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ABSTRACT

Keystone species have a significant impact on the lake’s ecosystem, biodiversity management, and water quality. This review explores the complex
interconnections between adverse water quality deterioration and loss of keystone species in lakes, with a focus on pollution, fragmentation and climate
change. Nutrient pollution and eutrophication are the leading causes of poor water quality and have been a major cause of the decline of keystone species,
for example, fish, amphibians and invertebrates that are important in controlling the trophic cascade and organising structural complexity of the habitat.
The extinction of these species triggers a series of occurrences that worsen water quality, establishing a feedback loop that worsens problems with ecosystem
health and solutions. The study also includes several keystone case studies on species restoration, water quality research, integrated management, and invasive
species control measures that demonstrate habitat and community involvement. Long-term monitoring is required to assess the efficacy of climate-resilient
techniques, restoration, and species interactions in responding to pressures. Given that climate change may exacerbate such pressures, it is critical to have
management approaches and preventive measures in place, such as maintaining climate refugia and improving connectivity within aquatic ecosystems, as
well as restoration and enhancement of keystone species in lakes. The findings underline the necessity for a collaborative, multi-stakeholder approach to

managing freshwater ecosystems to retain keystone species and maintain ecological equilibrium in lakes.
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Abbreviation

BMPs — Best Management Practices

EBM — Ecosystem-Based Management

GLWQA — Great Lakes Water Quality Agreement
IPCC - Intergovernmental Panel on Climate Change
NBS — Nature-Based Solutions

PCBs — Polychlorinated Biphenyls

PAHs — Polycyclic Aromatic Hydrocarbons

SDGs — Sustainable Development Goals

WHO — World Health Organization

Lakes are important ecosystems that are biodiversity hotspots and
deliver essential ecosystem services, ranging from water supply
to food production, recreational activities, and cultural values.
Lakes cover a very small proportion of the Earth’s surface but
contribute disproportionately to terrestrial biodiversity, supporting
a diversity of species, many of which are endemic and highly
specialised to these habitats. In such ecosystems, some species,
referred to as keystone species, have a disproportionate influence
in upholding the structural stability and ecosystem processes of
their ecosystems. Keystone species are essential components of
ecosystems; their presence or absence [1]. Significantly influences
community structure, affecting both biodiversity and ecosystem
stability. For instance, in most lakes, apex predators like some

fish species control the prey species, which in turn keeps the food
web and other ecosystem processes in balance [2]. Freshwater
ecosystems are, however, among the most endangered in the
world, with lakes suffering unprecedented levels of degradation
resulting from the synergy of human-induced pressures. These
encompass pollution, land use changes, habitat fragmentation,
invasions by non-native species, and, more recently, the effects of
climate change [3]. Perhaps the greatest threat to lake ecosystems
is the deterioration of water quality, which is caused primarily
by nutrient pollution and results in eutrophication and toxic
algal blooms [4]. These water quality changes have direct and
indirect impacts on keystone species, which are often extremely
sensitive to changes in their environmental conditions. When water
quality decreases, these species experience habitat loss, changes
in food webs, and heightened competition from more tolerant
non-native invaders, eventually resulting in population decline or
extirpation [5]. Water quality decline and loss of keystone species
are interrelated in a complicated and multifaceted sense. In one
sense, poor water quality, particularly from excessive amounts of
nutrients like phosphorus and nitrogen, leads to eutrophication
that depletes oxygen and renders the environment unliveable
for most keystone species. For example, in Lake Erie, nutrient
pollution led to severe hypoxia, causing the collapse of key fish
populations such as walleye and yellow perch, which are crucial
for maintaining the lake’s food web structure [6]. On the other
hand, the destruction of keystone species can exacerbate water
quality issues, creating a feedback loop that expands ecosystem

J Glob Warm and Clim Chan, 2025

Volume 1(4): 1-8



Citation: Sakshi Dange, Kumaraguru Arumugam, Sai Saraswathi Vijayaragavalu (2025) The Relationship Between Water Quality and Keystone Species Loss in Lake
Ecosystem. Journal of Global Warming and Climate Change. SRC/JGWCC-123. DOI: doi.org/10.47363/JGWCC/2025(1)122

degradation. For instance, when herbivorous invertebrates or
fish that control algae populations lose their attachment, algal
blooms intensify and become more recurrent, worsening water
quality and leading to additional species loss [7]. Keystone
species extinction has major implications for lake systems. These
species often support a range of ecological processes, such as
nutrient cycling, primary production, and habitat structure, that
are important for the overall health of the system. For instance,
when a keystone predator is lost, this can lead to trophic cascades
in which top-down control is lost, and this results in population
explosions of lower trophic level populations, which disrupts
the whole system’s balance [8]. In aquatic ecosystems, these
kinds of cascading effects are commonly observed where predator
fishes are lost, thus leading to increased numbers of herbivorous
fishes, overgrazing of aquatic vegetation, and subsequent loss of
water transparency and environmental quality [9]. Due to the key
role played by keystone species in maintaining lake ecosystem
integrity, efforts towards restoring and conserving keystone
species are important. Successful keystone species recovery
typically involves some level of habitat restoration, pollution
reduction, and specifically targeted management of the species.
Restoration of wetlands by reconstructing them and the creation
of riparian buffers, for example, can improve water quality by
filtering out runoff and providing necessary habitat for keystone
species. Further, adaptive management interventions such as the
modification of fisheries regulations, control of invasive species,
and restoration of natural hydrologic regimes are crucial in creating
conditions favourable to the persistence of keystone species even
under a change in environmental conditions [10]. Yet another of
the fundamental issues for the management of lake ecosystems
is the interaction of local stressors such as nutrient runoff and
habitat destruction with global change, particularly climate change.
Climate change acts as a “threat multiplier” in that it exacerbates
existing stressors and introduces new ones, such as altered patterns
of precipitation, increased water temperatures, and heightened
frequency of extreme weather events [11]. These changes have
been found to disrupt thermal stratification in lakes, change the
timing and extent of ice cover, and alter species distribution, all
of which have wide-ranging implications for keystone species that
are highly adapted to highly specific environmental conditions.
For example, warming in cold-water lakes can reduce habitat
quality for lake trout and lead to population loss and a ripple
effect across the ecosystem [12]. The emergent complexity
of water quality-keystone species-broad process interactions
confirms the need for holistic, multi-disciplinary approaches to
lake management. Effective conservation efforts need to take into
account the interconnectedness of the ecological processes, the
diversity of the stakeholders affected, and the socio-economic
conditions influencing land and water use. Additionally, adaptive
management structures that place importance on monitoring,
adaptability, and community participation are instrumental in the
management of uncertainties and dynamics related to managing
lake ecosystems in altered environments [13]. This review article
attempts to analyse the intricate relationship between water quality
and keystone species loss in lake ecosystems, utilising case studies
from around the world to illustrate the impacts of deterioration
and opportunities for restoration. With the review of effective
restoration and identifying areas of growing research need, this
article seeks to provide illumination into how lake ecosystems
can be better managed in an attempt to preserve their biodiversity
and ecological stability in the face of ongoing environmental
stresses. The merit of pursuing scientifically obtained information,
policy structure, and locally based practice for conservation will
be emphasised as key components in effective management and

recovery of lake keystone species.

Methods for Keystone Species Recovery in Lakes

Restoration of lake keystone species requires an integrated approach
involving restoration of habitat and mitigation of underlying
causes for water quality decline. Habitat restoration is perhaps
the most important technique, which involves the reintroduction
of native aquatic vegetation and the establishment of structural
elements like fish refuges or artificial reefs. These alterations
provide keystone species with required breeding and refuge
habitats [5]. Besides habitat restoration, water quality management
is also critical, e.g., reducing nutrient loading via agricultural best
management practices and restricting algal blooms via aeration,
bio-manipulation, or selective chemical control4. Keystone species
reintroduction and restocking is also important method. Effective
restocking schemes and assistance breeding programs can re-stock
fish, amphibian, and invertebrate keystone species important
to keeping ecosystems in balance [14]. Eradication of invasive
species is also needed, as such species will compete with or
prey upon native keystone species and hinder efforts at recovery.
Targeted removal strategies, including mechanical harvesting and
biological control, are employed to mitigate their impact [15].
Equally important is engaging local communities and stakeholders
in restoration efforts. Public education, policy-making, and
collaborative conservation measures are required for ultimate
success [13]. Adaptive management and continuous monitoring
finally ensure that restoration work is successful and can be revised
as necessary with new data [9]. This comprehensive strategy for
species recovery not only helps to re-establish keystone species
but also retains healthier, more resilient lake ecosystems overall.

Adaptation Strategies to Mitigate the Effects of Climate
Change on Keystone Species

Adaptation strategies for reducing the effects of climate change
on lake keystone species require proactive management and
actions aimed at resilience enhancement. One key strategy is the
conservation and enhancement of climate refugia areas in lakes
that are relatively stable under climate change. Conservation of
colder, deeper lake zones can provide critical refuges for cold-
adapted species that are extremely vulnerable to warming [16].
Watershed management is also a vital strategy with emphasis
on sustainable land use that reduces nutrient runoff and erosion,
thereby preventing negative climate impacts such as enhanced
algal blooms [17]. Techniques like the establishment of riparian
buffer strips, wetland rehabilitation to act as natural filters, and the
application of precision agriculture methods limiting excessive
fertiliser application are critical [4]. Assisted migration and
translocation are increasingly popular, with the movement of
climate-endangered species to more suitable environments within
or beyond their current range. This has been considered for fish
species that are at risk of survival within their natural habitats
due to the rise in temperatures [18]. Additionally, aquatic habitat
reunification is necessary. Dams and culverts are eliminated as
barriers to allow species to move to more favourable locations
in response to changing conditions and therefore enhance their
chances of survival. Monitoring and adaptive management are also
key, as they enable continuous assessment of ecosystem health,
species numbers, and water quality. This can enable managers
to make immediate changes to practices, such as altering fishing
equipment requirements or adjusting water flow regimes in
controlled lakes to maximise support for keystone species in a
changed scenario [9]. Education and community engagement are
also essential. Engaging local communities in conservation and
climate awareness increases support for adaptive interventions so
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that interventions are more effective and sustainable in the long

n [13]. The strategies also emphasise the need for adaptable,
visionary interventions that enhance ecosystem resilience and
react to both current and future climate impacts on keystone
species in lakes.

Holistic Approaches to Protect Keystone Species and Improve
Lake Water Quality

Other measures of mitigation to preserve keystone species and
improve lake water quality involve a set of integrated solutions
addressing both the environmental and human sides. Ecosystem-
Based Management (EBM) is a multi-faceted method considering
the overall ecosystem, including human undertakings, rather than
having a single-issue emphasis. EBM places high priority on long-
term water and land management practices such as watershed land
management to reduce runoff and pollution that, in turn, promote
lake health and keystone species [19]. Adaptive water management
is another leading methodology, which involves water level control
and seasonal regimes of flow in lakes and reservoirs to mimic
natural hydrology and thus preserve necessary habitat for breeding
and migration [15]. Increasing genetic diversity in keystone
species populations, by processes like careful breeding and cross-
breeding, can increase the resilience of species to environmental
change and enable them to cope better with future challenges
[20]. Pest and invasive species management, by incorporating
biological, mechanical, and chemical controls, is vital to avoid
invasive species from spreading and endangering native keystone
species. Early detection and rapid response mechanisms are
crucial in addressing these threats before they cause widespread
destruction [21]. Improving protected areas and buffer zones,
especially in riparian corridors and wetlands, helps in filtering out
pollutants, stabilising shores, and maintaining habitat connectivity,
thereby conserving key ecological functions [22]. Community-led
conservation programmes, including habitat restoration, citizen
science, and stewardship actions, also ensure that the conservation
behaviour is acceptable and well-supported culturally [13]. Policy
and governance reforms also need to consolidate environmental
legislation, enforce sustainable land-use actions, and bring an end
to excessive water resource appropriation, with incentives like
subsidies and penalties for compliance [23]. Green infrastructure
opportunities such as the construction of wetlands and restoration
of floodplains can facilitate carbon sequestration, enhance water
quality, and provide resilient habitats for keystone species [24].
Public awareness and education campaigns further complement
these measures by instilling the link between water quality,
ecosystem health, and species conservation, which promotes
behavioural change, minimising pollution [25]. Finally, long-term
keystone species survival is ensured through sustainable fisheries
management measures such as establishing catch limits, seasonally
imposing limits, and breeding protection zones [26].

Key Pollutants Impacting Lakes and Keystone Species

These key pollutants that affect lakes are nutrients such as
phosphorus and nitrogen, which mainly enter via agricultural
runoff, wastewater, and urban stormwater. High levels of nutrients
cause eutrophication, resulting in toxic algal blooms that deplete
oxygen, shade out sunlight, and produce toxins dangerous to
aquatic organisms and humans alike. This degradation destabilises
lake ecosystems and induces loss of keystone species [27].
Sediments, typically from erosion due to deforestation, agriculture,
and construction, are also big threats. High sediment loads lower
water clarity, bury essential habitats, and transport pollutants
like phosphorus, heavy metals, and pesticides into lakes [28,29].
Industrial waste effluents, mining activities, and atmospheric
deposition discharge heavy metals such as mercury, lead, and

cadmium to the environment, which bioaccumulate in the food
web with severe toxic risks to aquatic organisms and keystone
species. Mercury, for example, is transformed into highly toxic
methylmercury, which is retained in fish and is harmful to wildlife
and human health [30]. Herbicides and pesticides from crop runoff
introduce toxic chemicals that kill non-target species, destroy
biodiversity, and are among the causes of the declines of keystone
organisms like amphibians. Organic contaminants like PCBs
and PAHs, which enter through industrial processes and urban
runoff, are resistant to degradation and continue to build up in
the food web with long-term impacts on lake ecosystems [31].
Emerging contaminants include pharmaceuticals and personal care
products, which enter lakes through wastewater and interfere with
the endocrine systems of aquatic organisms, inducing reproductive
and behavioural changes in marine organisms [32]. Finally,
increasingly large amounts of microplastics from synthetic apparel,
weathered plastics, and personal care products enter the lakes.
These small particles are ingested by aquatic animals, resulting
in physical blockages and toxicities, destabilising food webs and
threatening keystone species [33]. These kinds of introduced
pollutants directly or indirectly lead to all sorts of ecological
problems, including water quality degradation and loss of species
that play vital roles in sustainable lake ecosystems.

Successful Mitigation Techniques and Challenges Faced in
the Conservation of Keystone Species and the Improvement
in the Water Quality of Lakes

These case studies showcase the diversity and complexity of the
methods applied in restoring and maintaining lake ecosystems.
Lake Erie in North America represents a classic example of
integrated ecosystem management. Previously plagued by
severe eutrophication issues in the 1960s and 1970s due to
nutrient runoff, Lake Erie reacted dramatically with improved
phosphorus regulation, improved agricultural techniques, and
habitat restoration under the Great Lakes Water Quality Agreement
(GLWQA). The rejuvenation of keystone species like walleye
and better water quality was achieved by this multi-stakeholder,
collaborative initiative [34]. Lake Victoria in East Africa suffered
ecological meltdown due to the alien Nile perch, resulting in
the near extermination of native cichlid species, which were
key to the ecological balance of the lake. Mitigation through
biological controls and community fisheries management has
stabilised indigenous fish stock and improved ecosystem health
despite persistent challenges [35]. Scotland’s Loch Leven utilised
its adaptive management system in conjunction with specific
farming methodology, wetland restoration, and community
engagement to successfully constrain phosphorus inputs and
restore water quality. The recovery of keystone species like brown
trout demonstrates how coordinated action by local stakeholders
and scientific institutions can lead to long-term ecosystem
recovery [36]. Lake Baikal in Russia, a World Heritage Site of
UNESCO, remains at risk from pollution, climate change, and
industrialisation. Since work focuses on closer pollution control
and ecotourism, management concerns and biased enforcement
indicate the difficulty of balancing economic growth with nature
conservation [37]. Florida’s Okeechobee Lake, a critical part
of South Florida’s water supply network, has been plagued by
nutrient pollution from agricultural runoff that has resulted in
harmful algal blooms and habitat loss. Restoration activities,
including best management practices (BMPs) and wetland
restoration, have improved water quality and keystone species
habitat, although ongoing conflict between agricultural uses and
ecosystem health remains a significant challenge [38]. Together,
these case studies demonstrate the need for tailored, integrated
strategies incorporating scientific inquiry, stakeholder engagement,
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and adaptive management methods for addressing the unique
challenges of different lake ecosystems.

Effect on Biodiversity

The impact of these new trends in restoration on biodiversity is
huge and largely positive. Nature-Based Solutions (NBS) focused
on restoring ecosystems like wetlands, riparian ecosystems, and
forests are pivotal in enhancing habitat complexity, which benefits
species diversity. Through the restoration of natural processes such
as hydrological flows and nutrient cycling, such efforts create areas
where indigenous species can thrive, thus promoting biodiversity
recovery [39]. Digital monitoring and Al tools also assist by
making it possible to better record changes in biodiversity through
time, leading to better-informed management decisions that benefit
key habitats and keystone species. Community-led restoration
initiatives further augment biodiversity outcomes by incorporating
local and indigenous knowledge that inherently emphasises
upholding diverse species as well as traditional ecosystems. This
local approach ensures that restoration efforts are ecologically
suited and culturally sensitive, leading to the conservation of both
common and rare species [40]. Restoring ecosystems to make them
climate resilient, i.e., coastal wetlands and woodlands, also creates
habitats that consist of a wide range of species, thus enhancing
overall biodiversity. Restoration of such locations not only acts
as a refuge for species but also contributes significant ecological
services like pollination, seed dispersal, and pest control, crucial
to maintaining healthy ecosystems [41]. Watershed management
integrated across the entire catchment leads to more rational and
large-scale restoration efforts that exclude habitat fragmentation,
a major risk to biodiversity. Through holistic management of
pollution, land use, and hydrological modification, these methods
enhance connectivity of habitats, which is crucial for both species’
movement and genetic diversity [42]. Combined, these restoration
trends create more long-lasting ecosystems capable of maintaining
a diverse range of species, which in turn creates healthier and
more resilient environments.

Directions for Future Research in Lake Ecosystems
Upcoming research in lake ecosystems must address some critical
gaps to better inform our understanding and management of water

quality and keystone species. Among these areas is an understanding
of species-specific responses to climate change, particularly for
less-well-studied invertebrates and plants. While many species
have good coverage, what is needed is a more integrated view
over a broader set of species to predict ecosystem-scale impacts
as climate regimes shift [43]. More long-term monitoring and
data for water quality monitoring and monitoring of species
populations over time are badly needed. This information would
help differentiate between short-term fluctuation and long-term
trends, giving a clearer picture of how pollution, habitat loss, and
climate change interact over time [44]. Climate-resilient restoration
techniques are also something that should be researched, with an
eye towards which techniques, like habitat restoration, species
reintroduction, or adaptive water management, will prove effective
under different climatic conditions [41]. Thresholds and tipping
points within lake ecosystems are also something that needs to
be identified. Awareness of when a decline or loss of keystone
species becomes irreversible can prevent ecosystem collapses [45].
Furthermore, the interaction of climate change with other pressures
like invasive species, pollution, and fragmentation needs to be
examined because these concurrent pressures induce enhanced
losses in keystone species [46]. Synoptic management approaches
that can rectify compounded effects need to be explored through
research. The social and economic dimensions of adaptation must
also be taken into account. Interdisciplinary work on impediments
to community engagement, financing problems, and the economic
implications of species loss can guide more effective and just
conservation action [47]. Last but not least, studies on the genetic
and evolutionary adaptation capacity of keystone species represent
a promising emerging field, examining whether species with short
generation times can adapt quickly enough to keep pace with
changing conditions [48]. This may include examining assisted
evolution techniques for enhancing species resilience. Filling these
gaps in research is important for developing more adaptive and
sustainable lake ecosystem management plans within the context
of ongoing environmental change. Tables 1 and 2 collectively
illustrate how restoration strategies are implemented and how
pollutant-driven ecological stressors affect keystone species,
thereby underlining the interconnected challenges of water quality
management.

Table 1: Comparing the Success rates of Various Restoration Procedures (for example, returning Native Species and Restoring

Wetland Habitats)
Restoration Technique Effectiveness Cost Scalability Case Study Example
Wetland Restoration High Medium High Lake Erie, USA
Reintroducing Native Moderate High Low Loch Leven, Scotland
Species
Nutrient Load Reduction High High Moderate Lake Victoria, Africa

Table 2: Shows Key Pollutants (such as Nitrogen, Phosphate, and Heavy Metals) and their Particular Impacts on certain

Keystone Species (such as Fish and Amphibians)

Pollutant Source Impact on Water Quality Keystone Species Affected

Nitrogen Agricultural runoff Eutrophication, Hypoxia Fish (e.g., trout, walleye)

Mercury Industrial discharge Bioaccumulation, Toxicity Birds, Predatory fish
Phosphorus Fertilizer runoff Harmful Algal Blooms Amphibians, Aquatic invertebrates

Policy Implementation Challenges

Policy enforcement to protect keystone species and improve lake water quality is hampered by several challenges, primarily coordination
among stakeholders, funding, enforcement, and a lack of data. Successful policy enforcement entails intermixing among different
stakeholders like government agencies, local people, industries, and environmental organisations. However, competing interests can
become barriers in the form of agricultural and industrial interests opposing limits on fertiliser use or enhanced wastewater treatment
needs, both of which are important for preventing nutrient runoff and improving water quality [49]. Another challenge is getting a
sufficient budget since conservation and restoration activities are long-term financial investments. Governments, especially in areas that
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lack resources, may struggle to collect the resources required for
enforcement, monitoring, and community outreach programmes,
and hence implementation gaps arise [50]. Even where policies
are in place, there is uneven enforcement due to understaffing,
limited resources, or weak political will. To illustrate, ineffective
implementation allows such illegal activities as uncontrolled
fishing and pollution to persist, undermining conservation efforts
[51]. Bureaucratic inefficiencies and corruption fuel the non-
compliance. Additionally, gaps in data and scientific expertise can
limit the effectiveness of policies. Reliable, long-term water quality
information, species abundance, and health of the ecosystem are
vital for wise decision-making and adaptive management but are
not possible for most areas because there is limited availability of
resources to gather such data [52]. These concerns highlight the
need for integrated approaches that combine scientific research,
public involvement, and strong governance for enabling efficient
policy practice in lake systems.

The pollutants affecting the lakes are directly and strongly
associated with keystone species loss, which is responsible for
maintaining the steadiness and health of ecosystems. High levels
of nutrients such as nitrogen and phosphorus lead to eutrophication
and thus, produce hypoxic (low-oxygen) areas from harmful
algal blooms. This decimates food webs and reduces oxygen
levels, impacting keystone species such as large predatory fish
and invertebrates that rely on clear, well-oxygenated waters for
reproduction and foraging [27]. As an example, algal blooms
may result in fish kills, reducing prey populations of species
such as walleye and bass that play a key role in maintaining prey
population levels and ecological balance. Sediment pollution
caused by erosion targets keystone species by smothering their
habitats, like spawning grounds, and clogging the gills of aquatic
life. Species like freshwater mussels that have a keystone function
of filtering water to achieve clarity suffer when sediments increase,
with associated water quality reduction and effects on species
relying on clear waters for existence [28]. Heavy metals like
mercury pose a great danger to apex predators like fish and
birds, with a keystone function of keeping aquatic food webs in
check. Mercury bioaccumulates and is enriched in higher trophic
levels, leading to toxic impacts that can lead to the inhibition
of reproduction and population declines [30]. For instance,
predator fish declines can cause prey species imbalance, leading
to cascades throughout the ecosystem. Pesticides and organic
pollutants also affect keystone species by causing reproductive
failure, behavioural changes, and even mortality. Amphibians,
as keystone species because they regulate insect populations
and are sensitive indicators of ecosystem health, are particularly
vulnerable to pesticide contamination. Amphibian population
decline can lead to increased pest species and further destabilise the
ecological balance [53]. Emerging pollutants like pharmaceuticals
and microplastics have subtle yet extensive impacts on keystone
species by compromising hormonal processes and causing physical
damage. Microplastics ingested by keystone species such as filter-
feeding fish and invertebrates are found accumulating in gut
systems, hindering feeding efficiency and energy storage and
ultimately affecting their ecological function [33].

Examples of Adaptive Management

Adaptive management is a dynamic system that enables
environmental plans to change depending on ongoing monitoring
and real-time data and is particularly well-suited to deal with
lake systems and keystone species. Adaptive management has
been applied along the Colorado River to control water flow,
replicating natural flood cycles to reconstruct riparian ecosystems
and preserve native species. This strategy provides the mechanism

for change in water release schedules as an ecological adjustment,
reconciling human water uses with resilient ecosystems [15].
Adaptive measures in the Florida Everglades have also been
practised in the restoration of the natural flow of water and
the enhancement of keystone species conditions, such as the
American alligator. By monitoring water levels and the health
state of species continuously, water delivery systems are adjusted
to restore habitats [54]. Adaptive management is used in the Great
Lakes to manage invasive species like zebra mussels and sea
lampreys. Strategies are formulated upon the success of control
methods such as chemical treatments and biological barriers,
which protect indigenous keystone species such as lake trout
[55]. Adaptive management in the Columbia River Basin in the
Pacific Northwest targets salmon habitat restoration through dam
operation modification using real-time data on salmon migration
patterns. Phosphorus input-reducing modifications, including
adaptive measures, are part of Lake Erie’s nutrient management
plan in response to the threat from harmful algal blooms that
have damaged keystone species such as walleye. Water release
and temperature control modifications will assist in preserving
keystone fish stocks, important species within the ecosystem
and indigenous cultures [56]. Wetland restoration efforts, best
management practices, and changes to agricultural practices are
guided by ongoing data collection, and the process gets more
efficient over time [57]. These examples show how the recursive
nature of adaptive management makes conservation efforts more
resilient and flexible, enabling the adaptation of techniques to
improve the health of lake ecosystems and the support of keystone
species.

Restoration Success Stories

There are several restoration success stories in which adaptive
management and focused interventions have resulted in
remarkable recovery of keystone species and enhancements of lake
ecosystems. A key example is the recovery of the Bald Eagle in the
Great Lakes. Following years of population decline resulting from
DDT contamination, which had a subsequent eggshell thinning and
reproductive failure, concerted conservation efforts like habitat
protection and pollution reduction were enforced. Thus, Bald
Eagle populations have bounced back strongly, illustrating how
recovery of a single species can turn around declines and enhance
the general health of ecosystems [58]. Another such success is
the restoration of Lake Erie from a “dead lake” in the 1960s as a
result of over-eutrophication caused by phosphorus pollution from
agricultural runoff and sewage. By international agreements like
the Great Lakes Water Quality Agreement (GLWQA) between
Canada and the U.S., phosphorus inputs were reduced significantly.
It brought about impressive improvements in water quality, the
recovery of keystone species like the walleye, and the rehabilitation
of recreational and commercial fisheries [59]. Despite ongoing
issues, Lake Erie’s recovery shows the power of concerted policy,
science, and community effort in restoring depleted ecosystems.
The Danube River Basin in Europe is similarly an excellent
example of a restoration success story. Fish passes and river
re-meandering projects have rebuilt migratory corridors for fish
such as the sturgeon, a keystone species of special significance
to the ecological health of the river. By reconnecting habitats
and restoring natural flow regimes, these projects have made it
possible to partially restore sturgeon populations and enhance
basin-level biodiversity [60]. Finally, restoration of the Mississippi
River Delta wetlands has generated considerable ecological
dividends. After widespread wetland destruction as a result of
levee building and other human activity, large-scale restoration
through sediment diversion and marsh recovery has recovered
important habitat. These restored wetlands deliver significant
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ecosystem benefits such as purifying waters, storm buffering, and
habitat for keystone species such as the American alligator and
the migratory birds that are also keystone species and engage in
upkeep of ecological balance [61]. Such illustrations showcase
that synergy-based restoration practices, with scientific expertise,
adaptive management, and robust governance, result in enhanced
results for keystone species and ecosystem health overall.

Keystone Species Role

Keystone species play a pivotal role in maintaining the structure
and stability of ecosystems by regulating population processes
and ecological processes. For example, in aquatic environments of
freshwater lakes, lake trout is a top predator species that maintains
densities of smaller fish and keeps a food web in equilibrium [12].
Their decline can initiate a trophic cascade where the absence
of predatory regulation results in overpopulation of smaller fish
and invertebrates that destabilise aquatic plants and nutrient
pathways. In marine ecosystems, the sea otter is a typical keystone
species, preying on sea urchins that feed on kelp forests [7]. If
there were no otters, the urchin populations would get out of
hand and destroy kelp forests, which are critical habitats for
numerous marine species. On land, the African elephant is a
keystone species in itself by modifying the habitat with its diet,
producing open spaces for other plants to develop. By creating
destruction through the uprooting of trees and trampling over
plants, elephants play a role in the sustenance of the savannah
ecosystem and promote biodiversity [62]. Their loss can lead to
massive ecological imbalance, thus demonstrating their role in
sustaining ecosystem stability.

Effect of Water Quality on Keystone Species: The Role of
Nitrogen, Phosphorus, and Heavy Metals in Ecosystem
Degradation

Degradation of water quality through some pollutants, such as
nitrogen and phosphorus, is one of the major drivers of keystone
species extinction in aquatic communities. The pollutants,
primarily from agricultural runoff, wastewater discharges, and
industrial processes, induce eutrophication, an area where surplus
nutrients result in algal and phytoplankton overgrowth. This rapid
algae growth lowers the levels of oxygen in the water, forming
hypoxic (low-oxygen) conditions that are usually fatal to the
majority of aquatic keystone species. For example, excess nitrogen
and phosphorus in lakes and rivers can lead to the population
decline of fish such as walleye and trout, which play a significant
role in maintaining the balance of aquatic food webs by controlling
populations of invertebrates and small fish [27]. Phosphorus, a key
eutrophication driver, leads to harmful algal blooms that shade
aquatic flora by blocking light, restricting aquatic plant growth and
reducing habitat quality. Once the algae die and are decomposed,
they use huge quantities of oxygen, adding further stress to
keystone species. In Lake Erie, for instance, phosphorus nutrient
contamination resulted in widespread hypoxia, contributing to the
decline of predator fish that are critical to prey species regulation
and ecosystem integrity [6]. Heavy metals like mercury and lead,
which have a tendency to find their way into water bodies through
industrial effluents, get bioaccumulated and biomagnified in the
top predators’ body tissue, like fish and amphibians. These toxins
lead to reproductive damage, deformation, and even extinction
of populations, further compromising aquatic ecosystems.
Removal of these keystone species destroys nutrient cycling,
energy transport, and the structure of habitats, leading to overall
degradation of the ecosystem.

Conclusion
The intricate interrelationship between water quality and the

preservation of keystone species in lake ecosystems highlights
the need for holistic management approaches that address
environmental as well as socio-economic determinants. The loss
of keystone species, usually caused by pollution, global warming,
and habitat loss, has ripple effects that can topple the entire
ecosystem. Case studies affirm that restoring them effectively must
involve adaptive management, public involvement, and long-term
monitoring, emphasising the importance of proactive, climate-
resilient measures. Climate refugia conservation, connectivity of
landscapes, and sustainable land use are essential interventions
in preventing future challenges. Sealing policy loopholes and the
facilitation of community-based action are essential to building
robust ecosystems that can withstand shifting environmental
stress. Targeted research into species-specific responses and the
synergistic effect of combined stressors will be crucial in the future
for developing targeted interventions. This research highlights the
imperative to adopt holistic practices that strive to reintroduce
keystone species while ensuring the sustainability and resilience
of freshwater ecosystems in the face of current and future threats.
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