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Abstract 

Environmental site-specific risk assessment (SSRA) has developed into a complex, multi-tiered 

discipline that integrates contaminated land characterization, ecological endpoint selection, exposure 

pathway analysis, and uncertainty quantification to facilitate remediation decision-making. This 

literature review integrates findings from 33 highly relevant peer-reviewed publications over three 

decades (1994-2024). The review reveals a gradual move away from deterministic screening-level 

assessments and toward probabilistic, spatially explicit frameworks that incorporate multiple lines 

of evidence, advanced uncertainty analysis, and decision support systems. Key findings show that 

tiered assessment methods that combine screening and definitive evaluations are still the most 

common, and that Bayesian networks, Monte Carlo simulations, and weight-of-evidence methods 

are being used more to deal with uncertainty in parameters and models. 

Keywords: environmental assessment; risk classification; soil and ground pollution; groundwater 

contamination; environmental data; decision support; sustainable remediation 

 

1. Introduction 

Environmental site-specific risk assessment (SSRA) is an important link between environmental 

science, toxicology, and regulatory decision-making [1–3]. It gives the analytical basis for evaluating 

ecological risks at contaminated sites and se�ing science-based remediation goals. Site-specific risk 

assessments use detailed site characterization data, local ecological conditions, and contaminant-

specific fate and transport processes to make risk estimates that are specific to each contaminated site 

[4]. Generic risk assessments, on the other hand, use standardized exposure scenarios and 

conservative assumptions [5].  

The evolution of ecological risk assessment for contaminated sites has been driven by multiple 

factors. These include advances in analytical chemistry that make it possible to find trace 

contaminants, improved knowledge of bioavailability and bioaccumulation processes, development 

of complex exposure models, and policy regulations that require proof of ecological protection [5,6]. 

The U.S. Environmental Protection Agency (EPA) set up a basic framework that was later adopted 

internationally. This framework stresses a systematic, science-based process that includes problem 

formulation, exposure assessment, effects assessment, and risk characterization [5,7,8].  

Contemporary SSRA faces several interconnected challenges. First, contaminated sites typically 

involve complex mixtures of chemicals with varying toxicological properties, bioavailability 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 June 2026 doi:10.20944/preprints202606.1009.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202606.1009.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 22 

 

characteristics, and environmental persistence [5]. Second, ecological receptors include a wide range 

of taxonomic groups and trophic levels, each with its own exposure pathways, sensitivities, and 

ecological importance [5,7,8]. Third, spatial and temporal heterogeneity in contaminant distribution, 

environmental conditions, and receptor populations introduces substantial variability that must be 

characterized and incorporated into risk estimates [9]. Lastly, there are many sources of uncertainty, 

such as parameter uncertainty, model uncertainty, and natural variability, that make it hard to 

understand risk estimates and share the results with decision-makers [10–12]. 

This study reviews current knowledge on methodological frameworks, contaminated land 

assessment approaches, and ecological risk characterization approaches for site-specific risk 

assessment, revealing 33 highly relevant publications identified through systematic literature search 

and relevance ranking. It focuses on three main topics: 1) methodological frameworks and assessment 

approaches, 2) contaminated land characterization and exposure pathway analysis, and 3) ecological 

risk characterization and uncertainty quantification. The objectives are to identify established best 

practices that have already been proven to work, evaluate emerging methodologies, characterize 

existing critical knowledge gaps, and provide recommendations for improvement of science and 

practice of site-specific ecological risk assessment. 

2. Materials and Methods 

2.1. Review Design 

Our study employed a narrative literature review methodology [13,14] to synthesize and 

critically interpret existing research on SSRA. This approach to literature review was selected because 

the field contains a multitude of study designs, theoretical perspectives, and conceptual frameworks 

that are not readily usable to meta-analysis or strict systematic review procedures. This approach 

enabled us to examine broad or complex research questions, integrate finding from diverse 

methodologies, and identify conceptual patterns, theoretical developments, and knowledge gaps 

across the literature. 

2.2. Search Strategy 

Relevant literature sources were identified from two databases – Scopus and Web of Science Core 

Collection (WoSCC). These two are the most prominent global citation databases used to track, 

analyze, and evaluate peer-reviewed research. Scopus (owned by Elsevier) is the world’s largest 

(>27,000 journals) abstract and citation database of peer-reviewed publications. WoSCC (owned by 

Clarivate) is more selective, indexing >20,000 top-tier, high-impact journals. 

Literature search included four stages: Search, Appraisal, Synthesis and Analysis (the SALSA 

framework). It is an analytical framework used to describe and organize the review process [14]. In 

the first stage – Search – only peer-reviewed, published papers describing empirical, original research 

was included. Search was carried out using the online scientific databases SCOPUS and Web of 

Science Core Collection (WoSCC). The search was conducted only in English language. At the second 

stage – Appraisal – all results from the search results were reviewed at Title and Abstract level to 

ensure they met a set of defined criteria (Table 1) – defined type of publication, language, and clearly 

described study design and outcomes.  

Table 1. Inclusion and exclusion criteria for literature review. 

Variable Inclusion criteria Exclusion criteria 

Publication type Peer-reviewed articles, 

book chapters 

Gray literature, data papers 

Language Articles in English Articles in other languages 

Study design Clearly described Lacking clearly described 

methodology 
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Outcomes Articles reporting 

measurable outcomes 

Articles lacking clear 

outcome measures 

Keywords were selected for exploratory analysis of the available literature and in order to 

minimize subjectivity, the literature search was conducted by strictly following the identified 

keywords of following criteria: 

• site-specific risk assessment, methodological frameworks, tiered, probabilistic and deterministic, 

decision support systems and tools, integrated assessment;  

• contaminated land assessment, site characterization, contamination, types, environment, spatial and 

temporal considerations; exposure pathways; 

• ecological / environmental risk characterization, assessment, toxicity evaluation, bioaccumulation, 

modelling, weight of evidence; 

• uncertainty analysis in risk assessment, types and sources of uncertainty, quantitative methods, 

sensitivity analysis; 

• case studies and applications, regulatory and international context, critical gaps and limitations. 

At the third stage – Synthesis – Publications that passed the inclusion criteria were collected into 

the database and read in full to extract the relevant information and additional sources to the report. 

The fourth stage – Analysis – comparison of results and conclusions: relevant studies were collected, 

and their findings were summarized based on key topics according to previously mentioned criteria. 

Results were compared across the selected literature by identifying similarities, discrepancies, and 

patterns. The collected information was then synthesized to provide a holistic understanding of the 

topic. Practical, methodological implications of future trends were discussed, leading to conclusions. 

A concise summary of the literature review findings is presented in this study. 

Several thousand publications were retrieved from the first stage of the literature search (Figure 

1), both from Scopus and Web of Science. At the screening stage the majority of identified articles 

were excluded from the search results based on accessibility, title, abstract and full-text screening. 

After the critical appraisal stage 33 papers were selected for the literature review. 
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Figure 1. ROSES flow diagram for literature review in Scopus and Web of Science Core Collection (WoSCC) 

databases [15].  

3. Results 

3.1. Literature Search 

Literature search yielded a large number of publications (8382 in total) from both databases. 

Overall, SCOPUS database contained more relevant results over the longer timespan compared to 

the WoSCC (Table 1).  

Table 1. Identified numbers of publications from SCOPUS and Web of Science Core Collection 

(WoSCC). 

Variables Inclusion criteria Number of 

publications 

in SCOPUS 

Number of 

publications 

in WoSCC 

Last 10 

years 

(2016-

2026) 

site-specific risk 

assessment 

site-specific risk 

assessment 

5,185 3,119 4,750 

methodological 

frameworks 

30 131 118 

tiered 55 178 69 
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probabilistic and 

deterministic 

63 136 75 

decision support systems 

and tools 

71 133 61 

integrated assessment 433 613 454 

contaminated 

land assessment 

contaminated land 

assessment 

3,835 1,965 3,456 

site characterization 168 162 71 

contamination 2,266 1,059 1,880 

types 528 385 523 

environment 995 584 574 

spatial and temporal 

considerations 

74 68 58 

exposure pathways 194 198 161 

environmental 

risk 

characterization 

environmental risk 

characterization 

12,994 8,863 10,844 

assessment 6,637 3,637 5,434 

toxicity evaluation 470 385 362 

bioaccumulation 432 301 399 

modelling 1,313 2,490 1,842 

weight of evidence 128 98 74 

uncertainty 

analysis in risk 

assessment 

uncertainty analysis in 

risk assessment 

482 102 366 

types and sources of 

uncertainty 

181 121 92 

quantitative methods 596 283 457 

sensitivity analysis 1,299 716 994 

case studies and 

applications 

case studies and 

applications 

3,549 1,819 2,463 

regulatory and 

international context 

327 272 213 

critical gaps and 

limitations 

220 114 164 

Literature search also showed the gradual increase in the number of publications in both 

databases with especially rapid rise after 2020. Domain keywords like “site-specific risk assessment” 

and “environmental risk characterization” were becoming more prevalent during the recent decades 

(Figure 2). 
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Figure 2. Number of publications according to keyword search in Scopus and Web of Science Core Collection 

(WoSCC) databases. 

Literature search also showed how the top journal (Table 2) for publications focused on 

foundational aspects of environmental risk assessment was the Science of the Total Environment (7.3-

9.3% of identified articles, depending on the keywords used). Other prominent journals are the 

Journal of Environmental Management (keywords "case studies and applications" and "uncertainty 

analysis"), the Journal of Hazardous Materials (keywords "site-specific risk assessment", 

"contaminated land assessment", "environmental risk characterization", and "uncertainty analysis") 

and the Environmental Toxicology and Chemistry (keywords "site-specific risk assessment", 

"environmental risk characterization", "case studies and applications" and "uncertainty analysis"). 

Table 2. Top-10 journals for publication for each search query using domain keywords (Scopus). 

"Site-specific risk assessment"  
Science of the Total Environment 7,3% 

Environmental Toxicology and Chemistry 3,8% 

Integrated Environmental Assessment and Management 2,6% 

Journal of Hazardous Materials 2,6% 

Environmental Science and Technology 2,5% 

Environmental Pollution 2,2% 

Human and Ecological Risk Assessment 2,2% 

Plos One 2,0% 

Natural Hazards 1,8% 

Chemosphere 1,7% 
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"Contaminated land assessment"  
Science of the Total Environment 9,3% 

Chemosphere 5,6% 

Environmental Science and Pollution Research 5,1% 

Journal of Hazardous Materials 5,1% 

Environmental Pollution 4,7% 

Environmental Monitoring and Assessment 4,2% 

Journal of Environmental Management 3,4% 

Environmental Geochemistry and Health 2,5% 

Land Contamination and Reclamation 2,5% 

Environmental Science and Technology 2,2% 

"Environmental risk characterization"  
Science of the Total Environment 8,7% 

Environmental Pollution 3,8% 

Journal of Hazardous Materials 3,8% 

Chemosphere 3,6% 

Environmental Science and Pollution Research 3,5% 

Environmental Science and Technology 3,2% 

Environmental Monitoring and Assessment 2,2% 

Environmental Research 2,2% 

Environment International 2,1% 

Environmental Toxicology and Chemistry 1,8% 

"Case studies and applications"  
Science of the Total Environment 8,3% 

Journal of Environmental Management 2,9% 

Environmental Monitoring and Assessment 2,8% 

Sustainability Switzerland 2,8% 

Environment International 2,8% 

Environmental Toxicology and Chemistry 2,6% 

Integrated Environmental Assessment and Management 2,6% 

Journal of Cleaner Production 2,5% 

Risk Analysis 2,4% 

International Journal of Life Cycle Assessment 2,2% 

"Uncertainty analysis"  
Science of the Total Environment 8,1% 

Risk Analysis 6,0% 

Journal of Environmental Management 3,5% 

Environmental Science and Technology 3,1% 

Environment International 3,0% 

Environmental Toxicology and Chemistry 2,4% 

Journal of Hazardous Materials 2,3% 

Chemosphere 2,2% 

Environmental Pollution 2,2% 

Sustainability Switzerland 1,9% 
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Analyzing the countries where studies originate (Figure 3) we found that the United States 

dominates the field with 15.8-24% of publications identified by keyword search. The only exception 

was “contaminated land assessment” where China had the largest share (18%). Other Top-10 

countries were United Kingdom, Italy, Canada, Germany, the Netherlands, Spain, Australia and 

France.   

 

Figure 3. Top-10 countries by their share of publications according to keyword search in Scopus database. 

Other countries comprised a notable portion of the identified articles – from 35.8% (“site-specific 

risk assessment”) to 40.1% (“environmental risk characterization”).  

3.2. Methodological Frameworks 

Tiered Assessment Approaches  

Modern site-specific environmental risk assessment methodologies generally follow a tiered, 

iterative paradigm designed to balance scientific rigor with resource efficiency [16]. Tiered 

assessment frameworks provide a structured way to go from conservative screening-level 

evaluations to more detailed, data-intensive definitive assessments [1,16]. The basic ECOSRISK 

Framework that Suter et al. [5] establishes, has three levels: scoping, screening, and definitive 

assessments. This helps to identify contaminants and site areas that need more study. Definitive 

assessments use site-specific toxicity data, improved exposure models, probabilistic methods, and 

multiple lines of evidence to characterize risks with reduced uncertainty [5]. 

The tiered framework incorporates several key decision points that determine whether 

progression to more detailed assessment tiers is warranted. If a site passes a screening-level 

evaluation (i.e. all exposure levels are below conservative benchmarks), it usually doesn't need any 

more ecological assessment. If a site exceeds screening benchmarks, it moves on to definitive 

assessment or interim remedial actions [5,17]. This decision-making structure enables efficient 

allocation of assessment resources while maintaining protective standards for ecological receptors. 
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Jensen et al. [1] expanded the tiered concept by integrating decision support for site-specific 

investigations. They stressed that ecological risk assessment is a process that happens over and over 

again and that assessment strategies need to be flexible enough to change when new data comes in. 

International applications of tiered frameworks demonstrate both consistency in core principles 

and variation in implementation details. For instance, the Italian environmental risk assessment 

guideline developed by Bizzotto et al. [7] adapts the tiered approach to the European regulatory 

context, incorporating EU directives on environmental quality standards while maintaining 

flexibility for site-specific conditions. 

Probabilistic and Deterministic Methods 

The choice between probabilistic and deterministic assessment methods represents a 

fundamental methodological decision with significant implications for risk characterization, 

uncertainty representation, and regulatory acceptance [10]. Deterministic methods use point 

estimates for exposure parameters and toxicity benchmarks, resulting in single-value risk estimates 

that are easy to compare to regulatory criteria [5]. Probabilistic methods, on the other hand, treat 

input parameters as distributions instead of point values – they spread uncertainty through exposure 

and effects models to come up with risk estimates that are shown as probability distributions [10,18]. 

Thongsri's comprehensive analysis of uncertainty in ecological risk assessment modelling [10] 

demonstrates the application of Monte Carlo simulation to characterize both parameter uncertainty 

and natural variability in exposure estimates. The study used probabilistic methods and treated all 

model parameters as uncertain and ran sensitivity analyses to find the parameters that had the 

biggest effect on output variance. This approach enables quantification of confidence intervals 

around risk estimates and identification of data gaps where additional site characterization would 

most effectively reduce uncertainty. MacIntosh et al. [18] were the first to use stochastic food web 

models to assess contaminated sites. They made a distinction between knowledge uncertainty (which 

shows that parameter knowledge is not perfect) and stochastic uncertainty (which shows that 

organisms naturally vary from one another). Their models for the bioaccumulation of PCBs and 

mercury in the food webs of mink and great blue herons showed that using probabilities gives more 

accurate estimates of exposure distributions and lets you figure out how likely it is that individual 

organisms will exceed toxicity thresholds. Validation using field monitoring data demonstrated that 

probabilistic models produce accurate estimates of both central tendency and variance in receptor 

body burdens [18]. 

The advantages of probabilistic methods include explicit representation of uncertainty, ability 

to estimate the probability of exceeding effect thresholds, identification of sensitive parameters, and 

improved communication of risk to decision makers [10,18]. However, regulatory frameworks in 

numerous jurisdictions continue to focus on deterministic risk estimates, which may hinder the 

acceptance of probabilistic results [11]. 

A practical middle ground is to use both deterministic screening and probabilistic definitive 

assessment. A tiered probabilistic method that uses conservative deterministic screening methods, 

while definitive assessments use probabilistic methods makes the best use of resources [5,10]. 

Decision Support Systems and Software Tools 

The difficulty of SSRA has led to the creation of specialized decision support systems (DSS) and 

software tools that combine exposure modelling, effects assessment, uncertainty analysis, and risk 

characterization into one computational framework. These tools enhance assessment consistency, 

facilitate sensitivity analysis, and enable evaluation of alternative remediation scenarios [19,20]. 

The DSS-ERAMANIA system created by Semenzin et al. [19] is a complete platform for assessing 

the ecological risk of contaminated sites on a site-by-site basis. This system supports both screening 

and definitive assessments, takes into account multiple exposure routes, and generates outputs that 

are ready for regulatory reporting. RESRAD-ECORISK [21] is a widely used software program that 

was made determining the ecological risks at places that are polluted with chemical and radionuclide 

contaminants. The code implements standardized exposure models for land and water receptors, 

incorporates the decay of radionuclides and the growth of their progeny, and allows for probabilistic 
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analysis through Monte Carlo simulation. Linkov et al. [20] improved spatially explicit exposure 

assessment with the Risk-Trace software, which incorporates habitat characterization and spatial 

variability in contaminant distribution, receptor home ranges, and patterns of habitat use. This 

method takes into account that ecological receptors gather in preferred habitats, where they may be 

exposed to levels of contamination that are very different from the average levels across the site. The 

FRAMES-3MRA platform developed by Babendreier and Castleton [22] provides integrated tools for 

uncertainty and sensitivity analysis in multimedia environmental models. The system supports 

multiple uncertainty analysis methods including Monte Carlo simulation, Latin hypercube sampling, 

and differential sensitivity analysis, making it possible to fully evaluate both parameter and model 

uncertainty. 

Despite advances in DSS tools, several limitations persist. Many tools necessitate considerable 

technical proficiency for parameterization and interpretation, which may restrict accessibility [19]. 

Validation of model predictions against independent field data is still not possible for many tools 

[22], and most tools focus on chemical exposure pathways and may inadequately address habitat 

alteration, physical disturbance, or other non-chemical stressors relevant to contaminated sites [5]. 

Integrated Assessment Frameworks 

Recent improvements highlight the need to combine different assessment methods, data 

sources, and endpoints in order to get a completer and more reliable picture of risk. Integrated 

frameworks try to get around the problems with single assessment methods by pu�ing together 

different types of evidence and looking at how human health and ecological endpoints affect each 

other [23]. Carriger et al. [24] developed conceptual Bayesian networks for assessing the ecological 

risk of contaminated sites. This approach provides a probabilistic framework that combines data from 

different sources, expert judgment, and the ability to make decisions that can change based on new 

information, making it easier to combine different types of data, such as chemical measurements, 

toxicity data, biological surveys, and habitat assessments, into one probabilistic framework [24]. The 

Aggregate Exposure Pathway (AEP) and Adverse Outcome Pathway (AOP) frameworks [25] are 

developed on a new concept of source-to-outcome relationships in environmental risk assessment. 

The integrated AEP-AOP approach provides mechanistic linkages between external exposure and 

adverse effects, enhances transparency regarding assumptions and uncertainties, and facilitates 

integration of human health and ecological endpoints. The TRIAD method, which combines chemical 

analysis, bioassays, and ecological surveys, is another integrated framework that is becoming 

popular around the world [26]. An et al. [27] conducted comprehensive analysis and validation of 

the modified TRIAD approach in soil ecological risk assessment, demonstrating that integration of 

multiple lines of evidence provides more robust risk characterization than reliance on chemical alone. 

3.3. Contaminated Land Assessment Approaches 

Site Characterization and Problem Formulation 

Effective site-specific risk assessment depends fundamentally on comprehensive site 

characterization and rigorous problem formulation that establish the spatial scope, temporal frame, 

contaminants of concern, and ecological values at risk. Problem formulation is the most important 

first step in SSRA - it sets the endpoints for the assessment, develops conceptual site models, and 

comes up with risk hypotheses that will help with data collection and analysis later on [5]. It begins 

with preliminary site characterization to identify contaminant sources, release mechanisms, affected 

environmental media, and potentially exposed ecological receptors. Suter et al. [5] emphasize the 

importance of defining appropriate spatial units for assessment, including source units, watershed 

units, groundwater units, and terrestrial integrator units. This spatial framework ensures that the 

assessment boundaries include all the relevant exposure pathways and receptor populations while 

keeping the assessment scope manageable. 

Conceptual site models (CSMs) provide graphical or narrative representations of contaminant 

sources, release mechanisms, transport pathways, exposure media, and ecological receptors, 

establishing causal linkages between contamination and potential ecological effects [5,28]. Well-
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formed CSMs identify complete exposure pathways (source-pathway-receptor links) requiring 

quantitative evaluation, as well as incomplete pathways that can be disregarded [5]. Carriger et al. 

[24] demonstrated that Bayesian network representations of CSMs enable probabilistic evaluation of 

pathway completeness and facilitate adaptive refinement as new data become available. 

Endpoint selection in SSRA represents a critical problem formulation decision that determines 

which ecological entities, and their properties will be evaluated in the risk assessment. Suter et al. [5] 

provide detailed guidance on endpoint selection, underscoring that endpoints must be ecologically 

pertinent (reflecting valued ecosystem components), vulnerable to contaminant exposure, and 

suitable for measurement or modelling. 

Contaminant Types and Environmental Media 

SSRAs address diverse contaminant types, and each type presents its own set of challenges for 

exposure assessment and effects evaluation. The literature reviewed includes studies on heavy metals 

including chromium, cadmium, and mercury [9,10], organic pollutants such as PCBs, DDT, and 

petroleum hydrocarbons, and radionuclides including depleted uranium and tritium [10]. Metal 

contamination presents particular challenges due to complex speciation, variable bioavailability, and 

strong dependence of toxicity on environmental conditions such as pH, organic matter content, and 

competing cations [5]. Kooistra et al. [9] investigated spatial variability and uncertainty in cadmium 

risk assessment in a Dutch river floodplain, illustrating that metal bioavailability significantly differs 

among soil types, and neglecting this variability may result in considerable over- or under-estimation 

of risks. Their research showed how important it is to look at bioavailability at specific sites instead 

of just looking at total metal concentrations. 

Organic contaminants exhibit diverse environmental behaviors ranging from highly persistent, 

bioaccumulative compounds (e.g., PCBs, DDT) to readily degradable substances, for instance, 

petroleum hydrocarbons [5,18,20]. Rundegren's probabilistic assessment of secondary poisoning 

from DDT [29] demonstrated the importance of food web bioaccumulation modelling for persistent 

organic pollutants, showing that predatory wildlife may be exposed to levels of these pollutants that 

are much higher than predicted from environmental concentrations alone. 

Environmental media evaluated in site-specific assessments typically include soil, sediment, 

surface water, groundwater, and air, with media selection driven by contaminant properties, site 

characteristics, and receptor exposure pathways [5,30]. Soil represents the primary exposure medium 

for terrestrial receptors, with exposure occurring through direct ingestion, dermal contact, 

consumption of soil invertebrates, and uptake by plants [5,10]. Surface water and groundwater 

represent exposure media for aquatic organisms and terrestrial wildlife consuming contaminated 

water [5]. 

Spatial and Temporal Considerations 

Spatial heterogeneity in contaminant distribution, habitat quality, and receptor populations is a 

widespread feature of contaminated sites that significantly impacts exposure assessment and risk 

characterization. Failure to adequately characterize and incorporate spatial variability can lead to 

substantial bias in risk estimates and suboptimal remediation decisions [9,31]. 

Kooistra et al. [9] conducted an in-depth analysis of spatial variability in cadmium 

contamination and the related ecological risks in a river floodplain, finding that risk estimates 

fluctuated by over an order of magnitude across the site, influenced by soil characteristics, vegetation 

type, and prey availability. Their research utilized geostatistical techniques to delineate spatial 

patterns and assess uncertainty due to insufficient sampling density [5]. Linkov et al. [20] improved 

spatially explicit exposure assessment by adding habitat characterization and receptor movement 

patterns to the Risk-Trace software. This spatially-explicit modelling approach allows for the 

assessment of remediation scenarios that focus on high-exposure areas instead of achieving uniform 

cleanup throughout entire sites. 

Temporal considerations in site-specific risk assessment encompass both short-term dynamics 

(seasonal variation in receptor activity, contaminant mobility, and bioavailability) and long-term 

trends (contaminant degradation, natural attenuation, and ecological succession) [5]. Powers & 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 June 2026 doi:10.20944/preprints202606.1009.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202606.1009.v1
http://creativecommons.org/licenses/by/4.0/


 12 of 22 

 

Barnes [32] added temporal dynamics into the Amchitka assessment by modelling the decay of 

radionuclides and the movement of them over long periods of time. However, most reviewed 

assessments employ steady-state assumptions that may inadequately represent temporal variability 

in exposure and effects [5]. 

Exposure Pathway Analysis 

Comprehensive exposure pathway analysis represents the cornerstone of SSRA, quantifying the 

linkages between contaminant sources and ecological receptor exposure through multiple 

environmental media and uptake routes. The reviewed literature demonstrates progressive 

refinement of exposure pathway modelling from simple screening calculations to sophisticated, 

multi-pathway, probabilistic models [5,10,18]. 

Suter et al. [5] demonstrated exhaustive treatment of exposure pathways for diverse receptor 

groups including aquatic organisms, terrestrial plants, soil invertebrates, and wildlife. For aquatic 

organisms, exposure pathways include directly taking in water through their gills, eating 

contaminated food and water, and for benthic species, being exposed to contaminated sediments. 

Plants on land mostly get their exposure through their roots taking up nutrients from the soil. Other 

ways include volatile compounds getting into the leaves and particles settling on the leaves. Wildlife 

exposure pathways are generally more intricate, encompassing various routes such as incidental soil 

ingestion, consumption of contaminated food sources (plants, invertebrates, prey species), ingestion 

of contaminated water, and inhalation of volatile compounds or contaminated dust [5,10]. 

Bioaccumulation is a major way that persistent pollutants get into organisms and build up in 

their tissues and through food webs [33]. MacIntosh et al. [18] used stochastic food web models for 

PCBs and mercury that show how these chemicals build up in living things at different trophic levels, 

from primary producers to invertebrates and fish to birds and mammals that eat fish. Their models 

included bioaccumulation factors, trophic transfer efficiencies, and metabolic elimination rates, 

which made it possible to guess the tissue concentrations in endpoint species based on the 

concentrations in the environment [16]. 

3.4. Ecological Risk Characterization Approaches 

Ecological Endpoint Selection 

Selection of appropriate ecological endpoints represents a critical decision that determines the 

scope, focus, and ultimate utility of site-specific risk assessments. Assessment endpoints must 

balance ecological relevance, policy relevance, and operational feasibility while also covering all the 

ecological values that could be harmed by site contamination [1,5]. 

Suter et al. set out detailed criteria for choosing endpoints, stressing that they should represent 

important ecosystem components (species, communities, or ecosystem functions that are important 

to society or the environment), be vulnerable to exposure to contaminants, and be easy to measure or 

model [1]. The framework makes a difference between assessment endpoints, which are clear 

statements of the environmental values that need to be protected, and measurement endpoints, which 

are measurable responses that are used to judge how well assessment endpoints are protected [1]. 

Common assessment endpoints for contaminated sites encompass population-level attributes of 

wildlife species (abundance, productivity, persistence), community-level characteristics (species 

richness, diversity, composition), and ecosystem-level metrics (primary productivity, decomposition 

rates, nutrient cycling) [1,14]. The choice of these endpoint types depends on the site's ecological 

values, the characteristics of the contaminant, and the rules that must be followed [1]. 

Kooistra et al. chose the little owl as a way to measure cadmium contamination in a Dutch 

floodplain because the species is a predator, needs floodplain habitats, and there is toxicity data 

available [5]. Thongsri et al. assessments at Army sites [10] looked at a variety of wildlife endpoints, 

such as black-tailed jackrabbits, mule deer, cactus mice, white-footed mice, white-tailed deer, and 

cottontail rabbits. These animals belong to different feeding guilds and live in different types of 

habitats. Soil microbial communities and invertebrate communities are important for the 

environment but are often not given enough attention when it comes to assessments [27]. These 
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communities play a key role in ecosystem functions like breaking down dead plants and animals, 

recycling nutrients, and keeping the soil's structure stable [5]. An et al.'s modified TRIAD approach 

used soil ecological surveys to look at effects on the community level [27]. 

Effects Assessment and Toxicity Evaluation 

Effects assessment determines the correlation between contaminant exposure and negative 

impacts on assessment endpoints, thereby establishing the toxicological basis for risk 

characterization. The reviewed literature demonstrates diverse approaches to effects assessment 

ranging from comparison against generic toxicity benchmarks to site-specific toxicity testing and 

biological surveys [5,27,28]. 

Screening-level effects assessment generally utilizes toxicity reference values (TRVs) obtained 

from published literature, regulatory databases, or species sensitivity distributions. Suter et al. [5] 

offer comprehensive guidance on the selection and application of TRVs, underscoring the necessity 

of aligning test species, exposure pathways, and effect magnitudes with assessment endpoints. Some 

common TRVs are no-observed-adverse-effect levels (NOAELs), lowest-observed-adverse-effect 

levels (LOAELs), and median lethal concentrations (LC50s). 

Hlohowskyj et al. [30] did a full ecological risk assessment at J-Field, Aberdeen Proving Ground, 

using both TRVs from the literature and site-specific toxicity testing. The assessment included tests 

on the toxicity of water and sediment samples from the site, tests on the toxicity of plants on land 

using soils from the site, and models of how wildlife would be affected by the contaminants based 

on their concentrations and the characteristics of the receptors. This multi-tiered approach made it 

possible to find the most dangerous contaminants and ways people are exposed to them. 

Biological surveys evaluate in situ ecological conditions by quantifying community 

composition, abundance, diversity, and functional metrics [27] with survey data amending direct 

evidence of ecological impacts under authentic site conditions, encompassing all exposure pathways 

and stressors [5]. However, analyzing survey data necessitates meticulous evaluation of confounding 

variables such as natural variability, habitat quality, and non-chemical stressors [5,27]. 

Bioaccumulation and Food Web Modeling 

Bioaccumulation and biomagnification of persistent contaminants via food webs constitute 

significant exposure routes for predatory wildlife and piscivorous (feeding on fish) species, 

frequently leading to tissue concentrations several orders of magnitude greater than environmental 

concentrations. The literature examined illustrates advanced methodologies in food web modelling 

that incorporate bioaccumulation kinetics, trophic transfer, and population-level exposure 

distributions [18,29]. 

MacIntosh et al. [18] created stochastic food web models for PCBs and mercury in the food webs 

of mink and great blue herons, considering bioaccumulation as a dynamic process affected by uptake 

rates, assimilation efficiencies, metabolic transformation, and elimination rates. All model parameters 

were regarded as uncertain, utilizing distributions obtained from literature and site-specific 

measurements. The models differentiated between knowledge uncertainty and stochastic, facilitating 

the distinct quantification of these sources of uncertainty [18]. Monte Carlo simulation disseminated 

both types of uncertainty throughout the models, producing probability distributions of tissue 

concentrations in endpoint species. Validation with field monitoring data showed that the models 

gave good estimates of both the average and the range of heron egg and nestling tissue 

concentrations. Rundegren [29] conducted a probabilistic ecological risk assessment of secondary 

poisoning from DDT, focusing on how it builds up in food webs on land. The evaluation utilized 

species-specific bioaccumulation factors, dietary compositions, and toxicity thresholds to assess risks 

to predatory avian and mammalian species. Probabilistic methods allowed for the quantification of 

the likelihood that specific predators would surpass toxicity thresholds, taking into account 

variations in prey consumption rates, prey tissue concentrations, and predator body weights. 

Bioaccumulation modelling requires careful consideration of factors influencing uptake and 

retention including lipid content, metabolic capacity, trophic position, and feeding behavior [18]. 

Suter et al. [5] offer comprehensive guidance on the selection of bioaccumulation factors, highlighting 
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the necessity of aligning test species with assessment endpoints and considering the variations in 

exposure pathways between laboratory and field conditions. 

Weight-of-Evidence Approaches 

Weight-of-evidence (WOE) methods combine data from chemical analysis, toxicity testing, and 

biological surveys to give a completer and more reliable picture of risk than using just one source of 

data. The TRIAD approach is the most common WOE framework. It combines chemical, 

toxicological, and ecological data in a systematic way [26,27]. 

An et al.’s [27] extensive analysis and validation of the modified TRIAD approach in soil 

ecological risk assessment at an electroplating site in China. The evaluation incorporated three 

strands of evidence: 1) chemical analysis of soil contaminants; 2) ecotoxicological testing; and 3) 

ecological surveys of soil invertebrate communities. Each piece of evidence was looked at and scored 

on its own, and then they were all put together in a structured decision framework to sort site areas 

by risk level [27]. The modified TRIAD approach had a number of benefits over assessments that only 

used one line of evidence. Chemical data alone may overstate risks when contaminants are in forms 

that are not bioavailable, or they may understate risks when interactions between different chemicals 

or contaminants that are not measured add to toxicity [26]. Toxicity tests provide direct evidence of 

biological effects but may not reflect long-term population or community responses [27]. Ecological 

surveys assess actual in situ conditions but may be confounded by natural variability or non-chemical 

stressors. Integration of all three lines of evidence provides more reliable risk characterization and 

greater confidence in decision-making [26,27]. 

Suter et al. delineate a thorough weight-of-evidence framework for risk characterization that 

surpasses the Triad approach by integrating supplementary data sources such as biomarkers, tissue 

residues, and mechanistic toxicity data [5]. The framework stresses the need for a systematic 

assessment of the quality, relevance, and consistency of data across different lines of evidence, with 

a clear focus on the agreement and disagreement between data sources. 

3.5. Case Studies and Applications 

The literature reviewed contains numerous case studies that show how SSRA frameworks can 

be used on different contaminated sites, providing useful information about the problems that come 

up practice, the data that is needed, and the decisions that are made. These case studies encompass 

military installations, industrial sites, mining regions, and Superfund sites [9,30,34,35]. 

Hlohowskyj et al. [30] conducted comprehensive ecological risk assessment at J-Field, Aberdeen 

Proving Ground, Maryland, a former military testing ground but is now polluted with explosives, 

metals, and organic compounds. The assessment used a tiered approach that started with a screening-

level evaluation against ecological benchmarks and ended with a definitive assessment that included 

site-specific toxicity testing, modelling of wildlife exposure, and biological surveys. The study found 

that white phosphorus in surface soil was the main cause of ecological risk. Kooistra et al. [9] 

evaluated spatial variability and uncertainty in cadmium risk assessment for little owls in a Dutch 

river floodplain contaminated by historical metal smelting operations. The evaluation included 

geostatistical analysis of soil cadmium levels, bioavailability modelling that took into account soil 

properties, and spatially explicit exposure modelling that included owl home ranges and prey 

distributions. Results demonstrated that risk estimates varied by more than an order of magnitude 

across the site, with highest risks in areas combining elevated cadmium concentrations with high 

prey availability. Powers et al. [34] developed a detailed science plan for doing an independent 

ecological risk assessment at Amchitka Island, Alaska, where three underground nuclear tests were 

done in the 1960s and 1970s. The assessment addressed potential exposure of marine and terrestrial 

receptors to radionuclides including tritium, cesium-137, and plutonium isotopes. The assessment 

used a phased approach, starting with screening calculations and then going into more detail about 

the site and modelling for pathways that went beyond the screening criteria. Niemeyer [35] evaluated 

ecological risks at Santo Amaro, Bahia, Brazil, a tropical metal-contaminated area with lead smelting 

contamination. The evaluation confronted distinctive challenges of tropical ecosystems, such as 
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elevated biodiversity, insufficient toxicity data for tropical species, and intricate exposure pathways 

in humid conditions. The study demonstrated the need for region-specific assessment approaches 

that account for climatic, ecological, and socioeconomic differences from temperate regions where 

most assessment methods were developed. 

3.6. Uncertainty Analysis in Ecological Risk Assessment 

Uncertainty represents an inherent and pervasive characteristic of ecological risk assessment 

arising from incomplete knowledge, natural variability, and limitations of assessment methods. For 

risk-based decision-making that can be defended and for correctly interpreting assessment results [9–

11,22], it is important to carefully define and communicate uncertainty. The reviewed literature 

identified various types and sources of uncertainty in ecological risk assessment. Parameter 

uncertainty happens when we don't know the exact values of input parameters like contaminant 

concentrations, exposure factors, and toxicity thresholds [9,10,18]. Model uncertainty signifies 

constraints in the mathematical representations of exposure processes, bioaccumulation kinetics, and 

dose-response relationships [5]. Model uncertainty is more difficult to quantify than parameter 

uncertainty and typically requires comparison of alternative models or expert elicitation. 

Measurement uncertainty is caused by problems with analysis, sampling errors, and quality control 

and assurance. While typically smaller than other uncertainty sources, it can be significant for 

contaminants near detection limits or in complex matrices [5]. 

Spatial variability is a significant source of uncertainty in contaminated site assessments, 

stemming from heterogeneous contaminant distribution, variable soil characteristics, and uneven 

habitat distribution [9,31]. Kooistra et al. [9] showed that differences in the availability of cadmium 

and prey in different parts of a floodplain site have led to risk estimates that were more than an order 

of magnitude different from each other.  

Temporal variability adds more uncertainty because receptor activity, contaminant mobility, 

and environmental conditions change with the seasons [5]. Most assessments use steady-state 

assumptions that might not accurately show how things change over time. 

Quantitative methods for uncertainty analysis facilitate the precise delineation of uncertainty 

in risk assessments and the identification of parameters that significantly influence output variability. 

Monte Carlo simulation is the most commonly used quantitative method for estimating ecological 

risk [9,10,18,22]. 

Thongsri [10] used Monte Carlo simulation with 10,000 iterations to do a full uncertainty 

analysis in ecological risk assessment modelling at Army contaminated sites. The analysis generated 

probability distributions of hazard quotients for multiple receptor species, enabling estimation of the 

probability that risks exceed regulatory thresholds. 

MacIntosh et al. enhanced probabilistic methodologies by distinctly addressing knowledge 

uncertainty and stochastic uncertainty within food web models. Knowledge uncertainty was 

illustrated through probability distributions that indicate imperfect parameter knowledge, whereas 

stochastic uncertainty was depicted by distributions that represent natural variability among 

individual organisms [18]. Babendreier & Castleton [22] created a full set of tools for uncertainty and 

sensitivity analysis in the FRAMES-3MRA platform. These tools support a number of methods, such 

as Monte Carlo simulation, Latin hypercube sampling, and differential sensitivity analysis. Bayesian 

methods offer a distinct probabilistic framework that systematically integrates prior knowledge, 

adjusts probability distributions with the emergence of new data, and facilitates the amalgamation 

of varied data sources [23,24]. Carriger et al. [24] illustrated the utilization of Bayesian networks in 

contaminated site risk assessment, demonstrating that this methodology enables adaptive decision-

making amidst uncertainty and the explicit integration of expert opinion. 

Sensitivity analysis identifies parameters that most strongly influence risk estimates, providing 

critical information for prioritizing data collection, evaluating model assumptions, and interpreting 

assessment results. The literature reviewed shows a wide range of sensitivity analysis methods, from 

simple ones that change one parameter at a time to more advanced global sensitivity methods [10,22]. 
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Thongsri's uncertainty analysis utilized sensitivity analysis to determine the parameters that 

significantly influence the variability in hazard quotients for terrestrial wildlife [10]. The analysis 

showed that the concentrations of contaminants in soil, bioaccumulation factors, and food ingestion 

rates were the main sources of output variance. These findings led to suggestions for more site 

characterization and toxicity testing to make high-influence parameters less uncertain. Babendreier 

& Castleton [22] implemented multiple sensitivity analysis methods in FRAMES-3MRA including 

differential sensitivity analysis (evaluating the rate of change in outputs with respect to inputs), 

correlation analysis (quantifying associations between input and output distributions), and 

contribution to variance analysis (partitioning output variance among input parameters). 

Comparison of methods revealed that different approaches may identify different parameters as most 

influential, emphasizing the importance of employing multiple sensitivity analysis techniques. 

Methods for global sensitivity analysis, like Sobol indices and extended FAST (Fourier Amplitude 

Sensitivity Test) take a lot of computer power, but they give a better picture of how important each 

parameter is than local sensitivity methods [22]. 

Effective communication of uncertainty to risk managers and stakeholders represents a critical 

but often inadequately addressed aspect of SSRA. The reviewed literature emphasizes that 

uncertainty communication must balance technical rigor with accessibility, providing decision-

makers with sufficient information to make informed choices while avoiding overwhelming 

complexity [5,10,11]. 

Suter et al. underscores the necessity of distinctly differentiating between point estimates, 

confidence intervals, and probability distributions. For deterministic evaluations, uncertainty must 

be conveyed via sensitivity analysis that illustrates the variation in risk estimates with different 

parameter values. For probabilistic evaluations, outcomes must be displayed as probability 

distributions, accompanied by a lucid explanation of the significance of the distributions [5]. 

Norrman's review on decision analysis in the context of risk and uncertainty at contaminated sites 

underscores the necessity of integrating uncertainty characterization with decision-making processes 

[11]. The review identifies decision-analytic methods that explicitly incorporate uncertainty into 

remediation decisions, enabling evaluation of alternative actions under uncertainty and identification 

of decisions that are robust across plausible parameter ranges. Graphical presentation of uncertainty 

through probability distributions, confidence intervals, and sensitivity plots enhances 

comprehension by non-technical audiences [10]. Kooistra et al. employed spatial maps showing 

probability of risk exceedance across the study area, enabling visual identification of high-risk zones 

and communication of spatial uncertainty [9]. The Italian ERA guideline developed by Bizzotto et al. 

[7] emphasizes the need for templates, checklists, and standard reporting formats to make it easier 

for everyone to communicate uncertainty across assessments. 

4. Narrative Synthesis and Discussion 

4.1. Narrative Synthesis 

The studies included in this review were synthesized taking into the account the methodological 

heterogeneity of domains of environmental site-specific risk assessment (SSRA) frameworks, 

contaminated land assessment tools, and ecological risk characterization approaches. This synthesis 

is focused on identifying recurring conceptual structures, methodological approaches, and 

divergences across regulatory, scientific, and applied case-study literature. 

Overall, our narrative synthesis indicated that while SSRA methodologies share a common 

conceptual foundation [2,16], the implementation varies widely across regions, contaminants, and 

ecological contexts. Historically, risk assessments relied on soil quality standards and generic 

guidelines, often failing to account for local variability and complex exposure scenarios [36]. The field 

is moving toward more holistic, data-rich, and model-supported approaches [37,38], however 

practical constraints, regulatory traditions, and data availability continue to shape the degree of 

site-specificity achieved in real-world applications [39,40]. 
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Across the reviewed studies, three overarching themes can be identified. First, most frameworks 

adopt a tiered assessment structure, beginning with conservative screening-level evaluations and 

progressing toward increasingly site-specific analyses. This structure is evident in classical ecological 

risk assessment frameworks [2,16], in contaminated land management systems – RBCA and CLEA, 

and in more recent guideline harmonization efforts [41]. The tiered approach consistently strives to 

balance resource efficiency with the necessity for detailed characterization where risks are uncertain. 

Second, the synthesis revealed a strong emphasis on integrating multiple indicators to address 

uncertainty and boost the ecological relevance. TRIAD-based approaches [42,43] and 

weight-of-evidence frameworks [20,23] are widely applied in both soil and sediment contexts. These 

methods combine multiple indicators – chemical, toxicological, and ecological – to support more 

robust site-specific conclusions. Third, the reviewed literature highlights the increasing use of 

bioavailability, spatial heterogeneity, and mechanistic modelling aspects into SSRA. Advances in 

soil ecotoxicology [44,45], spatial modelling [9], and Bayesian network models [24,46] indicate a shift 

toward more ecologically-realistic assessments. Case study in the Netherlands [47] demonstrate that 

the inclusion of site-specific exposure pathways, habitat conditions, and organism traits can 

substantially alter risk scores compared to generic guideline-based assessments. 

Despite these advances in the field, several methodological gaps persist. Frameworks still rely 

heavily on default toxicity values and screening benchmarks, even when site-specific data are 

available. Gaps remain in standardizing methods, achieving regulatory acceptance, and validating 

emerging technologies [48]. Future research should focus on bridging these gaps through efforts for 

standardization, validation, and participatory approaches, which leverages digital and spatially-

explicit SSRA tools to continuously refine risk assessments and improve remediation strategies [49]. 

The treatment of uncertainty remains inconsistent from study to study, with some applying 

probabilistic methods [50] while others rely on deterministic estimates [51]. Additionally, the 

integration of ecological endpoints beyond individual-level toxicity – such as population, 

community, or ecosystem-level responses – remains limited in practice, despite strong theoretical 

support in the literature [52]. 

Critical analysis of literature revealed an interplay between methodological innovation and 

practical challenges. Probabilistic and spatially-explicit SSRA frameworks are advancing the accuracy 

and transparency of modern risk assessments, but regulatory, technical, and data-related barriers 

persist [49,53]. Additionally, Rapid field techniques and adaptive management strategies offer 

promising solutions for future improvement [48]. 

4.2. Critical Gaps and Limitations 

Despite substantial advances in methodological frameworks, exposure modelling, and 

uncertainty analysis, the reviewed literature revealed several critical gaps and limitations that 

constrain the effectiveness and defensibility of site-specific ecological risk assessment. 

First, most assessment frameworks concentrate on chemical stressors, neglecting non-chemical 

stressors such as habitat modification, physical disruption, invasive species, and climate change 

[5,54]. Tannenbaum's different way of doing an ecological risk assessment stresses how important it 

is to look at different types of stressors and how they interact. However, methods for quantitatively 

integrating chemical and non-chemical stressors remain underdeveloped [54]. 

Second, temporal dynamics including seasonal variability, long-term trends, and ecological 

succession receive limited attention in most assessments. Steady-state assumptions may inadequately 

represent sites undergoing natural attenuation, ecological recovery, or changing land use [5]. 

Third, population-level effects assessment remains challenging due to limited understanding 

of relationships between individual-level toxicity and population dynamics [5]. Most evaluations 

depend on individual-level endpoints (survival, growth, reproduction) as proxies for population 

effects; however, extrapolation to the population level necessitates the consideration of density 

dependence, immigration, and compensatory mechanisms. 
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Fourth, mixture toxicity assessment methods remain limited, with most assessments assuming 

concentration addition or response addition without empirical validation. Synergistic or antagonistic 

interactions may substantially alter risks but are rarely quantified [5]. 

Fifth, it is uncommon to validate exposure models and risk predictions against independent 

field data, which makes it hard to trust the accuracy of the models [18,22]. The validation of food web 

models against monitoring data by MacIntosh et al. [18] is an anomaly rather than a standard practice. 

Sixth, the integration of human health and ecological risk assessment is still limited, even 

though it is known that contaminated sites can be dangerous to both. Hines et al. [25] application of 

integrated AEP-AOP frameworks represents an emerging approach, but practical implementation 

challenges remain. 

Seventh, it is hard to compare results because assessment methods are not standardized across 

jurisdictions, which could lead to inconsistent levels of protection [7]. 

4.3. Future Directions and Recommendations 

 Based on the comprehensive synthesis of current knowledge and identified gaps, several 

priority directions emerge for advancing the science and practice of site-specific ecological risk 

assessment. 

 Methodological Advances. Future research should focus on creating and testing integrated 

assessment frameworks that bring together chemical analysis, toxicity testing, biological surveys, 

and ecosystem function assessment into a single decision-making framework [28]. Bayesian 

network methods are very promising for bringing together different data sources and helping 

people make decisions that change over time [23,24]. The establishment of standardized protocols 

for assessing mixture toxicity and extrapolating population-level effects would rectify significant 

methodological deficiencies [5]. 

 Uncertainty Quantification: It is important to keep improving probabilistic methods and tools for 

analyzing uncertainty. This includes being able to tell the difference between reducible and 

irreducible uncertainty, doing thorough sensitivity analyses, and finding better ways to explain 

uncertainty to decision-makers [10,18,22]. Two-dimensional Monte Carlo methods that 

independently disseminate knowledge and stochastic uncertainty ought to be established as 

standard procedures for conclusive evaluations [18]. 

 Spatial and Temporal Considerations: Development of spatially explicit assessment frameworks 

that account for heterogeneous contamination, habitat distribution, and receptor movement 

patterns represents a priority area [9,20]. Adding temporal dynamics like seasonal changes, the 

breakdown of pollutants, and the natural progression of ecosystems would make things more 

realistic and help compare natural attenuation and monitored natural recovery options [5]. 

 Emerging Contaminants and Stressors: Assessment frameworks must evolve to address emerging 

contaminants including per- and polyfluoroalkyl substances (PFAS), microplastics, and 

pharmaceuticals, as well as non-chemical stressors including climate change, habitat fragmentation, 

and invasive species [54]. The creation of effect-based assessment methodologies and adverse 

outcome pathway frameworks could enhance the evaluation of contaminants with insufficient 

toxicity data [25]. 

 Model Validation: Systematic validation of exposure models, bioaccumulation models, and risk 

predictions against independent field data should become standard practice [25]. Long-term 

monitoring programs at assessed sites would provide valuable validation datasets and enable 

adaptive refinement of assessment methods [5]. 

 International Harmonization: It would be easier to share knowledge and make things more 

consistent if people worked together to make sure that assessment frameworks were the same in all 

places, while still taking into account the differences in ecological conditions and rules in each area. 

Creating international guidelines, databases of case studies, and technical training programs could 

help with efforts to make things more consistent [7]. 
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 Decision Support Tools. To make site-specific assessments easier to access and more consistent, 

user-friendly decision support systems that combine exposure modelling, effects assessment, 

uncertainty analysis, and remediation evaluation should continue to be developed [19]. Tools 

should have clear documentation, the ability to do sensitivity analysis, and output formats that can 

be used by a wide range of stakeholders [22]. 

 Stakeholder Engagement. Better ways to involve stakeholders and talk about risks would make 

ecological risk assessments more socially acceptable and useful in real life. Creating visualization 

tools, interactive platforms, and summaries in plain language could make it easier for stakeholders 

to take part in assessment and decision-making processes in a meaningful way [7]. 

5. Conclusions 

The main conclusion from this review is that theoretical frameworks in SSRA are becoming 

increasingly probabilistic, spatially explicit, and data-centric. Integration of advanced tools like 

Monte Carlo simulations, Bayesian networks, and AI-driven models are better with the quantification 

of uncertainty and decision support. However, challenges remain in aspects of standardization, 

stakeholder acceptance, and regulatory integration. 

Author Contributions: Conceptualization, R.K. and Z.R.; methodology, R.K.; formal analysis, Z.R.; 

investigation, R.K.; resources, I.M.; writing—original draft preparation, R.K.; writing—review and editing, Z.R.; 

supervision, R.K.; project administration, I.M.; funding acquisition, I.M. All authors have read and agreed to the 

published version of the manuscript. 

Funding: The research leading to these results has received funding from the project “Competence Centre of 

Information and Communication for Green Product Research” of the Recovery and Resilience Facility, contract 

No. 1.2.1.2.i.2/1/24/A/CFLA/006 signed between IT Competence Centre and Central Finance and Contracts 

Agency, Research No. 3 “Assessment of Contaminated Site Risks Using Data Sets Automatically Extracted from 

Historical Documents with Large Language Models”. 

Data Availability Statement: Dataset available on request from the authors. 

Acknowledgments: During the preparation of this manuscript, the authors used ScopusAI 

(https://www.scopus.com/pages/home#scopus-ai) which was used as a supplementary tool to literature search 

by above mentioned strictly formulated keywords and criteria in Materials and Methods section, and to 

categorize the results and their discussion based on certain criteria defined by the authors. This was used to draft 

section on survey results and their primary discussion and recommendations, written by the authors, was 

provided as input for the AI, along with the prompt: “Based on the provided literature survey findings, 

formulate recommendations for enhancing the site-specific risk assessment”. The initial recommendations 

generated by the AI were then carefully reviewed and revised by the authors. The resulting recommendations 

were further re-organized and grouped under specific themes by the authors. This approach provided practical 

support in synthesizing and structuring the discussion but did not constitute a formal part of the research 

methodology, nor did it influence the results and their primary discussion. The AI tool QuillBot 

(https://quillbot.com/) was used for proofreading the original texts written by the authors. Proofreading 

involved correcting grammar and syntax and improving fluency. AI was not used elsewhere or otherwise, as 

stated here. The authors have reviewed and edited the output and take full responsibility for the content of this 

publication. 

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the 

study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to 

publish the results. 

Abbreviations 

The following abbreviations are used in this manuscript: 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 June 2026 doi:10.20944/preprints202606.1009.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202606.1009.v1
http://creativecommons.org/licenses/by/4.0/


 20 of 22 

 

EPA U.S. Environmental Protection Agency 

ERA Environmental Risk Assessment 

CSM Conceptual Site Model 

DSS Decision Support Systems 

SSRA Site-specific Risk Assessment 

WOE Weight-of-evidence 

WoSCC Web of Science Core Collection 

References 

1. Ecological Risk Assessment of Contaminated Land: Decision Support for Site Specific Investigations; RIVM]: 

Bilthoven, 2006; ISBN 978-90-6960-138-0. 

2. Guidelines for Ecological Risk Assessment; U.S. Environmental Protection Agency, 1998; 

3. Norton, S.B.; Rodier, D.J.; van der Schalie, W.H.; Wood, W.P.; Slimak, M.W.; Gentile, J.H. A Framework for 

Ecological Risk Assessment at the EPA. Environmental Toxicology and Chemistry 1992, 11, 1663–1672, 

doi:10.1002/etc.5620111202. 

4. Nielsen, D.M.; Nielsen, G.L.; Preslo, L.M. Environmental Site Characterization. In Practical Handbook of 

Environmental Site Characterization and Ground-Water Monitoring; CRC Press, 2005. 

5. Suter II, G.W.S.; Efroymson, R.A.; Sample, B.E.; Jones, D.S. Ecological Risk Assessment for Contaminated Sites; 

CRC Press, 2000; ISBN 978-1-4200-5669-3. 

6. Chen, S.; Chen, B.; Fath, B.D. Ecological Risk Assessment on the System Scale: A Review of State-of-the-Art 

Models and Future Perspectives. Ecological Modelling 2013, 250, 25–33, doi:10.1016/j.ecolmodel.2012.10.015. 

7. Bizzotto, E.C.; Semenzin, E.; Giubilato, E.; Frisario, S.; Zaninetta, L.; Bonfedi, G.; Villani, F.; Marcomini, A. 

Ecological Risk Assessment for Contaminated Sites in Italy: Guidelines and Path Forward. Integrated 

Environmental Assessment and Management 2023, 19, 913–919, doi:10.1002/ieam.4654. 

8. Wanner, P.; Freis, M.; Peternell, M.; Kelm, V. Risk Classification of Contaminated Sites - Comparison of the 

Swedish and the German Method. Journal of Environmental Management 2023, 327, 116825, 

doi:10.1016/j.jenvman.2022.116825. 

9. Kooistra, L.; Huijbregts, M.A.J.; Ragas, A.M.J.; Wehrens, R.; Leuven, R.S.E.W. Spatial Variability and 

Uncertainty in Ecological Risk Assessment:  A Case Study on the Potential Risk of Cadmium for the Little 

Owl in a Dutch River Flood Plain. Environ. Sci. Technol. 2005, 39, 2177–2187, doi:10.1021/es049814w. 

10. Thongsri, T. Uncertainty Analysis in Ecological Risk Assessment Modeling - ProQuest Available online: 

https://www.proquest.com/openview/ba8025c622d22011a71ef6a99220627d/1?pq-

origsite=gscholar&cbl=18750&diss=y (accessed on 15 May 2026). 

11. Norrman, J. Decision Analysis under Risk and Uncertainty at Contaminated Sites. A Literature Review. 

2001. 

12. Labieniec, P.A.; Dzombak, D.A.; Siegrist, R.L. Evaluation of Uncertainty in a Site-Specific Risk Assessment. 

Journal of Environmental Engineering 1997, 123, 234–243, doi:10.1061/(ASCE)0733-9372(1997)123:3(234). 

13. Sukhera, J. Narrative Reviews: Flexible, Rigorous, and Practical. Journal of Graduate Medical Education 2022, 

14, 414–417, doi:10.4300/JGME-D-22-00480.1. 

14. Grant, M.J.; Booth, A. A Typology of Reviews: An Analysis of 14 Review Types and Associated 

Methodologies. Health Information & Libraries Journal 2009, 26, 91–108, doi:10.1111/j.1471-1842.2009.00848.x. 

15. Haddaway, N.R.; Macura, B.; Whaley, P.; Pullin, A.S. ROSES RepOrting Standards for Systematic Evidence 

Syntheses: Pro Forma, Flow-Diagram and Descriptive Summary of the Plan and Conduct of Environmental 

Systematic Reviews and Systematic Maps. Environ Evid 2018, 7, 7, doi:10.1186/s13750-018-0121-7. 

16. Suter, G.W.; Barnthouse, L.W. Ecological Risk Assessment 1993. 

17. VanHorn, R.L.; Hampton, N.L.; Morris, R.C. Guidance Manual for Conducting Screening Level Ecological Risk 

Assessments at the INEL; Idaho National Engineering and Environmental Lab., Idaho Falls, ID (US), 1995; 

18. Macintosh, D.L.; Suter II, G.W.; Hoffman, F.O. Uses of Probabilistic Exposure Models in Ecological Risk 

Assessments of Contaminated Sites. Risk Analysis 1994, 14, 405–419, doi:10.1111/j.1539-6924.1994.tb00259.x. 

19. Semenzin, E.; Critto, A.; Rutgers, M.; Marcomini, A. DSS-ERAMANIA: Decision Support System for Site-

Specific Ecological Risk Assessment of Contaminated Sites. In Decision Support Systems for Risk-Based 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 June 2026 doi:10.20944/preprints202606.1009.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202606.1009.v1
http://creativecommons.org/licenses/by/4.0/


 21 of 22 

 

Management of Contaminated Sites; Marcomini, A., Suter II, G.W., Critto, A., Eds.; Springer US: Boston, MA, 

2009; pp. 1–33 ISBN 978-0-387-09722-0. 

20. Linkov, I.; Satterstrom, F.K.; Kiker, G.; Batchelor, C.; Bridges, T.; Ferguson, E. From Comparative Risk 

Assessment to Multi-Criteria Decision Analysis and Adaptive Management: Recent Developments and 

Applications. Environment International 2006, 32, 1072–1093, doi:10.1016/j.envint.2006.06.013. 

21. Cheng, J.J. RESRAD-ECORISK: A Computer Code for Ecological Risk Assessment; Argonne National Lab., IL 

(United States), 1995; 

22. Babendreier, J.E.; Castleton, K.J. Investigating Uncertainty and Sensitivity in Integrated, Multimedia 

Environmental Models: Tools for FRAMES-3MRA. Environmental Modelling & Software 2005, 20, 1043–1055, 

doi:10.1016/j.envsoft.2004.09.013. 

23. Carriger, J.F.; Newman, M.C. Influence Diagrams as Decision-making Tools for Pesticide Risk Management. 

Integrated Environmental Assessment and Management 2012, 8, 339–350, doi:10.1002/ieam.268. 

24. Carriger, J.F.; Parker, R.A. Conceptual Bayesian Networks for Contaminated Site Ecological Risk 

Assessment and Remediation Support. Journal of Environmental Management 2021, 278, 111478, 

doi:10.1016/j.jenvman.2020.111478. 

25. Hines, D.E.; Conolly, R.B.; Jarabek, A.M. A Quantitative Source-to-Outcome Case Study To Demonstrate 

the Integration of Human Health and Ecological End Points Using the Aggregate Exposure Pathway and 

Adverse Outcome Pathway Frameworks. Environ. Sci. Technol. 2019, 53, 11002–11012, 

doi:10.1021/acs.est.9b04639. 

26. Wang, M.-E.; Ma, W.-K.; Jiang, R.; Xie, T. Ecological risk assessment of contaminated soil using improved 

“Weight of Evidence”approach:A case study of electroplating site in Jingjiang, Jiangsu, China. Ying Yong 

Sheng Tai Xue Bao 2022, 33, 1639–1651, doi:10.13287/j.1001-9332.202206.017. 

27. An, Y.-J.; Kim, D.; Kim, H.; Lee, T.-Y.; Hyun, S.; Hong, S.; Jeong, S.-W. A Comprehensive Analysis and 

Validation of the Modified TRIAD Approach in Soil Ecological Risk Assessment.; April 1 2024; p. 2413. 

28. Carriger, J.F.; Yee, S.H.; Fisher, W.S. Assessing Coral Reef Condition Indicators for Local and Global 

Stressors Using Bayesian Networks. Integrated Environmental Assessment and Management 2021, 17, 165–187, 

doi:10.1002/ieam.4368. 

29. Rundegren, A. Probabilistic Ecological Risk Assessment of Secondary Poisoning from DDT. 2019. 

30. Hlohowskyj, I.; Hayse, J.; Kuperman, R.; Van Lonkhuyzen, R.; Argonne National Laboratory, A. Remedial 

Investigation Report for J-Field, Aberdeen Proving Ground, Maryland. Volume 3: Ecological Risk Assessment; 

Argonne National Laboratory, Argonne, IL (United States), 2000; 

31. Linkov, I.; Kapustka, L.; Grebenkov, A.; Andrizhievski, A.; Loukashevich, A.; Trifonov, A. Incorporating 

Habitat Characterization Into Risk-Trace Software for Spatially Explicit Exposure Assessment. In 

Comparative Risk Assessment and Environmental Decision Making; Linkov, I., Ramadan, A.B., Eds.; Nato 

Science Series: IV: Earth and Environmental Sciences; Kluwer Academic Publishers: Dordrecht, 2005; Vol. 

38, pp. 253–265 ISBN 978-1-4020-1895-4. 

32. Powers, C.; Barnes, B.; others Amchitka Independent Assessment Science Plan: Prepared for the 

Interagency Amchitka Policy Group. CRESP (pub), June 2003. 

33. Wang, W.-X. Chapter 4 - Bioaccumulation and Biomonitoring. In Marine Ecotoxicology; Blasco, J., Chapman, 

P.M., Campana, O., Hampel, M., Eds.; Academic Press, 2016; pp. 99–119 ISBN 978-0-12-803371-5. 

34. Powers, C.W.; Barnes, D.; Burger, J.; Duffy, L.K.; Eichelberger, J.; Friedlander, B.; Gochfeld, M.; Jewett, S.; 

Kosson, D. Amchitka Independent Assessment Science Plan. 2003. 

35. Niemeyer, J.C. Ecological Risk Assessment of a Tropical Metal Contaminated Area: The Case Study of 

Santo Amaro, Bahia, Brazil - ProQuest Available online: 

https://www.proquest.com/openview/2b6894db7fc8f9c17886a50299a53bf4/1?pq-

origsite=gscholar&cbl=18750&diss=y (accessed on 15 May 2026). 

36. Öberg, T.; Bergbäck, B. A Review of Probabilistic Risk Assessment of Contaminated Land (12 Pp). J Soils 

Sediments 2005, 5, 213–224, doi:10.1065/jss2005.08.143. 

37. Kowalczyk, G.; Brown, M.; Twigg, R.; Welfare, W.; Macklin, Y. Contaminated Land: Can Acute Exposure 

Be a Significant Health Risk? Two Case Studies and Associated Risk Assessment Methods. Environ. Sci.: 

Processes Impacts 2013, 15, 1859–1865, doi:10.1039/C3EM00278K. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 June 2026 doi:10.20944/preprints202606.1009.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202606.1009.v1
http://creativecommons.org/licenses/by/4.0/


 22 of 22 

 

38. Recatalá, L.; Micó, C.; Sánchez, J.; Boluda, R. Approaches For Characterising Contaminated Sites: An 

Analysis Considering The Role Of Soil. WIT Transactions on Ecology and the Environment 2001, 46, 

doi:10.2495/ECO010341. 

39. Tarazona, J.V. Use of New Scientific Developments in Regulatory Risk Assessments: Challenges and 

Opportunities. Integrated Environmental Assessment and Management 2013, 9, e85–e91, doi:10.1002/ieam.1445. 

40. National Research Council Science and Decisions: Advancing Risk Assessment; National Academies Press, 2009; 

41. Kim, D.; Nam, S.-H.; Kim, L.; Kim, H.; An, Y.-J. Comprehensive Analysis and Perspectives on Guidelines 

for Site-Specific Ecological Risk Assessment of Contaminated Soils. Environmental Pollution 2025, 384, 

126932, doi:10.1016/j.envpol.2025.126932. 

42. Chapman, P.M. The Sediment Quality Triad Approach to Determining Pollution-Induced Degradation. 

Science of The Total Environment 1990, 97–98, 815–825, doi:10.1016/0048-9697(90)90277-2. 

43. Semenzin, E.; Critto, A.; Carlon, C.; Rutgers, M.; Marcomini, A. Development of a Site-Specific Ecological 

Risk Assessment for Contaminated Sites: Part II. A Multi-Criteria Based System for the Selection of 

Bioavailability Assessment Tools. Science of The Total Environment 2007, 379, 34–45, 

doi:10.1016/j.scitotenv.2007.02.034. 

44. van Gestel, C.A.M. Soil Ecotoxicology: State of the Art and Future Directions. Zookeys 2012, 275–296, 

doi:10.3897/zookeys.176.2275. 

45. Wang, Y.; Wu, S.; Chen, L.; Wu, C.; Yu, R.; Wang, Q.; Zhao, X. Toxicity Assessment of 45 Pesticides to the 

Epigeic Earthworm Eisenia Fetida. Chemosphere 2012, 88, 484–491, doi:10.1016/j.chemosphere.2012.02.086. 

46. Jager, T. Reconsidering Sufficient and Optimal Test Design in Acute Toxicity Testing. Ecotoxicology 2014, 

23, 38–44, doi:10.1007/s10646-013-1149-7. 

47. Bracewell, S.; Verdonschot, R.C.M.; Schäfer, R.B.; Bush, A.; Lapen, D.R.; Van den Brink, P.J. Qualifying the 

Effects of Single and Multiple Stressors on the Food Web Structure of Dutch Drainage Ditches Using a 

Literature Review and Conceptual Models. Science of The Total Environment 2019, 684, 727–740, 

doi:10.1016/j.scitotenv.2019.03.497. 

48. Aravind, J.; Nouri, J.; Tehrani, S.M. Emerging Artificial Intelligence and Machine Learning Paradigms in 

Environmental Pollution Control and Abatement. Glob. J. Environ. Sci. Manag. 2026, 12, 947–966, 

doi:10.22034/gjesm.2026.02.23. 

49. Dale, V.H.; Biddinger, G.R.; Newman, M.C.; Oris, J.T.; Suter, G.W.; Thompson, T.; Armitage, T.M.; Meyer, 

J.L.; Allen-King, R.M.; Burton, G.A.; et al. Enhancing the Ecological Risk Assessment Process. Integr. Environ. 

assess. manage. 2008, 4, 306–313, doi:10.1897/IEAM_2007-066.1. 

50. Kampas, A.; White, B. Probabilistic Programming for Nitrate Pollution Control: Comparing Different 

Probabilistic Constraint Approximations. European Journal of Operational Research 2003, 147, 217–228, 

doi:10.1016/S0377-2217(02)00254-0. 

51. Forbes, V.E.; Calow, P. Population Growth Rate as a Basis for Ecological Risk Assessment of Toxic 

Chemicals. Philos Trans R Soc Lond B Biol Sci 2002, 357, 1299–1306, doi:10.1098/rstb.2002.1129. 

52. Landis, W.G.; Wiegers, J.A. Design Considerations and a Suggested Approach for Regional and 

Comparative Ecological Risk Assessment. Human and Ecological Risk Assessment: An International Journal 

1997, 3, 287–297, doi:10.1080/10807039709383685. 

53. Cuntò, S.; Muccio, E.; Sacco, S.; Zizzania, P. A Collaborative Spatial Decision Support System for Assessing 

Transformative Potential of Minimum Ecological Units (MEUs) in a Circular Regeneration Perspective. In 

Proceedings of the Lect. Notes Comput. Sci.; Springer Science and Business Media Deutschland GmbH, 

2023; Vol. 14112 LNCS, pp. 235–252. 

54. Tannenbaum, L.V. Alternative Ecological Risk Assessment: An Innovative Approach to Understanding Ecological 

Assessments for Contaminated Sites; John Wiley & Sons, 2013; ISBN 978-0-470-67304-1. 

 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 June 2026 doi:10.20944/preprints202606.1009.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202606.1009.v1
http://creativecommons.org/licenses/by/4.0/

