SPATIOTEMPORAL ENVIRONMETAL SCREENING AS A BASIS FOR
ECOLOGICAL MONITORING OF ENVIRONMENTAL COMPONENTS

Tetiana Morozoval®®, Oleksandr Bondar!‘®?, Oleksandr Mudrak?®, Oleh Yermishevi®® Isabel
O’Neill De Gaivio,*® Halyna Mudrak,>® Volodymyr Prysiazhnyi,!® Volodymyr Tkach*®

IState Scientific Institution "Institute of Ecological Restoration and Development of Ukraine", Environment
Remediation Section, Mytropolite Vasyl Lypkivsky Str. 35, 01001 Kyiv, Ukraine
2Public Higher Educational Establishment “Vinnytsia Academy of Continuing Education”, 13 Hrushevskoho
Str., Vinnytsia, 21000, Ukraine
3Vasyl' Stus Donetsk National University, Sonyachna Street, Vinnytsia, 21000, Ukraine
*Veterinary and Animal Research Centre (CECAV), University of Trds-0s-Montes e Alto Douro (UTAD), 5000-
801 Vila Real, Portugal
SVinnytsia National Agrarian University, 3 Sonyachna Street, Vinnytsia, 21000, Ukraine
tetiana.morozova@ukr.net

https://doi.org/10.23939/ep2026.03.339

Received: 20.05.2026

© Morozova T., Bondar O., Mudrak O., Yermishev O., O’Neill De Gaivao 1., Mudrak H.., Prysiazhnyi V.,
Tkach V. 2026

Abstract. Spatiotemporal environmental screening has become an essential component of contemporary
environmental monitoring under conditions of increasing anthropogenic pressure, climate change, biodiversity
loss, and ecosystem degradation. This review synthesizes current conceptual and methodological approaches to
integrated spatiotemporal environmental screening and evaluates the role of biomonitoring, biosurveillance,
bioindication, geoinformation technologies, remote sensing, molecular methods, and ecological modeling in
comprehensive environmental assessment systems. The study examines the hierarchical organization of
environmental screening across multiple levels of ecosystem structure, from molecular and physiological
responses to landscape-scale ecological processes. Particular attention is given to the integration of bioindicator
systems, environmental DNA (eDNA), metagenomics, GIS technologies, remote sensing platforms, sensor
networks, and intelligent analytical approaches for ecosystem diagnostics and ecological forecasting.
Methodological aspects of data normalization, multi-criteria assessment, fuzzy logic, spatial interpolation, and
the development of integral ecological indices are also analyzed. Based on the reviewed methodological
approaches, an integrated spatiotemporal environmental screening framework is proposed. The framework
combines data acquisition, ecological screening, analytical integration, ecosystem response assessment, and
decision support within an adaptive monitoring cycle. Special emphasis is placed on the development of the
Source—State-Risk (SSR) analytical model, which integrates environmental pressures, ecosystem condition, and
ecological risks within a unified assessment framework. The reviewed literature suggests that integrating
biological indicators, geospatial technologies, remote sensing, molecular approaches, and predictive analytics
may strengthen the comprehensiveness and spatial representativeness of environmental monitoring while
supporting ecosystem resilience assessment, ecological risk analysis, adaptive environmental management, and
evidence-based decision-making.
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1. Introduction

Environmental monitoring systems are increasingly challenged by accelerating climate change,
intensifying anthropogenic pressures, biodiversity loss, and growing technological risks. These factors
substantially complicate environmental assessment, forecasting, and management at local, regional, and global
scales. Conventional monitoring approaches often demonstrate limited effectiveness due to fragmented
information sources, insufficient integration of biological, chemical, and geospatial data, and inadequate
consideration of the spatial and temporal dynamics of ecosystem processes. Consequently, there is a growing
demand for integrated environmental assessment frameworks capable of combining heterogeneous ecological
information within unified analytical systems (Hasan, 2024).

The rapid development of digital technologies, satellite monitoring systems, artificial intelligence, and
multi-source environmental data integration platforms is shaping a new paradigm of ecological monitoring
focused not only on the accumulation of primary information, but also on its analytical interpretation, predictive
modeling, and ecological risk forecasting. Recent review studies demonstrate that the integration of GIS, RS,
multi-sensor technologies, and machine learning approaches significantly improves the accuracy of ecosystem
state assessment, facilitates the identification of hidden ecological patterns, and enhances the capacity for real-
time spatiotemporal analysis of environmental processes (Alvarez-Martinez et al., 2026; Hwang et al., 2025,
Nahurskyi et al., 2024). Furthermore, integrated monitoring approaches contribute to ecological risk assessment,
ecosystem resilience evaluation, and adaptive environmental management under conditions of increasing
environmental uncertainty (Javan et al., 2025; Jodhani et al., 2026).

Despite these advances, the development of comprehensive analytical frameworks capable of integrating
biological, ecological, spatial, and temporal datasets within unified environmental assessment systems remains a
major scientific challenge. Existing approaches are frequently limited to individual indicators or specific
ecosystem components, which constrains their applicability for comprehensive ecosystem assessment,
ecological risk analysis, and predictive environmental modeling.

Therefore, the objective of this study is to synthesize contemporary methodological approaches to
spatiotemporal environmental screening and to propose an integrated conceptual framework for environmental
monitoring that brings together biomonitoring, biosurveillance, biotesting, geographic information systems
(GIS), remote sensing, and multi-source environmental data. The proposed framework is intended to provide a
conceptual basis for linking heterogeneous environmental observations across spatial and temporal scales and
for supporting ecosystem diagnostics, ecological risk analysis, and adaptive environmental decision-making.

2. Review Methodology

2.1. Literature Search and Selection Procedure. The present study was conducted as an integrative narrative
review aimed at synthesizing contemporary methodological approaches to spatiotemporal environmental
screening, biomonitoring, biosurveillance, ecological risk assessment, and geospatial ecosystem analysis. The
review focused on identifying major conceptual developments, methodological approaches, technological tools,
and analytical frameworks relevant to the integration of heterogeneous environmental data within
spatiotemporal monitoring systems. Based on this synthesis, an integrated conceptual framework for
environmental monitoring was proposed, bringing together biomonitoring, biosurveillance, biotesting,
geographic information systems (GIS), remote sensing, and multi-source environmental data.

The literature search was conducted using four scientific information sources: Scopus, Web of Science,
ScienceDirect, and Google Scholar. The primary literature search covered publications published between 2000
and 2025, with particular emphasis on studies published during the last decade because of the rapid
development of remote sensing, geographic information systems (GIS), environmental DNA (eDNA), sensor
technologies, artificial intelligence, and integrated environmental monitoring platforms. Earlier publications
were retained when they provided fundamental theoretical or methodological contributions to biomonitoring,
ecosystem assessment, ecological resilience, environmental indicators, or ecological risk analysis. An additional
literature search update was conducted in 2026 to identify recently published studies directly relevant to the
reviewed topic and to ensure that the synthesis reflected current methodological developments.

The search strategy combined terms describing the methodological concept, environmental monitoring
approaches, analytical technologies, and ecological assessment objectives. The principal search terms and
thematic clusters included: “spatiotemporal environmental screening”, “biomonitoring”, “biosurveillance”,
“bioindication”, “ecological risk assessment”, “GIS-based environmental monitoring”, “remote sensing”,
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“ecosystem resilience”, “environmental DNA”, “integrated ecosystem assessment”, “ecological indicators”,
“multi-criteria environmental analysis”, “fuzzy logic”, and “predictive ecological modeling”. The terms were
combined using Boolean operators, primarily AND and OR, and adapted to the syntax of the respective
information sources.

The identification and selection of relevant publications followed a sequential qualitative screening procedure.
Records retrieved from the different information sources were examined for their relevance to the thematic
scope and objectives of the review. Duplicate records and publications clearly outside the research objectives
were excluded from further consideration. Titles and abstracts were subsequently screened to identify
potentially relevant studies, followed, where appropriate, by examination of the full text. Particular attention
was given to the methodological relevance of each publication and to its contribution to the understanding or
application of integrated environmental monitoring approaches.

The inclusion criteria comprised peer-reviewed research articles, review papers, methodological studies, and
conceptual or analytical frameworks addressing integrated environmental assessment, ecosystem diagnostics,
spatiotemporal ecological analysis, environmental forecasting, ecological indicators, GIS-supported monitoring,
remote sensing, biomonitoring, biosurveillance, bioindication, or ecological risk assessment. Priority was given
to studies demonstrating integration of biological, geospatial, molecular, physicochemical, or analytical
approaches, as well as studies addressing hierarchical monitoring systems and risk-oriented ecosystem
assessment. Publications were excluded when they were unrelated to environmental monitoring or ecological
assessment, addressed isolated technical or biological processes without relevance to integrated environmental
analysis, or did not provide sufficient methodological or conceptual information for the objectives of the review.
The selected literature was subjected to qualitative comparative and thematic analysis. The synthesis focused on
methodological trends, analytical limitations, emerging technological directions, and opportunities for
developing integrated spatiotemporal environmental screening systems. The reviewed studies were organized
according to the principal methodological components of integrated environmental monitoring, including
biological indicators, biosurveillance, GIS and remote sensing, molecular approaches, multi-criteria analysis,
ecological indices, predictive modeling, and decision-support frameworks.

Because the study was designed as an integrative narrative review rather than a systematic review or meta-
analysis, the objective was not to calculate pooled effect sizes or perform statistical meta-analysis. Instead, the
literature was synthesized thematically to identify converging methodological approaches, complementary
analytical tools, current limitations, and potential directions for the development of integrated spatiotemporal
environmental screening frameworks. The final qualitative synthesis comprised 28 publications selected as
directly relevant to the conceptual and methodological objectives of the study, including publications identified
during the 2026 search update.

2.2. Conceptual Framework of Integrated Spatiotemporal Environmental Screening. In this study, an
integrated spatiotemporal environmental screening framework is proposed that combines biomonitoring,
biosurveillance, biotesting, geographic information systems (GIS), remote sensing technologies, and multi-
source environmental data within a unified information-analytical architecture.

Unlike conventional environmental monitoring approaches, which frequently rely on isolated indicators
or individual ecosystem components, the proposed framework is designed to transform heterogeneous
environmental observations into an integrated system of ecological indicators characterizing ecosystem state,
resilience, functional stability, ecological risk, and adaptive capacity. The framework integrates ecological
screening, analytical assessment, ecosystem resilience evaluation, and environmental decision-support
components within a comprehensive monitoring structure (Fig. 1).
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Fig. 1. Hierarchical conceptual framework of integrated spatiotemporal environmental screening

Figure 1 illustrates the hierarchical conceptual framework of integrated spatiotemporal environmental
screening proposed in this study. The framework integrates biomonitoring, biosurveillance, biotesting, remote
sensing, geographic information systems (GIS), and multi-source environmental data within a unified analytical
architecture. It comprises five interconnected analytical levels: (1) data acquisition, integrating biological,
environmental, geospatial, and auxiliary datasets; (2) ecological screening, focused on identifying
environmental patterns, anomalies, and anthropogenic pressures; (3) analytical integration, including data
standardization, multi-criteria analysis, ecological index development, and predictive modeling; (4) ecosystem
response assessment, encompassing resilience, vulnerability, and ecological risk analysis; and (5) decision
support and environmental management, providing evidence-based recommendations for adaptive
environmental governance. The framework also incorporates a spatiotemporal analytical dimension and an
adaptive management feedback loop, supporting ecosystem diagnostics, resilience assessment, ecological
forecasting, and evidence-based decision-making under conditions of environmental uncertainty.

These components are functionally interconnected. Data acquisition provides the empirical basis for
ecological screening; screening identifies relevant spatial and temporal patterns and environmental pressures;
analytical integration transforms heterogeneous observations into standardized indicators and risk-related
information; ecosystem response assessment interprets these outputs in terms of resilience, vulnerability, and
ecological risk; and decision support translates the analytical results into management recommendations.
Feedback from management informs subsequent monitoring and data acquisition, thereby establishing an
adaptive cycle of observation, analysis, interpretation, and management response.

The conceptual novelty of the proposed framework lies in the integration of multi-level ecological
indicators, geospatial analytical methods, ecosystem productivity assessment, and risk-oriented environmental
modeling within a unified spatiotemporal analytical architecture. Furthermore, the framework incorporates the
conceptual principles of the Source-State—Risk (SSR) model as a methodological basis for ecological risk
differentiation, ecosystem resilience assessment, and evidence-based environmental decision support.

The methodological foundation of the proposed framework combines GIS technologies, remote sensing,
fuzzy logic methods, data normalization procedures, weighted ranking approaches, ecological index analysis,



and artificial intelligence tools. This integration may improve the reliability and consistency of environmental
assessment, facilitates the identification of spatiotemporal patterns of ecosystem transformation, supports the
detection of early ecosystem degradation processes, and strengthens predictive ecological analysis. Despite
substantial advances in integrated environmental monitoring systems, the analytical integration of biological,
geospatial, and multi-source environmental datasets within unified spatiotemporal assessment frameworks
remains insufficiently developed, highlighting the scientific relevance and practical significance of the proposed
approach (Javan et al., 2025; Jodhani et al., 2026).

3. Conceptual Foundations of Spatiotemporal Environmental Screening

Spatiotemporal environmental screening is conceptualized in this study as an integrated analytical
approach for detecting, spatially localizing, interpreting, and forecasting ecosystem transformations on the basis
of heterogeneous ecological indicators. Its conceptual foundation combines biomonitoring, biosurveillance,
bioindication, geoinformation technologies, remote sensing, molecular-biological methods, and analytical
modeling within a common spatiotemporal framework. Unlike conventional monitoring systems that are
frequently organized around individual environmental components or isolated measurement procedures,
spatiotemporal screening emphasizes the coordinated interpretation of biological responses, environmental
drivers, spatial patterns, and temporal dynamics.

The methodological rationale for such an approach derives from the increasing complexity of
environmental change and the need to distinguish natural ecosystem variability from anthropogenically induced
transformations. Contemporary monitoring systems increasingly incorporate GIS platforms, remote sensing,
sensor networks, ecological indicators, and intelligent analytical tools to characterize environmental changes
across multiple spatial and temporal scales. The integration of these approaches may improve the spatial
representativeness, comparability, and analytical reliability of ecological observations, particularly under
conditions of increasing anthropogenic pressure and climate change (Lindenmayer & Likens, 2010; Ullo &
Sinha, 2020; Soubry et al., 2021).

A fundamental characteristic of spatiotemporal environmental screening is its multi-level organization.
Ecological responses may be considered across a hierarchy extending from molecular and subcellular alterations
through physiological and organismal responses to population, community, ecosystem, and landscape-level
transformations. Such hierarchical organization provides a basis for linking early biological responses with
subsequent structural and functional changes at higher levels of ecological organization. Molecular and genetic
approaches, including environmental DNA (eDNA), metabarcoding, metagenomics, bioinformatics, and high-
throughput sequencing, have considerably expanded the capacity to detect changes in biodiversity and
community composition. These methods are particularly relevant where conventional observations may not
reveal early or cryptic ecosystem disturbances (Ruppert et al., 2019; Dugal et al., 2022, 2023; Yoon et al., 2025;
van der Heyde et al., 2022).

Within this conceptual architecture, three complementary functional components can be distinguished:
screening, biosurveillance, and biomonitoring. Screening is primarily concerned with the rapid detection of
ecological anomalies, identification of potentially affected areas, and spatial localization of environmental risk
zones. Biosurveillance represents the continuous observation of ecological systems over extended periods, with
particular attention to stochastic fluctuations, successional trajectories, and adaptive responses of biological
communities. Biomonitoring provides standardized quantitative characterization of ecosystem responses using
biological and environmental indicators and supports the verification of patterns identified during screening and
biosurveillance. Bioindication constitutes an important analytical mechanism within this system by translating
biological responses into information about environmental conditions and stressors. Thus, screening,
biosurveillance, and biomonitoring represent complementary rather than interchangeable functions within an
integrated spatiotemporal framework.

The ecological interpretation of screening results requires consideration of three interconnected groups of
determinants: biological characteristics, endogenous ecosystem processes, and exogenous environmental
drivers. Biological characteristics include species-specific tolerance, adaptive potential, ecological plasticity,
and niche breadth. Endogenous processes encompass succession, population dynamics, physiological
regulation, biochemical interactions, and other processes generated within ecosystems. Exogenous drivers
include climatic variability, seasonal dynamics, habitat transformation, pollution, and other anthropogenic



pressures. Their interaction determines the magnitude, spatial distribution, and temporal trajectory of ecosystem
responses and provides the analytical basis for identifying deviations from expected ecological conditions.

Biological responses are particularly valuable because they integrate the effects of multiple
environmental stressors that may not be adequately represented by measurements of individual pollutants or
physicochemical parameters. Experimental biomonitoring studies using model organisms have demonstrated
that physiological and behavioral alterations can provide sensitive evidence of environmentally induced stress.
For example, studies of Drosophila melanogaster have reported physiological and behavioral changes associated
with exposure to anthropogenic contaminants such as bisphenol A, supporting the use of biological responses in
early ecological diagnostics (Gaivao et al., 2025). Cytogenetic biomarkers provide another level of biological
information, with micronucleus-based approaches demonstrating sensitivity to environmentally induced
genomic instability and long-term anthropogenic effects on biological systems (Rudenko et al., 2002)

Consequently, indicator selection represents a central methodological task in spatiotemporal
environmental screening. Indicators should be sufficiently sensitive to environmental stressors, diagnostically
informative, reproducible, and representative of the ecological level under investigation. Their interpretation
should also account for spatial heterogeneity, temporal variability, and the possibility of interacting or
cumulative stressors. A multi-indicator strategy is therefore preferable to reliance on isolated variables,
particularly where ecosystem responses emerge through interactions among biological, physicochemical, and
climatic factors.

The integration of heterogeneous indicators requires analytical procedures capable of preserving both
their individual information content and their relationships within the ecosystem. Multi-criteria analysis, GIS-
based overlay procedures, principal component analysis (PCA), fuzzy logic, and integral index approaches can
be used to identify multidimensional patterns and synthesize complementary indicators into interpretable
ecological metrics (Li et al., 2020; Markert et al., 2003). Such procedures are particularly relevant for
spatiotemporal screening because ecological degradation rarely manifests as a change in a single variable;
rather, it emerges as a coordinated shift in several biological, environmental, and spatial characteristics.

A further methodological dimension is provided by the integration of geospatial and remote-sensing
technologies. GIS platforms, satellite observations, sensor networks, and unmanned aerial systems extend
ecological observations beyond individual sampling locations and provide spatially explicit information on
habitat structure, vegetation dynamics, fragmentation, land-cover transformation, and environmental process
patterns. Remote sensing can provide repeated observations over large territories, whereas GIS facilitates the
integration of spatial layers with field-based biological and physicochemical measurements. Their combined
application strengthens the spatial component of environmental screening and provides a basis for identifying
areas requiring more detailed field investigation (Soubry et al., 2021; Estoque & Murayama, 2017; Shomko &
Davydova, 2024).

Molecular-biological and chemical-analytical methods complement this spatial framework by providing
information at finer biological and physicochemical levels. eDNA analysis, metabarcoding, biomarkers, and
high-throughput sequencing can reveal changes in biodiversity, community composition, and biological
integrity that may precede visually detectable ecosystem degradation (Ruppert et al., 2019; Dugal et al., 2022).
At the same time, highly sensitive electrochemical, chromatographic, and spectrophotometric methods
contribute to the detection and characterization of emerging contaminants. Recent studies of sucralose
determination and electroanalytical detection of herbicide residues illustrate the expanding role of advanced
analytical techniques in environmental screening (Tkach et al., 2025a; Tkach et al., 2025b; Milyukin & Gorban,
2023). These methods should therefore be regarded as complementary analytical layers rather than independent
monitoring systems.

The temporal dimension is equally important. Permanent or repeatedly surveyed monitoring sites provide
the empirical basis for distinguishing short-term fluctuations from persistent trends and directional ecosystem
transformations. When such observations are spatially organized within GIS environments, indicator trajectories
can be compared among ecotopes characterized by different environmental conditions or levels of
anthropogenic pressure. This spatially structured observation network creates a basis for detecting anomalies,
identifying persistent changes, analyzing ecological trajectories, and developing scenario-based forecasts.

The theoretical interpretation of these trajectories is closely associated with ecological resilience,
adaptive capacity, vulnerability, and regime-shift concepts. Ecosystems may undergo substantial functional
reorganization when environmental pressures exceed critical thresholds, potentially resulting in transitions



toward alternative ecological states. Spatiotemporal screening therefore extends beyond the registration of
environmental change and focuses on the identification of patterns that may indicate declining resilience,
increasing vulnerability, or approaching functional thresholds. This orientation strengthens the prognostic
component of monitoring and provides a conceptual basis for linking empirical observations with environmental
management and decision-support processes.

From an operational perspective, integrated spatiotemporal environmental screening can be represented
as a sequence of interconnected analytical stages: selection of representative observation sites; standardized
acquisition of biological, physicochemical, molecular, and spatial data; preprocessing and harmonization of
heterogeneous observations; indicator characterization; spatial and temporal analysis; identification of
ecological anomalies and risk zones; and scenario-based interpretation and forecasting. The stages are not
strictly linear, because the results of spatial analysis, validation, or forecasting may require additional
observations or refinement of the indicator system. This recursive structure distinguishes an adaptive screening
framework from conventional monitoring schemes based on isolated measurement cycles.

The rapid development of environmental monitoring technologies has resulted in a broad range of
approaches differing in biological sensitivity, spatial coverage, temporal resolution, analytical complexity, and
predictive potential (Table 1). Biomonitoring provides detailed information on biological responses but may
have limited spatial extrapolation. Remote sensing offers extensive spatial coverage but generally provides less
direct biological specificity. eDNA and related molecular approaches provide high taxonomic sensitivity but
require methodological standardization and appropriate reference databases. GIS-integrated screening provides
a mechanism for combining heterogeneous spatial and ecological information, although its effectiveness
depends on data quality, compatibility, and analytical infrastructure.

Table 1

Comparative Analysis of Major Approaches Used in Spatiotemporal Environmental Screening

Approach Strengths Limitations Spatial Scale | Predictive Capacity
ngh biological s.ens.ltlwty; Limited spatial
. _— direct characterization of . Local-
Biomonitoring - . extrapolation; dependence . Moderate
organismal and community . . regional
on field sampling
responses
Remote Large-scale a.nd. repeated spatial nggr biological spef:|f|C|ty; Regional— '
sensin coverage; high temporal indirect representation of lobal High
g frequency for selected variables many ecological processes g
High taxonomic sensitivity; Standardization, reference- Local—
eDNA detection of cryptic or low- database, and contamination- regional Moderate
abundance taxa control challenges g
GIS- Multi-layer integration; spatial High data and
integrated visualization; compatibility with | methodological complexity; Multi-scale High
screening heterogeneous datasets dependence on data quality

The comparison indicates that no individual approach adequately represents the multidimensional nature
of ecosystem transformation. The principal methodological limitations of existing systems include
fragmentation among monitoring components, incompatibility of spatial and temporal scales, heterogeneous
data structures, restricted transferability of local observations, and insufficient integration of biological
responses with environmental drivers. Approaches optimized for broad spatial coverage may lack biological
specificity, whereas highly sensitive biological or molecular techniques may provide limited spatial
extrapolation. Consequently, the principal methodological challenge is not the absence of individual monitoring
technologies but the insufficient integration of their complementary information within a common analytical
architecture.

This methodological gap provides a rationale for integrated spatiotemporal environmental screening
frameworks that combine bioindication, biomonitoring, biosurveillance, geospatial technologies, remote
sensing, molecular-biological methods, ecological indices, and predictive modeling. Such integration creates a
hierarchical analytical system in which observations obtained at different biological and spatial levels can be
interpreted jointly rather than treated as independent datasets. The resulting framework is intended to support




the detection of ecological anomalies, differentiation of natural and anthropogenic transformations,
identification of cumulative stressor effects, characterization of ecosystem trajectories, and development of
evidence-based environmental management responses.

From a conceptual perspective, spatiotemporal environmental screening can therefore be represented as a
hierarchical and recursive process in which environmental drivers generate ecosystem responses, observations
characterize the resulting state, and analytical procedures transform heterogeneous observations into spatially
and temporally explicit information about ecological change and potential risk. This interpretation establishes a
direct connection between empirical monitoring and predictive ecological analysis and provides the conceptual
foundation for the subsequent formalization of the screening methodology.

The relationships among environmental pressures, ecosystem responses, and potential consequences can
be summarized using a Source-State—Risk (SSR) perspective. In this framework, Source represents
environmental pressures and drivers, including anthropogenic, climatic, and other external influences; State
represents the structural, functional, biological, and physicochemical characteristics of the ecosystem resulting
from the interaction of these drivers with endogenous processes; and Risk represents the potential ecological
consequences associated with observed or projected changes in ecosystem state. Monitoring and screening data
provide the empirical basis for establishing relationships among these three components across spatial and
temporal scales. The SSR perspective consequently provides a conceptual bridge between heterogeneous
environmental observations, ecosystem diagnostics, ecological forecasting, and subsequent formalization of an
integrated spatiotemporal monitoring framework.

4. Operational Architecture of Integrated Spatiotemporal Environmental Screening

The implementation of integrated spatiotemporal environmental screening frameworks generally involves
several interconnected procedural stages, each performing a specific diagnostic and analytical function within
the overall ecosystem assessment system. Contemporary environmental monitoring studies increasingly
emphasize the importance of combining spatial representativeness, multi-level bioindication, geospatial
analysis, productivity assessment, and integral ecological indices within unified analytical architectures capable
of supporting adaptive environmental management and ecological forecasting (Lindenmayer & Likens, 2010;
Soubry et al., 2021).

Selection of Representative Ecotopes. The first stage involves the identification of representative
ecotopes based on geographical, climatic, landscape, and ecological criteria, taking into account regional
heterogeneity and gradients of anthropogenic pressure. Such an approach creates the basis for the spatial
extrapolation of monitoring results, comparative analysis of ecosystem responses, and differentiation of
environmental transformations under varying natural and anthropogenic conditions. The establishment of
spatially distributed monitoring networks considerably improves the representativeness and reliability of
environmental assessment systems, particularly within heterogeneous landscapes and ecologically fragmented
territories (Lindenmayer & Likens, 2010).

Bioindication and Early Ecological Diagnostics. The bioindication stage is focused on the application of
sensitive biological indicators capable of responding to a broad spectrum of environmental stressors.
Contemporary screening systems increasingly integrate morphometric, physiological-biochemical, cytogenetic,
and behavioral indicators in order to improve the sensitivity of ecological diagnostics and to identify ecosystem
destabilization at early stages.

Particular importance is attributed to the analysis of fluctuating asymmetry, stress-induced
morphophysiological alterations, mutation frequency, and adaptive responses of model organisms, which
provide quantitative information regarding the intensity of biotic stress and ecological disturbance. Such
approaches considerably expand the analytical capabilities of conventional environmental monitoring systems
by reflecting not only pollutant concentrations, but also the integrated biological consequences of anthropogenic
impacts (Markert et al., 2003; Gaivao et al., 2025).

Geobotanical Analysis and Phytoindication. Geobotanical assessment and phytoindication constitute
essential components of integrated spatiotemporal screening frameworks. These approaches involve the analysis
of floristic composition, species diversity, phytocoenotic structure, and ecological differentiation of plant
communities using standardized ecological and phytosociological methods, including the Braun-Blanquet
approach, biodiversity indices, and ecological indicator scales.



The application of phytoindication scales reflecting light availability, moisture conditions, trophic status,
salinity tolerance, and other environmental gradients contributes to the identification of ecological shifts and
long-term habitat transformations. In addition, species tolerance indices may serve as quantitative indicators of
adaptive potential, ecosystem stability, and resistance of biological communities to environmental stressors.
Similar approaches are increasingly employed in ecosystem health assessment systems integrating vegetation
indicators, GIS analysis, and spatial ecological diagnostics (Soubry et al., 2021; Boori et al., 2021,
Gerasymenko et al. 2025).

Assessment of Ecosystem Productivity and Functional Stability. An important analytical component of
spatiotemporal environmental screening involves the assessment of ecosystem productivity and functional
organization. Contemporary ecosystem monitoring frameworks increasingly employ indicators such as gross
primary productivity (GPP), net primary productivity (NPP), biomass accumulation, and growth dynamics of
woody and herbaceous species for evaluating ecosystem functioning and ecological efficiency.

These parameters reflect the energetic organization of ecosystems and provide valuable information
regarding ecosystem resilience, adaptive capacity, and sensitivity to environmental disturbances. The integration
of productivity indicators with bioindication and geospatial analysis substantially enhances the prognostic
potential of ecosystem assessment systems and improves the identification of degradation processes under
conditions of climatic variability and anthropogenic pressure (Rocha et al., 2021).

In agroecosystem contexts, productivity assessment is closely linked to pollination services and
landscape-level ecological interactions. Recent field-based studies have demonstrated that the integration of
nectar-producing plants into crop rotation systems significantly enhances pollinator activity, improves floral
resource continuity, and increases crop yield through improved ecosystem functioning and pollination efficiency
(Mudrak et al., 2025). Such findings highlight the importance of incorporating biotic interaction networks into
spatiotemporal environmental screening frameworks, particularly when assessing ecosystem services and
agroecological stability.

Data Normalization and Integral Ecological Indices. The integration of heterogeneous ecological
parameters represents one of the central methodological challenges of spatiotemporal environmental screening.
To improve analytical consistency and comparability, contemporary environmental assessment systems
increasingly employ normalization procedures, weighted coefficients, multi-criteria analysis, fuzzy logic
approaches, and integral ecological indices.

Integral indicators such as Ecosystem Stress Index (ESI), Ecological Hazard Index (EHI), and Zonation
Disturbance Index (ZDI) may be applied for the quantitative characterization of ecosystem condition and
ecological risk differentiation. The use of weighted analytical models enables the consideration of the relative
contribution and diagnostic significance of individual indicators within the integrated assessment framework.
Similar methodological principles have been reported in GIS-supported ecosystem health assessment and
integrated ecological evaluation studies (Soubry et al., 2021; Zhang et al., 2023).

Hierarchical Structural Model of Spatiotemporal Environmental Screening. Integrated spatiotemporal
environmental screening may be represented as a hierarchical methodological system in which each analytical
level functions as a logical continuation of the previous one while simultaneously creating the basis for higher-
order ecological generalization and predictive assessment. Such hierarchical architectures improve the integrity
of ecosystem analysis and strengthen the applicability of environmental monitoring systems for ecological
forecasting and adaptive environmental governance (Lindenmayer & Likens, 2010).

At the conceptual level, spatiotemporal environmental screening is interpreted as an integrated ecological
“check-up” system aimed at detecting transformations within biotic, abiotic, and biogeochemical ecosystem
components. This level is based on contemporary concepts of ecosystem dynamics, ecological resilience,
biomonitoring, biosurveillance, and risk-oriented environmental assessment.

At the methodological level, the conceptual framework is implemented through a modular analytical
architecture integrating bioassays, bioindication, stoichiometric analysis, photometric and spectral-index
approaches, microcosm experiments, GIS-based spatial analysis, and environmental modeling tools. The
integration of these modules creates a multidimensional analytical platform capable of processing
heterogeneous ecological information originating from different levels of ecosystem organization.
Contemporary ecosystem monitoring systems increasingly combine remote sensing, GIS technologies,
ecological indicators, and integrated analytical models within unified environmental assessment platforms
(Soubry et al., 2021).



The operational integration of biological indicators, geospatial technologies, productivity analysis,
ecological indices, and predictive modeling contributes to the development of adaptive ecosystem screening
systems oriented toward early ecological diagnostics, spatial differentiation of environmental risks, and
evidence-based environmental decision support under conditions of increasing ecological uncertainty and global
environmental change. Recent environmental monitoring studies also emphasize the growing role of integrated
geospatial frameworks and ecosystem resilience assessment for large-scale environmental diagnostics and
sustainable ecosystem management (Lindenmayer & Likens, 2010; Rocha et al., 2021).

5. Hierarchical and Source-State-Risk (SSR) Analytical Framework

At the integrative level, spatiotemporal environmental screening involves the fusion of heterogeneous
datasets, including field measurements, laboratory analyses, remote sensing products, and experimental
observations, within a unified spatiotemporal analytical framework. This level functions as a methodological
backbone that harmonizes differences in spatial resolution, temporal scales, and data structure, thereby ensuring
analytical consistency across multi-source environmental information systems.

The index-based analytical level focuses on the transformation of integrated datasets into generalized
ecological indicators. This stage incorporates data normalization, weighting procedures, fuzzy logic approaches,
spatial interpolation, and statistical smoothing techniques. As a result, a set of composite ecological indices is
derived, enabling comparability among heterogeneous environmental parameters and supporting integrated
ecosystem assessment within a unified analytical framework.

At the predictive and risk-oriented level, integrated indices are combined with biosurveillance data,
microcosm experimental results, and satellite-derived environmental indicators to support spatial modeling and
ecological forecasting. This approach enables the identification of high-risk ecological zones, detection of
critical degradation hotspots, and analysis of spatiotemporal trends in ecosystem transformation.

The Source—State—Risk (SSR) model represents a core conceptual component of the proposed framework
and provides a causal analytical structure linking environmental pressures, ecosystem condition, and ecological
risk. Similar cause—effect structures are widely applied in integrated environmental assessment systems and
risk-oriented ecological modeling frameworks.

The SSR model consists of three interrelated components:

Source, represented by a Pollution Load Index (PLI), integrating contaminant concentrations,
physicochemical environmental properties, and toxicological potential;

State, represented by an Ecosystem Condition Index (ECI), reflecting biodiversity structure, ecological
integrity, and functional stability;

Risk, quantified through genetic hazard indicators, including mutation frequency, chromosomal
aberrations, and micronuclei formation, as well as a Mutagenic Risk Index (MRI), reflecting the probability of
population-level genetic destabilization.

The synthesis of these parameters results in an Ecological Safety Index (EcoSl), which enables integrated
assessment of ecosystem status, spatial identification of environmental risk zones, and prediction of potential
system destabilization. Application-based studies reported in the literature demonstrate the effectiveness of such
integrated frameworks in identifying spatial patterns of chemical accumulation and ecosystem response under
anthropogenic pressure (Grytsenko et al., 2024).

Further development of the SSR framework increasingly relies on fuzzy logic methods and multi-criteria
decision analysis, enabling improved handling of ecological uncertainty and multidimensional environmental
datasets. This supports the derivation of advanced composite indicators, including Urban—Natural Balance Index
(UNBI), Chemical Deviation Index (CDI), Mutagenic Risk Index (MRI), and Ecological Safety Index (EcoSl),
which collectively form the analytical core of spatiotemporal environmental screening systems.

4. Conclusions

The reviewed literature suggests that spatiotemporal environmental screening can serve as a useful
conceptual basis for integrating heterogeneous information on environmental pressures, ecosystem condition,
and ecological responses. The synthesis indicates that biological indicators, biomonitoring, biosurveillance,
biotesting, GIS, remote sensing, molecular approaches, and multi-source environmental data can be considered
complementary components of integrated environmental monitoring.



The proposed framework organizes these components into a hierarchical analytical architecture
comprising data acquisition, ecological screening, analytical integration, ecosystem response assessment, and
decision support. The operational sequence further links monitoring-site selection, indicator selection, data
acquisition, preprocessing, normalization, index construction, spatial analysis, risk classification, interpretation,
and adaptive feedback.

The proposed Source—State-Risk (SSR) model provides a conceptual structure for linking environmental
pressures with ecosystem condition and potential ecological risk. Its integration with spatiotemporal analysis
may support the interpretation of heterogeneous environmental information and the development of adaptive
monitoring and decision-support approaches.

Because the framework was developed through an integrative narrative synthesis, its applicability and
analytical performance require further empirical testing using independent environmental datasets and case-
specific monitoring programmes. Future research should therefore focus on operational implementation,
parameterization, validation, uncertainty analysis, and comparison of the proposed framework with established
environmental monitoring and risk-assessment approaches.

Further development of integrated spatiotemporal environmental screening should focus on the
incorporation of artificial intelligence, automated sensor networks, environmental DNA technologies, digital
ecosystem twins, and adaptive forecasting models to support real-time environmental assessment and decision-
making under conditions of global environmental change.

During the preparation of this manuscript, the authors used Chat GPT (OpenAl) for linguistic refinement,
structural improvement, and enhancement of academic style. All conceptual interpretations, scientific analyses, and
conclusions were developed and verified by the authors.
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