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Article Info Abstract

Keywords:  Stable isotopes, Aquatic Stable isotopes of carbon (613C) and nitrogen (§15N) are pivotal in aquatic food web
ecosystems, Zooplankton  and studies, serving as intrinsic tracers of carbon sources and trophic positioning. In freshwater
compound-specific isotope  analysis ecosystems, zooplankton represent an essential intermediate trophic group, rapidly inte-
(CSIA). grating isotopic signals from lower trophic levels. This mini-review critically examines the
current state of knowledge regarding stable isotope applications in freshwater zooplank-
ton research, with a focus on quantifying anthropogenic impacts such as eutrophication,
land-use conversion, and climate-mediated hydrological shifts. The review synthesizes key
empirical findings, methodological protocols, and statistical approaches for interpreting
isotopic variability. Recent advancements in compound-specific isotope analysis (CSIA),
baseline normalization, and mixing models are discussed. Emphasis is placed on tropical
© 2025 by the au- and spbtropical_rf:gions, ipcluding S.out.h In_dian aquatic sy§tems, Wherg isotopic fran_leworks
remain underutilized. This synthesis highlights the potential of stable isotope techniques to

Received: 01.11.2025;
Accepted: 15.12.2025;
Published: 28.12.2025

thor’s. The terms and conditions of

the Creative Commons Attribution (CC elucidate biogeochemical pathways, refine ecosystem models, and support biomonitoring
BY) license apply to this open access under accelerating global change.
article.

1. Introduction

Freshwater zooplankton are central to aquatic food webs, functioning as conduits for energy transfer between primary producers and higher
trophic levels [1]. Their sensitivity to environmental perturbations and rapid turnover rates make them valuable bioindicators of ecosystem
integrity. Stable isotope analysis (SIA) of carbon (§'3C) and nitrogen (8!9N) enables quantification of assimilated energy sources and
trophic positioning, offering time-integrated dietary information that overcomes limitations of gut content analysis [2]. Zooplankton thus
serve as ideal candidates for applying isotopic tracers to investigate ecosystem-level shifts resulting from anthropogenic and climatic drivers

(3.
2. Theoretical Foundations of Stable Isotope Ecology in Zooplankton Studies

(8'3CC) reflects the isotopic composition of primary producers and can distinguish between carbon derived from autochthonous (phytoplank-
ton) versus allochthonous (terrestrial) sources [4]. (8 15N), enriched by 3.4 u 2030 per trophic level, provides estimates of relative trophic
positioning. Zooplankton isotopic signatures are modulated by dietary sources, assimilation efficiencies, lipid content, and physiological
processes [5]. Discriminating isotopic variation requires accounting for spatial-temporal heterogeneity in baseline values, often represented
by suspended particulate organic matter (SPOM) or primary consumers [6].
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2.1. Environmental Change Indicators through SIA
Eutrophication

Anthropogenic nitrogen influxes increase (8'°N) in phytoplankton and downstream consumers [7]. Elevated (§'°N) in zooplankton correlates
with agricultural runoff, aquaculture discharge, and sewage input. Multi-seasonal studies reveal peak enrichment during dry seasons due to
reduced dilution effects [8].

Land-Use Conversion

Alterations in (6'3C) among zooplankton assemblages signal shifts in basal production sources [9]. Deforestation and urbanization increase
terrestrial carbon inputs, elevating (8'3C)-depleted allochthonous signatures in zooplankton [10]. Comparative gradient studies have shown
clear isotopic contrasts between forested catchments and peri-urban zones [11].

Climatic and Hydrological Regime Shifts

Climate-induced hydrological fluctuations modulate nutrient loading, residence time, and primary productivity [12]. These processes alter
baseline isotope signatures, complicating trophic interpretation. In monsoon-impacted systems, temporal isotopic shifts are pronounced and
require high-frequency sampling [13].

2.2. Taxon-Specific Isotopic Dynamics

Intertaxonomic differences in isotopic ratios arise from variable trophic niches and metabolic pathways [14]. Copepods, typically omnivorous
or carnivorous, exhibit higher (& I5N) than filter-feeding cladocerans [15]. Rotifers, often detritivorous or bacterivorous, reflect low-trophic

dietary sources. Intraspecific variability further depends on ontogeny, life-history strategies, and reproductive modes . These dynamics
necessitate taxon-level resolution in isotope-based studies [16].

3. Methodological Considerations

Analytical precision in SIA depends on rigorous sample preparation. Lipid extraction or mathematical normalization is required to
correct(813C)- depletion [17]. Preservation with formalin or ethanol can introduce isotopic artifacts; freezing remains the preferred method.
Sufficient biomass is essential, often necessitating pooled samples [18]. Baseline characterization using SPOM, periphyton, or primary
consumers enhances trophic fractionation accuracy [19].

3.1. Case Studies in South Indian Freshwater Ecosystems

Kolleru Lake

Elevated (§'°N) values in zooplankton during post-monsoon months indicate intensified aquaculture effluent input [20]. Isotope biplots
(8'3C) vs (8'°N) show clear separation between dry and wet season clusters, reflecting shifts in nutrient sourcing [21].

Godavari River Basin

Longitudinal isotope transects reveal downstream enrichment in (& 15 N)), aligned with increasing agricultural density [22]. SPOM (& 13C))
declines concurrently, highlighting a shift from phytoplankton- to detritus-dominated carbon pathways [23].

Chilika Lagoon

Brackish transition zones exhibit spatially heterogeneous (513C)) and (515 N)) values [24]. Zooplankton isotopic variability aligns with
salinity gradients and freshwater flushing events [25].

3.2. Emerging Techniques and Analytical Frameworks

Compound-specific isotope analysis (CSIA), particularly of amino acids, enables disentanglement of trophic enrichment from baseline shifts
[26]. Bayesian mixing models (e.g., MixSIAR, SIAR) offer probabilistic dietary source attribution [27]. Integration with remote sensing
(chlorophyll-a, turbidity) and machine learning enhances spatial-temporal resolution in ecosystem diagnostics [28].

Limitations and Prospects

Challenges include baseline isotopic variability, limited taxonomic resolution, and constraints in tropical systems with high temporal

turnover. Future studies should prioritize long-term monitoring, inclusion of isotopically distinct end-members, and multi-tracer approaches.
Combining SIA with fatty acid profiling, DNA metabarcoding, and geochemical tracers holds promise for ecosystem-wide inference.

4. Conclusion

Stable isotope analysis offers an incisive tool for elucidating trophic dynamics, nutrient sourcing, and ecosystem responses to environmental
change in freshwater systems. Zooplankton, due to their ecological position and physiological sensitivity, are optimal indicators. Advances
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in isotopic techniques and integrative frameworks promise to expand their role in ecosystem surveillance and restoration planning.
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