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Abstract

Environmental stress arising from climate change, habitat loss, pollution, infectious agents, and human activities represents a
growing threat to animal health in both terrestrial and aquatic ecosystems. Factors such as temperature fluctuations, ocean
acidification, heavy metals, pesticides, and emerging pathogens can disturb physiological balance, weaken immune responses,
and negatively affect growth and reproduction. Conventional health assessment methods often identify problems only after
visible symptoms develop, highlighting the importance of early and sensitive detection tools. In this context, biomarkers serve
as reliable early indicators by revealing subtle biological changes at molecular, cellular, biochemical, and physiological levels
before clinical damage becomes apparent. This review compiles and evaluates major categories of biomarkers used in
environmental health studies. Among these are signs of oxidative stress (like lipid peroxidation and antioxidant enzyme activity),
stress and endocrine hormones, immune-related parameters, genotoxicity markers (including DNA damage assays), metabolic
enzymes, and behavioral responses. Their relevance across diverse animal groups, including wildlife, livestock, and aquatic
sentinel species, is discussed along with their advantages and limitations in ecological risk assessment. Furthermore, the review
explores recent advances such as omics-based technologies, non-invasive sampling strategies, and integrated multi-biomarker
approaches, which offer promising tools for improving environmental monitoring, conservation planning, and predictive
assessments of animal health under changing environmental conditions.
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1. Introduction

Environmental stress encompasses any external factor—  include extreme temperatures, environmental pollutants, hab-
physical, chemical, or biological—that disrupts an animal’s itat degradation, infectious agents, radiation, and other anthro-
normal internal balance, or homeostasis. Common stressors pogenic activities. Prolonged or intense exposure to these
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stressors can impair physiological processes, negatively af-
fecting growth, reproduction, immune function, and overall
survival, ultimately influencing population stability and eco-
system health [1-3].

Early detection of stress responses is essential to prevent
long-term or irreversible damage. Subtle physiological, bio-
chemical, and molecular changes often appear before overt
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symptoms or mortality, providing an opportunity for timely
management, effective conservation measures, and accurate
ecological risk assessment. This is particularly important in
wildlife conservation, sustainable livestock management, and
monitoring aquatic ecosystems [4, 5].
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Figure 1. Conceptual overview of environmental stressors and biomarker responses.

Biomarkers offer significant advantages over traditional
monitoring approaches, which typically rely on observable
symptoms, population surveys, or habitat assessments. By
measuring molecular, cellular, or biochemical responses, bi-
omarkers can detect sub-lethal effects and provide sensitive,
specific, and quantifiable information about environmental
stress. Many biomarkers can be assessed using non-invasive
methods, allowing repeated measurements in the same indi-
viduals, which is highly valuable for longitudinal studies and
environmental monitoring programs [6-8].

This review aims to summarize the major categories of bi-
omarkers used to assess environmental stress in animals, ex-
amine their applications and limitations, and explore recent
advancements that improve early detection and ecological risk
assessment under changing environmental conditions.

2. Environmental Stressors Affecting
Animals

Environmental stressors are external factors that disturb the
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normal physiological balance, behavior, reproduction, and
survival of animals. These stressors may be chemical, physical,
biological, or ecological in origin and often interact with each
other to intensify their impacts.

2.1. Chemical Stressors

Heavy metals- Lead, mercury, cadmium, and arsenic are ex-
amples of heavy metals that are persistent contaminants that
stay in ecosystems for extended periods of time. These chem-
icals build up and become more concentrated in animal tissues
throughout the food chain (bioaccumulation and biomagnifi-
cation). When heavy metals are present, it can cause neuro-
logical damage, reproductive impairment, immune suppres-
sion, and oxidative stress in wildlife [9, 10]. Aquatic organ-
isms and birds are particularly vulnerable to mercury contam-
ination.

Pesticides- In agriculture, pesticides such as carbamates, or-
ganophosphates, and neonicotinoids are widely used to man-
age pests. However, they also negatively affect non-target spe-
cies. These chemicals may disrupt endocrine function, impair
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nervous system activity, and reduce fertility and survival rates.
Neonicotinoids have been strongly linked to pollinator de-
clines and behavioral disturbances in insects [11]. Addition-
ally, pesticide exposure has been shown to alter hormonal sys-
tems and immune responses in amphibians [12].

Industrial pollutants- Soil, water, and air are contaminated
by industrial substances such dioxins, petroleum hydrocar-
bons, and polychlorinated biphenyls (PCBs). Because of their
persistence, they accumulate in animal tissues and may cause
cancer, developmental abnormalities, and immune dysfunc-
tion [13]. Major pollution events, such as oil spills, have
demonstrated long-term ecological damage and population-
level effects on marine species [14].

2.2. Physical Stressors

Temperature extremes- Rising global temperatures and in-
creased climate variability expose animals to heat and cold
stress beyond their tolerance limits. Extreme temperatures can
disturb metabolism, decrease reproductive success, and shift
species distributions [15]. Heatwaves, in particular, have re-
sulted in mass mortality events among birds and marine or-
ganisms [16].

Noise- Human-generated noise from transportation systems,
industrial activities, and urban expansion interferes with ani-
mal communication, orientation, and predator—prey interac-
tions. Chronic noise exposure can elevate stress hormone lev-
els and reduce breeding success [17]. Marine mammals are

especially affected, as underwater noise disrupts their echolo-
cation and migration behavior.

Radiation- Exposure to radiation from natural or anthropo-
genic sources can lead to genetic mutations, reproductive dis-
orders, and increased mortality. Studies following the Cherno-
byl nuclear accident reported higher mutation rates and popu-
lation declines in wildlife inhabiting contaminated areas [18].
Even prolonged low-dose radiation may weaken immune re-
sponses and impair development.

2.3. Biological and Ecological Stressors

Pathogens- Infectious agents such as bacteria, viruses,
fungi, and parasites act as biological stressors in animal pop-
ulations. Environmental changes, including climate change
and habitat disturbance, can increase susceptibility to diseases
and alter host—pathogen relationships. Global amphibian de-
clines, for example, have been strongly associated with
chytrid fungal infections [19]. Disease outbreaks may signifi-
cantly reduce biodiversity and destabilize ecosystems.

Habitat degradation- Habitat destruction and fragmenta-
tion caused by deforestation, urbanization, and agricultural
expansion limit access to food, shelter, and breeding sites.
Such degradation often leads to population declines and in-
creased vulnerability to additional stressors [20]. Fragmented
habitats also restrict gene flow between populations, increas-
ing the risk of inbreeding and long-term extinction.

Table 1. Major environmental stressors and their sources.

Stressor Type Examples
. H Is (Pb, H ici
Chemical eavy metals (Pb, Hg, Cfi), pest.lclde.s .
(organophosphates, neonicotinoids), industrial
Stressors ..
pollutants (PCBs, dioxins, hydrocarbons)
Physical Temperature extremes, anthropogenic noise,
Stressors ionizing radiation
Biological Pathogens (fungi, bacteria, viruses), parasitic
Stressors infections
Ecological Habitat degradation, fragmentation, biodiver-
Stressors sity loss

3. Concept and Classification of
Biomarkers

Biomarkers are measurable indicators that reflect biological
processes, the effects of environmental exposures, or an or-
ganism’s susceptibility to stressors. They are frequently em-
ployed in ecological and environmental toxicology research to

identify early indicators of animal stress or injury.

Major Sources References
Mining and smelting; agricultural runoff; industrial [9-11, 13,
discharge; oil spills; fossil fuel combustion 14]
Climate change and heatwaves; transportation and ur-

S . . . [15-18]
banization; industrial machinery; nuclear accidents
Environmental disturbance; climate change; wildlife [19]
trade; increased host—pathogen interactions
Deforestation; agricultural expansion; urban develop- [20]

ment; infrastructure projects

3.1. Definition of Biomarkers

Biomarkers are biological measurements that indicate ex-
posure to environmental stressors, the effects of that exposure,
or an organism’s inherent sensitivity to stress. They can be de-
tected at molecular, cellular, physiological, or behavioral lev-
els and are used to identify early biological changes before
clinical or population-level symptoms become apparent [6, 7,
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21-24].

3.2. Characteristics of Ideal Biomarkers

An effective biomarker should:

1) Be specific to the stressor or biological effect of interest.
2) Demonstrate high sensitivity, detecting changes at low
levels of exposure.

Be reliably measurable with consistent laboratory or
field methods.

Allow non-lethal sampling, when possible.

Have ecological relevance, reflecting meaningful or-
ganismal or population responses [6, 8, 25-27].

3)

4)
5)

3.3. Biomarkers' Classification

Based on what they show, biomarkers can be divided into
three main categories:

3.3.1. Biomarkers of Exposure

These markers reveal that an organism has encountered a

particular environmental stressor, such as a chemical pollutant,
heavy metal, or endocrine disruptor. Examples include con-
taminant residues in tissues, induction of detoxification en-
zymes, and increased binding proteins like metallothioneins
[6, 28].

3.3.2. Biomarkers of Effect

Biomarkers of effect reflect biological responses that result
from exposure and often relate to impaired physiological func-
tion. These include oxidative stress markers, enzyme activity
changes, DNA damage, endocrine disruption, and lowered im-
mune competence [8, 29-31].

3.3.3. Biomarkers of Susceptibility

These indicators signal an organism’s inherent potential to
respond adversely to stressors. They include genetic polymor-
phisms in detoxification enzymes, differences in receptor sen-
sitivity, and other physiological or developmental traits that
make some individuals or species more vulnerable than others
[22, 23, 27].

Increasing predictive value for adverse health outcomes

Biomarkers of exposure

(Eg: Parent compounds,
metabolites, protein adduct)

Biomarkers of effect

(Eg: DNA damage, enzyme
inhibition, oxidative stress)

s

Biomarkers of susceptibility

(Eg: Genetic polymorphism,
age, immune status)

-

Increasing biological complexity

Figure 2. Classification of biomarkers.

4. Types of Biomarkers Used in
Environmental Stress Assessment

Biomarkers serve as important indicators to monitor envi-
ronmental stress in animals. They provide early evidence of
physiological, biochemical, and behavioral changes before
visible harm occurs. Based on the level of biological organi-

34

zation, biomarkers can be categorized into molecular, bio-
chemical, physiological, and behavioral types.

4.1. Molecular Biomarkers

Molecular biomarkers reflect changes at the genetic or pro-
tein level caused by environmental stressors and are highly
sensitive to early damage.

HSPs or heat shock proteins: These proteins are generated
as a reaction to heat, chemical exposure, or oxidative stress,
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acting as protective agents and indicating cellular stress [32].

Metallothioneins (MTs): MTs are proteins that bind heavy
metals, reducing their toxicity. They are commonly used to
monitor exposure to metals like cadmium, zinc, and mercury
[33].

DNA Damage Markers: Indicators such as DNA strand
breaks, micronuclei formation, and comet assay results reveal
genotoxic effects of pollutants or radiation [34].

4.2. Biochemical Biomarkers

Biochemical biomarkers measure metabolic or enzymatic
changes induced by environmental stressors.

Enzyme Antioxidants: When pollutants produce oxidative
stress, enzymes including glutathione peroxidase (GPx), cata-
lase (CAT), and superoxide dismutase (SOD) rise [35].

Lipid Peroxidation: Malondialdehyde (MDA) levels indi-
cate oxidative damage to cell membranes and are commonly

4.4. Behavioral Biomarkers

elevated after exposure to metals or organic contaminants [36].
Stress Hormones: Cortisol or corticosterone levels rise un-

der chemical, physical, or ecological stress, reflecting the

physiological stress response in vertebrates [37].

4.3. Physiological Biomarkers

Physiological biomarkers assess changes in organ systems,
immunity, or reproduction.

Immune Function: Alterations in leukocyte counts, anti-
body production, or other immune parameters show how en-
vironmental contaminants affect the organism’s defense
mechanisms [7].

Reproductive Parameters: Changes in gonad size, repro-
ductive hormone levels, fertility, or hatchability show the ef-
fects of environmental pollutants regarding reproductive
health [21].

Table 2. Types of biomarkers and their biological significance.

Biomarker Type  Example

Heat shock proteins (HSPs)
Molecular Metallothioneins (MTs)
Biomarkers

DNA damage markers (comet assay, micronu-
clei)

Antioxidant enzymes (SOD, CAT, GPx)

Biochemical Bi- 4 1 croxidation (LPO)

omarkers
Stress hormones (cortisol, corticosterone)
Immune function (leukocyte count, antibodies)
Physiological Bi-
omarkers Reproductive parameters (gonad size, fertility,

hormone levels)

Feeding behavior

Behavioral Bi-
omarkers

Locomotion

Avoidance behavior

Behavioral biomarkers monitor modifications in normal an-
imal behavior caused by environmental stressors and are use-
ful for non-invasive assessment.

Feeding Behavior: Reduced food intake or altered feeding
patterns may indicate toxic exposure or stress [38].

35

Stress Response Indicated References
Cellular stress due to heat, chemical, or oxidative [32]
exposure
Metal exposure and detoxification [33]
Genotoxicity and DNA strand breaks [34]
Oxidative stress response [35]
Membrane damage due to ROS [36]
Physiological stress in vertebrates [37]
Impaired immunity due to pollutants [7]
Endocrine disruption and reduced reproductive fit-

[21]
ness
Reduced appetite or altered feeding patterns [38]
Altered movement or activity due to neurologi- 38]
cal/muscular impairment
Behavioral avoidance of contaminated areas [39]

Locomotion: Changes in movement patterns, swimming
speed, or activity levels can reflect neurological or muscular
impairment.

Avoidance Behavior: Animals may actively avoid contam-
inated areas, which can signal environmental hazards [39].
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Figure 3. Levels of biological organization affected by stress.

5. Biomarkers in Different Animal
Groups
Biomarkers are widely applied to detect environmental
stress across different animal taxa. The type of biomarker used
often depends on the species and habitat, as different animals

exhibit unique physiological, biochemical, and behavioral re-
sponses to stressors.

5.1. Aquatic Animals

Fish- Fish are commonly used as bioindicators in freshwa-

ter and marine ecosystems due to their sensitivity to pollutants.

Typical biomarkers include metallothioneins, antioxidant en-
zymes, heat shock proteins, DNA damage markers, and stress
hormones such as cortisol. These biomarkers help assess ex-
posure to heavy metals, pesticides, and other pollutants. Phys-
iological and reproductive indicators, like gonad development
and fertility changes, are also used to detect endocrine disrup-
tion [6, 21].

Mollusks- Bivalves and other mollusks are valuable for bi-
omonitoring because they are sedentary and filter feeders.
Commonly used biomarkers include metallothioneins, antiox-
idant enzyme activity, lipid peroxidation, and lysosomal sta-
bility. Behavioral responses, such as valve closure or de-
creased filtration rates, also provide rapid, non-invasive indi-
cators of environmental stress [40, 41].

5.2. Terrestrial Animals

Mammals- Terrestrial mammals are studied to evaluate
chemical contamination, habitat loss, and climate-related
stress. Biomarkers include stress hormones (cortisol), antiox-
idant enzyme activity, metallothioneins for metal exposure,
DNA damage markers, and immune function. Behavioral in-
dicators, such as avoidance, feeding changes, and altered lo-
comotion, also reflect environmental stress [42].

Birds- Birds are sensitive to pollutants in urban and agricul-
tural areas. Frequently measured biomarkers include blood
corticosterone, metallothioneins, antioxidant enzymes, DNA
damage markers, reproductive hormones, and behavioral pat-
terns such as nest attendance, foraging efficiency, and flight
activity [43].

Amphibians- Amphibians are quite vulnerable to environ-
mental stress because of their porous skin and dependence on
both aquatic and terrestrial habitats. Biomarkers include stress
hormones, antioxidant enzymes, heat shock proteins, metal-
lothioneins, DNA damage, and reproductive hormone levels.
Behavioral changes, such as reduced feeding, abnormal loco-
motion, or altered calling behavior, are also valuable indica-
tors of environmental contamination [12].

Table 3. Common biomarkers used in different animal groups.

Animal Group  Biomarkers Environmental Stress Indicated  References
Metallothioneins, antioxidant enzymes (SOD, CAT, GPx), heat Exposure to heavy metals,
Fish shock proteins (HSPs), DNA damage markers, stress hormones pesticides, organic pollutants, [6-21]
(cortisol), reproductive parameters endocrine-disrupting chemicals
Metallothioneins, antioxidant enzymes, lipid peroxidation Contamination by heavy metals,
Mollusks (MDA), lysosomal stability, valve closure or reduced filtration hydrocarbons, and organic pollu- [40,41]
behavior tants
Stress hormones (cortisol), antioxidant enzymes, metallothi- . .
. S . . h 1 pollutants, habitat deg-
Mammals oneins, DNA damage markers, immune function, behavioral re- ¢ ermical poriutatls, labitat deg [42]
. . radation, climatic stress
sponses (feeding, movement, avoidance)
Birds Blood corticosterone, metallothioneins, antioxidant enzymes, Urban and agricultural contamina- [43]

DNA damage markers, reproductive hormones, behavioral

36
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Animal Group  Biomarkers

changes (foraging, nest attendance, flight activity)

Stress hormones, antioxidant enzymes, metallothioneins, heat
shock proteins, DNA damage markers, reproductive hormones,
behavioral changes (feeding, locomotion, calling activity)

Amphibians

6. Applications of Biomarkers in
Environmental Monitoring

Biomarkers are extensively utilized in environmental mon-
itoring to identify biological responses to pollutants and other
environmental stressors. They are particularly valuable be-
cause they reveal early, sub-lethal changes in organisms be-
fore visible ecological damage becomes apparent. This makes
them essential tools in environmental management and pro-
tection strategies.

6.1. Early Warning Systems

Biomarkers serve as sensitive early detection tools by iden-
tifying molecular, biochemical, or physiological alterations
that occur before clear ecological consequences are observed.
For instance, variations in antioxidant enzyme activity, metal-
lothionein levels, and heat shock protein expression can indi-
cate contaminant exposure at an early stage [6]. Such early
responses enable prompt corrective actions to minimize long-
term environmental harm [7].

Environmental Stress Indicated References

Environmental pollution, habitat

. . 12
loss, chemical contaminants [12]

6.2. Ecological Risk Evaluation

In Evaluation of ecological risk, biomarkers supply meas-
urable evidence linking pollutant exposure to biological ef-
fects. Indicators such as oxidative stress markers, DNA dam-
age, and endocrine disruption help determine the potential im-
pact of contaminants on organisms and populations [25]. In-
corporating biomarker responses into risk assessment frame-
works enhances the reliability and scientific accuracy of envi-
ronmental evaluations.

6.3. Conservation and Wildlife Health

Within conservation biology, biomarkers are employed to
evaluate the health state of wildlife populations vulnerable to
environmental pressures. Parameters comprising stress hor-
mone concentrations, immune responses, reproductive indica-
tors, and contaminant accumulation assist in understanding
how pollution and habitat changes influence survival and re-
productive success [44]. These assessments are particularly
important for the management of threatened and endangered
species.

DATA ANALYSIS AND
INTERPRETATION
(analyze biomarkers data in
ecological and biological context)

ENVIRONMENTAL PROBLEM IDENTIFICATION
(Pollution source tracking, ecosystem health assessment, human health risk)

BIOMARKER SELECTION AND MEASUREMENT
(Choose appropriate markers to assess exposure and biological effects I)

EFFECTS MONITORING AND
SURVEILLANCE

(To monitor,diagnose and track
environmental changes)

MANAGEMENT ACTIONS AND POLICY DEVELOPMENT
(used data to guide regulation, mitigation, conservation and remediation strategies)

EARLY WARNING AND
DIAGNOSIS
(detect early sign of
environmental stress and toxicity)

Figure 4. Application framework of biomarkers in environmental monitoring.
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6.4. Livestock and Aquaculture Monitoring

Biomarkers are also applied in livestock production and aq-
uaculture to monitor animal well-being and environmental
quality. In aquaculture systems, measurements of antioxidant
enzymes, stress hormones, and immune function help detect
water quality issues and culture-related stress [45]. Similarly,
in livestock, physiological and biochemical markers are used
to assess exposure to environmental pollutants and heat stress,
contributing to improved animal health and sustainable pro-
duction practices.

7. Advantages and Limitations of
Biomarker Approaches

Biomarkers are important tools in environmental toxicol-
ogy because they provide measurable biological responses to
environmental stressors. Although biomarker-based assess-
ments offer several benefits, they also present certain chal-
lenges that must be carefully considered during interpretation.

7.1. Advantages

Sensitive and Early Detection- A key strength of bi-
omarkers is their ability to identify subtle biological changes
at the molecular, biochemical, or physiological level before
visible symptoms or population declines occur [6]. This early
responsiveness makes biomarkers valuable as preventive

monitoring tools. Indicators such as antioxidant enzymes,
metallothioneins, and DNA damage markers can signal con-
taminant exposure long before severe ecological conse-
quences become evident [7].

Non-Lethal Sampling- Many biomarker analyses can be
conducted using minimally invasive or non-destructive sam-
pling techniques, including blood sampling or small tissue bi-
opsies. This is particularly advantageous when monitoring
rare or endangered species, as it allows repeated measure-
ments without causing significant harm. Non-lethal methods
also support long-term studies by enabling continuous obser-
vation of the same individuals [44].

7.2. Limitations

Species-Specific Variability- Biomarker responses may dif-
fer significantly among species because of variations in phys-
iology, metabolism, and ecological adaptations. Consequently,
a biomarker that performs well in one species may not yield
comparable results in another, limiting the broader applicabil-
ity of findings [25].

Environmental Confounding Factors- Natural environmen-
tal variables—Ilike temperature, age, sex, reproductive condi-
tion, nutrition also seasonal changes—can affect the bi-
omarker responses. These confounding factors may compli-
cate the results' interpretation, which makes it challenging to
distinguish between pollutant-induced effects and normal
physiological variation [6]. Proper study design and baseline
reference data are therefore essential for accurate evaluation.

Table 4. Advantages and limitations of biomarker-based assessments.

Category Main Aspect Description References
. Biomarkers are capable of identifying subtle molecular, biochemical, or
Sensitive and early . . . ..
Advantages detection physiological alterations at an early stage, often before visible symptoms or [6, 7]
population-level impacts become evident
Non-lethal or mini- Many biomarker measurements can be performed using non-lethal techniques such
Advantages mally invasive sam-  as blood sampling or small tissue collection, allowing repeated monitoring of the [44]
pling same organisms
e Variation among spe- Responses to biomarkers can differ between species due to differences in physiol-
Limitations . . . . .. . [25]
cies ogy and metabolism, which may restrict broader application of findings
. Influence of environ-  Natural factors such as temperature, age, sex, nutritional condition, and seasonal
Limitations [6]

mental variables

8. Integration of Multiple Biomarkers

Relying on a single biomarker often provides an incomplete
view of how organisms respond to environmental stressors. To

changes may affect biomarker responses, making interpretation more complex

38

obtain a more comprehensive assessment, multiple bi-
omarkers are increasingly combined, which enhances the sen-
sitivity, reliability, and ecological relevance of monitoring
programs [6, 46].
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ENVIRONMENTAL STRESSORS
(Chemical, biological, physical, ecological
Stressors)

MULTI-OMICS ANALYSIS
(Genomics, transcriptomics, proteomics,
metabolomics)

BIOMARKER IDENTIFICATION
(Differential expression, pathway analysis,
statistical validation)

BIOMARKER INTEGRATION AND SCORING
(Standardization, normalisation, weighing)

IBR( INTEGRATED BIOMARKER RESPONSE
INDEX)

DATA INTERPRETATION

RISK ASSESSMENT AND ENVIRONMENTAL
MANAGEMENT
(Human health and ecosystem health protection)

Figure 5. Integrated biomarker approach (IBR/omics-based frame-
work).

8.1. Biomarker Indices

Biomarker indices combine data from several individual bi-
omarkers into a single score, simplifying the interpretation of
complex biological responses. A widely used approach is the
Integrated Biomarker Response (IBR) index, which consoli-
dates molecular, biochemical, and physiological measure-
ments into one composite value. This method facilitates com-
parisons across sites, species, or pollution gradients and pro-
vides a clear indicator of overall stress levels [46, 47]. Field
studies, including those on honeybees and aquatic organisms,
have successfully applied IBR to assess the combined impacts
of multiple environmental strains [48, 49].

39

8.2. Multi-Biomarker Approaches

Multi-biomarker strategies involve measuring several end-
points simultaneously, such as DNA damage, antioxidant en-
zyme activity, stress hormone levels, reproductive parameters,
and immune responses. Evaluating multiple biomarkers to-
gether offers a holistic perspective of the organism’s health
and allows the detection of interactions among stressors that
may not be evident from individual markers alone [25, 50].
Such integrated approaches improve ecological risk assess-
ments by reflecting responses at different biological levels.

8.3. Omics Technologies

Advances in genomics, transcriptomics, proteomics, and
metabolomics have enabled high-throughput omics ap-
proaches in biomarker research. These techniques allow large-
scale monitoring of gene expression, protein profiles, and met-
abolic changes, providing insights into the mechanisms of
stress responses. When combined with traditional biomarkers,
omics technologies enhance sensitivity, uncover novel indica-
tors of environmental stress, and improve predictive capabili-
ties for ecological risk assessments [51-53]. This integration
supports a more detailed and mechanistic understanding of
how pollutants and other stressors affect organismal health
and ecosystem stability.

9. Future Perspectives and Research
Gaps

Despite significant progress in biomarker research for envi-
ronmental monitoring, several limitations and unanswered
questions still need attention. Addressing these gaps will im-
prove the scientific robustness and ecological relevance of bi-
omarker-based approaches.

9.1. Need for Standardization

A major concern in biomarker studies is the absence of uni-
form procedures for sampling, laboratory analysis, and data
evaluation. Variations in methodologies, test species, and en-
vironmental conditions often make it challenging to compare
findings between several studies. Developing standardized
protocols and validated analytical techniques would enhance
consistency and reliability in environmental assessments [6].
Such harmonization is particularly important when bi-
omarkers are incorporated into regulatory and ecological risk
assessment frameworks [25].

9.2. Long-Term Studies

Many biomarker studies focus on short-term or immediate
biological responses to stressors. However, long-range inves-
tigations have essential to comprehend the effects of chronic
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exposure and delayed effects. Extended monitoring can pro-
vide insight into how persistent environmental stress influ-
ences growth, reproduction, survival, and overall fitness. Lon-
gitudinal research also helps differentiate between temporary
adaptive mechanisms and permanent physiological damage
[44].

9.3. Linking Biomarkers to Population-Level
Effects

Another important research need is establishing stronger
connections between individual biomarker responses and
broader ecological outcomes. While biomarkers are effective
in detecting early physiological disturbances, translating
these findings into predictions about population declines or
ecosystem disruption remains complex. Integrating bi-
omarker data with ecological modeling tools and adverse
outcome pathway (AOP) frameworks can improve the link-
age between molecular-level changes and higher-level bio-
logical effects [53]. Advancing such integrative strategies
will strengthen environmental risk assessment and conserva-
tion planning.

10. Conclusion

In summary, biomarkers provide an essential and versatile
approach for evaluating environmental stress in both aquatic
and terrestrial animals. They enable the detection of subtle
molecular, biochemical, physiological, and behavioral
changes that often occur long before visible effects appear at
the organism or population level. This early warning capabil-
ity makes biomarkers a powerful tool in environmental moni-
toring, as they can reveal sub-lethal stress impacts that may
eventually influence survival, reproduction, and overall popu-
lation dynamics.

The variety of biomarkers—ranging from molecular indi-
cators such as DNA damage and heat shock proteins, to bio-
chemical markers like antioxidant enzymes and metallothi-
oneins, physiological measures including stress hormones and
reproductive parameters, and behavioral responses—offers a
multidimensional view of how organisms respond to environ-
mental pressures. Integrating multiple biomarkers, using ap-
proaches such as biomarker indices, multi-biomarker strate-
gies, and advanced omics technologies, further strengthens the
sensitivity and reliability of assessments, allowing researchers
to evaluate cumulative stress effects across multiple biological
levels.

Beyond assessing individual health, biomarkers provide
valuable insights into population and ecosystem-level conse-
quences of environmental stress. They are instrumental for
identifying contaminated sites, guiding conservation and
wildlife management strategies, and monitoring the effective-
ness of mitigation measures. In applied contexts such as live-
stock production and aquaculture, biomarkers also contribute
to ensuring animal welfare and sustainable management by
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detecting environmental and husbandry-related stressors early.
Despite their many advantages, biomarker-based assessments
face challenges, including variability among species, influ-
ence of natural environmental factors, and the need for stand-
ardized protocols. Addressing these gaps through long-term
studies, methodological harmonization, and integration with
ecological and population-level models will enhance the eco-
logical relevance and practical utility of biomarkers. Overall,
biomarker approaches serve as a critical framework for under-
standing, predicting, and mitigating the effects of environ-
mental stress on animals and ecosystems. Their ability to pro-
vide early, sensitive, and multidimensional insights into or-
ganismal responses makes them indispensable for preserving
biodiversity, supporting ecosystem stability, and promoting
sustainable interactions between humans and the environment
amid increasing ecological pressures.
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