


Review Article
Stable isotope analysis in wildlife ecology and conservation: Invisible clues to diet, trophic dynamics, and movement patterns
Abstract
Stable isotope analysis (SIA) has emerged as an indispensable tool in wildlife ecology, providing an indirect yet reliable means of investigating diets, trophic interactions, migration pathways, and contaminant transfer across ecosystems. This review synthesises global and Indian applications of SIA, tracing its development from early bulk tissue analyses to contemporary high-resolution approaches such as Compound-Specific Isotope Analysis (CSIA) and Bayesian mixing models. A systematic literature search following PRISMA guidelines retrieved 742 records, of which 112 were included in the synthesis. Four major applications dominate the field, which include, diet reconstruction, trophic level estimation, migration, habitat use, and ecotoxicology, supplemented by emerging uses in palaeoecology, conservation forensics, and climate change research. Of the 112 reviewed studies, approximately 45% focused on diet reconstruction, 30% on trophic dynamics, 15% on migration tracking, and 10% on ecotoxicology, Carbon and nitrogen isotopes remain central to diet and trophic studies, hydrogen and oxygen isotopes enable tracking of migratory connectivity, sulphur isotopes enhance resolution of aquatic systems, and strontium isotopes provide geological signatures of habitat use. The field has evolved from largely descriptive studies to a rigorous quantitative discipline that directly supports management and policy decisions. In India, although isotope ecology remains in its early stages, it shows strong promise in priority areas such as hilsa fisheries management and elephant crop-conflict landscapes, where isotopes can help clarify movement, habitat use, and resource dependence. Methodological challenges, including baseline variability, tissue-specific discrimination, and limited regional infrastructure, persist, but advances such as CSIA, isoscapes, and probabilistic modelling are improving analytical reliability. Stable isotope ecology remains a dynamic, interdisciplinary field poised to play a pivotal role in biodiversity conservation and environmental change in the 21st century.
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Introduction
Wildlife management and conservation face pressing challenges in the Anthropocene. Expanding human populations, climate change, habitat fragmentation, and wildlife trade place immense pressure on biodiversity (Liordos, 2024). Traditional ecological tools, such as direct observation, radio-telemetry, or scat analysis, are often inadequate for secretive, nocturnal, or migratory species (Hebblewhite & Haydon, 2010; Kays et al., 2015). Moreover, management decisions increasingly demand integrative, evidence-based approaches that can simultaneously address conservation, sustainability, and human–wildlife coexistence (Redpath et al., 2013; Carter & Linnell, 2016). In this context, there is a growing need for tools that can reveal hidden ecological processes while providing scalable, management-relevant findings.
Stable isotope analysis (SIA) has become one of the most powerful diagnostic tools available to ecologists. The technique is founded on a simple but strong principle: “you are what you eat, plus a small isotopic offset” (DeNiro & Epstein, 1978; Post, 2002). Animals incorporate the isotopic signatures of their food and environment into their tissues, creating natural biochemical tracers that record their diets, habitats, and movements (Kelly, 2000; Hobson & Wassenaar, 2019). By analysing isotopes of carbon, nitrogen, hydrogen, oxygen, sulphur, and strontium, researchers can infer trophic positions, track migrations across continents, and detect contaminant pathways invisible to other methods (West et al., 2006; Hobson et al., 2010; Bataille et al., 2020).
[image: ]What makes SIA especially powerful is its temporal integration. While methods like gut content analysis provides only a short-term dietary snapshot, isotopes record assimilated nutrients over days (blood plasma), weeks (red blood cells), months (hair, whiskers, feathers), or even lifetimes (bone collagen, tooth enamel, otoliths) (Tieszen et al., 1983; Newsome et al., 2007; Dalerum & Angerbjörn, 2005) (Figure 1). This capacity to integrate dietary and habitat information across multiple temporal scales makes SIA vital for understanding both short-term foraging behaviour and long-term ecological patterns (Ben-David & Flaherty, 2012). Accordingly, SIA has moved from niche ecological studies into mainstream wildlife science and is now central to research on food webs, migration ecology, ecotoxicology, and wildlife trade forensics (Prigge et al., 2025; Hatten et al., 2025).









Figure 1 Tissue integration duration for Stable Isotope Analysis 


In India, where monitoring elusive, migratory, or wide-ranging species remains logistically challenging, the same strengths that have driven global advances in SIA offer powerful opportunities to address regional ecological questions. In this context, the present study applies stable isotope analysis to investigate vertebrates like mammals, birds, and fishes in order to examine the trophic ecology, habitat use and migration patterns, thereby contributing region-specific findings within a globally established methodological framework.
Material and Methods
Literature search
A systematic review was carried out following PRISMA guidelines (Moher et al., 2009; Page et al., 2021). Records were collected from Scopus, Web of Science, and Google Scholar between January 1980 and June 2025 using keywords “stable isotope analysis AND wildlife,” “δ¹³C AND trophic ecology,” “δ¹⁵N AND diet reconstruction,” “stable isotopes AND migration,” and “stable isotopes AND ecotoxicology” 
Screening
A total of 742 records were obtained. After removing duplicates (n = 121), 621 were screened by title and abstract. Full-text review was done for 176, and 112 studies were included (Figure 2)
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Methodological background
Isotopes: The Basics
Isotopes are atoms of the same element that differ in neutron number while retaining the same number of protons (Hoefs, 2018). Stable isotopes are non-radioactive forms that do not undergo radioactive decay (Criss, 1999). For example, carbon occurs as ¹²C and ¹³C, both stable isotopes commonly used in ecological research (Peterson & Fry, 1987). Other widely applied systems include ¹⁵N/¹⁴N, ¹⁸O/¹⁶O, and ²H/¹H.
Although stable isotopes behave similarly in chemical reactions, slight differences in mass cause predictable discrimination during biochemical processes, a phenomenon known as isotopic fractionation (DeNiro & Epstein, 1978; Fry, 2006). As organisms incorporate isotopes through diet and environmental uptake, these fractionation patterns become embedded in their tissues. Consequently, stable isotope ratios provide integrative information about diet, trophic position, habitat use, and physiological processes, forming the foundation of ecological applications (Post, 2002; Newsome et al., 2007). Stable isotope studies in ecology generally follow a set of standard steps. Tissues such as blood, hair, feathers, claws, muscle, or bone are collected depending on the study aim (Hobson & Wassenaar, 2019). Samples are dried, ground, and pre-treated to remove lipids or contaminants before analysis (Muccio and Jackson 2009).
Tissue Turnover and Temporal Windows
A key strength of stable isotope analysis lies in the differential turnover rates of animal tissues, which provide ecological information across distinct temporal scales (Tieszen et al., 1983; Dalerum & Angerbjörn, 2005). Because each tissue incorporates isotopic signatures at rates determined by its metabolic activity and structural properties, researchers can reconstruct dietary and environmental histories ranging from days to entire lifespans (Hobson & Clark, 1992; Martínez del Rio et al., 2009).
Short-term integration is provided by rapidly metabolising tissues such as blood plasma, serum, and liver (Hobson & Clark, 1992; Bauchinger & McWilliams, 2010). These tissues reflect assimilated diet within days to weeks, making them ideal for capturing short-lived ecological events. For instance, δ¹³C and δ¹⁵N values in plasma have been used to detect dietary switches during migratory stopovers or to measure immediate responses to resource pulses (Bearhop et al., 2002; Inger & Bearhop, 2008). In experimental settings, liver isotopes in fish and rodents have documented the rapid assimilation of novel dietary inputs, offering fine-scale resolution of feeding dynamics (MacAvoy et al., 2001; Buchheister & Latour, 2010).
Medium-term integration occurs in tissues with slower turnover, such as red blood cells, muscle, and keratinous growth structures like hair segments. These tissues archive isotopic information over weeks to months, thereby revealing sustained ecological patterns (Hobson & Clark, 1992; Martínez del Rio et al., 2009). Sequential analysis of hair has been widely employed in mammals to reconstruct seasonal dietary shifts and migration histories (Cerling et al., 2009; Ben-David & Flaherty, 2012), while muscle tissue in fishes reflects average diet over a growth season (Vander et al., 1997). In carnivores such as jackals or civets, red blood cell isotopes could quantify the proportional reliance on anthropogenic versus wild resources across agricultural landscapes in India (Newsome et al., 2015).
Long-term integration is provided by metabolically inert tissues such as bone collagen, tooth enamel, and fish otoliths. These tissues incorporate isotopic signatures during growth and subsequently preserve them without turnover, creating archives that span years to decades (Ambrose & Norr, 1993; Hobson & Sease, 1998). Bone collagen δ¹³C and δ¹⁵N have been instrumental in reconstructing long-term dietary histories of elephants, including shifts between C₃ and C₄ forages associated with seasonal or anthropogenic influences (Cerling et al., 2006). Similarly, strontium isotope ratios (⁸⁷Sr/⁸⁶Sr) in tooth enamel reflect the geological characteristics of the natal landscape, enabling provenance studies in both modern wildlife and archaeological contexts (Bentley, 2006; Bataille et al., 2020). Otolith microchemistry and isotope analysis, widely applied in hilsa (Tenualosa ilisha) and salmonids, provide permanent chronological records of habitat transitions between freshwater and marine environments (Secor & Rooker, 2000; Ghosh et al., 2022).
By strategically selecting tissues, ecologists can integrate behavioural ecology, population dynamics, and conservation biology, providing more robust and integrative insights than traditional observational approaches (Kelly, 2000; Hobson & Wassenaar, 2019).
 Isotopes and their ecological roles
Stable isotopes behave in predictable ways as they cycle through ecosystems, and this reliability makes them powerful ecological tracers (Fry, 2006; West et al., 2010). Each isotope system provides distinct insights, and when used together, they can unravel the complex interactions between organisms, their diets, and their environments (Peterson & Fry, 1987; Newsome et al., 2007) (Table 1).
Carbon isotopes (δ¹³C) are most often used to differentiate between plants with different photosynthetic pathways and, by extension, the animals that consume them (Smith & Epstein, 1971; O’Leary, 1988). Plants that follow the C₃ pathway, such as trees, shrubs, and many cool-season grasses, tend to have more negative δ¹³C values, ranging from –33‰ to –24‰ (Farquhar et al., 1989; Marshall et al., 2007). In contrast, C₄ plants such as tropical grasses, maize, and sugarcane discriminate less strongly against the heavier isotope, producing enriched values between –16‰ and –10‰ (Cerling et al., 1997). This difference allows ecologists to reconstruct diets in ecosystems where both plant types coexist (Kelly, 2000; Cerling & Harris, 1999). A classic application comes from East Africa, where isotopic analysis of fossil tooth enamel revealed a dietary shift in early hominins from C₃-dominated foods to greater reliance on C₄ grasses (Cerling et al., 2011). In India, similar principles have been applied to elephants, where isotopic analysis of dung and hair has shown seasonal shifts between browsing on C₃ resources in forests and grazing on C₄ crops in agricultural landscapes (Sukumar et al., 1987; Vidya et al., 2003). 
Nitrogen isotopes (δ¹⁵N) are the principal tool for estimating trophic position. Consumers are typically enriched by 3–4‰ in δ¹⁵N relative to their diet, a predictable shift that allows food chain length and predator–prey relationships to be reconstructed (Minagawa & Wada, 1984; Post, 2002). This has been crucial in demonstrating apex predator roles for species such as sharks and large seabirds, while also tracing biomagnification of contaminants like mercury (Hobson et al., 1994; Estrada et al., 2003). However, fractionation factors can vary depending on species, tissue type, and diet quality, underscoring the need for careful calibration in tropical systems such as India (Caut et al., 2009).
Hydrogen (δ²H) and oxygen (δ¹⁸O) isotopes reflect the isotopic composition of precipitation and surface waters, which vary geographically due to rainfall patterns, evaporation, and altitude (Dansgaard, 1964; Bowen, 2010). These patterns create “isoscapes” that animals assimilate through drinking water and food, leaving geographic markers in metabolically inert tissues such as feathers, claws, or hair (Hobson & Wassenaar, 1997). This has transformed avian migration studies, where feathers can now be linked to breeding or wintering grounds (Hobson, 2005; Wunder, 2009). For India, with its location along the Central Asian Flyway, developing hydrogen and oxygen isoscapes is essential for tracking migratory storks, sandpipers, and geese (BirdLife International, 2021).
Strontium isotopes (⁸⁷Sr/⁸⁶Sr) provide a geological perspective, as their ratios reflect the age and composition of bedrock. Once incorporated into mineralised tissues such as tooth enamel or fish otoliths, strontium signatures act as lifetime markers of geographic origin (Kennedy et al., 2000). In India, this has been applied to hilsa shad (Tenualosa ilisha), where strontium isotopes revealed distinct migratory and resident forms, findings of direct value for fisheries management (Mazumder et al., 2016).
Table 1Major stable isotopes used in wildlife ecology
	Isotope
	Key Tissues
	Temporal Window
	Primary Wildlife Application
	Example Studies 

	δ¹³C (Carbon)
	Hair, bone collagen, muscle, liver, feathers, otoliths
	Weeks (liver), months (muscle), years (bone collagen), lifetime increments (otoliths)
	Identifies dietary sources (C₃ vs C₄ plants, marine vs terrestrial), habitat use, niche breadth
	Wei et al., 2025
Mills et al., 2021 Ghosh et al., 2022

	δ¹⁵N (Nitrogen)
	Hair, bone, muscle, blood, claws
	Weeks to months (muscle/blood), months–years (bone)
	Determines trophic level, food web structure, biomagnification studies
	Marques et al., 2013
Zhang et al., 2026
Fraser et al., 2024

	δ²H (Hydrogen)
	Feathers, hair, claws
	Reflects location at time of tissue synthesis (seasonal to annual)
	Migration tracking, natal origin identification, precipitation isoscapes
	Thalhuber et al., 2024
Agvent et al., 2026
Sakamoto et al., 2026


	δ¹⁸O (Oxygen)
	Bone, tooth enamel, otoliths
	Months to lifetime (incremental structures)
	Water source identification, freshwater vs marine habitat discrimination, climate inference
	Ghosh et al., 2022
Wang et al., 2026





Isotope Ratio Mass Spectrometry (IRMS) workflow and interpretation
Stable isotope analysis in ecological studies relies on precise measurement of isotope ratios, which is typically accomplished using an Isotope Ratio Mass Spectrometer (IRMS) (Fry, 2006; Parnell et al., 2010). In the IRMS workflow, organic materials are first subjected to combustion or pyrolysis to convert the sample into simple gases, such as CO₂, N₂, H₂, O₂, or SO₂, depending on the element of interest (Hayes, 2001). These gases are then separated chromatographically to isolate the target species before entering the mass spectrometer (Parnell et al., 2010). Within the IRMS, isotopes are separated based on their mass-to-charge ratio, allowing for highly accurate determination of the relative abundance of heavy versus light isotopes in the sample (Michener & Lajtha, 2008).
Isotopic Notation and Standards
Isotopic compositions are conventionally expressed using delta (δ) notation, which quantifies the relative difference in the isotope ratio of a sample compared to an internationally recognized reference standard (Coplen, 2011). The delta value is reported in parts per thousand (‰) and is calculated as:

where X represents the isotope of interest (e.g., ¹³C, ¹⁵N), and Ris the ratio of the heavy to light isotope (e.g., ¹³C/¹²C or ¹⁵N/¹⁴N) in the sample and standard (Fry, 2006). Common reference standards include Vienna Pee Dee Belemnite (VPDB) for δ¹³C, atmospheric air (AIR) for δ¹⁵N, Vienna Standard Mean Ocean Water (VSMOW) for δ²H and δ¹⁸O, and Canyon Diablo Troilite (CDT) for δ³⁴S (Coplen, 2011).
Interpretation of δ Values
Delta values provide insights into biochemical pathways, dietary sources, and ecological interactions (Peterson & Fry, 1987; Fry, 2006). Positive δ values indicate enrichment in the heavier isotope relative to the standard, whereas negative δ values reflect depletion (Michener & Lajtha, 2007). Values approaching zero suggest isotopic compositions similar to the reference. For instance, δ¹³C values around –27‰ are typically indicative of C₃ plant-based diets, whereas δ¹³C values near –10‰ suggest either C₄ plant consumption or a marine-derived food source (Marshall et al., 2019). Similarly, δ¹⁵N values can provide information on trophic position, with higher δ¹⁵N values generally reflecting higher trophic levels due to progressive enrichment of ¹⁵N in consumer tissues (Marshall et al., 2019).
This framework of IRMS analysis and δ value interpretation forms the foundation for stable isotope applications in ecological and wildlife studies, enabling reconstruction of diets, assessment of trophic interactions, and tracking of animal movements across landscapes.
Advanced Analytical Approaches
While bulk stable isotope analysis has been the foundation of ecological applications for decades, it is not without limitations (Newsome et al., 2007). Overlapping isotopic signatures among food sources, poorly characterised baselines, and variability in fractionation factors can all complicate interpretation (Caut et al., 2009). To address these challenges, a suite of advanced analytical approaches has been developed, each pushing isotope ecology toward greater precision and reliability (Layman et al., 2012).
One of the most transformative innovations has been Compound-Specific Isotope Analysis (CSIA), which measures the isotopic composition of individual compounds such as amino acids rather than bulk tissues (McClelland & Montoya, 2002; Nielsen et al., 2015). This approach allows researchers to distinguish between “source” amino acids, those that pass from diet to consumer with minimal modification, and “trophic” amino acids, which undergo predictable isotopic fractionation during metabolism (Chikaraishi et al., 2009). By comparing the two, CSIA provides baseline-independent estimates of trophic position, a major advantage in systems where primary producer isotopic values is poorly constrained (Larsen et al., 2013). In addition, CSIA can reveal physiological stress and nutritional pathways, offering insights that bulk analysis cannot (Ohkouchi et al., 2017).
Equally significant has been the rise of Bayesian mixing models, such as MixSIAR and SIAR, which have replaced traditional linear models in dietary studies (Parnell et al., 2010; Stock et al., 2018). These models explicitly account for uncertainty in both isotopic baselines and trophic discrimination factors, producing probabilistic estimates of dietary contributions rather than single fixed values (Moore & Semmens, 2008). This allows for more transparent, realistic interpretations, particularly in complex food webs where multiple prey types overlap isotopically (Phillips et al., 2014). Bayesian approaches also integrate prior information from gut contents, behavioural studies, or telemetry, enabling a multi-tracer framework that is both statistically rigorous and ecologically meaningful (Jackson et al., 2011).
[bookmark: _Hlk220335399]The development of isoscapes, spatially explicit maps of isotopic variation in precipitation, soils, and vegetation, has further expanded the frontier of isotope ecology (West et al., 2010; Bowen & West, 2008). These maps provide a geographic context for interpreting tissue isotopes, making it possible to assign the origins of migratory birds, fishes, and even mammals to particular regions (Wunder, 2009). While isoscapes are well established in Europe and North America, their development in South Asia remains limited. In India, generating precipitation-based δ²H and δ¹⁸O isoscapes would significantly improve the capacity to track movements of migratory species along the Central Asian Flyway, while soil and vegetation isoscapes could support wildlife forensic applications (BirdLife International, 2021; Singh et al., 2020).


Results and Discussion

Literature Screening and General Trends

Publication trends show that the use of stable isotopes in ecology has expanded rapidly since the 2000s, coinciding with improvements in isotope ratio mass spectrometry and the adoption of statistical approaches such as Bayesian mixing models. Fish and birds together represented nearly 70% of the reviewed literature, reflecting the availability of tissues such as otoliths and feathers and long-standing interest in fisheries and avian migration. Mammals, reptiles, and amphibians remain comparatively understudied. Ecosystem representation was also uneven, with marine and freshwater systems dominating global research, while tropical wetlands and terrestrial ecosystems, particularly those in Asia, remain underexplored. India contributed only a small proportion of the studies, but the diversity of taxa and ecosystems examined suggests growing regional interest in isotope ecology.

Diet Reconstruction
Dietary reconstruction remains the most common and influential application of stable isotope analysis, accounting for nearly half of the reviewed studies. The strength of isotopic tracers, particularly carbon (δ¹³C) and nitrogen (δ¹⁵N), lies in their ability to reveal what resources are actually assimilated into an organism’s tissues, rather than simply documenting what has been ingested at a particular moment, as is the case with stomach content or scat analysis (DeNiro & Epstein, 1981). This temporal integration makes isotopes especially powerful for identifying seasonal shifts in diet, long-term feeding strategies, and the partitioning of food resources among coexisting species (Bearhop et al., 2004).
In the Amazon floodplain, analyses of the herbivorous fish Colossoma macropomum (tambaqui) demonstrated clear seasonal dietary shifts, with fruits dominating during flood periods and aquatic vegetation forming the bulk of the diet during dry periods (Sayão et al., 2026). Such findings highlight how animals adjust their feeding strategies in response to environmental cycles (Post, 2002). In crocodilians, isotopic data have revealed ontogenetic shifts from invertebrate prey in juveniles to vertebrate prey in adults, a pattern difficult to establish through gut content analysis alone (Marques et al., 2013). Similarly, in marine and freshwater fishes, isotopes have identified subtle niche partitioning among sympatric species, providing evidence that resource sharing is structured to minimise competition (Jackson et al., 2011).
[bookmark: _Hlk219678410]In India, isotope-based dietary studies are still emerging but show considerable promise. Fisheries research on Tenualosa ilisha (hilsa shad) has demonstrated that isotopes can distinguish dietary differences between migratory and resident forms, with direct implications for resource management and conservation (Limburg et al., 2026). Beyond fishes, preliminary work on other animals has shown the ability of isotopes to detect shifts between C₃- and C₄-based diets, reflecting seasonal changes in forage and encroachment into agricultural landscapes (Baskaran et al., 2011). Such findings are particularly significant in the context of human–wildlife conflict, as they provide an indirect method to quantify the degree to which elephants rely on crops compared to wild vegetation (Codron et al., 2006).
Despite this progress, challenges remain. Many Indian ecosystems present overlapping isotopic signatures among food sources, making dietary partitioning difficult to resolve without complementary methods (Phillips et al., 2014). Moreover, species-specific discrimination factors values describing how much isotopic enrichment occurs as food is assimilated into tissues are poorly calibrated for tropical fauna (Wolf et al., 2009). Addressing these gaps will be essential for Indian isotope ecology to provide precise, policy-relevant insights into the feeding ecology of wildlife and its intersection with conservation and livelihoods (Newsome et al., 2007).

Trophic Level Estimation
A substantial portion of isotope ecology has been devoted to understanding trophic dynamics, with nearly one-third of reviewed studies focusing on this theme (Post, 2002). Among all isotopic tracers, nitrogen (δ¹⁵N) has proven to be the most consistent and reliable indicator of trophic position (Minagawa & Wada, 1984). The predictable enrichment of δ¹⁵N by approximately 3–5‰ at each step in the food chain provides a robust framework for quantifying food web structure across ecosystems (McCutchan et al., 2003). This trophic fractionation pattern has been observed in terrestrial, freshwater, and marine systems, making it a cornerstone of ecological isotope studies (Zanden & Rasmussen, 1999).
Globally, stable isotope studies have revealed nuances in food web dynamics that extend beyond simple predator–prey relationships. For example, research on seabirds has uncovered sex-based differences in isotopic niches, suggesting that males and females exploit different foraging areas or prey types, thereby reducing intra-specific competition. In marine systems, analyses of sharks and other apex predators have confirmed their roles at the top of trophic hierarchies, while also documenting ontogenetic dietary shifts as individuals mature (Hussey et al., 2014). Similarly, isotopic studies in amphibians and reptiles have shed light on seasonal changes in diet and the fine-scale partitioning of resources among coexisting species (Fry, 2006).
For India, however, the application of stable isotopes to trophic studies remains sparse. Much of the focus has been on fisheries, while terrestrial and freshwater systems are underexplored (Jha et al., 2020). Yet the potential is immense. Estuarine birds, which link aquatic and terrestrial food webs, could be studied isotopically to assess how seasonal resource availability shapes their diets. Mammalian mesopredators such as jackals, civets, and mongooses, species that thrive in agricultural mosaics, are also excellent candidates for trophic studies, as isotopes could quantify their dependence on crops, livestock carrion, or wild prey (Newsome et al., 2010). In the Western Ghats, where amphibian diversity is globally significant, isotopic analysis could reveal how seasonal rainfall patterns and stream productivity influence trophic partitioning among frogs and caecilians (Vences et al., 2016).
One persistent challenge, particularly in tropical systems, is baseline variability. Factors such as monsoonal rainfall, nutrient fluxes, and land-use change cause significant shifts in primary producer isotope values, complicating the interpretation of consumer data (Woodland et al., 2012). Addressing this requires systematic baseline characterisation and the use of Bayesian statistical frameworks that explicitly incorporate variability and uncertainty (Parnell et al., 2013). By doing so, Indian researchers can place trophic studies on a firmer footing, building food web insights that are both locally calibrated and globally comparable (Layman et al., 2012).

Migration and Habitat Use
[bookmark: _Hlk220321446]Migration and habitat connectivity have long fascinated ecologists because they reveal how species link ecosystems across vast spatial scales (Webster et al., 2002). Stable isotopes have emerged as a powerful tool in this area, with around one-fifth of global studies focusing on movement ecology (Hobson, 1999). Hydrogen (δ²H) and oxygen (δ¹⁸O) isotopes, in particular, have revolutionised avian migration research (Hobson & Wassenaar, 1997). Because these isotopes in precipitation vary predictably with latitude, altitude, and monsoonal rainfall, they leave distinct signatures in animal tissues such as feathers and hair (Bowen et al., 2005). Once metabolically fixed, these tissues provide a geographic archive that links individuals to their regions of origin (Rubenstein & Hobson, 2004). This approach has enabled researchers in Europe, Africa, and North America to assign breeding or stopover origins to raptors, passerines, and shorebirds with remarkable accuracy (Wassenaar & Hobson, 2001).
Beyond birds, strontium isotope ratios (⁸⁷Sr/⁸⁶Sr) in fish otoliths and mammalian teeth have proven equally valuable (Hobson, 1999). Strontium signatures, inherited from bedrock geology and incorporated into tissues during growth, allow researchers to trace movements between freshwater and marine environments or across geologically distinct regions (Kennedy et al., 1997). This has shed light on the life histories of salmon in North America and tilapia in Africa, where isotopic evidence has been critical for designing sustainable fisheries management strategies (Walther & Limburg, 2012).
In India, the use of stable isotopes in migration studies remains nascent but promising. Research on Hilsa shad (Tenualosa ilisha) has been particularly pioneering, confirming the coexistence of both migratory and resident forms in Indian rivers (Limburg et al., 2026). This finding has direct implications for fisheries management, as it highlights the need for strategies that safeguard both ecotypes (Mittermayr et al., 2014). Early avian applications have also shown potential: painted storks and bar-headed geese exhibited isotopic signatures in their feathers that reflected different breeding origins, shows the feasibility of tracing migratory connectivity along the Central Asian Flyway.
However, the lack of comprehensive isoscapes for India, maps of hydrogen, oxygen, carbon, and sulphur isotope variation across precipitation, soils, and vegetation, remains a major constraint (Bowen, 2010). Without such baselines, precision in assigning migratory origins is limited (Wunder, 2009). Developing national and regional isoscapes, calibrated against tropical species, is therefore an urgent research priority (West et al., 2010). Such efforts would allow India not only to track its migratory birds more effectively but also to contribute to global initiatives for conserving flyways that sustain biodiversity and cultural heritage across continents (Bairlein, 2016).

Ecotoxicology
Although ecotoxicological applications currently form one of the smaller branches of stable isotope research, representing less than 10% of the literature, they highlight some of the most promising and socially relevant uses of the technique (Jardine et al., 2006). By linking trophic ecology with contaminant dynamics, isotopes provide an integrated framework for understanding how pollutants move through ecosystems and ultimately affect wildlife and human health (Atwell et al., 1998).
Globally, isotopes have been combined with assays of mercury, organochlorines, and other pollutants to clarify exposure pathways and patterns of biomagnification (Kidd et al., 1995). Because nitrogen isotopes (δ¹⁵N) increase predictably with trophic level, they are particularly useful in quantifying contaminant accumulation across food webs (Lavoie et al., 2013). For example, studies in North America showed that nestling red-winged blackbirds exhibited lower-than-expected methylmercury levels, a result explained by stable isotope analysis that revealed their diets were primarily terrestrial rather than aquatic (Thalhuber et al., 2024). In marine systems, stable isotopes have been used to track mercury transfer in sharks, seabirds, and pinnipeds, demonstrating how top predators become critical sentinels of environmental contamination (Ramos & González-Solís, 2012). More recently, isotopes of mercury itself (δ²⁰²Hg) have been applied to trace the sources of contamination, distinguishing between atmospheric, industrial, and watershed inputs (Blum et al., 2013).
In the Indian context, ecotoxicology is an area where isotope applications are still in their infancy. Most studies to date have focused on measuring contaminant concentrations directly in fishes and other aquatic organisms, without integrating isotopic tracers to identify the pathways of exposure (Sahu et al., 2014). This is a missed opportunity, given the extensive use of pesticides, fertilisers, and industrial effluents in Indian wetlands, rivers, and farmlands (Prasad et al., 2015). These pollutants not only threaten aquatic biodiversity but also accumulate in species that are directly consumed by people, linking ecological contamination to public health risks (Vane et al., 2009).
Stable isotopes could play a transformative role here. By tracing the flow of contaminants across ecosystem boundaries, for example, from aquatic insects to terrestrial spiders, or from croplands into wetland food webs, SIA can reveal hidden connections that chemical assays alone cannot capture (Cristol et al., 2011). Applying these tools in Indian wetlands such as Vembanad or the Sundarbans would provide valuable insight into how contaminants move between wildlife and human communities, offering a scientific foundation for both conservation and environmental health policy (Ramesh et al., 2016).
 Forensics and Wildlife Trade
[bookmark: _GoBack]One of the fastest-growing applications of stable isotope ecology is in the field of wildlife forensics, where isotopic tools are being used to trace the geographic origins of animals and their derivatives (Bowen et al., 2005). Provenance determination has become central to the fight against illegal wildlife trade, a global enterprise that threatens thousands of species and undermines conservation efforts (Wasser et al., 2004). Stable isotopes provide natural chemical “fingerprints” that vary predictably with geography, climate, and food sources, making them highly effective in identifying the origin of trafficked wildlife products (Kelly et al., 2005).

Multivariate isotope analyses, drawing on combinations of carbon, nitrogen, hydrogen, oxygen, sulphur, and strontium, are particularly powerful. When used together, these isotope systems create unique ecological profiles that can distinguish between populations across regions with high resolution (Prigge et al., 2025). For example, isotopic profiles have been successfully applied to ivory, rhino horn, shark fins, and even bird feathers, often in combination with genetic analyses (Pauli & Curras, 2024). This integrated approach enhances reliability, ensuring that isotopic evidence can withstand scrutiny in both scientific and legal contexts (Ziegler et al., 2016).

Hatten et al. (2025) argue that isotopes should be considered part of a broader diagnostic toolkit, complementing genomics, trace elements, and remote sensing in conservation enforcement. A striking example comes from cheetah conservation, where isotopes in hair samples have revealed whether animals originated locally in East Africa or were smuggled from distant regions (Chesson et al., 2011). This type of evidence not only strengthens prosecutions but also helps authorities identify poaching hotspots and trafficking routes (Pires & Moreto, 2011).
[bookmark: _Hlk220334498]For India, where wildlife crime remains a critical conservation challenge, stable isotopes hold enormous potential. Pangolins, star tortoises, freshwater turtles, and numerous bird species are heavily targeted for trade, while marine products such as shark fins also leave the country’s shores (Nijman, 2010). Establishing isotopic baselines for these taxa could provide admissible forensic evidence to identify source populations and disrupt trafficking networks (Aggarwal et al., 2015). Furthermore, India’s geographical and ecological diversity, shaped by monsoons, altitudinal gradients, and varied geology, offers a natural isotopic landscape that could be harnessed for provenance studies once sufficient baseline data are developed (Ramesh et al., 2010).


Figure 3 Stable isotope studies by research focus in wildlife ecology


[bookmark: _Hlk209005229]Methodological Advances and Challenges

The last two decades have witnessed substantial methodological advances that have transformed stable isotope analysis (SIA) from a largely descriptive tracer technique into a rigorous, quantitative science applicable across ecological, environmental, and forensic disciplines (Fry, 2006; Boecklen et al., 2011). Central to this transformation have been parallel developments in analytical instrumentation, compound-specific approaches, statistical modelling, and spatial frameworks, which together have greatly expanded the inferential power of isotope-based studies. At the same time, these advances have exposed persistent analytical, interpretative, and standardisation challenges that are particularly pronounced in complex marine and wildlife-related systems.
Technological improvements in isotope ratio mass spectrometry (IRMS) have significantly enhanced analytical precision and sensitivity. Modern IRMS interfaces, including GC-C-IRMS, GC-Py-IRMS, EA-IRMS, and laser-based spectrometers, now permit reliable isotope measurements at trace concentrations, extending applications to emerging contaminants, microplastics, nitrates, and methylmercury in marine matrices (Kuznetsova, 2024). In parallel, the development of dual- and triple-isotope approaches (δ²H, δ¹⁸O, δ¹⁷O, Δ¹⁷O) has enabled more refined reconstructions of hydrological and biogeochemical processes, although these methods demand ultra-high analytical precision, rigorous calibration, and robust reference standards (Wassenaar et al., 2023). Inter-laboratory comparison exercises demonstrate that, while carbon and nitrogen isotope measurements are generally robust, hydrogen and oxygen isotope analyses remain vulnerable to memory effects, drift, and calibration inconsistencies, particularly in laser spectrometry (Wassenaar et al., 2023).
Among the most influential methodological innovations is compound-specific isotope analysis (CSIA), which examines the isotopic composition of individual biochemical compounds rather than bulk tissues (McClelland & Montoya, 2002; Popp et al., 2007). In ecological applications, CSIA of amino acids distinguishes between “trophic” amino acids that undergo predictable fractionation during metabolism and “source” amino acids that retain baseline isotopic signatures. This distinction allows accurate estimation of trophic position while simultaneously correcting for baseline variability (Chikaraishi et al., 2009; Nielsen et al., 2015). As a result, CSIA has substantially reduced ambiguity in food-web studies, particularly in ecosystems where baseline isotopic values fluctuate strongly across space and time, such as marine and estuarine environments (Post, 2002; Zanden & Rasmussen, 2001; Kuznetsova, 2024). Beyond ecology, CSIA has also enhanced contaminant source apportionment and degradation studies, especially where bulk isotope values overlap among potential sources (Prigge et al., 2024).
Methodological progress has further been driven by the expansion of multivariate and multi-isotope frameworks that integrate multiple elements (e.g. C, N, S, H, O) and tissues to improve source discrimination and ecological inference. In wildlife trade and forensic investigations, multivariate stable isotope analyses have proven more powerful than single-isotope approaches for determining geographic provenance, distinguishing captive-bred from wild individuals, and strengthening evidentiary robustness (Prigge et al., 2024). In marine ecosystem studies, combining δ¹³C and δ¹⁵N with δ³⁴S or δ¹⁸O has improved resolution of habitat use, connectivity, and nutrient pathways (Skinner et al., 2022; Teixeira et al., 2022). Additionally, the use of tissues with contrasting turnover rates, such as blood components, skin, blubber, baleen, or dentine, has enabled dietary and ecological reconstructions across multiple temporal scales, representing a significant advance over traditional snapshot-based analyses (Teixeira et al., 2022).
Statistical modelling has evolved alongside analytical techniques, further strengthening the quantitative foundations of stable isotope ecology. Early linear mixing models often oversimplified complex diets, particularly when multiple prey sources exhibited overlapping isotopic signatures (Phillips & Gregg, 2003). Bayesian mixing models, such as SIAR and MixSIAR, now provide probabilistic estimates of dietary contributions while explicitly incorporating uncertainty in fractionation factors, source variability, and measurement error (Parnell et al., 2010; Stock & Semmens, 2016). These frameworks also allow the integration of prior ecological information, including gut-content data and behavioural observations, producing more realistic and defensible dietary reconstructions (Moore & Semmens, 2008; Phillips et al., 2014).
Another major methodological advance has been the development of isotopic landscapes, or “isoscapes”, spatially explicit maps of hydrogen, oxygen, carbon, or sulphur isotope variation (West et al., 2010). Isoscapes have been transformative in migration studies, enabling the assignment of geographic origins to animal tissues and linking breeding and non-breeding habitats across vast spatial scales (Bowen et al., 2005; Hobson et al., 2012). In marine systems, they have been used to track the provenance of fish and marine mammals and to elucidate large-scale connectivity patterns (Hobson & Wassenaar, 1997; Trueman et al., 2019).
Despite these advances, significant methodological challenges remain. Sampling and sample preparation are among the least standardised aspects of isotope studies, particularly in marine environments where low analyte concentrations, high salinity, and complex organic matrices increase the risk of isotope fractionation during extraction and derivatisation (Kuznetsova, 2024). In ecological applications, improper tissue preservation, lipid contamination, and poorly constrained tissue-specific discrimination factors can lead to misinterpretation of isotopic data (Teixeira et al., 2022). These issues are especially problematic in forensic contexts, where analytical reproducibility and defensibility are critical (Prigge et al., 2024).
Interpretative challenges are further compounded in tropical regions, including South Asia, where baseline isotopic variability is poorly characterised (Hyodo, 2015). Monsoonal rainfall introduces strong seasonal variability in hydrogen and oxygen isotopes, complicating geographic assignments (Dansgaard, 1964; Bowen & Revenaugh, 2003), while the coexistence of C₃, C₄, and CAM plants creates complex carbon isotope baselines (Cerling et al., 1997; Still & Powell, 2009). Fractionation factors remain poorly established for many tropical taxa, limiting model transferability across systems (Caut et al., 2009; Robbins et al., 2010). These challenges are exacerbated by limited laboratory infrastructure and uneven access to isotope facilities in the Global South.
Addressing these constraints will require coordinated efforts to standardise protocols, expand reference isotope databases, conduct targeted calibration studies, and invest in regional analytical capacity. By integrating continued methodological innovation with local capacity building and long-term baseline monitoring, stable isotope ecology can fully realise its potential in marine systems and tropical biodiversity hotspots (Boecklen et al., 2011; West et al., 2010; Hyodo, 2015).
 Global and Indian Perspectives
A comparison of global and Indian isotope research highlights both remarkable opportunities and persistent gaps. Internationally, stable isotope ecology has advanced into a highly interdisciplinary field, seamlessly integrated with complementary approaches such as telemetry, genomics, trace-element chemistry, and remote sensing (Rubenstein & Hobson, 2004; Hobson, 2010). This convergence of tools has enabled scientists to build multi-tracer frameworks that offer unprecedented resolution in understanding ecological processes (Webster et al., 2002). For example, migratory connectivity in birds has been mapped with extraordinary precision in North America and Europe by combining hydrogen isotope isoscapes with geolocator data. Similarly, in marine systems, isotopes paired with satellite telemetry have revealed the foraging hotspots of large predators, information that feeds directly into conservation planning. In temperate and polar regions, long-term monitoring programs have used isotopes to track ecosystem change under shifting climates, creating powerful archives that link species biology with environmental variability.
In India, however, stable isotope ecology remains a field in its infancy. Applications are currently fragmented and concentrated mainly on fisheries (Sarma et al., 2012). Pioneering studies on hilsa shad and select marine fish species have provided important insights into stock structure and trophic interactions (Radhakrishnan et al., 2019; Bhaumik et al., 2024). Beyond fisheries, the scope of isotope applications is still limited. Mammals, reptiles, amphibians, and migratory birds remain largely understudied. Despite India’s position on the Central Asian Flyway, isotope-based studies on migratory birds are rare (Kumar et al., 2020). Likewise, isotope applications in terrestrial mammals such as elephants, jackals, and leopards are few (Sukumar et al., 2016; Mondol et al., 2023). A key barrier is the absence of comprehensive baseline datasets and national-scale isoscapes (West et al., 2010). Without these reference maps, the power of isotopes to trace movements or geographic origins remains constrained (Bowen et al., 2005). Laboratory infrastructure and expertise, though improving, are still limited compared to global standards.

Yet India’s unique biodiversity, dramatic monsoonal gradients, and urgent conservation challenges make it an unparalleled natural laboratory for isotope ecology (Hyodo, 2015).
With targeted investment in isotope facilities, systematic baseline mapping, and integration with other ecological tools, India has the potential to emerge as a leader in tropical isotope ecology (Boecklen et al., 2011).
Synthesis
In particular, advances such as compound-specific isotope analysis and Bayesian modelling have enabled more precise interpretations, while the integration of isotopes with genetics, remote sensing, and telemetry has opened the door to multi-tracer ecological studies (Chikaraishi et al., 2009; Stock & Semmens, 2016; Rubenstein & Hobson, 2004).These developments underscore the value of isotopes not just as stand-alone tools, but as central components of interdisciplinary approaches to biodiversity science (Boecklen et al., 2011).

For India and South Asia, the promise of isotope ecology lies in its ability to link ecological research with urgent conservation priorities (Hyodo,2015). Wetland systems such as Vembanad and Chilika highlight the potential of isotopes to connect biodiversity monitoring with livelihood security (Sarma et al., 2012; Gopal, 2013). Applications in elephants reveal how isotopes can illuminate human–wildlife interactions, offering practical data for coexistence strategies (Sukumar et al., 2016; Mondol et al., 2023). In wildlife forensics, isotopes strengthen the capacity to trace the origins of trafficked species, an increasingly important tool in the region’s efforts to combat illegal trade (Meier-Augenstein, 2010; Wasser et al., 2015).

Realising this potential, however, requires investment in national infrastructure .Building comprehensive baseline datasets, calibrating discrimination factors for  tropical species, and strengthening laboratory facilities should be immediate research priorities (Hyodo, 2015; Caut et al., 2009).Equally important is fostering collaboration across disciplines and borders, ensuring that isotope ecology becomes not only a research tool but also a conservation instrument for addressing the complex challenges of biodiversity management in South Asia (Boecklen et al., 2011).
India and the wider South Asian region offer fertile ground for the growth of stable isotope ecology, owing to their extraordinary biodiversity, diverse landscapes, and pressing conservation challenges (Hyodo, 2015). Although the number of isotope-based studies in this region remains limited compared to global trends, the applications that have emerged already highlight the transformative potential of the approach. Isotope applications in marine systems, particularly along the Arabian Sea and Bay of Bengal coasts, have helped clarify trophic partitioning among fish species (Vivekanandan et al., 2010). These findings are valuable both for biodiversity conservation and for the fishing communities that depend on these resources (Pauly et al., 2002). Avian research in South Asia is also beginning to harness the potential of isotopes (Kumar et al., 2020).
Preliminary work on painted storks, common sandpipers, and bar-headed geese suggests that hydrogen and oxygen isotopes in feathers can be powerful tools for tracing migratory connectivity along the Central Asian Flyway (Hobson et al., 2012; Singh et al., 2021).With India serving as a critical stopover and wintering ground for millions of migratory birds, isotopes could help clarify population linkages, identify key habitats, and strengthen flyway-scale conservation efforts (Newton, 2008; Kumar et al., 2020).Among mammals, isotopic approaches remain sparse but promising in the Indian context (Mondol et al., 2023).Research on elephants has demonstrated dietary shifts between C₃ forest browse and C₄ crops, a finding directly relevant to understanding and mitigating human–elephant conflict (Sukumar et al., 2016; Cerling et al., 2009).Such studies illustrate how isotopes can be applied to species at the interface of wilderness and human landscapes, a theme highly relevant for South Asia (Athreya et al., 2013).These ecosystems support rich biodiversity while also underpinning rural livelihoods, making them excellent systems for linking ecological understandings with human well-being (Millennium Ecosystem Assessment, 2005).
Developing national isoscapes for δ²H, δ¹⁸O, and δ³⁴S, alongside strengthening isotope laboratories and reference collections, will be critical to bridging the current gap between global advances and regional applications (West et al., 2010; Bowen et al., 2005).
Conclusion
[bookmark: _Hlk218868534]Stable isotope analysis (SIA) has become a powerful tool in wildlife ecology, revealing hidden patterns of diet, movement, and environmental exposure that traditional methods often miss. Advances in portable technologies, improved analytical techniques, and stronger statistical models have made isotope research more precise, accessible, and relevant to real-world conservation.The field is increasingly interdisciplinary, supporting applications from archaeology and wildlife forensics to migration studies and contaminant tracking. Non-invasive sampling methods further expand its ethical and practical use, especially for threatened species.
In India, developing national isoscapes, strengthening laboratory capacity, and integrating isotope tools into fisheries management, migratory bird monitoring, and human–wildlife conflict mitigation could significantly enhance conservation outcomes. As biodiversity faces mounting pressures, stable isotope ecology offers practical, science-based insights to guide sustainable wildlife management in the years ahead.
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