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Abstract

1.

As the development of nature-based solutions (NbS) increases globally, it is
important to ensure that projects meet the objective of delivering benefits for
biodiversity, alongside tackling societal challenges. However, this is challenging
because most NbS projects do not directly monitor ecological outcomes, and

those that do often focus on a limited set of metrics.

. Weidentify the most informative and feasible above- and below-ground ecological

metrics for monitoring the ecological outcomes of NbS. We identify possible
biodiversity and soil health metrics using a structured non-systematic literature
review, and rank these using a scoring system to assess their informativeness and

feasibility for monitoring.

. Metrics are categorised into compositional, structural, and functional aspects of

biodiversity, and biological, physical and chemical aspects of soil health. We group
biodiversity and soil health metrics into Tier 1 (the most informative and feasible
metrics), Tier 2 (informative metrics with some limitations in scope or feasibility)
and Future metrics (highly informative metrics which are currently less feasible
to monitor). Tier 1 metrics collectively address multiple aspects of biodiversity
and soil health and are the highest priority for NbS project assessments. For
biodiversity, 9 Tier 1, 6 Tier 2 and 15 Future metrics were identified, and for soil
health there are 11 Tier 1, 6 Tier 2 and 5 Future metrics.

. We identify existing standardised methodologies, threshold and reference values

for monitoring these metrics, although in many cases, these are not available.

. Solution. Our study provides practitioners with a framework for selecting optimum

metrics for assessing above- and below-ground ecological outcomes of NbS
relevant to the location in which they are being implemented. We summarise the
relevance of each metric to biodiversity or soil health and provide standardised
methodologies for collecting data to support ecological monitoring protocols for
NbS projects. The information on each metric is freely available as a searchable

online database designed for UK practitioners, but with wider applicability.
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1 | THE NEED TO MONITOR THE
ECOLOGICAL OUTCOMES OF NbS

Nature-based solutions (NbS) involve working with and enhancing
nature to tackle societal challenges, with biodiversity both under-
pinning their benefits and directly benefiting from the interventions
(Seddon et al., 2020, 2021). Global uptake of NbS is accelerating
as their role in tackling issues from climate change to food secu-
rity gains recognition (Chausson et al., 2020; Donatti et al., 2022;
Seddon et al., 2019).

Nature supports ecosystem services through multiple pathways,
from overall habitat structure to the presence of specific species or
functional groups (Smith et al., 2017). These pathways are linked to
biotic and abiotic attributes representing above- and below-ground
components of ecosystems at multiple scales, such as species rich-
ness, landscape diversity or geology (Smith et al., 2017). Interactions
between these components influence ecosystem function and the
delivery of ecosystem services (Chomel et al., 2022). Soil health and
quality are therefore increasingly integrated into ecological resto-
ration plans, as soil biota and processes shape ecosystem health and
the establishment of above-ground communities (Farrell et al., 2020;
Young et al.,, 2005). Soil communities drive key ecosystem ser-
vices, such as erosion control, hydrological functions and nutrient
exchange (Barrios, 2007; Bhaduri et al., 2022; Farrell et al., 2020).
Maintaining soil health and biodiversity is essential for ecosystem
stability and resilience against disturbances such as climate change
(Seddon et al., 2019).

Monitoring of NbS needs to cover societal benefits (e.g. flood
protection, carbon storage), socio-economic outcomes (e.g. em-
ployment, community engagement) and ecological benefits. Yet de-
spite recognising that biodiversity and soil health underpin resilient
NbS with multiple benefits, biodiversity benefits are often implic-
itly assumed to arise from NbS projects rather than being explicitly
planned and monitored. A review of 386 studies on NbS for climate
change adaptation found only 34% reported ecological outcomes
(Chausson et al., 2020), and these often used a limited set of metrics
(Key et al., 2022). Empirical monitoring of ecological outcomes of
NbS allows objective assessment of success, bridging science and
policy (Lovett et al., 2007; Mallette et al., 2022). More effective
monitoring strategies are therefore needed to track biodiversity and
soil health changes, confirm positive outcomes, highlight trade-offs
and assess management efficacy (Farrell et al., 2020).

A recent initiative on scaling up high-integrity NbS in the United
Kingdom (Agile Initiative, n.d.), identified the need to strengthen
the evidence base on ‘what works’ through more effective, con-
sistent monitoring, while considering time and resource limits. The
IUCN Global Standard for NbS also calls for monitoring of manage-
ment targets, but provides only high-level guidance (IUCN, 2020).

A European Commission Handbook on evaluating NbS provides
extensive information on developing monitoring protocols and an
Appendix detailing methods, but lacks practical guidance on metric
prioritisation, clear data collection protocols and detailed biodiver-
sity assessment advice (Dumitru & Wendling, 2021). With numerous
possible indicators to choose from, practitioners need guidance on
selecting biodiversity and soil health metrics aligned with project and
place-based objectives (Bhaduri et al., 2022; Blinemann et al., 2018;
Knight et al., 2020; Noss, 1990).

To address this, we developed a framework for selecting biodi-

versity and soil health metrics for NbS monitoring by:

e Reviewing literature to identify a range of possible biodiversity
and soil health metrics across categories at multiple scales.

e Presenting a strategy for prioritising biodiversity and soil health
metrics based on informativeness and feasibility.

e |dentifying existing protocols, using the United Kingdom as a case
study, for monitoring metrics and highlighting gaps where stan-
dardised methodologies are required.

e Providing a case study demonstrating the practical implementa-
tion of the framework.

e Highlighting technological innovations to simplify monitoring for

practitioners.

This resulted in a searchable database of metrics and their char-
acteristics, aimed at UK practitioners but with wider applicability,
available on the NbS Knowledge Hub developed through the Agile
Initiative (https://nbshub.naturebasedsolutionsinitiative.org/monit

oring-outcomes/) (Agile Initiative, 2025).

2 | ACONCEPTUAL FRAMEWORK FOR
BIODIVERSITY AND SOIL HEALTH METRICS

Effective monitoring programmes should use accepted, ideally
standardised, methods to ensure consistent, cost-effective collec-
tion of high-quality data (Lovett et al., 2007; Pocock et al., 2015).
Data use and outputs should be considered throughout planning,
with clearly defined, future-relevant aims (Lovett et al., 2007; Pocock
et al., 2015). Conservation activities often include monitoring, but
without a quantitative, scientific approach, impact may be limited
(Legg & Nagy, 2006). Practicality and cost-effectiveness are also
crucial considerations for practitioners (Cosovi¢ et al., 2020; Czucz
et al., 2021; Heink & Kowarik, 2010; Wurtzebach & Schultz, 2016).
Biodiversity and soil health monitoring requires selecting
widely representative indicators, that is, measurable characteris-
tics (Niemi & McDonald, 2004). To comprehensively track ecolog-
ical change, multiple complementary metrics should be assessed
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FIGURE 1 Metrics representing the primary attributes of (a) biodiversity (composition, structure and function), adapted from
Noss (1990), and (b) soil health (physical, chemical and biological) at multiple scales (landscape, community/ecosystem, population and
genetic). Some metrics apply to multiple axes and scales (see Tables S1 and S2).

(Czlcz et al.,, 2021; Knight et al., 2020; Niemi & McDonald, 2004).
Yet due to the complexity and multidimensionality of biodiversity
and soil health, monitoring often focuses on a limited set of metrics
(Binemann et al., 2018; Key et al., 2022). One solution is to clas-
sify biodiversity and soil health into distinct components, and aim
to assess metrics relevant to each group (Niemi & McDonald, 2004).
Noss's biodiversity hierarchy identifies three components: struc-
ture (physical organisation e.g. habitat complexity), composition
(identity and variety of elements e.g. species diversity) and function
(processes within a system e.g. nutrient cycling; Figure 1a), further
categorised by scale (gene to landscape; Niemi & McDonald, 2004;
Noss, 1990). Similarly, soil health can be subdivided into physical,
chemical and biological characteristics (Figure 1b; Guo, 2021; Jian
et al., 2020; Stewart et al., 2018).

The Noss Framework provides a comprehensive system-
atic approach that has been used to underpin monitoring,

including biodiversity mitigation and ecological integrity assess-
ments (Andreasen et al., 2001; Knight et al., 2020). Yet most pro-
grammes still equate biodiversity to species richness, rarely assessing
functional and structural aspects (Feld et al., 2009) and thus pro-
viding only partial biodiversity information (Hines & Pereira, 2021;
Lyashevska & Farnsworth, 2012). An ideal monitoring approach
would include metrics across composition, structure and function
at multiple scales (genetic, population, ecosystem and landscape;
Knight et al., 2020).

Soil health is similarly complex; soils are heterogeneous, varying
by environmental context and land-use history, which influence their
functions (Biinemann et al., 2018). Soil health indicators fall into three
categories: biological (properties relating to living organisms e.g. fun-
gal diversity), physical (soil structural properties e.g. bulk density) and
chemical (properties linked to soil chemical composition e.g. pH), which
interact to maintain soil functions (Guo, 2021). Physical and chemical
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properties are typically easier to measure, while biological indicators
require further research and development (Guo, 2021). Soil monitoring
programmes vary in coverage across these categories, often assessing
a limited set of indicators (Binemann et al., 2018; Harris et al., 2023;
Loveland & Thompson, 2002). Like biodiversity assessment, effective
soil health monitoring should incorporate diverse indicators for fuller
representation (Guo, 2021).

The comprehensive multi-metric biodiversity and soil health
assessment approach outlined here aligns with assessing ecologi-
cal integrity (Andreasen et al., 2001; Carignan & Villard, 2002; Karr
et al., 2022), that is, an ecosystem's ability to support a balanced,
adapted community, with composition, diversity and functional or-
ganisation comparable to natural habitat (Karr & Dudley, 1981).

3 | METRIC FRAMEWORK DESIGN AND
PRIORITISATION

The compositional, structural and functional axes of biodiversity
(Figure 1a) and the physical, chemical and biological axes of soil
health (Figure 1b) provide a framework for identifying indicators to
assess NbS ecological outcomes. An initial list of biodiversity metrics
was drawn from Noss's categories. We then conducted a structured
non-systematic review of academic and grey literature, using key-
word searches to identify soil health and further biodiversity metrics
across axes and scales (see Supporting Information: Methods for full
details). We only considered metrics with a clear link to biodiversity
or soil health. Although this approach did not review all literature
(Romanelli et al., 2021), structuring our review around established
biodiversity and soil health monitoring concepts ensures a well-
evidenced framing of biodiversity and soil health monitoring.

For each metric, we extracted information on its informative-
ness and monitoring feasibility (Table 1). Informativeness reflects
a metric's value in assessing biodiversity and soil health change;
higher scoring metrics have strong evidence of their link to bio-
diversity or soil health, are widely applicable, are relevant to eco-
system functions/services and respond sensitively to ecosystem
management. Feasibility captures practical considerations; higher
scoring metrics have simpler data collection, requiring lower tech-

nical expertise and costing less, and have robust, standardised

TABLE 1 Scoring criteria for biodiversity and soil health metrics.

Informativeness

Relevance: How strong is the evidence that the metric is directly or indirectly

relevant to biodiversity/soil health?

Information rich: How many metrics can be calculated from one data

methodologies. Metrics were scored on a three-point scale for
each criterion (Table 1) to determine their relative value and group
them into three categories: Tier 1, Tier 2 and Future (Figure 2) (full
details in Supporting Information: Methods, including a full list of
all metrics considered).

Tier 1 metrics have the highest informativeness scores and meet
a minimum feasibility threshold. Collectively, they provide compre-
hensive coverage of all biodiversity and soil health axes across multi-
ple scales (Tables S1 and S2). Tier 2 metrics also meet the feasibility
threshold and are useful and informative but score less than Tier 1,
or are only relevant to specific ecosystem or soil types. Future met-
rics are highly informative but not yet feasible for regular monitor-
ing. We also collated information on technological innovations that
could simplify or accelerate future data collection. Future metrics
may transition into Tier 1 as technological advancements simplify

monitoring or reduce costs, or as data collection guidance improves.

4 | EXPLORING THE PRIORITY METRICS
IDENTIFIED

The highest-ranked compositional biodiversity metrics include spe-
cies and functional diversity, along with less familiar metrics that
link composition to function: dominance-diversity curves, identity,
relative abundance and similarity (Table S1). Dominance-diversity
curves track shifts in dominant and rare species affecting ecosys-
tem function (Hillebrand et al., 2018). Identity and functional trait
diversity capture traits influencing key ecological processes and
ecosystem services, offering both diversity and functional insights
(Buckland et al., 2005; Hillebrand et al., 2018). Top structural bio-
diversity metrics include habitat area, landscape diversity and veg-
etation structure. Habitat area is simple to measure and strongly
determines biodiversity. Combined with landscape diversity, it
serves as a proxy measure for a landscape's capacity to support
different species groups at various scales (Dangerfield et al., 2003;
Deane et al., 2020; Maskell et al., 2019; Morelli et al., 2013). The
ease of monitoring vegetation structure varies by habitat type; most
simply involving categorising variation in tree/shrub height or diam-
eter within a woodland, while in grassland, point-intercept and veg-

etation height variation methods can be used (Table S3).

Feasibility

Sample collection: How straightforward is sample collection and
analysis?

Cost: How expensive is data collection and analysis?

collection method? Can the metric be used as a surrogate for other metrics?

Sensitivity: How sensitive is the metric to management changes?

Functions/services: Are there clear links between the metric and ecosystem

functions and derived services?

Applicability: Can the metric be applied across habitat types?

Literature: How widely is the metric considered in the academic literature?

Technical: How much technical expertise or equipment is needed?

Methodology: Is there an existing standardised methodology
available?

Compatibility: Is the methodology robust and repeatable?

Interpretation: How easy are results to interpret?
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FIGURE 2 (a)Biodiversity and (b) soil health metric scores plotted on the axes of informativeness and feasibility.

Tier 1 physical soil health metrics include bulk density, texture,
soil moisture, porosity and soil structure (Table S2). Bulk density,
texture and porosity provide information on soil structure and com-
paction, and determine interactions with air and water (Merrington
et al., 2006; Cardoso et al., 2013; Schoenholtz et al., 2000). Bulk
density is also needed to convert percentage nutrient or carbon
values into volumetric measures. Top-ranked chemical soil health
metrics include soil carbon, pH, nutrient analysis and electrical
conductivity. Soil carbon affects nutrient storage, water retention,
aggregate stability and microbial activity (Cardoso et al., 2013).
Nutrient content and type support the soil biotic community, driv-
ing nutrient cycling and decomposition (Merrington et al., 2006).
Earthworm abundance and litter decomposition are the most ac-
cessible soil biological metrics. Earthworms serve as proxies for
the broader soil community, physical structure and water dynamics
(Griffiths et al., 2016; Pulleman et al., 2012). Earthworms are absent
from acidic and/or waterlogged soils; however, they remain a pri-
ority due to ease of monitoring compared to other groups such as
nematodes and potworms. Litter decomposition influences nutrient
and carbon cycling, and provides insight into the microbial commu-
nity (Guerra et al., 2021).

5 | STANDARDISED METHODOLOGIES
FOR COLLECTING BIODIVERSITY AND SOIL
METRICS IN THE UNITED KINGDOM

Once ecological metrics have been selected, well-designed data
collection methods will ensure useful data are produced (Legg
& Nagy, 2006; Lovett et al., 2007; Pocock et al., 2015). Methods
should be consistent through time, accurate and follow accepted ap-
proaches, as field design and methods determine future analyses,
statistical rigor and the research questions that can be addressed
(Legg & Nagy, 2006; Lovett et al,, 2007; Pocock et al., 2015).

Standardised data collection enables between-project comparisons
and alignment with regional or national monitoring efforts (Pocock
etal., 2015).

To support practitioners in data collection, we identified stan-
dardised data collection methodologies for each metric. As part
of the broader initiative to provide tools and guidance for NbS
practitioners (Agile Initiative, n.d.), we focused on identifying UK-
applicable methodologies, but many of the methods will be more
widely applicable.

For biodiversity, standardised methodologies are most widely
available to monitor specific species groups (Table S3). The United
Kingdom has established methodologies for plants (National Plant
Monitoring Scheme [NPMS, 2019]), butterflies (UK Butterfly
Monitoring Scheme [UKBMS, 2021]) and birds (UK Breeding Bird
Survey [BTO, 2022]). The UK Environmental Change Network
(UKECN, 2022) provides methods for carabids, spiders, moths,
bats, frogs, crane flies, spittle bugs and wild herbivores (rabbits
& deer). Habitat classification based on characteristic plant spe-
cies and communities is also possible, for example, using the UK
Habitats Classification (UKHab Ltd., 2023). These methodologies
support data collection for biodiversity metrics but often require
additional steps not defined in the standardised methodology to
calculate the final metric. For example, functional trait diversity can
be calculated by linking trait information to data collected during
species diversity surveys (Waldén et al., 2023). There are examples
of scientific papers assessing functional trait diversity, and various
databases with trait information for different species groups are
available (e.g. Ecological Flora of Britain and Ireland http://ecofl
ora.org.uk/). Although this process has not been standardised, we
included it in Tier 1 to represent the function axis of biodiver-
sity and due to its high informativeness. There are also more de-
veloped standardised methodologies for a subset of biodiversity
metrics relevant to woodland ecosystems (Table S3: Vegetation
structure, Deadwood volume, Seedling regeneration, Tree age,

95UB01 T SUOWIWIOD BA 181D 3|qeol(dde 8y} Aq pausenob afe Sae YO 8SN JO Sa|nJ 0} AXIq1T8UIUQ AS]IA UO (SUOTIPUOD-PUE-SWSY/LI0O" A8 1M ARe.d [uUO//:SdNL) SUONIPUOD pue SWid | 8u1 89S *[5Z02/S0/ST] Uo Akeqiauliuo A8|iM ‘891 Ag £700/ 6TES-8892/200T OT/I0P/LI0Y"A8| M Ale.q1jpul[UOS feuIN0 fsagy//Sdny Wwolj pepeojumod ‘Z ‘GZ0Z ‘6TE8889Z


http://ecoflora.org.uk/
http://ecoflora.org.uk/

WARNER ET AL.

6of14 BRITISH 5 o .
Eggg}ggm _Ecological Solutions and Evidence

Tree diversity and Vegetation biomass), which were developed for
the UK National Forest Inventory (Forestry Commission, 2016a)
and provide information on the full process from sampling design
and data collection through to calculation of the derived metrics.

As the soil health concept is widely applied to agriculture
(Griffiths et al., 2018), methodologies targeting farmers are available
for many metrics, and are generally transferable to non-farm habitats
(Table S4). The UK's Farm Carbon Toolkit provides information on
sampling design (e.g. sample size, layout of samples and soil sampling
depths) to assess soil carbon stocks, which can be applied to many
other soil health metrics (Farm Carbon Toolkit, 2021). The Food and
Agricultural Organisation of the United Nations' Global Soil Doctors
Programme provides protocols for assessing many key soil health
metrics (FAO, 2020). Methodologies for assessing biological aspects
of soil health require more development to produce widely appli-
cable, robust protocols, although some metrics have been assessed
in scientific studies (Pulleman et al., 2012). Earthworms are a more
accessible indicator and are used in the UK Centre for Ecology and
Hydrology's benchmark for soil health (Feeney et al., 2023). The UK's
Earthworm Watch Citizen Science project and UK's Agricultural and
Horticultural Development Board provide protocols for monitoring
using soil pits, which can be combined with the Farm Carbon Toolkit
sample design recommendations (Burton et al., 2024; Stroud &
Bennett, 2018). Other aspects of soil biodiversity are more complex
to monitor, requiring greater expertise and having multiple possible
methodologies. For example, fungal biomass can be estimated using
phospholipid fatty acid, ergosterol or quantitative PCR analysis
(Blinemann et al., 2018).

Data collection design (sampling, replication and frequency) de-
termines what analysis is possible and therefore how useful the data
are for monitoring (Ockendon et al., 2021). A point of comparison,
for example, a baseline or counterfactual, is crucial to gain useful
information from data collection (McGlone et al., 2020; Pocock
et al., 2015). The gold standard is a Before-After-Control-Impact
(BACI) study design, tracking the focal variables before and after
an intervention, alongside monitoring at a control site (Christie
et al., 2019). However, a BACI design requires a significant invest-
ment of time and resources, so simpler designs are often used.
A Before-After (BA) design involves monitoring metrics before
and after the interventions within the project site only (Christie
et al., 2019; De Palma et al., 2018), but makes a major assumption
that focal variables would not have changed without the interven-
tion and does not account for variation resulting from other drivers
(Christie et al., 2019; Wauchope et al., 2021). Ideally, projects would
monitor a control site to determine whether observed changes re-
sult from project interventions (Wauchope et al., 2021). Long-term
data collection allows assessment of metric trajectories over time
(Wauchope et al., 2021), ideally compared to trends at comparator
sites or threshold values. However, for many metrics, it was chal-
lenging to identify thresholds, and it was clear that the indication
of positive or negative change would be context dependent, for ex-
ample, an increase in vegetation biomass is not always desirable in

grassland ecosystems (Tables S5 and Sé).

6 | PRACTICAL APPLICATION OF THE
FRAMEWORK—A CASE STUDY

The final set of metrics selected will be project-dependent; multiple
ecosystem dimensions should be covered, but not all aspects need
assessment to understand the overall ecological response, direc-
tion of change and whether project goals have been met (Andreasen
et al., 2001). To aid selection, our framework is available on an in-
teractive web platform (https://nbshub.naturebasedsolutionsiniti
ative.org/monitoring-outcomes/) where users can filter metrics by
different criteria (Metric type, Aspect of biodiversity or soil health,
Scale, Ecosystem, Cost, Technical Expertise and Standardised meth-
odology; Figure 3). Once metrics have been selected, a sampling de-
sign and data collection plan can be developed for the project. Even
when a standardised methodology is available, the sampling design
will need to be adapted to the site layout and size. A User Guide
developed alongside the framework provides guidance for creating a
monitoring plan for an NbS project (Warner et al., 2024). In this sec-
tion, we illustrate the application of our monitoring approach using
a theoretical example of an NbS project in the United Kingdom, fol-
lowing the process in Figure 3. Our hypothetical case study restores
arable land to a mix of woodland, species-rich grassland, and wet-
land (Figure 4), aiming to sequester carbon and slow the entry of
water to the adjacent river to mitigate flooding. We outline a set of
metrics representing different aspects of soil health and biodiversity
at multiple scales to capture key responses in this project.

The project objectives require a method for tracking target hab-
itat development and direct biodiversity monitoring to assess re-
sulting changes in ecological communities. The carbon objectives of
the project could be monitored by deriving carbon estimates from
vegetation biomass and soil carbon monitoring. Finally, tracking the
recovery of the soil from past cultivation and assessing its water-
holding capacity would also be valuable. Monitoring other outcomes,
such as flood risk and socio-economic impacts, is also important, but
not covered here as this paper focuses on ecological indicators.

A starting point for biodiversity monitoring would be to track
the establishment of the target habitats over time, classifying hab-
itat types using the UK Habitats Classification (UKHab Ltd., 2023).
Landscape diversity and more complex metrics such as habitat con-
nectivity and fragmentation could be derived from the habitat data
if this expertise was available in the project. Species-level surveys
representing different parts of the community (e.g. plants, beetles
and birds) could provide species diversity, identity and relative abun-
dance metrics. If reference habitats representing the target habitats
exist nearby, similarity to the target habitat for each community of
organisms could be calculated either using existing data for those
sites (if available) or by conducting additional surveys. Vegetation
structure could be monitored to assess the development of the hab-
itat and biomass, for example, by direct measurement of tree diam-
eter at breast height, and above-ground carbon estimates can be
derived from the same dataset (Broughton et al., 2021).

For soil health, bulk density could assess soil compaction changes
with the withdrawal of cultivation, and enables volumetric conversion
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Step 1: Identify project needs

* Monitoring objectives — determined by habitat type, project context, NbS

interventions, scale.

E.g. Tracking habitat restoration, capturing biodiversity uplift, carbon
sequestration, water retention capacity in a project restoring arable land to
woodland, grassland, and wetland (Fig. 4).

Assess expertise required and funding available.

Select metric type: Aboveground biodiversity / Soil health

! Filter by ]
Composition/Structure/ Physical/Chemical/
Function Biological
[ Filter by |

Tier (Tier 1, Tier 2, Future)

!

Ecosystem (Forest, Grassland etc)

!

Scale (Landscape, Community, Population, Genetic)

!

Technical expertise & Cost (High, Medium, Low)

!

Standardised methodology (Yes, No, Partial)

Step 3: Key set of metrics to assess in project
* E.g. Biodiversity: landscape diversity; species diversity (plants, beetles,
birds), identity and relative abundance; vegetation structure and derived

carbon estimates.

E.g. Soil health: bulk density; soil carbon; nutrient analysis; pH; porosity;

infiltration; earthworms.

Step 4: Plan sampling campaign
* Spatial layout of sample design. E.g. Using habitat surveys to stratify
sampling effort by habitat categories (subunits).
Sample size depending on site size. E.g. 5-15 soil samples per subunit,
minimum 3 replicates per subunit for biodiversity metrics.
Integrating data collection across multiple metrics. E.g. Soil health and
biodiversity metric data collection at the same sample locations.

FIGURE 3 The stepsinvolved in designing an ecological monitoring strategy for an NbS project. The flow chart in Step 2 captures the
structure of the monitoring framework, available at https://nbshub.naturebasedsolutionsinitiative.org/monitoring-outcomes/. Examples

drawing on our theoretical NbS project (Figure 4) are given for each step.

of soil carbon or nutrient analyses (Merrington, 2006). Soil carbon
monitoring would evaluate carbon uptake with the return of semi-
natural habitats, with a low soil carbon baseline expected after a
history of arable cultivation (Smith, 2004; Smith et al., 2020). High
nutrient loads after fertilisation of previous arable land could limit

the development of botanically diverse semi-natural habitats (Cramer
et al., 2008; Moeslund et al., 2023). Nitrogen and phosphorus (nutrient
analysis) monitoring would track changes in nutrient availability; de-
pending on prior agricultural management, the land may be suffering
from nutrient enrichment or depletion, which can both influence the
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FIGURE 4 Schematic of a theoretical NbS project, showing the target habitats overlaid onto the existing field boundaries.

habitat restoration trajectory (Cramer et al., 2008; McLauchlan, 2006;
Parkhurst et al., 2022). Soil pH would provide additional context to
other soil health measures and also track soil recovery from agricul-
tural activities (Cardoso et al., 2013). Given the focus on semi-natural
habitat restoration for water retention, the porosity and infiltration
of the soil will indicate its water-holding capacity and the recovery of
desirable soil structure following cessation of agricultural disturbance
(Cleophas et al., 2022; Lipiec et al., 2006). The most feasible biologi-
cal indicator is earthworms (abundance/biomass/diversity), which are
positively correlated with water infiltration rates as well as being an
important group of soil organisms (Griffiths et al., 2018).

Once the target metrics are selected, a sampling design is
developed. ldeally, data should be collected at the same spatial
locations for all metrics to assess relationships between metrics.
Habitat surveys conducted as part of the biodiversity monitoring
approach provide the basis for developing the experimental de-
sign: The sample replicates can be stratified across each habitat
area. In our theoretical case study site, the area is further subdi-
vided into the former agricultural fields, which should also guide
the sampling design, as their unique management histories may
influence the trajectory of change in above- and below-ground

ecological components after restoration. For the soil health met-
rics, the Farm Carbon Toolkit offers advice on sample size and lay-
out, recommending 5-15 samples per sampling unit, so in this case,
5-15 samples in each habitat type-field combination (Farm Carbon
Toolkit, 2021). The same soil samples can be used for the bulk
density, soil carbon, soil nutrient and porosity analyses. The earth-
worm and infiltration sampling methodologies can be carried out
at the same soil sample locations. The species-level surveys follow
either a plot or transect approach. Our theoretical site is >10ha
in size, so we recommend a minimum of three replicates per sam-
ple sub-unit (habitat x field combination), following guidance from
the UK Plant Monitoring Scheme for plants, UK Environmental
Change Network for carabid beetles and UK Breeding Bird Survey
for birds (BTO, 2022; NPMS, 2019; UKECN, 2022). Standardised
protocols for assessing vegetation structure in woodland and
modified grassland protocol suggest slightly different plot shapes
and sizes, but data collection can be centred on the same locations
as the species diversity plots (Forestry Commission, 2016b; Wood
et al., 2012). An additional step to monitor changes in species
identity would require the project to use functional trait databases
to link relevant traits to the species-level data. For example, trait
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data from the Ecological Flora of Britain & Ireland (http://ecofl
ora.org.uk/) and data from previous studies, for example, Spake
et al. (2016) could be linked to the species data. This adds an im-
portant additional layer of information on the functional element
of biodiversity. In this example, changes in the target soil health in-
dicators will correlate with the development of the target habitats,
with reciprocal interactions between vegetation development and
changes in soil carbon, nutrient status, physical structure and soil
organisms (Farrell et al., 2020).

All monitoring programmes must balance time, cost and exper-
tise constraints. Sampling intensity will be balanced against practical
constraints, and further resources are associated with processing
samples (chemical analysis, identifying specimens) and subsequent
data analysis (Mandelik et al., 2010; Weiser et al., 2019). If exper-
tise is limited, biodiversity data collection may be restricted to more
easily identifiable species groups and metrics with simpler field
protocols, whereas many of the soil metrics have relatively simple
sample collection approaches, using laboratories for the technical
soil analysis. Community involvement, citizen science, and university
partnerships can help offset costs (Pocock et al., 2018). Practitioners
should prioritise Tier 1 metrics, as they are most informative and
feasible. Under resource constraints, selecting metrics with existing
standardised methodologies ensures efficiency and comparability
(Griffiths et al., 2018). A phased approach can be adopted, starting
with essential indicators and expanding as capacity increases. Using
standardised protocols and low-cost, portable technologies reduces
expenses, while supportive policies, financial incentives, better links
between scientists and practitioners, and training enhance scalabil-
ity and equity (Giuliani et al., 2024; Schmeller et al., 2017). Future
innovations that reduce the financial or practical investment in
monitoring have the potential to increase the overall feasibility of
monitoring.

Field data collection is followed by analysis. Ideally, metrics
would be compared to known thresholds indicating positive or
negative change; however, these are not available in many cases
(Tables S5 and Sé). Nationwide trends or data collected from refer-

ence sites offer potential alternative points of comparison.

7 | TECHNOLOGICAL INNOVATIONS TO
INCREASE MONITORING FEASIBILITY

Interest in technological advances to simplify and reduce the costs
of ecological monitoring is growing. The most widely proposed inno-
vations include remote sensing, acoustic monitoring, environmental
DNA (eDNA) and artificial intelligence (Al) (Ford et al., 2024; Van
Klink et al., 2024). Understanding their potential to replace tradi-
tional ecological data collection methods and the necessary de-
velopments to do so is essential (Besson et al., 2022). During the
literature review process, we identified emerging technologies to
enhance or replace traditional data collection (Tables S7 and S8).
Remote sensing, acoustic monitoring and eDNA all have the po-
tential to significantly reduce fieldwork effort and bypass expertise
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constraints, particularly taxonomic knowledge required to identify
more challenging groups of organisms.

Remote-sensed Earth Observation (EO) data can quantify tax-
onomic, structural and functional biodiversity metrics at multiple
scales (Lausch et al., 2016). Spaceborne and airborne EO sensors can
detect a wide range of spectral signals (optical, thermal and radar) and
information can also be captured using lasers (Lausch et al., 2016). A
large focus of EO has been capturing plant spectral traits ranging
from biochemical and biophysical to functional and morphological
(Frye et al., 2021; Lausch et al., 2016; Schweiger et al., 2018). These
traits serve as proxies for plant species and communities, ecological
processes and by extension wider aspects of the ecological commu-
nity (Lausch et al., 2016). The accuracy of the relationship between
the spectral traits and variables of interest depends on the sensor
used, species characteristics and assumptions used to fit the remote-
sensed data (Lausch et al., 2016). Some animal traits—morphological,
physiological, phenotypic and activity—can be captured, depend-
ing on body size and sensor resolution (Lausch et al., 2016). Habitat
area, configuration and diversity metrics can also be calculated from
high-resolution remote-sensed imagery (Price et al., 2023; Sittaro
et al., 2022). Structural data collected using LiDAR can be translated
into vegetation structure and biomass metrics (Broughton etal., 2022;
Jucker et al., 2023). Availability of space-collected biodiversity data
is increasing, and structural and functional metrics are currently the
most feasible to monitor (Pettorelli et al., 2016; Skidmore et al., 2021;
Skidmore & Pettorelli, 2015). Spectral, thermal and radar data col-
lection and modelling approaches are similarly applied to soil health
monitoring, capturing metrics such as soil texture, moisture, and soil
organic matter and carbon (Abdulraheem et al., 2023). Remote sens-
ing to assess soil health offers the advantage of capturing variables
over large areas and long time frames without the need for intensive
soil sampling; however, there are still limitations in assessing deeper
soil layers and in relating the indirect data collected to the focal met-
rics (Abdulraheem et al., 2023).

eDNA identifies the organisms present in an ecosystem by
extracting DNA from an environmental sample such as water
or soil (Bohmann et al., 2014). Sensitivity varies by taxon, but it
can provide advances for cryptic or hard-to-identify species, al-
though contamination risks must be managed to reduce false
positives (Fediajevaite et al., 2021). eDNA analysis does not pro-
vide abundance data, so combining it with traditional methods
could increase its impact (Deiner et al., 2017; Pereira et al., 2021).
Resolution depends on reference database completeness, which
varies geographically and taxonomically (Keck et al., 2023).
Processing samples, dataset curation and analysis require special-
ist skills. Although commercial companies offer this service, cost
can be a significant barrier: Depending on detection rates and
sampling methods, traditional species monitoring can be more
cost-effective (Larson et al., 2020; Smart et al., 2016). Directly
metabarcoding plant or animal samples (e.g. a pitfall trap sample
of many invertebrates) uses similar approaches to eDNA analysis,
aiding identification of taxonomically challenging groups, for ex-
ample, invertebrates (Kirse et al., 2021).
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Passive acoustic monitoring captures ecological soundscapes
and is relatively low cost and easy-to-deploy (Ford et al., 2024). The
datarepresents vocal species (e.g. bird songs/calls, cricket chirps and
bees buzzing) and post-processing generates species richness esti-
mates and occupancy models (Ford et al., 2024; Sethi et al., 2023).
Producing species richness metrics from acoustic data requires
extensive training data for comparison and models can only de-
tect vocalisations from well-characterised, common species (Sethi
et al.,, 2023). There is also interest in overall soundscape metrics
that, for example, can be used to compare restored ecosystems to a
reference state (Sethi et al., 2020). These rely on complex modelling
methods such as convolutional neural networks (Sethi et al., 2020).
Whole-system metrics can correlate positively with biodiversity at a
site; however, these relationships are not consistent across multiple
sites, limiting their wide applicability (Sethi et al., 2023). Therefore,
acoustic monitoring is conducted most usefully alongside traditional
ecological monitoring (Sethi et al., 2023). Soundscape monitoring
can also be applied below-ground, and a recent study found a cor-
relation between acoustic diversity and invertebrate abundance,
but not richness (Robinson et al., 2023). Soil soundscape monitor-
ing needs more development and refinement, as currently sounds
produced by living organisms cannot easily be distinguished from
sounds generated by physical soil movement, and there are limited
reference datasets (Metcalf et al., 2023; Robinson et al., 2023).

Large, complex multi-dimensional datasets generated by remote
sensing, eDNA and acoustic monitoring require more sophisticated,
technical and time-consuming data-processing and analysis meth-
ods (Besson et al., 2022). Modelling approaches such as computer
audition and vision packages, and machine learning could provide
the final step of producing derived metrics in a fully automated bio-
diversity monitoring system (Besson et al., 2022). Large, properly
labelled training datasets will be key to expanding automated mon-
itoring across ecosystems at multiple scales (Besson et al., 2022;
van Klink et al., 2022). Currently, the technological approaches
discussed also require standardisation of the data collection meth-
odology; for example, sensor deployment conformation, and acces-
sibility to practitioners may be limited by training needs and costs
(Schmeller et al., 2017). The feasibility of monitoring using remote
sensing and eDNA depends on project scale, taxa and expertise
(Deiner et al., 2017), LIDAR for vegetation is well established (Jucker
et al., 2023), while soil soundscape monitoring is still developing
(Robinson et al., 2023). Integrating traditional methods with tar-
geted technological applications can enhance NbS monitoring while
balancing feasibility, cost and data reliability (Van Klink et al., 2024).

We envision projects increasingly using a mixture of technolog-
ical and conventional approaches to ecological monitoring. In our
example project (Figure 4), acoustic and eDNA monitoring could
capture the species diversity metrics for birds, invertebrates and
soil communities, and remote sensing could capture habitat devel-
opment, vegetation structure and proxy variables for plant func-
tional trait diversity (Lausch et al., 2016). However, high expertise is
needed to process and interpret remote-sensed plant trait and struc-
ture data, reducing accessibility to practitioners unless collaboration

WARNER ET AL.

with scientific researchers is possible (Marvin et al., 2016). Most of
the physical and chemical soil metrics will rely on conventional field

sampling methods (Marvin et al., 2016).

8 | CONCLUSIONS

A monitoring approach integrating above- and below-ground eco-
logical metrics is highly desirable for NbS, given the interdepend-
encies between above- and below-ground ecological processes
(Chomel et al., 2022; Farrell et al., 2020). From numerous possible
metrics, we highlight the most informative and feasible to monitor,
while acknowledging practical constraints on optimal monitoring.
Existing standardised methodologies can be adapted for simulta-
neous biodiversity and soil health monitoring. However, barriers to
implementation include a lack of reference values or thresholds for
many metrics, and in some cases, a lack of standardised data col-
lection methodologies. Emerging technologies may simplify techni-
cally demanding approaches to metric generation but will most likely
complement traditional ecological monitoring. Ultimately, monitor-
ing is project-dependent, and our framework provides high-level
guidance on metric selection and data collection design that can be
refined to meet project-specific goals. While our framework is UK
focused, the metrics and, in many cases, standardised data collec-

tion approaches are widely applicable internationally.
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