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Introduction

Forests are among the most vital ecosystems on Earth, providing es-
sential ecological, economic, and social benefits. They act as carbon sinks,
regulate water cycles, support biodiversity, and serve as a source of liveli-
hood for millions of people. However, forest fires pose a significant threat
to these ecosystems, leading to devastating environmental and socio-eco-
nomic consequences (Tiirkes, 2021). In Tiirkiye, a country characterized
by its Mediterranean climate, the risk of forest fires is particularly high,
with approximately 60% of forested areas located in fire-prone regions
(OGM, 2019).

Tiirkiye’s diverse landscapes, ranging from Mediterranean forests to
arid steppe regions, are highly susceptible to forest fires. Recent decades
have witnessed a rise in the frequency, scale, and intensity of these fires,
driven largely by climate change, urban encroachment, and socio-econom-
ic dynamics. Addressing this growing crisis requires a multidisciplinary
approach that integrates forest ecology, climate science, and governance
frameworks. Among Tiirkiye’s key actors, the Gendarmerie occupies a piv-
otal position in coordinating forest fire response, enforcing regulations,
and supporting disaster management. This chapter critically examines the
Gendarmerie’s role, drawing on scientific studies to contextualize their
contributions within Tirkiye’s broader forest fire management systems.

One of the key institutions involved in combating forest fires in Tiir-
kiye is the Jandarma Genel Komutanlig1 (JGK). The gendarmerie, which
functions as a paramilitary law enforcement agency, has a significant role
in fire prevention, rapid response, law enforcement, and post-fire recov-
ery efforts. However, despite its importance, the effectiveness of the gen-
darmerie in forest fire management has been underexplored in academic
literature. This chapter seeks to fill that gap by providing a comprehensive
analysis of the gendarmerie’s role in combating forest fires, drawing on
empirical data collected from personnel operating in high-risk regions.

Literature Review

Forest fires can be classified into different types based on their spread
and impact:

Surface Fires: These are the most common, burning grass, shrubs,
and fallen leaves, often causing limited damage if contained early (Bilgili,
2024). Surface fires, also known as low-intensity fires, are the most com-
mon type of forest fire. These fires burn the forest floor, consuming litter,
grass, herbs, low shrubs, fallen branches, and other ground-level biomass
(Pyne et al., 1996). Typically, surface fires do not reach the canopy, al-
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though under specific environmental conditions—such as high wind
speeds or sloped terrain—they can contribute to vertical fire propagation.

Surface fires play a crucial role in the maintenance of fire-adapted
ecosystems. They can enhance biodiversity, reduce fuel loads, and lim-
it the likelihood of more severe fire events (Bond and Keeley, 2005). In
pine-dominated ecosystems (e.g., Pinus palustris), frequent surface fires
are essential for regeneration and maintaining open-canopy structures
(Mitchell et al., 2009).

According to Rothermel’s fire spread model (1972), surface fire behav-
ior is influenced primarily by fuel load, fuel moisture, wind speed, and
slope. Fireline intensity, rate of spread, and flame length are key variables
used to characterize surface fire dynamics.

Crown Fires: These fires spread through tree canopies and are par-
ticularly destructive, leading to complete forest stand loss (Canak¢iog-
lu, 1993). Crown fires, or canopy fires, occur when flames move into the
upper strata of the forest—the canopy layer—and propagate through the
foliage and branches of trees. These are high-intensity fires, often result-
ing in complete stand replacement and significant ecological disturbance
(Van Wagner, 1977).

Crown fires can be further divided into:

Passive crown fires: where individual tree crowns ignite but do not
sustain fire spread through the canopy.

Active crown fires: where the fire moves continuously through the
canopy.

Independent crown fires: which spread through the canopy without
support from the surface fire—though rare and typically short-lived.

The transition from surface to crown fire is contingent upon the verti-
cal fuel continuity, particularly the presence of ladder fuels. Canopy bulk
density and foliar moisture content are crucial thresholds, as described
in Van Wagner’s (1977) crown fire initiation model. When the heat flux
from the surface fire exceeds the ignition threshold of the canopy fuels,
crowning is initiated.

Crown fires result in significant mortality of overstory vegetation, al-
teration of microclimates, and profound shifts in species composition and
successional trajectories (Turner et al., 1994). In some boreal and subal-
pine forests, however, crown fires are part of a natural fire regime and play
a role in stand rejuvenation.



4 § Yasin SEVING, Yasar Selman GULTEKIN

Ground Fires: These fires burn organic matter beneath the forest floor,
smoldering for long periods and being difficult to detect (Kilig, 2012).
Ground fires are the least visible but often the most destructive type of
wildfire. These fires burn organic matter beneath the surface layer, in-
cluding peat, duff, and humus, often with smoldering combustion (Rein,
2013). Unlike surface fires, ground fires are sustained by below-ground
biomass, which can smolder for extended periods—even months.

Ground fires are typified by low temperatures and slow spread, yet
they can be extremely persistent and difficult to suppress, especially in
peatland ecosystems. They often occur during prolonged droughts, when
subsurface organic layers become dry enough to ignite.

One of the most significant concerns associated with ground fires is
their carbon emissions. Peat fires, in particular, release large quantities
of CO,, CHy, and particulate matter, contributing disproportionately to
global greenhouse gas emissions (Page et al., 2002). These fires also have
severe ecological impacts, including long-term soil degradation, hydro-
logical disruption, and loss of biodiversity.

Regions such as Indonesia, Russia, and Canada are frequently affect-
ed by ground fires due to extensive peatlands. The 1997-1998 Southeast
Asian fires are a notable example, where ground fires released an esti-
mated 0.81-2.57 Gt of carbon, impacting regional air quality and public
health (Page et al., 2002).

The primary causes of forest fires in Tiirkiye include:

Human Activities: Negligence (campfires, discarded cigarette butts),
land clearing, arson, and energy infrastructure failures are among the
leading causes (Turan, 2019; OGM, 2022). It is estimated that approxi-
mately 90 per cent of forest fires in Tiirkiye are of anthropogenic origin.
The underlying cause of nearly half (48 per cent) of human-caused forest
fires remains unknown (OGM, 2022).

Human-induced ignitions represent the leading cause of forest fires in
Tiirkiye, accounting for over 90% of fire incidents, according to data from
the General Directorate of Forestry (OGM, 2022). These fires result from
both intentional and unintentional activities, including:

e  Agricultural burning (e.g., stubble burning, land clearing)

e Recreational negligence (e.g., unattended campfires, discarded
cigarettes)

e Infrastructure development (e.g., power lines, machinery sparks)



International Studies in Agriculture, Forestry and Aquaculture Sciences - June 2025 j 5

e  Arson and land speculation

Research by Kuter et al. (2022) highlights that fire occurrence in south-
western Tiirkiye is spatially correlated with population density, road net-
works, and tourism activity. Moreover, urban expansion into wildland
areas (the wildland-urban interface, or WUI) has increased both ignition
risk and fire suppression complexity.

Unregulated land use, limited public awareness, and deficiencies in
enforcement of fire safety regulations contribute to the frequency of hu-
man-caused fires. Additionally, in some rural regions, fire is still used as
a traditional land management tool, often without adequate safety mea-
sures.

Anthropogenic pressure, combined with weak land-use planning and
enforcement, amplifies the vulnerability of Turkish forests to ignition and
degradation (Kuter et al., 2022).

Natural Factors: Lightning strikes account for a smaller percentage
of fires but can lead to uncontrollable wildfires, particularly during dry
seasons (Gorriz-Mifsud et al., 2019). In contrast to anthropogenic caus-
es, naturally ignited wildfires are rare in Tirkiye but can occur under
specific meteorological and ecological conditions. Lightning strikes,
particularly in mountainous areas of the Eastern Black Sea and Taurus
Mountains, have been documented as ignition sources, albeit infrequent-
ly (Canakgioglu, 1993).

Natural topographical variables such as elevation, slope, and aspect
also modulate fire behavior and frequency. Steep slopes accelerate fire
spread due to preheating of upslope fuels, while south-facing aspects (in
the Northern Hemisphere) are more fire-prone due to increased solar ra-
diation and desiccation of fuels (Bilgili and Saglam, 2003).

The accumulation of fine fuels, such as pine needles and dry leaf litter,
particularly in Pinus brutia (Turkish red pine) forests, enhances flam-
mability. These forests—common in the Aegean and Mediterranean re-
gions—are highly adapted to fire and possess volatile resins that exacer-
bate fire intensity (Uzun et al., 2015).

Climate Change: Rising temperatures and prolonged droughts have
exacerbated fire risks, increasing both frequency and intensity (Ozden
et al,, 2012). Climate change acts as a fire regime modifier, altering both
the frequency and severity of forest fires. In recent decades, Tiirkiye has
experienced increasing temperatures, decreasing precipitation, and more
frequent drought events, particularly in its southern and western regions.
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A study by Turco et al. (2018) demonstrates a statistically significant
increase in fire-prone weather conditions across the Mediterranean ba-
sin, including Tiirkiye, linked to anthropogenic climate forcing. Key cli-
mate-induced fire risk factors include:

e Increased evapotranspiration leading to fuel desiccation
e Extended fire seasons (now starting earlier and ending later)

e  Extreme fire weather events marked by low relative humidity and
high wind speeds

Climate-induced aridity is exacerbating fuel dryness and making eco-
systems more fire-conducive, even in historically less fire-prone regions of
Tiirkiye (Lestienne et al., 2022).

The catastrophic fires of summer 2021 in southwestern Tiirkiye pro-
vide a salient example of the climate-fire nexus. These fires, affecting
provinces such as Antalya, Mugla, and Aydin, were fueled by a conflu-
ence of record-breaking heatwaves, prolonged drought, and strong winds,
consistent with climate change projections (Karakas et al., 2022). Over
139,000 hectares of forest were burned, making it the largest fire season in
Tiirkiye’s recorded history.

Forest fire management is a complex field involving prevention, de-
tection, suppression, and post-disaster recovery. Gonzalez et al. (2020)
emphasize the integration of remote sensing technologies, while studies
by Bowman et al. (2013) underline the ecological consequences of fire
suppression. Tiirkiye-specific research, such as that by Kiigiik and Bilg-
ili (2007), evaluates fire behavior under Mediterranean conditions, high-
lighting the interplay of topography, vegetation, and climatic variables.

Forest fire management in Tiirkiye involves multiple institutions:

e  General Directorate of Forestry (OGM): The primary agency
responsible for fire prevention, firefighting, and post-fire rehabilitation.

e Jandarma Genel Komutanhg (JGK): Plays a crucial role in
security, surveillance, law enforcement, and public safety in fire-prone
regions.

e Local Fire Departments: Provide immediate fire suppression
services.

e  AFAD (Disaster and Emergency Management Authority): As-
sists in large-scale fire incidents and disaster response coordination.
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Effective forest fire management requires seamless inter-agency coor-
dination, yet challenges such as bureaucratic inefficiencies and resource
limitations persist (Celik et al., 2024).

From a governance perspective, Boin et al. (2016) propose frameworks
for disaster management that emphasize coordination among multiple
stakeholders, including military and law enforcement agencies. Aydin
et al. (2022) explore the legal frameworks governing forest protection in
Tirkiye, identifying gaps in enforcement mechanisms. Studies on law
enforcement'’s role in environmental management (e.g., Dwyer, 2019)
highlight the importance of interdisciplinary training and community
engagement, offering valuable insights into the operational context of the
Gendarmerie.

Forest Fires in Tiirkiye

Tiirkiye's geographic and climatic diversity renders it susceptible to a
range of natural hazards, among which forest fires have emerged as in-
creasingly destructive phenomena, particularly in the 21st century. The
Mediterranean, Aegean, and Marmara regions, characterized by hot, dry
summers and dense forest cover, are particularly vulnerable. Historically
perceived as localized disasters, forest fires in Tiirkiye now exhibit pat-
terns indicative of broader environmental transformations, necessitating
a multidisciplinary analytical approach.

Forest ecosystems in Tiirkiye are predominantly located in fire-prone
regions, such as the Mediterranean Basin, which accounts for approxi-
mately 60% of the country's forested area. Research by Urgeng et al. (1992)
categorizes fire causes into natural (lightning) and anthropogenic (ag-
ricultural burns, illegal logging) factors, with the latter contributing to
over 90% of incidents. Studies such as that by Bilgili et al. (2011) provide
detailed fire modeling, offering predictive tools essential for preemptive
measures.

The ecological impact of forest fires extends beyond immediate bio-
mass loss to long-term soil degradation, altered hydrological cycles, and
biodiversity decline. For instance, Yildirim et al. (2021) quantify post-fire
soil erosion rates in southwestern Tiirkiye, illustrating the broader en-
vironmental ramifications. Addressing these challenges necessitates not
only technical solutions but also robust institutional frameworks.

Forest fires in Tiirkiye are not a novel phenomenon; Ottoman archi-
val records indicate frequent wildfire events, particularly in the coastal
provinces. However, the frequency, intensity, and spatial distribution of
fires have markedly increased over recent decades. According to Gener-
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al Directorate of Forestry (OGM) data, between 1990 and 2020, Tiirkiye
experienced an average of 2,000-2,500 forest fires annually, affecting ap-
proximately 10,000-15,000 hectares of forestland each year (OGM, 2022).

Climatological analyses attribute much of this escalation to rising
temperatures, prolonged drought periods, and extreme weather events—
consistent with broader global patterns of climate change. In particular,
the anomalously severe fire season of 2021, during which approximately
140,000 hectares were burned, has been linked to unprecedented heat-
waves and low humidity levels.

Gendarmerie in Tiirkiye

The Gendarmerie has historically been one of Tiirkiye’s primary in-
ternal security actors. Throughout its development from the Ottoman
Empire to the modern Republic, the Gendarmerie has assumed different
roles, functioning both as a military entity and a civil law enforcement
body in response to evolving societal needs.

The Gendarmerie's roots date back to 1839, during the Tanzimat re-
forms of the Ottoman Empire, when rural security units were formal-
ized. Under Sultan Mahmud II, significant reforms replaced the timariot
cavalry system with organized police units known as zaptiye (Sonmez,
2006). In 1845, the establishment of the Zaptiye Miisiriyeti centralized
the administration of public security under a single authority, aiming
to resolve the fragmented security structure of the provinces (S6nmez,
2006). By 1879, inspired by the French model, the term "gendarmerie"
replaced "zaptiye," indicating a move towards a more professionalized
policing force (S6nmez, 2006). The modern Gendarmerie, established in
1923, has evolved to meet the demands of a rapidly urbanizing society.
Historical analyses, such as that by Colak (2017), trace the Gendarmerie's
transformation from a traditional rural police force to a multi-dimen-
sional organization capable of addressing complex challenges, including
environmental disasters.

The Gendarmerie General Command is a unique hybrid of military
and civilian law enforcement, tasked with rural security across approxi-
mately 92% of Tiirkiye's land area. Its dual structure enables it to address
a wide range of issues, from criminal investigations to disaster response.
Scholars such as Demirci and Yildiz (2018) argue that the Gendarmerie's
extensive rural presence and hierarchical organization make it a critical
actor in managing emergencies, including forest fires.
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Role of Gendarmerie in Disasters

The Gendarmerie's disaster management capabilities are well-doc-
umented, particularly in responding to earthquakes, floods, and forest
fires. Studies by Kaya et al. (2020) highlight the Gendarmerie's contribu-
tions to search and rescue operations, logistical support, and public safety
enforcement during emergencies.

The gendarmerie’s involvement in forest fire management extends
beyond traditional law enforcement. The key responsibilities of Gendar-
merie can be summarized below:

1. Fire Prevention
o  Conducting regular patrols in high-risk areas.

o Implementing public awareness campaigns to educate communi-
ties on fire hazards.

o  Monitoring illegal land use and enforcing forestry regulations
(Uygun et al., 2023).

2. Emergency Response
o  Assisting in evacuations and securing affected areas.

o  Supporting firefighting teams by providing logistical and security
assistance.

o Coordinating rescue operations in case of civilian casualties
(OGM, 2022).

3. Post-Fire Law Enforcement
o Investigating the causes of fires and identifying perpetrators.
o  Prosecuting arsonists and negligent offenders.

o  Assisting in rehabilitation efforts to prevent future occurrences
(Bilgili, 2020).

Discussion and Evaluation

The Gendarmerie’s effectiveness in combating forest fires can be as-
sessed through several dimensions:

e  Operational Strengths: Their rural presence ensures rapid de-
ployment to remote areas, while their hierarchical structure facilitates
efficient decision-making.
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e  Challenges: Limited access to specialized firefighting training
and equipment, as well as insufficient inter-agency coordination, remain
significant barriers. Studies by Ozkaya et al. (2023) identify communi-
cation gaps between the Gendarmerie and forestry officials, leading to
delays in response times.

e Comparative Perspectives: Analyzing international examples,
such as the role of the California National Guard in wildfire management,
can offer valuable lessons for enhancing the Gendarmerie's capabilities.

Conclusion and Recommendations

Forest fires in Tirkiye represent a complex interplay of natural, an-
thropogenic, and systemic factors, amplified by the exigencies of climate
change. A paradigm shift from reactive to proactive management, empha-
sizing resilience-building, community involvement, and ecosystem-based
approaches, is imperative. Future research should prioritize longitudinal
studies to monitor ecological recovery and evaluate policy efficacy, ensur-
ing that Turkiye’s rich forest ecosystems are preserved for future genera-
tions.

The Gendarmerie plays a vital role in Tiirkiye's forest fire management
system, leveraging its extensive rural presence and operational capacity.
However, maximizing its impact requires addressing several critical ar-
eas:

e Training and Capacity Building: Incorporate advanced fire-
fighting techniques and environmental science into Gendarmerie training
programs.

e  Technology Integration: Expand the use of drones, GIS-based
mapping, and remote sensing tools for fire detection and monitoring.

e  Policy Harmonization: Strengthen legislative frameworks to fa-
cilitate seamless coordination between the Gendarmerie and other stake-
holders.

e Community Engagement: Develop participatory approaches
that involve local populations in fire prevention and awareness campaigns.

e International Collaboration: Establish partnerships with global
agencies to share knowledge, technology, and best practices.

By adopting these strategies, the Gendarmerie can significantly en-
hance its contributions to forest fire management, aligning its efforts with
Tiirkiye's broader environmental and disaster resilience goals.
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1. Introduction

Carbon-negative agriculture represents a promising solution to address
climate change by reducing greenhouse gas emissions while actively cap-
turing atmospheric carbon. Traditional agricultural practices contribute
significantly to climate change through deforestation, excessive fertilizer
use, and soil degradation, leading to the release of carbon dioxide (CO,),
methane (CH,), and nitrous oxide (N,O). However, innovative approach-
es such as biochar incorporation, soil carbon sequestration, agroforest-
ry, and bioenergy with carbon capture and storage (BECCS) are gaining
traction as viable strategies for achieving carbon negativity in agriculture
(Fawzy et al., 2020; Jeswani et al., 2022).

Theoretical models of carbon-negative agriculture emphasize the inte-
gration of multiple negative emissions technologies within farming sys-
tems. Biochar application enhances soil fertility while stabilizing carbon
for centuries (Jeswani et al., 2022). Conservation agriculture, no-till farm-
ing, and cover cropping improve soil organic carbon storage, contributing
to sustainable land management (Northrup et al., 2021). Agroforestry inte-
grates trees into agricultural landscapes, enhancing biomass carbon stor-
age and biodiversity (Gaboury et al., 2009). BECCS combines bioenergy
production with carbon capture and storage, preventing CO, from re-en-
tering the atmosphere (Full et al., 2021). Additionally, enhanced weather-
ing involves the application of silicate minerals to agricultural soils, accel-
erating CO, absorption and long-term sequestration (Beerling et al., 2018).

Several studies highlight the effectiveness of these approaches in miti-
gating climate change. Research indicates that biochar application can se-
quester significant amounts of CO,, while BECCS has the potential to re-
duce millions of tons of carbon emissions annually (Budzianowski, 2012).
Conservation practices such as diversified cropping systems and rotational
grazing further contribute to carbon sequestration by improving soil health
and increasing carbon retention (Thamarai et al., 2024). Precision farming
technologies optimize input use, reducing emissions while maintaining high
productivity (Balasundram et al., 2023). Emerging soil carbon credit pro-
grams also offer financial incentives for farmers adopting carbon-negative
practices, promoting widespread adoption (Yang et al., 2021).

Given the increasing urgency to address climate change, this study ex-
plores the effectiveness of carbon-negative agricultural practices across
different agroecosystems. It examines the environmental and economic
feasibility of these methods compared to conventional farming (Fawzy
et al., 2020). Additionally, it evaluates the role of policy frameworks and
incentives in supporting large-scale implementation (Lumactud et al,,
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2022). The hypothesis underlying this research is that integrating multi-
ple carbon-negative practices in agricultural systems can achieve net-neg-
ative emissions while ensuring food security and enhancing soil health
(Smith et al., 2019). Economic viability remains a critical factor in deter-
mining the success and scalability of these practices (Goglio et al., 2020).

Practical applications of carbon-negative agriculture are already being
implemented in various regions. Farmers are adopting regenerative prac-
tices such as rotational grazing, organic amendments, and agroforestry to
enhance carbon sequestration and improve ecosystem resilience (McLar-
en, 2012). Governments and private institutions are investing in research
and development to refine these strategies and create scalable solutions
(Churkina et al., 2020). Future research should focus on refining econom-
ic models for carbon-negative agriculture, assessing long-term soil carbon
dynamics, and developing policy interventions that support its large-scale
adoption (Fuss et al., 2018).

As climate change mitigation becomes an increasingly urgent global
priority, agriculture must play a central role in achieving carbon nega-
tivity. By integrating science-based solutions with policy incentives and
sustainable practices, it is possible to transform agricultural landscapes
into carbon sinks while ensuring food security for future generations
(The Royal Society, 2018). The transition to carbon-negative agriculture
is not only an environmental necessity but also an opportunity to create
resilient and sustainable food systems worldwide (IPCC, 2020).

Expanding the adoption of carbon-negative agricultural methods re-
quires strong policy support, financial incentives, and scientific innova-
tion (Petersen et al., 2013). Governments must prioritize sustainable land
management strategies, while research institutions should continue ex-
ploring ways to improve carbon sequestration efficiency in various agri-
cultural settings (FAO, 2016). Additionally, international cooperation is
essential to ensure widespread adoption of these techniques, particularly
in regions that are most vulnerable to climate change impacts (Tisserant
& Cherubini, 2019). By addressing these challenges and opportunities,
carbon-negative agriculture can become a cornerstone of global climate
action, ensuring a sustainable and resilient future for both the environ-
ment and human societies (Terlouw et al., 2021).

2. Theoretical Framework and Literature Review

Carbon-negative agriculture is emerging as a critical component in
climate change mitigation, integrating agricultural practices with neg-
ative emissions technologies (NET). The theoretical foundation of car-
bon-negative agriculture is rooted in the dual approach of reducing
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greenhouse gas (GHG) emissions and actively sequestering atmospheric
carbon through biological and technological interventions (Fawzy et al.,
2020). The conceptual framework encompasses multiple disciplines, in-
cluding agroecology, soil science, and carbon cycle modeling, emphasiz-
ing the role of sustainable land management practices, innovative carbon
sequestration technologies, and policy-driven incentives.

The primary theoretical constructs include negative emissions tech-
nologies (NET), which involve bioenergy with carbon capture and storage
(BECCS), direct air carbon capture and storage (DACCS), soil carbon se-
questration, and biochar application (Jeswani et al., 2022). Carbon cycle
dynamics integrate agricultural systems with carbon capture and utiliza-
tion mechanisms, enhancing the efficiency of carbon storage within ter-
restrial ecosystems (Budzianowski, 2012). Sustainable intensification and
regenerative agriculture focus on improving productivity while reducing
environmental footprints through conservation tillage, cover cropping,
and precision farming (Northrup et al., 2021)

The role of agriculture in climate change mitigation has been exten-
sively studied, with increasing emphasis on negative emissions technolo-
gies (Figure 1). The application of biochar and soil carbon sequestration
techniques has demonstrated significant potential in offsetting agricul-
tural emissions. Biochar, derived from pyrolyzed biomass, enhances soil
fertility while acting as a stable carbon sink (Cao et al.,, 2022). Studies
indicate that integrating biochar with microbial fuel cells can further op-
timize energy efficiency while reducing carbon emissions.

Moreover, BECCS is identified as a high-impact approach within
carbon-negative agriculture. By leveraging biomass as an energy source
while capturing and storing the resultant CO,, BECCS effectively contrib-
utes to net-negative emissions. A comparative analysis by Full et al. (2021)
highlights the efficiency of BECCS in reducing emissions from energy-in-
tensive agricultural processes.

Soil carbon sequestration is one of the most effective nature-based
solutions for climate mitigation. Enhanced soil organic matter through
conservation agriculture improves soil structure, increases microbial di-
versity, and fosters carbon retention (Northrup et al., 2021). Several stud-
ies emphasize the synergistic role of cover cropping and reduced tillage
in enhancing carbon sequestration potential. Additionally, afforestation
and agroforestry practices contribute to carbon storage by integrating pe-
rennial vegetation within agricultural landscapes (Villa & Bernal, 2018).
However, policy frameworks and economic incentives are essential to fa-
cilitate large-scale adoption of these practices.
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Recent advancements in precision agriculture, genetic modifications
for carbon-efficient crops, and digital monitoring systems have further re-
fined the implementation of carbon-negative farming. Emerging technol-
ogies such as microbial-assisted carbon sequestration and carbon-negative
hydrogen production from biomass illustrate the diverse avenues through
which agricultural systems can transition towards climate-positive out-
comes (Thamarai et al., 2024). Furthermore, DACCS is gaining traction
as a complementary technology in agricultural landscapes. The direct cap-
ture of atmospheric CO, through engineered systems provides a scalable
solution to offset residual emissions from agricultural activities (Gasser et
al., 2015). However, concerns regarding energy requirements and econom-
ic feasibility remain critical barriers to widespread deployment.

The literature underscores the transformative potential of carbon-neg-
ative agriculture in addressing climate change. While significant progress
has been made in the development and implementation of negative emis-
sions technologies, challenges such as economic viability, land-use com-
petition, and technological scalability persist. Future research should fo-
cus on optimizing integrated approaches, improving policy frameworks,
and enhancing financial mechanisms to support large-scale adoption. A
holistic strategy that combines technological innovations with sustain-
able agricultural practices is imperative to achieve long-term climate re-
silience and food security.

Figure 1. Estimated Carbon Sequestration Potential of Different Agri-
cultural Methods (Jeswani et al., 2022; Fawzy et al., 2020; Northrup et al.,
2021; Cao et al., 2022)

Estimated Carbon Sequestration Potential of Different Agricultural Methods (Figure 1)

Biochar Application

Soil Carbon Sequestration

BECCS

Approaches

Direct Air Capture

Precision Agriculture

Afforestation & Agroforestry

0 2 4 6 8 10
Carbon Sequestration Potential (GtCO2/year)

This figure illustrates the estimated carbon sequestration potential of various
agricultural methods discussed in the text, highlighting their role in mitigating
climate change.
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3. Carbon-Negative Farming Practices: Principles and Methods

Carbon-negative farming encompasses a suite of agricultural strate-
gies designed to remove more carbon dioxide (CO,) from the atmosphere
than is emitted during production. This approach integrates biochar ap-
plication, soil carbon sequestration, conservation tillage, crop and micro-
bial genetic innovations, and emerging carbon capture technologies into
existing food systems to mitigate climate change while improving soil
health and productivity.

One of the most promising carbon-negative techniques is the applica-
tion of biochar—a stable, carbon-rich material derived from the pyrolysis
of organic waste. Biochar not only enhances soil fertility and water reten-
tion but also provides long-term carbon storage, with residence times in
soil spanning hundreds to thousands of years (Ayaz et al., 2025). Its effec-
tiveness depends significantly on the feedstock used and the conditions of
pyrolysis. Moreover, it supports microbial activity and nutrient cycling,
contributing to ecosystem resilience (Ayaz et al., 2025).

Soil carbon sequestration, another central pillar of carbon-negative
agriculture, involves adopting best management practices (BMP) that in-
crease soil organic matter. These include cover cropping, reduced tillage,
agroforestry, and organic amendments. Such practices not only sequester
carbon but also enhance soil fertility and structure. According to Paus-
tian et al. (2019), global implementation of best management practices on
croplands and grasslands could sequester 4-5 GtCO annually, potentially
rising to 8 GtCO with future innovations.

Innovative technologies further amplify these impacts. For instance,
conservation agriculture combined with digital farming tools, precision
inputs, and electrified machinery could reduce row crop emissions by up
to 71%, while maintaining high yields (Northrup et al., 2021). These strat-
egies help transition agricultural systems towards net-negative emissions
through a combination of emission reductions and enhanced carbon sinks.

Microbial fuel cells (MFC) using agricultural waste-derived biochar
are an emerging technology that aligns with the principles of the circu-
lar economy. These systems not only generate renewable energy during
wastewater treatment but also utilize biochar as a sustainable electrode
material, contributing to both energy efficiency and carbon removal (Cao
et al., 2022).

However, the scalability and environmental trade-offs of carbon-nega-
tive technologies must be carefully assessed. As Jeswani et al. (2022) note,
large-scale deployment of NET including biochar and soil carbon seques-
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tration must consider land, water, and energy inputs to avoid unintended
ecological consequences. Life cycle assessments (LCA) remain crucial in
evaluating the overall sustainability of these interventions.

In summary, carbon-negative farming relies on integrative practices
and technologies that enhance carbon sequestration while supporting ag-
ricultural productivity. As climate goals become more urgent, these solu-
tions offer pathways for the agricultural sector to contribute actively to
global carbon neutrality and beyond.

4. Measuring and Assessing Carbon-Negative Impacts

The accurate measurement and assessment of carbon-negative impacts
are crucial for validating the effectiveness of climate mitigation strategies
in agriculture. Reliable metrics not only inform policy and funding mech-
anisms but also ensure accountability and continuous improvement in
land management practices. This section explores key methodologies and
tools for evaluating carbon-negative interventions, focusing on biochar,
soil carbon sequestration, and emerging bioelectrochemical systems.

Soil carbon sequestration, one of the most extensively studied biologi-
cal negative emission strategies, requires robust measurement, reporting,
and verification (MRV) frameworks to track carbon stock changes over
time. According to Paustian et al. (2019), soil organic carbon (SOC) as-
sessments involve a combination of field sampling, laboratory analysis,
and modeling approaches. Standardized protocols such as remote sens-
ing, eddy covariance towers, and long-term field trials support accurate
carbon accounting. Yet, spatial heterogeneity and time lags in sequestra-
tion benefits present ongoing challenges.

Biochar amendments, due to their long-term stability in soils, offer a
quantifiable method of carbon removal. Ayaz et al. (2025) emphasize the
role of life cycle assessment (LCA) in determining the net carbon foot-
print of biochar systems. This includes emissions from feedstock sourc-
ing, pyrolysis conditions, application logistics, and co-benefits such as
improved crop yields or reduced fertilizer use. LCAs have shown that
biochar can achieve net carbon removals ranging from hundreds to over
3000 kg CO-eq / ton, depending on system boundaries and assumptions
(Jeswani et al., 2022).

Advanced technologies like microbial fuel cells (MFCs) using agricul-
tural waste-derived biochar contribute to circular economy models while
enabling energy and carbon flux monitoring. Cao et al. (2022) illustrate
how integrating biochar into MFC systems enables simultaneous waste-
water treatment, energy production, and carbon capture. Electrochemical
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performance indicators such as Coulombic efficiency and power density
serve as indirect proxies for carbon utilization efficiency.

In the context of row-crop production, Northrup et al. (2021) propose
a combined assessment approach that integrates emissions reduction
metrics with soil health indicators. By coupling digital agriculture tools,
greenhouse gas (GHG) modeling, and in-field sensor networks, these sys-
tems can evaluate both avoided emissions and enhanced carbon storage.

However, methodological limitations persist. The complexity of car-
bon cycling, delayed climate benefits, and variability in environmental
conditions require dynamic, site-specific assessments rather than static
carbon accounting models. As Jeswani et al. (2022) point out, LCAs must
address indirect effects, such as changes in land use, albedo, and biodiver-
sity, to provide a more holistic sustainability evaluation.

In conclusion, measuring carbon-negative impacts demands interdis-
ciplinary tools combining environmental science, engineering, and data
analytics. The credibility and scalability of carbon-negative farming de-
pend on transparent, science-based assessment frameworks that align
with global climate and sustainability goals.

5. Policy and Market Incentives for Carbon-Negative Farming

The successful adoption and scaling of carbon-negative farming prac-
tices rely not only on technological viability but also on supportive policy
frameworks and functioning carbon markets. Incentivesboth regulatory
and market-based are essential to motivate farmers, investors, and other
stakeholders to transition towards practices that remove more CO, than
they emit.

Public policy instruments play a pivotal role in enabling carbon-neg-
ative agriculture. Governments can implement subsidies, tax credits, and
direct payments for verified carbon sequestration efforts, such as biochar
application or soil carbon enhancement (Paustian et al., 2019). These in-
centives reduce the financial burden of adopting new technologies and
compensate for delayed climate benefits. Additionally, agro-environmen-
tal schemes and sustainable land management programs can integrate car-
bon farming goals into broader climate and rural development agendas.

A key mechanism for scaling these practices is the development of vol-
untary and compliance carbon markets. Verified carbon-negative actions,
such as long-term soil organic carbon storage or the use of biochar, can
generate carbon credits that are sold to buyers seeking to offset emissions.
Jeswani et al. (2022) emphasize the importance of robust measurement,
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reporting, and verification (MRV) systems to ensure transparency and
credibility in such markets. However, challenges remain regarding per-
manence, leakage, and additionality, which must be addressed in regula-
tory design.

Emerging technologies like biochar-based microbial fuel cells (MFC)
and biohydrogen systems offer additional opportunities for integrated cli-
mate and energy policies. These systems not only sequester carbon but
also contribute to renewable energy production, making them attractive
for multi-benefit funding schemes such as green bonds and sustainable
development grants (Cao et al., 2022).

In the private sector, ecosystem service markets and corporate car-
bon neutrality goals have opened new funding streams. For instance,
agricultural companies and food retailers are increasingly investing in
carbon farming as part of their environmental, social, and governance
(ESG) strategies (Northrup et al., 2021). These market-based incentives
can create demand for low-carbon or carbon-negative products, such as
“climate-smart grains” or “carbon-neutral fertilizers.”

Still, long-term scalability requires institutional alignment across sec-
tors. Policies must be designed to support farmers with education, tech-
nical assistance, and access to carbon marketplaces. At the same time,
international climate agreements and national-level commitments such
as Nationally Determined Contributions (NDC) should explicitly recog-
nize carbon-negative farming as a climate mitigation pathway (Ayaz et
al., 2025).

In conclusion, a robust blend of public policies, private investments,
and transparent carbon markets is essential to unlock the full potential
of carbon-negative farming. These incentives not only help decarbonize
agriculture but also support broader goals of sustainability, rural liveli-
hoods, and climate resilience.

6  Case Studies and Empirical Evidence

The practical implementation of carbon-negative farming practices is
supported by a growing body of empirical research and real-world case
studies. These studies reveal not only the technical potential of such prac-
tices but also the environmental co-benefits, implementation challenges,
and contextual variability across regions.

One widely cited case is the application of biochar in microbial fuel
cells (MFC), which exemplifies the intersection of waste valorization, re-
newable energy production, and carbon removal. Field trials have demon-
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strated that biochar derived from agricultural residues can be used as a
cost-effective electrode material in microbial fuel cells, enhancing both
power generation and wastewater treatment efficiency (Cao et al., 2022).
For instance, experiments with rice plant microbial fuel cells showed si-
multaneous increases in bioelectricity output and reductions in methane
emissions, confirming the dual benefit of energy recovery and GHG mit-
igation.

Soil carbon sequestration (SCS) remains a cornerstone strategy in car-
bon-negative farming, with extensive empirical backing. A meta-analysis
by Poeplau and Don (2015) demonstrated that the cultivation of cover
crops in Europe resulted in an average increase of 0.32 t C/ha/year. Com-
plementary studies across the United States, Spain, Japan, and Bangla-
desh support the efficacy of conservation tillage, organic amendments,
and crop diversification in increasing soil organic carbon stocks over both
20- and 100-year horizons.

A study by Ryals and Silver (2013) in California’s Mediterranean grass-
lands found that the application of composted organic matter increased
net primary productivity by 20-40% while reducing net GHG emissions
by up to 0.6 t CO, e/ha/year. These findings underscore the climate-smart
potential of integrating waste-based soil amendments with regenerative
grazing systems.

In terms of perennial cropping systems, research by Agostini et al.
(2015) highlighted increases in soil organic carbon levels between 0.63—-
1.88 t C/ha/year, far exceeding the 0.25 t C/ha/year threshold needed
for carbon neutrality in biofuel systems. This suggests that transitioning
from annual to perennial systems could be a significant lever for climate
mitigation.

However, not all evidence is unequivocally positive. Some studies re-
port potential trade-offs, including the risk of soil carbon saturation, re-
versibility of stored carbon, and increased N,O emissions under certain
management conditions (Fuss et al., 2018). Moreover, spatial variability in
soil type, climate, and cropping system significantly influence outcomes,
necessitating site-specific adaptation and monitoring protocols.

Overall, the empirical literature provides robust support for car-
bon-negative farming approaches, but it also emphasizes the need for
long-term monitoring and policy alignment to ensure durability and scal-
ability of benefits.
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7. Conclusion and Future Prospects

Carbon-negative farming represents a transformative opportunity for
aligning food production systems with global climate mitigation goals.
Through a combination of soil carbon sequestration, biochar application,
conservation agriculture, and bioenergy-integrated technologies, it is
possible to design agricultural systems that not only feed the planet but
also remove carbon from the atmosphere (Paustian et al., 2019; Ayaz et al.,
2025). Empirical studies and pilot implementations across diverse agro-
ecological zones have demonstrated the technical and ecological viability
of these approaches (Ryals & Silver, 2013; Poeplau & Don, 2015).

Yet, realizing the full potential of carbon-negative agriculture depends
on several interlinked factors. First, robust monitoring and verification
systems are needed to ensure that reported carbon removals are real, ad-
ditional, and permanent (Jeswani et al., 2022). Advances in remote sens-
ing, soil sensors, and machine learning offer new frontiers for scalable,
cost-effective monitoring tools.

Second, policy and market mechanisms must evolve to reward farmers
not only for yield but also for their ecosystem services. Carbon credit sys-
tems, green subsidies, and regenerative agriculture incentives are critical
levers in this transition (Northrup et al., 2021). Furthermore, incorporat-
ing carbon-negative strategies into national climate targets (NDCs) and
food security plans can enhance policy coherence.

Technological innovation remains central. New applications such as
microbial fuel cells using biochar, HyBECCS (Hydrogen Bioenergy with
Carbon Capture and Storage), and enhanced weathering techniques
promise to expand the carbon-negative toolkit (Cao et al., 2022; Full et
al., 2021). However, environmental trade-offs, such as potential nutrient
imbalances or land-use conflicts, must be carefully assessed via compre-
hensive life cycle analyses (Jeswani et al., 2022).

Looking ahead, transdisciplinary collaboration will be key. Scientists,
farmers, policymakers, technologists, and communities must co-create
adaptive, context-specific solutions that maximize co-benefits. Investments
in research, education, and capacity building especially in climate-vulner-
able regions will help democratize access to carbon-negative innovations.

In conclusion, while challenges remain, the future of carbon-negative
farming is both promising and urgent. With the right mix of innovation,
governance, and commitment, agriculture can shift from being a carbon
source to becoming a powerful climate solution restoring ecosystems, en-
hancing resilience, and securing food for generations to come.
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Introduction

In the pursuit of healthy and balanced nutrition, aquatic products hold
an important place as an indispensable source of nutrients for many hu-
man body functions such as heart health, brain functions, and the ner-
vous system. Today, as natural fish stocks in the seas have been exploited
to their maximum sustainable level through fishing, and fish catches can
no longer meet the increasing demand, aquaculture has gained impor-
tance (FAO 2020, Anonymous 2024a).

Aquaculture is regarded as a critical sector for global food security. In
response to projections that the world population will exceed 9 billion,
the limited availability of current resources and environmental changes
driven by anthropogenic factors necessitate that this sector sustainably
increase food supply. Research shows that aquatic products not only con-
tain important components for human health—such as long-chain poly-
unsaturated fatty acids, vitamins, and micronutrients—but also have a
lower carbon footprint compared to other forms of animal production
(Dikel and Demirkale 2023, Geng et al. 2025).

Global aquaculture, which has significantly expanded over the past
30 years, stands out as one of the fastest-growing sectors in food pro-
duction and now supplies more than half of the world’s seafood demand
(Kimbrell and Stevenson 2023). According to the FAO (2024) report, total
aquatic production reached a record level of 223.2 million tons in 2022,
with 57% of this production coming from aquaculture. This growth once
again highlights the strategic importance of the sector in terms of food
security and sustainability. FAO (2025) emphasizes that aquaculture ac-
tivities can collaborate with agriculture and other sectors to improve ef-
ficiency and sustainability by using innovative management systems and
production practices. This approach will also optimize the sustainable use
of resources by addressing the complex interconnections among different
resource users.

Aquaculture is described as a unique sector that encompasses all
aquatic ecosystems (freshwater, brackish/estuary, and sea) and is closely
interconnected with terrestrial ecosystems such as those providing feed
sources. It has been stated that the aquaculture sector makes significant
contributions to achieving the Sustainable Development Goals (SDGs)/
Agenda 2030 (Troell et al. 2023). However, accurate data is necessary to
assess and monitor the social, economic, and environmental performance
of the aquaculture sector. Transparency and data reporting are also cru-
cial for maintaining the trust of consumers and other stakeholders in the
industry. EU environmental legislation has established the regulatory
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framework for aquaculture. This framework aims to minimize the poten-
tial environmental impacts of aquaculture activities and to ensure that
such activities do not cause significant harm to ecosystems or biodiversity
(Anonymous 2025a, b).

The aim of this review study is to evaluate the current state of fish
farming conducted particularly in the seas of Tiirkiye, as well as the legal
regulations concerning the environmental management of this type of
aquaculture.

Sustainable Aquaculture and the Environment

Aquaculture production, both globally and in Tiirkiye, plays a vital role
in ensuring food security and providing a sustainable source of protein.
Sustainability, environmental awareness, and technological innovation
have come to the forefront in aquaculture production at both the glob-
al level and in Tirkiye. These trends are reported to shape the future of
aquaculture by helping the sector become more sustainable, efficient, and
environmentally friendly. Tiirkiye’s strategic use of its geographical loca-
tion and state-supported aquaculture programs position the country as a
significant player in the global seafood market (Anonymous 2024b, c).

Sustainable aquaculture requires a holistic and collaborative approach
that considers environmental, social, and economic dimensions. To ad-
vance aquaculture management, it is important to adopt best manage-
ment practices, participate in certification programs, invest in innovative
technologies, prioritize social responsibility, ensure economic viability,
and involve stakeholders in decision-making processes. By implementing
these strategies and recommendations, aquaculture operators can con-
tribute to a more sustainable future for the sector while enhancing their
environmental performance, social responsibility, and economic sustain-
ability (Rani and Padmaja 2024). Tosun et al. (2024) stated that aquacul-
ture has emerged under the principles of blue growth and sustainabili-
ty to address global challenges in fish populations, and that sustainable
practices need to be integrated into the industry to mitigate the environ-
mental and socio-economic impacts of aquaculture. ‘Blue Transforma-
tion’ is a strategic initiative by FAO that supports sustainable aquaculture
production. This strategy aims to protect marine and freshwater ecosys-
tems, ensure food security, promote economic development, and enhance
environmental sustainability. Its core objective is to minimize the envi-
ronmental impacts of aquaculture while safeguarding the livelihoods of
coastal communities and contributing to global food security.

Although Tiirkiye has significant potential in aquaculture production,
it faces challenges similar to those encountered globally, such as sustain-
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ability, pollution, overfishing, and climate change. It has been reported
that in order to ensure future growth of the sector, sustainable fisheries
must be strengthened, particularly by preventing illegal fishing and re-
ducing environmental impacts (Anonymous 2023, Coteli 2024). In oth-
er words, as aquaculture production rapidly increases, the quality of the
water resources used for farming is becoming increasingly important. In
this context, traditional aquaculture practices have been associated with
a range of environmental issues that can have far-reaching consequenc-
es for aquatic ecosystems. One of the main concerns is the discharge of
wastewater from aquaculture operations, which can lead to water pollu-
tion through the release of excessive nutrients, organic matter, and chemi-
cal contaminants. Pollutants in net cage systems primarily originate from
feed and fish feces (White et al. 2017). In areas with insufficient water
circulation, high nitrogen and phosphorus emissions from aquaculture
production (Olaussen 2018) disrupt the balance of aquatic ecosystems,
leading to eutrophication, harmful algal blooms, and a decline in water
quality (Mungkung et al. 2015, Gupta et al. 2019). Another major environ-
mental issue associated with traditional aquaculture practices is the de-
pletion of wild fish stocks used as feed in aquaculture operations (White
2021, Rani and Padmaja 2024).

The impacts of fish farming under unsuitable conditions in net cages
on receiving environments can include negative changes in water quality,
algal blooms, organic enrichment of the receiving sediment, and, more
broadly, degradation of the environment due to changes in hydrological
patterns, drainage, physical structures, and the uncontrolled use of chem-
ical substances. Studies on the effects of waste from net cage aquaculture
on the water column have shown that this type of farming increases nu-
trient levels and suspended solids in the environment, while decreasing
light penetration, dissolved oxygen, electrical conductivity, and pH values
(Pulatsii and Topgu 2012). In addition, the use of pharmaceuticals—main-
ly antibiotics, disinfectants, and antiparasitics for hygienic control—has
been reported to affect non-target species and alter local biodiversity, with
concerns that these environmental impacts may increase in the future
due to climate change (Tello et al. 2010, Bacher 2015, Rodriguez-Luna et
al. 2021).

According to Markus (2024), marine aquaculture has made significant
progress in recent years, and this progress has been accompanied by in-
creasing competition for suitable farming areas. In response to the grow-
ing competition and conflict over marine space, aquaculture activities
have moved further offshore. While these developments have limited the
available space for aquaculture and, in some cases, posed a barrier to ex-
pansion, they have also led to calls for clearer terms and concepts to better
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define aquaculture zones. According to the researcher, it will be necessary
in the future to develop a multidimensional set of assessment criteria for
determining the suitability of aquaculture areas.

To prevent pollution caused by fish farming in sea cage systems, it is
necessary to protect water quality and ecosystems and to take measures
for sustainable production through environmental management. In this
context, the Environmental Impact Assessment (EIA) is a decision-mak-
ing tool aimed at promoting measures for evaluating aquaculture projects
and their potential impacts. The Trophic Index (TRIX), which serves as a
comprehensive measurement tool for assessing eutrophication in aquat-
ic ecosystems, was originally developed for the Adriatic and Tyrrhenian
Seas. However, it is now widely applied in various marine ecosystems such
as the Baltic, North, and Mediterranean Seas to evaluate eutrophication
trends and environmental health. In a study conducted by Yilmaz et al.
(2025), it was revealed that the TRIX values, based on multi-year monitor-
ing in two designated aquaculture regions in the Aegean and Mediterra-
nean Seas, remained below the critical threshold for eutrophication risk,
indicating stable environmental conditions. The study’s findings empha-
size the necessity of continuous TRIX-based monitoring to reduce eco-
logical risks associated with sustainable aquaculture, as is currently being
practiced. Verep and Balta (2023), on the other hand, stated that Turkish
seas possess different oceanographic characteristics; therefore, using the
same criteria for depth, current velocity, and distance from shore when
establishing marine cages may not be appropriate.

Marine Aquaculture in Tiirkiye

Marine fish farming in Tiirkiye began in the 1980s with the cultivation
of seabream (Sparus aurata) juveniles collected from the wild in net cag-
es. In particular, seabream juveniles gathered from nature were raised in
wooden cages placed in enclosed bays and gulfs around Bodrum, Mugla.
This was later followed by the initiation of seabass (Dicentrarchus labrax)
farming activities. At the beginning of the 2000s, the initiation of farm-
ing Brown meagre, Dentex, Sharpsnout seabream, and Bluefin tuna in the
Aegean and Mediterranean Seas gave a significant boost to aquaculture
in Tirkiye. In parallel with the rapid development of marine aquacul-
ture techniques, net cage production, and fish feed technology, several
legal regulations were introduced. Over the past two decades, land-based
ponds operating with high-salinity groundwater near the coast have
also been established for marine fish farming. In addition to these, there
are farms for tuna fattening and facilities engaged in mussel cultivation
(Anonymous 2024b, Dogan and Canak 2024).
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Tiirkiye holds a significant position in aquaculture within the Mediter-
ranean basin. As of 2022, Turkey’s total aquaculture production reached
approximately 850,000 tons, according to the FAO (2024) report (Figure
1). A large portion of this production was obtained from species such
as seabream (Sparus aurata), seabass (Dicentrarchus labrax), and trout
(Oncorhynchus mykiss) (Table 1). In 2023, total aquaculture production
reached 1,007,920.60 tons/year, representing a 7.6% increase compared to
2022. Of this, 72.1% (399,529 tons/year) came from marine aquaculture,
while 27.9% (154,333 tons) was produced in inland waters. The most im-
portant cultivated fish species were trout in inland waters with 156,431
tons, and seabass and seabream in marine waters with 160,802 tons and
154,011 tons respectively. The combined production of Turkish salmon
and trout also exceeded 222,000 tons (Table 1).

600,000

500,000

400,000 # Marine

OInland
300,000
m Total
200,000

Aquaculture production (tons)

100,000

2019 2020 Years 2021 2022 2023

Figure 1. Aquaculture production in Tiirkiye (BSGM 2024)

Table 1. Aquaculture production by species in Tiirkiye (TUIK 2024a)

Species 2019 2020 2021 2022 2023
Seabass 137.419 148.907 155.151 156.602 160.802
Trout (inland) 116.053 127.905 135.732 145.649 156.431
Seabream 99.730 109.749 133.476 152.469 154.011
Trout (marine) 9.411 18.182 31.509 45.454 66.055
Mussel 4.168 4.037 4.585 5.469 8.738
Granyose 3.375 7.428 5913 4.771 6.149
(yellow

mouth)

Tuna 2.327 4.338 4.952 3.879 3.674
Other 873 865 368 512 427
Total 373.356 421.411 471.686 514.805 556.287
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As the largest producer of rainbow trout, seabass, and seabream in
Europe and the second-largest exporter of seabass and seabream in the
world, Tiirkiye exports the majority of its farmed fish not for domestic
consumption but to generate high value-added foreign currency income.
Among the exported products, seabass ranks first, followed by seabream.
Exports are made to more than eighty countries, with 55% going to EU
member states. In addition, mussels, shrimp, and other shellfish also hold
a significant share. In 2023, aquaculture products produced in Tiirkiye
were exported to 95 countries worldwide (Dogan and Canak 2024, TUIK
2024a).

Thanks to its geographical advantages, Tiirkiye is rapidly increasing
its production capacity. While seabream and seabass are farmed in the
warm waters of the Aegean and Mediterranean Seas, trout farming is
concentrated in the colder inland waters. Mugla and Izmir provinces, in
particular, stand out as major centers in marine aquaculture. In addition,
new aquaculture projects are being developed in the Black Sea and East-
ern Anatolia regions. Tiirkiye’s aquaculture sector holds great potential
not only for domestic consumption but also for export (TUIK 2024b).

Fish Farms Operating in Turkish Marine Waters

Table 2 presents the number and project capacities of active marine
fish farms in 2019, showing that the number of large-capacity farms in
marine aquaculture is higher than those in inland water production.

Table 2. Distribution of aquaculture farms by production capacity (BSGM 2024)

Group Capacity Group Number of Total project capacity
(tons) facilities (tons/year)
0-50 121 3.391
51-100 16 1.315
) 101-250 17 2.935
Marine 251-500 60 21.856
501-1000 157 143.334
1001> 153 363.490
Total 554 536.321
0-50 1066 18.492
51-100 122 10.876
Inland 101-250 248 49.672
251-500 165 72.554
501-1000 140 121.817
1001> 2 3900
Total 1831 277.311
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0-50 1187 21.883
51-100 138 12.191

Marinetinland | 101-250 265 52.607
251-500 225 94.410

501-1000 297 265.151

1001> 155 367.390

Total 2385 813.632

Figure 2 shows the distribution of fish farms operating in Turkish ma-
rine waters based on their production capacities (tons/year), using data
obtained from BSGM (2024).

Marmara
Sea (2949)

Black Sea
(140609)

Aegean Sea
(240745)

EJ

Figure 2. Distribution of fish farms operating in Turkish marine waters by
production capacity (tons/year) (BSGM 2024) (Numbers in brackets indicate
production capacity)

Mediterranlea
(67030)

Environmental Management of Marine Fish Farms in Tiirkiye

Since the quality of fish life is directly related to the quality of the wa-
ter they live in, maintaining their health depends on a clean aquatic envi-
ronment. Although marine cages in Tiirkiye have been relocated from en-
vironmentally sensitive areas, enclosed bays, and nearshore zones since
2000, the lack of coastal zone management plans—and consequently, the
conflict and competition over area allocation between the tourism and
aquaculture sectors—has been reported as one of the major constraints to
the development of marine aquaculture (FAO 2009).
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There are significant differences between countries regarding the re-
quirements for Environmental Impact Assessment (EIA) or environmen-
tal monitoring in aquaculture (Phillips et al. 2009). Environmental Impact
Assessment (EIA) refers to the evaluation of the potential environmental
effects of any proposed project or development plan, taking into account
both the positive and negative impacts on interconnected socio-economic,
cultural, and human health aspects (FAO 2021).

In Turkey, entrepreneurs who wish to engage in fish farming must first
prepare the necessary documents required by the Provincial Directorate
of Agriculture and Forestry and then apply for a permit from the Minis-
try of Agriculture and Forestry. For facilities that will operate in marine
environments, water samples must be collected from the intended produc-
tion areas and analyzed at an authorized laboratory as part of the initial
permitting process by the Ministry. The characteristics of water samples
analyzed according to -Standard Water Quality Methods- and the param-
eters shown in the table below are evaluated to determine whether they
meet the Marine Aquaculture Water Quality Criteria specified in Annex
la of the Fisheries Aquaculture Regulation and its Implementation Prin-
ciples (Circular 2006/1), published in the Official Gazette on 29.06.2004,
numbered 25507, to assess whether they are suitable for marine aquacul-
ture. After this stage, depending on the production tonnage of the ma-
rine cage project, farms with a production capacity exceeding 1,000 tons/
year must undergo a rigorous Environmental Impact Assessment (EIA)
process before starting production. Marine fish farms with a production
capacity below 1,000 tons/year can proceed with investment after under-
going oceanographic/biodiversity and ecological evaluation processes.
Among the required documents for this application is a compliance certif-
icate confirming conformity with the “Environmental Impact Assessment
(EIA) Regulation.”

The objectives of the legal regulations regarding marine aquaculture
projects and the establishment of EIA guidelines in Tiirkiye are presented
below:

A- Legislation on Aquaculture Permits and Areas

- The aim of the “Environmental Law No. 2872 dated August 9, 1983,
is to ensure the protection of the environment, which is the common asset
of all living beings, in line with the principles of sustainable environment
and sustainable development. Under the law (Chapter Three - Measures
and Prohibitions Related to Environmental Protection); “It is essential to
ensure the protection and use of the country’s marine, underground, and
surface water resources, as well as aquaculture areas, and to protect them
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against pollution. The Ministry is responsible for the creation and coordi-
nation of policies related to wastewater management. The recipient envi-
ronment standards for aquaculture areas are determined by the Ministry
of Agriculture and Rural Affairs. Fish farms in marine waters cannot be
established in enclosed bays and gulfs that are considered sensitive areas,
as well as in natural and archaeological site areas.”

- The “Cultural and Natural Heritage Protection Law” published in
the Official Gazette No. 18113 dated July 23, 1983, includes the relevant
policy decision (725) concerning aquaculture facilities in areas covered
by this law.

- The purpose of the “Regulation on the Implementation of the Coast-
al Law,” published in the Official Gazette dated April 4, 1990, and num-
bered 3621, is to determine the coastal boundary line in seas, natural and
artificial lakes, and rivers; to regulate the use and protection of coasts;
and to establish the principles of planning and implementation for areas
gained through land reclamation and drainage, as well as for coastal strips
that are a continuation of the shores of seas and lakes. In the third section
of the regulation (Planning and Construction on the Coast, in the Sea, and
on Land Gained Through Reclamation and Drainage), facilities for the
production and cultivation of aquatic products are also included among
the structures and facilities that, due to their nature, cannot be construct-
ed in any location other than the coast.

- In areas covered by the “Regulation on the Preparation and Approval
of Zoning Plans in Cultural and Tourism Protection and Development
Zones and Tourism Centers,” which came into force upon its publication
in the Official Gazette dated November 3, 2003, and numbered 25278,
zoning plans of all scales for lands gained through reclamation and drain-
age in seas, lakes, and rivers falling under the scope of Coastal Law No.
3830/3621 and the relevant regulation are approved by the Ministry of
Culture and Tourism pursuant to Article 7 of the Tourism Incentive Law
No. 4957/2634.

- According to Article 10, Paragraph 4 of the “Regulation on the Im-
plementation of Articles 17 and 18 of the Forest Law,” published in the
Official Gazette dated September 15, 2011, and numbered 28055, it is stat-
ed that — in connection with fish production carried out on lake and sea
surfaces, permission may be granted for the construction of guard huts,
storage units, net spreading areas, and hatcheries within areas classified as
forest land.

- The purpose of the “Regulation on the Protection of Wetlands,” pub-
lished in the Official Gazette dated April 4, 2014, and numbered 28962, is
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to establish the principles for the protection, management, and improve-
ment of wetlands located within Tiirkiye’s land boundaries and continen-
tal shelf, as well as the principles of cooperation and coordination among
the institutions and organizations responsible for these matters. The reg-
ulation includes:

Article 15 — Paragraph (2) states: “Regarding wastewater discharge, the
provisions of the Regulation on Water Pollution Control, published in the
Official Gazette dated 31/12/2004 and numbered 25687, shall apply; and
in aquatic product production areas, the provisions of the Regulation on
Aquatic Products, published in the Official Gazette dated 10/03/1995 and
numbered 22223, shall be applied.

- The purpose of the Communiqué on the Designation of Enclosed
Bays and Gulfs in the Sea as Sensitive Areas Where Fish Farms Cannot Be
Established (2007) is to establish the principles and guidelines for iden-
tifying enclosed bays and gulf areas in the sea that are classified as sen-
sitive areas with a high risk of eutrophication, where fish farms cannot
be established, pursuant to Article 9(h) and Provisional Article 2 of the
Environment Law No. 2872 dated 9 August 1983. However, the Commu-
niqué concerning its repeal was published in the Official Gazette dated 28
October 2020 and numbered 31288.

B- Legislation Related to the Environmental Impact of Aquacul-
ture Facilities

- The purpose of the Regulation on the Control of Water Pollution,
published in the Official Gazette dated 31 December 2004 and numbered
25687, is to establish the legal and technical principles necessary to pre-
vent water pollution in a manner consistent with the goals of sustainable
development, in order to protect and ensure the optimal use of the coun-
try’s groundwater and surface water resources. This Regulation covers
the classification of water environments by quality and intended use; the
planning principles and prohibitions related to the protection of water
quality; the principles for wastewater discharge and discharge permits;
the principles concerning wastewater infrastructure facilities; and the
procedures and principles for monitoring and inspection to prevent water
pollution. In the Second Section (Principles for the Protection of Waters),
the necessary measures to protect aquatic product production areas are
outlined. In the Fourth Section (Planning Principles and Prohibitions Re-
lated to Water Quality), the Pollution Prohibitions Regarding Seas are de-
tailed in Articles 23 and 24. In Article 23, Paragraph (h), it is stated that
it is mandatory to obtain the opinion of the Ministry of Environment and
Urbanization for the potential area identification studies conducted by the
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Ministry of Agriculture and Forestry for aquaculture purposes in coastal
and offshore areas.

- The title of the Regulation on Surface Water Quality Management pub-
lished in the Official Gazette dated 30 November 2012 and numbered
28483 has been changed to Regulation on Inland Water Quality. Within
the scope of the regulation, the Coastal Water Quality Criteria, Eutrophi-
cation Criteria for the Aegean and Mediterranean Coastal and Transition-
al Waters, and Eutrophication Criteria for the Black Sea and Marmara
Coastal and Transitional Waters have been provided.

- The Communiqué on the Repeal of the Communiqué on the Moni-
toring of Fish Farming Facilities in the Sea was published in the Official
Gazette dated 28 October 2020 and numbered 31288.

- The Regulation on Environmental Inspection, published in the Of-
ficial Gazette dated 12 June 2021 and numbered 31509, covers environ-
mental inspections to be carried out in all land areas within the borders
of the Republic of Tiirkiye, including free and exclusive economic zones,
as well as in the seas within the country’s sovereignty, in maritime juris-
diction areas subject to judicial authority, and in related waters, natural or
artificial lakes, reservoir lakes, and rivers. It also includes the procedures
and principles related to administrative sanctions to be applied in accor-
dance with the Environmental Law No. 2872.

- The purpose of the Environmental Impact Assessment (EIA) Regula-
tion, published in the Official Gazette dated 29 July 2022 and numbered
31907, is to regulate the administrative and technical procedures and
principles to be followed in the Environmental Impact Assessment (EIA)
process. The EIA process includes the steps required for the environ-
mental impact assessment of a planned project, covering the application,
pre-construction, construction, operation, and post-operation stages. In
Article 7 of the Regulation;

a) Projects listed in Annex-1,
b) Projects for which a “EIA Required” decision has been made,

c) In cases where an increase in capacity and/or expansion of area is
planned for projects that are exempt from evaluation or legally exempt
from the EIA, it is mandatory to prepare an EIA report for the new ca-
pacity of the project, along with the total of the existing project capacity
and capacity increases, if the project is included in the list of projects in
Annex-1.

In the list of projects subject to Environmental Impact Assessment
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(ETA), aquaculture projects with a production capacity of 1,000 tons/year
or more are included.

Projects subject to preliminary environmental review and assessment
include:

e  Aquaculture projects with a production of 30 tons/year or more,

e  Agquatic product farming projects other than aquaculture (e.g.,
shellfish, mollusks, and arthropods).

The purpose of the Regulation on the Environmental Management of
Fish Farms Operating in Marine Areas, published in the Official Gazette
dated 28 October 2020 and numbered 31288, is to identify sensitive ma-
rine areas where fish farms cannot be established and to establish the
procedures and principles for monitoring their environmental impact and
managing their environmental footprint. In Section Three (Sensitive Ar-
eas, Absorption Capacity, and Restrictions), the provisions regarding ar-
eas where fish farms cannot be established are set out in Article 5. Accord-
ing to this article, the parameters and criteria for sensitive areas in bays
and gulfs where fish farms cannot be established are specified in Table
2, while the parameters and criteria for non-sensitive areas in bays and
gulfs with high water exchange potential and strong currents are specified
in Table 3. In marine areas where any of the parameters listed in these
tables are not met, the establishment and operation of fish farms is strictly
prohibited.

Table 2. Parameters and criteria for sensitive areas in bays and gulfs where fish
farms cannot be established (Anonymous 2020a)

Parameter Criteria
Distance from the shore* <1250 m
Depth <40m
Current speed <0.1 m/s
Distance between farms** <1000 m

* The distance from the shore is calculated from the nearest landmass, without distin-
guishing between islands and the mainland.

** In Joint Aquaculture Areas, this criterion does not apply to consolidated fish farms
with a total production capacity of up to 4,000 tons/year.
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Table 3. Parameters and criteria for areas outside sensitive zones in bays and
gulfs where fish farms cannot be established (Anonymous 2020a)*

Parametre Kriter
Distance from the Shore** <500 m
Depth*** <30m
Current Speed <0,1 m/s
Distance Between Farms™**** <1000 m

* For new species to be cultivated, these criteria shall be determined by the Ministry
upon the proposal of the Ministry of Agriculture and Forestry.

** The distance-from-shore criterion for fish farms to be established around islands
shall be determined by the Ministry upon the proposal of the Ministry of Agriculture and
Forestry.

*** The depth criterion does not apply to fish farms practicing polyculture.

*RE In Joint Aquaculture Areas, this criterion does not apply to consolidated fish
farms with a total production capacity of up to 4,000 tons/yeat.

Article 6 of the same regulation outlines the principles for “Determin-
ing the Risk of Eutrophication.” According to this article, the potential eu-
trophication risk caused by fish farms operating in marine environments
is determined using the TRIX Index, based on the following parameters
and calculation method:

TRIX Index = (Log (Chlorophyll-a x % O, x TIN x TP) + 1.5) x 0.833
Chl-a = Chlorophyll-a concentration (ng/L)
DO%sat = Dissolved Oxygen saturation (%)= |DO% — 100

TIN = Dissolved Inorganic Nitrogen (ug/L) N-(NO,+NO,+NH,),
(ng/L)

TP = Total Phosphorus (ug/L)

For determining the eutrophication risk of the marine environment
where the fish farm operates, the average TRIX Index values of the an-
alyzed samples are taken into account in the assessment. As presented
in Table 4, it is stated that fish farms can be established in marine areas
where no eutrophication risk is detected according to the TRIX Index.
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Table 4. Eutrophication risk scale (Anonymous 2020a)

TRIX Index Eutrophication Status Explanation

<4%* No Eutrophication Risk
Aquaculture is permitted

4-5* Low Eutrophication Risk Aquaculture is allowed for existing
facilities; no new facilities

5-6% Eutrophication Risk Present | No new aquaculture facilities; restrictions
on existing facilities

> 6* High Eutrophication Risk | No  aquaculture permitted; ~existing
facilities must cease operation

*For the Black Sea, it is applied as +1.

Article 7 of the Regulation states that “The absorption capacity of the
aquaculture area or bays/gulfs is determined by taking into account factors
such as depth, current speed, water exchange potential, seawater quality,
and other activities within the impact area.” In this context, the absorp-
tion capacity of the aquaculture area or bays/gulfs is determined through
scientific studies to be conducted in the region and is submitted to the
Ministry during the Environmental Impact Assessment (EIA) application
process. The total production amount to be carried out in aquaculture
areas or bays/gulfs cannot exceed the absorption capacity determined for
these areas. It is stated that the absorption capacity studies to be conduct-
ed in aquaculture areas or bays/gulfs will be carried out or commissioned
by academic institutions specialized in marine sciences/biology or by Re-
search Institutes affiliated with the Ministry of Agriculture and Forestry.

Article 8 of the “Regulation on the Environmental Management of
Fish Farms Operating in the Seas” states:

a)  “Itis prohibited to establish and operate fish farms in marine areas
with high eutrophication risk,” as determined by the TRIX Index men-
tioned in Article 6 of the relevant regulation, considering the current,
depth, and water exchange capacities of the marine areas where fish farms
operate, as referenced in Article 5 of the same regulation.

b) According to the provisions of the relevant regulation, fish farm-
ing activities established in areas suitable for fish farming in the sea must
be stopped if the marine area becomes a sensitive area.

¢) Due to non-compliance with the provisions of the relevant regu-
lation, the establishment of a fish farm is not permitted within 1000 me-
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ters of the marine area where a fish farm has been shut down for being
deemed unsuitable.

d) The establishment of new fish farms is not permitted in marine
areas identified as having a low eutrophication risk according to the TRIX
Index specified in Annex-4 of the relevant regulation.

e) According to Annex-4 of the relevant regulation, marine areas
where fish are farmed and identified as having eutrophication risk, due to
their potential to become sensitive areas, will not be allowed to establish
new fish farms. Additionally, production in existing fish farms will be
restricted. The restriction involves reducing the production capacities of
fish farms in bays or gulfs by at least 20% and in other areas by at least
10%, or relocating them to newly selected (rotational) areas. The areas
for rotational relocation will be determined after obtaining the Minis-
try’s approval. If there is no eutrophication risk remaining in a restricted
marine area, the restriction imposed on the area will be lifted as per the
provisions of the regulation.

f) With the relevant legal regulation, the Ministry of Environment,
Urbanization, and Climate Change aims to ensure the most suitable site
selection for fish farms in marine environments, focusing on environmen-
tal sustainability. This is done by considering the potential environmental
impacts of fish farms operating in our seas and is carried out by the Di-
rectorate of Marine and Coastal Management and Provincial Directorates
under the General Directorate of Environmental Management, which is
affiliated with the Ministry. In selecting the most suitable locations, ar-
eas outside previously designated sensitive marine zones will be chosen.
Additionally, while marine fish farms continue their operations, their po-
tential impacts on the marine environment are continuously monitored.
In this context, in areas where marine fish farms are densely operating,
ecological assessments are conducted by academic institutions or orga-
nizations specialized in marine biology. These assessments evaluate the
presence of flora, fauna, and habitats, as well as the influence on the dy-
namic structure and the physical, chemical, and biological characteristics
of the water. Ecological reports are prepared both before and after the
establishment of the farms to assess the environmental impact.

For effective environmental management, documents and reports such
as the Fish Farms Monitoring Report, Environmental Management Plan,
Environmental Impact Assessment (EIA) Certificate, and the Compliance
Certificate linked to a 5-year permit must be prepared. If these mandatory
documents are not submitted, marine fish farms are subject to legal pen-
alties under the Environmental Law. This is because, in order to prevent



International Studies in Agriculture, Forestry and Aquaculture Sciences - June 2025 j 4

potential negative impacts on the marine area and to ensure harmony with
the surrounding marine environment, the operation must fulfill certain
requirements related to sustainable production and environmental man-
agement.

Article 10 of the “Regulation on the Environmental Management of
Fish Farms Operating in the Seas” states: “Fish farms are obliged to es-
tablish the necessary technical infrastructure for monitoring activities
before and after the start of operations, to have measurements and anal-
yses carried out, to report the results of these analyses, and to keep the
necessary records, in accordance with the procedures and principles set
forth in this Regulation.” Within the scope of the article, it is stated that,
in order to determine in detail the impacts of fish farms on the marine
environment and to monitor changes over time, annual monitoring stud-
ies must be conducted in the water column and sediment based on the
parameters specified in Table 5, and the results must be submitted to the
relevant Provincial Directorate. If the evaluation of the monitoring results
indicates issues requiring prohibitions or restrictions, these must be re-
ported to the Ministry. New fish farms are required to submit their initial
Fish Farm Monitoring Report to the Administration by attaching it to the
Environmental Management Plan before starting operations. Fish farms
are required to carry out the water column monitoring studies specified in
Table 5 every May, and the sediment monitoring studies every two years
in May. Newly established fish farms are obligated to perform all mea-
surements and studies in May prior to the start of their operations (Anon-
ymous 2020a). The same article states that the monitoring study may be
determined through a joint effort in aquaculture production areas. In such
cases, all fish farms within the aquaculture production area may prepare
a joint monitoring program and submit it to the Ministry, but it can only
be implemented after receiving the Ministry’s approval.
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Table 5. Parameters to be measured in monitoring studies (4nonymous 2020a)

Parameters
Water column analysis

1. Total dissolved inorganic nitrogen (pg/L)
2. Total phosphorus (ng/L)

3. Chlorophyll-a (ng/L)

4. Dissolved oxygen (% )

5. Secchi depth (m)

6. Sea water temperature (°C)

7. Sea water salinity (ppt)

Sediment analysis

1. Physical properties and grain size analysis
2. Redox potential (at the sampling stage)

3. Total organic carbon (mg/kg)
4. Total phosphorus (mg/kg)
5. Beggiatoa (number/g)

As stated above, the legislation has been simplified by combining the
“Communiqué on the Designation of Enclosed Bays and Gulfs Consid-
ered Sensitive Areas Where Fish Farms Cannot Be Established in Ma-
rine Areas” and the “Communiqué on the Monitoring of Aquaculture
Facilities Established in Marine Areas” into a single regulation, titled the
“Regulation on the Environmental Management of Fish Farms Operating
in the Seas,” which has been put into effect. With this latest regulation,
which has been tailored to the conditions of our country, a number of new
provisions have been introduced.

- Among the criteria in the “Communiqué on the Designation of
Enclosed Bays and Gulfs Considered Sensitive Areas Where Fish Farms
Cannot Be Established in Marine Areas,” the depth requirement has been
changed to 40 meters, and the distance from shore to 1250 meters, while a
new criterion of inter-farm distance < 1000 meters has been added (Table
2). In the same communiqué, the number of TRIX index categories has
been increased from three to four, allowing the eutrophication status to
be categorized according to these values (Table 4).

- The water column analyses under the “Communiqué on the Moni-
toring of Aquaculture Facilities Established in Marine Areas” have been
updated, with pH, Suspended Solids, Ammonium Nitrogen, Total Nitro-
gen, and Total Organic Carbon analyses removed and replaced with the
parameters presented in Table 5. In the most recent communiqué, sedi-
ment analyses have been detailed. While the previous communiqué only
required the analysis of total organic carbon in sediments, the analyses
listed in Table 5 have been added to the monitoring program. Addition-
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ally, the “Communiqué on the Monitoring of Aquaculture Facilities Es-
tablished in Marine Areas” states that water column analyses should be
conducted once a year in August, while sediment measurements of the
specified parameters should be performed every three years in August.
With the “Regulation on the Environmental Management of Fish Farms
Operating in the Seas,” it has been stipulated that fish farms must carry
out water column monitoring studies every May, and sediment monitor-
ing studies every two years in May.

C- The Environmental Management Perspectives and Expectations of
Marine Fish Farm Owners

In the Eighth Fisheries Workshop (Anonymous 2020b), it was stated
that fish farm owners operating in the seas have issues and expectations
arising from the legislation. The conclusions related to these issues are
summarized below:

- Producers are disturbed by the negative views of the tourism sector
regarding the activities of farms located close to the shore, as well as the
portrayal of these activities as environmentally polluting in the media. In
this context, the legality of production and the environmental protection
efforts through measurements and analyses should be clearly communi-
cated to the public to counter these approaches.

- Another issue mentioned is the long duration of procedures that new
fish farming facilities must follow, based on state bureaucracy. Reducing
bureaucracy in the EIA processes according to the conditions is a com-
mon view of the producers. Therefore, the mentioned processes should
aim to facilitate entrepreneurship, and standard rules should be estab-
lished for a more practical and faster decision-making process regarding
environmental management views and permits that would slow down op-
erations.

- Producers also have expectations of being more involved as stake-
holders in the process, especially in the creation of draft legal regulations.

- In the detection and monitoring of marine water pollution, it has
been stated that the contribution of aquaculture should be clearly deter-
mined, and the producers in the region should be transparently informed
about this matter.

- It has been expressed that in order to reduce costs for environmental
monitoring, collective sampling should be provided for farms located at
close distances, and the sample analyses requested by various public insti-
tutions should also be coordinated and consolidated.
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- Another expectation is the request for the Ministry of Agriculture
and Forestry to take the initiative in establishing regional laboratories for
the environmental impacts, early diagnosis, and control of fish diseases
in the seas.

D- Evaluation of EIA Applications of Marine Fish Farms for the
2020-2025 Period

In the last five years in Tirkiye, 43 marine fish farms have applied to
the Ministry of Environment, Urbanization, and Climate Change for an
Environmental Impact Assessment (EIA) report, and none of these farms
have been issued a negative EIA report (Anonymous 2025c¢). Of these ma-
rine fish farms, 40 were issued a positive EIA report, and 2 were given
a “No EIA required” report. One marine fish farm applied for a coastal
protection fill permit for an adaptation facility, and was issued a “EIA
required” report, with its application being put on hold for the duration
specified in the regulations to prepare the EIA report. In this study, only
the fish farms that applied for an EIA report have been considered, and
the regional distribution of the applications is shown in Figure 3.

Aegean Sea
(EIA positive: 5)
Mediterranean Sea

(EIA required: 1) =

Aegelﬂll Sea (EIA required: 2)

Black Sea
(EIA positive: 27)

Mediterranean
Sea
(EIA positive: 8)

Figure 3. Distribution of the EIA application results of marine fish farms for the
2020-2025 period

The absence of negative EIA reports in the EIA applications from the
last five years can be interpreted as an indication that the EIA reports
were carefully prepared by the authorized firms, and this is also seen as a
positive factor for the future of the businesses. As can be seen in the fig-
ure, although the highest number of marine farms is in the Aegean Sea,
the highest number of EIA applications from the last five years came from
the Black Sea Region.
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Conclusion

Aquaculture is a valuable source of marine product production, but it
has also brought environmental challenges. In this context, in the early
years of aquaculture in sea cage farms in Tiirkiye, negative news regard-
ing the effects of aquaculture was particularly found on social media. This
situation was caused by the fact that priority areas had not yet been clearly
defined and the lack of ecological baseline data before the establishment
of aquaculture businesses and prior to the legal requirement for EIA and
environmental monitoring systems. According to Anonymous (2024d),
the main reasons for the conflict between aquaculture and tourism in
Tiirkiye are the rapid growth of the aquaculture sector and the inadequate
legal framework. The expansion of aquaculture near coastal tourism fa-
cilities and aesthetic/recreational concerns have been identified as factors
escalating this conflict. Furthermore, these conflicts arise from different
perceptions of individuals, collectives, private companies, and the state
regarding the potential environmental and quality of life impacts of aqua-
culture. In this context, it would be beneficial for the General Directorate
of Environmental Management to monitor the activities of fish farming
operations at sea via satellite using important technologies such as satel-
lite technology, or to systematically update rotation areas to be created in
terms of carrying capacity. Continuous monitoring of idle capacity and
excessive capacity usage of marine fish farms, and the development of
macro planning and methods for efficient and sustainable capacity use
that is suitable for carrying capacity, are also important.

In May 2021, under the “Strategic Guidelines” adopted by the Euro-
pean Commission for the 2021-2030 period for a more sustainable and
competitive EU aquaculture, the vision was adopted that EU aquaculture
should become an even more competitive and resilient sector by 2030 and
become a global reference for sustainability. In the context of the aqua-
culture sector, it has been mentioned that the continuation of the negative
image of aquaculture facilities and areas, low synergy with existing activ-
ities (such as fishing, tourism, processing industry) and protected areas,
and the inability to optimize the production potential in areas designated
for aquaculture production, as well as the underutilization of these ar-
eas, are among the impacts (Anonymous 2024e). Some of the effects men-
tioned in the guidelines align with the ongoing issues and shortcomings
in the environmental management of aquaculture activities in Tiirkiye.

Large-scale marine aquaculture facilities and their potential environ-
mental impacts require the implementation of certain environmental
management rules for sustainability. Since aquaculture requires good en-
vironmental conditions, environmental regulations in Tiirkiye should not
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be seen as a factor limiting growth in the sector, and the issues encoun-
tered in practice as a result of new regulations should not be overlooked,
as they will create positive long-term added value. In this context, legal
regulations related to the environmental management of aquaculture in
Tiirkiye should aim to contribute to the long-term, more sustainable, and
less conflictual development of aquaculture.



International Studies in Agriculture, Forestry and Aquaculture Sciences - June 2025 4 51

References

Anonymous. 2020a. Denizlerde Faaliyet Gosteren Balik Ciftliklerinin Cevresel
Yonetimi Yonetmeligi. 28.10.2020 ve 31288 Sayili Resmi Gazete.

Anonymous. 2020b. Sekizinci Su Uriinleri Yetistiriciligi Calistay1. Su Uriinleri
Yetistiricileri Uretici Merkez Birligi. 26 - 29 SUBAT 2020, Antalya. 75 s.

Anonymous 2023. SUYMERBIR. Su iiriinleri yetistiriciliginin gelecegini de
sirdiiriilebilir kilmanin 4 yolu. https:/suymerbir.org.tr/ su-urunleri-
yetistiriciliginin-gelecegini-de-surdurulebilir-kilmanin-4-yolu
(Accessed: 18. 03.2024)

Anonymous. 2024a. Aquaculture Products Market Growth Insights. https:/
www.marketsandmarkets.com/Market-Reports/aquaculture-product-
market-224024.html?gad_sourceDrivers: Increased health consciousness
and environmental awareness (Accessed: 16. 12. 2024)

Anonymous. 2024b. Diinya ve Tiirkiye’de Su Uriinleri Uretiminde Son Trendler.
https://turkishseafood.org.tr/dunya-veturkiyede-su-urunleri-uretiminde-
son-trendler (Accessed: 05.07.2024)

Anonymous. 2024c. Tiirkiye’de Su Uriinleri Yetistiriciliginin = Stratejik
Yayilimi ve Genis Etkileri. https:/turkishseafood. org.tr/turkiyede-su-
urunleri-yetistiriciliginin-stratejik-yayilimi-ve-genis-etkileri/?utm
source=chatgpt.com (Accessed: 05.07.2024)

Anonymous. 2024d. Aquaculture legislation in Turkey. https:/maritime-
spatial-planning.ec.curopa.eu/story-3-turkey-aquaculture-and-tourism
(Accessed: 16. 12. 2024)

Anonymous. 2024e. Implementing the Strategic Guidelines for EU aquaculture
Regulatory and administrative framework for aquaculture. https:/
aquaculture.ec.europa.eu/system/files/2024-04/SWD_ 2024
Regulatory%?20and%?20administrative%20aquaculture.pdf (Accessed: 16.
12.2024)

Anonymous. 2025a. Aquaculture Policy. https:/oceans-and-fisheries.ec.europa.
eu./policy/aquaculture-policy en. (Accessed: 13.04.2024)

Anonymous. 2025b. Communication from the Commission to the European
Parliament, The Council, The European Economic and Social Committee
and The Committee of The Regions Empty. https:/Eur-Lex.Europa.Eu/
Legal-Content/En/Txt/?Uri=Com:2021:236:Fin (Accessed: 15.12.2024)

Anonymous. 2025c. CED Duyurulari. Cevresel Etki Degerlendirme, izin ve
Denetim Genel Midirliigii. https://eced-duyuru.csb.gov.tr/eced-prod/
duyurular.xhtml (Accessed: 15.12.2024)

Bacher, K. 2015. GLOBEFISH consultant. Perceptions and Misconceptions of
Aquaculture: A Global Overview; GLOBEFISH Research Programme;
FAO: Rome, Italy, 2015; Volume 120.

BSGM. Republic of Tiirkiye Ministry of Agriculture and Forestry, General
Directorate of Fisheries and Aquaculture. 2024. Su Uriinleri



52 § Serap PULATSU, Mustafa AKAN

Istatistikleri. https:/www.tarimorman.gov.tr/BSGM/Belgeler/
Icerikler/Su%20%C3%9Cr%C3%BCnleri%20Veri%20ve%20
D%C3%B6k%C3%BCmanlar%C4%B1/Bsgm-istatistik.pdf. (Accessed:
05.12.2024)

Coteli, F. T. 2024. Su Uriinleri Uriin Raporu 2024. T.C. Tarim ve Orman
Bakanlig1 Tarim Reformu Genel Miidiirliigii Tarimsal Ekonomi ve Politika
Gelistirme Enstitlisii. Arastirma Yayinlar1 2024. TEPGE Yayin No: 403.
Ankara

Dikel, S. and Demirkale, I. 2023. Water Footprint of Aquaculture Production.
III. International Congress of the Turkish Journal of Agriculture - Food
Science and Technology, Malatya, Tiirkiye, 14—18. http:/turjaf.net/index.
php/ TURSTEP/article/view/24

Dogan, K. and Canak O. 2024. Impact of Turkish aquaculture sector on
economic development. Present-Day Turkish Aquaculture and Trends in
International Research, Istanbul University Press, 519-555, E-ISBN: 978-
605-07-1593-4.

FAO. 2009. Environmental Impact Assessment and Monitoring in Aquaculture.
FAO Fisheries and Aquaculture Technical Paper. No. 527. Rome,

FAO. 2020. El Estado Mundial de la Pescay la Acuicultura 2020: La Sostenibilidad
en Accion; Roma, Italy.

FAO. 2021. Ecosystem Approach to Aquaculture Management: Handbook.
Yangon, Myanmar. https://doi.org/10.4060/ca7972en

FAO. 2024. The State of World Fisheries and Aquaculture 2024 — Blue
Transformation in Action. Rome. https://doi. org/10.4060/cd0683en

FAO. 2025. Guidelines for Sustainable Aquaculture. Rome. https:/doi.
org/10.4060/cd3785en.

Geng, E., Yanik; T., Suzer, C., Lok, A., Arslan, T., Coban, D., Atamanalp, M.,
Bircan Yildirim, Y., Kaya, D., Kagizman, E.B., Sariipek, M., Giirler, A.,
Tiirky1lmaz, T., Ozdemirden, T., Kanyilmaz; M., Dinger, S., Cavdar,
N. 2025. Siirdiiriilebilir Su Uriinleri Yetistiriciliginde Mevcut Durum
ve Gelecek. Tiirkiye Ziraat Miihendisligi X. Teknik Kongresi. Bildiriler
Kitabi1-2, 13-17 Ocak 2025, 308-320, Ankara.

Gupta, S., Clark, R., Nguyen, H. 2019. Water quality issues in aquaculture.
Aquaculture Reports, 15, 100236.

Kimbrell, G. A. and Stevenson, M. L. 2023. Ensnared: 21st-century aquaculture
law and the coming battle for the ocean. Environmental Law Institute,
Washington, DC. http://www.eli.org, 1-800-433-5120.

Markus, T. 2024. Finding the right spot: laws governing the siting of
aquaculture activities. Front. Aquac. 3:1428497. https://doi.org/: 10.3389/
faquc.2024.1428497

Mungkung, R., Phukphon, K., Smith, R. 2015. Environmental impacts of
aquaculture effluents. Aquatic Procedia, 4, 101-107.

Olaussen, J. O. 2018. Environmental problems and regulation in the aquaculture
industry. Insights from Norway. Marine Policy, 98, 158-163. https://doi.



International Studies in Agriculture, Forestry and Aquaculture Sciences - June 2025 j 53

org/10.1016/j.marpol.2018.08.005

Phillips, M.J., Enyuan, F., Gavine, F., Hooi, T.K., Kutty, M.N., Lopez, N.A,,
Mungkung, R., Ngan, T.T., White, P.G., Yamamoto, K. and Yokoyama,
H. 2009. Review of environmental impact assessment and monitoring in
aquaculture in Asia Pacific. In FAO. Environmental impact assessment

and monitoring in aquaculture. FAO Fisheries and Aquaculture Technical
Paper. No. 527. Rome, FAO. pp. 153-283.

Pulatsii, S. and Topgu, A. 2012. Balik Uretiminde Su Kalitesi. Ankara Universitesi
Ziraat Fakiiltesi Yayin No:1591, Ders Kitab1: 543. 90 s. (in Turkish)

Rani, UK. and Padmaja B. 2024. Aquaculture Sustainability: Strategies for
responsible growth and development. In Sustainable Innovations in Life
Sciences: Integrating Ecology, Nanotechnology, and Toxicology, 69-82 .
Deep Science Publishing.

Rodriguez-Luna, D., Vela, N., Alcala, F. C., Encina-Montoya, F. 2021. The
environmental 1mpact assessment in aquaculture projects in Chile:
A retrospective and prospective review considering cultural aspects.
Sustainability, 13, 9006. https://doi.org/10.3390/su13169006.

Tello, A., Corner, R.A., Telfer, T.C. 2010. How do land-based salmonid farms
affect stream ecology? Environ. Pollut.,158, 1147-1158.

Tosun, D. D., Yildiz, M., Dogan, K., Demircan, M. D. 2024. Structural and
technical analysis of fish farms operating in the Karaburun-Ildir Bay
Special Environmental Protection Area. J. Black Sea/Mediterranean
Environment 30 (1) : 36-54.

Troell, M., Costa-Pierce, B., Stead, S., Cottrell, R. S., Brugere, C., Farmery, A.
K. Little, D. C., Strand, A., Pullin, R., Soto, D., Beveridge, M., Salie, K.,
Dresdner, J., Moraes-Valenti, P., Blanchard, P. J., Yossa, R., Allison, E.,
Devaney, C., Barg, U. 2023. Perspectives on aquaculture’s contribution
to the Sustainable Development Goals for improved human and planetary
health. World J. Aquac. Society 54, 251-342. https://doi.org/10.1111/
jwas.12946

TUIK. Turkish Statistical Institute. 2024a. Su Uriinleri Istatistikleri https:/
biruni.tuik.gov.tr/medas/?kn=97&locale=tr (Accessed: 15.12.2024).

TUIK. Turkish Statistical Institute. 2024b. Dis Ticaret Istatistikleri https:/biruni.
tuik.gov.tr/disticaretapp/menu.zul (Accessed: 15.12.2024)

Verep, B. and Balta, F. 2023. Potential for fish farming in sea cages and sustainable
environment on the coasts of Eastern Black Sea of Tiirkiye. J. Anatolian
Env. and Anim. Sciences, 8(4), 679-690. https://doi.org/10.35229/
jaes.1388002

White, P, Cassou, E., Soto, Doris., Beveridge, M. 2017. Aquaculture
Pollution: An overview of 1ssues with a focus on China, Vietnam,
and the Philippines. World Bank, Washington, DC. http:/hdl.handle.
net/10986/29249

White, P. G. 2021. Environmental Management of Fish Cage Aquaculture. J.
Indian Soc. Coastal Agric. Res. 39(2): 229-238. https://doi.org/10.54894/



54 § Serap PULATSU, Mustafa AKAN

JISCAR.39.2.2021.111852

Yilmaz, G.N., Biiyiikates, Y., Ergiin, S., Yigit, M. 2025. Assessing the interplay
between trophic index (TRIX), and environmental health from an
aquaculture perspective. Aquatic Animal Reports, 3(1): 20-31. https://doi.
org/10.5281/zen0do0.14924897



Chapter 4

APPROACHES TO MANAGING HEAVY
METAL-CONTAMINATED SEDIMENTS IN
AQUATIC ECOSYSTEMS

Akasya TOPCU', Serap PULATSU?

1 Prof. Dr., Ankara University, Faculty of Agriculture Department of Fisheries and
Aquaculture, 06100, Ankara, Tirkiye, ID: https://orcid.org/0000-0002-5229-4181,
atopcu@ankara.edu.tr

2 Prof. Dr., Ankara University, Faculty of Agriculture Department of Fisheries and
Aquaculture, 06100, Ankara, Tirkiye, ID: https://orcid.org/0000-0001-5277-417X,

spulatsu@agri.ankara.edu.tr




56 § Akasya TOPCU, Serap PULATSU

Introduction

Sediment is a naturally occurring material formed through the pro-
cess of sedimentation in aquatic environments such as rivers, lakes, and
oceans. It comprises a mixture of sand, silt, clay, organic matter, and in-
organic minerals. Sediments can be categorized into riverine, lacustrine,
or marine types, depending on their specific aquatic habitat. Typically,
sediments found in freshwater systems like rivers and lakes have a higher
organic matter content, while marine sediments exhibit elevated salinity
levels. Due to the intricate interactions between sediment and the sur-
rounding water, pollutants present in these environments tend to adsorb
onto sediment particles, leading to accumulation and storage within the
sediment matrix (Albarano et al. 2020). The U.S. Environmental Protec-
tion Agency (EPA) defines contaminated sediment as “soil, sand, and or-
ganic matter or minerals that settle at the bottom of a water body and
contain toxic or hazardous substances that may negatively impact human
health or the environment” (USEPA 2001).

In aquatic settings, heavy metals can enter the water column in vari-
ous forms, including soluble, colloidal, and suspended states, or through
migration from sediment. Consequently, sediment acts as both a sink and
a source of pollutants. When heavy metals are released into the water,
only a small fraction remains dissolved, while over 90% is retained in the
sediment via processes such as adsorption, hydrolysis, and the formation
of solid compounds with carbonates, sulfates, and sulfides. This retention
positions sediment as the ultimate sink for heavy metals, often resulting
in concentrations that exceed those found in the overlying water. Changes
in the physical, chemical, and biological conditions of the sediment-water
interface can trigger the release of these pollutants back into the aquatic
environment (Kutuniva et al. 2019, Yi et al. 2019).

Heavy metals are sequestered in sediments through various mechanis-
ms, including adsorption to particle surfaces, ion exchange, precipitation,
and complexation with organic matter. The chemical forms and binding
affinities of these metals are modulated by a range of physicochemical
and biological processes. (Akcil et al. 2015). However, under specific phys-
icochemical conditions—such as variations in redox potential, pH, salin-
ity, and organic matter concentrations—heavy metals bound in sediment
can be re-released into the water column, posing significant risks to pub-
lic health (Samani et al. 2015).

Benthic organisms can assimilate heavy metals present in sediment,
leading to bioaccumulation along the food chain, which poses health risks
to humans through the consumption of contaminated aquatic products
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(Pulatsti and Topgu 2012, 2015). Numerous studies indicate that pro-
longed exposure to heavy metals can disrupt gene expression, impair re-
pair mechanisms, decrease enzymatic activities, and elevate cancer risks
(Kim et al. 2015). A functional gene microarray (GeoChip) encompassing
over 10,000 functional genes has revealed that metal contamination detri-
mentally impacts the diversity and functionality of microbial communi-
ties in sediment, leading to an increased prevalence of metal-resistant and
sulfate-reducing populations (Kang et al., 2013). Furthermore, analysis
of 16S rRNA sequences indicates that exposure to heavy metal contami-
nation significantly modifies the composition and structure of sediment
microbial communities (Yin et al., 2015).

The issue of heavy metal pollution in rivers and lakes has emerged as
a critical global concern. In this context, effective sediment management
is essential due to the role of sediments as reservoirs for heavy metals,
which are integral components of aquatic ecosystems and are con-
sumed by aquatic organisms. Given the complexity of heavy metal pol-
lution and the unique characteristics of various contaminated areas, the
selection of appropriate remediation methods is equally diverse.

This chapter will explore three key aspects within aquatic ecosys-
tems: a) Factors influencing the release of heavy metals from sediment,
b) Techniques for assessing heavy metal concentrations in sediments,
and ¢) Current remediation strategies employing chemical and biological
technologies for the removal or stabilization of metals from contaminated
sediments.

Factors Influencing the Types and Distribution of Metals in Sedi-
ment

The distribution of heavy metals within sediment is influenced not
only by terrestrial inputs but also by the physicochemical and biologi-
cal characteristics of the ecosystem. While total metal concentrations can
serve as a useful indicator for identifying sources, the bioavailability and
toxicity of these metals are largely determined by their specific chemical
forms in the sediment matrix. In sediments, metals may exist in various
states, including being occluded within amorphous materials, adsorbed
onto clay surfaces or iron/manganese oxyhydroxides, incorporated into
the lattice structures of secondary minerals such as carbonates, sulfates,
or oxides, or forming complexes with primary minerals like organic
matter or silicates. The chemical forms of exchangeable carbonates and
iron-manganese oxides exhibit weak binding affinities for heavy metals,
thereby enhancing the availability of these metals for uptake by organ-
isms. To assess heavy metals in sediments, several sequential extraction
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procedures have been developed, which categorize them into five distinct
fractions: extractable and exchangeable, carbonate-bound, iron and man-
ganese oxides-bound, organic matter-bound, and residual metals (Hou
et al. 2013, Chang et al. 2014). The primary environmental factors that
influence the distribution of metals in aquatic ecosystem sediments are
outlined below:

Effect of pH Levels

In sediment environments, a specific pH threshold governs the mo-
bility of heavy metals, with trace metals being released only when this
threshold is reached. Consequently, even under similar pH conditions,
the potential mobility of heavy metals can differ significantly (Table 1).

As sediment pH decreases, the competition between H* ions and dis-
solved metals for binding sites becomes more pronounced. This dynamic
reduces the adsorption capacity and bioavailability of metals, ultimately
enhancing the mobility of heavy metals. Notably, even minor fluctuations
of just a few pH units can dramatically shift the fixation percentage of
heavy metals on sediment particles from complete retention (100%) to
none (0%). The degradation of organic matter and the oxidation of ac-
id-volatile sulfides often lead to a decline in sediment pH from an initially
neutral state to levels as low as 1.2. Such changes can facilitate the release
of certain metals back into the water column, even when water conditions
appear stable (Peng et al. 2009, Hu et al. 2013).

At low pH levels, the negative surface charges associated with orga-
nic matter, clay particles, and iron-manganese-aluminum oxides dimi-
nish, while carbonates, sulfides, and iron-manganese oxide fractions may
dissolve. Conversely, at elevated pH levels, the formation of stable metal
complexes becomes increasingly challenging (Wang et al. 2015). When
carbonates are present in sediments, they not only facilitate the direct
precipitation of metals but also serve as effective buffers against declines
in pH. In surface sediments, processes such as the degradation of orga-
nic matter, oxidation of acid-volatile sulfides, and the oxidation of other
reduced species (e.g., NH4", Mn?*, Fe**, and HS") can lead to a reduction
in pH, which in turn promotes the mobilization of heavy metals (Gang et
al. 2018).
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Table 1. Limit pH values controlling the mobility of different metals in sediment
(Peng et al. 2009)

Metal species pH limit
Zn 6.0-6.5
Cd 6.0

Ni 5.0-6.0
As 5.5-6.0
Cu 4.5

Pb 4.0

Al 2.5

Fe 2.5

Effect of Organic Matter Types

Organic matter (OM) plays a crucial role in aquatic systems as a nut-
rient source for microorganisms and significantly influences the retenti-
on and release of metals in sediment. In eutrophic environments, orga-
nic matter and sulfate concentrations are often elevated. Sulfate-reducing
bacteria utilize simple organic molecules for energy, and sulfur has the
potential to bind with metals in anoxic sediment conditions (Clark et al.
1998).

In sediments, organic compounds are frequently found in particulate
form and are vital for the transformation of heavy metals. In certain river
or lake sediments, a considerable proportion of heavy metals is bound to
organic matter, with the solubility of this organic matter typically dicta-
ting the mobility of the metals. In general, the complexation of metal ions
with insoluble organic compounds markedly diminishes their mobility,
while the formation of soluble metal complexes with dissolved organic
compounds enhances their mobility. In natural aquatic systems, orga-
nic matter predominantly consists of humic and fulvic substances. The
complexation reactions between heavy metals and organic complexants
are considered pivotal pathways that dictate the speciation and bioavai-
lability of metals, thereby influencing the mobility of trace metals within
these environments (Peng et al. 2009).

Effect of Oxidation-Reduction Potential

Oxidation-Reduction Potential (ORP) is a critical parameter influen-
cing the speciation and mobility of redox-sensitive heavy metals. Arsenic
(As) is particularly significant, as it exists in multiple oxidation states de-
pending on the prevailing environmental redox conditions. The mobility
of heavy metals varies according to the cation exchange capacity of the
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sediment, with the general order of mobility being Cs >Zn>Cd >Fe>Ag>
Co>Mn (Lores and Pennock 1998).

Effect of Other Factors

In addition to pH, organic matter, and oxidation-reduction potential,
other variables such as temperature, salinity, metal species, and retention
time also play significant roles in the distribution of heavy metals in se-
diments. For instance, variations in cation exchange capacity among dif-
ferent metals can alter their mobility potential. Generally, as temperature
increases, the adsorption of heavy metals in sediment tends to decrease.
Similarly, rising salinity levels in pore water can reduce the total adsorp-
tion of heavy metals due to competitive interactions with other cations
(Garnier et al. 2006).

Evaluation of Heavy Metal Contamination in Sediments

To assess the extent of metal contamination, total metal content values
should be compared against background reference values. Some studies
utilize average continental crust values as background levels, while others
prefer average continental shale values. Shale is often favored for reference
due to its natural richness in fine-grained material, which correlates with
the association of heavy metals in sediments. An alternative approach
involves using reference values for target metals derived from sediment
samples that are mineralogically and texturally similar to unpolluted se-
diments in the study area, having undergone comparable wear, erosion,
transport, and sedimentation processes. Reference samples are usually
obtained from unpolluted adjacent areas or from deeper sediment layers
that were deposited during pre-industrial periods (Abrahim and Parker
2008, Haynes and Zhou 2022).

Various calculation methods have been developed to measure the de-
gree of heavy metal contamination in sediments, and these methods are
outlined below. These methods typically convert numerical results into
broad descriptive contamination groups that range from low to high.
Such methods are commonly used to categorize in-situ contamination
levels of sediments in relation to water environment protection.

- Enrichment Factor (EF)

A common approach to estimate anthropogenic impact in sediments
is to calculate the enrichment factor for metal concentrations above un-
polluted background levels. The EF calculation normalizes the measured
heavy metal to a reference metal (usually Fe, Al, or Si) found in the same
sediment. It is known that heavy metals tend to accumulate in the clay



International Studies in Agriculture, Forestry and Aquaculture Sciences - June 2025 4 61

and silt fractions of sediments, and the Enrichment Factor (EF) is used to
normalize the variability in the clay plus silt: sand ratio and differences in
mineralogy. The most commonly used normalization elements are Fe and
Al, which are associated with clay and silt-sized particles and are found
in relatively high natural concentrations in sediments. Therefore, they are
typically not enriched by anthropogenic sources (Chen et al. 2007). The
EF is calculated as follows:

EF=[C_/R ]/[C/R]

Where; C_: Measured metal concentration, R : Geochemical ba-
ckground values of measured (Fe or Al), C: The concentration of the
examined metal in the natural background (often taken as shale or the
natural crust) and R is the concentration of reference metal in the natural
background (Table 2).

- Geoaccumulation index (Igeo)

Igeo =log [C /(1.5x B ) ]

Where C : The measured concentration of the heavy metal (n) in the
sediment, B : The geochemical background value of element n (often in
shale). The factor of 1.5 is introduced to account for variations in ba-
ckground levels (Table 2).

Table 2. Contamination levels of sediments based on enrichment factor (EF) and
geoaccumulation index (Ige ) (Chen et al. 2007, Peng et al. 2009)

EF Degree of Igco Degree of contamination
contamination

<1 None <0 Uncontaminated

1-3 Minor 0-1 Uncontaminated to
moderate

3-5 Moderate 1-2 Moderate

5-10 Moderately severe 2-3 Moderate to strong

10-25 Severe 3-4 Strong

25-50 Very severe 4-5 Strong to extreme

>50 Extremely severe >5 Extreme
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- Contamination factor (CF) and degree of contamination (C,)

CF is the simplest index and is the ratio obtained by dividing the heavy
metal concentration in the sediment by the concentration in the back-
ground (Hakanson 1980):

CF=C/C,

Where; C, Measured metal concentration, C.: Geochemical back-
ground values of metals. The overall degree of sediment contamination
(Cd) is the sum of all contamination factors (Hakanson 1980):

C, = (CF1+ CF2+ CF3+....CFx)

Since C, values are dependent on how many contaminant metals are
measured, Abrahim and Parker (2008) modified the formula by defin-
ing the degree of contamination (mC,) as the sum of all the contaminant
factors for a given set of sediment pollutants divided by the number of
analyzed pollutants.

mC, = (CF1+ CF2+ CF3+..... CFn)/n

n= Number of measured metal

Table 3. Contamination levels of sediments based on contamination factor (CF)
and degree of contamination (mC ) (Abrahim and Parker 2008)

CF Degree of mC, Contamination
contamination level

<1 None <1.5 None

1-3 Minor 1.5-2 Low

3-6 Considerable 2-4 Moderate

>6 High degree 4-8 High
8-16 Very high
16-32 Extremely high
>32 Ultrahigh
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- Pollution load index (PLI)

PLI = (CF1 x CF2 x CFn)1/n

CF: Contamination factor
n: Total number of metals (Suresh et al. 2012)

PLI >1 indicates heavy metal pollution exists while a value <1 suggests
no pollution (Ghaleno et al. 2015).

- Potential ecological risk index (PERI) and ecological risk factor
(ERF)

PERI =CF x T,

Where; CF: Contamination factor for the examined metal, T, Toxic
response factor for the given metal. T, values for heavy metals in sedi-
ments are Hg 40, Cd 30, As 10, Cu 5, Pb 5, Cr 2 and Zn 1 (Hakanson 1980).
The ecological risk factor is the sum of the individual PERIs and is an
overall risk index for the sediment containing a number of contaminating
metals:

ERF= (PERI1+ PERI2+ PERI3...)

The ecological risk degree for individual metals and all pollutant met-
als in a sediment is shown in Table 4 (Guo et al. 2010).
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Table 4. Potential ecological risks in sediments as classified by categories for
potential ecological risk index (PERI) and ecological risk factor (ERF) (Guo et

al. 2010)
PERI Risk level ERF Risk level
<40 Low <150 Low
40-80 Moderate 150-300 Moderate
80-160 Considerable 300-600 Severe
160-320 High >600 Serious
>320 Very high

- Sediment quality guidelines (SQGs)

Extensive research has been undertaken to evaluate the effects of sed-
iment contamination on the biological activity of benthic organisms,
aimed at safeguarding these species in lake, river, estuary, and marine
ecosystems. From these investigations, Sediment Quality Guidelines
(SQGs) have been established. SQGs serve as quality benchmarks to as-
certain the acceptable limits of pollutant concentrations within aquatic
ecosystems and have been formulated for a range of toxic substances,
including heavy metals, polycyclic aromatic hydrocarbons (PAHs), and
polychlorinated biphenyls (PCBs).

These values may indicate (i) chemical concentrations at which ad-
verse biological effects are unlikely to occur or (ii) levels at which effects
such as acute toxicity are expected. Two primary methodologies are com-
monly employed in this context. The first is the National Oceanic and
Atmospheric Administration (NOAA) approach, which provides Effect
Range-Low (ER-L) and Effect Range-Median (ER-M) values (Long et al.
2006). The second is the Florida Department of Environmental Protection
(FDEP) method, which offers Threshold Effect Level (TEL) and Probable
Effect Level (PEL) values (MacDonald et al. 2000).

According to the Sediment Quality Guidelines (SQG) established
by the United States Environmental Protection Agency (USEPA), sedi-
ments are categorized as “non-polluted,” “moderately polluted,” and
“heavily polluted.” Within this classification framework, the Threshold
Effect Level (TEL) denotes a concentration below which adverse effects
are infrequently observed, while the Probable Effect Level (PEL) signifies
a concentration above which adverse effects are commonly anticipated
(MacDonald et al. 2000). Table 5 presents TEL and PEL values for selected
heavy metals.
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Table 5. TEL and PEC Values for Selected Heavy Metals (MacDonald et al.

2000)
HM | As Cd Cr Cu Pb Hg Ni Zn
SQGs
TEL 5.9 0.596 [37.3 35.7 35.0 0.174 |18.0 123
PEL 17.0 3.53 90.0 149.0 [197.0 |91.3 36 315.0

Methods for Heavy Metal Management in Sediments
A- In Situ Management Technologies

In situ remediation technology encompasses a range of techniques that
facilitate the direct remediation of contaminated sediments without the
need to transport them to rivers, lakes, or ports. Based on various reme-
diation principles, in situ remediation can be categorized into physical re-
mediation, chemical remediation, bioremediation, and combined (hybrid)
remediation. This approach is less disruptive, offering advantages such as
feasibility, cost-effectiveness, and rapid implementation.

1. Physical Remediation

Physical remediation involves the direct or indirect management of
heavy metal contamination in sediments through the use of physical tools
and specific engineering techniques. Key in situ physical management
methods include capping, electrokinetic remediation, and the establish-
ment of impermeability barriers.

Capping aims to minimize resuspension and bioavailability of con-
taminants. Passive capping typically employs inert materials such as
sand, clay, silt, organic carbon, and crushed stone placed over geotextiles.
However, in sensitive habitats and marine environments, the toxic risks
associated with pollutants may persist (Knox et al. 2012). Certain capping
materials can adversely affect benthic macrofauna, leading to significant
declines—up to 90%—in the diversity, abundance, and biomass of bent-
hic species (Raymond et al. 2020). Conversely, active capping involves
the use of capping materials that chemically react with sediment pollu-
tants to facilitate degradation or binding (Libralato et al. 2018).

2. Chemical Remediation

Chemical remediation entails the application of chemical additives to
stabilize heavy metals within sediments. Frequently utilized chemical ad-
ditives comprise phosphates, clay minerals, biochar, sulfides, silicocalci-
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um materials, iron-based compounds, aluminum salts, industrial waste,
and nanomaterials. The mechanisms for immobilizing heavy metals inc-
lude adsorption, oxidation, reduction, ion exchange, complexation, preci-
pitation, and various chemical reactions (Khalid et al., 2016). While che-
mical remediation is a rapid, straightforward, and relatively cost-effective
method, the introduction of large quantities of chemicals poses a risk of
secondary environmental pollution.

Phosphate compounds utilized in chemical remediation can be clas-
sified into two categories: soluble and insoluble phosphates. Soluble
phosphates, such as phosphoric acid and ammonium, sodium, and po-
tassium phosphates, can interact with metal ions to form insoluble metal
phosphate salts. Insoluble phosphates, including hydragirite and members
of the apatite family (e.g., hydroxyapatite), are common examples. Hyd-
roxyapatite, in particular, is recognized as a cost-effective reactive me-
dium for generating mineral precipitates that limit the bioavailability of
most metals and radionuclides. However, excessive or improper applica-
tion of phosphates may lead to water eutrophication and other ecological
risks (Zhou and Xu 2007).

Recently, novel nanomaterials have gained attention due to their en-
hanced efficacy in environmental cleanup. These nanomaterials include
carbon-based variants such as nano-scale biochar, nano black carbon,
multi-walled carbon nanotubes, and C60, as well as metal-based nanoma-
terials like nano-scale zero-valent iron (nZVI) and metallic oxide nano-
materials, alongside nano mineral materials (Zhang et al. 2021a).

3. Bioremediation Technologies

Although heavy metals cannot be destroyed or biodegraded, they can
be transformed into less toxic species through physicochemical and/or
biological processes. Consequently, bioremediation has emerged as an en-
vironmentally sustainable and cost-effective method for remediating he-
avy metal-contaminated sediments (Kapahi and Sachdeva 2019; Rahman
and Singh 2020). This technique relies on the interactions between metals
and microorganisms or plants to convert toxic metals into less mobile
forms. The biological mechanisms involved in this process include:

a) Phytoremediation

Phytoremediation employs plants and their associated rhizosphere
microorganisms to remediate sediments contaminated with heavy me-
tals. In this process, heavy metals may be stabilized by plant roots, absor-
bed and accumulated in plant tissues, volatilized into the atmosphere, or
transformed within the rhizosphere. Based on the prevailing mechanisms
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within the plant-metal system, phytoremediation can be classified into
phytostabilization, phytoextraction, phytofiltration, and phytotransfor-
mation. Among these approaches, phytoextraction is commonly utilized
as a remediation technology, typically comprising three primary steps.
The efficacy of phytoextraction is influenced by several factors, including
the speciation and bioavailability of the metal, soil characteristics, plant
species, and the presence of rhizosphere microorganisms (Awa and Hadi-
barata 2020; Ojuederie and Babalola 2017).

b) Remediation through Microorganisms

Microbial remediation involves the application of microorganisms to
mitigate, eliminate, control, or transform contaminants present in pol-
luted sediments. This approach is recognized for its safety, simplicity,
and efficiacy; however, it is important to note that the process can be
time-intensive, and its effectiveness can be challenging to predict (Peng
et al. 2018).

Despite the general toxicity of heavy metals, microorganisms have
evolved distinctive resistance mechanisms, with some developing meta-
bolic pathways that enable them to exploit heavy metals for their cellular
benefits. Detoxification strategies for heavy metals encompass several
extracellular processes, including the exclusion of metals through extra-
cellular barriers, binding of metals to extracellular polymeric substances,
and intracellular sequestration of metals within the cytoplasm. Additio-
nally, active transport systems and enzymatic detoxification processes
play a crucial role in converting metals from highly toxic forms to less
harmful states (Ahemad 2019).

- Bioleaching

Bioleaching, also known as microbial leaching, is a biotechnological
process that employs acidophilic microorganisms to facilitate the dissolu-
tion of solid-phase heavy metals from sediment matrices. This technique
primarily targets heavy metal fractions that are associated with iron or
sulfur minerals within sediments. The microorganisms commonly utili-
zed in bioleaching are part of consortia of iron- or sulfur-oxidizing ba-
cteria, which include various groups. Additionally, certain archaea also
play significant roles in this process. These microorganisms are adept
at oxidizing iron or sulfur minerals, which results in the formation of an
acidic environment conducive to the leaching of heavy metals (Akcil et
al. 2015).
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-Biosurfactant

Biosurfactants, which are produced by a variety of microorganisms
including bacteria and fungi, are increasingly recognized as viable al-
ternatives to chemical solvents, particularly synthetic surfactants. Their
appeal lies in their low toxicity, high biodegradability, and favorable en-
vironmental compatibility. These amphipathic compounds possess surfa-
ctant properties that enable them to form complexes with metals.

One notable example is a glycolipid biosurfactant derived from the
strain Burkholderia sp. Z-90, which has been effectively utilized as a bi-
o-solvent for the extraction of mixed toxic metals such as Zn, Pb, Mn,
Cd, Cu, and As from contaminated soils. Among these metals, Mn, Zn,
and Cd have demonstrated superior removal efficiencies due to their high
acid-soluble fractions and stronger complexation capabilities with the bi-
osurfactant (Yang et al. 2016).

Despite their potential, the broader application of biosurfactant-based
technologies remains constrained by the low production yields of these
compounds. Future research efforts are therefore recommended to con-
centrate on optimizing fermentation parameters, including inoculum
size, pH, temperature, mixing conditions, and media nutrients. These op-
timizations aim to enhance biosurfactant yields and broaden their appli-
cability in environmental remediation (Jiang et al. 2020).

-Bioaccumulation

Bioaccumulation is a sophisticated and active mechanism through
which microorganisms absorb and sequester heavy metal ions within
their intracellular structures. The efficiency of this process is largely de-
termined by metabolism-driven heavy metal transport systems. Heavy
metals traverse bacterial membranes via ion pumps, protein channels,
and carrier-mediated transport systems.

-Biosorption

Microorganisms, including bacteria, yeast, fungi, and algae, are exten-
sively employed in the removal of heavy metals from wastewater, soil, and
sediment (Bano et al. 2018; Moreira et al. 2019; Pradhan et al. 2019). The
biosorption of heavy metals by microbial cells is a passive, metabolism-in-
dependent, and primarily reversible process. Both viable and non-viable
microbial cells, along with microbial polysaccharides, are involved in bi-
osorption. This process encompasses various interactions, such as phy-
sical adsorption, electrostatic and covalent interactions, complexation
with exopolysaccharides, and ion exchange, either independently or in
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combination. Anionic groups present on bacterial cell surfaces—inclu-
ding hydroxyl, carboxyl, thiol, sulfonate, amine, amide, and phosphona-
te—along with extracellular polymers like polysaccharides, proteins, and
humic substances, are believed to facilitate biosorption due to their strong
binding affinities for heavy metals (Zhou et al. 2014; Li et al. 2017).

-Bioprecipitation

Bioprecipitation refers to microbial processes that convert soluble me-
tal species into insoluble forms such as hydroxides, carbonates, phospha-
tes, and sulfides, either independently or synergistically. Notably, this
process does not rely on microbial metabolism and can occur with both
living and dead cells. Bioprecipitation facilitates the direct binding of
metal precipitates to microbial cells, with the occurrence and stability
of bioprecipitates influenced by environmental factors like pH and redox
potential. Under anaerobic conditions, sulfate-reducing bacteria can pro-
duce hydrogen sulfide from organic substrates, promoting the precipita-
tion of metal ions and the formation of insoluble metal sulfides such as
CuS, PbS, ZnS, and SeS in sediments (Li et al. 2017; Vogel et al. 2018).

-Biotransformation

Microorganisms interact with heavy metals and influence their bi-
otransformation through various metabolic pathways, including oxi-
dation-reduction, methylation-demethylation, and complexation. The
impact of microorganisms on the accumulation and transformation of
heavy metals is contingent upon the physicochemical properties of metal
species and the geochemical conditions of contaminated environments.
These microbially mediated transformations are essential for altering the
solubility, mobility, bioavailability, and ecotoxicological effects of heavy
metals in sediments by modifying their species and oxidation/reduction
states (Lei et al. 2019; Dell’Anno et al. 2020).

In addition to microbial action, numerous plant species have demons-
trated efficacy in removing heavy metals from contaminated sediments.
Given the variability in metal properties, the species of microorganisms
and/or plants involved, and the characteristics of the contaminated sedi-
ment, a singular bioremediation strategy may not suffice to restore envi-
ronments affected by multiple metal pollutants. Consequently, it has been
proposed that an integrated approach combining various biological mec-
hanisms is often necessary for the effective bioremediation of metal-con-
taminated sediments (Awa and Hadibarata 2020).
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4. Combined Rehabilitation Strategies

Heavy metal contamination in sediments presents a multifaceted
challenge that cannot be adequately addressed through a singular reha-
bilitation technology. Consequently, the implementation of combined re-
habilitation approaches, which integrate two or more remediation tech-
niques, leverages the strengths of each method and enhances the overall
effectiveness of the rehabilitation process. Typically, combined rehabilita-
tion encompasses methodologies such as physico-chemical remediation,
chemico-biological remediation, phytomicrobial remediation, and other
integrative strategies. However, it has been observed that these combined
approaches have not yet seen widespread application in sediment remedi-
ation practices (Peng et al. 2018).

Physical-chemical rehabilitation is a conventional method noted for
its high efficiency and cost-effectiveness. This approach includes tech-
niques such as electrokinetic remediation combined with acidification,
flocculation, adsorption, ion exchange membranes, and permeable reac-
tive barriers. Other methods may involve chemical solvent combinations
or ultrasonic/microwave-assisted chemical treatments. While biological
combined methods offer significant advantages, including lower costs
and reduced environmental impact, they can be time-intensive and may
exhibit variability in their rehabilitation efficiency. Chemico-biological
combined rehabilitation encompasses strategies such as phytostabili-
zer-combined and phytoactivator-combined remediation. These metho-
ds aim to enhance phytostabilization and phytoaccumulation processes,
thereby improving the overall effectiveness of heavy metal removal from
contaminated sediments (Wood et al. 2016; Zhang et al. 2019).

Advantages and Disadvantages of Various In Situ Remediation
Technologies

In situ remediation is recognized as a straightforward, effective, and
cost-efficient approach; however, it carries the inherent risk of pollutants
persisting in the environment and potentially being re-released. Among
the various remediation methods, physical rehabilitation remains a tra-
ditional and widely employed technique. In contrast, newer active coa-
ting methods are still undergoing experimental validation and necessitate
further investigation.

Chemical rehabilitation typically exhibits a relatively singular fun-
ctionality and often incorporates composite additives to address mixed
heavy metal contamination. However, these rehabilitation additives can
introduce specific environmental risks, highlighting the critical need for
research into green, environmentally friendly, and multifunctional reme-
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diation materials.

Bioremediation emerges as a promising technological application due
to its ability to mitigate secondary pollution. Nonetheless, it is impor-
tant to recognize that this technique is still in its developmental phase.
Therefore, gaining insights into the mechanisms that enhance tolerance
and extraction efficiency in both plants and microorganisms is vital for
advancing research and development in this area. It has been suggested
that integrating these various techniques to improve the efficiency of se-
diment remediation could become a prevalent focus in ongoing research
efforts (Xu et al. 2022).

B- Ex Situ Management Technologies

Ex situ remediation techniques for sediments are generally regarded
as more manageable than their in situ counterparts. However, the choice
of ex situ methods is contingent upon the specific type and conditions of
the sediment. Employing an inappropriate technique may adversely affect
remediation results.

Sediment dredging is frequently viewed as the primary option for
ex situ remediation of contaminated sediments. The selection of ex situ
methods is typically guided by the sediment’s unique characteristics, in-
cluding contamination levels, sediment type, and environmental factors.
For instance, washing techniques have proven effective for sediments rich
in organic matter (Luo et al. 2019), while electrochemical remediation is
acknowledged for its rapid and efficient removal of heavy metals (Beiyuan
et al. 2017). Chemical extraction enables swift and effective contaminant
removal from sediments (Kutuniva et al. 2019), whereas heat treatment
facilitates the destruction of contaminants within the sediment matrix
(Ye et al. 2019). Moreover, combined remediation strategies that integrate
multiple technologies are considered a promising approach (Albarano et
al. 2020).

Physical and Chemical Remediation
-Washing

Washing represents a relatively straightforward and practical ex situ
treatment method for contaminated sediment, wherein detergents are in-
troduced to facilitate the transfer of contaminants from the solid phase
into the washing solution. Two primary mechanisms contribute to con-
taminant removal: (1) the dissolution or suspension of contaminants in
the washing solution; and (2) the concentration of contaminants via parti-
cle size separation and gravity separation (Akcil et al. 2015). The effective-
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ness of contaminant removal can be enhanced through the application
of high-pressure water jets, as well as various acids (e.g., nitric, sulfuric,
hydrochloric, acetic) and chelating agents like ethylenediaminetetraacetic
acid (EDTA) and surfactants (Peng et al. 2009).

-Electrochemical Remediation

Electrochemical remediation is particularly suitable for contaminated
sediments characterized by low permeability and high clay and silt con-
tent, which exhibit a significant adsorption capacity. In such sediments,
conventional remediation agents often face challenges in penetrating in-
teraggregate regions (Ye et al., 2019). While electrochemical methods can
be utilized in both in situ and ex situ contexts, numerous studies recom-
mend their application for the ex situ remediation of dredged sediments
due to their operational simplicity and controllability (Peng et al., 2018;
Benamar et al., 2020).

-Chemical Extraction

Chemical extraction or flotation can be employed for the ex situ treat-
ment of contaminated sediments; however, the efficiency of contaminant
removal is significantly affected by sediment characteristics, including
particle size, bubble dynamics, and the choice of extraction agents (Akcil
et al.,, 2015; Peng et al., 2018).

-Bio-Slurry Reactor

Bio-slurry reactor remediation is a biological technology designed for
contaminated sediments, featuring a large mobile reactor that creates fa-
vorable conditions to expedite the natural degradation of contaminants.
This method offers superior heat transfer, isothermal conditions, minimal
pressure drop, and enhanced scalability compared to traditional fixed-
bed multi-tube reactors. It is particularly favored for scenarios requiring
rapid and effective remediation when conventional biological treatments
fall short (Pino-Herrera et al. 2017).

-Thermal Treatment

Thermal treatment encompasses processes such as thermal desorption,
incineration, and vitrification. During thermal desorption, sediments are
subjected to heat at temperatures ranging from 90°C to 500°C, leading to
the concentration and collection of contaminants in liquid form, either
retained on activated carbon or destroyed through combustion. Thermal
destructive methods, such as incineration and vitrification, are employed
to completely eliminate organic pollutants via oxidation. Additionally,
calcined sediments with high clay content can be repurposed as pozzo-
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lanic supplementary cementing materials (SCMs) and geopolymer pre-
cursors, providing advantages for construction applications (Ferone et al.
2015; Peng et al. 2018).

Merits and Demerits of Various Ex Situ Remediation Approaches

Ex situ remediation technologies are characterized by high efficiency
and ease of control compared to in situ methods; however, they may lead
to water quality degradation and incur significant costs. Furthermore,
there is a risk of secondary pollutants arising from the substantial envi-
ronmental disturbances associated with these technologies. Among the
various ex situ methods, washing is recommended for sediments with
large, coarse particles, while electrochemical remediation is deemed most
suitable for sediments with low porosity and strong adsorption capacities.
Chemical extraction or flotation effectively manages contaminated sedi-
ments through the application of diverse chemicals. The bio-slurry reactor
is gaining traction due to its rapid and safe remediation capabilities. Ther-
mal remediation methods have demonstrated efficacy in addressing sedi-
ments heavily contaminated with organic matter and metallic pollutants,
and the treated sediment can be reutilized as a recyclable construction
material (Zhang et al. 2021b). Overall, ex situ remediation technologies
contribute to sustainable resource utilization by enabling the repurposing
of sediments for ecosystem restoration, construction materials (e.g., fill
materials, partition blocks, paving stones), and agricultural applications
(Xu and Wu 2023).

Future Projections on the Subject
- Advances in Bioremediation Through Omics Technologies

Recent advancements in bioremediation have shifted from traditional
cultivation and biogeochemical processes to a technology-driven appro-
ach, supported by high-efficiency methodologies in molecular biology.
Omics technologies—encompassing genomic, transcriptomic, metageno-
mic, and metabolomic analyses—offer valuable insights into the structu-
res, functions, and dynamics of microorganisms involved in microbially
mediated remediation. These data-intensive methods enhance our un-
derstanding of bioremediation efficacy at the molecular level, particularly
within microbial communities.

Furthermore, insights from these technologies are crucial for develo-
ping engineering solutions to monitor and optimize bioremediation pro-
cesses through gene expression analysis. Recent discoveries of metabolic
diversity within biological systems also expand the potential for success-
tul bioremediation outcomes. The advancements enabled by omics tech-
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nologies are elucidating the molecular mechanisms of microbial reme-
diation, thus providing promising strategies for addressing heavy metal
contamination in sediments (Sun et al., 2021).

- The Role of Nanotechnology in Enhancing Bioremediation

Recent advancements in materials science and engineering have signi-
ficantly improved our understanding of bioremediation mechanisms and
their efficiency. Nanotechnology facilitates the use of nanoscale materials
to create optimal conditions for the biotransformation of contaminants.
Integrating nanotechnology into microbial processes presents a promi-
sing approach for elucidating microbial characteristics and enhancing
the bioremediation of hazardous materials, including heavy metals. Ad-
ditionally, nanotechnology-enabled sensors allow for real-time monito-
ring of heavy metal bioremediation efficiency, providing essential data
for evaluating progress. Moreover, innovative nanomaterials can enhance
bioavailability, supply essential nutrients, or generate signaling molecu-
les that improve the efficiency of microbial processes. Interdisciplinary
research that merges cutting-edge nanomaterials with microbial proces-
ses has been reported to foster significant advancements in developing
sustainable solutions for the remediation of heavy metal-contaminated
sediments (Sun et al. 2021).

Conclusion

Heavy metal contamination arises from both anthropogenic and natu-
ral processes, heightening the risk of these metals entering the food chain
and accumulating in living organisms. As the imperative to remove heavy
metal ions from sediments intensifies, the management of contaminated
sediments has emerged as a significant environmental challenge.

Numerous studies have approached this issue through various meth-
odologies (physical, chemical, biological) and applications (in situ, ex
situ/on-site). These investigations reveal that traditional physicochemi-
cal methods—such as solvent extraction, evaporation, ion exchange, and
reverse osmosis—are often prohibitively expensive and ineffective at low
contaminant concentrations. In contrast, bioremediation, which employs
bacteria, algae, and plants for the removal of heavy metals, has garnered
attention as a viable green technology. The efficacy of bioremediation is
influenced by factors such as the biological agents utilized, the proper-
ties of the target metals, and operational parameters. Nevertheless, com-
prehensive research is essential to tackle existing challenges and explore
future prospects within the mechanisms of heavy metal bioremediation.
It is anticipated that advancements in this field have been accelerated by
innovative genetic engineering approaches, which will provide a scientific
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foundation for selecting the most appropriate remediation technology for
specific scenarios.

Moreover, the necessity for large-scale studies to translate sediment
remediation applications into practical solutions cannot be overstated.
Legal challenges, negative public perceptions, and cost-related issues must
also be carefully considered. While the management of contaminated
sediments requires further investigation due to the inherent complexities
of aquatic ecosystems, the literature review conducted in this study un-
equivocally indicates progress toward environmentally sustainable solu-
tions.
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