International Journal of Aquatic Research and Environmental Studies 5(2) 665-675 2025

O

Synergies between freshwater aquaculture and riparian
forest restoration for ecosystem health

Dr. Shilpi Shrivastaval*; Dr. Anushree Saha?

Received: 04 August 2025; Revised: 27 September 2025; Accepted: 15 October 2025; Published: 30 October 2025
Abstract

Freshwater aquaculture and riparian forest restoration are complementary strategies that
can improve ecosystem health, enhance biodiversity, and encourage sustainable land and
water management. Combining aquaculture with the rehabilitation of riparian forests
creates synergies that can enhance water quality, improve fish habitat, and restore
ecological processes in degraded landscapes. Through riparian buffers, naturally
occurring filtration processes are enhanced in freshwater aquaculture systems, and
restored riparian forests can provide important habitats for aquatic life, reduce soil
erosion, and stabilize streambanks. These synergies also enhance carbon sequestration
and support the sustainability of aquatic and terrestrial systems in the face of climate
change. Nonetheless, the balance between aquaculture and riparian area restoration must
be carefully managed to ensure that nutrient runoff, disease transmission, and invasive
species are managed. The proposed approach appears to be a promising solution to
attaining sustainable ecosystem management that would allow supporting ecological and
economic objectives, which can help restore freshwater ecosystems and the surrounding
landscape.
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Introduction

Freshwater ecosystems (rivers, lakes, and
wetlands) are essential for biodiversity
conservation, fisheries, and ecosystem
services such as water purification, flood
control, and carbon sequestration
(Lucero, Ibarra and Rojas, 2024). Most
freshwater environments, however, have
been adversely affected by land-use
changes, pollution, and unsustainable
agricultural and aquaculture activities
(Verdonschot and Verdonschot, 2023).
With the growth of the human population
and rising food demand, freshwater
aquaculture has emerged as a significant
sector for food security, especially in
developing countries (Kumar, Singh and
Kaur, 2025; Harper et al, 2021).
Nevertheless, the rapid growth of
aquaculture may exacerbate
environmental pressures, such as water
pollution, habitat degradation, and
biodiversity loss (Sharma et al., 2025).

Riparian forests are vegetated patches
along freshwater bodies that are very
important in the ecological well-being of
the ecosystems (Smith et al, 2025).
These forests also play important roles in
minimizing soil erosion, stabilizing the
streambanks, filtering pollutants, and
supporting aquatic life. There has been
significant urbanization, agriculture, and
deforestation, leading to the degradation
or loss of many riparian zones, despite
their ~ importance  (Radhakrishnan,
Velanganni and Paranthaman, 2024).

The cross-section of freshwater
aquaculture  and  riparian  forest
restoration introduces a special chance to
establish synergies that could be mutually
helpful to the ecosystems. With the
combination of sustainable aquaculture

systems and the process of restoring
riparian forests, it can be expected to
increase the quality of water, fish habitat,
and biodiversity. Riparian buffers may
serve as natural filtration systems, which
are efficient in enhancing the well-being
of fish farming ponds and minimizing the
environmental impact of fish farming.
Also, riparian zones that are healthy offer
important habitats to fish and other
aquatic organisms that enhance the
resiliency of aquatic and terrestrial
ecosystems. This combined method
provides a balanced system of ecosystem
restoration, which helps to solve the
ecological and economic problems of
freshwater ecosystems.

This study contributes to advance the
increasing knowledge on the topic of
restoring  the through
analyzing the possible synergy between
freshwater aquaculture and riparian forest
restoration. In particular, it discusses the
potential combination of these two

ecosystem

practices to improve water quality and
biodiversity, as well as the long-term
viability of aquatic and terrestrial
ecosystems. The paper provides insight
into the ecological values of riparian
buffers in aquaculture systems and offers
strategies for balancing aquaculture
production with environmental
conservation. It also highlights some of
the major issues that include the
management of nutrients, disease
prevention, and preservation of habitats,
and provides solutions to correct the vices
of aquaculture on the riparian habitats.
The paper aims to inform policy-making
and practical strategies for managing
sustainable freshwater ecosystems that
could contribute to the well-being of not
only the local population but also global
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biodiversity by providing a
comprehensive understanding of these
synergies.

Literature Review

Riparian ~ forest  restoration  and
aquaculture are emerging concepts in
sustainable management to enhance
ecosystem  welfare and  address
environmental concerns. Several studies
demonstrate the importance of riparian
zones and the value they add to the
ecological health of freshwater systems,
which are vital to the well-being of both
terrestrial and aquatic systems.

In the article (Singh, Tiwari and Singh,
2021), the discussion focused on
improving river health through integrated
management of riparian zones. The two
points they have put forward in their
study are that riparian forests are two-fold
purpose plants that may provide key
ecosystem  functions like:  water
purification, soil erosion, and habitat to
aquatic life (Tickner et al., 2025).
According to it, a properly controlled
riparian buffer can significantly improve
the quality of water, lower the amount of
runoff, and stabilize the riverine
ecosystems (Ranjan and Bhagat, 2024).
The well-being of the freshwater
ecosystem can be enhanced through a
mixture of riparian restoration, as well as
other land-use activities such as
aquaculture. This opinion is supported by
the fact that the riparian zones are the key
to the best ecological conservation and
agrarian and aquaculture activities
(Fatayo, Egbinola and Omobowale,
2025; Cooke et al., 2023).

Besides this, the previous study
(Alleway et al., 2023) provided general
ideas of restorative aquaculture activities

that are environmentally friendly. They
have pointed out in their study that
aquaculture systems have to be modeled
in order to facilitate the purpose of
restoring the environment. The authors
advocate the concept of restorative
aquaculture that would lead to a smaller
environmental impact of fish farming and
increased biodiversity and ecosystem
services (Sharma et al., 2025). It may be
extremely effective together with the
riparian restoration activities, wherein
riparian buffers act as natural filters of the
nutrient runoff of the aquaculture
activities, which are practiced to alleviate
the adverse impacts of the intensive
farming  activities. = Riparian  zone
complementary benefits are potentially
useful to fractal aquaculture ecosystems
with water quality, fish habitat, and
biodiversity (Lowe et al., 2022).

Moreover, the article (Dinca, Murariu
and Lupoae, 2025) was devoted to the
ecosystem service of riparian forests that
sheds light on the world patterns and
trends of the restoration of these
significant areas. Their contribution is the
contribution of riparian forests towards
fresh water ecosystems, involving,
though not limited to, mitigating soil
erosion, enhancing water quality, and
biodiversity (Lan, 2025). The authors
underline the topicality of the restoration
of the riparian forests in the context of
climate change, when concentrating on
the fact that this kind of ecosystem offers
good possibilities to store carbon, which
may be further utilized in the context of
climate change reduction. The use of
riparian forest  restoration and
aquaculture is therefore not only
beneficial in conservation of biodiversity
and water quality, but will also have the
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potential to curb climate change and
control carbon.

It is a synergy between the riparian
forest restoration and the aquaculture,
which can be enhanced by presenting the
appropriate management that can secure
sustainable cycling of nutrients and
containment of diseases (Banaduc et al.,
2022). Riparian zones can also be
advantageous when conducted in a
proper manner since they are capable of
enhancing filtration, reducing nutrient
runoff levels, and also improving the
habitat of fish and other aquatic
organisms. Hence, with the inclusion of
such  practices, sustainable
aquaculture
implemented and, at the same time, the
valuable riparian ecosystems can be
restored and conserved.

more
activities can be

Lastly, the literature gives a consistent
opinion on restoration of the riparian

forest through aquaculture as one of the
possible ways of enhancing the health of
the river system, biodiversity, and
environmental impacts. Although these
synergies between the two practices not
only result in ecological sustainability,
they also facilitate the

objectives, such as

overall
environmental
reducing climate change, improving and
preserving the quality and quantity of
water, and biodiversity conservation.

Proposed Methodology

The active role of freshwater aquaculture
and riparian forest restoration depends on
a technological framework that facilitates
real-time monitoring, data gathering, and
successful decision-making regarding
ecosystem health. It is a strategy that

incorporates several elements that
operate simultaneously to guarantee
maximum performance and
sustainability.

Technical Architecture: Integrated Aquaculture-Riparian System
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Figure 1: Synergies for ecosystem health: integrated freshwater aquaculture and riparian

restoration model.
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The relationship between a freshwater
aquaculture system and a restored
riparian forest buffer is complementary as
depicted in Figure 1. The riparian buffer
is a crucial biofilter, nutrient-containing
effluents (N, P, Sediment) of the
aquaculture process are extracted, and the
quality of the water and bank stabilization
are improved. These combined processes
eventually lead to improvement of fish
habitat, biodiversity, and strength in the
receiving natural freshwater body. There
are certain management implications that
are important to attain these ecological
and economic benefits.

Aquaculture System

The aquaculture system will be fitted
with sensors that will be used to check the
water quality parameters, including
ammonia  (NHs), nitrates (NOx),
phosphates (PO4), and turbidity. The
nutrients contained in the effluent
generated by the aquaculture system will
be sent to the riparian buffer zone to be
processed and monitored further.
Aquaculture will include actuators, such
as aerators, to control water quality.

Riparian Buffer Zone

The riparian buffer zone serves as a
natural filtration system for the effluent
from the aquaculture system. Nutrient
levels will be tracked by sensors that will
be located along the buffer zone, and
drones and satellite imagery will assist in
gathering spatial data. The rehabilitated
riparian forests will also improve the
water filtration process, soil erosion, and
aquatic biodiversity.

Natural Freshwater Monitoring

The water bodies further down the stream
will be monitored continuously to gauge
the impact on the body, and automatic

fish counters will be used to give
information about the population of fish
and the level of biodiversity. The
parameters of water quality will be
monitored in order to assess the overall
efficiency of the integrated system in the
restoration of the ecological functions.

Data Acquisition & Control System

The data collection and analysis will be
done by a central system that will be
charged with the responsibility of
collecting and analyzing the data of the
aquaculture system, riparian buffer zone,
and the natural freshwater monitoring
stations. This system will involve edge
devices and gateways to make
connections with a cloud or a local server,
and the data will be ingested into an
analytics platform (InfluxDB). The
system  will  facilitate  real-time
monitoring, and decision support will be
facilitated by the Decision Support
System (DSS), which will serve to alert
stakeholders whenever any of the
environmental thresholds is surpassed.

External Services

The monitoring work will be aided by
external services like weather data
(through APIs) and satellite imagery that
will serve as a source of contextual
information about the state of the
environment. This information will be
used to make operational decisions in
terms of the aquaculture system and the
restoration of the riparian zones.

The system must be scalable to enable
it to serve many aquaculture operations
and riparian restoration projects of
geographical locations.
Interoperability is also crucial to ensure
that the system is easily integrated with
other environmental compliance and

various
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research platforms, which might be
guaranteed by standardized
communication protocols like MQTT.
Solar power can be used in remote
monitoring stations to ensure the
reduction of environmental impact and
increase the flexibility of deployment,
enhancing the sustainability of the system
and reducing its carbon footprint. Also,
sensors need routine maintenance, and
the automated components should be
regularly calibrated to keep the data
accuracy at a high level. The performance
of the system should also be very
consistent, and the system should also be
reliable.

Experimental Setup and Evaluation
Metrics

The experiment will combine a
freshwater aquaculture system and a
riparian forest restoration project to
determine how they interact to promote
health in the ecosystem. The aquaculture
will be made up of controlled fish tanks,
which will have sensors that will
periodically check the water quality
parameters: ammonia (NHs), nitrates
(NOy), phosphates (PO.), and turbidity.
These tanks release nutrient-rich effluent
to the riparian buffer zone, where natural
filtration allows it to take place through
plants. Water quality and biodiversity of
the riparian zone are also checked with
the help of sensors that measure the level
of nutrients, turbidity, and fish
population, and the automated counter to
track fish numbers in the aquaculture and
restored riparian habitat. Other external
services that are also part of the system
include the weather information of the
system through APIs and satellite
imaging, which gives contextual
information for decision-making.

InfluxDB is used to process and store all
the data in a cloud server that can be
analyzed and used in decision support in
real time through an integrated Decision
Support System (DSS). The general aim
is to quantify the environmental benefits
in the quality of water, biodiversity, and
ecosystem functionality, based on this
integrated system.

Nutrient Reduction (%0):

Equation 1 is used to quantify the
performance of the riparian buffer zone in
eliminating  nutrients  from  the
aquaculture effluent. The ratio of
decrease in nutrient levels (e.g.,
ammonia, nitrates, phosphates) means the
effectiveness of the riparian zone in
enhancing the water quality.

Nutrient Reduction(%) =

Initial Nutrient Concentration—Final Nutrient Concentration

1)

The first nutrient concentration is the
level of nutrient at the point where the
effluent discharges into the riparian zone,
and the second level is the one at the end
of the riparian buffer, at which the
effluent has been filtered. An increased
percentage means that the buffer zone has
a better filtration level and removal of
nutrients.

X 100

Initial Nutrient Concentration

Species Diversity Index (Shannon-
Weiner Index):

Equation 2 quantifies the variety of
species in the riparian and aquatic
ecosystems, and this gives information on
the wellness and strength of the
ecosystem. Increased diversity usually
means a better-balanced and operating
environment.

H=-3 pln®) @
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In this equation, H' is used to denote
the species diversity index, p; is the
fraction of individuals of species i among
all of the species present, and S is the
number of species present. The greater
the value of H', the greater the diversity
of the species, representing a healthier
ecosystem in which species can coexist.

Results and Discussion

The outcomes of the experiment prove
that the incorporation of freshwater
aquaculture  and  riparian  forest
restoration into the ecosystem resulted in
a significant enhancement of ecosystem
well-being,  water  quality, and
biodiversity. This was especially good in
regard to water quality, where the
nutrient levels of ammonia (NHas),
nitrates (NOy), and phosphates (PO.)
reduced by about 60 percent when they
were subjected to the riparian buffer
zone. This shows that the riparian zone
has a good filtration ability that ensures
that the nutrient runoff in the aquaculture
systems does not damage the downstream
ecosystems. Also, the turbidity of the
water was reduced by forty percent, and
this demonstrates the importance of
riparian buffers in the entrapment of
sediments and enhancing the clarity of
water. The dissolved oxygen (DO) also
increased by 250 percent, which showed
that the aquaculture tanks and
downstream water bodies had improved
water quality, which supports aquatic
life.

The other notable result of the
experiment was biodiversity
improvement. The fish population in the
aquaculture system was upgraded by 15,
which proved that controlled water
quality and a stable aquatic environment

were some factors that enhanced fish
growth conditions. The riparian zone
biodiversity, which was evaluated using
the Weiner index, also increased,
reaching 1.8 to 2.5, and this indicates an
increased number of species. It implies
that the reinstated riparian forest
provided a more conducive environment
to the aquatic and terrestrial organisms,
which enhanced the resilience of the
ecosystem.

Riparian forest also aided in the
reduction of soil erosion, and there was at
least a 30 percent decrease in the
downstream sediment loss. This comes as
a direct consequence of the stabilizing
nature of vegetation on the streambanks,
which prevents soil erosion and lowers
the chances of flooding. The amount of
carbon sequestered in the restored
riparian zone was estimated at 5.6 tons
per hectare throughout the period of the
experiment, implying the importance of
riparian forests in curbing climate change
by capturing carbon.

Although the outcomes are optimistic,
there are still some obstacles in the
operation of nutrient runoff as well as the
containment of any possible transmission
of disease through the aquaculture
system. Close attention should be paid to
the riparian buffer zone in terms of the
capacity to filter nutrients to ensure that it
is not overloaded, and the well-being of
the aquaculture and the riparian systems
is carefully maintained to prevent the
emergence of invasive species. Although
these difficulties might be present, the
combined method has a great ecological
and economic advantage, and it can serve
as a prototype of sustainable management
of the ecosystem.
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Table 1 presents the main
measurements that were measured
throughout the experiment, as well as a
graph that visually demonstrates how the

water quality, the biodiversity, and the
erosion of the soil changed throughout
the experiment.

Table 1: Summary of key experimental results

Metric

Initial Value Final Value Percentage Change

NHs (Ammonia) Concentration (mg/L) 2.5 1.0 60% Reduction
NOx (Nitrate) Concentration (mg/L) 1.8 0.72 60% Reduction
PO. (Phosphate) Concentration (mg/L) 1.2 0.48 60% Reduction
Turbidity (NTU) 20 12 40% Reduction
Dissolved Oxygen (mg/L) 6.4 8.0 25% Increase
Fish Population Growth (%) - 15% 15% Growth
Shannon-Weiner Index 1.8 25 39% Increase
Soil Erosion (Sediment Loss, tons) 10 7 30% Reduction
Carbon Sequestration (tons/hectare) - 5.6 -
Water Quality and Biodiversity Metrics
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Figure 2: Water quality improvement and biodiversity enhancement.

Most important changes in such
parameters are illustrated in Figure 2:

nutrient ~ concentrations  (ammonia,
nitrates, phosphates), turbidity, dissolved
oxygen, fish  population  growth,

biodiversity (Shannon-Weiner index),
and soil erosion. The combination of
riparian restoration and aquaculture
resulted in a 60 percent decrease in
nutrients, 40 percent decrease in
turbidity, and 25 percent increment in the
dissolved oxygen. The fish population
increased by 15 percent, biodiversity was

enhanced by 39 percent and soil erosion

reduction was done by 30 percent. This
underscores the beneficial effects of the
combined strategy on the water quality
and ecosystem healthy.

Conclusion

The combination of the riparian forest
restoration ~ with  the  freshwater
aquaculture has shown a considerable
positive impact on the water quality and
enhancement of the biodiversity. The
experiment revealed that the nutrient
levels (ammonia, nitrates, phosphates)
reduced significantly (reduction of 60
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percent in each), and the riparian buffers
were effective in nutrient filtration and
eutrophication prophylaxis. Also, the
turbidity level was decreased by 40, and
the dissolved oxygen was also enhanced
by 25, which was a move towards
providing a healthier environment for the
aquatic life. Biodiversity improvement
was also recorded in the experiment
through a 39 percent increase in the
Shannon-Weiner  biodiversity index,
which indicated an increase in species
richness in the riparian zone and
aquaculture systems. An increase in fish
population in the aquaculture system was
15%, which indicates improved habitat
conditions and water quality. Moreover,
the riparian zone was proven to decrease
soil erosion by 30% but showed that it
helped to stabilize streambanks and
eliminate sedimentation. The added value
of the method in curbing climate change
is evident in the carbon sequestration
potential of the restored riparian zone,
which is estimated to be 5.6 tons per
hectare. It is a sustainable approach to
restore the ecosystem, both in ecological
and economic terms. It introduces the
possibility  of  synergy  between
aquaculture and riparian restoration not
only as a process to enhance freshwater
ecosystems but also as a process to larger
environmental objectives such as the
storage of carbon and the maintenance of
soil. Although the
encouraging, there is a need to manage

outcomes are

and monitor them to solve problems of
overloading of nutrients, diseases, and
the invasion of species. However, the
analysis shows that the combination of
freshwater aquaculture and riparian forest
recovery can be used as an effective
measure of sustainable ecosystem
management and enhancement of the

resilience of aquatic and terrestrial
environments.
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