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Conservation science and policy are geared primarily
toward the preservation of species and habitats, with
priority often given to the rarest, most vulnerable or
most charismatic forms. This pattern-based approach
has broad appeal and offers a pragmatic short-cut for
targeting conservation action. However, the long-term
efficacy of species and landscape conservation programs
remains highly uncertain, amid growing evidence that
sustainable conservation action requires an increased
emphasis on preserving ecological and evolutionary
processes. This reframing of conservation goals was first
proposed 50 y ago, but the concept has struggled to gain
traction, particularly in terms of translation into policy.
Nonetheless, recent events have shifted the narrative,
with multiple interlinked global challenges—including
biological invasions, food security, disease, and climate
change—putting ecological processes firmly back on the
agenda. Concurrently, conservation finance is changing
rapidly, driven in part by the 2022 Kunming-Montreal
Global Biodiversity Framework, which prioritized actions to
enhance and restore ecosystem stability, connectivity, and
resilience. These ecosystem properties are fundamentally
process-driven and appear to create an operational gulf
between current conservation practice and the targets
of international agreements. We describe how new
approaches can be used to close this gap by redirecting
conservation attention toward processes at the heart
of ecosystem function, including adaptation, gene flow,
dispersal, and trophic interactions. Wider adoption of
these approaches is urgently needed to forge a deeper
connection between conservation practice and policy
targets, thereby ensuring that ongoing investment in
biodiversity conservation goes beyond damage limitation
and instead leaves a lasting legacy of resilient ecosystems.

biodiversity conservation | ecosystem function | resilience |
species interactions | sustainability

Aldo Leopold, whose writings helped to catalyze the American
environmental movement, once memorably advocated for
biodiversity conservation by stating that “to keep every cog
and wheel is the first precaution of intelligent tinkering.” This
conceptualization was ahead of its time: the natural world
as a vast metaphorical machine, in which the cogs and wheels
are species, interconnected in complex and often uncertain
ways, such that the loss of any component part may have
unintended consequences for the system as a whole.
Leopold's plea for precaution extended to our relationship
with land as well as species, yet the species-centric rationale
struck the deepest chord in the public consciousness and
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the primary goal of biodiversity conservation is still generally
assumed to be the prevention of species extinctions (1-6).
This goal has proved to be an effective focus for conservation
action, although many critiques have pointed out that it pri-
oritizes representation (pattern) over persistence (process),
with major implications for the future of biodiversity and
ecosystem function (7-11).

In terms of basic species preservation targets, biodiversity
conservation has been relatively successful. Many of its core
metrics and policy innovations—including the US Endangered
Species Act, the International Union for Conservation of
Nature (IUCN) Red List (12), the Convention on International
Trade in Endangered Species [CITES; (13)], and the Species
Threat Abatement and Restoration (STAR) metric (14)—are
largely focused on preserving species. Conservation funding
has been funneled into biodiversity hotspots based on their
species richness and endemism (e.g., ref. 2), and the global
protected area network is increasingly designed to avert spe-
cies extinctions, with major programmes focused on ensur-
ing that all species are represented in at least one protected
area worldwide (3, 4, 15). In addition, targeted conservation
interventions have kept several Critically Endangered species
on life support (16), thereby slowing the rate of extinction
(17). These successes are rightly celebrated, but are they
sustainable?

A fundamental problem is that many current conservation
strategies are geared toward saving the rarest or most char-
ismatic species, many of which end up surviving in small
in-situ or ex-situ populations sustained by protected areas
and captive breeding programmes. Moreover, targeted inter-
ventions are relatively sparse or ineffective, even for birds
and mammals, only ramping up when species are under
extreme threat of extinction (6, 16). Taking this strategy to its
logical conclusion, the likely endgame is a “Noah’s Ark”
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Fig. 1. Most conservation initiatives are species-centric, focusing on preserving representation (pattern) rather than persistence (process). Species-centric

strategies are mainly geared toward avoiding extinction, often prioritizing rare or charismatic species, but ignoring ecological roles and interactions. To illustrate
how process-based conservation differs from the current paradigm, this diagram shows a simplified ecological network, represented as a trophic pyramid. In
this schema, the sun’s energy is taken up by primary producers (plants), after which it flows through the biosphere via trophic processes (gray arrows) regulated
by consumers and scavengers (animals). These processes are accompanied by additional feedbacks between trophic levels (blue arrows). Plant-nectarivore
interactions drive pollination, leading to plant-frugivore interactions which in turn drive seed dispersal. Germination of seeds then leads to plant growth and
plant consumption by herbivores. The flow of energy and nutrients to higher trophic levels is recycled by detritivores (brown arrows), and decomposers,
including microbes. The integrity and resilience of ecosystems depends on the abundance and diversity of organisms participating in these trophic interactions,
along with a wider range of evolutionary and assemblage-level processes, including adaptation, gene flow, dispersal, and host-pathogen dynamics (S/ Appendix,
Table S1). Sustainable conservation of ecosystems requires an integrated approach that extends beyond species conservation and prioritizes the restoration
and management of ecoevolutionary processes. Credits for images from PhyloPic: T. Michael Keesey (owl, flowering plant, seedling plant); Andy Wilson (tiger,
deer); Yan Wong (bat); Kaija Gahm (vulture, licensed under CC BY 4.0); Gemma Martinez-Redondo (moth); Gabriela Palomo-Munoz (toucan, licensed under CC

BY 4.0); Kristina Gagalova (beetle, licensed under CC BY 3.0); Mason McNair (fruiting plant); Carlo De Rito (mushroom).

scenario in which many species are preserved in tiny or iso-
lated populations, contributing little if anything to ecological
processes, having disappeared from most of their historical
distribution (10).

Over the last 50 y, nature has been in full retreat. Human
actions have caused at least a halving, and perhaps even a
~70% decline, in the global population of wild animals since
1970 (18), including the near-total collapse of many vertebrate
populations on land (19) and in the world’s oceans (20). The
astonishing pace of these declines is driven by a barrage of
threats—including habitat loss, overexploitation, pollution,
invasive species, and climate change—which have intensified
almost unchecked throughout this period (6, 21, 22). From the
standpoint of preserving intact and functional ecosystems,
therefore, conservation appears to be failing spectacularly.

The ongoing rapid decline in biodiversity has raised ques-
tions about whether conservation strategies are fit for pur-
pose, particularly in this era of accelerated global change (11,
23). Saving small and fragmented populations of species is
a doomed strategy because it overlooks the complex web of
interactions and processes that make ecosystems work
(Fig. 1). Moreover, if the organisms participating in this
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network need to adapt or disperse in response to changing
environmental conditions, then a radical rethink is required
(10, 24, 25). As biodiversity recedes into zoos, botanic gar-
dens, and dwindling pockets of protected habitat, key evolu-
tionary and ecological processes are being disrupted at a
global scale, with major implications for the long-term sta-
bility, adaptability, and resilience of ecosystems. Mass extinc-
tion may have been temporarily averted (16, 17), but
functional extinction has not (26).

Evolutionary biologists and ecologists have repeatedly
called for a more holistic approach to biodiversity conserva-
tion, dialling down the traditional focus on species or habi-
tats, and instead emphasizing ecological and evolutionary
processes (7, 10, 27) (Fig. 2). We briefly outline the history of
this proposal and examine the reasons why it has taken so
long to permeate into national and international policy
frameworks. We then set out a proposal to implement a
process-based conservation strategy for the world’s ecosys-
tems. To accelerate this transition, we provide a preliminary
roadmap for science and policy, including a summary of
recent technical advances and suggested avenues for further
research and innovation.
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Fig. 2. Summary of distinctions between species-centric and process-based
approaches to biodiversity conservation. Conservation science and policy
tend to emphasize the preservation of rare species, widely viewed as the
primary goal of conservation. Critics of this approach suggest that it will
lead to long-term declines in biodiversity and ecosystem function without
increased emphasis on process-based conservation. Note that actions listed
under process-based conservation are complementary to species-centric
approaches; for example, “Enhancing genetic diversity” and “Facilitating
adaptation” have already been integrated into species-based conservation
actions under the US Endangered Species Act. Rather than favoring one
approach over the other, we advocate that efforts to protect and enhance
evolutionary and ecological processes should be further integrated into
species-centric approaches. Examples of key actions are chosen to highlight
distinctions and are not intended to provide a comprehensive assessment.
See Sl Appendix, Table S1 for further details.

How to Save the Sinking Ark

The idea of redirecting conservation attention to processes
generating and sustaining biodiversity was first proposed
half a century ago (27). In its original form, the concept
focused on maintaining genetic diversity to promote adap-
tation and resilience. Two decades later, Smith et al. (7)
expanded the proposal to include a wider array of evolution-
ary and ecological factors, including pollination and seed
dispersal, describing such processes as “the missing element
of conservation programs.” Another three decades then
passed with relatively little progress in terms of translating
these ideas into institutional or governmental policy. Why?

The main reason for this inertia appears to be the cultural
and operational challenge of implementing a more holistic
approach. The widespread adoption of a process-based strat-
egy would require structural and systemic change, which in
turn requires advocacy and effort. Itis difficult to make these
changes when so much of conservation theory, policy, and
legislation is built around the concept of saving threatened
species. Even now, the text of the 2022 Kunming-Montreal
Global Biodiversity Framework (GBF)—a strategic plan
adopted by 196 countries to implement the Convention on
Biological Diversity (CBD)—tends to be analyzed from a
species-conservation perspective (28). As with any cultural
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shift, the initial step is to achieve a consensus around the
need for transformative change, requiring integration and
communication across different research and policy cultures.
Currently, scientists advocating for a transition to process-
based conservation still face blank stares from policymakers
and opposition from conservation professionals reluctant to
abandon a well-oiled modus operandi. There is seemingly
an unbridged divide between one faction that believes focus-
ing on processes rather than species is not really conserva-
tion, just an offshoot of ecology, and another faction convinced
that process-based conservation is the only viable method
of saving species over longer timescales (9, 10).

We see evidence of this divide in divergent approaches to
biodiversity indicators. The search for actionable targets in
a form digestible to business and governments has led to
proposals for simplified biodiversity metrics based on either
rates (5) or probabilities (29) of species extinction. This is
Leopold's cogs-and-wheels analogy reimagined in metric
form: everything reduced to minimizing the numbers of spe-
cies discarded while we meddle with ecosystems. Extinction-
based metrics have some validity under a species conservation
paradigm, but conflict with process-based conservation for
several reasons (30). First, extinction is not easy to confirm
or predict, as the tale of the ill-fated Ivory-billed Woodpecker
attests (31). Second, such methods are mainly relevant to
charismatic macrofauna and tend to ignore a wide spectrum
of biodiversity with crucial functions, including invertebrates,
plants, and microbes, where species are poorly known or
arbitrary (30). Third, an emphasis on species survival regard-
less of context promotes a reactive “fire-fighting” approach,
leading to costly management of rare species in small and
isolated populations. Ultimately, while the goal of zero extinc-
tion is laudable and comforting (3), it falls short of ensuring
either the long-term viability of species populations or sus-
tainability of ecosystem function, which is only weakly con-
nected to species richness (32, 33).

A range of alternative biodiversity indices can claim to
provide indirect measures of ecosystem processes. For
example, the Living Planet Index (34) and Essential
Biodiversity Variables (35) include estimates of species
abundance or population density, providing a metric for the
amount of diversity able to deliver ecological functions, at
least for better-known vertebrates. Similarly, the IUCN
Green Status of Species attempts to evaluate species not
against level of threat, but according to their level of recov-
ery toward an estimated baseline of abundance and func-
tionality (36). These approaches may offer deeper insights
than extinction-based metrics, and provide more ambitious
conservation targets than simply avoiding species extinc-
tion. However, each has multiple limitations, including
uncertain correlation with ecosystem processes, weakly
defined or potentially invalid baselines, and inherent biases
(e.g., ref. 37).

Another subset of metrics—including phylogenetic diver-
sity (PD) and functional diversity (FD)—were developed to
provide insight into the functional richness and conserva-
tion value of biodiversity, based on the assumption that
higher levels of PD and FD are correlated with the variety
of ecological roles within species assemblages (38, 39). Put
another way, PD and FD are standard methods for
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estimating “portfolio effects” relating to the feature diversity
of a given system, with a diverse “portfolio” of features tend-
ing to confer stability (40, 41). Used in combination, they
are likely to capture more information about resilience and
stability than species lists alone (42). These metrics have
been influential within the research community, but they
are generally seen as too complex for adoption by govern-
ment agencies or corporations, while at the same time
barely scratching the surface in terms of capturing key eco-
logical processes (43, 44).

Set against this backdrop of divided opinion and unre-
solved metrics, international support for process-based
thinking in conservation policy has recently surged. This
change in stance is reflected in the GBF text adopted in 2022.
The final version continues to highlight species conservation,
including an ambitious target to halt human-caused extinc-
tions of native wild species by 2030. Crucially, however,
species-centric targets are now accompanied with explicit
goals of maintaining, enhancing, and restoring the integrity,
connectivity, and resilience of all ecosystems. The concept of
ecosystem integrity is well established in environmental pol-
icy but hard to define. It refers to ecosystem intactness,
meaning the degree to which ecosystems are complete, func-
tional, and similar to their natural state (45).

The increased emphasis on process-based concepts has
major implications for governmental agencies and corporate
management, who now look to academia and conservation
organizations to provide methods for setting and measuring
progress toward these objectives. Unfortunately, the collec-
tive response is often a range of conflicting opinions about
how to define and measure the relevant properties of eco-
systems (46, 47), and an assortment of metrics with limited
relevance to process-based conservation because they have
been designed according to species-conservation principles
(e.g., ref. 14 and 48). Ongoing uncertainty about the best
metric or metric set for international and corporate policy is
slowing down conservation action. In the following sections,
we examine three interconnected themes holding the great-
est promise for building consensus and accelerating progress
toward a more holistic conservation strategy.

Evolution

Previous applications of process-based perspectives to con-
servation have mainly focused on genetic approaches (10, 27,
49, 50), often inspired by the study of genetic diversity and
gene flow across suture zones (9). Genetic variation within
populations provides the raw material for evolution and thus
reflects the evolutionary potential of species. According to
this view, conservation should seek to manage genetic diver-
sity among populations within a species to improve chances
for evolutionary adaptation to new challenges such as dis-
ease, habitat alteration, and climate change. Growing concern
about these threats has accentuated recent interest in the
practical applications of conservation genetics (51, 52). Indeed,
the conservation of genetic diversity in wild species is perhaps
the best example of how process-based thinking can feed
directly and harmoniously into species-centric conservation
strategies since the idea is now embedded in multiple national
and international policy mechanisms, and implemented
through species recovery programs (50, 53, 54).
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Initial progress in this field involved harnessing data from
molecular analyses to identify reciprocally monophyletic lin-
eages—so-called Evolutionarily Significant Units (ESUs)—as
a way of prioritizing the conservation of intraspecific genetic
diversity (55). It is often unclear which intraspecific lineages
are best-adapted to future environmental conditions, sug-
gesting that “bet-hedging” is required, with conservation
resources shared among ESUs rather than concentrated in
asingle lineage. Diagnostic or diverging intraspecific lineages
can also be conceptualized as incipient species; that is, line-
ages undergoing the process of speciation and which deserve
protection as “future species” (9). The distinction between
ESUs and species is often fuzzy, with small but consistent
genetic divergence regularly used to propose that intraspe-
cific lineages are independent species, a common practice
in high-profile taxa such as primates (e.g., ref. 56). Given the
relevance of taxonomic species units to conservation funding
and legislation, the decision about whether these lineages
should qualify as species is often contentious for standard
conservation programs (57, 58). The question is less thorny
for process-based thinking as all intraspecific lineages are
deemed worthy of conservation.

Early definitions of ESUs based around reciprocal mono-
phyly have been largely discarded as overly simplistic (59)
and replaced by alternative methods. With advances in high-
throughput sequencing, ESUs can now be delineated for
conservation by incorporating neutral and adaptive variation
to estimate whether genetic differences reflect adaptation—
that is, differentiation by selection (60, 61). The concept of
ESUs can also be expanded to identify evolutionary hotspots
of phylogenetic uniqueness or high rates of evolutionary
change, which can differ from hotspots defined by species
richness or protected area networks (62). Actions targeted
at maintaining evolutionary hotspots may help to conserve
biodiversity over longer timeframes.

Development and testing of methods for adoption by the
CBD suggest that genetic indicators can serve as proxies for
genetic diversity when data are available (54), prompting calls
to include metrics of genetic diversity in Red List assessments
(52). In general, conservation efforts should maintain large,
connected populations to prevent the loss of genetic diversity
and to boost adaptive capacity (51). However, the goals of
process-based conservation are not always met by maximiz-
ing genetic variation. In some cases, it can be important to
maintain locally adapted populations and avoid swamping
the local genome through introgression (63). Efforts to
increase connectivity should not seek to establish dispersal
and gene flow across barriers that have existed over an evo-
lutionary time scale, but rather across more recent, anthro-
pogenic barriers.

Movement

Patterns of gene flow, population genetic structure, and the
degree of molecular divergence among evolutionary lineages
are all closely related to the movement of individual organ-
isms (64). Animal movement also underpins a range of eco-
logical processes influencing species survival, with effects
that cascade through trophic levels. For example, many
plants rely so heavily on dispersive animals as “mobile links”
to transfer pollen and seeds across the landscape that their
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populations collapse when pollinators or seed dispersers are
removed (65-67). Accordingly, human impacts on popula-
tions of large seed-dispersing animals have serious implica-
tions in the era of climate change because defaunation and
land-use change leave plants less able to track their climate
niches (68, 69). Through a variety of mechanisms, dispersal
is a key factor determining species responses to stressors,
including habitat fragmentation (70) and climate change (71).
Understanding not just species differences in dispersal abil-
ities and mechanisms, but also how landscape features can
hinder or facilitate dispersal, are therefore vitally important
for conservation (72, 73).

Standard approaches to species conservation have strug-
gled to deal with the current and likely future movement of
biodiversity. Protected areas form an inherently static and
patchy mosaic distributed across an increasingly inhospitable
matrix, often precluding movement of individuals between
isolated fragments of natural habitat (73). The problem is
exacerbated by climate change, which is driving widespread
shifts in geographical distribution (25, 74). Previously, range
shift projection models under different climate scenarios
assumed that species populations disappearing from one pro-
tected area would reappear at another area within the expected
future distribution of their climatic niche (e.g., ref. 75). In reality,
any projected turnover of vulnerable species from one pro-
tected area to another will be highly achievable for mobile or
dispersive species but unlikely for habitat specialists with poor
dispersal ability, since in these cases the intervening matrix
between reserves is impermeable. More recent range-shift
models incorporate estimates of landscape permeability (e.g.,
refs. 76 and 77), although attempts to include differences in
species dispersal ability remain preliminary.

Another substantial shift toward process-based thinking
is evident in spatial conservation planning (68). It is now
widely acknowledged that strategies supporting metapopu-
lation or metacommunity dynamics, such as establishing and
protecting dispersal corridors, or otherwise increasing the
permeability of landscapes outside protected areas, are vital
for maintaining gene flow and sustaining ecological pro-
cesses (73,78, 79). Acoherent global strategy for achieving
ecological connectivity is needed, including efforts to
measure and monitor the effectiveness of connectivity-
boosting policies in different ecological contexts. In gen-
eral, corridor conservation programs need to be scaled up
more ambitiously, along the lines of the Yellowstone to
Yukon Conservation Initiative, a transboundary effort restoring
landscape connectivity across a vast North American region
(79). Similar programs are required worldwide, particularly in
tropical forests, where a large proportion of native species are
highly vulnerable to habitat fragmentation (70, 80). Another
priority—often proposed, but rarely achieved—is to establish
connectivity corridors aligned with habitat and climate gradi-
ents, including elevational gradients, to allow species assem-
blages to track fluctuating environmental conditions over
longer timeframes (7, 81, 82).

Long-distance migration is a special case of animal move-
ment that poses particular problems for conservation. Many
vertebrates and invertebrates, in both terrestrial and marine
realms, undergo seasonal journeys to evade harsh conditions
or to track food and other resources (83). Uneven patterns

PNAS 2025 Vol. 122 No.31 e2410936122

of climate change around the globe are lengthening or
impeding many of these migrations, placing pressure on
migratory species (84). Furthermore, migrants often pass
through many different countries, such that highly localized
threats can drive population declines, overriding conserva-
tion actions in other parts of the range. Overcoming these
problems is a high priority, not least because animal migra-
tions provide flexible responses to climate change through
seed dispersal (85) and play crucial roles in other vital pro-
cesses and services (86). For example, many native pollina-
tors have been removed from the British countryside by
habitat loss and pollutants, but negative environmental
impacts are currently offset by billions of hoverflies that visit
Britain as seasonal migrants from less-intensively developed
regions of Europe, importing vital services of pollination and
pest control (87).

The conservation of migrants can only be achieved with a
massive-scale, process-based strategy, including flyway man-
agement schemes based on international and intercontinen-
tal agreements. Given that migratory species tend to “fan
out” and disperse widely during the nonbreeding season,
management of their populations cannot rely exclusively on
site-based protection, and instead must prioritize “shallow”
actions, providing wildlife friendly habitats across extensive
areas (88). In many cases, it is also vital to implement site-
and landscape-level conservation situated between the
breeding and nonbreeding ranges, to provide safe refuge
and efficient stop-overs during migratory journeys (84).
Animal movement in general, and migration in particular,
highlight the urgent need to adopt dynamic and flexible con-
servation strategies focused on preserving and enhancing
dispersive processes (89).

Interactions

Species interactions are fundamental to ecological processes
and associated ecosystem services (90). In particular,
trophic interactions regulate the flow of energy and nutri-
ents between trophic levels, influencing the stability and
resilience of ecosystems (Fig. 1). Yet standard conservation
programmes rarely target interactions or use the health of
interactions as the metric for determining the success of
interventions.

Two classic examples of stabilizing interactions are nec-
tarivory and frugivory, the primary driving forces behind
pollination and seed dispersal, respectively. Aimost 90% of
the world's flowering plant species are animal-pollinated (91)
and over half of global plant diversity requires animals for
seed dispersal, a proportion rising to 70 to 90% in the tropics
(92). Declines in the distribution and density of animal pop-
ulations can therefore reduce pollination rates, fruit set and
seed dispersal across much of the historical range of plant
species (66, 67, 93-95). Lower recruitment in food plants will
in turn limit the supply of food available to higher trophic
levels. Ultimately, these negative feedbacks are likely to con-
strain important attributes of ecosystems, including primary
productivity, carbon cycling, and, in some cases, agricultural
crop production (96).

The diversity, distribution, and abundance of species at all
trophic levels are strongly mediated by a wider set of biotic
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interactions with ecological competitors, predators, herbi-
vores, parasites, and pathogens. Predators of vertebrate and
invertebrate animals play critical roles in controlling prey
populations, strongly influencing vegetation dynamics and
nutrient cycling. The removal of apex predators, such as
wolves or sharks, can lead to trophic cascades, where the
absence of top-down control results in overpopulation of
herbivores and subsequent overgrazing (97). Ultimately, this
can cause habitat degradation and loss of biodiversity in ter-
restrial and marine systems alike. Similar negative outcomes
occur in landscapes with depleted assemblages of insecti-
vores, since phytophagous insects can proliferate, con-
straining productivity, and damaging crops. Finally,
detritivores and scavengers play important roles in stabi-
lizing ecosystems by regulating waste disposal and energy
flows between trophic levels.

Rather than solely preventing extinctions or maintaining
a network of protected areas, conservation should redirect
action and policy directives toward designing and managing
landscapes for the enhancement of species interactions,
trophic processes, and nutrient cycling (S/ Appendix, Table S1).
Management strategies can be explicitly designed to pro-
mote mutualistic interactions, such as pollination and seed
dispersal (98), which are key to the movement of genetic
material across the landscape, as well as to natural processes
of habitat recovery and restoration (99, 100). Equally, atten-
tion should focus on maintaining populations of scavengers,
as well as antagonistic species interactions—such as compe-
tition and predation—where these function in stabilizing and
diversifying ecosystems.

In many cases, interactions resulting in interspecific com-
petition, parasitism, or disease may seem to fit poorly into a
conservation strategy. Nonetheless, we cannot hope to
understand the impacts of global change on future ecosys-
tems without understanding species interactions, and
accounting for them in predictive models (101-103). The
movement of species around the planet by humans, and in
response to climate or land-use change, is bringing together
novel communities with uncertain interactions among spe-
cies. For example, exploitation competition and interference
competition can result in competitive exclusion or divergent
selection (character displacement) while hybridization can
lead to reproductive interference or genetic introgression
(104). All these factors shape how organisms adapt to envi-
ronmental change (105) and determine whether species are
likely to coexist (102). Advances in evolutionary biology and
trait-based ecology mean that we are now equipped with the
tools to understand and predict these outcomes with greater
certainty.

Risks, Imperatives, and Operational Challenges

The economic imperative of managing sustainable ecosys-
tems brings to mind the financial benefits of an effective
global program for biodiversity conservation highlighted by
Balmford et al. (106). We suspect that species-centric con-
servation entails much higher financial risk because tar-
geted actions to prevent extinctions are expensive (107),
and more species will become threatened over time if they
inhabit unsustainable ecosystems. Furthermore, a strategy
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prioritizing the conservation of rare species may work in the
short term, but could ultimately fail if ecosystems malfunc-
tion or collapse.

Integrating species-centric with process-based approaches
will require transformative change and an initial phase of
financial investment. The emphasis shifts toward regional,
landscape-level, and transboundary conservation initiatives
that are often politically and financially complex, requiring
investment into the underlying administrative structures
and policy mechanisms that make them work. Attention
should focus on navigating trade-offs when process-based
approaches conflict with standard targets of species-centric
approaches (Fig. 2). For example, is it acceptable to pro-
mote ecosystem function and stability by introducing non-
native species? Should we allocate scarce resources to
promoting FD and bioabundance rather than saving the
last remnants of a dwindling species? And do we allow the
modification of these rare and declining forms through
hybridization with successful relatives, on the grounds that
ecologically important populations may then be better
adapted to changing conditions (108)? While these potential
conflicts need to be acknowledged and managed, the
species-centric and process-based elements of a unified
conservation strategy can work in synergy, particularly over
longer timescales. For example, a process-based approach
maintaining the functional integrity and diversity of a given
ecosystem can resultin the alleviation of threats to individ-
ual species (109).

Progress and Policies

It has taken half a century since Frankel (27) argued that the
long-term future of biodiversity depended on safeguarding
processes rather than species for a process-centric conser-
vation ethic to finally permeate into financial directives and
international agreements. The revised GBF text adopted in
2022 suggests a new era is beginning, with ecosystem integ-
rity and resilience repositioned to center stage. Fundamental
shifts in the regulatory landscape and associated mecha-
nisms, such as the Taskforce on Nature-related Financial
Disclosures, are changing the way governments and corpo-
rations report on their nature-related risks and actions, with
the aim of funneling global financial flows toward nature-
positive outcomes. In conjunction, many conservationists are
recognizing the need to move away from the traditional focus
of attempting to preserve ecosystems as they once were,
toward actions that facilitate their adaptation and transfor-
mation in response to change (10, 11, 23, 110). We now face
the problem that there seems to be little agreement about
how to achieve these goals.

New environmental policies are being devised in a range
of contexts from international agencies to local councils,
often with the target of restoring ecosystem processes.
However, measuring the success of such policies remains
challenging. What outcome metrics should we use, and how
do we know which metric works best at particular spatial and
temporal scales? The following sections outline key oppor-
tunities for incorporating ecological and evolutionary pro-
cesses into biodiversity conservation and policy, highlighting
themes in need of research and innovation.
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Genetic Analyses

Since the 19th century, wildlife populations have undergone a
substantial erosion of genetic variation (111), often attributable
to habitat loss, overexploitation (112), or climate change
(113). In theory, genomic data can be used to estimate the
vulnerability of populations to future environmental change by
identifying mismatches between contemporary and predicted
future genotype-environment relationships (114). For example,
Razgour et al. (115) developed a genome-informed framework
to assess population vulnerability to climate change based
on the estimated level of exposure to future changes, likely
sensitivity to those changes, and range shift potential (inferred
from the effect of landscape barriers on gene flow). Adaptive
genetic variation can also be directly integrated into species
distribution models [genomic-informed SDMs: (116)] and
individual-based ecoevolutionary models (e.g., refs. 117 and
118). These approaches offer some promise as methods for
predicting future range shifts or the scale of gene flow from
populations better-adapted to future climatic conditions
(evolutionary rescue). However, such applications remain
exploratory and require validation by further research.

The maintenance of genetic variation is now highlighted
as a goal of global conservation policy in the GBF, driving
wider monitoring of genetic variation over space and time
through large-scale sequencing missions [macrogenetics;
(119, 120)]. These initiatives are opening up the potential for
gene-focused Essential Biodiversity Variables (54, 121), along
with regional-scale programs estimating genetic variation
and connectivity (e.g., ref. 122). Genetic data at this scale can
be used in multispecies, ecosystem-level conservation plan-
ning, with an emphasis on preserving and enhancing adap-
tive capacity and connectivity (121), although the links
between genetic data and ecosystem integrity or resilience
remain challenging to quantify. In addition, costs are prohib-
itive and the patchy availability of genetic data remains a
serious issue (123), particularly in underresourced, megad-
iverse countries. Brazil, for example, has access to genetic
studies of <0.5% of its ~60,000 native plant and vertebrate
species (124). Further validation and development of genetic
indicators is a priority, coupled with the expansion of
sequencing efforts where feasible.

Interventions to Boost Ecological Processes. Local-scale studies
have demonstrated thatimportant processes can be accentuated
by landscape management practices. For example, minor habitat
adjustments at the farm-field scale can boost bee populations
with benefits for crop pollination (125) while seed dispersal
can be boosted by creating patches of natural vegetation in
landscapes earmarked for restoration, e.g., applied nucleation
(126). At a wider scale, the application of metapopulation
theory has driven progress in spatial modeling techniques to
quantify connectivity across landscapes and between protected
areas (e.g., refs. 127-129). The next phase of process-based
conservation should focus on developing and applying these
methods to identify priority areas for landscape management,
including sites that require protection or restoration to improve
connectivity. A wide selection of connectivity enhancement
interventions can work in different contexts, including corridors,
stepping stones, or other methods to improve permeability of
the matrix (73). Further research is needed into the design of
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connectivity interventions, including conservation action plans
for migration corridors and flyways.

Process-based approaches can help to switch focus from
charismatic fauna to less-prominent groups that are gener-
ally overlooked in species-centric conservation strategies. For
example, the current reactive conservation paradigm tends
to overlook decomposers and scavengers, despite their vital
role in waste disposal and energy flows (130). Asian vultures
were largely ignored by conservationists until they had
undergone spectacular declines, leading to a collapse in nat-
ural waste disposal processes and billions of dollars lost in
healthcare costs for India alone (131). A new proactive con-
servation strategy is required that supports energy flows and
nutrient cycles before they collapse through actions that
promote diversity and abundance across trophic levels (132),
including scavengers and detritivores (130, 133, 134).

Given that so much of wild nature is already highly
degraded, much attention has focused on restoring habitats
and species assemblages. These efforts are often focused
on species representation based on target species lists or
priority species, usually with the goal of replacing species
lost from a particular environment. However, there is increas-
ing interest in other approaches that move from species
targets toward a more functional objective, such as restoring
functional complexity (41). The question of whether restora-
tion targets should be simplified to maximizing the functional
complexity of habitats and species assemblages or tailored
to local contexts using realistic historical baselines and space-
for-time benchmarks (i.e., comparing with more pristine sites
nearby and accounting for local environmental conditions)
is an important topic for further research (135).

Trophic rewilding is a different procedure which generally
focuses on top-down processes by reintroducing apex con-
sumers. The emphasis is usually on restoring lost interactions
between animals and plants, thereby returning to a more
natural state of ecosystem functioning and dynamics (136,
137). Acore debate in rewilding science is whether nonnative
megafauna could or should be introduced as ecological sur-
rogates of extinct species or missing functions (138). Evidence
suggests that this can work (139) but the procedure is con-
troversial. For example, plans to reintroduce the European
bison Bison bonasus to Spain as an ecological analogue of
the extinct steppe bison Bison priscus have met with firm
opposition (140). Further research is needed to explore best
practices in restoration and rewilding, including mixed strat-
egies capitalizing on their different strengths (141). In addi-
tion, while rewilding is a viable last-resort, more attention is
needed on managing existing biodiversity to enhance resil-
ience; for example, maintaining assemblages of seed-
dispersing animals can boost natural (and cost-effective)
reforestation with native trees and shrubs (99, 100).

Ecosystem Monitoring and Metrics. Most metrics developed
to set and track progress toward conservation targets
(e.g., refs. 14, 35, and 48) remain explicitly species-centric
or have limited connection to ecosystem processes. Those
that attempt to consider processes appear to be relatively
subjective and limited by data availability. For example,
criterion D of the IUCN Red List for Ecosystems focuses
on biotic processes and interactions, but this is generally
viewed through the lens of abundance or biomass of very
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few keystone species or, less often, particular functional
groups.

Other quantitative metrics that attempt to capture infor-
mation about species traits include PD and FD, both of
which can claim to offer insights as ecosystem metrics (38).
PD is correlated with feature diversity, which in turn
reflects the number of ecological roles undertaken by a
species assemblage, providing a crude metric of ecological
functions (142). As pointed out in recent critiques (e.g., ref.
44), the usual approach to PD and FD involves relatively
simplistic calculation of diversity across an assemblage or
region, with little evidence that this connects to measura-
ble ecosystem functions. However, more targeted appli-
cations are possible in better-known groups, such as birds
(143). Further research is needed to develop and validate
more refined metrics integrating PD and FD (31) and focus-
ing on particular target functions (96). In future, to provide
a more explicit connection with ecological processes, these
metrics could be combined with other systems, including
STAR (14), Key Biodiversity Areas and the Red List of
Ecosystems (44).

With the rapid expansion of trait datasets, functional traits
provide one of the most promising frameworks for quanti-
fying the integrity and resilience of ecosystems (143), par-
ticularly given widespread trait-matching between interacting
species, such as correlations between the beak size of frugiv-
orous birds and the fruit size of their food plants (144).
Ecological and morphological traits reflect the trophic struc-
ture of species assemblages (145), highlighting the integrity
of species interaction networks (99, 100), and offering metrics
that can outperform species identity in predicting ecosystem
function (42, 139, 146). Trait-based metrics can be used to
estimate and predict the functional impacts of species loss
(147), climate change (148, 149), land-use change (70), and
rewilding strategies. However, datasets for most groups
remain patchy and metrics of ecosystem function and con-
nectivity remain under construction.

More immediately feasible are approaches based on
remote sensing or tracking technology. Data extracted from
satellite imagery may provide a short-cut for rapid monitor-
ing of processes (150) and quantifying ecosystem integrity
(e.g., ref. 46). However, while such data can provide simple
metrics of habitat intactness and connectivity, it likely
requires integration with in-situ monitoring of vegetation
structure, species assemblages, and trait diversity to provide
real insights into the integrity and resilience of ecological
processes (151). Ultimately, we need to abandon the search
for a single index or method for guiding conservation action
and instead develop a toolkit of complementary indices
designed for use in different contexts.

PN LN =

(Cambridge University Press, 1998), pp. 1-28.

Conclusions

In his analogy of ecosystems as complex machines with inter-
acting parts, Aldo Leopold advocated preserving the entire
system intact with no part discarded. Conservationists have
generally interpreted the parts of ecosystems most worthy
of saving as species. However, this misses the point that the
essential cogs and wheels sustaining the biosphere are adap-
tation, movement, and interaction—in other words, not pat-
terns but processes. We need a new analogy for conservation
because ecosystems are not mechanical, they are dynamic,
ever-changing, and unpredictable systems with emergent
properties, more like economies or financial markets.
Economists do not generally advocate saving a particular
product, or brand, or company. They focus on managing and
facilitating processes of supply, demand, productivity, and
innovation, much like we are advocating.

We are, of course, not proposing that species are irrelevant
or disposable, particularly as they can take millions of years
to evolve. Species-centric conservation policies are deeply
entrenched and remain vital tools for biodiversity conserva-
tion. However, they may be limited in their potential to deliver
high-integrity, future-proof ecosystems unless they embrace
process-based perspectives [Fig. 2; (7, 10, 44)]. There is an
urgent need to integrate a complementary strategy prioritizing
the conservation of genetic diversity, adaptive capacity, move-
ment, migration, and critical species interactions, all of which
enhance the resilience and adaptability of ecosystems in the
face of environmental change. This transformative shift toward
process-based thinking appears to be gathering momentum,
adding a grander scope to the conservation mission.

The prevention of species extinctions and the restoration of
locally extirpated forms back into their previous geographical
ranges are, in essence, reactive strategies that seek to maintain
ecosystems in an assumed historical state. We advocate a more
proactive strategy focusing on protecting and restoring the
processes which allow ecosystems to function and adapt to
changing conditions (8, 9). Adoption of this framework would
ensure that conservation is no longer about preserving the
past but also preparing for the future (11, 27). Based on the
tone of recent international agreements, the political tide is
turning toward this renewed conservation ethic. We advocate
integration and communication across the two primary cul-
tures of conservation—species-centric and process-based—as
the most effective progress will occur when these two missions
operate in tandem and synergistically. Now is the time to recon-
figure conservation planning, policy, and practice around a
longer-term vision for biodiversity and ecosystems.

Data, Materials, and Software Availability. There are no data underlying
this work.
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