in the river under different sinuosities, that is, to clarify the
relationship between sinuosity and ecological flow. The results showed that the lower the sinuosity,
the worse the depth and velocity diversity, but a greater sinuosity did not lead to better depth and
velocity diversity. The depth and velocity diversity of a sinuosity of 1.5 were better than those of 1.89
in general, except for low flow conditions (Q = 5 m3/s). For rivers with water use restricted by nature
and society and where ecological needs exist, ecological engineering that appropriately changes the
planform of rivers can be considered to increase the diversity of river/channel geometry and provide
a basis for the ecological restoration of rivers.

Keywords: sinuosity; depth and velocity diversity; ecological flow; habitat

1. Introduction

Globally, more than two-thirds of rivers are substantially affected by human activity [1].
In recent years, several urban rivers have been channelized and linearized in the planning
stages because of the convenience of land use and the safety of flood discharge; thus,
their natural form and direction are often drastically changed [2]. For example, only
approximately 2% of the rivers and lakes in the United States and Germany are in a natural
state [3,4]. Between 1929 and 1942, the U.S. Army Corps of Engineers constructed 14 cut-
offs in the Lower Mississippi River between Memphis, Tennessee, and Red River Landing,
Louisiana. Engineered cut-offs, in combination with two natural cut-offs, resulted in a
net shortening of the river by approximately 235 km [5]. In the mid-to-late 19th century,
systematic river channelization engineering was applied in Europe and elsewhere, leading
to notable changes in the landscape, from multi-to single-line channel configurations such
as the Danube, Rhone, Rhine, Italian rivers, and braided rivers in the French Alps [6]. River
channelization in China began in the 1940s, but its rapid development was concentrated
from the late 1950s to the mid-1970s. From 1958 to 1962, channelization or segmented
channelization projects were conducted nationwide with a total length of approximately
1500 km [7].
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Narrowing of the river channel and hardening of its banks accelerate the flow of river
water, reducing the ratio of infiltration and interception of runoff during rainfall, increasing
the peak volume, advancing it, and reducing the river water quality accordingly [8]. These
canalized rivers often have regular and geometric cross sections owing to land occupation
and engineering volumes. However, the channelization of curved rivers has not yet been
fully demonstrated [9]. When the curved shape of a river changes in its natural state, it
also changes its hydrological and hydraulic characteristics [9]. In addition to changes in
river scouring and siltation, which have an impact on flood safety, it also leads to the
disappearance of geomorphological diversity within the river; that is, it results in changes
in the patterns of mainstreams, tributaries, shoals, and jets in natural rivers [10].

In the 1980s, countries such as Germany and Switzerland proposed the concept of
“re-naturalization” to restore rivers to a state close to that of nature [11,12]. The United
Kingdom has adopted near-natural river management techniques that emphasize the
need to give priority to the ecological functions of rivers when restoring and maintaining
them [13]. The Netherlands has emphasized the combination of ecological restoration of
rivers and flood control and has put forward the concept of “giving space to the river” [14].
Guaranteeing ecological flows is one of the most important initiatives for restoring the
naturalization of rivers [9]. With the increasing destruction of ecological and environmental
resources, the ecological flow of rivers has received increasing attention. In recent years,
research related to the ecological flow of rivers has developed rapidly and has become a
major global concern in the 20th century [15–17]. Ecological flow is the amount of water,
time, and water quality required to maintain the natural ecosystem of rivers and estuaries
and to sustain the ecosystem on which human survival and development depend. The
scientific determination of ecological flow is essential for high-quality regional ecological
development [18].

After years of research and development, ecological flow calculation methods have
been divided into four major categories: hydrological, hydraulic, habitat, and integrated.
Both hydraulic and habitat methods determine the ecological flow in a study area by
analyzing the relationship between the flow and the type and quantity of habitat provided
by the water flowing through a river [19]. Changes in river morphology inevitably cause
changes in the diversity of water depths and velocities in a river, affecting the type and
quantity of habitats available to certain organisms and causing a considerable change in
the ecological flow that maintains that section of the river [9,20,21].

To address the above problems, this study selected a river section near Laoniuwan in
the Nansha River Basin of the Haidian District, Beijing, China, as the research object. Based
on local historical and field research data, the River 2D model was used to simulate and
analyze the results of the simulation, introduce a weighted usable area (WUA) diversity
index, and quantitatively analyze the influence of changes in river morphology on WUA
diversity. Using Cyprinus carpio as the target species, we statistically analyzed the changes
in the WUA under different sinuosities and summarized the relationship between sinuosity
and ecological flow to provide a basis for the ecological restoration of a river.

2. Materials and Methods

2.1. Study Area and Indicators

Haidian District is located in Northwest Beijing at the junction of the North China
Plain and Taihang Mountains remnants (of a mountain range). The total area of Haid-
ian District is 430.73 km2, lying between latitudes 39◦53′–40◦09′ north and longitudes
116◦03′–116◦23′ east.

The Nansha River is located in the northwestern part of Haidian District, in a flood-
plain behind mountains. The total length of the main channel and the river basin is
approximately 30.6 km and 263 km2, respectively (Figure 1). The basin belongs to the warm
belt of semi-humid monsoon continental climate, with average precipitation and surface
evaporation for many years of up to 619 and 1883 mm, respectively. The river depth, upper
mouth width, and bottom of the river longitudinal slope of the basin are approximately
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4.0–5.0 m, 80.0–130.0 m, and 1–2.6‰, respectively, belonging to the Wenyu river system. A
U-shaped bend is present on the west side of the Beijing–Bao Expressway near Laoniuwan,
with a small turning radius and poor flow conditions, which are not conducive to flooding
and regional drainage safety. The original Nansha River was scheduled to be straightened
in the local comprehensive improvement plan of 2008; however, this plan has not yet been
implemented. Moreover, there has always been controversy over whether the reach should
remain in its current state or transform into a straight state. In recent years, as the concept
of river management has advanced, the importance of maintaining the river’s existing
form in terms of flood control and ecology has been recognized. However, there has been
no quantitative comparison of the impact on river ecology between the two maintenance
cases of the existing planar meander form and its planned straightening. In this context,
discussions and analyses in this area have practical importance for the development of
locally related work.

Figure 1. Study area. (a) Map of China; (b) scope of Beijing; (c) the main stream of the Nansha River
and some of its tributaries; and (d) schematic of the study reach.

Fish are the top predators in river ecosystems, play an important role in the energy
flow and material cycle of the entire ecosystem, and are important indicators of regional
water conservation and environmental safety [22]. Based on the principles of representation,
accessibility, and feasibility, a species with rich historical research data and a definitive
research foundation that fully reflects the changes in habitat, that is, the changes in habitat
suitability caused by changes in different planar forms, was selected. In addition, C. carpio
is the dominant species in this area owing to its large population. Based on these factors,
C. carpio was selected as the indicator species through a combination of field research and
data mining.

Fish are the top predators in river ecosystems and play an important role in the energy
flow and material cycle of the whole ecosystem, as well as being an important indicator
of regional water conservation and environmental safety [22]. Based on the principles of
representation, accessibility, and feasibility, species with rich historical research data and a
definitive research foundation were selected, fully reflecting the changes in habitat—that is,
the changes in habitat suitability caused by changes in different planar forms. In addition,
Cyprinus carpio is the dominant species in this area, with a large number. Based on the
above factors, Cyprinus carpio was selected as the indicator species through a combination
of field research and data mining.
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2.2. Hydraulic Model and WUA

In this paper, the ecological flow was determined using a habitat simulation method
based on the principle of the in-channel flow increase method (IFIM)—which is the earliest
and most widely used method in habitat simulation [23]—to establish the relationship
between the quantity and quality of a suitable fish habitat and flow through a hydraulic
ecological model, evaluate the impact of flow changes on the fish habitat, and adjust the
flow to improve the ecological environment. The model used was River 2D, which is an
unsteady two-dimensional depth-averaged finite element hydrodynamic model written by
Professor Peter Steffler of the University of Alberta [24]. Its hydrodynamic simulation is
based on a two-dimensional Saint-Venant set of equations consisting of mass conservation
and momentum conservation equations in the x- and y-directions [25,26].

The weighted usable area of the selected target species is abbreviated as WUA:

WUA =
n

∑
i=1

CSF(Vi, Ci, Di)× Ai (1)

In Equation (1), WUA represents the WUA of the selected study reach. CSF(Vi, Di, Ci)
is the overall suitability value of each cell. Among them, i represents the number of cells; V,
C, and D represent the flow velocity, bed substrate, and depth suitability index, respectively;
and Ai represents the area of each cell level. After the field survey, the substrate in the study
section is known to be more uniform, so its suitability index can be considered to be 1.

2.3. Data Processing

Sinuosity is defined as the ratio of the length of the curved arc along the river channel
between the two endpoints of a river segment to the length of a straight line between
the two endpoints [27]. According to the river classification and the actual situation of
the studied river section, based on the current elevation data of the Nansha River, six
planar meander forms were constructed using the replication and interpolation methods
as follows.

First, based on the actual situation and the reasons for the selection of the above-
mentioned study river section, the range of sinuosities was determined to be 1.0 (planning)
to 1.89 (current situation).

Second, based on the current situation, we identified and analyzed the elevation
data of the meander section; the elevation data of the river section without the sinuosity
changing was guaranteed to be consistent, and the data of the changed river section was
replicated based on the location correspondence.

Thirdly, when the sinuosity changed, the length of the river section would change.
Based on the replication method, the River 2D model was used to perform model interpola-
tion during data preprocessing. Finally, the six determined planar meander morphology
maps are shown below in Figure 2.

2.4. Determination of the Suitability Curve

A key factor that determines the accuracy of habitat simulation results is the habitat
suitability index (HSI), which is used to quantitatively describe the suitability of a species to
a habitat, with values ranging from 0 to 1, with 0 being completely unsuitable and 1 being
completely suitable; the larger the value, the better the suitability [28].

Currently, there is a lack of information on the suitability of the hydraulic charac-
teristics for fish distributed in the Nansha River. In this study, we refer to the existing
literature [29] and actual local information to obtain a preliminary suitable flow and water
depth for the target fish and derive the suitability curve for C. carpio. The substrate size and
water quality in the study area were homogeneous and were ignored during this estimation.
The suitable and optimal flow velocities for C. carpio were 0.1–1.1 m/s and 0.2–0.6 m/s,
respectively. The suitable water depths for C. carpio were 0.2–2.5 m, and the optimum water
depths were 1.0–1.5 m (Figure 3).
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Figure 2. Different sinuosities (1.89–1.0).

  

Figure 3. Velocity and depth suitability curves for Cyprinus carpio. (Drawings based on the research
of Yang et al. [29]).

2.5. Model Building and Validation

Based on the local hydrological data, six flow conditions were simulated—5, 10, 15, 20,
25, and 30 m3/s—and the roughness was taken as 0.035. River sections 1–6 were selected
(see Figure 4). Comparing the simulated water level of the model—with an initial flow of
520 m3/s—to the design water level of the “Haidian District Nansha River (Shangzhuang
gate district boundary) Desilting Control Project” (the planning report of which has been
approved and is being implemented) in 2016, it can be seen that the simulated value of the
water level of the constructed model matched well with the design water level value of the
desilting control project being implemented. The relative error was small (see Table 1), and
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the model established in this study exhibited good simulation ability for the hydrodynamic
conditions of the Nansha River, where the spacing between 1 and 6 in each section is 300 m.

 
Figure 4. Schematic diagram of the cross section.

Table 1. Sections 1–6 simulation and water level design.

Section Name 1 2 3 4 5 6

Simulated water level (m) 38.55 38.43 38.20 38.08 37.96 37.92
Design water level (approved
dredging project) (m) 38.45 38.40 38.40 38.39 38.36 38.28

Relative error (%) 0.26 0.08 0.52 0.80 1.05 0.98

2.6. Depth and Velocity Diversity Index

Diversity indices originated from the quantitative characterization of species diversity,
Fisher proposed the concept of the species diversity index in 1943 [30]. Later, it was devel-
oped and gradually applied in the fields of environmental science, physical geography, and
basic agricultural science—Fatch Paul et al. [31] proposed the overall agricultural diversity
index for measuring agricultural diversity. Li Changchao et al. proposed a comprehensive
index of microplastic diversity by clarifying the differences between microplastics in dif-
ferent environments and analyzing them retrospectively [32]. Currently, the indices for
quantifying depth and velocity diversity are not yet clear. Combining the generalization
and application of diversity indices from previous authors, this paper constructs a depth
and velocity diversity index based on Shannon’s index to better characterize depth and
velocity diversity quantitatively.

The Shannon (H) diversity index can be used to reflect the degree of depth and velocity
heterogeneity [33]. The higher its value, the better the degree of depth and velocity flow
heterogeneity, and the more stable the survival of organisms in the region.

H = −∑m
i=1 (Pi)× log2(Pi) (2)

In Equation (2), H denotes the diversity index; m denotes the number of different types
of areas; and Pi denotes the proportion of the study area occupied by the ith type.

In order to consider the heterogeneous results of the combination of water depth and
velocity, this paper introduces the depth and velocity diversity index based on the above
analysis, referring to the research of related experts and scholars. We use He to express it,
which is calculated as follows:

He = ∑m
i=1 (Pi)× log2(Pi)∑n

j=1 (Pj)× log2(Pj) (3)

In Equation (3), He represents the depth and velocity diversity index; m represents the
number of different depth regions, n is the number of different velocity regions; Pi is the
proportion of the study area occupied by the ith depth interval, and Pj is the proportion of
the study area occupied by the jth velocity interval.
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3. Results

3.1. Analysis of Water Depth and Flow Velocity Diversity at Each Sinuosity

The simulation results were processed and analyzed, and the water depth and velocity
distribution of each sinuosity at different flows were calculated. The water depth and flow
velocity scatter distribution maps and box plots are shown in Figures 5 and 6. Notably,
most scatter points fall in an area with a water depth of 0.5–2.5 m and a flow velocity of
0–0.5 m/s. The studied river section was suitable for the survival of the target fish. Under
the same sinuosity, the scattering points showed a more dispersed trend with increasing
flow, and the maximum depth and velocity diversity values gradually increased. That
is, depth and velocity diversity exhibited better trends, and the distribution of depth and
velocity was more dispersed for sinuosities 1.3, 1.5, and 1.89. Under the same flow, as the
sinuosity increased, the water depth exhibited a steady upward trend, and the flow velocity
initially increased before falling.

 
(a) Sinuosity is 1.89 

 
(b) Sinuosity is 1.5 

 
(c) Sinuosity is 1.4 

Figure 5. Cont.
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(d) Sinuosity is 1.3 

 
(e) Sinuosity is 1.2 

 
(f) Sinuosity is 1.0 

Figure 5. Scatter diagrams of depth and velocity distribution under different sinuosities with
different flows.

  

Figure 6. Velocity and depth distribution under different sinuosities.
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To quantify the relationship between sinuosity and diversity of water depth and
velocity, the velocity was divided into nine intervals, 0–0.1, 0.1–0.2, 0.2–0.4, 0.4–0.6, 0.6–0.8,
0.8–1.0, 1.0–1.2, 1.2–1.5, and 1.5 m/s or more, based on the actual conditions of the studied
river and the suitable survival threshold of the target fish. The water depth was divided
into six intervals: 0.5–1.0, 1.0–1.5, 1.5–2.0, 2.0–2.5, 2.5–3.0, and 3.0 m or more. Based on the
simulation results, the percentage of each interval in the water area of the river section was
derived and used as the Pij quantity to calculate the water depth flow diversity index and
quantitatively describe the relationship between sinuosity, depth, and velocity diversity
under different flows (Figure 7 and Table 2).

  

  

Figure 7. Diversity index of water depth and rate at different flows.

Table 2. Diversity index values of depth and velocity at different sinuosities.

Q (m3/s)

S
1.89 1.5 1.4 1.3 1.2 1.0

5 345 254 218 296 170 132
10 329 544 246 789 355 232
15 499 616 498 998 431 396
20 653 621 697 1059 381 441
25 971 1053 998 978 499 480
30 906 1007 958 827 585 425

The overall trends in depth and velocity diversity increased with increasing sinuosity.
This does not necessarily imply that greater sinuosity results in better depth and velocity
diversity. For the index calculation results, the maximum value of the index was 1059 for
the river form with a sinuosity of 1.3. However, lower sinuosity resulted in worse depth
and velocity diversity. The sinuosities of 1.2 and 1.01 exhibited a substantially lower depth
and velocity diversity index than the other forms under all flow conditions (Figure 8).

With increasing flow, most plane forms with different sinuosities showed an increasing
trend, but this did not imply that greater flow resulted in better depth and velocity diversity.
Furthermore, the maximum value of the index of sinuosity of 1.89–1.0 is obtained in the
following order: Q = 25, 25, 25, 20, 30, and 25 m3/s. In the case of a low flow of Q = 5 m3/s,
the greater the sinuosity, the better the depth and velocity diversity within a certain range
(Figure 9).
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Figure 8. Trend of depth and velocity diversity index.

3.2. Sinuosity and Ecological Flow

Based on the suitability curve of C. carpio, the WUA distribution of the species at
six sinuosities under different flow conditions was determined by simulation analysis
(Figure 10). With an increasing flow rate, the WUA exhibited an overall increasing trend.
At the same flow, river sections with greater sinuosity were relatively better; these more
suitable areas were mostly at river bends, and the areas more suitable for C. carpio in the
straight section were substantially smaller. The WUA distribution was organized, and the
Q-WUA relationship curves were plotted.

As seen from the curves, a peak sinuosity of 1.5 was the largest, and that of 1.4 was
the smallest. Under low flow, the suitable survival area of the river section with high
sinuosity was substantially better than that of the river section with low sinuosity. At
higher flows, the meanders were also better; however, there were more suitable areas for
smaller meanders. Combined with the habitat simulation method, the highest point of
the curve was the ecological flow of the river, and we could identify the ecological flow of
meanders from 1.0–1.89 as being 20, 25, 20, 15, 22.5, and 15 m3/s. When determining the
ecological flow of meanders at a sinuosity of 1.5, the flows of 20 and 25 m3/s did not exhibit
monotonic increasing or decreasing trends. Thus, using a trial calculation of 22.5 m3/s
WUA, we found that the WUA corresponding to Q = 22.5 was the maximum value on
the curve.

With increasing sinuosity, the overall ecological flow required by the target fish in
the studied river section exhibited a decreasing trend, and sinuosity and ecological flow
exhibited a negative correlation (Figure 11). Meanders with high sinuosity have a greater
diversity of water depths and velocities, more geomorphological unit variety, and a strong
regulation ability, which makes the rivers more suitable for the survival and reproduction
of fish at lower flows. The smallest ecological flow of 15 m3/s was required with sinuosities
of 1.89 and 1.4. Comparing the WUA under the two morphologies, 1.89 was much larger
than that of 1.4. In this study, considering the relationship between the social economy and
ecology, a sinuosity of 1.89 was considered the appropriate morphology.
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Figure 9. Distribution of WUA at different flows (with sinuosities of 1.89–1.0).
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Figure 10. Q-WUA curves at different sinuosities.

 

Figure 11. Relationship between sinuosity and ecological flow.

4. Discussion

4.1. Quantification of River Depth and Velocity Diversity

Many experts and scholars have conducted studies on the depth and velocity diversity.
Scholars have introduced the habitat depth and velocity diversity index to quantitatively
analyze the effects of artificial step-deep pool systems on aquatic habitats and river ecol-
ogy [34]. Stähly et al. quantified the spatial variation in aquatic habitats in river segments
using the hydroform diversity index [35]. The establishment of related indices allows a
more intuitive quantitative study of the relationship between geomorphology, hydrology,
and river ecosystems, and the use of hydrodynamic models to quantitatively simulate and
analyze the spatial distribution and trend changes in water depth and flow velocity can
provide technical support for the layout of river ecological restoration measures and the
assessment of restoration effects [36–38].

4.2. Habitat Modeling Methodology and Ecological Flows

The habitat simulation method is used to determine the ecological water demand
of rivers according to the physical habitat conditions required by the indicator species
through field monitoring or water environment modeling to obtain the spatial and temporal
distribution of habitat factors and habitat suitability evaluation indexes. Simulation of the
quantitative relationship between the flow and distribution of suitable habitats is performed
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to obtain the ecological flow of aquatic organisms for the protection of the indicator species,
mostly fish, and to provide a basis for the rational development and utilization of water
resources [39–41]. Habitat simulation methods more adequately consider a single or
multiple species, such as this study, which considers the dominant species in the study
area, C. carpio, which reflects specific ecological needs, although the entire river ecosystem
is ignored. Our results show that, as the flow changed, the inflection point of the Q-He
curve did not coincide with the maximum value and Q-WUA curve, which initially showed
the limitations of the ecological flow calculated by habitat simulation methods alone. In
general, the better the diversity of the habitat, the better the biodiversity and the healthier
the river ecosystem [42,43]. Further research is needed to determine if the flow required to
maintain the stability of the entire river ecosystem should be considered.

4.3. Relationships between Changes in Sinuosity, River Ecology, and Socioeconomics

Changes in river morphology affect not only the physical form and dynamic river pro-
cesses of individual reaches but also longer reaches and even entire river systems, including
some tributaries [44]. Human intervention in river environments always needs to consider
the unintended side effects and potential long-term legacies that may create new problems
upstream or downstream [45], thereby affecting habitat availability and ecological status
in longer reaches [9]. Furthermore, it is particularly important to clarify the relationship
between sinuosity and the ecological and regional socioeconomic needs of rivers when
carrying out comprehensive river sinuosity adjustment-oriented improvement projects.

Scholars have studied the mechanism of sinuosity in the self-purification of water
bodies and proposed increasing the sinuosity to improve the ability of rivers to remove
pollutants from water, which was thought to increase the growth rate of dissolved oxygen.
However, the excessive meandering of rivers can affect flooding, sand drainage, and the
safety of riverbanks [46]. Changes in the meandering of rivers must be justified, as there
is a corresponding relationship between the meandering of rivers, society, and ecology;
that is, no blind remediation is possible. Moreover, meanders of rivers that do not require
remediation and whose meanders have remained unchanged for a long time should be left
unchanged [47]. Meandering river ecosystems are sensitive and have difficulty recovering
from damage [48]. Consequently, unnecessary human interference should be reduced to
prevent the destruction of river habitats, which affect the stability of river ecosystems [49].
River morphology characterized by sinuosity is linked to the abundance, evenness, and
diversity of organisms in the structure of river ecosystems, and there are large differences
in organisms living at different geomorphic units of rivers [50,51]. In general, the complex
sinuosity of water supports the diversity of river organisms [52,53]. Against the risk of
riparian soil erosion along dammed rivers, the configuration of river morphology should
be considered as one of the potential management strategies for offsetting the negative
impacts of damming [54]. Moreover, after changing the sinuosity of rivers, monitoring
of river habitat types and the corresponding biological changes should continue [55]. In
this study, we quantified the relationship between sinuosity, depth, velocity diversity, and
ecological flow and argued for an appropriate sinuosity, which has practical implications
for the multi-objective ecological restoration of rivers.

For some water-scarce rivers affected by the natural environment, geographic location,
socioeconomic factors, and human factors, there may be much less in-channel runoff than
the ecological flow calculated through hydraulics and habitat simulation. In such cases
where water diversion and replenishment cannot be guaranteed, research such as this study
should be considered to determine the appropriate sinuosity through quantitative methods
to maintain the stability of river ecosystems at relatively low flow rates through ecological
engineering to adjust the river sinuosity.

5. Conclusions

In this study, a River 2D model was used to simulate the hydrodynamics and habitats
of six morphologies of the studied river, which, combined with the depth and velocity
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diversity index and the Q-WUA curve, were used to determine the relationship between
sinuosity, depth and velocity diversity, and the ecological flow required by the target
species. Quantitative research showed that, as the sinuosity increased, the depth and
velocity diversity of the water increased, and the two were positively correlated; however,
this did not imply that the greater the sinuosity, the better the depth and velocity diversity,
except under low flow conditions. Our results showed that the ecological flow required for
the target species in the reach exhibited a downward trend and was negatively correlated
with sinuosity.
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Abstract: The growth and survival of marine organisms are influenced by environmental factors
such as water temperature, salinity, and pH. Unsuitable environmental conditions may negatively
impact marine organisms. The white leg shrimp (Litopenaeus vannamei), a euryhaline organism
highly adapted to salinity, is a valuable species for aquaculture. This study examined the effects
of water temperature, salinity, and pH on the health of postlarvae L. vannamei. Stress levels within
the organisms were analyzed through the expression of a biomarker gene. Ferritin was selected as
the biomarker gene for analysis. The experimental animal samples used were the hepatopancreas
of L. vannamei postlarvae. The analysis was performed by qRT-PCR. The results showed that the
adaptation of L. vannamei postlarvae to temperature was dependent on salinity. Under low-salinity
conditions (5 psu), ferritin expression increased at 25 ◦C and 30 ◦C after 48 h of exposure; however,
it decreased after 72 h of exposure. Under normal salinity conditions (27 psu), ferritin expression
increased from 24 h to 72 h at water temperatures of 25 ◦C and 30 ◦C. These results indicate that
low-salinity conditions may enable L. vannamei postlarvae to rapidly adapt to high temperatures. In
conclusion, L. vannamei postlarvae adapt more efficiently to high temperatures under low-salinity
conditions than that under high-salinity conditions. The results of this study could beneficially
impact L. vannamei farming.
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1. Introduction

In marine ecosystems, environmental factors such as water temperature, salinity, and
pH affect physiological processes, such as reproduction, physiology, metabolism, growth,
and regulation of osmotic pressure, as well as the habitat of marine animals [1–4]. Marine
animals are sensitive to temperature change, and may be affected by seasonal or long-term
climate change [5]. These changes in temperature affect reproduction, growth, physiology,
metabolism, energy balance, and diseases in marine organisms [1,6–9]. Changes in temper-
ature may also disrupt the homeostasis of marine animals, to which the animals may adapt
by changing their habitat [10–12]. Increased water temperature may cause hypoxia through
a decrease in oxygen solubility and weakening of the binding force of hemoglobin [13].
Even for species targeted for aquaculture, water temperature conditions are crucial for
seeding production, cultivation, and early development [7,14–16]. Temperature stress may
affect animal immunity and metabolism through the generation of intracellular reactive
oxygen species (ROS), which may trigger oxidative stress [17].

Water 2024, 16, 1477. https://doi.org/10.3390/w16111477 https://www.mdpi.com/journal/water208



Water 2024, 16, 1477

Salinity is another crucial environmental factor that affects marine animals, impacting
their ecological tolerance, stress levels, and distribution [18]. The standard salinity concen-
tration of the ocean is 33–34 psu. To recover from the imbalance in homeostasis caused
by stress, marine animals may attempt to regain homeostasis through metabolic activities
such as osmosis control, control of body fluid concentration, and oxygen consumption.
However, during extreme changes in salinity, adaptation may not be possible, which may
lead to fatal consequences [19–24]. pH represents the hydrogen ion concentration in water
and is an indicator of acidity or basicity; it varies according to various dissolved substances
and the assimilation and respiration of organisms and, therefore, affects the physiological
processes of organisms.

Dissolved oxygen (DO) determines optimal aquaculture stocking density and produc-
tion, as oxygen affects the growth and reproduction of aquaculture animals by influencing
food intake, metabolism, and rearing conditions. The concentration of oxygen in water is
limited by its solubility in water, which decreases with increasing temperature and salt
concentration. DO levels are related to the pH; therefore, oxygen levels in water affect
organisms variably based on the pH. The stress caused by environmental change may lead
to the production of reactive oxygen species (ROS) in organisms, thereby influencing intra-
cellular stress and cell and tissue damage. It may also lead to cell proliferation, decreased
metabolism, and even death. Genes related to antioxidant activity may be activated as a
defense mechanism against ROS.

Ferritin is a protein present in the cytoplasm and mitochondria of organisms that
plays a role in preparing cells for damage caused by excess iron and in replenishing iron
if it is lacking [25–28]. This replenishing process regulates intracellular iron homeostasis
and helps remove heavy metals when their concentration in the cell is high [29]. Iron is
an essential nutrient for organisms; however, high concentrations may cause oxidative
stress and increase the expression of the ferritin gene, accompanied by an increase in
antioxidant enzyme activity. Accordingly, iron may cause oxidative stress and ferritin may
be associated with antioxidant activity, which protects the cells from oxidative damage.
Ferritin plays a crucial role in marine animals, which is similar to its role in terrestrial
organisms. In marine animals, ferritin primarily functions as an iron storage protein,
helping to regulate iron levels in the body [30]. Ferritin in L. vannamei is also known to
play a role in enhancing immunity, physiological responses, and survival [31]. Overall,
the function of ferritin in marine animals is essential for maintaining iron homeostasis,
supporting vital physiological processes, and protecting against oxidative stress, ultimately
contributing to their overall health and well-being in aquatic environments [32]. Ferritin
has been implicated in the immune response of shrimp, particularly in defense against
pathogens and oxidative stress [33]. In aquaculture, shrimp are exposed to various environ-
mental stressors, including temperature fluctuations, salinity changes, and pollutants. In
the presence of these stressors, ferritin may play a role in mitigating the effects of oxidative
stress and preventing oxidative damage.

L. vannamei can adapt to high temperatures, is euryhalinous, and is able to survive in a
salinity range of 1–40 psu, which enables its adaptation to various ecological conditions. In
Korea, indigenous shrimp farming varieties include Penaeus japonicus and Fenneropenaeus
chinensis; however, these species are available in limited amounts due to their vulnerability
to white spot disease caused by the white spot syndrome virus. Accordingly, L. vannamei is
becoming the major species for shrimp farming in Korea and its demand is also increasing in
other countries due to its high stocking density and environmental adaptability, especially
to variable levels of salinity. However, several studies have reported that the ability of
L. vannamei to adapt to a various extreme environmental conditions can have a negative
impact on the organism if the environmental conditions such as water temperature, salinity,
and pH are not appropriate [34–38]. However, reports on the postlarvae, which have weak
immune systems, are rare.

In this study, we aimed to investigate the effects of changes in water temperature,
salinity, and pH on L. vannamei postlarvae through the expression patterns of the ferritin
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gene. The expression pattern of the ferritin gene is believed to be able to serve as a biomarker
gene that can indirectly indicate the level of stress in the body of L. vannamei postlarvae.
Also, we hope that these gene expression patterns will reveal the level of stress in the body
and how this organism may overcome stress through environmental adaptation.

2. Materials and Methods

2.1. Preparation of Experimental Animals

The L. vannamei postlarvae used in this study were obtained from the breeding farm
of the National University of Agriculture and Fisheries of Korea. Seawater sterilized by
autoclave was used as the breeding water. A 5 L glass beaker was used as the breeding
container. A total of 30 postlarvae (length: 3.0 ± 0.2 cm) per experimental group were
assigned; they were incubated in a multiroom incubator.

2.2. Water Temperature, Salinity, and pH

Water temperature was set at 15, 20, 25, and 30 ◦C. Salinity was set to 5 or 27 psu in
each water temperature. The pH was set at 6.5 or 7.5 within each water temperature and
salinity concentration combination. The experimental period was 72 h. Five experimental
animals were collected from each experimental group at different time points (6, 24, 48, and
72 h) for sampling. Experimental animals housed at a water temperature of 15 ◦C were
used as the control group.

2.3. Total RNA Extraction

Hepatopancreatic tissues were used for total RNA extraction. The tissues were washed
with a saline solution, then placed in liquid nitrogen, and triturated. Total RNA was
extracted using the RNAiso Plus reagent (TaKaRa Bio, Otsu, Japan) according to the manu-
facturer’s instructions. The extracted total RNA was quantified using a spectrophotometer
(NanoVue, GE Healthcare, Amersham, UK), and RNA quality was confirmed based on the
standard A260/280 ratio of 1.8–2.0.

2.4. Reverse Transcription–Quantitative Polymerase Chain Reaction (RT-qPCR)

One microgram of total RNA extracted from hepatopancreatic tissue was used as
the template. Reverse transcription (RT) was performed using an oligo(dT)18 (0.5 μg)
primer and the AccuPower RT premix kit (Bioneer Co., Daejeon, Korea) according to the
manufacturer’s instructions. RT was carried out in a 20 μL reaction mixture at 42 ◦C for 1 h
to synthesize cDNA. For RT-qPCR analysis, 1 μL of cDNA was used. The primers used for
ferritin gene expression analysis were as follows: F (5′-CAAGTCCGCCAGAACTAC-3′) and
R (5′-TGGCAAATCCAGGTAGAG-3′). The nucleotide sequences of the β-actin was used as
an internal standard using the following primers: F (5′-CCACGAGACCACCTACAAC-3′)
and R (5′-AGGCGAGGGCAGTGATTTC-3′). Each primer was used at a concentration of
20 pmol for RT-qPCR. RT-qPCR was performed after adjusting the final volume of the
reaction solution to 20 μL using the SFCgreen Fast qPCR Master Mix (2×) kit (SFCprobes
Co., Chungju, Korea) according to the manufacturer’s instructions. The cycling conditions
for RT-qPCR were 94 ◦C for 5 min, followed by 35 cycles of 20 s at 94 ◦C, 20 s at 55 ◦C,
and 20 s at 72 ◦C. To confirm the specificity and purity of all PCR products, melt curve
analysis was carried out after amplification, under the following conditions: 94 ◦C for 15 s
and 55 ◦C for 20 s. Fluorescence data were acquired during each annealing phase. Gene
expression was assessed using the 2−ΔΔCT method as described by Livak [39].

2.5. Statistical Analysis

Significant differences between the control and the experimental groups were analyzed
using Student’s t-test and only those with p < 0.05 were considered significant.
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3. Results and Discussion

Published research indicates that L. vannamei is subject to stress upon being exposed
to varying water salinity and temperature [34–36]. In this study, we investigated this
possibility by comparing the effects of water temperature, salinity, and pH on the health of
L. vannamei postlarvae.

The expression of the ferritin in response to changes in water temperature over time
was compared and analyzed in low- (5 psu; pH 6.5, 7.5) and high-salinity conditions (27 psu;
pH 6.5, 7.5). The highest expression of ferritin at a salinity of 5 psu and pH 6.5 was observed
in shrimp reared at 30 ◦C. There was a gradual and significant increase in ferritin expression
through the experimental period in shrimp reared at 20 ◦C. With water temperatures of
25 and 30 ◦C, ferritin expression was the highest after 48 h (compared to that at 15 ◦C)
and significantly decreased after 72 h (Figure 1). With salinity concentrations of 5 psu
and a pH of 7.5, the expression of ferritin increased with increasing water temperatures
and was higher than that observed at 15 ◦C. Ferritin expression increased over time in
shrimp reared at 20, 25, and 30 ◦C. When the water temperature was 25 or 30 ◦C, ferritin
expression was highest after 48 h; there was a trend for ferritin expression to decrease after
72 h (Figure 2). Under low-salinity conditions (5 psu), ferritin expression increased as the
water temperature increased. This increased ferritin expression with increase in rearing
water temperature under low salinity suggests that L. vannamei postlarvae can adapt to
increasing water temperatures. In addition, the expression of ferritin increased with the
increase in rearing water temperature and over time with no significant difference at pH 6.5
or 7.5. Ferritin expression was the highest at 48 h at rearing water temperatures of 25 and
30 ◦C, with a decrease at 72 h.

 
Figure 1. Expression levels of ferritin mRNA in L. vannamei postlarvae reared at different temperatures
at 5 psu and pH 6.5 over time. * Significantly different from the control by Student’s t-test (p < 0.05),
** p < 0.01.

At a salinity concentration of 27 psu and pH of 6.5, ferritin gene expression increased
over time with elevated rearing temperatures (20, 25, and 30 ◦C) compared to that at
15 ◦C. The expression patterns of ferritin with respect to temperature and time exhibited
a gradual increase at 20, 25 ◦C, and 30 ◦C, showing elevated expression levels at 24 and
72 h. At 72 h, the expression decreased compared to that at 48 h, although this was not
significant (Figure 3). At a salinity of 27 psu and pH of 7.5, ferritin expression exhibited
patterns similar to those at a salinity of 27 psu and pH of 6.5 with respect to rearing
temperature and time. Ferritin expression was higher at temperatures over 15 ◦C. Ferritin
gene expression at 20 and 30 ◦C showed a gradual increase with respect to temperature
and time, reaching the highest expression at 48 h and showing a significant decrease at
72 h. Similarly, at 25 ◦C, a gradual increase was observed in ferritin expression up to 48
h when it reached its highest expression, followed by an insignificant decrease at 72 h
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(Figure 4). Under high-salinity conditions (27 psu), ferritin gene expression increased with
increasing water temperature. Similar to the results obtained at low-salinity conditions,
these results suggest that an increase in rearing temperature imposes physiological stress
on white shrimp. Furthermore, the expression of the ferritin gene, influenced by increases
in rearing temperature and time, exhibited a significant increase at pH 6.5, maintaining
high expression levels at 48 and 72 h. This suggests a state of stress owing to temperature
adaptation for 72 h. At a pH of 7.5, a decreasing tendency was observed for the expression
after 72 h.

 

Figure 2. Expression levels of ferritin mRNA in L. vannamei postlarvae reared at different temperatures
at 5 psu and pH 7.5 over time. * Significantly different from the control by Student’s t-test (p < 0.05),
** p < 0.01.

 
Figure 3. Expression levels of ferritin mRNA in L. vannamei postlarvae at 27 psu and pH 6.5 across
different rearing temperatures over time. * Significantly different from the control by Student’s t-test
(p < 0.05), ** p < 0.01.

The results of comparing ferritin expression in the low-salinity (5 psu; pH 6.5 and
7.5) and high-salinity (27 psu; pH 6.5 and 7.5) experimental groups were as follows: In the
low-salinity (5 psu; pH 6.5 and 7.5) experimental groups, the highest ferritin expression
was observed after 48 h at water temperatures of 25 and 30 ◦C, and decreased after 72 h.
This suggests that under low-salinity conditions, environmental adaptation of L. vannamei
occurs after 48 h and stress begins to decrease. However, in the high-salinity experimental
groups, ferritin expression increased from 24 h to 72 h at water temperatures of 25 and 30 ◦C.
This suggests that under high-salinity conditions (27 psu; pH 6.5 and 7.5), environmental
adaptation of L. vannamei postlarvae was not achieved and that they were in a state of stress.
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Figure 4. Expression levels of ferritin mRNA in L. vannamei postlarvae at 27 psu and pH 7.5 across
different rearing temperatures over time. * Significantly different from the control by Student’s t-test
(p < 0.05), ** p < 0.01.

In summary, we found that an increase in water temperature under both low- and
high-salinity conditions induced physiological stress in L. vannamei postlarvae. However,
the transition to a stable state after temperature adaptation varied depending on salinity.
Under low-salinity conditions (5 psu; pH 6.5 and 7.5), the recovery period appeared to be
faster than that under high-salinity conditions (27 psu; pH 6.5 and 7.5). This conclusion is
supported by the significant and rapid decrease in the expression pattern of ferritin at 72 h
under low-salinity conditions (5 psu; pH 6.5 and 7.5) compared to that under high-salinity
conditions (27 psu; pH 6.5 and 7.5).

In addition, the expression of ferritin at both low-salinity (5 psu; pH 6.5 and 7.5) and
high-salinity conditions (27 psu; pH 6.5 and 7.5) at 6 h was consistently higher at 20, 25, and
30 ◦C than that at 15 ◦C. Upon comparing the expression of the groups exposed to different
temperatures (20, 25, and 30 ◦C), no significant differences were observed (Figure 5). The
expression of ferritin at 6 h, influenced by changes in temperature, salinity, and pH, showed
no significant differences among the temperature groups (20, 25, and 30 ◦C).

 
Figure 5. Ferritin mRNA expression levels in L. vannamei postlarvae exposed to different salinity (5,
27 psu) and pH (6.5, 7.5) levels for 6 h. * Significantly different from the control by Student’s t-test
(p < 0.05), ** p < 0.01.

At 24 h, ferritin expression under low-salinity conditions (5 psu; pH 6.5 and 7.5) was
significantly higher at 20, 25 and 30 ◦C than that at 15 ◦C. No significant differences were
observed in ferritin expression when comparing the groups exposed to 5 psu (pH 6.5) and
5 psu (pH 7.5) at each temperature (20, 25, and 30 ◦C). Under high-salinity conditions
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(27 psu; pH 6.5 and 7.5), a significant increase was observed in ferritin expression with
an increase in temperature compared to that observed in the 15 ◦C group. Particularly,
27 psu (pH 6.5 and 7.5) led to a significant increase in ferritin expression at both 25 and
30 ◦C compared to the low-salinity conditions (5 psu; pH 6.5 and 7.5). No significant
differences were observed between the results of the groups exposed to 27 psu (pH 6.5)
and 27 psu (pH 7.5) at any temperature (20, 25, and 30 ◦C) (Figure 6). At 24 h, ferritin
expression, influenced by changes in rearing temperature, salinity, and pH, exhibited
significantly higher expression under high-salinity conditions (27 psu; pH 6.5 and 7.5) at
25 and 30 ◦C. Given these results, it is likely that a salinity concentration of 27 psu (pH 6.5
and 7.5) induced potent stress in L. vannamei postlarvae during the initial 24 h of rearing at
temperatures of 25 ◦C and 30 ◦C, whereas low-salinity conditions (5 psu; pH 6.5 and 7.5)
had no significant impact during the first 24 h.

 
Figure 6. Ferritin RNA expression levels in L. vannamei postlarvae exposed to different salinity (5,
27 psu) and pH (6.5, 7.5) levels for 24 h. * Significantly different from the control by Student’s t-test
(p < 0.05), ** p < 0.01.

Ferritin expression at 48 h increased significantly with increased water temperatures
(20, 25, and 30 ◦C) compared to that at 15 ◦C for both the low-salinity (5 psu; pH 6.5 and 7.5)
and high-salinity (27 psu; pH 6.5 and 7.5) conditions. In particular, low-salinity conditions
(5 psu; pH 6.5 and 7.5) did not cause any significant changes in ferritin expression with
increased temperatures up to 24 h of rearing; however, a gradual increase in ferritin
expression was observed from 48 h onward. Similarly, high salinity (27 psu; pH 6.5 and
7.5) led to a progressive increase in ferritin gene expression with an increase in water
temperature; ferritin expression levels were also elevated compared to those at 24 h.
Comparing ferritin gene expression in response to increasing water temperature in the low-
salinity (5 psu, pH 6.5, 7.5) and high-salinity (27 psu, pH 6.5, 7.5) groups, the high-salinity
(27 psu, pH 7.5) group exhibited relatively higher expression than the other experimental
groups (Figure 7). The characteristics of ferritin gene expression in response to changes
in rearing temperature, salinity, and pH at 48 h revealed a significant increase in gene
expression with an increase in water temperature under low-salinity conditions (5 psu;
pH 6.5 and 7.5). Therefore, it is likely that a salinity concentration of 5 psu (pH 6.5 and
7.5) induces stress in L. vannamei postlarvae after 48 h of rearing at temperatures of 25 and
30 ◦C. Additionally, a high salinity (27 psu; pH 6.5 and 7.5) resulted in increased ferritin
expression compared to that at 24 h.

At 72 h, the expression of ferritin under low-salinity conditions (5 psu; pH 6.5 and 7.5)
sharply decreased at both 25 and 30 ◦C compared to at 48 h. Contrarily, the high-salinity
conditions (27 psu; pH 6.5 and 7.5) showed a trend for increasing ferritin expression with
increasing temperature. At 25 and 30 ◦C, high-salinity conditions (27 psu; pH 6.5 and
7.5) led to a significant increase in ferritin expression compared to low-salinity conditions
(5 psu; pH 6.5 and 7.5; Figure 8). Ferritin expression abruptly decreased in response to
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changes in rearing temperature, salinity, and pH at 72 h with a rise in water temperature
under low salinity (5 psu; pH 6.5 and 7.5). Therefore, it is possible that a salinity of
5 psu (pH 6.5 and 7.5) alleviates internal stress through temperature adaptation at rearing
temperatures of 25 and 30 ◦C after 72 h. Conversely, high-salinity conditions (27 psu,
pH 6.5, 7.5) maintained elevated levels of ferritin expression from 24 h to 72 h. These results
suggest that in high-salinity conditions (27 psu; pH 6.5 and 7.5), shrimp still experience the
stress of adaptation at 72 h, particularly at rearing temperatures of 20 and 25 ◦C.

 
Figure 7. Ferritin mRNA expression levels in L. vannamei postlarvae reared at different temperatures
exposed to changes in salinity (5 and 27 psu) and pH (6.5 and 7.5) for 48 h. ** Significantly different
from the control by Student’s t-test (p < 0.01).

 
Figure 8. Ferritin mRNA expression levels in L. vannamei postlarvae reared at different temperatures
exposed to changes in salinity (5 and 27 psu) and pH (6.5 and 7.5) for 72 h. ** Significantly different
from the control by Student’s t-test (p < 0.01).

The results of the study summarized the expression patterns of ferritin over time
under low- (5 psu; pH 6.5 and 7.5) and high-salinity conditions (27 psu; pH 6.5 and 7.5)
across different rearing temperatures, using the expression at 15 ◦C as a reference. At 20 ◦C,
the expression patterns under both low- (5 psu; pH 6.5 and 7.5) and high-salinity (27 psu;
pH 6.5 and 7.5) conditions showed an increasing trend over time (Figure 9). At 25 ◦C, the
expression pattern of ferritin under low-salinity conditions (5 psu, pH 6.5, 7.5) showed no
significant changes up to 24 h of rearing; however, expression had increased significantly
at 48 h and then decreased significantly after 72 h. Under high-salinity conditions (27 psu;
pH 6.5 and 7.5), ferritin expression gradually increased over time and remained significantly
increased through 72 h of rearing. Comparing ferritin expression at 25 and 20 ◦C, all
treatment groups had increased expression (Figure 10). At a rearing temperature of 30 ◦C,
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the expression patterns of ferritin in all treatment groups were similar to those at 25 ◦C.
Under low-salinity conditions (5 psu; pH 6.5 and 7.5), no significant changes were observed
in ferritin expression up to 24 h of rearing; however, expression significantly increased
at 48 h and significantly and rapidly decreased at 72 h. Under high-salinity conditions
(27 psu; pH 6.5 and 7.5), ferritin expression gradually increased from 24 h to 48 h. At 72 h,
ferritin expression in the 27 psu (pH 6.5) group was similar to that at 48 h, whereas in the
27 psu (pH 7.5) group, ferritin expression at 72 h was lower than that at 48 h (Figure 11).
These results suggest that salinity and rearing temperature are highly sensitive factors
affecting the adaptation of L. vannamei postlarvae. At a temperature of approximately 20 ◦C,
the impact of salinity on the occurrence of internal stress in L. vannamei postlarvae can
be considered to be low. In summary, the optimal conditions for L. vannamei postlarvae
rearing observed in this study were a rearing temperature of 25 or 30 ◦C at a low-salinity
concentration (5 psu).

Figure 9. Ferritin mRNA expression levels in L. vannamei postlarvae at 20 ◦C in response to varying
salinity and pH conditions. * Significantly different from the control by Student’s t-test (p < 0.05),
** p < 0.01.

Figure 10. Ferritin mRNA expression levels in L. vannamei postlarvae at 25 ◦C in response to varying
salinity and pH conditions. * Significantly different from the control by Student’s t-test (p < 0.05),
** p < 0.01.

Cultured organisms are significantly influenced by environmental parameters. In
the case of L. vannamei cultivation, the crucial parameters include water temperature and
salinity, which affect cultivation. The optimal water temperature for L. vannamei cultivation
has been shown to be 26–33 ◦C, considering aspects of growth and survival [40]. Research
suggests that as the shrimp size increases, low water temperatures are preferable. For
postlarvae, temperatures above 30 ◦C are recommended, while for adults, 27 ◦C is consid-
ered suitable; temperatures higher than this adversely affect growth [41,42]. Additionally,
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the metabolic rate and growth of L. vannamei decrease at rearing temperatures lower than
23 ◦C [41]. The acceptable range of salinity for L. vannamei is broad, ranging from 0.5 to
45 psu [43]. L. vannamei is a typical euryhaline crustacean that inhabits different locations
throughout its life cycle. The larvae develop in the ocean, whereas postlarvae, juveniles,
and adults inhabit estuaries and brackish waters [40]. Therefore, lower salinity is more
suitable for L. vannamei postlarvae cultivation, lower than that of typical seawater. However,
some reports suggest that shrimp growth rates are higher at 25 psu than at low-salinity
conditions [44,45]. Low salinity is considered beneficial for habitats, whereas high salinity
is considered better for growth. Failure to maintain optimal water temperature and salinity
may lead to environmental stress, resulting in weakened immune responses and reduced
productivity [40]. For L. vannamei cultivation, the recommended pH range for rearing water
is 6.4–9.1; alkalinity is associated with low deformity rates [46]. In this study, the optimal
conditions for L. vannamei postlarvae, considering water temperature, salinity, and pH,
were characterized by a short and mild stress adaptation period at rearing temperatures of
25 and 30 ◦C under low salinity (5 psu). These conditions are suitable for survival, growth,
and immunity of postlarvae of L. vannamei. The results of this research may be important
for the production and cultivation of L. vannamei postlarvae.

Figure 11. Ferritin mRNA expression levels in L. vannamei postlarvae at 30 ◦C in response to varying
salinity and pH conditions. * Significantly different from the control by Student’s t-test (p < 0.05),
** p < 0.01.

4. Conclusions

If the environmental factors (temperature, salinity, and pH) of a marine organism’s
habitat are not appropriate, their health can be adversely affected due to stress. This poor
health can have adverse effects on reproduction, survival, and growth. When living organ-
isms are under stress, ROS are typically produced. These ROS attack cells and deteriorate
the health of the body. ROS are generated under prolonged stress, including oxidative
stress, causing adverse effects on the immune and endocrine systems. Ferritin serves as
a marker of antioxidant stress and can be used as an indicator of oxidative stress. We
analyzed ferritin gene expression to determine the health status of L. vannamai postlarvae.
Gene expression analysis is an efficient method for rapid and accurate evaluation of the
health status of biological entities. From this perspective, the analysis of health status
based on ferritin expression, considering environmental factors, such as water temperature,
salinity, and pH, could be valuable. In this study, the appropriate water temperature and
salinity for rearing L. vannamei postlarvae were presented through gene expression patterns.
It was confirmed that low salinity (5 psu) under high temperature conditions for growth of
L. vannamei postlarvae was positive. In the future, it is necessary to identify the conditions
of appropriate environmental factors for L. vannamei postlarvae through research on the
expression of various genes. In this study, analysis of ferritin expression suggested that low
salinity (5 psu) and water temperatures of 25 and 30 ◦C are the most suitable environmental
conditions for L. vannamei postlarvae.
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