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ARTICLE INFO ABSTRACT
Keywords: Ambitions to mainstream Nature-based Solutions (NbS) and achieve global implementation are hampered by the
Natural infrastructure lack of transdisciplinary integration across disciplines and practice. Ecological knowledge, including an under-

Natural climate Solutions (NCS)

standing of how biodiversity can support, and be supported by, NbS design and implementation remains an
TUCN global standard

Ecosystem function under-studied component of the NbS concept despite its critical importance. Starting with a brief primer on the

Resilience major roles that biodiversity plays in NbS performance, we present eight recommendations for enhancing

Global biodiversity framework biodiversity in NbS planning and implementation. This narrative expert synthesis draws from an interdisciplinary
literature search and decades of experience across landscape ecology, environmental engineering, urban plan-
ning, wildlife management, ecological restoration, and conservation science. Recommendations emphasize the
importance of considering the ecological mechanisms that support biodiversity (i.e., viable populations of
coexisting species) and understanding the role of organismal life history, species interactions, habitat prefer-
ences, and metapopulation dynamics in determining NbS features’ ecological resilience and contributions to
biodiversity enhancement (i.e., IUCN Global Standard Criterion 3). We also emphasize the importance of
assessing biodiversity across spatial scales and dimensions (e.g., functional, phylogenetic) and monitoring and
ecological management for anticipating and adapting to unexpected outcomes, invasive species, and ecosystem
dis-services. This review is intended to increase connections between ecological science, conservation biology,
and NbS implementation to support more biodiverse projects with more robust, resilient, and multifunctional
performance and greater contributions to global conservation.
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C.B. van Rees et al.

1. Introduction

Nature-based Solutions (NbS) have gained widespread attention as a
means for addressing societal challenges while benefitting both people
and nature (Cohen-Shacham et al., 2016; Dunlop et al., 2024). The ap-
peal of NbS (and practices subsumed under this umbrella term,
including Natural Infrastructure, Green Infrastructure, Natural Climate
Solutions, Ecosystem-based Adaptation) lies in their multiple benefits,
resilience to extreme events, cost effectiveness, environmental sustain-
ability, and contributions to biodiversity conservation (Keesstra et al.,
2018; McKay et al., 2023). Growing enthusiasm for NbS is evident in
the academic literature (e.g., Dunlop et al., 2024), government and
non-governmental organization initiatives (e.g., European Investment
Bank, 2023), shifts in private- and public-sector investment (e.g., Brill
et al.,, 2021), and major international policy agendas (e.g., Durkin
et al., 2024). As ambitions around NbS grow, experts have advocated
for mainstreaming these approaches to achieve envisioned large-scale
benefits and tackle societal and environmental issues globally (Seddon
et al., 2021; McPhearson et al., 2025).

The growing literature around mainstreaming NbS reveals a sub-
stantial disparity between policy goals, knowledge, and evidence-based
practice; what has been called the NbS implementation gap (Martin
et al.,, 2025). Recent reviews highlight gaps in planning and assess-
ment frameworks, cost-benefit analysis, stakeholder engagement and
social equity, governance approaches, and performance monitoring
(Frantzeskaki et al., 2025; Herath et al., 2025; Chambers et al., 2023;
Albert et al., 2021; Ibrahim et al., 2025). However, this literature has
been slower to address critical knowledge gaps regarding the ecological
dynamics of NbS, neglecting the living components (i.e., biodiversity)
that set them apart as “Nature-based”. This is despite widely cited re-
views highlighting the neglect of biodiversity as a major risk for the field
(Seddon et al., 2021; Key et al., 2022). Benefits to biodiversity have
become a core requirement for projects to be considered NbS under the
International Union for the Conservation of Nature's (IUCN) Global
Standard for Nature-based Solutions (NbS-GS; Cohen-Shacham et al.,
2025). Although this overlap is increasingly referenced in the litera-
ture (Keesstra et al., 2018; Suedel et al., 2022), it is typically with little
critical assessment of how to realize biodiversity gains in practice (e.g.,
Mohd Nazir et al., 2025).

Studies establishing or empirically examining concrete links between
biodiversity conservation and NbS are limited (Key et al., 2022; van Rees
et al., 2023; Hoegh-Guldberg et al., 2024), as is research on how
ecological communities and the traits of their component parts promote
NbS performance (Ramachandran et al., 2024). Thus, guidance for
sustaining, enhancing, and leveraging biodiversity is needed for NbS to
achieve their potential (Seddon et al. 2021; Suedel et al., 2022). To
address this gap, we present eight recommendations for enhancing
biodiversity in NbS implementation, drawing from landscape ecology,
wildlife management, ecological restoration, and conservation biology.
Importantly, decisions about incorporating biodiversity outcomes into
NbS implementation are influenced by governance structures (Martin
et al., 2025), stakeholder rights and engagement (e.g. Ibrahim et al.,
2025; Kiss et al., 2022), land-use trade-offs (e.g. Finch et al., 2023;
Miralles-Wilhelm, 2023), and funding availability (e.g. Chausson et al.,
2023; Thompson et al., 2023) that vary considerably across contexts and
communities. Therefore, these recommendations are intended to sup-
port NbS projects in which decision-makers have already decided to
incorporate biodiversity goals or practitioners interested in incorpo-
rating biodiversity objectives into planned projects. Because all NbS
ultimately rely on biodiversity (see Section 2- Biodiversity and
Nature-based Solutions), these recommendations are relevant to all
studies seeking to enhance the resilience, cost-efficiency, and perfor-
mance of NbS.

We begin by reviewing the major justifications for enhancing
biodiversity via NbS projects, then present recommendations and best
practices for managing and sustaining biodiversity for more robust,
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resilient, and high-performing NbS. Wherever possible, we connect
these with criteria and indicators from the IUCN NbS-GS with a specific
focus on Criterion 3 (biodiversity enhancement). These recommenda-
tions stem from the experiences of a diverse author team with expertise
in freshwater, agricultural, urban, and coastal NbS systems, and are
intended provide a much-needed infusion of ecological thinking to the
expanding transdisciplinary discourse on mainstreaming NbS.

2. Biodiversity and Nature-based solutions

Biodiversity is a critical component of the NbS concept in two
important ways, and exploring these clarifies how ecological theory can
enhance NbS practice. First, biodiversity fundamentally underpins NbS
performance (constituting the “nature” in Nature-based), manifesting
the natural processes by which NbS address societal problems and
providing the resilience and sustainability that set NbS apart from other
approaches (Seddon et al., 2021; Standish and Parkhurst, 2024). These
natural processes are ecosystem services, that is, ecosystem functions or
processes that benefit humans (Fu et al., 2013; Wong et al., 2015).
Ecosystem functions are in turn determined by ecosystem structure,
which is defined by local biodiversity and its myriad interactions,
resulting in an “ecosystem service cascade” (Haines-Young and
Potschin, 2010; Weiskopf et al., 2022, Fig. 1). Where the NbS concept
treats nature as an engine for producing societal benefits, biodiversity
must be understood as the “nuts and bolts” responsible for their sus-
tained delivery. The second and more intuitive connection between NbS
and biodiversity is the potential for NbS projects to enhance biodiversity
(Cohen-Shacham et al., 2016; Mohd Nazir et al., 2025), in other words,
as a means of ecological restoration and species conservation (van Rees
et al., 2023; Jambhekar et al., 2026). Practitioners view biodiversity as
an additional endpoint (or, somewhat circularly, as an ecosystem ser-
vice) of NbS that can be integrated into decision-making, making it both
a working component and an outcome of their successful implementa-
tion. Here, we briefly explore these two connections as a prelude and
justification for our ecology-informed recommendations for NbS
implementation.

2.1. The role of biodiversity in NbS service delivery and resilience

Biodiversity enhances NbS by (1) generating ecosystem services
(Fig. 1), and (2) increasing the resilience of NbS features and therefore
the durability of their benefits (Mori et al., 2021; Shchipanov and
Kalinin, 2024;Seddon et al., 2021). Depending on the disciplinary
lexicon, resilience can mean either the ability for the NbS feature or its
services to resist disturbance or quickly recover from it (Standish and
Parkhurst, 2024; Reed et al., 2024). Field and lab experiments have
demonstrated linkages between different types of biodiversity and
ecosystem function and resilience (e.g., van der Plas, 2019; Jochum
et al., 2020). Although these relationships are influenced by several
factors (e.g., community composition, intraspecific variation, and
abiotic conditions; Sanders et al., 2024), more biodiverse ecosystems
and communities are typically associated with more efficient ecosystem
functioning, a wider array of ecosystem services, greater resistance to
stressors, or potentially greater recovery following disturbance (Bouma
and van Beukering, 2015). Increased biodiversity typically enhances
ecosystem services like carbon sequestration while sustaining delivery
through resilience (Xie and Bulkeley, 2020). From a natural infrastruc-
ture perspective, biodiversity may reduce life-cycle costs, by increasing
capacity for adaptation and self-repair (Nelson et al., 2020; McKay et al.,
2023). This addresses criterion 4 of the NbS-GS that “NbS are financially
feasible and economically justified” and criterion 8 that “NbS contribute
to the enhancement of the enabling conditions for their implementation,
sustainability and mainstreaming”. For example, recent work on the
ecology of plants (e.g., mangroves) used in NbS emphasizes the role of
biodiversity in ensuring the functioning and resilience of nature-based
features under extreme weather events and climatic shifts (Mahecha
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Fig. 1. Conceptual diagram of the relationship between biodiversity and the positive societal outcomes for which NbS are designed and implemented. Biodiversity is
a determinant of the ecosystem structure of a given NbS feature, which in turn dictates ecosystem function and therefore services, which contribute to

desired outcomes.
et al., 2024; Rafferty and Cosma, 2024).

2.2. NbS benefits for biodiversity conservation

The NbS literature is rich in references to their environmental ben-
efits, emphasizing how they create, restore, mitigate, or avoid the con-
version or loss of habitat for native species (Seddon, 2022; Warnell et al.,
2023). The potential for such conservation benefits and the scale at
which they might be achieved are critically important to emerging
biodiversity conservation paradigms (Obura et al., 2023), including the
Kunming-Montreal Global Biodiversity Framework's 2030 targets and
2050 vision (Convention on Biological Diversity, 2022). NbS may also
provide a pathway for achieving ambitious goals like 30x30 (restoring
30% of degraded habitats on Earth by 2030; Convention on Biological
Diversity, 2022; Brancalion et al., 2025) and bending the curve of
freshwater biodiversity loss (van Rees et al., 2023).

Positive conservation impacts (i.e., biodiversity enhancement) are
explicitly described in the NbS-GS, in the U.S. Department of the In-
terior's Nature-based Solutions Roadmap and related criteria (“Expected
to benefit nature”; Warnell et al., 2023), and the Nature-based Solutions
Initiative's guidelines (“NbS support or enhance biodiversity”; Seddon,
2022). These reflect growing formal recognition of the oft-referenced
conservation benefits of NbS, and represent important progress toward
realizing such aims. An ecological understanding of NbS as ecosystems
that support assemblages of interacting organisms will be essential to
achieving biodiversity enhancement and mainstreaming NbS.

3. Recommendations for enhancing biodiversity in nature-based
solutions

Given the essential importance of biodiversity to the ecosystem
services provided by NbS, efforts to achieve NbS-GS criterion 3 would
benefit greatly from guidelines for achieving more biodiverse NbS fea-
tures, and in stakeholder co-produced NbS projects, community mem-
bers may prioritize biodiversity outcomes during co-design. The
following recommendations are the product of an interdisciplinary
critical review of the literature conducted by the authors and a series of
virtual conversations convened by the Network for Engineering With
Nature's (N-EWN, https://n-ewn.org/) Biodiversity Working Group.

Scoping conversations were held via Zoom during November 2024-
August 2025, and co-authors built a combined annotated bibliography
from independent, non-systematic searches using Google Scholar and
Web of Science, and a snowballing approach using both cited and citing
literature (Fig. 2). All literature searching was done from November
2024 to January 2026 (see Supplemental Material 1 for search terms).
Co-authors independently reviewed results of their keyword searches
and screened papers for relevance using the title, keywords and abstract

(see Supplemental Material 2 for the list of citations reviewed after
screening, and Supplemental Material 3 for screening criteria and ex-
amples). Publications were prioritized for inclusion when they directly
informed ecological mechanisms underlying biodiversity enhancement,
biodiversity monitoring, ecological resilience, species interactions,
habitat quality, connectivity, or management considerations relevant to
NbS implementation. Papers included after screening were read in full
by at least one co-author, and major themes were chosen based on group
discussions during and after the reading process. The list of recom-
mendations was assembled iteratively over the course of those conver-
sations, and co-authors were divided into teams for writing based on
their interest and expertise. All co-authors had the opportunity to review
sections they had not participated in writing and to share relevant
literature across groups.

As an expert narrative review, the goal of this paper was not to
systematically assess the current state of the literature on this topic
(which recent reviews find to be minimal), but rather to provide expert
recommendations based on our experiences and research to strengthen
implementation toward more biodiverse and resilient NbS features. We
organized these recommendations based on their relevance to different
stages of the NbS life cycle and across phases like spatial planning, NbS
selection and site prioritization, design, construction, maintenance, and
monitoring (Kurth et al., 2024, Table 1, Table 2). Although NbS are
implemented across contexts with variable enabling environments, and
relatively few NbS explicitly monitor for biodiversity or evaluate
trade-offs (Cohen-Shacham et al., 2025; e.g. Penning et al., 2023), we
highlight examples of socio-economic implementation considerations
wherever possible. Readers specifically interested in restoration-based
NbS should also consult excellent recent reviews of relevant ecological
theory for enhancing ecosystem restorations (Silliman et al., 2024;
Brancalion et al., 2025) (see Table 2).

3.1. Assess both habitat quantity and quality from a life-history
perspective

The conventional approach to supporting biodiversity in NbS centers
on the assumption that ecological manipulations for implementation
provide habitat for local, native biodiversity (Mohd Nazir et al., 2025),
an assumption that is rarely examined critically or mechanistically (Wild
et al., 2026). Understanding specifically how NbS can provide habitat,
and what that means ecologically is critically important for NbS plan-
ning, design, construction, and assessment, as it allows practitioners to
prioritize design elements or physical features that provide necessary
resources. Biodiversity is ultimately maintained by the persistence of
viable populations of species coexisting in space (Cardinale and
Murdoch, 2025). Viable populations are those in which a sufficient
number of individuals survive and reproduce, such that the population
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Fig. 2. Schematic of the workflow conducted in support of this literature synthesis. A series of workshops were held to identify key subject areas pertaining to NbS
and biodiversity, then participants conducted independent literature searches using Web of Science and Google Scholar, screening results and building an annotated
bibliography of relevant papers. Additional meetings were held to further refine subject areas and exchange literature. Additional papers were added as encountered

in selected paper citations.

persists in a location (Shaffer, 1981; Reed et al., 2002). This persistence
requires that organisms complete their life cycle, the predictable
sequence of biological events that make up their lifetime. Life cycles are
composed of life stages (e.g., seed, sapling, and tree) through which an
organism transitions (e.g., birth or hatching, development, meta-
morphosis; Alonzo and Kindsvater, 2008). When enough individuals of a
given species complete their life cycle to (at least) replace themselves
demographically over time (or are replaced by immigration from else-
where), populations remain viable. Thus, a specific mechanism by which
NbDS support biodiversity is through the provisioning of resources (e.g.,
food, shelter, water) that help species complete at least one part of their

life cycle, enhancing survival or reproduction and thus population-level
persistence.

On average, larger areas contain a greater diversity of habitat types,
microhabitats, and/or environmental gradients, which in turn support a
greater number of species; this phenomenon is called the species-area
relationship (Matthews et al., 2020). Despite the importance of habitat
heterogeneity in driving this general pattern (and sometimes overriding
it —see Lizée et al., 2012 and Section 3.2; Table 2), it is common practice
in NbS decision-making, particularly in benefits accounting, to docu-
ment the total area of habitat (often categorized coarsely as “green-
space” or “natural vegetation™) contributed by a project as a measure of
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Table 1

Synthesis table linking recommendations for biodiverse NbS to stages of the NbS
life cycle, and potential or example management actions, indicators, and trade-
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Table 1 (continued)

NbS Life
Cycle Stage

Recommendation

Example
Action(s)

offs.
NbS Life Recommendation Example
Cycle Stage Action(s)

Spatial Planning 1 (Life History
Perspective; Section

3.1)

2 (Habitat
Heterogeneity; Section
3.2)

4 (Dimensions of
Biodiversity; (Section
3.4)

3 (Connectivity;
Section 3.3)

Design 1 (Life History
Perspective; Section

3.1)

2 (Habitat
Heterogeneity; Section
3.2)

Prioritize sites that will create
necessary ecotones for species of
interest that use multiple habitat
types.

Example: Selecting more
topographically complex riparian
areas for a levee setback project
to provide increased refugia for
juvenile fish.

Construction or
Implementation

5 (Unexpected
Outcomes; Section 3.5)

Opt for larger, contiguous patches
of habitat to support higher
abundances (and thus more stable
populations/communities) of
target species.

Example: Other factors being
equal, selecting the region with
the largest available area of
suitable depth for coral in
planning for an artificial reef
establishment.

Choose NbS features that will
contribute to landscape-scale
biodiversity by providing
different or complementary
habitats or resources to those
available to biodiversity in the
vicinity.

Example: Prioritizing a
stormwater retention pond rather
than a bioswale to create open-
water habitat not found
elsewhere in the nearby
landscape.

Account for proximity to other
habitat patches like protected
areas, greenspace, or other NbS,
when siting NbS, placing greater
priority on those that are more
accessible to dispersing
organisms.

Include functional or structural
connectivity modeling in spatial
prioritization algorithms.
Example: Parameterize a
movement model for oyster egg/
larval drift with movement data
and source populations to select
sites for a living shoreline that are
well positioned to receive
dispersing larvae.

Intentionally design NbS to
provide key trophic or spatial
resources in support of target
species' or communities' life
histories.

Example: Introduce or retain
snags for cavity-nesting species
(urban park), use structurally
complex cement tiles to support
sessile organisms (coastal
seawall)

Design NbS features to provide a
range of habitat conditions,
including different substrates,
structures, and temperature or
moisture regimes to provide
niches for different assemblages
of species.

Example: Design a moisture
gradient, a range of substrate

6 (Species Interactions;
Section 3.6)

Monitoring 1 (Life History
Perspective; Section

3.1)

4 (Dimensions of
Biodiversity; Section
3.4)

5 (Unexpected
Outcomes; Section 3.5)

particle sizes, or add large stones
into planters of a green roof to
provide different niches for
invertebrates.

Consult with ecologists and local
community members about
potential risks or negative
ecological consequences of
designs or implementation plans.
Prioritize the use of native plant
species or removal of invasive
species in site preparation or
restoration.

Example: Design stormwater
ponds to avoid attracting
breeding amphibians where
water quality might be harmful to
eggs or larvae by increasing
drainage to shorten hydroperiod
or provide barriers to prevent
amphibians from reaching the
ponds.

Take advantage of biotic
facilitation by leveraging
foundation species, ecosystem
engineers, and other taxa that
provide ecosystem structure or
enhance biodiversity.

Example: Achieve cost savings in
wetland restoration for flood
control and groundwater
recharge via beaver rewilding.
Different stages of a target
organism's life history may be
easier or less expensive to
monitor, or may be more
informative of other ecological
conditions of interest.

Example: Counting hatchling sea
turtles rather than nesting adults
on a sandy living shoreline to
avoid attributing value to
unsuitable nesting areas being
preferentially selected by gravid
females (i.e., ecological trap).
Monitor multiple facets and
dimensions of biodiversity,
including different ecological
guilds, functional and
phylogenetic diversity, as well as
parameters like abundance
(evenness).

Example: Assess the biodiversity
benefits of a mangrove
restoration by monitoring both
aquatic and terrestrial
biodiversity and quantifying the
biomass of a culturally important
crab species in addition to the
diversity of avian guilds using the
restored forest.

Use NbS monitoring data to
watch for unexpected ecological
outcomes like ecosystem
disservices, IAS proliferation, or
ecological traps.

Example: Leverage remote
sensing imagery to monitor a
protected forest uphill from a
large city for invasive tree
encroachment that may decrease
landslide protection or
groundwater recharge ecosystem
services.

(continued on next page)
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Table 1 (continued)

NbS Life
Cycle Stage

Recommendation Example

Action(s)

7 (Biodiversity Make biodiversity a key
Monitoring; Section component of NbS monitoring;
3.7) expand monitoring parameters
beyond habitat characteristics (e.
g., total tree cover, available
water storage) to include resident
organisms.
Example: Track dragonfly
species abundance, richness, and
timing around an urban
stormwater retention pond via a
citizen science effort led by local
schoolchildren.
Ecological connectivity can
reduce maintenance costs by
facilitating organism dispersal
from nearby habitats, stabilizing
populations and communities
within the NbS feature.
Example: Jays from an adjacent
forest tract cache tree nuts inside
a restored forest designed to
prevent landslides,
complementing outplantings or
accelerating recovery from
storms and fires.
Ecological management (i.e.,
maintenance) of NbS features will
often be necessary to maintain
ecosystem services and
biodiversity net-gain or prevent
ecosystem dis-services.
Example: The area within a levee
setback realignment must be
burned at intervals to maintain
the desired hydraulic roughness
of plant community structure for
flood control, and to maintain
openness for herbaceous plant
species of conservation concern.
Take advantage of species
interactions wherever possible to
reduce the need for ecological
management or make
management more efficient.
Example: Install boxes to house
small raptors or aerial
insectivorous birds and bats to
control pest insects or rodents in
terrestrial or coastal NbS.
8 (Ecological Maintenance of NbS features
Management; Section must include ecological
3.8) management; like conventional
infrastructure solutions, NbS
require some continued
investment of energy.
Example: A constructed offshore
island that provides storm wave
protection and horseshoe crab
nesting habitat must be
periodically replenished with
dredge spoils.

Maintenance 3 (Connectivity;

Section 3.3)

5 (Unexpected
Outcomes; Section 3.5)

6 (Species Interactions;
Section 3.6)

conservation benefit. This typically involves land-cover mapping from
remote sensing platforms and assumes that increased area will result in
greater species richness. Thus, habitat quantity is the dominant indica-
tor used in biodiversity accounting for NbS. In practice, this translates to
a “more-is-better” heuristic, where large habitat areas generated,
restored, or protected as part of an NbS are prioritized for their increased
conservation value (Table 1).

Habitat quality also has well-known impacts on site-scale biodiver-
sity via the availability of essential resources like food or nesting sites.
For plants, especially those planted to deliver or support NbS benefits,
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abiotic conditions should be carefully assessed with respect to physio-
logical tolerance to ensure project sustainability (NbS-GS Criterion 8),
because ambient temperatures, water availability, and edaphic condi-
tions have strong impacts on the survival and reproduction of plants and
other foundation species (Pearlmutter et al., 2021; Suedel et al., 2022;
Buckley et al., 2024). At the site scale, some NbS characteristics can
strongly affect local biodiversity despite a small spatial footprint
(Dondina et al., 2025). For example, cavities in dead trees provide
nesting habitat for many small animal species, while areas that collect
water or provide shade act as microhabitats for species sensitive to
drought, cold, or heat (Parajuli et al., 2021; Hohl et al., 2022). Adding
artificial resources like water features, birdfeeders, nest boxes, brush-
piles, rotting logs or bee hotels is a simple environmental management
strategy that makes use of this principle to support additional animal
taxa via habitat and supplemental habitat or food resources. Practi-
tioners can consult local community members, naturalists, and ecolo-
gists to identify such important resources and how they can be
maintained to support desired biodiversity (Table 1).

Importantly, resources at a given site may not be sufficient to support
a species of interest across all stages of its life cycle. In such cases,
landscape-level planning can contribute greatly to increasing biodiver-
sity of NbS features. During site selection and landscape design, prac-
titioners can juxtapose NbS with landscape features offering
complementary resources (e.g., water bodies, sandy substrate) and po-
sition these resources to be accessible to mobile organisms (Table 1; see
also Section 3.3). Given the prevalence of NbS strategies in anthropo-
genic landscapes, planning and designing for habitat quality as well as
quantity will be important to accurately quantify tradeoffs (NbS-GS
Criterion 4, 8) associated with biodiversity enhancement measures and
avoid potential negative impacts (NbS-GS Indicator 3.4) like ecological
traps (Zhang et al., 2020; see Section 3.5). This can be accomplished
through deliberate engagement with ecologists and local communities
with longstanding ties to place, in the interest of leveraging natural
history knowledge about species or assemblages of interest (Hall and
van Rees, 2026).

3.2. Preserve or design for habitat heterogeneity across scales

Different environmental conditions create opportunities for organ-
isms with contrasting life history requirements, environmental toler-
ances, or resource needs to persist in the same location, or to coexist
despite competition (Chen et al., 2020). Such habitat heterogeneity is
also strongly associated with increased biodiversity at multiple scales
(Heidrich et al., 2020). Habitat heterogeneity also creates ecotones (i.e.,
transition zones between different habitat types), which support or-
ganisms with complex life cycles (i.e., using different habitats across life
stages; Hood et al., 2022). For example, many amphibians require at
least some standing water to breed but may range widely in terrestrial
habitats for foraging and shelter (Duellman and Trueb, 1994).

Thus, NbS design and implementation that preserves, maintains, or
creates habitat heterogeneity will more often support higher biodiver-
sity (Fig. 3). This can be accomplished by engaging with landscape ar-
chitects and designers to juxtapose structurally and compositionally
different habitats (e.g., vegetation communities, tidal conditions, soil
types) and providing a range of conditions across environmental gra-
dients to support increased biodiversity within individual NbS features
(Suedel et al., 2022). One simple approach in practice would be to assess
habitat cover at the site- and landscape-scale and prioritize NbS strate-
gies that add new habitat types (Table 1). While incorporating habitat
heterogeneity into NbS design can help maintain local biodiversity, it
may not be sufficient in situations where other factors like environ-
mental stressors (e.g., pollution; Palmer et al., 2010) limit biodiversity,
where species of concern need large, uninterrupted habitat areas (i.e.,
area sensitivity; Willmer et al., 2022), or where societal constraints like
policy mechanisms or stakeholder preferences directly conflict with NbS
strategies that might otherwise increase heterogeneity.
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Table 2
NbS case studies and recognized biodiversity outcomes, and their implications for NbS practice.
Case Study (Category) Indicator(s) Biodiversity Lesson(s) Learned Citation
Outcome(s)

San Francisco Estuary Invertebrate abundance and Invertebrate community assembly differed Biodiversity outcomes will vary based on Pinnell et al.
Living Shorelines species identity, community between eel grass and oyster bed restorations.  different ecosystem types. (2021)
(Coastal) structure Some recruited species increased landscape- NbS features can contribute to landscape-scale

scale biodiversity. Some expected species did biodiversity by attracting species not found in
not appear in expected densities. other local habitats.
Even where habitat is appropriate, target
species may be limited by recruitment ability or
connectivity, necessitating deliberate
introduction (i.e., management & maintenance)

Savannahs in Democratic Tree species richness, diversity,  Exclusion of anthropogenic fire rapidly Ecological management/maintenance actions Djiofack
Republic of the Congo and community composition, recovers species richness (10-20 years), but as part of NBS can yield substantial biodiversity et al. (2024)
(Forest/Carbon aboveground biomass species composition recovers much more gains.

Sequestration) slowly. Species abundance/evenness and other
community-level parameters may respond
differently than richness and diversity.

Melbourne Green Roofs Vegetation Composition, Invertebrate community was largely Landscape context may have significant Dromgold
(Urban) Invertebrate abundance & determined by surrounding habitats in the influence over biodiversity in NbS, in some et al. (2020)

species richness landscape. cases more than design elements (e.g., choice of
planted vegetation), necessitating
consideration in planning prior to
implementation.

Abiaca Creek Levee Water chemistry, fish Fish communities in borrow pits were similar Feature size and design (i.e., habitat area) can Shields and
Setback (Riverine) abundance, biomass, species to the creek channel, but pond size affected strongly affect the supported biodiversity Knight

richness fish community composition. community even if habitat types are largely the ~ (2013)
same.

Taiwan Stormwater Water chemistry, species Bird biodiversity increased with wetland area, ~ Biodiversity outcomes can vary dramatically by =~ Hsu et al.
Treatment Wetlands richness, community fish biodiversity with area and dissolved taxon. (2011)

(Urban)

composition, and abundance of
birds, fish, and invertebrates

oxygen, and invertebrate biodiversity with
area and aquatic macrophyte cover.

Habitat area is often a dominant driver of
species richness.

Key microhabitats and structural elements (i.e.,
sources of habitat heterogeneity) can greatly
enhance biodiversity for some taxonomic
groups.

At the landscape scale, habitat heterogeneity often manifests as
patchiness, the spatial interspersion of discrete areas (patches) of
different habitat types. For a given species, one or more land cover types
may function as habitat, while others are considered matrix (areas that
do not provide resources; Ricketts, 2001). The spatial arrangement of
these patches, their relative size, and their boundaries strongly influence
resident biodiversity (Lizée et al., 2012) and delivery of ecosystem ser-
vices to people (Dong et al., 2026). For example, these relationships
control whether subpopulations inhabiting patches of favorable habitat
are connected by dispersal (see Section 3.3), whether additional re-
sources like water are available to resident organisms (resource sup-
plementation), or if negative pressures are introduced from adjacent,
contrasting habitats (edge effects; Willmer et al., 2022).

From an NbS planning perspective, most nature-based features are
isolated patches of habitat or greenspace in an urban or agricultural
matrix. This ecological “syndrome” of NbS features can lead to isolated
subpopulations of organisms with increased probability of extirpation (i.
e., localized extinction; Faeth et al., 2011) and thereby reduce their
performance and conservation value. Some species can persist in small
patches of habitat (Steigerwald et al., 2024), but they are more exposed
to edge effects like higher temperatures, wind, or human-associated
predators (e.g., domestic cats), necessitating careful planning or man-
agement to support viable populations and avoid creating ecological
traps. Similarly, if the contiguous area of a given habitat type is reduced
below a certain threshold, area-sensitive species may be lost from the
landscape, even if the total amount of area of that habitat has not
changed at the landscape scale. However, incorporating heterogeneity
into NbS design can increase NbS performance through improved
ecosystem function and enhanced biodiversity (Tortosa et al., 2023).
Looking beyond the design of individual NbS, area prioritization for NbS
development should include ecological variables like species of interest,
habitat preferences, and dispersal behavior (van Rees et al., 2024,

Table 1) to better capture how or whether anticipated trade-offs with
other land uses can deliver desired biodiversity outcomes. Landscape
planners and decision-makers could account for patch dynamics in
consultation with ecological experts and local people, especially using
participatory modeling approaches (see also Box 2).

3.3. Incorporate local biodiversity dynamics into connectivity planning
and prioritization

In an ecological context, connectivity describes how a landscape
facilitates or impedes movement between or among patches of habitat or
resources. Where connectivity is high, mobile organisms readily disperse
between patches, potentially increasing resource availability and
landscape-level biodiversity (Crooks and Sanjayan, 2006). NbS features
that are accessible to organisms or propagules (e.g., seeds, planktonic
larvae) from adjacent habitats will be more biodiverse and support more
taxa, even if they don't offer all of the necessary resources for organisms
to complete their life cycles (Crooks and Sanjayan, 2006). In other
words, the connectivity of NbS features with other habitats modulates
their ability to support local biodiversity. Connectivity can also increase
the resilience of biodiversity contributions to NbS performance by
facilitating natural population dynamics across landscapes that would
otherwise limit or inhibit these processes. Connectivity is thus an
important consideration for site planning and spatial prioritization for
NbDS projects (Prodanovic et al., 2024), and can be included in the pro-
cess using movement data and connectivity models for species of interest
(Préau et al., 2022; van Rees et al., 2024; see examples in Table 1).

Metapopulation dynamics (see Box 1) describe the interactions be-
tween spatially separate subpopulations via movement (Hanski, 1999)
and the theory of metapopulations is especially relevant for how
biodiversity is maintained in small and isolated habitats within NbS.
Isolated populations have higher extinction risk due to inbreeding



C.B. van Rees et al.

1 M. 414 (2026) 130518

Journal of Enviro

Fig. 3. Conceptual diagram of key concepts for maintaining and supporting biodiversity within NbS and their larger landscape. A-F: (A) an artificial oyster reef is
positioned in line with tidal currents to receive dispersing larval propagules, thus increasing resilience and stability. (B) an artificial wetland (right) built adjacent to a
natural wetland exhibits increased biodiversity due to organismal movement (connectivity) between habitats. (C) A road blocks movement between the artificial
wetland and a nearby forest. (D) Habitat features like dead trees (snags) provide resources for supporting additional species in a planted forest for sequestering
carbon. (E) Linear NbS features like two-stage drainage ditches can provide corridors, facilitating organismal movement and population or habitat connectivity
among protected areas or other NbS. (F) Different landscape types have different permeability to movement (solid vs. dotted lines), differentially affecting con-
nectivity between a forest patch and urban greenspace. (G) Habitat heterogeneity within an NbS feature increases the diversity of supported taxa and provides

complementary resources for organisms with complex behaviors or life cycles.

depression (the accumulation of deleterious alleles) and random events
(environmental and demographic stochasticity). However, meta-
population dynamics may introduce new genetic variation (so-called
genetic rescue) or replace scarce demographic classes like breeding fe-
males (demographic rescue) to bolster such populations. Even limited
connectivity allows for the persistence of a species in highly fragmented
landscapes, although individual populations in semi-isolated patches
may regularly go extinct and be re-established (Hanski, 1999). Con-
nectivity can also counteract Allee effects (Stephens et al., 1999)
whereby smaller populations have lower growth rates, increasing their
extinction risk. These considerations may be particularly relevant for
projects seeking to adhere to the NbS-GS' guidance to choose “formerly
existing species of vegetation when restoring” (Cohen-Shacham et al.,
2025) when populations of the species are small or geographically
patchy to ensure their on-site persistence (NbS-GS Criterion 8). By
designing or prioritizing to maximize connectivity, practitioners can
take advantage of metapopulation dynamics, increasing community
stability and potentially reducing costs (Table 1).

Although conventional NbS approaches typically overlook the value
of ecological connectivity (Key et al., 2022; Standish and Parkhurst,
2024), recent research and synthesis in urban systems provide increas-
ingly robust guidance on promoting connectivity via planning and
landscape architecture (Donati et al., 2022; Prodanovic et al., 2024) by
providing ecological corridors and steppingstones (Croeser et al., 2024).
NbDS features themselves may also promote exchange between isolated
subpopulations in protected areas or other suitable habitats (Franklin
et al., 2024, Fig. 3). For example, genetic evidence suggests that linear
surface water features including drainage ditch networks may serve as
dispersal corridors for endangered waterbirds in the urbanized

landscape of O'ahu, Hawai'i, reducing extinction risk for small pop-
ulations in isolated reserves (van Rees et al., 2018).

Resources like Movebank (www.movebank.org/) in conjunction
with global databases of species distributions and movement simula-
tions (e.g., Omniscape; McRae et al., 2016) may provide an excellent
starting point for modeling the potential of alternative NbS locations or
designs to promote connectivity. In marine systems, combining tidal and
current modeling with empirical data on animal movements might
similarly facilitate an understanding of whether taxa of interest can
reach a site (Table 1). Collaboration between planners, surrounding
property owners, local stakeholders, and ecologists at early stages of
project design is thus a critical part of realizing the conservation po-
tential of NbS at landscape scales (see Box 2), and in contexts where NbS
features span more than one jurisdictional entity, collaborative and/or
innovative governance arrangements may also be required to overcome
social barriers and achieve NbS outcomes (e.g. Scarlett and McKinney,
2016).

Connectivity can also have negative consequences for certain taxa or
habitats, for example by facilitating the spread of invasive alien species
(IAS) that degrade ecosystem structure and function or promoting
dispersal and settlement into sub-optimal habitats like ecological traps
(Zhang et al., 2020; Potgieter et al., 2026). In levee setback systems,
restored floodplains increase lateral connectivity to the river channel
and may introduce predatory fishes, reducing habitat value for am-
phibians (Michael et al., 2023). Accordingly, we recommend careful
consideration of the ecological impacts of different types of connectivity
(hydrological, landscape) and the NbS feature's position in the landscape
early in planning and implementation to predict and manage for the
effects of connectivity on resident biodiversity.
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Box 1
Glossary of terms

Box 1: Glossary of terms. Note that many terms will have distinct usages differing by discipline; here we list those definitions in the sense that
they are used in this manuscript.

a-Diversity: Site-level measurements along one or more of biodiversity dimensions.

p-Diversity: Turnover or differences between sites (thus including an element of species composition), which helps to describe the degree of
landscape heterogeneity.

y-Diversity: Landscape or regional-level biodiversity combining site-level indices and between-site differences, integrating local metrics and
turnover across sites.

Ecosystem services: Benefits to people produced by ecosystems, including provisioning, regulating, supporting, and cultural services.
Ecosystem dis-services: Negative impacts on people (e.g., disease vectors like biting insects, unpleasant odors) produced by ecosystems.

Ecosystem function: Processes that are driven by interactions between living organisms and the physical environment (e.g. energy flow and
nutrient cycling). From an ecological engineering perspective, processes, actions, or tasks that an ecosystem can perform (e.g., a floodplain
ecosystem is capable of denitrification).

Functional trait: Ecologically relevant and measurable organism characteristics related to function, performance, or resilience that define a
trait linked to ecosystem processes and NbS performance.

Nature-based Solutions: Actions to address societal challenges through the creation, protection, sustainable management and restoration of
ecosystems, benefiting both biodiversity and human well-being.

Natural Infrastructure: Uses natural processes and ecosystem services to support infrastructure engineering objectives, such as reducing flood
damages or securing safe and ample water supplies. Examples include marshes and dunes that protect coastal property and infrastructure against
storms and erosion, as well as forests and wetlands that reduce river flooding and purify water for downstream communities.

Biodiversity (Biological Diversity): The variability among living organisms from all sources including, inter alia, terrestrial, marine and other
aquatic ecosystems and the ecological complexes of which they are part; this includes diversity within species, between species, and of eco-
systems. Defined here following the 1993 Convention on Biological Diversity (CBD) (http://www.cbd.int/convention/articles). The CBD
formally defines ‘Biological Diversity’, which is assumed to be equivalent to ‘Biodiversity’.

Population Viability: The ability of a population to persist over time, often quantified as a probability of extinction within specified time
window.

Habitat Heterogeneity: Variation in habitat patches or vegetation types within a site or landscape.

(Ecological) Connectivity: The degree to which a landscape facilitates the movement of individuals, propagules, or resources between disjunct
habitat patches.

Ecological Management: The deliberate alteration of some aspect of an ecosystem or its resident biodiversity to achieve a desired outcome (e.
g., a given successional stage or the persistence of a given species).

Other Effective area-based Conservation Measure (OECM): A geographically defined area other than a Protected Area, which is governed
and managed in ways that achieve positive and sustained long-term outcomes for the in situ conservation of biodiversity, with associated
ecosystem functions and services and, where applicable, cultural, spiritual, socioeconomic, and other locally relevant values.

Invasive Alien Species (IAS): Non-native organisms, often introduced to an ecosystem by human activities, which may cause economic or
environmental harm or adversely affect human health.

(Ecological) Corridor: Linear habitat, embedded in a dissimilar matrix, that connects two or more larger blocks of habitat and is proposed for
conservation on the grounds that it will enhance or maintain the viability of specific wildlife populations in the habitat blocks.

Nuisance Species: A native or non-native species that has negative interactions or effects on people and/or infrastructure.
Matrix: Land use, cover, and/or environmental conditions that differ from either species’ habitat or reference/natural conditions.

Ecotone: Zone of transition between adjacent ecological systems, having a set of characteristics uniquely defined by space and time scales and
by the strength of the interactions between ecological systems.

Ecocline: Intermediate gradients or boundaries between habitat types, which are often centers of habitat complementarity.
Species richness: A count of the number of species within a site or defined spatial unit.

Species evenness: The relative abundance and distribution of species which helps to define community structure and function.
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3.4. Plan and design for different scales and dimensions of biodiversity

The ways in which biodiversity is conceptualized and measured are
critical for understanding its interactions with NbS performance and
accurately tracking conservation benefits (van Rees et al., 2026). Several
dimensions of biodiversity (e.g., phylogenetic or functional traits, spe-
cies evenness) are relevant to the ecological processes underlying NbS
performance and resilience (Le Provost et al., 2023; Rafferty and Cosma,

2024; Ramachandran et al., 2024; see box 1), making them critically
important for NbS planning, design, monitoring, and evaluation.
Biodiversity can also be assessed at multiple scales, where a-biodiversity
refers to site-level measurements along one or more of these dimensions,
p-diversity to turnover or differences between sites (thus including an
element of composition), and y-diversity a landscape-level total
combining these values across several sites (Cardinale and Murdoch,
2025).


http://www.cbd.int/convention/articles

C.B. van Rees et al.

Box 2
Important social considerations and connections for implementing biodiverse Nature-based Solutions.

Ultimately, NbS are implemented within a local sociopolitical and economic context, and their success depends on coordination with local
communities, compatibility with local governance structures, and strategic land-use planning (described in NbS-GS 5 and 6). Many important
manifestations of biodiversity and social contexts are local in nature, making careful attention to place-based ecological mechanisms and issues
of equity critical for successful NbS (Hall and van Rees, 2026). Stakeholder engagement is increasingly recognized as integral to NbS devel-
opment, including for conservation benefits (Ibrahim et al., 2025). We emphasize that local communities provide relevant information not only
for identifying the most important ecological challenges to address in a system, but also for identifying locally relevant metrics for monitoring
(van Rees et al., 2026) and in flagging ecosystem dis-services that might negatively affect community members. The place-based ecological
knowledge of Indigenous People and Local Communities is critical to maintaining local variants or species assemblages (f-Diversity) particular
to an area and avoiding landscape homogenization through NbS mainstreaming.

Stakeholder consultation and coordination can also support monitoring and maintenance, providing potential cost efficiencies where most
budgets allocate little toward these tasks (Seddon et al., 2021; van Rees et al., 2022). Especially where NbS features are implemented in working
landscapes actively used by local people, human presence on the landscape can constitute a powerful form of monitoring, especially when
facilitated by smartphone technology, nature identification apps, and organized volunteer programs (Johnston et al., 2023). From a manage-
ment standpoint, where local stakeholders directly use resources provided by an NbS or have a culture of stewardship and reciprocity with the
ecosystem, management and maintenance activities can become a standard societal practice; for Indigenous and other communities with
long-standing ties to place, this may simply be a historical default (Nelson and Reed, 2025). Co-management of NbS features by local people
could also contribute to meeting global objectives to increase the contribution of OECMs (Box 1) to supporting biodiversity (Alves-Pinto et al.,
2021).

Land management decisions around NbS may involve tradeoffs between desired ecosystem services, biodiversity goals, and stakeholder needs,
necessitating decision-making frameworks that can navigate these complexities and avoid adverse impacts on local communities (Albert et al.,
2021). This is particularly common in the context of agricultural landscapes (Miralles-Wilhelm, 2023), necessitating allocation of space for
living, production, and biodiversity goals (Liu et al., 2025). For example, prioritizing locations for NbS in areas that enhance ecological con-
nectivity might not be compatible with existing patterns of land ownership, or with other needs, for example accessibility for recreation.
Participatory frameworks involving co-design are needed to ensure equitable implementation across stakeholder groups and to identify and
navigate tradeoffs where they may exist (Slinger et al., 2023). Stammel et al. (2026) highlight the success of a recent case study in Serbia where
tradeoffs for floodplain restoration NbS were addressed using workshops. We recommend deliberately including biodiversity data, for example
from public databases of species occurrences or movement, along with participatory modeling approaches used in wildlife conservation (e.g.,
Vukomanovic et al., 2023) to more effectively enhance biodiversity while promoting social equity.

Importantly, resident biodiversity within NbS features may help address critical social obstacles to implementation mainstreaming NbS, for
example a lack of public awareness, trust in NbS performance, or project visibility (Cuenca-Cambronero et al., 2023). Charismatic species can
give projects a “face”, providing an entry point for education and outreach efforts. This might provide a synergistic benefit to NbS imple-
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mentation in general while addressing the prevailing under-recognition of conservation goals in practice.

The most common metric used to quantify site-scale (@) biodiversity
is species richness (i.e., number of local species), which excludes useful
information on other dimensions of biodiversity that are needed to
assess species persistence or ecosystem service delivery (Fletcher et al.,
2025). For example, species richness does not distinguish between
native and introduced species, so increases in richness may be driven by
habitat degradation (i.e. IAS colonization) rather than ecological im-
provements. Incorporating metrics that include species identity would
help avoid attributing conservation value to IAS and instead prioritize
NbS features that make unique contributions to improving native
biodiversity. Ecological communities that contain different species from
those in another area (f-diversity) increase the overall (landscape-scale;
y) diversity, even if they are similar in total number of species (Table 2).
For example, sea grass restoration associated with oyster-reef living
shorelines has been shown to increase landscape-scale invertebrate
biodiversity, supporting species not otherwise found in an area (Pinnell
et al., 2021). The relative abundances (number of individuals) of
different species (evenness; Box 1) also modulate ecosystem service
delivery (Zhou et al., 2025), suggesting that careful attention to patch
size (Section 3.2) and initial population sizes of stocked organisms like
plants have major implications for NbS performance and resilience.
Relative abundance, when paired with additional data (traits and
evolutionary relatedness), can also be used to calculate functional and
phylogenetic metrics of biodiversity (Chao and Colwell, 2022), which
may be particularly useful when a project seeks to increase ecosystem
multifunctionality but the exact species or processes that deliver indi-
vidual functions are poorly understood (Ramachandran et al., 2024).
Increasing multiple dimensions and facets of biodiversity can be

10

achieved through addressing gaps in life history needs of key species
(Section 3.1; Table 1) and increasing habitat heterogeneity (Section 3.2;
Fig. 3).

Attention to species identity and other dimensions of biodiversity in
conservation efforts is critical for setting appropriate goals and devel-
oping outcome-relevant monitoring and evaluation plans (Socolar et al.,
2016; Filazzola et al., 2019), and protecting and restoring local (sub)
species, populations, and assemblages will be necessary to enhance
biodiversity through mainstreaming NbS. Thus, we recommend that
planning and accounting for biodiversity in NbS siting, design, and
implementation take into account multiple dimensions and forms of
biodiversity, and not just site-level species richness (Table 2). We note,
however, that there are variable resource costs (time, money, etc.)
associated with monitoring different dimensions of biodiversity (e.g.
Kiihl et al., 2020; Callaghan et al., 2024) that impose constraints on the
capacity to monitor NbS ecology. Setting project goals requires consul-
tation with local people and communities, rather than relying purely on
top-down approaches like species distribution models and remotely
sensed data (Kiihl et al., 2020; Hall and van Rees, 2026). Local com-
munity and land-owner knowledge is an under-utilized source of local
biodiversity information, especially for identifying cases where species
identity is particularly important (e.g., beneficial, culturally valuable, or
harmful species), and involving these stakeholders in monitoring can
help overcome some of the resource costs and strengthen capacity
(Schmeller et al., 2017; Kiihl et al., 2020 but see Johnston et al. (2023)
for potential challenges). Garnering such information also provides a
meaningful opportunity for stakeholder engagement and inclusion in
NbS planning and design (NbS-GS Criterion 5; see Box 2).
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3.5. Consider unexpected ecological outcomes for and from biodiversity

Ecological dynamics can lead to unexpected outcomes, especially in
human-dominated landscapes where ecosystems may have a simplified
structure and where novel assemblages of species interact. Unexpected
outcomes in NbS applications might include ecological traps, ecosystem
disservices like nuisance species, disease vectors, or loss of NbS function
due to IAS (Box 1; Lyytimaki and Sipila, 2009;Zhang et al., 2020;
Prodanovic et al., 2024). These potential negative consequences have
cross-cutting implications for the NbS life cycle; practitioners can
anticipate such impacts through research in planning, detect them via
asset monitoring, and mitigate them during the design and imple-
mentation process, or through post-hoc management.

Stormwater wetlands are well-studied NbS for which ecological traps
have been documented. Frog larvae (tadpoles) hatched in these artificial
wetlands can exhibit reduced survival rates, although adults do not
avoid ovipositing in them and may have no local alternatives for
spawning (Sievers et al., 2018; Zhang et al., 2020). In agricultural and
urban landscapes, NbS surrounded by potentially hazardous matrix (e.
g., high vehicle traffic, pesticide applications) result in high dispersal
mortality, leading to negative population-scale impacts on local biodi-
versity (Vasiliev and Greenwood, 2022).

So-called “nuisance species” are often favored by disturbed, artifi-
cial, or modified ecosystems in human-dominated landscapes, exhibit-
ing increased population densities or modified behaviors that lead to
negative impacts on people or the ecosystem. For example, water
management strategies in rice fields in Southern Spain alter seasonal
space use patterns in gulls (Larus spp.) that feed in landfills, transporting
heavy metals, antibiotic-resistant bacteria, and microplastics to agri-
cultural and conservation areas where they roost at night (van Rees
et al., 2021; Martin-Vélez et al., 2024). He et al. (2024) documented a
large nesting colony of gulls that formed around a green roof in New
York City and resulted in elevated fecal coliform levels from runoff,
counteracting planned water quality benefits.

IAS are among the greatest threats to biodiversity globally, driving
declines that can greatly compromise ecosystem resilience and
ecosystem delivery. Their abundance and ecological impacts are often
greater in human-modified and anthropogenic environments (Comte
et al., 2021; MacDougall and Turkington, 2005), making them a
serious risk for NbS (Potgieter et al., 2026). In the eastern U.S., the
invasive reed Phragmites australis rapidly colonizes living shoreline sites
(McCormick et al., 2020). Studies suggest that Phragmites can reduce the
capacity of restored salt marsh to both attenuate waves and migrate
upland in response to sea level rise in its invaded range, compromising
shoreline protection ecosystem services (Coleman et al., 2023). IAS
encroachment can negate biodiversity enhancement benefits of flood-
plain reconnection NbS within 5-10 years of project completion,
reducing return on investment (Parajuli et al., 2026). Such impacts
suggest the need for ecological management to maintain NbS perfor-
mance and reduce the potential for negative spillover effects on eco-
systems including conservation areas (Hardaway, 2017).

While IAS typically reduce ecosystem services, some non-native and
invasive species can perform helpful functions like erosion control. The
intentional introduction of non-native species for ecosystem service
delivery has led to problematic ecological decline and ecosystem dis-
services in many instances (e.g., mangroves in Hawai'i; Allen, 1998).
Careful ecological design and management of NbS is important to
maintain their resilience and performance while avoiding the propaga-
tion of IAS or nuisance species that degrade local biodiversity, reduce
NbS performance, or create unexpected ecosystem dis-services (Sotka
and Byers, 2019). Practitioners should consult local communities or
regional ecological literature to identify potential IAS of concern and
consider strategies to prevent their establishment and spread (Table 1).
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3.6. Leverage species interactions for cost efficiency, resilience, and
conservation performance

Species interactions are a critical biotic determinant of biodiversity,
making species identity especially important for NbS performance and
cost-efficiency. The importance of these interactions for local biodiver-
sity is implicit in recommendations for selecting native plant species for
NbS (Zhang et al., 2020; NbS-GS Indicator 3.2), which assume that
native plant species support more local biodiversity (e.g., pollinators or
herbivores). For example, many insect species are specially adapted for
coping with the defensive secondary metabolites of plants with which
they have had a sufficient evolutionary history to overcome those de-
fenses. Where such plants are abundant, more native herbivores and
their predators and symbionts can complete their life cycles, directly
increasing local biodiversity, with the opposite trend where invasive or
non-native plants are prevalent (Narango et al., 2017). In marine sys-
tems, IAS like non-native seagrasses reduce food quality and availability,
supporting fewer herbivores than native species (Muthukrishnan et al.,
2020)

Such trophic (i.e., food web) interactions indirectly support addi-
tional biodiversity via secondary production (the production of primary
consumers that are in turn consumed by predators), which supports
additional trophic tiers of organisms. For example, where native plant
communities support sufficient populations of herbivorous insects, the
diversity and abundance of songbirds increases (Burghardt et al., 2009).
Understanding the potential for such interactions to support higher
biodiversity and NbS function is critical for achieving positive conser-
vation outcomes and more robust performance.

Facilitative interactions between species, in which organisms confer
non-consumptive benefits to other organisms (e.g., pollination, seed
dispersal, shelter) also strongly affect biodiversity at patch and land-
scape scales (Yeakel et al., 2020). Some species, like ecosystem engi-
neers (sensu Jones et al., 1994) have a disproportionate impact on the
physical structure of ecosystems, creating conditions or habitats that
favor other taxa (Byers, 2024). Such facilitative interactions suggest the
utility of rewilding efforts from a management point of view, where
reintroducing or supporting one species leads to outsized enhancement
of local biodiversity (Law et al., 2017).

A key advantage of facilitative interactions for NbS practice is that
species like ecosystem engineers guide the trajectory of an ecological
community toward a desired state (Moustakas et al., 2019; Byers, 2024),
potentially reducing the need for ongoing interventions (i.e. enhancing
sustainability; NbS-GS Criterion 8) and thus providing cost savings
(NbS-GS Criterion 4). Such facilitation may be especially important for
projects in areas with stressful abiotic conditions, such as in semiarid
climates, high temperature variation, or at early stages of succession
(Bertness and Callaway, 1994). In these cases, facilitative interactions
can enable colonization and buffer abiotic conditions, promoting posi-
tive feedbacks ameliorate environmental conditions. For example, oys-
ter reefs assemble via the recruitment of pelagic, larval oysters to
existing structures. Oyster shell has long been recognized as the best
substrate for recruitment and thus reef-building efforts that take
advantage of this self-facilitation can optimize outcomes (Rupasinghe
et al, 2024). Communities characterized by more ecological in-
teractions often show stability and reduced extinction risk (Yeakel et al.,
2020) and can be more resistant to invasive species and their negative
impacts (Zhang et al., 2020), reducing maintenance, management, and
even construction or restoration costs where targeted species in-
troductions leverage facilitative interactions.

Careful selection of native species during NbS implementation,
especially those with outsized roles in the community (e.g., keystone or
foundational species, ecosystem engineers), can thus increase cost-
efficiency and reduce maintenance costs and increase performance
across functions. We therefore recommend that information on ecolog-
ical relationships leveraged by practitioners through collaboration with
ecologists (Table 1). This will allow key species to be either intentionally
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added or encouraged by establishing optimal site conditions for their
natural establishment (e.g. installing beaver dam analogues to retain
water in dryland streams). Strategic thinking by planners in consultation
with ecologists, naturalists, and knowledgeable local people will be
essential for properly leveraging species interactions for more effective
and biodiverse NbS.

3.7. Frame biodiversity monitoring as asset monitoring

Post-construction monitoring is a key part of the infrastructure life
cycle, ensuring that engineered assets are performing as expected and
identifying needs for maintenance or adaptive management (Kurth
et al.,, 2024). Despite being a core part of the NbS-GS, ecological
monitoring is rarely implemented in NbS practice (Filazzola et al., 2019;
van Rees et al., 2022). Monitoring data on biodiversity are critical to
understanding the relationship between NbS ecological structure and
performance, and to develop an evidence base for potential conservation
benefits (Seddon et al., 2021; Standish and Parkhurst, 2024; van Rees
et al, 2026). Without quality monitoring data across taxonomic
groups, functional guilds, ecosystem processes and/or levels of biolog-
ical organization, practitioners will have an incomplete understanding
of the ecological dynamics of NbS projects and risk suboptimal perfor-
mance, especially under changing environmental pressures (e.g.,
pollution, extreme weather). This can lead to poor performance, losses
of ecosystem service delivery or conservation value over time (e.g., due
to successional change or IAS), or unexpected outcomes like ecosystem
disservices (see 3.5, Unexpected Outcomes and NbS-GS Criterion 6).
Monitoring NbS features, as with any other asset, is critical for adaptive
management (NbS-GS Criterion 7), enabling responses to changing
conditions that maintain function and sustain performance (Kurth et al.,
2024).

Importantly, NbS require different approaches to monitoring
compared to conventional infrastructure, including measurements of
complex ecological dynamics and multi-faceted biodiversity parameters
that will vary over time and space (van Rees et al., 2022; Warner et al.,
2025; see Section 3.4). This presents a substantial challenge in designing
appropriate metrics and indicators (Burgess et al., 2024; Wauchope
et al., 2024; van Rees et al., 2026). In the rare cases where biodiver-
sity is explicitly monitored in NbS implementation, (see Section 3.4),
metrics based on plant species richness are common, failing to capture
management-relevant aspects of species identity and ecological dy-
namics that affect management goals (Key et al., 2022; Salvo-Tierra and
Ruiz-Valero, 2025).

NbDS share these challenges with the field of ecological restoration,
where post-intervention monitoring is time-consuming, costly, and
rarely implemented (Zu Ermgassen and Lofqvist, 2024). This reality can
create tension between NbS-GS Criteria 3 (enhanced biodiversity) and 4
(financial feasibility and economic justification) (Cohen-Shacham et al.,
2025). New technological tools, including rapid or remote sensing
methods like eDNA, acoustic monitoring, GIS and remote sensing, as
well as following NbS-GS practices like collaborating with community
members to co-design and implement monitoring have great promise to
lower some of the resource barriers to long-term monitoring (Table 1;
Ross et al., 2023; Leandro et al., 2024; O'Brien et al., 2024).

The appropriate indicators, metrics, and facets of biodiversity, as
well as the most appropriate spatial scales at which to monitor, are an
active research field (Kiihl et al., 2020; van Rees et al., 2026), and the
best approaches will be context dependent. Government guidelines for
NbS implementation in the European Commission (Dumitru and
Wendling, 2021) and United States (Warnell et al., 2023) recommend
indicators based on species richness derived from range maps or
habitat-level indices from land cover datasets, for example the propor-
tion of nearby protected areas, area of habitat restored, or total length of
ecotone. These simplified, top-down approaches risk missing or
under-recognizing local ecological characteristics and dynamics (Hall
and van Rees, 2026).
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Better integration with local stakeholders can play a large role not
only in collecting monitoring data but also in identifying which aspects
of biodiversity are most informative of or influential to meeting societal
needs (Sangha et al., 2025). Indigenous communities, for example, have
monitored and cared for ecosystems for millennia and can contribute
context-specific expertise for adaptive management of NbS (Nelson and
Reed, 2025; Hall and van Rees, 2026; Box 2). Where funding is limited,
biodiversity may function as a cost-saving indicator of other NbS char-
acteristics, tracking not only ecological dynamics affecting performance
but also the achievement of biodiversity net-gain requirements (van
Rees et al., 2026). Combining new data streams with emerging frame-
works and guidelines for selecting targets, indicators, and metrics
(TEND, 2023), biodiversity monitoring of NbS should enhance, rather
than burden, implementation.

3.8. Treat ecological management as maintenance

Maintenance is a standard part of conventional infrastructure man-
agement, as additional inputs are necessary to maintain structural
integrity and performance over time (Kurth et al., 2024). Although NbS
are commonly thought to require less upkeep (Nakamura et al., 2020),
many ecosystems, especially those in human-dominated landscapes,
require continuous or repeated intervention (Fig. 4; Table 2). As external
stressors (e.g., pollutants) or IAS (see salt marsh example above; Fig. 4)
alter ecosystem structure, potentially degrading functions and useful
services in an NbS system, ecological management is necessary to
maintain performance and should be anticipated when allocating re-
sources for NbS implementation (e.g. Thompson et al., 2023; Girot et al.,
2025, Table 1). Human beings have managed ecosystems throughout
our evolutionary and recorded history, using controlled burns, grazing,
flooding, ditching, and thinning and planting of vegetation to achieve
desired characteristics (McMichael et al., 2023). In coastal environ-
ments, substrate modifications like constructed fishponds were also
historically common and required frequent repair from the effects of
wave action (Kikuchi, 1976). Managing and maintaining NbS must also
respond to the rights and interests of local communities affected by NbS
outcomes to achieve long-term success and achieve equity (Santini and
Miquelajauregui, 2022).

The concept of ecological succession, the process of directional,
predictable change in the biodiversity of an ecosystem over time, is
especially pertinent to NbS management. Even in the absence of external
stressors, ecosystem structure and function may change over succes-
sional stages, altering ecosystem services (Sharafatmandrad and
Khosravi Mashizi, 2021) and habitat value (Buckley et al., 2024;
Lovelock et al., 2024). It is thus important to consider the present versus
desired successional stage of a managed ecosystem and its effects on
ecosystem service delivery and conservation benefits.

From a biodiversity enhancement standpoint, many species are
dependent on successional or transitional habitats which need distur-
bance (e.g., burning, logging) to prevent total extirpation from a supe-
rior competitor (e.g. sessile species in the rocky intertidal zone) and
require ecological “maintenance” to persist. NbS management practices
are an opportunity for environment management in support of such
dependent taxa (Miralles-Wilhelm, 2023). Furthermore,
succession-dependent species are likely to differ from those inhabiting
NbS features at other successional stages, increasing p-diversity. For
example, if levee setback must maintain low floodplain tree density to
moderate hydraulic roughness, then vegetation management to sustain
open grassland or shrub habitat would support specialist insects and
birds not occurring in floodplain forests. At the landscape scale, NbS that
support habitats at different successional stages increase habitat het-
erogeneity and y-diversity.

Ecological succession and the resulting changes in ecological com-
munities are disrupted by disturbances, which are events that bring
about drastic changes in abiotic or biotic conditions (Chang and Turner,
2019). Common disturbances include storm events, sea ice, fire, grazing,
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Fig. 4. Examples of natural disturbances or management actions and their general influence on site-level biodiversity. A: Wildfires (natural disturbance) or
controlled burns (active management) can promote plant diversity, contributing in turn to animal, microbial, and fungal diversity. B: Invasive alien species (e.g.,
kudzu, Pueraria montana in North America) can degrade habitat quality, resulting in significant biodiversity loss; preventing such losses may require regular
management and maintenance of Nature-based features. C: Flooding (natural disturbance) or controlled inundation (active management) can increase habitat
heterogeneity and promote colonization of isolated waterbodies by additional taxa. D: Native out-planting can promote native vegetation assemblages, supporting

higher biodiversity.

or disease outbreaks among primary producers or structural keystone
species (e.g., canopy trees or corals). By altering the physical landscape
and successional state of different communities within a land- or
seascape, disturbances typically increase habitat heterogeneity and
biodiversity where their magnitude and frequency are within the
tolerance of the regional species pool (Kumar et al., 2022). Conversely,
more extreme disturbance events, including anthropogenic stressors like
the construction of infrastructure or land development, can reduce
biodiversity and degrade ecosystem function (Gaynor, 2024). NbS may
in some cases change dramatically after disturbance, with significant
implications for performance and maintenance. Awareness of the types
of disturbances an NbS might experience, how these might change
successional stage of trajectory, and any subsequent effects on feature
performance is thus an important part of implementing NbS. Where
naturally occurring disturbances might help maintain a desired succes-
sional stage without management, cost savings (NbS-GS Criterion 4)
might be achieved by initial design (e.g., coastal elevation profile) to
encourage disturbance that maintains that desired state.
Post-implementation actions like monitoring and maintenance are
likely to incur additional costs (Kiss et al., 2022) and willingness to pay
can depend on the realization of NbS benefits and changes in governance
(Neumann and Hack, 2022). However, maintenance may be required for
sustaining social NbS benefits beyond enhanced biodiversity over time
(Gonzalez-Flo et al., 2023) and can be supported by local community
engagement (Kiss et al., 2022). NbS practitioners may also achieve ef-
ficiencies by head-starting ecosystems with foundation species (see 3.6)
that allow natural processes of succession to bring about a desired
ecosystem state for ecosystem service delivery, rather than directly
transporting mature organisms (e.g., larger corals) to start at a more
advanced successional stage. Overall, we encourage NbS practitioners,
and their funders, to view NbS features and individual projects as
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dynamic ecosystems that must be managed and maintained to various
degrees beyond the initial construction or implementation phase, rather
than static assets.

4. Conclusions

We outlined eight key recommendations for NbS researchers and
practitioners to integrate ecological theory into implementation in
mainstreaming NbS. These recommendations build upon and generalize
recent contributions that identify strategies for specific implementation
contexts and NbS types (e.g., Zhang et al., 2020; Donati et al., 2022;
Suedel et al., 2022; Prodanovic et al., 2024), and provide greater detail
into the ecological mechanisms underlying common assumptions about
biodiversity in NbS and related features. The insights offered by this
review illustrate the value of ecological and conservation science for
informing NbS planning and implementation alongside considerations
about land use, governance, and local stakeholder rights, among others
(e.g. Key et al., 2022; Ibrahim et al., 2025). Future research can
contribute to mainstreaming biodiversity in NbS implementation by
testing the use of publicly available biodiversity data for site prioriti-
zation and design, trialing proactive and low-cost approaches to
reducing the impact of IAS, and developing methods or frameworks for
quantifying multiple dimensions and facets of biodiversity. Active
biodiversity monitoring and ecosystem management, especially through
(and as part of) engagement with local communities, must be seen as a
crucial part of durable NbS implementation, which should yield syner-
gistic benefits in project legitimacy, public awareness, and ecosystem
service performance. Ecological monitoring is also a critical part of
building the necessary evidence base for NbS, and emphasize the need
for practitioners to collect and share data about their experiences
designing and implementing biodiverse NbS to improve practice (Key
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et al., 2022; van Rees et al., 2022).

Keeping in mind the “nature” in Nature-based Solutions, the growing
NbS community of practice must more intentionally engage with de-
cades of useful knowledge in ecosystem ecology, ecological restoration,
and conservation biology to increase NbS performance and resilience
and achieve goals for biodiversity net-gain. Achieving more ecologically
informed planning, design, monitoring, and management of these fea-
tures will require the deliberate inclusion of ecologists, conservation
scientists, local community members, wildlife managers, and other
biodiversity experts in all stages of the NbS life cycle (Ibrahim et al.,
2025) and can lead to improved NbS performance (e.g. Préau et al.,
2022; Tortosa et al., 2023). This implies a substantial role for ecolog-
ical consultants, partnerships with academic institutions like thinktanks
and universities, conservation non-profits, as well as citizen scientists
like hobby naturalists and birdwatchers. We strongly encourage NbS
practitioners to engage with these stakeholders and consider biodiver-
sity and ecosystem dynamics explicitly in NbS planning implementation
rather than assuming biodiversity enhancement and NbS sustainability
based on coarse metrics like land cover.
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