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Abstract

Riparian Wetland conservation and restoration in Europe increasingly rely on na-
ture-based solutions, yet biodiversity monitoring of their implementation remains
fragmented across scales, methods and policy frameworks. This paper synthesis-
es current approaches in wetland monitoring and proposes an integrated, adaptive
framework linking long-term, system-orientated observation with short- to medi-
um-term, intervention-focused restoration monitoring. Combining site-based surveys
with standardised, multi-scale assessments enables differentiation of natural vari-

ability from human pressures, detection of tipping

points in species sensitivity to

climate pressures and evaluation of restoration outcomes under EU policies, such as

the WFD, the Habitats and Birds Directives and the Nature Restoration Regulation. Be-
sides conventional biodiversity monitoring, we highlight innovations that address crit-

ical monitoring gaps: artificial intelligence—supported remote sensing using satellites
and unmanned aerial vehicles, sensor networks for near-real-time hydrological obser-
vations, environmental DNA metabarcoding and citizen-science approaches. Essen-
tial biodiversity variables and essential ecosystem-service variables are emphasised
as integrative indicators that connect ecological integrity, ecosystem functioning and
human well-being. Finally, we outline the enabling conditions for a harmonised Euro-
pean wetland monitoring architecture, supported by major environmental research

infrastructures that provide long-term ecological data, advanced digital tools and in-
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tegrated assessments essential for evidence-based, climate-resilient restoration.
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Highlights

Riparian wetland conservation and restoration in Europe increasingly use na-
ture-based solutions, but biodiversity monitoring remains fragmented across scales,
methods and policies.

Standardised, multi-scale assessments combined with site-based surveys help dis-
tinguish natural variability from human pressures.

Integrated monitoring supports early detection of tipping points in species responses
to climate change.

Innovative monitoring tools are highlighted, including Al-supported remote sensing
(satellites and UAVs), sensor networks, eDNA metabarcoding and citizen science.
Major environmental research infrastructures are identified as key supports for long-
term data, digital tools and evidence-based, climate-resilient restoration.

The approach enables evaluation of restoration outcomes under key EU policies
(WFD, Habitats and Birds Directives, Nature Restoration Regulation).

Key words: Citizen science, eDNA, evaluation tools, remote sensing, restoration, resto-
ration success, riverine floodplains, wetland ecosystem observation

Importance of riparian wetland monitoring

Despite major advances, biodiversity monitoring in European wetlands remains
fragmented, constrained by data gaps, methodological inconsistencies and the
inherent complexity of systems that are both spatially heterogeneous and tem-
porally dynamic (Hielkema et al. 2023; Moersberger et al. 2024). Given their
ecological importance and societal value, but also current status (see Kaden
et al. 2026), wetlands demand adaptive, multi-scale monitoring frameworks
that integrate short- and long-term perspectives and explicitly link biodiversity,
ecosystem functions and restoration outcomes. Consistent, long-term moni-
toring of riparian wetlands is essential for detecting ecological change, under-
standing the processes that sustain biodiversity and the ecosystem services
these systems provide and assessing their resilience to environmental and hu-
man-induced pressures. It focuses on detecting trends in hydrology, vegetation
and fauna; distinguishing natural variability from anthropogenic pressures; and
assessing progress towards achieving good ecological status and favourable
conservation status under European legislation such as the Water Framework
Directive (WFD) and the Habitats and Birds Directives (Council of the Europe-
an Communities 2000; European Commission 1992, 2009). Long-term wetland
monitoring is, therefore, essential for evaluating ecosystem trajectories, identi-
fying climate-driven changes and providing the baseline conditions necessary
for designing effective restoration strategies (Gillson et al. 2021). In contrast,
wetland restoration monitoring assesses the effects of specific interventions,
including hydrological reconnection, sediment re-activation and vegetation
re-establishment and generally operates over shorter, management-relevant
time frames. It assesses whether interventions achieve their intended ecologi-
cal and functional improvements, including enhanced biodiversity, restored hy-
drological regimes and improved provision of ecosystem services, such as nu-
trient retention and flood regulation (Stammel et al. 2012; England et al. 2021;
Schulz-Zunkel et al. 2022). Restoration monitoring thus provides feedback that
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provides information for adaptive management and helps optimise restoration
design and implementation in real time. Compared to long-term monitoring,
which reveals gradual ecological trends, short-term monitoring provides rapid
feedback on immediate management actions and system responses. Integrat-
ing both temporal dimensions allows managers to identify early indicators of
success or failure, refine restoration measures and assess whether observed
changes persist and scale-up over time (Pereira and Cooper 2006; Khatik
2022). When combined, wetland monitoring (long-term, system-orientated) and
restoration monitoring (short-term, intervention-orientated) form a coherent,
evidence-based framework that connects ecological observations with man-
agement decisions. This integration ensures that conservation and restoration
measures are effective not only at individual sites, but also aligned with wider
policy objectives under the Nature Restoration Regulation, the EU Biodiversity
Strategy for 2030 and relevant climate and water frameworks. Together, long-
term ecological monitoring and short-term adaptive responses create a robust,
science-based foundation for wetland management and restoration across Eu-
rope. Building on these considerations, the ecological status assessment of
floodplain wetland ecosystems has gained increasing importance (Dziock et
al. 2006; Scholz et al. 2009; Erés et al. 2019; Kaden et al. 2023; Mohanty et al.
2024). Such assessments serve three primary functions:

1. Tracking policy progress — as indicators of success towards biodiversity
protection and degradation prevention under EU and international com-
mitments;

2. Guiding action — by identifying where conservation, restoration or cli-
mate-adaptation interventions are most needed; and

3. Evaluating effectiveness — by comparing outcomes of past and present
measures to provide information for adaptive management and future
policy refinement.

Integrating these monitoring dimensions — spatial, temporal and function-
al — within a unified assessment framework will be crucial for ensuring that
wetland conservation and restoration efforts effectively contribute to Europe’s
biodiversity, climate and water-management objectives.

Policy goals — opportunities and needs

The conservation and restoration of habitats and species are guided globally by
the Kunming—Montreal Global Biodiversity Framework (CBD 2022), which iden-
tifies biodiversity monitoring as a cornerstone for evaluating progress towards
restoration and protection targets (Perino et al. 2022). In Europe, three main
policy frameworks govern biodiversity conservation and restoration: the Bern
Convention of the Council of Europe, the EU Habitats and Birds Directives and
the EU Nature Restoration Regulation. The Bern Convention (Council of Europe
1979) promotes international cooperation across the pan-European region to
protect endangered and vulnerable species and habitats. In contrast, the EU
Habitats Directive (Council Directive 92/43/EEC) establishes binding legal obli-
gations within the European Union, requiring Member States to designate Spe-
cial Areas of Conservation (SACs) for priority habitats and species. The Birds
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Directive (EU 2009/) complements this by safeguarding all wild bird species
naturally occurring in the EU through the establishment of Special Protection
Areas (SPAs). Together, these Directives form the Natura 2000 network — the
most extensive coordinated network of protected areas in the world. The re-
cently adopted Nature Restoration Regulation (European Parliament and Coun-
cil 2024) extends the scope of biodiversity policy beyond protection by setting
legally binding targets for restoring degraded ecosystems, including all types of
wetlands. It calls for measurable improvements in biodiversity and ecosystem
functionality and introduces requirements for consistent, harmonised moni-
toring and reporting. The Water Framework Directive (WFD; Council of the Eu-
ropean Communities 2000) complements these conservation frameworks by
addressing the ecological status of surface and groundwater bodies that often
include or influence wetland and riparian habitats. Although not designed spe-
cifically for biodiversity conservation, its biological, physicochemical and hy-
dromorphological indicators provide valuable data for assessing wetland con-
dition and evaluating restoration outcomes. Together, these policy instruments
form a framework for the protection and management of wetland ecosystems
in Europe, whose full potential can only be realised if implemented consistent-
ly across the entire continent, not only within the European Union. The major
challenge lies in mainstreaming biodiversity objectives across related policy
domains, particularly agriculture, water management, climate adaptation and
spatial planning, to ensure that conservation, restoration and monitoring ac-
tions are coherent and mutually reinforcing. Strengthening policy coherence
would enhance data integration, improve resource allocation and enable a more
systematic evaluation of progress towards European restoration and biodiver-
sity targets. As biodiversity monitoring connects these policy commitments to
measurable ecological outcomes, developing harmonised and long-term mon-
itoring frameworks is essential for evaluating the effectiveness of restoration
efforts. The following section examines the current state of riparian wetland
biodiversity monitoring in Europe, highlighting opportunities for improved data
integration, methodological innovation and cross-sectoral coordination.

Ecological status assessment of riparian wetlands - challenges
and ways forward

Building on the policy frameworks outlined above, effective conservation and
restoration of riparian wetlands require robust and integrated ecological status
assessments that also capture their contribution to human well-being. Under-
standing the functioning of river—floodplain systems is central to this task. The
Flood Pulse Concept remains a foundational model describing how periodic
inundation connects rivers with adjacent floodplains, regulating water, nutrient
and sediment exchanges that sustain habitat diversity, productivity and eco-
logical integrity (Junk et al. 1989; Tockner et al. 2000). These hydrological dy-
namics underpin not only biodiversity, but also the delivery of vital ecosystem
services, including water purification, flood regulation, carbon sequestration
and recreation, which directly support local and regional communities. Conse-
quently, ecological assessment and restoration must adopt a landscape-scale
perspective that integrates hydrological connectivity, morphodynamics and
ecosystem service flows (Tockner et al. 2000; Ahlén et al. 2022). Within the

Nature Conservation 62: 121-148 (2026), DOI: 10.3897/natureconservation.62.167089 124



Dusanka Cvijanovi¢ et al.: Effective riparian wetland biodiversity monitoring

EU, the Water Framework Directive (WFD) provides the primary framework for
assessing the ecological status of aquatic ecosystems, based on biological,
hydromorphological and physicochemical quality elements reported every six
years by Member States. While the WFD has led to measurable improvements
in water quality and habitat conditions (Zacharias et al. 2020), freshwater biodi-
versity in Europe continues to stagnate or decline (van Rees et al. 2020; Haase
et al. 2023). Furthermore, current monitoring approaches rely on a limited set
of biological quality elements and indicator species, often emphasising regula-
tory compliance over functional ecosystem recovery (Rouillard et al. 2018). As
aresult, many ecosystem services provided by wetlands remain undervalued or
insufficiently integrated into management decisions and nature conservation
management plans (Hielkema et al. 2023). Riparian wetlands include numer-
ous priority habitats listed in Annex | of the Habitats Directive, which require
specific conservation and restoration measures (Januschke et al. 2023). How-
ever, effective ecological assessment should move beyond the evaluation of
individual species or habitats to encompass ecological integrity, the capaci-
ty of ecosystems to maintain structure, function and service provision under
changing environmental and socio-economic conditions (Dziock et al. 2006;
Henle et al. 2006; De Berry et al. 2015). This requires assessing hydrological
and geomorphological processes, anthropogenic pressures and the spatial
and temporal variability that shape ecosystem dynamics (Erés et al. 2019;
Schulz-Zunkel et al. 2022). Modern approaches increasingly link biodiversity
indicators with ecosystem service metrics, using frameworks, such as Essen-
tial Biodiversity Variables (EBVs) and Ecosystem Integrity Indicators to con-
nect species-based data with ecosystem functions and benefits. Harmonised
workflows integrating in situ monitoring, remote sensing and modelling enable
assessments of both ecological condition and service provision across scales
(Lumbierres et al. 2025). Such integrative methods align with the European
biodiversity monitoring architecture and support evaluation of progress under
the Nature Restoration Regulation. A further challenge arises from the intense
competition between land and water uses in large river systems, where naviga-
tion, flood control, hydropower, agriculture and settlement interests co-exist.
In such contexts, restoring fully natural floodplains is rarely feasible. Instead,
a process-based and multifunctional restoration approach offers a realistic
pathway, prioritising the recovery of key ecological processes (e.g. lateral con-
nectivity, sediment dynamics, natural vegetation succession), while balancing
economic and social needs (Dufour and Piégay 2009; Perino et al. 2019). Em-
bedding these principles into assessment frameworks allows for evaluating
both ecological integrity and the capacity of river—floodplain systems to deliver
ecosystem services sustainably under competing land-use pressures.

Monitoring the effectiveness of restoration measures

Monitoring the effectiveness of restoration measures is essential for adaptive
floodplain management, enabling practitioners to learn from early outcomes
and adjust interventions accordingly. Yet, post-restoration evaluation is still
rarely included in wetland restoration guidelines across Europe (Santaoja et al.
2025). Monitoring is crucial for assessing measures, such as optimising dis-
charge, modifying land use, implementing structural interventions or expanding
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protected areas. Abiotic parameters, including habitat structure, water chem-
istry and hydromorphology, can be used immediately to refine management
practices, whereas biological responses often occur with time lags and reflect
cumulative anthropogenic or climatic impacts (Schulz-Zunkel et al. 2022). Com-
prehensive monitoring, therefore, requires the inclusion of multiple taxonomic
and functional groups, whose responses differ depending on the intervention
type (Scholz et al. 2009; Milller et al. 2016; Januschke et al. 2017; Januschke et
al. 2023; Wenskus et al. 2025). Biological monitoring should be complement-
ed by assessments of hydrological and morphodynamic processes (Thoms
2003). Spatially, monitoring needs to encompass multiple scales, from small
plots (e.g. 1 m?) to entire river sections, to adequately capture spatial and tem-
poral heterogeneity (del Tanago et al. 2016; Staentzel et al. 2018). Finally, inves-
tigating local assessments of climate change in relation to extreme heat stress,
drought and precipitation requires data monitoring compiled from scientific
sources (Zscheischler et al. 2018). Extreme events should be recorded through
long-term programmes complemented by targeted event-based assessments
(Stammel et al. 2021). The inherently dynamic character of riparian wetland
ecosystems makes it difficult to define fixed monitoring intervals; hence, bio-
logical communities and sensitive indicator species are valuable integrators of
short-term disturbances and long-term ecological trends (Dziock et al. 2006).

Although restoration programmes in rivers and floodplains are expanding across
Europe, systematic evaluation of restoration outcomes remains limited (England et
al. 2021). Policy-driven assessments under the Water Framework Directive and the
Birds and Habitats Directives focus on selected organism groups and, therefore,
capture only a fraction of floodplain biodiversity. This gap has prompted the de-
velopment of more comprehensive, standardised monitoring tools. One example
is the BioAu-Tool (Januschke et al. 2023), a stakeholder co-designed, multi-taxon
method for assessing restoration success in riverbanks and floodplain systems
(Fig. 1). The tool evaluates outcomes across vascular plants, terrestrial and aquat-
ic molluscs, ground beetles, amphibians and birds, integrating species and habitat
indicators across 18 floodplain types in Central Europe. It provides two assess-
ment levels: habitat screening and detailed species analysis; and supports before—
and-—after or space-for-time comparisons. Practitioner resources include method-
ological guidelines, indicator species lists, semi-automated Excel scoring tools
and abiotic habitat fact sheets. As such, the BioAu-Tool offers a rigorous, scalable
framework that links restoration measures to measurable ecological responses
and is currently being tested nationwide for efficiency and user-friendliness.

Methods such as spatial mapping and transect-based surveys are effective
in capturing unexpected developments and structural changes. Initially, higher
monitoring frequency is recommended, which can gradually decrease once the
restoration trajectory and system variability become well understood (Lang et
al. 2013). This paper, therefore, reviews the current state of riparian wetland
biodiversity monitoring in Europe, emphasising the integration of site-specific
and long-term approaches. It identifies key challenges in data management,
standardisation and biodiversity vulnerability assessment and explores inno-
vative solutions, such as remote sensing, artificial intelligence and citizen sci-
ence. Finally, it discusses the inclusion of climate data and EU policy standards
to guide the development of more effective, evidence-based monitoring frame-
works for wetland restoration in a changing climate.
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Figure 1. Implementing the BioAu tool - biocoenotic method to control the success of restoration measures in flood-
plains (Photos: K. Januschke, K. Groh and M. Scholz).

Effective conservation and restoration of riparian wetlands require a com-
prehensive understanding of ecological processes, human-induced drivers and
governance mechanisms. Implementation of nature conservation plans high-
lights the urgent need for wetlands to effectively incorporate climate adaptation
strategies, ensuring resilience under future climate change conditions (Hielke-
ma et al. 2023). Floodplain ecosystems are influenced by interactions between
hydrology, geomorphology and biological communities, but also by land-use dy-
namics, institutional responsibilities and societal priorities. Traditional monitor-
ing frameworks have focused primarily on biophysical indicators — particularly
biodiversity and water quality — while paying less attention to the socio-eco-
nomic and policy contexts that determine restoration success. As Europe tran-
sitions towards multifunctional landscapes and measurable restoration targets,
developing integrated monitoring frameworks that connect ecological, hydro-
logical, functional and governance dimensions has become a key priority.

Monitoring and evaluation of riparian wetland habitats

While the evaluation of aquatic habitats in rivers is well established, standardised
approaches for floodplain habitats remain underdeveloped (Foeckler et al. 1991;
Henle et al. 2006; Dziock et al. 2006; Ilg et al. 2008; Gerisch et al. 2012). The ab-
sence of harmonised assessment criteria limits comparability across Member
States, even though the composition, structure and functional quality of habitats
are central indicators of ecological integrity and ecosystem-service provision, in-
cluding nutrient retention, flood regulation and carbon storage (Burkhard et al.
2012). Most existing monitoring frameworks rely on localised field data, which
provide detailed insights, but is often difficult to upscale. In contrast, remote-sens-
ing tools and harmonised European datasets, such as CORINE Land Cover and
EUNIS, enable cross-border habitat mapping (Davies et al. 2004; Weiers et al.
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2004; Lengyel et al. 2008). However, data accuracy and temporal resolution vary
across regions, particularly in dynamic floodplain mosaics shaped by local hy-
drology and management practices (Koenzen 2005; Globevnik et al. 2021; Koen-
zen et al. 2021; Januschke et al. 2023). Recent European initiatives have, there-
fore, aimed to establish multi-criteria assessment systems that connect habitat
quality, ecosystem functionality and management performance. The River Eco-
system Service Index (RESI) is a notable example, evaluating habitat provision
as one of 18 ecosystem services using a five-point scoring system and 1-km
river—floodplain segments (Brunotte et al. 2009; Pusch 2016; Fischer-Bedtke et
al. 2020). Adapted to the Danube region (Stéps et al. 2022), RESI represents a
model for integrating ecological and functional indicators within a policy-relevant
spatial framework. Beyond RESI, several European projects and infrastructures
are advancing integrated wetland monitoring by linking ecological and hydrologi-
cal assessments with socio-economic and governance dimensions (Wantzen et
al. 2026; Stammel et al. 2026). These initiatives (Table 1) collectively represent
the building blocks for a coherent European monitoring architecture.

Integrating ecological, functional and governance dimensions

The initiatives in Table 1 show that progress towards integration is advancing
across Europe, but remains fragmented and project based. Most efforts focus
on specific ecosystems, scales or policy instruments, leading to overlapping,
but disconnected datasets and indicators. A truly integrated framework should
connect these components through shared standards, interoperable databases
and coordinated governance mechanisms. Ecological indicators (e.g. species
composition, habitat condition, hydromorphology) need to be complemented by
functional measures (e.g. nutrient cycling, carbon balance, hydrological connec-
tivity) and governance indicators (e.g. management effectiveness, stakeholder
participation, policy coherence). Monitoring frameworks must, thus, evolve from
describing the state of ecosystems to understanding the drivers, pressures and
enabling conditions that determine their resilience and restoration success
(Perino et al. 2022). Integration also requires addressing how data provide infor-
mation for decision-making. Projects like Restore4Life, SELINA and Biodiversa+
explicitly focus on linking monitoring with science—policy interfaces, ensuring
that data on wetland condition and ecosystem services feed directly into policy
processes, such as the Nature Restoration Regulation, Water Framework Direc-
tive,and EU Biodiversity Strategy 2030. In the European Union, governance-ori-
entated monitoring is shaped by policy objectives and legal requirements that
guide how decisions are made and implemented. Effective adaptive manage-
ment depends not only on ecological indicators and trends, but also on metrics
that show how well institutions coordinate, how secure long-term funding is and
how actively the public is involved. This ensures that ecological data are fully
connected to the social and policy realities of restoration.

Future wetland monitoring must also be adaptive, scalable and interop-
erable. Combining long-term in-situ data (e.g. eLTER, DANUBIUS-RI) with
Earth-observation datasets, ecosystem-service models and governance indi-
cators will provide the multi-dimensional evidence base needed to assess res-
toration outcomes and resilience (Ohnemus et al. 2024; Stanica et al. 2025).
Achieving interoperability between European research infrastructures and
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Table 1. European initiatives and projects contributing to the development of integrated wetland monitoring frameworks.

Initiative / Project

RESI - River Ecosystem
Service Index

SWOS - Satellite-based
Wetland Observation
Service

ALFAwetlands & WET
HORIZONS

REWET - Wetlands
Restoration to Tackle
Climate Change

Restore4Life

SELINA - Science for
Evidence-based and
Sustainable Decisions
about Natural Capital

Biodiversa+ Monitoring
& Governance
Programme

LIFE Programme (EU)

eLTER & DANUBIUS-RI

LifeWatch ERIC

MAMBO - Modern
Approaches to
the Monitoring of
BiOdiversity

Nature Conservation 62: 121-148 (2026), DOI: 10.3897/natureconservation.62.167089

Primary focus

Ecosystem-service
assessment for river—
floodplain systems

Sentinel-based
monitoring of wetland
extent and condition

Mapping and
restoration knowledge
base for European
wetlands

Restoration
monitoring focused on
climate mitigation and
ecosystem services

Decision-support
system for wetland
reconstruction and
adaptive management

Mainstreaming
ecosystem services
and natural capital into
decision-making

Transnational
coordination of
biodiversity monitoring
and governance
evaluation

EU funding instrument
for environment,
nature and climate
action

Long-term ecosystem
and river—sea

system observation
infrastructures

e-Science
infrastructure for
biodiversity and
ecosystem research

Development and
implementation

of new tools for
integrated biodiversity
monitoring

Main monitoring
dimensions

Ecological,
hydromorphological,
functional

Remote sensing,
hydrological,
ecological

Ecological, spatial,
functional

Ecological, functional,
socio-economic

Ecological,
hydrological, socio-
economic, governance

Governance,
policy coherence,
ecosystem-service
integration

Governance, data
interoperability, policy
alignment

Institutional, financial,
policy support

Ecological,
hydrological,
biogeochemical

Ecological, data
integration, socio-
economic

Ecological,
technological (Al,
remote sensing), socio-
economic, citizen
science, governance

Contribution toward an
integrated framework

Provides standardised multi-
criteria approach linking
habitat quality, ecosystem

functions, and service delivery

Developed operational
indicators for wetland
monitoring using Copernicus
data; model for scalable
observation services

Produced the European

Wetland Map and harmonised

typologies; provides spatial
foundation for cross-country
monitoring

Integrates biodiversity,
carbon, and hydrology
indicators; demonstrates
restoration—climate co-
benefits

Builds interoperable

data platform integrating
Copernicus, in-situ, citizen-
science and socio-economic
layers

Strengthens science—policy
interfaces; aligns biodiversity
monitoring with ecosystem-
service and natural-capital
accounting frameworks

Advances harmonised
protocols, data sharing and
governance metrics across
ecosystems

Provides financial and
institutional backbone for
wetland monitoring and
restoration pilots

Ensures standardised data
collection and integration
across sites; supports
long-term observation of
ecosystem change

Facilitates FAIR-by-design
data interoperability and
modelling for biodiversity
and ecosystem-service
assessments

Develops integrated, cost-

effective tools for harmonised

biodiversity monitoring
supporting EU policies.
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DANUBIUS-RI (2024)
https://elter-ri.eu/;
https://www.danubius-ri.
de/index.php.en
LifeWatch ERIC (2024)
https://www.lifewatch.eu

MAMBO (2023) https:/
www.mambo-project.eu/

policy-driven projects is essential for establishing a continuous and harmon-
ised monitoring architecture capable of supporting restoration efforts across
scales. Embedding these integrated approaches into national and European
reporting systems will enhance comparability, ensure long-term continuity and
strengthen links between local restoration actions and EU-wide policy targets.
Ultimately, such frameworks can transform monitoring from a technical exer-
cise into a decision-support mechanism that sustains both biodiversity and
the ecosystem services upon which societies depend. Integrated, adaptive
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monitoring frameworks, linking ecological processes, ecosystem services and
governance mechanisms, represent the foundation for effective, large-scale
wetland restoration and long-term resilience across Europe.

Climate and hydrological drivers in riparian wetland monitoring

Building on the upstream-downstream focus perspective, we now turn our atten-
tion to a critical driver of riparian wetland and coastal system dynamics: climate
and hydrological parameters. These parameters not only shape biodiversity and
ecosystem functioning, but also underpin human well-being in communities
that depend on wetland systems. Climate variables, such as air temperature,
precipitation patterns, drought frequency and extreme weather events, exert a
strong influence on wetland ecosystems and the species they support (Dudgeon
2019). At the same time, the relationship is bi-univocal: wetlands themselves
regulate water storage, thermal exchange, greenhouse-gas fluxes and local mi-
cro-climates, thereby exerting feedback on local and even regional climate con-
ditions (Hardouin et al. 2024). Thus, effective local-scale monitoring of these
parameters is essential because regional averages often mask the fine-scale
fluctuations that determine ecosystem resilience and the delivery of ecosystem
services. Floodplains, for example, deliver critical services to human communi-
ties: flood regulation, water purification, carbon storage, fisheries and agricul-
tural support and recreational and cultural values. When climate-driven regime
shifts push a wetland system beyond a tipping point, local communities may
lose vital protections, experience declines in fish stocks, face water scarcity or
see reductions in cultural and recreational benefits (Barnard et al. 2021; Stam-
mel et al. 2026; Wantzen et al. 2026). Restoration activities gain even greater
urgency in this context: reconnecting floodplains, re-wetting drained soils, re-
instating hydrological regimes and improving buffer zones are all efforts to in-
crease ecosystem tolerance and delay or avoid threshold-crossing. Local mon-
itoring thus supports not just ecological goals, but socio-ecological resilience.
According to the Intergovernmental Panel on Climate Change (IPCC), by
2081-2100, under high-emission scenarios such as SSP3-8.5, risks from weath-
er extremes, droughts and intensified precipitation are projected to escalate
significantly (IPCC 2021). In Europe, forecasts indicate long-term temperature
increases between 1.9 °C and 6.1 °C relative to pre-industrial levels (Hielkema
et al. 2023). Additional projections include increased consecutive dry days and
more intense precipitation events. Understanding the long-term impact of these
changes on biodiversity and ecosystem services remains complex, due to chal-
lenges in downscaling predictions to local and regional ecosystems (Weiskopf
et al. 2020; Muluneh 2021). To understand potentially severe shifts in biodiver-
sity and food-web functioning, it is essential to assess the status of climate
adaptation in conserved areas and projects that apply nature-based solutions
(NbS) (Pearce-Higgins et al. 2022; Schipper et al. 2024; Fink et al. 2026). Eco-
logical impacts of climatic and meteorological drivers can be captured through
bioclimatic and hydrological indicators — such as extreme heat-wave frequency,
precipitation variability and habitat loss due to accelerating sea-level rise. When
these indicators are combined with species vulnerability data (for example, spe-
cies listed by the International Union for Conservation of Nature (IUCN) Red List)
and species’ upper-temperature tolerance limits (UTTL), mapped via species
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Table 2. Key climate and hydrology variables for wetland monitoring to support ecosystem services and human well-being.

No

Variable

Water-table / Groundwater depth (m)

Surface water level / Inundation duration

Precipitation (mm)

Evapotranspiration / Evaporation rate
(mm/day)

Number of Consecutive Dry Days (CDD)
Maximum 5-day Precipitation (mm)

Water Temperature (°C)

Inflow & Outflow Volumes (m3/day)

Description

Depth of the saturated zone beneath
the surface

Number of days the wetland is flooded
or ponded

Seasonal totals, event intensity and
dry-spell count

Rate of water loss via evaporation and
vegetation

Days without measurable precipitation

Highest rainfall amount over any 5-day
period

Surface or subsurface water
temperature

Volumes of water entering and leaving
the wetland

Relevance to climate/hydrology and wetland/
community outcomes

Indicates hydrological regime shifts affecting habitat, storage
capacity and ecosystem services

Relates to flood regulation, habitat availability, species
diversity and human flood risk

Drives inflows, drought stress and supports water-balance
modelling for restoration and communities

Affects water budget, carbon storage, vegetation health and
service provision

Indicates drought vulnerability, vegetation and service decline
and community water-scarcity risk

Captures extreme-event risk: flood pulses, nutrient/sediment
export, service disruption

Influences biological communities (fish/plants), biodiversity
and ecosystem-service performance

Assesses connectivity, hydraulic residence time, service
potential (purification, flood mitigation)

Soil Moisture Content (%)

Vegetation Phenology / Greenness Index

(NDVI)

Nature Conservation 62: 121-148 (2026), DOI: 10.3897/natureconservation.62.167089

Volumetric water content in wetland
soils

Indicates root-zone health, vegetation stress, carbon release
and service decline

Remote-sensing measure of
vegetation growth and condition

Serves as proxy for hydrology-vegetation link, community
value (recreation, aesthetic) and ecosystem health

sensitivity distributions (SSD), meaningful trends and tipping-point risk-manage-
ment insights emerge across marine, freshwater and terrestrial communities
(Schipper et al. 2024). Multiple studies highlight the risk of climate-change-driv-
en tipping points in riparian wetland and coastal systems: for example, coast-
al wetland habitat loss exceeding 50% could occur with just 0.25 m or less of
sea-level rise, resulting in degraded biodiversity and ecosystem function (Alex
et al. 2025; Ibafiez et al. 2026). These tipping points are critical because, once
crossed, restoration efforts become much more difficult, much more expensive
or even impossible to fully reverse (Alex et al. 2025). Restoration activities them-
selves are, therefore, linked with tipping-point management: by increasing eco-
system resilience through hydrological restoration, buffer enhancement, species
re-introduction and connectivity improvement, we help delay or avoid threshold
crossing, thereby preserving both nature and human well-being. Integrating
these drivers into restoration planning and monitoring programmes enables res-
toration teams and decision-makers to detect emerging risks, calibrate interven-
tions, measure outcomes relevant to both biodiversity and local communities
and anticipate tipping-point conditions under future climate scenarios. Below is
a table of key climate and hydrology variables recommended for wetland moni-
toring, with particular relevance for upstream and freshwater zones that sustain
downstream floodplain ecosystem services and human communities (Noce et
al. 2020; Naumann et al. 2021; IPCC 2022; SELINA Consortium 2024) (Table 2).

Innovative Monitoring for Riverine and Wetland Systems:
Integrating Biodiversity, Ecosystem Services and Restoration
Strategies under Climate Change

Recent technological innovations are reshaping the monitoring of biodiversity
impacts in riparian wetland restoration programmes. Here, we provide a se-
lective overview of emerging techniques and how they hold the potential to
enhance tracking of habitat and species changes in restored systems.
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A. Satellite-based remote sensing technologies provide an accessible entry
point for large-scale monitoring of floodplain habitat mosaics where long-
term biological surveys prove logistically difficult and costly (Jiménez
Lopez and Mulero-Pazmany 2019; Novkovi¢ et al. 2024). Satellite plat-
forms, such as the Sentinel-2 and Sentinel-1 (provided by the European
Space Agency) enable large-scale, fine-resolution assessments of wet-
land condition and habitat classification, achieving accuracies above
85% (Huo and Niu 2024). The high temporal resolution and spectral di-
versity of Sentinel-2 data allow distinguishing amongst wetland habitat
types, tracking seasonal and stress-related changes. Key spectral indices
include the Normalised Difference Vegetation Index (NDVI; Rouse et al.
(1974)) (a proxy for vegetation health and biomass) and the Normalised
Difference Water Index (NDWI; McFeeters (1996)) (a measure of water
presence and inundation extent) (Huo and Niu 2024; Farhadi et al. 2025).
For example, flooded areas have been identified with up to ~ 98% ac-
curacy in some studies (Farhadi et al. 2025). Cloud-based geospatial
platforms, such as Google Earth Engine (Gorelick et al. 2017; GEE 2025),
Sentinel EO Browser (Sinergise 2025) and the Copernicus Data Space
Ecosystem (2023), permit large-scale imagery analysis and advanced
processing including machine learning, without heavy local computation-
al infrastructure. However, challenges remain in applying satellite-based
monitoring: data gaps, frequent cloud cover, limited ground-truth valida-
tion and insufficient spatial resolution for very fine-scale habitat discrim-
ination (Abdelmajeed et al. 2023; Williams et al. 2024).

B. Unmanned Aerial Vehicles (UAVs) complement satellite remote sensing by
offering ultra-fine resolution imagery and detailed orthomosaics, enabling
precise mapping of micro-habitats in riparian wetland systems (Cvijanovi¢
et al. 2025). UAV-derived surveys have assessed vegetation cover, species
richness and community composition (Aznar et al. 2003; Rosset et al. 2013;
Biggs et al. 2018; Kislik et al. 2020). When object-based image analysis
(OBIA) and machine-learning algorithms are applied, UAV photogrammetry
attains accuracy rates between 80% and 95% for classifying macrophyte
taxa and functional groups (Cvijanovi¢ et al. 2025). UAVs are particularly
effective in mapping floating and emergent vegetation, though submerged
stands remain harder to detect in deeper or turbid waters (Chabot et al.
2016; Husson 2016; Benjamin et al. 2021). While UAVs provide high preci-
sion, their scalability is limited by personnel requirements, cost and time,
so satellite plus UAV combinations often represent the best trade-off
amongst cost, precision and temporal coverage (Farhadi et al. 2025).

C. Sensor networks, internet-of-things (loT) systems and artificial intelligence
(Al) now offer further advances in restoration-monitoring regimes. Accu-
rate species identification is essential for wetland monitoring, yet it is often
hindered by limited funding, scarce taxonomic expertise and the complex-
ity of aquatic organism groups. The time lag between field sampling of
aquatic macroinvertebrates, laboratory identification and the publication of
results can extend over several years, making the information outdated by
the time it becomes available (Jackson and Fiireder 2006). Advanced Al-
based methods, especially those utilising deep learning and convolutional
neural networks (CNNs), provide automated and cost-effective alternatives
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for species identification (MiloSevi¢ et al. 2020; Milosavljevi¢ et al. 2021).
A pioneering study by Simovi¢ et al. (2024) developed a database of 90
EPT taxa (mayflies, stoneflies and caddisflies) and trained a convolutional
neural network to classify them with 98.7% overall accuracy. Summarily,
this automated approach can accelerate the identification of macroinver-
tebrate species by up to 30 times compared to traditional methods (Jack-
son and Fireder 2006), while also ensuring standardisation. On the other
hand, sensor networks deployed in floodplains, peatlands or coastal wet-
land restoration zones, such as water-level sensors, soil-moisture probes,
connectivity/flow sensors and autonomous cameras or acoustic devices,
can feed real-time data to cloud-based Al analytics. These systems may
detect inundation frequency shifts, soil-moisture anomalies, habitat con-
nectivity changes or species movements, enabling near-real-time adaptive
management. Such integration of Al, sensor networks and cloud platforms
is now recognised as a scalable and cost-effective approach to biodiversi-
ty and habitat monitoring (Sharma and Naik 2024; Santhosh 2025).

D. Environmental DNA (eDNA) metabarcoding involves sampling water, sedi-
ment or soil for trace genetic material, enabling detection of species pres-
ence or community composition without direct observation. This method is
highly sensitive and increasingly cost-effective for freshwater biodiversity
monitoring (Kurniawan et al. 2025; Yuan et al. 2025). For instance, eDNA me-
tabarcoding has been shown to reveal fish community structure and detect
invasive species more rapidly than conventional methods (He et al. 2024).

E. Citizen-science frameworks mobilise volunteers to collect ecological obser-
vations or sensor data across broad spatial and temporal scales, thereby
enhancing monitoring coverage, engaging stakeholders and reducing costs
(Turrini etal. 2018; von Gonner et al. 2024b). For example, community science
platforms have been used to monitor river and wetland water levels and build
large datasets of hydrological and biological observations (Turrini et al. 2018).
Beyond data collection, citizen science can strengthen wetland literacy
through hands-on learning, increase public acceptance of conservation
and promote community stewardship (Kelly et al. 2019; von Gonner et al.
2024a). Recent freshwater initiatives demonstrate their value for assess-
ing ecological status at scale: the FLOW project in Germany successfully
applied standardised protocols aligned with the Water Framework Direc-
tive to evaluate macroinvertebrates, hydromorphology and pesticide pres-
sures across small streams, with results closely matching professional
monitoring (von Gonner et al. 2024a). Long-running initiatives such as
FreshWaterWatch (Bishop et al. 2025) and the Angler’s Riverfly Monitoring
Initiative (Brooks et al. 2019) further illustrate the potential of trained vol-
unteers to detect water-quality trends and biodiversity changes. Together,
these examples show that citizen science can play a meaningful comple-
mentary role in monitoring and implementing the objectives of the Water
Framework Directive, supporting adaptive management and enabling par-
ticipatory restoration of streams and floodplains (Scoggins et al. 2022;
Bischof et al. 2025).

The following table summarises selected technologies and example metrics
that emerging monitoring systems bring to wetland restoration (Table 3).
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Table 3. Emerging monitoring technologies and example metrics for wetland restoration programmes.

No
1

Technology
UAV (drone)

Satellite + Al/ML
Sensor network + Al
eDNA sampling

Citizen science +
mobile app

Example Metric Potential Contribution to Monitoring

Vegetation functional-group coverage (floating, Tracks habitat structure changes, monitors restoration progress at
emergent, submerged) fine scale

Automated change-detection rate (e.g. % change/ ' Detects early signs of habitat degradation or recovery, supports

year) adaptive management

Real-time inundation frequency/soil-moisture Monitors hydrology/connectivity changes, links to ecosystem
anomaly sensor service delivery

Species presence/absence from water/sediment | Rapid biodiversity assessment including cryptic or rare species
sample

Community-collected species occurrence or Enhances spatial/temporal data coverage, engages stakeholders
photo records and local communities

Towards integrated, standardised and future-ready Wetland
Monitoring in Europe

Achieving standardised and effective monitoring of wetland ecosystems across
Europe requires not only robust methods and harmonised standards, but also
significant capacity in terms of skills, infrastructure and cross-border collabora-
tion. However, considerable gaps remain — in particular between EU and non-EU
countries — in the ability to implement advanced monitoring programmes, apply
pan-European standards and harmonise across different legal monitoring obliga-
tions. Several EU funding schemes seek to bolster monitoring capacities within the
emerging European Green Data Space (AD4GD Consortium 2023). Programmes
such as Horizon Europe WIDERA (“Widening Participation and Spreading Excel-
lence”) (European Commission 2021) provide opportunities to address standard-
isation, methodological and management shortfalls in wetland biodiversity moni-
toring in non-EU countries. Meanwhile, Erasmus+ (European Commission 2021a)
supports capacity building and standardisation through Strategic Partnerships and
Knowledge Alliances. Over the past decade, several EU- and Member-State-fund-
ed initiatives have focused on river and wetland biodiversity monitoring, resulting
in several information platforms capable of supporting standardised monitoring
approaches (e.g. the Freshwater Platform and the European Environment Agency
freshwater data portal). The European Topic Centre on Biodiversity and Ecosys-
tems also addresses the status and trends of the EU freshwater environment and
works to develop and support monitoring requirements and approaches in line
with the EU Biodiversity Strategy 2030 (European Commission 2020) and climate
change mitigation efforts. This landscape of funding instruments, platforms and
monitoring initiatives provides a foundation on which more integrated, compara-
ble and policy-relevant wetland monitoring systems can be built.

Wetlands across Europe, including floodplains, peatlands and coastal ecosys-
tems, are increasingly exposed to synergistic pressures resulting from climate
change, land-use intensification and incoherent policy frameworks (Schipper et
al. 2024). The interplay of hydrological alterations, nutrient loading, infrastruc-
ture development and climatic extremes is accelerating wetland degradation and
biodiversity loss. These cumulative impacts demonstrate that wetland decline is
not driven by a single factor, but by systemic interactions between environmen-
tal, socio-economic and governance dimensions. Strengthening the resilience of
wetland ecosystems, therefore, requires integrated approaches that address both
ecological dynamics and institutional shortcomings. Incoherent or conflicting
policies — such as agricultural subsidies promoting drainage or conversion, infra-
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structure projects that alter hydrological connectivity and fragmented climate and
biodiversity targets — undermine restoration efforts and reduce monitoring effec-
tiveness. Overcoming these contradictions demands cross-sectoral policy align-
ment and the incorporation of wetland monitoring outcomes into decision-making
at multiple governance levels. These pressures highlight why monitoring cannot
remain fragmented: a future-ready system must detect the combined effects of
climatic, hydrological, ecological and socio-economic drivers.

To achieve this, Europe needs comprehensive, harmonised and transnational
monitoring frameworks capable of capturing the multi-dimensional interactions
amongst climatic, hydrological, ecological and socio-economic drivers. Pan-Eu-
ropean datasets and collaborative monitoring networks should guide managers
and policy-makers in evidence-based decisions for biodiversity protection, res-
toration and Nature-based Solutions (NbS). A harmonised scientific monitoring
system should integrate in-situ ecological observations, hydrological measure-
ments and advanced remote sensing and modelling tools to enable data upscal-
ing and comparability across regions. In parallel, developing targeted evaluation
instruments is crucial for assessing the effectiveness and long-term sustain-
ability of conservation and restoration measures. Citizen science can further
enhance monitoring by broadening spatial and temporal coverage, fostering lo-
cal ownership and increasing social acceptance of conservation actions. Tech-
nological innovations, such as Al-assisted mobile applications, citizen-science
projects and open-access data platforms — exemplified by iNaturalist, FLOW
and Restore4Life — have made public participation more accessible and scien-
tifically useful (von Goénner et al. 2024a; Mason et al. 2025). When properly struc-
tured and validated, such initiatives can complement professional monitoring,
especially for early warning and ecological assessment. Yet, scientifically vali-
dated methods and policy coherence remain fundamental. While large volumes
of biological data are collected under the EU WFD and the Habitats and Birds Di-
rectives, the lack of integrated environmental, hydrological and socio-economic
variables limits the capacity to distinguish natural variability from anthropogenic
and policy-driven changes. Integrating biological, environmental and climatic
datasets is, therefore, vital for revealing causal mechanisms, quantifying resto-
ration success and providing information for adaptive management and policy
evaluation. Moreover, embedding emerging technologies — such as Al-based
species recognition, hyperspectral sensors and Earth Observation indicators —
into monitoring frameworks can enhance accuracy, efficiency and cost-effec-
tiveness (Moersberger et al. 2024; Lumbierres et al. 2025). These tools facilitate
real-time feedback loops amongst monitoring, management and policy, enabling
timely responses to ecological stress and socio-political challenges. Despite
these advances, monitoring is still underfunded and institutionally fragmented,
often treated as a secondary task when budgets are constrained. This lack of
institutional prioritisation reflects a broader issue of policy incoherence, where
monitoring responsibilities are dispersed across sectors with weak coordination
and limited feedback into decision-making. In conclusion, long-term, integrated
and well-funded monitoring must be recognised as a cornerstone of effective
wetland restoration and governance. Strengthening methodological and policy
frameworks that address the combined effects of climatic, anthropogenic and
institutional drivers is essential for improving wetland resilience. Aligning future
wetland monitoring with EU-wide adaptation, biodiversity and agricultural poli-
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cies — and ensuring their mutual coherence — will be key to delivering measur-
able benefits for biodiversity, ecosystem services and human well-being.

River and floodplain restoration is increasingly conceptualised as a so-
cio-economic investment model rather than solely an ecological intervention
(Machac¢ et al. 2026). Within this framework, innovative monitoring plays a
pivotal role by providing the empirical foundation to quantify ecosystem ser-
vices, reduce investment risks and demonstrate long-term economic returns.
Advanced monitoring technologies, such as sensor networks, remote sensing
and Al-based data analytics, enable real-time assessment of hydrological dy-
namics, sediment processes and biodiversity outcomes. These data not only
strengthen cost—benefit analyses (Barbier et al. 2011), but also enhance social
legitimacy by fostering transparency, stakeholder participation and public trust
(Turner et al. 2000). Moreover, robust monitoring systems stimulate technolog-
ical innovation and market development, creating new opportunities in ecolog-
ical data services and facilitating access to green finance, where measurable
sustainability indicators are increasingly required (de Groot et al. 2010). Con-
sequently, innovative monitoring should be regarded as a strategic investment
that transforms wetland restoration into a credible, adaptive and economically
viable pathway for climate resilience and sustainable regional development.

Rapid advances in artificial intelligence create a realistic pathway towards
merging heterogeneous data streams into shared analytical environments
where patterns can be discovered, gaps identified and predictions generated
with unprecedented accuracy (Rafiq et al. 2025). The integration of communi-
ty-generated knowledge with expert-driven monitoring and Al-supported anal-
yses opens a mechanism through which local engagement generates effects
that extend well beyond local scales. More importantly, it cultivates collective
awareness and transforms individual contributions into a societal force capa-
ble of shaping how landscapes are understood, valued and managed.

The most effective integrative monitoring systems are expected to be those
that combine technological innovation with climate-informed modelling and
long-term ecological baselines. Bringing together remote sensing, UAV surveys,
in situ sensors, moleculartools and citizen-generated observations within shared
modelling frameworks will enable earlier detection of ecological change, clearer
attribution of drivers and more reliable assessment of restoration outcomes.
Such integration would also provide the informational backbone required for
adaptive governance under the Nature Restoration Regulation and related Eu-
ropean policy commitments and strengthen the evidence base for funding pro-
grammes that support large-scale restoration (Klusmann et al. 2026; Stoffers
et al. 2026). Integrated monitoring is, therefore, both a technical and a societal
investment, one that transforms individual and collective engagement into ac-
tionable knowledge for sustaining wetland ecosystems across the continent.
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