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Abstract  

Transitional ecosystems such as estuaries are highly dynamic, subject to multiple human pressures 

that can alter their structure and functioning. This study applied a cumulative effects method 

together with a cause-consequence-response framework to the Mondego estuary (Portugal) to 

evaluate cumulative impact risks (IR) associated with human activities across ecological components. 

Transport, extraction and cultivation of living resources, water management and urban and 

industrial activities were identified as the main sectors generating pressures, including physical loss, 

introduction of non-indigenous species, nutrient enrichment, introduction of synthetic compounds, 

smothering and li�er. Transport, particularly shipping and associated infrastructure, exhibited the 

highest potential IR, largely through habitat modification and potential introduction of non-

indigenous species. Extraction and cultivation sectors mainly affected li�oral biogenic habitats and 

the water column through nutrient and organic ma�er enrichment. Cluster analyses revealed two 

main pressure domains: (i) water-mediated influencing pelagic and mobile fauna and (ii) habitat-

specific affecting benthic and shoreline components. Comparisons with elsewhere showed that 

cumulative and historical disturbances, such as channelisation and dredging, continue to shape the 

ecosystem conditions over decades. Unifying both frameworks provided complementary insights 

linking human drivers, activities, pressures and ecological responses, while identifying priorities for 

estuarine restoration and integrated management. These quantified ecological responses to 

cumulative pressures and management through restoration potential and more effective governance 

and management. 

Keywords: DAPSI(W)R(M); SCAIRM; coastal governance; transitional systems; ecosystem 

components 

 

1. Introduction 

Human se�lement on waterways, estuaries and coasts provide essential pathways for access and 

transport, and support economic development (Grey et al., 2002). Increasing coastal human 

populations reflects the unique accessibility of resources, services and goods and benefits generated 

by the interface between fluvial and marine systems (Davis and Kidd, 2012; Thrush et al., 2014). These 

transitional systems include estuaries and wetlands, such as saltmarshes and seagrass meadows 

(Baird and Ellio�, 2024) which are characterized by halophytic vegetation, adapted to wide salinity 

gradients, providing critical habitat for a high functional biodiversity. These productive coastal 

ecosystems regulate nutrient cycling, sequester carbon and provide natural protection against erosion 

and flooding (Alongi et al., 2020; Burke et al., 2022). These ecological functions underpin the provision 

of ecosystem services (ES) that support human societies. The Millennium Ecosystem Assessment 
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(MEA, 2005) framed ES as the benefits people obtain from ecosystems, a concept later refined to 

separate ecological processes and functions from the societal goods and benefits (SG&B) generated 

after introducing complementary assets and human capital (Turner et al., 2014; Ellio� et al., 2017; 

Ellio�, 2023). In this interpretation, ecosystems represent natural capital stocks composed of 

ecological components (EC) and processes that generate flows of ES. The Common International 

Classification of Ecosystem Services (CICES v5.2) similarly emphasises the link between ecological 

contributions and societal benefits, providing a basis for assessing how anthropogenic pressures may 

affect service and benefits provision. 

 The increasing demand for goods and benefits from estuarine ecosystems has intensified 

human activities, enhancing coastal development while reducing ecosystem resistance and resilience 

(EMB, 2024). Activities such as channel deepening for navigation, dike construction for human safety, 

industrialisation and land claim for agriculture and urban development have altered estuarine 

morphology and generated significant cumulative pressures (Li et al., 2018; Kennish, 2023; European 

Marine Board, 2024). These pressures contribute to habitat degradation and biodiversity loss in 

estuarine zones (Atkins et al., 2011; Barbier et al., 2011) and are compounded by the combined effects 

of urbanisation, resource exploitation and reduced ecosystem resilience, often described as the ‘triple 

whammy’ (Defeo and Ellio�, 2021).  In addition, climate change, particularly sea-level rise, is 

expected to intensify these impacts in coastal and estuarine systems in the coming decades (IPCC, 

AR6, 2023; Kennish et al., 2023). Together, these interacting pressures threaten ecosystem integrity 

and, ultimately, human well-being in the long term.   

The United Nations Sustainable Development Goals 14 (“Life Below Water”) and 15 (“Life on 

Land”) call for the conservation and sustainable use of marine and terrestrial ecosystems through 

integrated management approaches that preserve biodiversity, ecosystem services and societal 

benefits (Schmidt et al., 2017; Gulseven et al., 2020; Ellio� and Kennish, 2024). To support ecosystem-

based management, structured frameworks have been developed to link ecosystem components, 

functions and services and to assess how natural or anthropogenic changes affect ecological and 

societal outcomes (Armoškaitė et al., 2020). Among these is the structured cause-consequence-

response conceptual framework, DAPSI(W)R(M) (defined bellow and in Ellio� et al.,2017) with an 

example in Pole�e et al. (2026), where climate change, coastal development and tourism pressure 

combined effect are analysed on coastal socio-ecological systems. The Spatial Cumulative 

Assessment of Impact Risk for Management (SCAIRM) framework applies a spatial, risk-based 

approach to quantify the cumulative impacts by assessing activity–pressure–ecosystem linkages (Piet 

et al., 2023). Together, these tools provide a coherent basis for operationalising ecosystem-based 

management through the assessment, monitoring and mitigation of anthropogenic pressures, even 

under data-limited conditions.  

This study presents a novel method of unifying DAPSI(W)R(M) and SCAIRM approaches to 

address the challenges associated to estuarine management. While DAPSI(W)R(M) identifies local 

human needs, activities and associated pressures to satisfy those needs, SCAIRM provides a semi-

quantitative indicator of cumulative pressures and their potential risks to ecosystem components 

(EC). Together, these approaches improve the understanding of cumulative anthropogenic impacts 

and support the development of sustainable management strategies. The unified framework was 

applied to the Mondego estuary (Portugal), a highly modified transitional waters system affected by 

multiple anthropogenic pressures, in order to evaluate its applicability to estuarine ecosystems. 

Using a literature review and expert judgement, the study aims to: (i) identify human needs, activities 

and pressures in the system; and (ii) determine which activity sectors and pressures represent the 

higher potential risk to estuarine ecosystem components. The remaining DAPSI(W)R(M) elements, 

of societal impacts and management responses, are discussed below but not yet analysed in detail 

here (Pole�e et al., 2026 analyses all elements as an example).  
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2. Material and Methods 

2.1. The Mondego Estuary 

2.1.1. Study Area  

The study area comprised the Mondego estuary, adjacent saltmarshes and the coastal zone of 

Figueira da Foz, on the Portuguese Atlantic coast (40°08 N, 8°50 W) (Marques and Nogueira, 1991) 

(Figure 1). The coastal city of Figueira da Foz has a total area of 379.1 km2 with 58,982 habitants and 

a population density of 156 habitants per km2 (PORDATA, 2021). The estuary is approximately 8.6 

km2 in area and its upstream limit is 21 km from its mouth (Teixeira et al., 2008). The lower estuary 

(approximately 7 km) is divided into the north and south arms by Morraceira Island (Marques et al., 

2003). The southern arm (2–4 m during high tide) is shallower than the northern arm (10-12 m near 

the mouth) and 75% is characterised by large areas of intertidal mudflats (Neto et al., 2008). In this 

region, the main socio-economic activities include manufacturing, transport (maritime and by land), 

tourism and agriculture. 

 

Figure 1. Mondego estuary anthropogenic activities and system habitats. 

Human activities historically met societal needs and although these activities have changed over 

several centuries, human development has continually altered pa�erns of resource exploitation. 

Increasing industrialisation and the intensification of human activities may compromise the resilience 

of transitional systems such as estuaries (Figure 2). For instance, agriculture and flood protection 

have altered the Mondego system hydrodynamics. Partial siltation of the upstream areas of the 

southern arm of the estuary reduced water circulation, which, together with agricultural nutrient 

inputs, resulted in eutrophication (de Jonge and Ellio� 2002). This became a major concern which led 

to macroalgal blooms and decline of important habitat such as Zostera seagrass beds, affecting socio-

economic activities (Gardoki et al., 2025). Following the implementation of management and 

mitigation measures, the system partially recovered after. Reopening channels, reducing water 

residence time and improving nutrient-load management (Costa et al., 2013; Gardoki et al., 2025). 
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Figure 2. Historical Development of Human Activities at Figueira da Foz, Portugal. 

2.2. Typologies of Drivers, Activities, Pressures and Ecosystem Components  

The DAPSI(W)R(M) concept is a cause-consequence-response framework, which links human 

Drivers, Activities and related Pressures to their environmental State change and their Impacts (on 

human Welfare) and well-being. In turn, these need to be addressed using Responses (as 

management Measures) (Ellio� et al., 2017). This study characterizes the interactions between human 

Drivers, Activities, Pressures and ecosystem components, using the example of the Mondego estuary. 

The selection of activities, pressures and ecosystem components relevant to the Mondego 

estuary was based on a review of the scientific literature and expert knowledge of the study system, 

using MSFD classifications and EUNIS typologies as the underlying framework. The resulting 

inventories were refined through expert judgement to reflect the ecological characteristics and socio-

economic uses of the study area. 

2.2.1. Drivers (D) 

The concept of ‘Drivers’ has been inconsistently defined in previous literature, often conflating 

ideological frameworks with activities or economic sectors. Here, Drivers are defined as fundamental 

human needs, consistent with the hierarchical model proposed by Maslow (1943) and later elaborated 

by Ellio� et al. (2017). This model organizes human motivation into a five-tier pyramid structure, 

wherein the fulfilment of lower-tier needs (e.g., physiological requirements) is a prerequisite for the 

pursuit of higher-order aspirations such as self-actualization and personal achievement. Within the 

context of the Mondego estuary, the selected Drivers reflect essential human demands shaped by 

economic development, the blue economy interest and broader societal imperatives, specifically 

those related to food, energy and water security. 

2.2.2. Activities (A) 

Activities, the human interactions undertaken to satisfy fundamental needs (i.e., Drivers), create, 

Pressures as the resulting mechanisms of environmental natural and societal change (Ellio� et al., 

2017). In this study, human activities are broadly categorised into ten key marine activity sectors, as 

delineated by the European Marine Strategy Framework Directive (MSFD; 2008/56/EC), 

encompassing 32 distinct activities that exert heterogeneous environmental pressures. For instance, 

commercial and artisanal fishing include both pelagic and benthic methods, each associated with 

different ecological impacts. Thus, to enhance analytical precision, MSFD activities were separated 

into specific activities tailored to the case study, since different operational methods may generate 

distinct cause–effect pathways. 
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2.2.3. Pressures (P) 

Pressures are defined here as the mechanism of change on both the natural system (State change) 

and the human system (Impacts on welfare) (Ellio� and O’Higgins, 2020). Pressures can be separated 

into Exogenic Unmanaged Pressures (ExUP) and Endogenic Managed Pressures (EnMP) (Elliot et al., 

2017). ExUPs originate outside the spatial or jurisdictional boundaries of the managed marine or 

estuarine system. As a result, their causes cannot be managed through local interventions—climate 

change is a paradigmatic example (Ellio� et al., 2016) but their consequences must still be addressed 

through adaptive management and mitigation measures. In contrast, this study focuses on EnMPs, 

which arise within the managed area and for which both the causes and ecological consequences are 

subject to direct management and regulation. Importantly, the ecological consequences of a given 

Pressure can be either detrimental or beneficial, depending on the context and the ecosystem 

component affected. For instance, the construction of breakwaters may initially exert negative effects 

on benthic communities but can subsequently support colonization by macroalgae and epifaunal 

organisms, potentially enhancing local biodiversity (Glueck et al., 2025). The list of 25 endogenic 

pressures employed in this study is based on the Smith et al. (2016) revising the original pressure list 

in the MSFD Annex III of the EU Directive 2017/845 amending Directive 2008/56/EC and White et al. 

(2013) for marine and estuarine ecosystems (Ellio� et al., 2017). This list was further adapted and 

expanded with additional terminology to address the specific ecological and management contexts 

in the Mondego estuary. 

2.2.4. Ecosystem Components (EC)  

In further stages of the DAPSI(W)R(M) framework, the ecosystem components (EC) are 

effectively captured when pressures act directly on the natural system, leading to State changes in 

the environment (Ellio� et al., 2023). Therefore, indicating the relevant EC is required, as well as 

determining their integration and relevance within the SCAIRM system. Ecosystem components 

represent the foundational biotic and abiotic constituents of ecological systems, encompassing 

species assemblages and habitat structures, and judged against baseline indicators. The structural 

and functional integrity of these EC are modulated by pressures arising from anthropogenic activities. 

They are the receptors of environmental change, translating external stressors into ecologically 

consequential ‘State change’. The dynamic interplay among these components directs ecosystem 

functionality, resilience and service provision and thus they constitute the primary targets for 

ecological monitoring, assessment and management interventions within adaptive governance. In 

this study, the hierarchical classification system applied to coastal and estuarine ecosystems 

encompasses seven EC, as defined under the MSFD and the Habitats and Species Directive, including 

habitat types (e.g. seabed and water column) and species groups. To interrogate these further, the 

assessment deconstructs these into 21 specific components, according to the EUNIS hierarchical 

habitat typology classification (European Environment Agency, 2022). 

2.3. Data Analysis  

2.3.1. SCAIRM 

As a complementary risk-based cumulative impact assessment method, SCAIRM is used to 

support ecosystem-based management of marine and coastal environments (Piet et al., 2023). The 

approach is designed to evaluate the cumulative impact of human activities and their pressures on 

ecosystem components (EC). It integrates categorical risk assessment (e.g., using expert judgment) 

with quantitative information, with each activity-pressure-ecosystem component linkage 

representing the relative likelihood of a given receptor (component) being affected by specific stressor 

(activity or pressure). The linkage between the different stages was based on the MSFD and 

supported by expert judgment and literature review (Ellio�, et al., 2017; Piet, et al., 2023, 2024; 

Bisinicu, et al., 2024). For each linkage, the approach estimates the potential State change of an 

ecosystem component, expressed as impact risk (IR).  This provides a quantitative basis for decision-
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making by identifying which pressures contribute most to risk and which management measures 

most effectively reduce cumulative impacts. In practice, several parameters were considered to 

calculate the final impact risk (IR), following the equations proposed by Borgwardt et al. (2019). For 

instance, Exposure of an EC to an associated pressure depends on two spatial parameters: (i) 

Dispersal, which describes how far a pressure spreads from its source to the environment (e.g., 

nutrient input) and (ii) Extent, which represents the spatial overlap of each activity-pressure 

combination with an ecosystem component (e.g., surface is receiving agricultural runoff) (Eq. 1). 

(��. 1) �������� =  (������ +  ���������) − (������ � ���������) 

Effect potential is another major component, representing the strength of a pressure on an EC 

when exposed. Naturally, this depends on Resistance (Eq. 2), the capacity of an EC to absorb or 

withstand a pressure. Nevertheless, Resistance is influenced by two parameters: (i) Hazard, which 

reflects the pressure nature (e.g.: seagrass beds are highly sensitive to trawling, resulting in low 

resistance, but more moderately affected by nutrient enrichment, resulting in higher resistance) and 

(ii) Magnitude, which reflects the intensity of the pressure (e.g. low intensity trawling may have li�le 

impact, whereas high intensity trawling can exceed system resistance, resulting in high effect 

potential).  

(��. 2) ���������� = 1 − ������ ∗ ��������� 

Recovery (Eq. 3) is defined as the rate at which a receptor returns to its original undisturbed 

state, was estimated using receptor-specific expert judgment scores from Knights et al. (2015) (SM1). 

Thus, Resilience is defined as the time required for full recovery after impact (Piet et al, 2023). 

(��. 3) �������� =
��(50)

����������
   

Depletion (Eq. 4) translates the resistance of a habitat or species into a quantitative measure of 

vulnerability. Low resistance values correspond to high depletion, indicating greater sensitivity to 

pressures. If the resistance value is lower than 10��, the value 10��is used instead. 

(��. 4) ��������� = �� (
1

��(���������� > 0.0000001, ����������, 0.0000001)
)  

In addition, Effect Potential (Eq. 5) represents the extent to which a receptor is likely to be 

affected by a given stressor, expressed as a change in biomass or abundance relative to its undisturbed 

state (Piet et al., 2023; Bisinicu et al., 2024). Effect potential is calculated from the recovery and 

depletion values defined in (Eq. 3) and (Eq. 4), respectively.  

(��. 5) ������ ��������� =
��������� ����(����) + �������� ����(����)

��������� ����(����)
 

Ultimately, the IR is defined as the representative alteration of the natural equilibrium of a 

receptor (i.e. biomass or abundance) caused by a stressor (i.e. fisheries) (Eq. 6).  Here, the scoring 

system is based on Piet et al. (2024), following Knights et al. (2015) and Borgwardt et al. (2019) (SM 1).  

(��. 6) ������ ���� (��) = ��������� ∗ ������ ��������� 

Assessing the impact risk involves analysing how various human activities can potentially affect 

the ecosystem (Piet, et al., 2023). The current study activity data used a two-year assessment period. 

Impact risk values represent a forward-looking assessment of potential relative impact risk under 

current activity levels, integrating both immediate and delayed ecological responses over a medium- 

to long-term timescale (approximately 5 to 15 years). Alterations in ecosystem components state may 

not be immediately observable due to inherent resilience and ecological responses can require 

extended periods to become detectable, which justifies adopting a medium- to long-term impact 

horizon. 

Although these two approaches differ in structure and emphasis, they are highly 

complementary operating at distinct yet interconnected levels of decision-making. DAPSI(W)R(M) 

addresses the questions “What is happening, why is it happening and where can interventions occur?”, 

whereas SCAIRM, primarily a management and governance framework, focuses on “How should 

decisions be assessed, prioritised, implemented and adapted under uncertainty?”. While DAPSI(W)R(M) 
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identifies cause–consequence–response relationships, SCAIRM builds on this logic by explicitly 

recognising activities, pressures and system components and by assigning semi-quantitative values 

to associated pressures and impacts. This enables systematic comparisons across activities, receptors 

and scenarios. In this way, DAPSI(W)R(M) functions as the problem-framing stage, while SCAIRM 

constitutes the assessment stage. This complementarity is particularly relevant because, once 

pressures affecting the composition of the natural system are identified, SCAIRM allows their relative 

importance and risk to be distinguished through semi-quantitative assessment (Figure 3). The 

approaches can be applied independently of data availability, integrating both qualitative and 

quantitative information into a single harmonised output. As outlined in the previous section, this 

study applies a practical example to identify Drivers, Activities, Pressures and Ecosystem 

Components and to assign semi-quantitative impact risk scores to associated pressure chains in an 

estuarine system. 

 

Figure 3. Integrating Conceptual framework DAPSI(W)R(M) with cumulative IR assessment SCAIRM. 

2.3.2. Multivariate Analysis 

Multivariate similarity analyses were carried out to explore pa�erns in the distribution of impact 

risk among ecosystem components and to identify groups of components with similar response 

profiles, following established community data analysis procedures (Anderson et al., 2008). Based on 

the semi-quantitative SCAIRM assessment, two separate similarity analyses were conducted: a 

pressure-based analysis and a sector-based analysis. Both analyses were performed in Q-mode, 

where ecosystem components represented the cases (samples) and IR values associated with 

individual pressures or sectoral activities constituted the a�ributes. In the pressure-based analysis, 

each ecosystem component was characterised by its IR profile across pressures, whereas in the sector-

based analysis ecosystem components were characterised by their IR profile across activity sectors, 

using PRIMER v6 (Anderson et al., 2008). Impact Risk values describing the linkages between 

receptors (EC) and stressors (pressures and activity sectors) were fourth-root transformed to reduce 

the influence of dominant values and balance the contribution of weaker interactions. Bray–Curtis 

similarity matrices were then calculated and used as input for a hierarchical cluster analysis with 

group-average linkage (CLUSTER) to identify groups of ecosystem components exhibiting similar 

responses to pressures and sectoral activities. For visual interpretation of clustering results, each EC 

was associated with the stressor exhibiting the highest IR value, derived from the same IR dataset 

used to construct the similarity matrices. This a�ribution represents the dominant contributing 

stressor (activities and pressures) and supported the interpretation of the clustering results and does 
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not imply exclusive or singular influence. Sankey Diagrams then visualise the linkages of the grand 

IR total of the Activities, Pressures and EC to evaluate those that might represent a greater risk for 

environment and society.  

3. Results 

3.1. Drivers, Activities, Pressures and Ecosystem Components 

The features of the Mondego estuary are intrinsically linked to the socio-economic demands and 

human activities characteristic of estuarine and coastal systems (Pinto et al., 2010). A total of 10 drivers 

were acknowledged as significant human basic needs that relate to the MSFD activity sectors (Table 

1). Maslow’s hierarchy can be applied to the Mondego estuary, where food, water and energy 

represent human needs for survival, whereas education and leisure correspond to higher-level self-

fulfilment. Individual activity sectors may address multiple needs; for example, the extraction of 

living resources (fish, shellfish, algae) not only provide food but may also represent a self-fulfilment 

activity when pursued as recreational hunting or fishing. To satisfy human needs, from the most basic 

to those of self-realization, activities represent the physical actions through which these demands are 

fulfilled/met.  

Table 1. Identification of (D) Drivers and related (A) Activity sectors in the Mondego estuary. 

Maslow’s level Driver Activity Sector MSFD 

Basic needs (1) Water  Water management, Extraction of non-living resources. 

Basic needs (1) Food 
Cultivation of living resources, Extraction of living 

resources. 

Basic needs (1) Energy Production of energy. 

Basic needs (1) Shelter Urban and industrial uses. 

Safety needs (2) Health & welfare Urban and industrial uses. 

Safety needs (2) Protection Water management. 

Safety needs (2) Mobility Water management, Transport. 

Psychological 

needs (3) 
Supply of goods 

Water management, Extraction of non-living resources, 

Transport. 

Self-fulfilment 

needs (5) 
Knowledge 

Education and research, Tourism and leisure. 

Self-fulfilment 

needs (5) 
Leisure 

Tourism and leisure, Extraction of living resources, 

Extraction of non-living resources, Tourism and leisure 

infrastructures. 

For the Mondego estuary, nine of the ten activity sectors defined under the MSFD (EU, 2017) 

were identified. These activity sectors included water management, extraction of living and non-

living resources, cultivation of living resources, energy production, transport, education and research, 

tourism and leisure, and urban and industrial uses. Within these sectors, 24 of the 32 corresponding 

activities were identified to provide a more detailed and robust framework construction (SM 2). The 

identified activities were further categorized into activity methods (e.g., dredging, nourishment), 

human infrastructures (e.g., ports, salt pans) and practices or uses (e.g., yachting, concerts). Based on 

these activities, a total of 24 pressures were identified in the Mondego estuary following the 

classification proposed by Ellio� et al. (2017) (SM 3). To evaluate the potential effects of these 

pressures on the ecosystem, eleven ecosystem components (EC) were considered in the analysis, 

representing key biological species groups and habitats of the Mondego estuary. These are fish, 

cephalopods, birds, mammals, water column, li�oral biogenic habitats, li�oral mud, li�oral mixed 
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sediments, infrali�oral sand, infrali�oral mud and coastal habitats. Together, these components 

represent both pelagic and benthic compartments of the estuarine ecosystem and capture the 

diversity of habitats and taxa potentially affected by human activities. 

3.2. Impact Risk 

3.2.1. Activity Sector 

Activity sectors contributed unevenly to the total IR in the Mondego estuary (Figure 4). 

Transport accounted for the largest share of the total IR (18%), followed by extraction of living 

resources (17%), cultivation of living resources (16%) and water management (16%). In contrast, 

education and research (5%), extraction of non-living resources (2%) and energy production (1%) 

represented minor contributions to the overall IR. 

 

Figure 4. Percentage of IR grand total by activities sector at the Mondego estuary. 

3.2.2. Pressure 

Impact risk also varied across pressures in the Mondego estuary (Figure 5). The largest 

contribution to the total IR was associated with physical loss (12%), followed by introduction of non-

indigenous species (10%) and introduction of synthetic compounds (9%). Li�er and smothering each 

accounted for 8% of the total IR. Several additional pressures, including noise, barriers to species 

movement and death or injury by collision, contributed around 6% each, whereas input of organic 

ma�er, abrasion and anchoring represented smaller contributions.  

3.2.3. Similarity Pa�erns Among Ecosystem Components 

Hierarchical cluster analysis applied to the IR matrix of ecosystem components across activity 

sectors revealed a structured grouping among the eleven EC, forming four main clusters (Figure 6). 

The first major cluster grouped fish, li�oral biogenic habitats, water column, infrali�oral sand and 

mammals (similarity > 65%), indicating shared exposure to pressures mainly related to transport and 

water management. A secondary stressor was additionally indicated when its IR value was within 

16% of the dominant value, reflecting cases of comparable influence. This criterion was met for a 

limited number of EC. For fish, cultivation of living resources emerged as a co-dominant sector 

alongside the primary stressor. In li�oral biogenic habitats, water management was identified as a 

secondary stressor, while for li�oral mixed sediments extraction of non-living resources also showed 
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a comparable contribution. For all remaining EC, secondary stressors exhibited IR values 

substantially lower (≤58% of the dominant value) and were therefore not considered indicative of 

comparable influence. A second cluster included cephalopods and li�oral mud (≈ 57% similarity), 

reflecting common influences from the extraction of living resources. Birds and li�oral mixed 

sediment, the main feeding and roosting habitat of the birds, formed a distinct group (≈ 49% 

similarity), mostly associated with urban and industrial uses and the cultivation of living resources. 

Finally, coastal habitats and infrali�oral mud showed the lowest similarity (≈ 30%), suggesting a 

differentiated pa�ern of pressures possibly linked to tourism and coastal management. Overall, the 

clustering highlights that EC connected to similar human-use sectors tend to exhibit comparable 

impact-risk pa�erns. The overall structure indicates the existence of several hierarchical levels of 

association among EC, reflecting varying degrees of similarity in their exposure and response 

pa�erns across activity sectors. 

 

Figure 5. Percentage of impact risk (IR) grand total by pressures at the Mondego estuary. 

 

Figure 6. Bray–Curtis similarity based on sector on the ecosystem components at Mondego estuary. Symbols 

indicate the activity sector with the highest relative IR associated with each EC. 
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Hierarchical cluster analysis applied to the impact risk (IR) matrix of ecosystem components 

across pressures showed generally low similarity among EC (<20%), indicating substantial variability 

in their impact-risk profiles under different pressures (Figure 7). The first pelagic–infrali�oral cluster 

grouped fish, infrali�oral sand and water column (similarity > 55%), reflecting shared exposure to 

introduction of non-indigenous species, barriers to movement and contamination by synthetic 

compounds. Here, a secondary pressure was indicated when its IR value was within 17% of the 

dominant value. For fish, the introduction of synthetic compounds emerged as a co-dominant 

pressure alongside barriers to species movement. In mammals, noise was identified as a secondary 

pressure, while for the water column inputs of organic ma�er also showed a comparable contribution. 

For all remaining ecosystem components, secondary pressures exhibited IR values substantially 

lower (≤57% of the dominant value) and were therefore not considered indicative of comparable 

influence. A second cluster comprised birds, mammals and cephalopods (≈ 35–48% similarity), all of 

which are highly mobile taxa sensitive to underwater noise and collision risk. The third cluster 

included li�oral mud and li�oral biogenic habitat (similarity > 45%), which were influenced by 

abrasion and physical loss. These clusters further merge with coastal habitats, li�oral mixed 

sediments and infrali�oral mud (similarity <40%), which were primarily influenced by barriers to 

species movement and physical loss.  

 

Figure 7. Bray–Curtis similarity based on pressures on the ecosystem components at Mondego estuary. Symbols 

indicate the pressure with the highest relative IR associated with each EC. 

3.3. Activity–Pressure–EC pathways 

A total of 826 activity–pressure–ecosystem component linkages were identified across the nine 

activity sectors considered in the analysis. The final IR scoring matrix (here) is available in an external 

repository for review purposes. Among these, extraction of living resources accounted for the highest 

number of linkages (265), followed by water management (123) and tourism and leisure (120). These 

linkages reflect the complexity of interactions between human activities and environmental pressures 

within the estuarine system. A Sankey diagram is used to synthesise Activity–Pressure–Ecosystem 

Component pathways derived from the DAPSI(W)R(M) framework and their associated impact risk 

(IR) values (Figure 8). Flow widths are proportional to normalised IR values, indicating dominant 

and secondary pathways of potential risk propagation. The diagram shows that a limited number of 

activity–pressure combinations accounted for a large proportion of the cumulative IR, indicating a 

relatively concentrated transmission of pressures to specific ecosystem components. For instance, 
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activity sectors such as extraction of non-living resources, energy production and education and 

research exhibited relatively small contributions, as reflected by their narrower flows. 

Although some pressures occurred more frequently across activities, their contribution to 

cumulative IR varied depending on the associated hazard and ecosystem resilience parameters. For 

example, physical loss was recorded in only 30 of the 826 linkages but generated relatively high IR 

values. In contrast, pressures such as the introduction of synthetic compounds (113 occurrences) and 

non-indigenous species (30 occurrences) were more frequently recorded yet produced comparatively 

lower IR values per linkage. At the ecosystem component level, benthic habitats emerged as the most 

affected components, particularly li�oral sediments, which received cumulative pressure inputs from 

multiple activities. This pa�ern reflects the convergence of diverse activity–pressure pathways 

affecting sedimentary habitats within the estuary. 

 

Figure 8. Sankey diagram of Activities–Pressures–Ecosystem Components in the Mondego estuary. Colours are 

used solely for visual distinction.Transport represents a higher risk to li�oral biogenic habitats (e.g., saltmarsh 

areas), mammals and infrali�oral sand habitats. While extraction of living resources represents a potential 

impact on saltmarshes, li�oral mud habitats (such as seagrasses meadows) and mammals. Nevertheless, in this 

case, production of energy and the research and education sector represent a lower impact risk to EC in general 

(Figure 9). Li�oral biogenic habitat has the higher potential relative risk from physical pressures such as physical 

loss, smothering and the biological component introduction of non-indigenous species. The water column is 

generally influenced by chemical pressures such as the introduction of synthetic compounds, input of organic 

ma�er and li�er. This is followed by infrali�oral mixed sediment with anchoring pressure being the most 

potential stressor, fish by chemical pressures (li�er, introduction of synthetic compounds) and physical 

pressures (barrier to species movement). In contrast, birds, coastal habitats and cephalopods have the lowest 

potential risk associated to the pressures that occur independently from one another (Figure 10). 
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Figure 9. Contribution of each sector to the total impact risk (IR) of each ecosystem component. 

 

Figure 10. Contribution of each pressure to the total impact risk (IR) of each ecosystem component. 

4. Discussion 

This study provides an integrated assessment of the cumulative pressures acting on the 

Mondego estuary, drawing on the DAPSI(W)R(M) cause-consequence-response framework and a 

spatially explicit cumulative impact risk approach (SCAIRM). The combined sector-based pressure 
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risk analysis, ecological component clustering and historical context produce a comprehensive 

picture of how past and present human activities continue to shape ecosystem condition and 

vulnerability. This approach emphasizes the interplay between socio-economic drivers, sectoral 

activities and ecological components, highlighting the complexity, heterogeneity and temporal 

persistence of pressures typical of transitional systems. It is a necessary precursor to (and perhaps 

the main reason for) defining and implementing relevant and necessary management measures. 

To apply both methodologies in the proposed transitional system framework, it is essential to 

identify what drives local communities to continue developing and developing near to and within 

these systems. In particular, as with all human developments, is the need for food, shelter and water. 

In the Mondego estuary, food provision is supported by multiple activities, including fishing and 

shellfish harvesting. Each activity is then associated with specific pressures, which in turn generate 

cause–effect relationships affecting ecosystem components. The system can also be examined from 

the perspective of human activities, ultimately required to give basic needs, allowing a 

complementary analytical framework. When focusing on needs, the discussion tends to be restricted 

to subsistence requirements. However, when activities are the primary unit of analysis, additional 

dimensions emerge, such as tourism or education and research. Tourism, for instance, is not directly 

linked to basic survival needs and is more commonly associated with higher levels of socio-economic 

development and personal fulfilment as represented in the results. Education and research not only 

provide and communicate the information needed to understand and manage the estuary but also 

increase awareness of its importance locally and nationally. As such, both driver- and activity-based 

perspectives provide a be�er comprehensive understanding of human–ecosystem interactions within 

transitional systems. While SCAIRM conceptualizes impact risk as the consequences of pressures 

acting on an EC, the conceptual framework characterises the effects on EC as alterations in their 

natural state (Ellio�, 2023; Piet et al., 2023). In contrast, within the DAPSI(W)R(M) framework, 

following changes to the natural state (EC) impacts are defined with respect to the human domain, 

encompassing socio-economic goods and benefits, whereas ecosystem services are linked to changes 

in the state of the ecosystem (Ellio�, 2023).  

Across all activity sectors in the Mondego estuary, transport-related activities generated the 

highest relative potential impact risk, reflecting the spatial concentration of navigation and associated 

infrastructure in the northern arm. Commercial and fishing port facilities, cargo and ferry traffic and 

recurrent maintenance dredging combine to produce sustained physical disturbance and habitat 

modification. Maritime transport also serves as a primary pathway for non-indigenous species (NIS) 

via ballast   water. According to the Port of Figueira da Foz Waste Management and Reception Plan 

(PRGR 2023–2027), oil-contaminated ballast water is collected by tanker trucks since no treatment 

facilities currently exist. Therefore, management relies largely on vessel-level compliance and 

offshore exchange procedures. Within the IR modelling framework applied here, the inclusion of 

fixed treatment infrastructure, in a hypothetical scenario, would reduce the relative IR for biological 

introductions by approximately 70%, reflecting the sensitivity of the exposure on ecosystem 

components in the risk assessment. In the absence of such facilities, a residual NIS invasion risk 

remains associated with maritime traffic. Comparable findings in other estuarine systems identify 

shipping as a structurally dominant sector where physical alteration and ecological connectivity 

intersect (Bisinicu et al., 2024).  

The extraction of living resources represented the second highest contributor to cumulative risk. 

This includes artisanal fishing, defined as small-scale conducted by fishing households using low 

capital and energy, small vessels (if any) and short nearshore trips, primarily for local consumption 

(FAO, 2015); it also includes recreational fishing, defined as the capture of living aquatic resources 

mainly for leisure and/or personal consumption (ICES, 2012). These activities generate a combination 

of biological disturbance, localized sediment disruption and li�er inputs, creating pressure across 

both benthic and pelagic domains. Commercial fishing, primarily aimed at profit rather than for 

personal consumption or leisure, does not operate inside the estuary (Andersens, 2013), although 

navigation associated with coastal fishing grounds adds further disturbance. The combined effects of 
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selective harvesting, trampling in shallow habitats and gear-related debris help explain the elevated 

IR scores observed in li�oral mud habitats and water column components. Similar interactions 

between small-scale fisheries and benthic habitat modification have been reported in other 

transitional systems (Cabaço et al., 2005; Silvestrini et al., 2025). 

Cultivation of living resources, including aquaculture and adjacent agriculture, ranked third in 

relative impact risk. At Morraceira Island, the shift from salt production to semi-intensive 

aquaculture has increased pond artificialization, causing habitat conversion, smothering of li�oral 

vegetation and nutrient enrichment. Stock transfers and agricultural runoff introduce non-native 

species and contribute to eutrophication, particularly in the southern arm, where longer water 

residence times promote nutrient accumulation. Although water quality has improved, enrichment 

remains a significant pressure. Similar cumulative effects of aquaculture, agriculture and 

hydromorphological changes have been observed in other Mediterranean and Atlantic estuaries 

(Streicher et al., 2021; Domingues et al., 2023). 

Hydromorphological restructuring, including dredging and coastal protection measures over 

past decades, continues to shape tidal dynamics and sediment distribution. Regular dredging 

maintains navigable conditions for cargo vessels, with dredged sediment now used primarily for 

beach nourishment or offshore disposal, contributing to elevated IR values from structural alteration. 

Similar legacy effects of channelization and dredging have been documented in the Scheldt and 

Guadalquivir estuaries (Temmerman et al., 2013; Sirviente et al., 2023), highlighting that 

hydromorphological pressures are among the most persistent and least reversible in transitional 

systems (Ellio� and Kennish, 2024). 

Urban, industrial and tourism sectors exert more diffuse but cumulatively important pressures. 

Wastewater effluents, industrial discharge, freshwater extraction and recreational activities 

contribute synthetic compounds, plastics and physical disturbance to the system. While individual 

IR scores for these sectors are lower than those for navigation or resource extraction, their dispersed 

and persistent nature contributes to the cumulative pressure mosaic characteristic of transitional 

systems. 

When examining the distribution of pressures across the system, physical loss, non-indigenous 

species introduction, synthetic compounds, li�er and smothering emerged as the dominant 

contributors to relative potential IR. The prominence of physical loss reflects the weighting of 

recovery potential within the cumulative risk framework, as permanent or long-term habitat 

alteration substantially increases risk magnitude. Similarly, the high ranking of non-indigenous 

species underscores the structural difficulty of reversing biological invasions once establishment 

occurs, reinforcing their classification among the most consequential pressures in transitional systems 

(Ellio� and Kennish, 2024; Olenin et al., 2024). In contrast, synthetic compounds and li�er represent 

chronic and diffuse stressors whose cumulative effects operate through persistence, bioaccumulation 

and sediment retention rather than immediate structural change. Their elevated IR values illustrate 

how dispersed pressures can generate system-wide consequences despite lower spatial concentration, 

highlighting the need to address both permanent habitat transformation and long-term contaminant 

accumulation in transitional system management (Ellio� et al., 2022). 

The ecosystem components most exposed to potential risk were li�oral biogenic habitats, the 

water column, fish communities, mammals and li�oral mud, reflecting differences in both spatial 

exposure and functional sensitivity. Li�oral biogenic habitats, particularly saltmarsh systems, emerge 

as structurally vulnerable due to their dependence on stable sediment dynamics and hydrological 

regimes, making them disproportionately affected by permanent or semi-permanent habitat 

alteration. In contrast, water column processes integrate system-wide diffuse pressures, including 

nutrient enrichment and contaminants, acting as a conduit through which chemical and particulate 

stressors propagate across trophic levels. Fish communities reflect compounded effects of structural 

modification and water quality degradation, as connectivity constraints and pollutant exposure 

interact to shape movement and recruitment pa�erns (Whitfield et al., 2022). Mammals are primarily 

affected by disturbance-related pressures linked to navigation intensity, while li�oral mud and 
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associated benthic habitats represent zones of concentrated mechanical disturbance. These pa�erns 

illustrate that vulnerability across ecosystem components is not uniform but structured by the 

interaction between habitat specificity, mobility and exposure domain.  

The combined DAPSI(W)R(M) assessment and sector–component clustering reveal that 

transport, living resource extraction and cultivation of living resources form the dominant pressure 

node within the Mondego system. The linkage analysis indicates that ecosystem components are 

structured by two primary pressure domains. The first comprises broadly distributed, system-wide 

pressures mediated through the water column, connecting mobile and pelagic-related components 

such as fish communities, infrali�oral habitats and marine mammals. The second reflects spatially 

localized, habitat-specific disturbances concentrated in benthic and shoreline environments, 

particularly affecting li�oral mud and other sediment-dependent habitats. This dual configuration 

indicates that ecosystem similarity is driven less by sector identity and more by shared exposure 

pathways. Components influenced by diffuse pressures cluster separately from those shaped by 

localized structural disturbance. Compared to stronger clustering in Black Sea coastal systems 

(Bisinicu et al., 2024), Mondego exhibits weaker cohesion among ecosystem components. This pa�ern 

suggests a more spatially heterogeneous distribution of pressures, consistent with the smaller scale 

and mosaic-like configuration typical of transitional estuaries. Such structural fragmentation 

reinforces the importance of spatially explicit and habitat-targeted management strategies, as 

cumulative pressures do not propagate uniformly across the system. 

While this study has merged the two approaches, SCAIRM and DAPSI(W)R(M), it is notable 

that the former is a problem-identifying rather than a problem-solving approach such as the la�er. 

Although not explicitly included here, DAPSI(W)R(M) focusses on determining the management 

measures (the R(M)) after identifying the source of problems (from the D, A and P) and their 

consequences (on the S and the I(W)) (Ellio� et al., 2017). Following this, many of the problems 

identified here in reducing the environmental quality of the Mondego, have been or are being solved 

in estuaries worldwide by risk assessment and risk management approaches (Ellio� et al., 2022; 

Lepage et al., 2023; Ellio� and Kennish, 2024). In this context, SCAIRM was applied as a diagnostic 

impact-risk assessment tool to identify priority pressures and sensitive ecosystem components. 

However, the translation of these findings into management measures corresponds to the Response 

(R(M)) stage of the framework and lies beyond the scope of the present study. Although outside the 

current study, there are many mechanisms, including legislation and economic and technical 

methods, for preventing and/or mitigating the causes of the problems identified on the ecological 

components. Similarly, there are now many initiatives for remediating and restoring previously 

damaged estuaries and aiding their recovery from stressors. 

5. Concluding Remarks 

This study integrates the DAPSI(W)R(M) conceptual framework with the semi-quantitative 

SCAIRM approach to assess cumulative impact risks in transitional ecosystems. The combined 

application of both tools enabled identifying the main activity sectors, pressures and ecosystem 

components contributing to potential impact risk within the Mondego estuary. Transport, extraction 

and cultivation of living resources, water management, and urban and industrial activities emerged 

as the principal sectors associated with higher cumulative impact risk, highlighting the convergence 

of multiple socio-economic uses in generating environmental pressures. 

Physical loss and the introduction or translocation of non-indigenous species were identified as 

pressure key contributors to overall risk, largely influenced by the resilience and recovery 

components of the SCAIRM scoring system. This indicates that different activity sectors may generate 

similar types of pressures, which can act cumulatively across EC and increase overall ecological risk. 

Li�oral biogenic habitats, particularly coastal saltmarshes, were identified as the most vulnerable EC 

due to exposure to multiple overlapping pressures before mentioned. Although non-indigenous 

species are not currently a dominant issue in the study area, increasing vessel traffic and port 

development may elevate future invasion risks. In contrast, pressures associated with physical loss 
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and smothering represent more persistent system alterations, with longer recovery times and 

reduced reversibility, reinforcing the importance of resilience and hazard weighting in SCAIRM 

impact risk characterisation. 

This integrated approach enables prioritising activity sectors, pressures, and ecosystem 

components associated with higher cumulative impact risk within transitional ecosystems. By 

combining a conceptual cause–consequence–response structure with a semi-quantitative risk 

screening, it provides a coherent basis for identifying where cumulative pressures are concentrated 

and which ecosystem components are most vulnerable. This supports ecosystem-based management 

by improving the targeting of mitigation and restoration efforts. 

However, limitations should be acknowledged: the dependence of SCAIRM on data availability 

and expert judgement, as well as capturing the complexity of ecological process and spatial 

heterogeneity of transitional ecosystems. Nevertheless, the integrated framework provides a useful 

risk-screening and diagnostic tool for supporting estuarine management under data-limited 

conditions. Future work should focus, firstly, on linking cumulative pressures to habitat condition 

assessments and ecosystem service delivery to further evaluate ecosystem responses and restoration 

potential. Secondly, the findings here give a solid grounding necessary to define management 

responses. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. Tabel SM1 Score system criteria followed by Bisinicu, et al., 2024 based on (after 

Piet et al., 2019, Piet et al., 2017, Borgwardt et al., 2019, Piet et al., 2021, Piet et al., 2023, Knights et al., 2015); 

Table SM 2: Specific activity/operation adapted from the activity themes and corresponding activities are listed 

from EU (2017b); Table SM 3: Examples of Endogenic Managed Pressures (EnMP) (Smith et al.,2016). Adapted 

from (Ellio� et al., 2017). 
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