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Research at the Environment Agency

Scientific research and analysis underpins everything the Environment Agency does. It
helps us to understand and manage the environment effectively. Our own experts work
with leading scientific organisations, universities and other parts of the Defra group to
bring the best knowledge to bear on the environmental problems that we face now and in
the future. Our scientific work is published as summaries and reports, freely available to
all.

This report is the result of research undertaken by the Environment Agency’s Chief
Scientist’'s Group.

You can find out more about our current science programmes at
https://www.gov.uk/government/organisations/environment-agency/about/research

If you have any comments or questions about this report or the Environment Agency’s
other scientific work, please contact research@environment-agency.gov.uk.

Dr Robert Bradburne
Chief Scientist
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Executive summary

Assessing ecological health informs the Environment Agency about where improvement
actions will help deliver clean and plentiful water. To date, monitoring and assessment
approaches have focussed on the structure of ecosystems, or what is there, the richness
(number) or abundance of fish and other smaller organisms. It has long been recognised
that an understanding of the role species play in the environment would be useful and this
is usually referred to as ecological function. However, defining and measuring ecological
function has proved challenging. Newer approaches to assessments, particularly using
microscopic life and genetic material make assessments of ecological function a more
realistic possibility. This report presents a review and survey of what ecological function
means and how it might be used in environmental assessment.

A synthesis of understanding from published literature explored how ecological function is,
or could be, used in ecosystem assessments. This was accompanied by a survey of
Environment Agency colleagues to capture their understanding of the term ‘ecological
function’, how it could be measured and how this might potentially improve assessment of
ecological health and the effectiveness of management actions.

Defining function is complex with a variety of different interpretations. Ecological function
generally refers to the roles organisms or processes play in an ecosystem — i.e. what they
do. These operate across various scales, from nutrient cycling by microorganisms to the
flow of ecological subsidies (e.g. flows of energy, nutrients and organisms from one
ecosystem to another) across entire regions (e.g. through species migration). This
contrasts with ecological structure which refers to the physical organisation of an
ecosystem, including its species composition, population densities, and spatial distribution
—i.e. what is there.

Biodiversity is crucial for ecosystem function, but the relationships are complex and
context dependent, and are influenced by various factors such as catchment
characteristics, climate and human pressures. The loss of a species or a change in
community composition can reduce important functions like decomposition and carbon
sequestration, but rarely as a simple cause-and-effect relationship. There may, for
example, be resilience through functional redundancy if as one species is lost another fills
its functional role. It is through functional redundancy that ecosystems maintain their
functions despite loss or replacement of species. Functional redundancy can change over
time and space reflecting the complex relationship between ecological structure and
function.

Ecological structure and function can respond differently to environmental change and
human pressures. Incorporating both aspects within assessments could provide a more
holistic picture of environmental health, provide a better understand of why species
respond to change (the mechanistic response) and potentially help target management
actions more effectively. The importance of understanding ecological function is
acknowledged by the Environment Agency in development of natural capital asset and
ecosystem service indicators and metrics. Additional information about natural processes,
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such as ecological function, would strengthen the evidence of how the state of natural
assets (quality, quantity and location) contribute to the flow of ecosystem services that
benefit people.

Some elements of ecological function could be assessed by direct measurement of
biophysical processes, such as rates of primary production, decomposition and carbon
sequestration. Such techniques can provide valuable evidence for understanding natural
processes. However, such assessment techniques are time consuming and are unlikely to
be practical to apply at a national scale since such appraisals would need to include
temporal elements, such as repeated observations over time, and therefore a paradigm
shift in biomonitoring. So, these approaches may be best applied to understanding specific
actions, such as river restoration and nature-based solutions, to improve confidence in the
effects they may have.

Proxies of ecosystem functioning include considering functional trait data that provides
information about the characteristics of species or attributes that indicate how a species
might function and interact with its environment. These measures could be applied to
existing biological monitoring data. This would enable hindcasting to understand change in
past decades and response to known environmental change. However, whilst the
theoretical use of assessing function is clear, practical application is more difficult. Further
exploration is needed to understand which measurements to apply and what a change in
the measure might mean. Further development may also be needed as attributes (traits)
are not available for all species.

New developments, such as advances in DNA technologies, present opportunities to get
closer to measuring function directly and enhance the understanding of ecosystem health
and the services they provide. These approaches get closer to measuring actual function
as opposite to trait-based approaches that indicate potential function. A promising
approach to providing insights about ecological function is emerging from the study of river
biofilms (surface-attached microbial communities, including bacteria, algae, and fungi, that
live on submerged surfaces in water environments). A comprehensive DNA microbiome
dataset has been compiled from river biofilms that is being used to explore potential
microbial indicators of environmental change and assessments of ecosystem health and
function.

On-going environmental change linked to human behaviour, and particularly climate
change, is altering what can naturally live where. This change means that it would be
beneficial to move away from an approach based on recording species occurrence to one
providing insights into long term changes in function that are linked to essential ecosystem
services. A focus on function would help us understand whether essential services are
maintained as species distributions change, non-native species arrive, and novel
ecosystems develop. Whichever functional assessment approach might be selected; it will
be important to define what constitutes a healthy ecosystem and understand how its
characteristics vary across different locations and over time. Only after establishing these
foundations can changes be understood and used to inform decision making.
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1. Introduction

1.1 Background

The Environment Agency aims to create better places for people, wildlife and the
environment. Monitoring and assessment are important in helping to deliver this aim as
they enable an understanding of the state of the environment, whether it is changing, and
where regulation and action for improvement are needed. The knowledge ensures that
the decisions made are evidence-based.

Historically, environmental monitoring has focused on water quality parameters. However,
the focus changed significantly with the introduction of the EC Water Framework Directive
(WFD; Council of the European Communities, 2000). This shift changed the focus to a
broader assessment of ecological status, with biological indicators becoming integral to
the process. These biological indicators are metrics based on the diversity and abundance
of invertebrates, fish, plants and diatoms.

In 2018, the 25 Year Environment Plan (25YEP; HM Government, 2018) set out the
government’s goals for improving the environment. The aims included achieving clean and
plentiful water by improving at least three quarters of UK waters to be close to their natural
state as soon as is practicable. In January 2023, the UK government introduced

the Environmental Improvement Plan (EIP; HM Government, 2023), incorporating the
goals of the 25YEP, addressing new environmental challenges and updating strategies
and targets.

To track environmental change an outcome indicator framework was developed (HM
Government, 2019). The framework contains 66 indicators, arranged across 10 broad
themes. A sub-set of 16 headline indicators are used to monitor environmental change.
Among the framework’s indicators is B6—Natural Functions of Water and Wetland
Ecosystems. This indicator aims to track changes in the naturalness of water ecosystems,
using attributes that reflect levels of artificial modification. Restoring natural functions is
seen as essential not only for biodiversity recovery but also for enhancing resilience to
climate change (Alexander et al., 2016). Moreover, improving natural functions, will
increase the provision of ecosystem services, such as clean water and flood regulation
(Aronson and Alexander, 2013). Indicator B6, along with others in the EIP framework,
remains under development, reflecting the ongoing evolution of the UK's approach to
environmental monitoring.

The 25YEP framework emphasises the need to follow a natural capital approach to
environmental management. Natural capital refers to the elements of nature - such as
ecosystems, species, and freshwater - that directly or indirectly provide value to people.
These natural assets underpin essential services and functions, including air quality, water
quality and flow regulation, and carbon sequestration (Defra, 2020). By integrating natural
capital into environmental assessments, the Environment Agency and others can develop
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strategies that ensure natural systems deliver more benefits for both people and wildlife
and inform sustainable growth.

A natural capital approach involves assessing the condition of natural assets, the
pressures acting upon them, and the services they provide. The Natural Capital and
Ecosystem Assessment (NCEA) programme, initiated by Defra, is gathering broad-scale
data on the extent and condition of England's ecosystems (Defra, 2020). This assessment
will help identify the challenges these ecosystems face, how they change over time, and
the necessary actions to improve them such as addressing habitat modifications through
river restoration and actions to improve water quality.

A significant challenge remains in understanding how environmental changes, such as
land use change, flow regulation and physical modification impact biodiversity and
ecosystem functions. The combined effects of climate change and other human activities
are threatening species across scales, from microscopic organisms to larger species in
inland waters (Wang, 2021).

Restoring natural function is the aspiration behind the process-based river restoration
approach (Beechie et al., 2010). Such approaches aim to restore functioning systems,
such as enabling geomorphic processes to occur where often they have been constrained
by channel engineering. Geomorphic processes are assessed using both structural and
functional indicators with a change over time used to infer function and inform
management actions (Hooke, 2020). Alongside restoring geomorphic processes river
restoration researchers recommend aspiring to restore ecological processes and function
(Johnson et al., 2020). To fully assess the aspirations of process-based restoration,
biological composition of ecosystems need to be complemented by functional
assessments.

In line with the shift in focus to consider function in restoration, the International Union for
Conservation of Nature (IUCN) has proposed a framework for a Green List of Species.
This framework defines species recovery in terms of three key dimensions: representation,
viability, and functionality (Akgakay et al., 2018). The IUCN’s approach emphasises the
importance of not just preserving species but also restoring their functional roles within
ecosystems (Akcgakay et al., 2019).

As a consequence of this shift in focus, measuring and assessing ecological function is
becoming more pressing. Moving towards more holistic environmental assessments
means that understanding the functional aspects of ecosystems is likely to play a bigger
role in effective management and restoration. This report explores the evolving
understanding of function in ecological assessments and how measuring and assessing it
could help to create better places for people, wildlife and the environment.

1.2 Report structure

Section 2 is a synthesis of available literature that describes how ecological function is
used in aquatic ecosystem assessments.
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Section 3 presents the results of a survey of Environment Agency colleagues’ perceptions
of ecological function and how its appraisal could improve assessments of environmental
health.

Section 4 includes a discussion of findings from the evidence synthesis and the survey.

Section 5 concludes the report by giving an overview of the main findings from this study
and considers how results may be of use in environmental assessment and inform actions
to improve ecosystem health and service provision.
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2. Evidence synthesis

2.1 Review approach

References were gathered from previous Environment Agency projects that were relevant
to ecological function. These included:

* Understanding ecosystems and resilience using DNA (Environment Agency, 2021).
* EA Natural Capital condition indicator mapping (Environment Agency, 2021).

» Understanding ecosystem dynamics using ecological network analysis (Environment
Agency, 2024).

‘ResearchRabbit’ (a web-based literature search tool; Cole and Boutet, 2023) and Scopus
(a comprehensive, multidisciplinary bibliographic database owned by Elsevier) were used
to generate suggestions for additional references to include in this review. Searches
focussed on variations of the term ‘what is ecological function and how is it assessed?’.
Informative references and/or the citations of in the articles were used to identify other
relevant material following the ‘citation chaining’ or ‘snowballing’ approach. It was beyond
the scope of the project to carry out a full systematic review, this review examined 130
published journal articles. These included original studies, reviews and opinion pieces.
Where possible examples from the UK or temperate climates and aquatic environments
were used.

2.2 Ecological function overview
The concept of "function” in ecology is complex, with multiple interpretations. Four
framings of function have been described as (Jax et al., 2005):

1. Function as processes: how causal relationships or interactions in ecosystems
change over time.

2. Functioning of a system: how a system and its component parts work as a whole.
3. Roles within a system: the role of different organisms or species.
4. Ecosystem services: the functions and products from natural capital assets which

provide benefits to people.

Defining what is meant by function can help to avoid misunderstandings. Understanding
ecosystem function(s) also requires recognising the context-dependent nature of roles and
biodiversity. Without this, generalisations about species functions and biodiversity's role in
ecosystems remain unclear and problematic for practical application (Jax et al., 2005).
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2.3 Structure and function

Ecological structure and function are two key concepts within ecology, focusing on
different aspects of ecosystems (Giller et al., 2004; Jax et al., 2005; Sandin and Solimini,
2009; Woodward et al., 2012; Akgakay et al., 2019; Dussault, 2019; Table 1). Structure
refers to the physical organisation of an ecosystem, including its species composition,
population densities, and spatial distribution. It encompasses both biotic components
(living organisms like plants, animals, and microbes) and abiotic components (non-living
elements like soil, water, and climate conditions). By contrast, function describes the
processes and interactions within an ecosystem, such as nutrient cycling, energy flow,
dispersal and ecological succession. It determines how ecosystems maintain balance and
support life through mechanisms like photosynthesis, decomposition, and food web
dynamics.

Table 1 An overview of ecological structure and function

Overview. What is there? What does it do?
o Physical and biological The plologlcal, geochemical, and
Definition. physical processes of an
components of an ecosystem.
ecosystem.
Biotic Living organisms (plants, animals, | Food web interactions, predation,
components. | microbes), food web structure. population dynamics.
Abiotic Water flow, sediment, rocks, Nutrient cycling, water purification,
components. | temperature, dissolved oxygen. oxygen production.
Organisms arranged in trophic Transfer of energy from sunlight to
Energy flow. levels (e.g., producers to
producers to consumers.
predators).
, Recycling of nitrogen,
Nutrient Presence of decomposers and
. . phosphorus, and carbon through
cycling. sediment layers.
the ecosystem.
, i .g.fl lation,
Ecosystem Assets e.g. water, sediment, Services e.g. flood rggu ation
. o . clean water supply, fish
services. biodiversity. .
production.

Structure and function are interconnected (Jax et al., 2005; Sandin and Solimini, 2009;
Akgakay et al., 2019; Dussault, 2019). The structure of an ecosystem influences

its function, for example greater plant diversity can enhance productivity. Whereas the

function of an ecosystem can shape its structure over time, for example nutrient cycling
affects plant growth and species composition.

The WFD characterises ecological status as the quality of both the structure and
functioning of aquatic ecosystems in surface waters (von Schiller et al., 2017; Brosed et
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al., 2022). However, while the WFD emphasises the importance of ecosystem functioning,
it does not provide a clear definition of what "functioning" entails, complicating its
application in monitoring practices (Sandin and Solimini, 2009). Ecosystem structure
encompasses characteristics that can be assessed at a specific moment in time and are
believed to indicate the current status or condition of an ecosystem (Palmer and Febria
2012).

In practice, measures of ecosystem structure, such as species richness and community
composition, are often used as proxies for functional properties like nutrient cycling,
decomposition, and metabolism (Sandin and Solimini, 2009). Yet, this approach assumes
a connection between structure and function that may not always exist, as changes in one
may not necessarily lead to detectable changes in the other (Sandin and Solimini, 2009;
Clare et al., 2024).

A well-structured ecosystem tends to have greater biodiversity, which enhances its
functional stability and resilience against environmental changes. Yet structural and
functional considerations are complementary and may respond differently to
environmental change (von Schiller et al., 2017). For example, Baker et al. (2021) studied
macroinvertebrate communities in German streams over 32 years following acidification
mitigation. They found that functional diversity recovered more slowly than taxonomic
diversity, suggesting that while species colonised the recovered streams relatively quickly,
the functional recovery (i.e., the roles and processes these species perform) lagged
behind (England and Wilkes, 2018).

2.4 Biodiversity and ecological function

Biodiversity is essential for the functioning of ecosystems, as diverse communities are
more resilient to environmental changes (Hong et al., 2021). Human-driven biodiversity
loss, such as a reduction in species richness, can impair vital ecosystem functions like
biomass production, decomposition, and carbon sequestration (Cardinale et al., 2012; van
der Plas, 2019). This knowledge can help determine the number of species necessary to
maintain required ecosystem functions (Clare et al., 2024). Alongside species diversity,
fluctuations in the relative abundance of individual taxa are also an important driver of
community structural change. These changes may or may not be transmitted into
alterations in ecosystem functions (de Bello et al., 2021). Akcgakay et al. (2019) provides
definitions that help elucidate these differences:

Ecological function of a species: The totality of the species' interactions,
determining its influence on, or contribution to, ecosystem processes, and the
patterns of intra-specific interactions, behaviour and social dynamics that are
characteristic of that species.

Ecological functionality of a population: The extent to which the population fulfils
the ecological function(s) of the species in a particular place and time, as
determined by its size, density and demographic structure.

13 of 52



It is important to understand whether the negative impacts of biodiversity loss can be
reversed if pressures on the environment are alleviated, and species are allowed to
recolonise. This insight can guide management strategies aimed at either preventing
biodiversity loss or restoring ecosystem functions after such losses have occurred (Clare
et al., 2024). Effective management strategies will ensure not only that species remain, but
also that they are able to maintain key roles of species interactions and in the
maintenance of communities and ecosystems (Brodie et al., 2018).

Global changes are increasing taxonomic homogenisation—whereby ecosystems become
more similar due to the loss of species and changes in their composition (Smart et al.,
2006; Villéger et al., 2011; Baiser et al., 2012). This trend is altering how ecosystems
function, but functional homogenisation, such as the loss of diversity in ecological roles, is
still an under-researched area (Mouton et al., 2020). In some cases, as with
macroinvertebrate assemblages, there have been long-term, climate-driven trends toward
taxonomic homogenisation, but functional differentiation has been observed (Mouton et
al., 2020). This functional differentiation could provide greater resistance and resilience to
environmental changes, even as species diversity declines (Mouton et al., 2020).

Despite these insights, the link between biodiversity and ecosystem processes, such as
primary production and decomposition, is not always clear. However, overall, three
decades of research support the idea that biodiversity enhances ecosystem functioning,
with high-diversity communities proving to be more resistant to environmental stress (Hong
et al., 2021).

2.5 Ecosystem processes

Ecosystem function can be assessed through direct measurement of ecosystem
processes such as nutrient cycling, decomposition, and metabolism. A well-studied
process in stream ecosystems is leaf litter decomposition which is used as a measure of
ecosystem health as it is influenced by macroinvertebrates, microbial activity and physical
and chemical stream properties (Young et al., 2008; Brosed et al., 2022). Litter
decomposition can be affected by various stressors, either enhancing or reducing
decomposer activity depending on the nature and intensity of the stress (Woodward et al.,
2012; Rasmussen et al., 2025).

The loss of biodiversity (structural changes e.g. community structure or trophic levels)
impacts global carbon and nutrient cycles, which are regulated by primary production and
decomposition. While some studies suggest a connection between biodiversity and
ecosystem function (e.g. Brosed et al., 2022), experiments have not always shown clear
relationships between biodiversity and processes such as litter decomposition (Lépez-Rojo
et al., 2022). A study of mesocosms, for example, found no clear relationship between
biodiversity and ecosystem processes across different green (plant-based) and brown
(detritus-based) food web compartments (Lépez-Rojo et al., 2022).

Ecological processes are context-dependent (Power et al., 1996), meaning factors such as
species composition and environmental conditions play a significant role. For example, the
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rate of organic matter decomposition in rivers and streams is influenced by the species
and size of aquatic invertebrates, which shred decomposing leaves while feeding.
Additionally, microbial activity is influenced by nutrient levels and changes typical of
eutrophic conditions (Palmer and Febria, 2012), a range of chemicals such as pesticides
(Thompson et al., 2016; Feckler, 2025) and temperature (Pérez et al., 2025).

Furthermore, ecosystem processes are not "stable" in the simple sense of being constant.
They are often naturally variable in space and time, especially at small spatial and
temporal scales, and can experience regime shifts between alternative states (Akgakay et
al., 2019). For example, microbial communities, which play a pivotal role in nutrient
cycling, carbon sequestration, and food web regulation, are crucial in systems with limited
resource input. Their activity reflects the balance between autotrophs and heterotrophs,
influencing ecosystem respiration and gross production (Font et al., 2021; Allan and
Castillo, 2007).

Human-driven biodiversity loss can impair essential ecosystem functions such as biomass
production, decomposition, and carbon sequestration (Cardinale et al., 2012; van der Plas,
2019; Tagliaferro et al., 2025). However, restoration activities aiming to reverse
degradation do not necessarily lead to a restoration of ecosystem processes. For
example, no noticeable differences in litter decomposition or macroinvertebrate community
structure were found when comparing restored and unrestored sections of a river in
London (Smith and Chadwick, 2014). However, some studies show positive outcomes
from ecological restoration efforts. For instance, river ecological restoration has been
found to stimulate the recovery of ecosystem function, particularly the leaf litter
decomposition rate, with macroinvertebrates and habitat factors playing crucial roles
(Lepori et al., 2005, Lin et al., 2020).

2.6 Functional traits

The ecological function of a species is the role that it plays within a system, with its
interactions determining how it affects ecosystem processes, and interactions with other
species (Akgakay et al., 2019). The traits of a species refer to its measurable
characteristics or attributes that define how that species functions and interacts with its
environment.

Species can also be considered in terms of their attributes or traits, both biological and
ecological. For invertebrates, biological traits include maximum body size, life span,
number of reproduction cycles per year, types of aquatic stages, dispersal, resistance
forms, food types and feeding habits. Ecological traits characterise the habitats in which
the species are found, including altitudinal, substrate, current velocity and temperature
preferences and tolerances (Tachet et al., 2010; Schmera et al., 2017). Assessing the
functional traits of organisms is considered to better reflect their ecological importance
than taxonomic (what species are present) measures of biodiversity (Dussault, 2019).
Functional traits also improve the mechanistic understanding of species, by describing
how species interact with their environment and how these interactions affect ecosystem
functioning (Raffard et al., 2017; Schmera et al., 2017).
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Functional response groups explain the assembly of ecological communities and how their
species composition changes in response to changes in their environments. (Dussault,
2019; Bruno et al., 2016; Catovsky,1998; Wilson, 1999; Hooper et al., 2002; Lavorel and
Garnier, 2002). Functional effect groups explain ecosystem processes by describing how
organisms of different species contribute to those processes (Dussault, 2019, Bruno et al.,
2016 Catovsky, 1998; Hooper et al., 2002; Lavorel and Garnier, 2002; Blondel, 2003; Diaz
and Cabido 2001).

One of the main benefits of trait-based studies over taxonomic approaches is
transferability of findings across biogeographic boundaries. However, attributing traits is
not a simple process because traits can vary between individuals of the same species
(Raffard et al., 2017). In addition, many traits are only available at genus level, but species
of the same genus may have different attributes. To allow for this variability, aquatic
invertebrate traits are typically assigned using a fuzzy-coding approach that allocates
relative affinities of a genus to different traits (e.g. Mathers et al., 2019; Aspin et al., 2018).
A review by Schmera et al. (2017) found no consensus on which traits (or features) of
macroinvertebrate taxa should be used to calculate functional diversity. However, a
Europe-wide analysis found that certain traits were more "labile", i.e. able to vary relatively
free from biological constraints along environmental gradients (Wilkes et al., 2020). These
have the potential to form a subset of macroinvertebrate traits that could be more widely
applied in assessments.

The choice of traits and their application varies depending on the study and its aims.
Generally, either ecological or biological traits are used, this is partly to avoid duplication.
But there is a strong argument is that ecological "traits" are not really traits but
correlations, and the prevailing view is that traits should be inherent biological
characteristics (M. Wilkes pers. comm.). Similar issues apply when using a trait-based
approach for fish. In a study applying ecomorphological traits to explore the relationships
between them and the response of fishes to morphological habitat degradation, Toth et al.
(2021) concluded a limitation to their study was that the exact relationships between
ecomorphological traits and ecosystem functions have been studied in detail only for a few
traits and taxa.

The roles species have can also change depending on species interactions. For example,
an aquatic invertebrate species feeding on algae will have the ecological role of a grazer
and will also be the prey of other species, but only if the predatory species are present.
Traits may also vary depending on context, for example freshwater shrimps (Gammaridae)
can feed on organic matter or be predators depending on environmental conditions and
resource availability (MacNeil et al., 1997). In extreme cases there may be a reversal of
predator/prey relationships (Barkai and McQuaid 1988). As such the role of a species is
strongly context-dependent and varies depending on the perspectives of the observer (Jax
et al., 2005).

Challenges when applying trait-based assessments arise since many traits are correlated.
This correlation is due to (1) the combination of traits being more adaptive to a given
environment (e.g. invertebrates with smaller body sizes have shorter life cycles) so

16 of 52



species possessing one trait are more likely to also possess another trait, (2) closely
related species possessing similar combinations of traits because of shared ancestry and
(3) trait combinations can vary across spatial scales and when environmental conditions
change (Wilkes et al., 2020). There is also correlation between functional response traits
and functional effect traits (Raffard et al., 2017).

2.7 Functional Metrics

Metrics and indices are often used to simplify complex information into a representative
measure that might be used to track changes over time or across space. Metrics are
specific measurements often used to measure individual aspects. Whereas indices are
composite measures or combinations of metrics designed to give a more holistic view.

Indices quantifying the functional aspects of biodiversity are used to understand the
relationships between ecosystem functioning, biodiversity and environmental change,
(Mouchet et al., 2010). Functional measurements aim to capture system dynamics by
repeatedly quantifying important biophysical processes, such as decomposition (Palmer
and Febria, 2012). Different conclusions about stream ecosystem health may be reached
depending on which functional metrics or indices are used in an assessment (Woodward
et al., 1994).

Some of the indices currently applied in routine ecological assessments can be considered
trait-based as they were developed based on ecological relationships. For example, the
Lotic Invertebrate Index for Flow Evaluation (LIFE; Extence et al., 1999). index was
developed based on “recognised flow associations of different macroinvertebrate species
and families” i.e. ecological traits. Similarly, the River Macrophyte Nutrient Index (RMNI;
Wilby et al., 2009), one of the core metrics used to assess the macrophyte biological
quality element in UK rivers, is based on plant nutrient preferences — an ecological trait.
These two indices however are based on limited taxonomic lists. For a more robust future-
proof index the taxa lists would need to be extended to reflect changes in the distribution
of different species association with climate change. Extending the taxonomic
consideration to a wider geographical range could partly address this issue by allowing for
the gradual spread north of species. For example, Flow-T (Laini et al., 2022), is a
European scale index derived from flow velocity preferences correlated with LIFE, so
could be used instead of LIFE to access changes in flow.

Functional diversity metrics can be used to summarise complex occupancy and
abundance patterns in space and/or time across communities and/or populations
(Guillerme et al. 2025). Three main categories of indices correspond with different aspects
of functional diversity: functional richness, functional evenness and functional divergence
(Mason et al., 2005; Mouchet et al., 2010). However, other indices have been applied in
functional diversity research that are considered important (e.g. Schmera et al., 2017;
Aspin et al., 2018; Mathers et al., 2019); the most commonly applied indices are defined in
Table 2.
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Functional diversity describes the variation in traits within a community. It can be used to
quantify how dissimilar species' traits are from those of others in the community and thus
understand how species diversity relates to ecosystem function, (de Bello (2021). For
example, Scherer et al. (2023) evaluated the threats posed by climate change to the
functional diversity of freshwater fish globally, using three complementary metrics —
functional richness, evenness and divergence. They found that the three metrics
responded differently to species loss highlighting their value as complementary metrics.

All metrics are sensitive to the identity and specificity of the traits or functions chosen
(Mitcheli and Halpern, 2025). For freshwater taxa, traits are generally obtained from
collated databases) rather than individually measured e.g. Tachet et al. (2010); Schmidt-
Kloiber et al. (2019). The freshwaterecology.info initiative seeks to collate such
information, holding ecological preferences and biological traits for more than 20,000
European freshwater organisms belonging to fish, macro-invertebrates, macrophytes,
phytobenthos and phytoplankton (Schmidt-Kloiber and Hering, 2015). In such cases the
traits give an indication of the potential functions and interactions of a species (M. Wilkes
pers. comm.). By contrast studies that measure traits directly (e.g. Pillar et al., 2013) are
able to reach different conclusions that would not be achievable from ‘lookup’ traits from a

database as there would have been no variations of species traits between samples.
Studies specifically measuring attributes of invertebrates are time consuming but do
provide insight into impacts of environmental change (e.g. Everall, et al., 2015).

Table 2 Commonly used functional indices and their definitions.

Index Definition Reference

1 Functional diversity. | The range of trait differences within a | de Bello et al.
given community. (2021).

2 Functional richness. | Amount of functional space occupied | Mason et al.
by the species within a given (2005).
community.

3 Functional evenness. | Distributions of abundance among Pakeman
functional characteristics within a (2014).
given community.

4 Functional Situation when two or more species Rosenfeld

redundancy. have the same function in a (2002).
community.

5 Functional Degree to which the abundance Villéger et al.

divergence. distribution maximises differences in (2008).
functional characteristics within a
given community.
6 Functional Functional difference of two or more Petchey et al.
complementarity. taxa. (2004).
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‘ Index ‘ Definition ‘ Reference

7 Functional Individual value of species to the Schmera et al.
contribution. functional diversity of the community. | (2009).
8 Functional turnover. | The loss and/or gain of unique Villéger et al.
functional traits over time. (2013).
9 Functional The degree to which species are Violle et al.
distinctiveness. functionally dissimilar from other (2017).

species in a given community.

10 Functional rarity. A measure of how dissimilar a species’ | Violle et al.
functions are from those of others in (2017).
the community.

As with structural (taxonomic) metrics, functional metrics vary in space and time. This can
be illustrated by considering functional redundancy, defined as when two or more species
have the same function in a community (Rosenfeld, 2002).

The concept of redundancy is important in understanding how species contribute to
ecological functions. To assess whether a species is redundant, the function(s) it performs
in an ecosystem must be identified. For example, the role of a species in decomposition
may overlap with other species, making it redundant with respect to this function. Meaning,
that judgements about redundance is best applied when the specific functions are clearly
defined (Walker, 1995; Jax et al., 2005). However, a study comparing taxonomic and
functional diversity in grassland plant communities and using the difference as a measure
of functional redundancy was useful in exploring causal models linking diversity to
community stability (Pillar et al., 2013).

Functional redundancy is not fixed but dynamic (Akgakay et al., 2019). A species might be
redundant at one point in time but not at another, depending on environmental or
ecological conditions (Jax et al., 2005). These temporal and spatial dimensions of
redundancy highlight the complexity of assessing a species’ role in an ecosystem, as their
contribution can fluctuate based on the ecological context, life cycle and delineation of the
ecosystem (Jax et al 2005). Thus, the concept of whether species can ever be redundant
in an absolute sense, or how many species are necessary for ecosystem functioning,
remains an open question (Woodward, 1994; Jax et al., 2005 Schmera et al., 2017).

The idea of redundancy is closely tied to ecosystem stability. Functional redundancy
allows species to compensate for one another when environmental conditions change and
evidence suggests that such redundancy is essential for maintaining efficient and stable
ecosystem functions over time (Bruno et al., 2016; Rosenfeld, 2002; Biggs et al., 2012).
As one species' contribution declines, others may compensate, ensuring the stability of
essential processes like nutrient cycling (Lawton and Brown, 1993; Akgakay et al., 2019).
The variability in species contributions to ecosystem processes suggests that a fixed
number of redundant species may not exist; rather, redundancy depends on the specific
ecosystem and the functions being examined (Schmera et al., 2017). However, comparing
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redundancy at a community level can link diversity to community stability supporting the
notion that functional redundancy enhances community resilience (Pillar et al., 2013).

Furthermore, redundancy varies depending on the specific role(s) species play within the
ecosystem. For example, some species may be redundant for one ecological function but
irreplaceable for another, illustrating the complexity of the concept (Akgakay et al., 2019).
This highlights that redundancy is context-dependent within ecosystems.

2.8 Application of functional assessments

Understanding how ecosystem functions change along biodiversity gradients influenced by
human activity has the potential to shape more effective management. For example, the
increasing focus on functional traits in academic studies is bringing new understanding of
biodiversity responses to global environmental change (Wilkes et al., 2020). Incorporating
such functional elements can aid understanding of ecosystems responses to complex
human pressures and provide clearer insight into the mechanisms that underpin changes
(Jaiswal, 2021).

2.8.1 Assessing changes in river flow

Evaluations of flow abstraction impacts in streams frequently emphasise alterations in
biological communities and physical in-stream features, while often overlooking effects on
overall ecosystem functioning (Death et al., 2009). However, the use of traits and a
functional approach provides insights into how flow influences river communities,
particularly in the context of water abstraction (Death et al., 2009) flow intermittency
(Mathers et al., 2019) and drought (Aspin et al., 2018; Leigh et al. 2019).

Structural measures (e.g. invertebrate richness and density) of ecosystem integrity
respond differently than functional measures (e.g. drifting invertebrates, leaf breakdown,
coarse particulate organic matter (CPOM) retention and primary productivity) to changes in
flow (Giling et al., 2025) and water abstraction, especially in the context of variable water
quality (Death et al., 2009). These results suggest that both structural and functional
approaches are helpful in understanding stream ecosystem responses to water
abstraction and for managing flows to support ecosystem function.

Hydrological variables, in particular wetted width, water depth, and zero-flow conditions
are instrumental in structuring taxonomic and functional aspects of macroinvertebrate
communities (Mathers et al., 2019). Applying both taxomonic and trait assessments to
invertebrate data has demonstrated that invertebrate communities became increasingly
taxonomically and functionally dissimilar the more differentially disturbed by drought they
were (Aspin et al., 2018; Herbst et al., 2019). Repeated drought events also alter the
functional stability of invertebrate communities (Leigh et al., 2019).

A trait-based approach can provide a mechanistic understanding of responses to
environmental conditions. Considering traits associated with resistance - the ability to
survive a disturbance, and ecological resilience (Holling, 1973) can provide a deeper
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understanding of how different species respond to hydrological stressors such as drying
(Godoy et al., 2022). The resistance traits have also been found to be more important than
resilience traits in structuring invertebrate communities in newly intermittent streams,
where taxa also exhibit reduced functional redundancy due to the stress of drying
conditions (Bozdki et al., 2024).

2.8.2 Assessing water quality

Direct measurements of ecosystem processes such as nutrient cycling, and organic matter
breakdown have been suggested as sensitive ways to assess the effects of water quality
changes (Gessner and Chauvet, 2002; Young et al., 2008; Von Schiller et al., 2017). For
example, organic matter breakdown can increase with nutrient enrichment (Ferreira et al.
2015) but could be inhibited by toxic contaminant concentrations (Young et al. 2008;
Feckler et al., 2025).

The usefulness of functional metrics has been explored by comparing responses of
several structural (e.g. invertebrate taxonomy) and functional (e.g. microbial
decomposition) metrics to a series of water quality stressors in lowland rivers of the
Netherlands (Van der Lee et al., 2019). The study analysed several stressors, such as
nutrients, dissolved oxygen, temperature, and proxies for pesticides and pharmaceuticals,
concluding that structural and functional metrics provide complementary information that,
when integrated, allows for more thorough water quality assessment strategies. This may
be useful when there is a disconnect between regulatory ecological quality targets and
ecological outcomes (Feckler et al., 2025).

2.8.3 Assessing river restoration effects

Ecological and ecosystem functional assessments have been applied to help understand
the effectiveness of environmental restoration efforts on river systems. For example,
assessments of the mobilisation of carbon and nutrients, and changes in secondary
primary production have demonstrated how allowing floodplain water to return to the river
downstream of forests is important for maintaining ecological function within the river
channel (Rees et al., 2020). Elsewhere comparing the difference in ecosystem processes
(metabolism and organic matter decomposition) between restored, channelised and
naturally meandering lowland agricultural streams found high variability in response
(Baattrup-Pedersen et al., 2022). Processes changed in response to plant and habitat
composition suggesting that improvements in physical habitat through restoration can
significantly alter ecosystem functions, but the response is influenced by factors operating
at a larger-scale, such as nutrient and sediment inputs (Baattrup-Pedersen et al., 2022).

Restoration and rewilding activities present an opportunity to study the processes
influencing ecological communities and how they function. Applying functional trait
assessments has successfully demonstrated the mechanistic impact of river restoration
using large wood on invertebrate communities, especially those within the hyporheos -
those inhabiting the transitional zone between groundwater and surface water (Magliozzi
et al., 2019). Adopting such an approach that utilises taxonomic indicators of change,
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which are representative of processes important to ecosystem functioning (traits reflecting
herbivory and organic matter decomposition etc) can provide further insight into the long-
term effects of restoration and rewilding in promoting ecosystem functioning and resilience
(Cook et al., 2024).

Understanding catchment-wide variation of functional attributes can assist environmental
managers by helping target measures, such as riparian restoration, where they can be
most effective (Bruno et al., 2016).

2.9 Functional approaches in ecological assessments

2.9.1 Assess function alongside structure

There is a consensus in published studies that it is useful to consider both structure and
functioning when assessing ecosystems as they provide a more holistic assessment of not
only what species are present but also the role that they play in the ecosystem.
Determining relationships between species and functional diversity could help develop
both a mechanistic understanding of community assemblages, and appropriate
expectations and approaches to protecting and restoring biological communities (Mitcheli
and Halpern, 2025). Considering function also links biodiversity and ecosystem service
provision, with functional diversity being considered one of the best predictors of
ecosystem function (Cadotte et al., 2011; Gagic et al. 2015). However, it is not always
clear which metric is appropriate to capturing a pattern of interest (Guillerme et al., 2025).

Metrics of structure and function show contrasting and complementary responses to
environmental change in river processes (von Schiller et al. 2017), microbes and
phytoplankton (Hong et al. 2021), diatoms (Castafieda Gémez et al. 2024), plants (Dalla
Vecchia, 2020), invertebrates (Schmera et al., 2017) and fish (Scherer et al., 2023). For
water quality assessments functional metrics have been found to detect patterns of
anthropogenic stress not evident using structural metrics (Van der Lee et al., 2019; Fuggle
et al., 2025). Suggesting that structural and functional metrics may provide complementary
information that, when integrated, allow for more thorough water quality assessment
strategies.

Whilst taxonomic and functional trait compositions of macroinvertebrate communities can
be sensitive to environmental disturbance, trait-based variables can be more sensitive to
human disturbances (Jiang et al., 2021). Using a trait-based approach can improve the
mechanistic understanding of species—environment relationships for invertebrates
(Schmera et al., 2017) and provide a deeper understanding of macrophyte functionality
and interactions with the other components of aquatic systems (Dalla Vecchia et al.,
2020).

Functional variables can be particularly valuable in scenarios where organisms such as
fungi and bacteria, which are not typically included in stream assessments, show a
stronger response compared to more commonly used indicators like invertebrates,
macrophytes, and fish (Sandin and Solimini 2009). While diatoms within river biofilms have
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been shown to respond, in terms of their diversity and function, to a range of pressures
and stressors including eutrophication, the full suite of biofilm taxa are not readily
represented in biomonitoring programmes. These unmeasured taxa may be a missing link
to improving our understanding of and developing new bioindicators and metrics for
assessing impacts of different pressures on aquatic ecosystems (Sagova-Mareckova et
al., 2021).

2.9.2 New molecular approaches

Advances in molecular approaches to environmental assessment could provide valuable
insight into understanding ecosystem function (Environment Agency, 2021). Molecular
methods offer significant improvements over taxonomic (structural) monitoring techniques
by allowing the identification of previously unknown organisms and poorly classified
groups, such as microbes (Feng et al., 2019). Microbes, including bacteria, archaea, fungi,
algae, and protozoa, are widespread and essential to the health and functioning of
freshwater ecosystems. The biofilms they form on surfaces play a crucial role in vital
ecosystem processes like nutrient cycling, pollutant degradation and maintaining water
quality (Falkowski et al., 2008; Besemer, 2015; Battin et al., 2016).

Metagenomic approaches seek to describe the biodiversity in a sample of mixed origin by
sequencing the genome of every taxa (Environment Agency, 2021). They are powerful
tools for understanding the ecological functions of biofilms by analysing their functional
and metabolic potential. The data generated by metagenomics serve as measurable
indicators of biogeochemical cycling, community stability, and adaptive responses across
diverse environments (Burke et al., 2011). For example, carbon cycling genes have been
found to be the most abundant in stream biofilms, reflecting the central role of carbon
metabolism in these ecosystems (Dopheide et al., 2015). Similarly, nitrogen metabolism
genes are widely studied, providing insights into processes like nitrification and
denitrification (Li et al., 2019; Ren et al., 2017; Short et al., 2013). Sulphur cycling can also
be assessed using specific functional genes which indicate sulphate reduction in
subsurface environments (Liang et al., 2012).

Metagenomic studies also provide insight into how biofilms adapt to different environments
by examining variations in functional gene distributions for example, stress response
genes to indicate adaptation to hostile environments (Busi et al., 2022). In marine biofilms,
genes related to how they attach to surfaces and environmental response are prominent
(Burke et al., 2011; Mugge et al., 2021), whereas freshwater systems exhibit gene
composition shifts based on stream type and land use patterns (Dopheide et al., 2015;
Niederdorfer et al., 2017). Glacier-fed streams, for instance, show correlations between
functional gene distributions and environmental factors such as water chemistry and
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glacier coverage, highlighting the role of environmental filtering® in shaping microbial
functions (Ren et al., 2017).

2.9.3 Ecosystem function and ecosystem services

In ecological assessments one meaning of ‘function’ refers to the benefits ecosystems
provide to humans, such as oxygen production or waste assimilation, through the delivery
of ecosystem services (Giller et al., 2004; Jax et al., 2005). Ecosystem services are
dependent not just on biodiversity structure; they are also influenced by the functioning of
the entire ecosystem. For example, microbial interactions between organisms, species
and the ecological networks they form are fundamental to ecosystem processes and the
delivery of ecosystem services (Environment Agency, 2024). By examining ecosystem
dynamics, including energy flow, nutrient cycling, and trophic interactions, a greater insight
into the mechanisms driving ecosystem function and, consequently, ecosystem services
can be derived (Jax, 2005).

Functional assessments can be used to evaluate how shifts in community structure and
function translate into changes in ecosystem services. Assessing ecosystem functioning,
particularly how it changes under stress, is important to help understand the effects on the
services ecosystems provide to humans (von Schiller et al., 2017). Such assessments
provide valuable insights into how environmental stressors, such as drought (Leigh et al.,
2019), and human pressures (Schmera et al., 2017), affect ecosystem services that are
crucial for human well-being. This knowledge could guide management strategies to
manage the impacts of climate change and ensure the continued provision of ecosystem
services to support human well-being.

2.9.4 Incorporating functional responses in biomonitoring

There is an increasing recognition that indicators of ecosystem functioning could enhance
current stream monitoring schemes (Brosed et al., 2022), as functional diversity of
biological communities may contribute to greater stability and resilience (the capacity to
withstand or to recover quickly from disturbance) to environmental change (Pillar et al.,
2013; Mouton et al., 2020).

To incorporate functional assessments into biomonitoring programmes there is a need to
understand how functional attributes and metrics vary and what drives these changes
(Palmer and Febria, 2012). Yet few studies have explored how the functional attributes of
freshwater biological communities vary along environmental stress gradients (Bruno et al.,
2016).

" the process by which abiotic factors, such as temperature, pH, and nutrient availability, shape community
composition by selecting for organisms and functional traits suited to specific environmental conditions.
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Temporal changes in functional attributes due to human impacts, can vary locally (e.g.,
due to habitat modification) or regionally/globally (e.g. due to the effects of non-native
invasive species or climate change) (Akgakay et al., 2019, Flood et al., 2020, Font et al.,
2021). The knowledge of how ecosystem functioning changes along gradients created by
human pressures could therefore inform how many and which species are needed to
support a specified level of ecosystem function (Clare et al., 2024).

In addition to understanding how ecosystem functions change with human pressures and
biodiversity, it is important to know whether these functional changes will be reversed as
pressures are alleviated and species begin to recolonise (Clare et al., 2024) and whether
ecosystem services can be improved or restored. This knowledge could inform
management actions to either prevent local biodiversity loss and therefore loss of natural
capital, avoid potentially undesirable changes to ecosystem functioning, or address human
pressure impacts after they occur (Clare et al., 2024).

Assessing ecosystem functioning requires an understanding of what a naturally
functioning system is and how this varies in space and time. These “reference” states are
essential, as they provide a basis for understanding the processes or conditions that
indicate the overall functioning of a healthy system (Jax et al., 2005; van der Lee, et al.
2020; Palmer and Febria 2012). An important aspect of understanding reference
conditions is assessing a system's temporal stability, that is its ability to maintain, through
time, multiple ecosystem properties and services. (de Bello et al., 2021).

An ecosystem's functioning also depends on how it is defined and its boundaries to
determine when it is "dysfunctional" (Pickett et al., 1989; Schaeffer and Cox, 1992; Jax et
al., 1998; Jax et al., 2005). Ecosystems cannot be naturally identified, as they are human
constructs without defined boundaries and must be defined by an observer (Jax et al.,
2005). Species roles may vary in different ecosystems, interacting with a different species
assemblage or contributing to different ecological processes (Akgakay et al., 2019).

If these challenges can be addressed through a more integrated approach to biodiversity
assessments, for example, one that combines taxonomic, phylogenetic, and functional
dimensions, it would provide a fuller picture of ecosystem health and resilience (Wang et
al., 2021).

Microbial interactions are fundamental to ecosystem processes and ecosystem services
(Environment Agency, 2024 ), applying advanced analytical techniques to molecular
assessments (see 2.8.2) could help in understanding ecological interactions within and
across ecosystems. Such advancements are likely to provide mechanistic insights into
biotic responses to environmental change (Derocles et al., 2018; Cordier et al., 2019).
While these advancements are promising, it is important to be aware of their limitations
and uncertainties. Additionally, validating these approaches is crucial to ensure their
reliability and effectiveness in understanding ecological interactions (Environment Agency,
2024).
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3. Applying ecological function appraisal

This section describes insights from opinions expressed by staff across the Environment
Agency on their understanding of ecological function assessments and could be applied in
practice.

3.1 Survey questions

To understand colleagues’ perceptions of ecological function and how its assessment
could support the delivery of Environment Agency priorities, we invited colleagues to
complete a questionnaire. We asked them the following five questions:

1. What do you understand by ecological function?

2. Do you think understanding ecological function is important? Please explain why.

3. How can understanding and assessing ecological function help us manage our
rivers better?

4. What would measuring ecological function enable us to do differently?

5. If ecological function can help us understand ecosystem services, how would we
use this information?

3.2 Survey results

The survey included colleagues from national and area teams involved with ecological
monitoring and assessments, and those making decisions based on the assessments.
Thirty-seven colleagues replied to the survey, the majority from national teams, with 12
replies received from area colleagues.

The collated responses to the 5 questions are presented in the Appendix and summarised
in the following sections.

3.2.1 What do you understand by ecological function?

Most respondents (94%, Figure 1) highlighted how natural processes, such as nutrient
cycling, decomposition, primary production, pollination, and predation, maintain ecosystem
structure, stability, and resilience. These functions influence energy flow, nutrient
dynamics, species distribution, and the delivery of ecosystem services.

Respondents (72%) distinguished between ecological function, broadly referring to the role
of a species in its community or ecosystem, as opposed to ecosystem function, which
encompasses the interaction of all biotic and abiotic components within the system. It was
noted that ecosystem functions rely on interconnected processes across scales, from
microbial communities to landscapes, and are influenced by externalities like long-distance
nutrient transport.
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Over half the respondents (57%) recognised that species, communities and biodiversity
play a role in ecological function and that natural processes create a dynamic equilibrium
state in healthy ecosystems, which sustains biodiversity and resilience. Additionally, 28%
of respondents recognised that both ecological and ecosystem functions are essential to
understanding ecosystem health and resilience. One respondent noted that most natural
ecosystems exhibit functional resilience due to inbuilt redundancy, enabling them to
maintain functionality despite the loss of some species.

Climate change
(11%)

Ecosystem
resilience
Ecosystem & health
function (28%)
(72%)

Natural
capital
Biodiversity (11%)
(57%)
Ecosystem
Natural service (30%)

Processes
(94%)

Human impacts
(28%)

Figure 1 A summary of respondents’ perceptions of ecological function with the
percentage of respondents who mentioned the topic.

The link between ecological and ecosystem function and natural capital and ecosystem
services was highlighted by 30% of respondents. Some noted the importance of
maintaining balanced, functioning ecosystems to support natural processes that are critical
for human societies, health, and well-being.

For an ecosystem to function healthily, a balance of inputs, outputs, and processes is
crucial, ensuring sustainability and resilience to pressures like climate change (11% of
respondents) and human impacts (28% of respondents).

3.2.2 Why understanding ecological function is important and how it
can inform management actions

This section considers the responses to questions 2, 3 and 4 (section 3.1). There was
great overlap in the responses and figure 2 provides an overview of the main points
mentioned.
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All but one respondent said they thought that assessing ecological function would provide
a more comprehensive understanding of ecosystem health. One person was unsure
whether an additional metric to the ones we already monitor would add additional useful
information.

Improved Improved

understanding assessment Al
Holistic/
Ecosystem catchment
health assessment Targeting
restoration
— Human & regulation
O c Structure & pressures to maintain
-2 o function function and
o0 = services
O O Multiple
—
= S eSS Accountin
(&) .,E Resilience/ o g
L Redundancy or climate
Early change
warning effects of
Natural species
Capital & ranges

Longterm

Ecosystem

Services change

Figure 2 Schematic representation of the main points mentioned in response to
questions about whether assessing ecological function would be useful and how.

Those who said a measure of ecological function would provide additional useful
information, also thought ecological function would be complementary to existing
measures of ecological structure (taxonomic metrics). Respondents recognised the
concept of function redundancy (where species perform the same role within an
ecosystem) and that understanding function could help us better understand resilience,
natural capital and ecosystem function. Synergies were made between natural processes
and functions within the natural capital logic chains linking natural assets to ecosystem
services.

Broad areas where respondents thought ecological function assessments would benefit
the Environment Agency include:

¢ holistic assessment of environmental health.
¢ catchment scale assessments of human pressures.
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¢ early warning of ecosystem change and potential loss of ecosystem services.

e assessment of long-term change.

e assessment of ecological health in the long term, despite climate change effects of
the distribution of species.

¢ help detect where critical functions are being lost and ecosystems are changing and
heading towards collapse.

¢ improve understanding of how human activities affect ecosystem health and the
services they provide.

e help target management and restoration actions and target regulation to be more
effective, thus maintaining ecosystem services.

3.2.3 If ecological function can help us understand ecosystem services, how would
we use this information?

The clear link between ecological function and ecosystem services was recognised by
most (95%) of respondents. There was an observation that ecosystem function is the core
evidence needed to understand the value of natural capital and its ability to contribute to
society and the economy (Figure 3).

Prioritise & target actions
Stakeholder engagement
Natural Ecological Ecosystem Communication

assets function services Secure investment
Balance risks & benefits
Informed management

Figure 3 Ecological function is one the natural processes linking natural assets and
ecosystem services.

There was strong support (95%) for the importance of assessing ecosystem services,
complementing taxonomic metrics e.g. WFD assessment methods. Ecosystem service
assessment is considered a good way to target actions to protect or enhance particular
services and manage the environment for both people and nature and avoid undesirable
unintended consequences. Some respondents (24%) highlighted the value of ecosystem
services in demonstrating the relevance of a healthy, functional environment to wider
society, emphasising the importance of more impactful communication.
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4. Discussion

4.1 What is ecological function?

There is consensus from the literature, and from the Environment Agency survey, that the
definition of function is complex and there are different interpretations. Defining terms is
important to avoid confusion (Jax et al., 2005).

Ecological function generally refers to the roles organisms or processes play in
determining ecosystem structure, stability and resilience (Akgakay et al., 2019). These
functions are crucial for energy flow, nutrient dynamics, species distribution, and
ecosystem services (Jax et al., 2005). Ecosystem function combines biotic and abiotic
processes that sustain balance and resilience (Palmer and Febria, 2012). These
interactions operate across various scales, from microorganisms to large landscapes
influenced by environmental factors such as climate and geology (Akgakay et al., 2019).

There is consensus that biodiversity is crucial for ecosystem functioning and resilience.
Ecosystem processes, like leaf litter decomposition, are influenced by biodiversity, but
relationships between biodiversity and ecosystem functions are complex and context-
dependent (Mouton et al., 2020; Lopez-Rojo et al., 2022). The loss of species reduces
important functions like decomposition and carbon sequestration (Cardinale et al., 2012;
van der Plas, 2019). Changes in community structure can affect ecosystem processes, but
it is not always clear how these shifts impact functions. So, although ecosystem structure,
such as species richness, is often used as a proxy for function, they may not always be
directly linked (von Schiller et al., 2017; Brosed et al., 2022).

Overall, biodiversity plays a significant role in ecosystem resilience and function, but the
connections between structure, function, and processes are nuanced and influenced by
various factors such as catchment characteristics, climate and human pressures (Hong et
al., 2021; Palmer and Febria, 2012).

There is also consensus that integrating both the structure and function of river
ecosystems could improve assessment of their health and response to environmental
stressors. The two approach provide complementary measures that provide a more
holistic understanding of how phytoplankton, diatoms, plants, invertebrates, and fish
respond differently to stressors (e.g. Dalla Vecchia et al., 2020; Jiang et al., 2021;
Schmera et al., 2017). Applying functional approaches could provide greater insight into
the mechanistic response of biota to environmental change (Derocles et al., 2018; Cordier
et al., 2019)
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4.2 Could evaluating function be used in assessing
ecological health?

Additional information about natural processes such, as ecological function, could
strengthen the evidence of how natural capital asset state (quality, quantity, location)
contributes to physical flows of ecosystem services that benefit people (Environment
Agency, 2023). Understanding how species and populations maintain ecosystem functions
could also inform effective management and restoration strategies (Clare et al., 2024;
Brodie et al., 2018) and help target regulation of pollution (Van der Lee et al., 2019;
Feckler et al., 2025).

The B6 Natural functions of water and wetland ecosystems indicator is in development. It
will track changes in the naturalness of ecosystem functioning (B6: Natural functions of
water and wetland ecosystems). The indicator will be based on a hierarchical assessment
framework, including a biological component. However, it is acknowledged that “Indicators
of community composition or the presence or abundance of individual species are
arguably the most difficult to relate to naturalness of ecosystem function” (Natural
England, 2023). The current biological component focusses on the presence of non-native
species. A complementary metric that considers function rather than structure could be
beneficial and deliver greater benefits for habitats and species, whilst enhancing natural
capital and increasing the resilience of ecosystems (Mainstone et al., 2018). Assessing
ecological resilience is a fundamental concept for ensuring functioning river ecosystems
and the services they supply (Wilby, 2020).

Climate change represents one of the biggest threats to the resilience of river ecosystem
environments worldwide (Wilby, 2020). To manage freshwater ecosystems effectively now
and in the future, understanding ecological and ecosystem function in the context of
climate change is needed. One of the big advantages of functional assessments is that
they would allow long term changes to be assessed that are not biased by the change in
species distribution that will result from climate change (Sun et al., 2024). Distribution
changes will create new species interactions and alter or remove existing ones —
‘interaction rewiring’ which can significantly affect how ecosystems function (Marjakangas
et al., 2025). Functional approaches indicate whether essential services are maintained
as species distributions change, non-native species arrive, and novel ecosystems develop
(Hobbs et al., 2006).

4.3 Considerations for applying ecological function
assessments

Assessing certain aspects of ecological function could be done by direct measurement of
biochemical processes such as decomposition and carbon sequestration. There are
established methods that could be applied such as assessing productivity through
biomass change (TerHorst and Munguia, 2008) or decomposition through the breakdown
of leaf material (Lépez-Rojo et al., 2021; Brosed et al., 2022). Applying such techniques
across the river network would involve establishing new sampling protocols and could be
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time consuming and costly, with the results hard to interpret (von Schiller et al., 2017). In
terms of biomonitoring there would also need to be a paradigm shift to incorporate the
temporal dimension of processes (e.g. rates of primary production or decomposition).
Whilst such techniques could provide valuable evidence on understanding natural
processes of aquatic environments, they may be more appropriate for specific studies. For
example, understanding the effects of river restoration (Lepori et al., 2005, Smith and
Chadwick, 2014), flow modification (Death et al., 2009; Font et al., 2021), chemical
pollution (Feckler et al., 2025), multiple-pressures (Fuggle et al., 2025; Rasmussen et al.,
2025) and impacts of climate change such as warming (Pérez et al., 2025).

Some existing biological metrics were developed based on ecological traits so provide an
understanding of functional response to environmental change but not ecological
processes. Metrics such as functional diversity (section 2.7), which act as proxies of
ecological or ecosystem functioning, could be applied more widely to existing monitoring
data. This has the great advantage in that it would enable hindcasting to understand
change in recent decades. Relating these changes to environmental condition could
provide greater insight into the effectiveness of management action and climate change
adaption measures. However, whilst the theoretical use of function in the sense of
“processes” and within causal chains is clear, from a practical application perspective,
analysis of “structure and function” is challenging and technically difficult (Jax et al.,
2005). Applying the metrics to past data would provide information of ecological conditions
(e.g. from routine invertebrate samples) in space and time that could be compared with
known environmental change.

Consideration needs to be given to which metrics to apply to ensure they will capture the
changes of interest and to know what each is measuring (Schmera et al., 2017; Guillerme
et al., 2025). For example, quantitative approaches linking some species traits to
ecological resilience have not yet been developed (Van Looy et al., 2019). As previously
discussed, (section 2.5), trait-based assessments are limited by available information on
traits for many taxa. Information for invertebrates is generally only available at genus level
and not available for all taxa (Kunz et al., 2022). Trait information is also limited for plants
and fish (Dalla Vecchia et al.; Toth et al., 2021). Further exploration is needed to review
what metrics could be applied and their relative merits understood.

Perhaps the most promising approach for gaining insights into ecological function is
through metagenomic assessments, including the assessment of biofilms which get closer
to measuring actual function (Thompson et al., 2015). By analysing functional genes
inferences can be made about the roles of microbial communities in processes such as
nutrient cycling, organic matter decomposition, and pollutant degradation across diverse
habitats (Sharma and Rajpurohit, 2024). A comprehensive DNA microbiome dataset has
been compiled from river biofilm samples collected through the Environment Agency's
River Surveillance Network (Environment Agency, 2024). This dataset is being used to
explore potential microbial indicators of ecosystem health and function (Environment
Agency, 2024).

Regardless of the functional approach and indices selected, there is a need to understand
what constitutes a healthy, functioning system and how this varies naturally in space and
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time (Jax et al., 2005, Palmer and Febria 2012). This variation or stability will influence the
ability of a system to provide essential ecosystem services (de Bello et al., 2021). Indices
will also need to be able to detect changes in functional attributes along environmental
stress gradients (Bruno et al., 2016) and human impacts (Clare et al., 2024) to inform
effective management (Brodie et al., 2018).
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5. Conclusions

Combining functional assessments of freshwater ecosystems alongside more structural,
taxonomic measures could provide a range of benefits. These include: a more holistic
assessment, earlier detection of stress or degradation, a better understanding of why biota
respond to change (a mechanistic understanding) potentially leading to more effective
interventions.

New developments, such as advances in DNA technologies, present opportunities to get
closer to measuring function and enhancing the understanding of ecosystem health and

the services they provide. The wealth of historic structural information about freshwater

ecosystems will facilitate comparison and ground truthing.

Although applying new functional approaches to existing datasets requires further
development to determine appropriate metrics and aid their interpretation, such
approaches could be applied to historical data to assess ecosystem response to known
changes in the environment and help anticipate future change.

Whatever functional attributes or indices might be selected, it will be important to define
what constitutes a healthy ecosystem and understand how its characteristics vary in
different locations. As the climate is changing it is altering what can naturally live where,
alternative complementary approaches to ecological assessment are needed that can
account for the change in expected communities. Current taxonomic approaches to
assessing the state of the environment are likely to be less effective in a changing climate.
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Appendix

Results of a survey of Environment Agency colleagues to understand what they mean by
ecological function and how assessing it could be useful in delivering Environment Agency
priorities.

1. What do you understand by ecological function?

Natural Processes:

o

o

Natural processes like primary production, nutrient cycling, and pollutant
breakdown create and sustain habitats and ecosystems.

These processes involve the interactions of physical, biological, and
chemical components in space and time.

Ecosystem processes reflect relationships between organisms (plants,
animals, microbes) and their environment (e.g., trophic transfer, water
dynamics, climate regulation).

Ecological Function:

(@)

Refers to the roles and contributions of species or processes within an
ecosystem (e.g., predation, nutrient cycling, primary production).

It ensures ecosystem stability and resilience, supporting biodiversity and the
flow of energy.

Interactions between biotic (organisms) and abiotic (e.g., water, saill,
nutrients) components of an ecosystem sustain these functions.

Ecosystem Function:

O

O

O

Refers to how the entire ecosystem (all species and processes) works
together to maintain the system's balance and resilience.

It includes the cycling of materials (e.g., nitrogen, carbon), energy flow, and
the regulation of biogeochemical processes.

Healthy ecosystem functions are critical for supporting ecosystem services
like food production, climate regulation, and water purification.

Ecosystem Resilience and Health:

(@)

(@)

(@)

A healthy ecosystem maintains dynamic equilibrium, balancing inputs and
outputs and supporting biodiversity.

The loss of species, especially keystone species, reduces resilience and the
system’s ability to function under pressure.

Functional trait diversity is more important than taxonomic diversity in
maintaining ecosystem functions, as different species perform specific roles
in the system.

Humans are part of the system

Socio-ecological functioning considers both natural processes and human
impacts, recognising that ecosystems serve human needs through
ecosystem services (e.g., food, water purification, climate control).
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* Natural Capital:

o Ecosystem functions contribute to natural capital, the world’s stocks of
natural assets that provide ecosystem services.

o The health of natural assets (e.g., biodiversity, water quality) is crucial for
sustaining these services and human well-being.

* Ecosystem Services:

o Ecosystem functions are directly linked to the provision of ecosystem
services that benefit humans.

o The ability of ecosystems to provide these services is dependent on their
functional integrity and biodiversity.

o Ecosystem service provision varies with environmental factors like climate,
geology, and human land use.

+ Impact of Climate Change and Human Activities:

o Human-induced pressures, such as climate change and land-use changes,
are disrupting natural processes and ecosystem functions.

o These disruptions affect the delivery of ecosystem services and the overall
health and stability of ecosystems.

2. Do you think understanding ecological function is important? Please
explain why.
« Understanding Ecological Function: Essential for managing ecosystems,
predicting impacts of pressures (e.g., climate change, land use), and ensuring
resilience and sustainability.

o Ecological Functions and Ecosystem Services: Ecosystem functions underpin
ecosystem services (e.g., carbon sequestration, water purification) that humans rely
on. Understanding these functions is critical for maintaining or restoring ecosystem
health.

« Ecosystem Resilience: Ecosystems with functioning processes (e.g., nutrient
cycling, biodiversity) are more resilient and can better withstand pressures. Loss of
ecological function can lead to ecosystem collapse, even if structure (species or
populations) is maintained.

« Redundancy in Ecosystem Functions: Some species can perform similar
functions (redundancy), so losing one species may not immediately disrupt function.
However, the loss of critical functions (even if species remain) is more harmful.

e Monitoring Function vs Structure: Ecological function offers a more
comprehensive measure of ecosystem health, as it accounts for the interactions
within the system and can detect sub-lethal impacts that structural monitoring may
miss.
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Impacts of Human Activities: Poor understanding of ecological function can lead
to unintended consequences, as seen in historical examples (e.g., rinderpest
affecting Serengeti wildebeest populations).

Improved Management and Monitoring: A better grasp of ecological function can
improve environmental management, enhance monitoring, and guide policies to
restore balance to ecosystems, helping address issues like pollution, biodiversity
loss, and climate change.

Natural Capital: Ecosystem functions contribute to natural capital, which supports
ecosystem services. Understanding and measuring these functions is key to
managing resources and maintaining ecosystem services for human benefit.

Broader Implications: Recognising the importance of ecological function
encourages a shift in focus from individual species or structural assessments to
understanding the broader, interconnected processes that sustain ecosystems.

Future Tools and Approaches: Tools like artificial intelligence can aid in better
understanding and monitoring ecosystem changes, improving management
strategies.

3. How can understanding and assessing ecological function help us manage
our rivers better?

Ecosystem Function as a Benchmark: Baseline measurements of less damaged
river systems can help track changes in current river ecosystems, guiding
management strategies like flood mitigation or water quality.

Impact of Land Use: River health is influenced by land use in the wider catchment
area. Understanding biogeochemical processes helps avoid unintended
consequences, improve land use practices, and inform restoration efforts.

Holistic Management: Effective river management should consider entire
ecosystems, not just the river itself. This requires recognising the importance of
upstream functions (e.g., land use, groundwater) and managing rivers within
broader landscapes.

Predicting and Managing Pressures: By understanding the functions within river
systems, we can better predict and address pressures like climate change or
pollution before they cause significant harm. Monitoring allows early detection of
changes, enabling proactive interventions.

Restoration and Resilience: Focusing on ecological functions can improve
restoration efforts, help identify critical species or processes, and ensure that
ecosystems remain resilient to environmental changes.

Challenges of Current Management: While current methods are good at
addressing acute damage, they struggle with gradual changes that may lead to
long-term ecosystem decline. A functional approach can provide early warning
signs of these shifts.
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Climate Change and Ecosystem Function: Understanding how climate change
affects river systems can inform adaptation strategies and improve conservation
efforts by focusing on functional roles and interactions, not just biodiversity.

Improved Tools for Management: A deeper understanding of ecological function
can lead to better decision-making, supporting more effective regulation and
environmental protection efforts.

4. What would measuring ecological function enable us to do differently?

Regulatory & Permitting: A clear understanding of ecosystem function and its
links to ecosystem services strengthens regulatory decisions and helps justify
actions when contested. It can also improve environmental planning by connecting
management interventions with desired outcomes.

Focus on Key Species & Processes: Knowledge of ecosystem function helps
focus management on key species and processes that drive ecosystem health,
ensuring interventions are targeted and effective.

Whole Ecosystem Management: Rivers should be managed as part of the
broader (socio)ecosystem. Many functions essential to rivers happen on land and in
aquifers, upstream of the river itself. This broader perspective is crucial for both
management and communication, particularly for securing future funding.

Climate Change & Conservation: Insights into functional impacts of climate
change help inform better adaptation strategies. Basing conservation efforts solely
on biodiversity may miss critical species that are essential for ecosystem
functioning.

Early Detection of Ecosystem Decline: Current biotic indices are slow to flag
changes in ecosystem function, particularly gradual shifts. A better understanding of
ecosystem function, such as energy and carbon flows, could help detect stress
early and allow for quicker action to prevent severe damage.

Prioritising Management Decisions: A functional understanding of ecosystems
helps prioritise actions based on their ability to maintain or restore essential
functions, especially under future pressures like climate change and urban
expansion.

Addressing Complex Pressures: Understanding ecological function helps identify
and mitigate complex pressures such as climate change and growing human
populations, ensuring that interventions address the root causes of ecosystem
degradation.

Ecosystem Stressors and Repair: Identifying and mitigating stressors can
promote ecological functions that either repair ecosystems or enhance their
resilience and self-repair capabilities.

Expressing Ecosystem Health in Terms of Services: Ecological function
provides a more understandable way to express the state of the environment,
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focusing on the quality of ecosystem services rather than just the quantity of
species and habitats.

Natural Capital and Ecosystem Services: A better understanding of ecosystem
function can improve the measurement of natural capital, supporting policy
initiatives like biodiversity net gain (BNG), local nature recovery strategies (LNRS),
and water strategies.

Climate Change and Ecological Metrics: Climate change may affect current
ecological metrics, like those used in the Water Framework Directive (WFD).
Understanding ecosystem function helps adjust for these changes, especially
regarding land cover and vulnerable areas such as headwaters in urbanised
regions.

Support for Ecosystem Function: Managing ecosystems requires focusing on the
breadth and depth of functions that support overall ecosystem health. Some
functions may be resilient, while others are more sensitive to extreme conditions
like heat.

Restoration and Prioritization: Measuring ecological function aids in prioritising
restoration efforts and can make the impacts of these actions more understandable
and relevant to the general public.

Integrated Management and Shared Goals: Understanding ecological function
fosters more integrated management of land and water resources, breaking down
silos and encouraging shared values and goals across sectors.

5. If ecological function can help us understand Ecosystem Services, how
would we use this information?

Understanding Biogeochemical Processes: Knowledge of the biogeochemical
processes behind ecosystem services helps avoid unintended consequences by
factoring them into cost-benefit analyses. For example, understanding catchment
land use or upland bog hydrology can inform management strategies to address
downstream issues like flood risk.

Linking Ecosystem Function to Services: Ecosystem services like water
purification depend on the proper functioning of diverse organisms in rivers.
Recognising these connections helps develop effective management and policy
strategies to both protect and enhance ecosystem services.

Communication of Ecosystem Criticality: Understanding ecosystem function
provides a clearer argument for the critical role of nature in maintaining life-
supporting systems, enabling better communication about the importance of
protecting ecosystems to non-experts.

Policy and Funding: Linking ecological function to specific ecosystem services
allows for more targeted policy-making and funding. lIdentifying how industries or
sectors contribute to ecosystem degradation helps target efforts for changing
practices and investing in restoration or mitigation.
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Decision Making and Ecosystem Services: Understanding ecological function

aids in decision-making by identifying ecosystem services and assessing trade-offs
between them. This can help manage the environment for both people and nature,
guiding cost-benefit analysis, catchment management, and development planning.

Economic Case for Ecosystem Protection: Ecosystem function and its link to
ecosystem services help make a stronger case for the protection and enhancement
of the environment. It's not just about protecting nature for its own sake, but
because a functional ecosystem provides vital benefits to society. This
understanding can incentivise actions for environmental sustainability and support
investment in research.

Ecosystem Health Tax: Proposals such as an ecosystem health tax or
environment tax could use ecological function to value and regulate ecosystem
services. This could help manage ecosystem pressures and generate funding for
environmental protection.

Improving Ecosystem Service Understanding: Current assessment methods like
the Water Framework Directive (WFD) may not fully capture the provision of
ecosystem services. A better understanding of ecological function can enhance
these methods and improve how ecosystem services are assessed and valued.

Natural Capital Mapping: Mapping ecosystem services and functions can support
various users and policy drivers such as Environmental Land Management (ELM),
Local Nature Recovery Strategies (LNRS), and Environmental Net Gain (ENG). A
clearer understanding of ecosystem function helps prioritise projects, guide
stakeholder engagement, inform policy, and identify risks.

Economic Incentives for Ecological Function: Ecological function could be used
as a tool for regulation and generating funding. Proposals like a "water tax" or
"water offset" fee could provide resources for environmental protection efforts,
compensating for cuts in government funding.

Monetary and Non-Monetary Value of Ecosystem Services: Putting a monetary
value on ecosystem services can strengthen the case for monitoring and protecting
ecological health. By linking ecological function to services, we can communicate
the importance of nature in a way that's more relatable to the public and
policymakers.

Incorporating Nature in Economic Decisions: Understanding and accounting for
ecosystem services help integrate environmental considerations into economic
decisions, in line with the vision set out in the Dasgupta Review, which emphasises
the need for sustainable use of natural resources.
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Would you like to find out more about us or
your environment?
Then call us on

03708 506 506 (Monday to Friday, 8am to 6pm)

Email: enquiries@environment-agency.gov.uk

Or visit our website

www.gov.uk/environment-agency

Incident hotline
0800 807060 (24 hours)

Floodline

0345 988 1188 (24 hours)

Find out about call charges (https://www.gov.uk/call-charges)

Environment first

Are you viewing this onscreen? Please consider the environment and only print if
absolutely necessary. If you are reading a paper copy, please don'’t forget to reuse and
recycle.
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