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Abstract

Biodiversity offsetting aims to compensate for ecological losses from development through
conservation and restoration. However, its long-term outcomes under repeated impact–
offset cycles remain uncertain. Using a conceptual forest succession model, we evaluated
how offset outcomes are affected by interactions among compensation scale, duration
of protection, habitat conversion rate, and land availability constraints. Additionally, we
considered that these outcomes may differ across biodiversity components, including
habitat maturity associated with successional habitat-forming species and metapopulation
dynamics of persistent colonizers and successional specialists. We showed that effective
offsetting requires restoring areas larger than those impacted and maintaining protec-
tion over timescales aligned with ecological recovery, particularly where ongoing habitat
conversion reshapes landscape structure. High rates of habitat conversion consistently
reduced offsetting success, particularly for colonizing species reliant on habitat quality
and long-term protection. Our results further showed that delayed ecological responses
and cumulative impacts can undermine offsetting efforts that appear effective in the short
term. Robust offset design must therefore explicitly account for temporal lags, dynamic
landscape trajectories, adequate spatial compensation, and multiple biodiversity indicators
to avoid the ecological fallacy that short-term restoration success equates to long-term
biodiversity and ecosystem integrity.
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INTRODUCTION

With ecosystem collapse considered a major socioenvironmen-
tal risk, substantial scientific and political debate has focused on
how to achieve more sustainable resource use to halt and reverse
biodiversity loss (Griscom et al., 2017; Leclère et al., 2020; Sed-
don et al., 2020). Historically, human well-being has depended
on exploiting natural resources, and the resulting impacts have
threatened a quarter of all species (Díaz et al., 2019; Win-
kler et al., 2021). Across countries, national polices include
biodiversity offsetting schemes that are designed to compen-
sate biodiversity losses from development at one location by
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restoring degraded ecosystems or enhancing the protection of
threatened biodiversity at another location, targeting a goal of
no net loss (NNL). In parallel, biodiversity credit systems cer-
tify conservation actions that generate measurable, additional
biodiversity gains (Wauchope et al., 2024; Wunder et al., 2025).
Together, these approaches aim to support nature-positive out-
comes and advance global sustainability targets (Bull & Strange,
2018; Wauchope et al., 2024; Wunder et al., 2025; zu Ermgassen
et al., 2019). However, conventional nature-based offsetting and
NLL schemes are controversial because it is unclear whether
compensation strategies can reliably achieve long-term sustain-
ability goals, given the challenges of quantifying both ecological
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and financial assets (Balmford et al., 2023; Bull et al., 2016;
Gibbons et al., 2018; Sonter et al., 2020; Swinfield et al., 2024).

A fundamental challenge for compensatory mitigation strate-
gies is the long timescale of ecological recovery. This is especially
relevant for ecosystems where habitat-forming species, such as
trees, have long generation times and where succession occurs
over decades to centuries (Piovesan & Biondi, 2021). Moreover,
assessments of restoration success should not focus solely on
habitat-forming species, as other species and facets of biodi-
versity and ecosystem functioning may require longer recovery
periods, assisted colonization, or specific habitat features (Dob-
son et al., 2025; Fagan et al., 2010; Martin et al., 2013). Thus,
time delays in achieving compensation and uncertainty over
whether restored ecosystems will recover are impediments to
offsetting schemes that overlook long-term ecological dynamics
(Buschke & Brownlie, 2020; Moilanen et al., 2009; Watts et al.,
2020).

Despite widespread recognition of these challenges, it
remains unclear how the temporal and spatial dimensions
of offsets interplay to determine long-term biodiversity out-
comes. Specifically, understanding how the size of offset areas,
duration of conservation commitments, rates of habitat con-
version, and species-specific dispersal and successional traits
interact to influence the effectiveness of iterative development–
offset cycles is critical information needed to guide policies
that balance short-term development pressures with long-term
conservation objectives.

Additional challenges exist when implementing offsets to
achieve NNL. First, when biodiverse habitats are lost to devel-
opment, like-for-like compensation must consider both the area
needed to match the lost ecological value and whether sufficient
land can be made available through reallocation from exist-
ing land uses (Maron et al., 2025). Second, because restoration
involves ecological succession from degraded to mature states,
the time required to reach target conditions must be considered.
In this context, passive restoration relies on natural regeneration
and is slower but less costly, whereas active restoration acceler-
ates recovery through planting or habitat engineering (Chazdon
et al., 2024).

However, debate continues over which approach is more effi-
cient for meeting urgent conservation goals. Active restoration
can shorten succession timelines, but its ability to do so is lim-
ited because trees can only be replanted as saplings, providing a
fraction of the full generation period of habitat-forming species
(Bauld et al., 2023; Crouzeilles et al., 2017; Kalliolevo et al.,
2025). Third, if biodiversity restoration relies on colonization
by species from surrounding areas, then offset areas must be
connected and large enough to support dispersal and popula-
tion persistence (Maron et al., 2025). Although these issues are
widely recognized, their combined influence on long-term bio-
diversity outcomes under iterative development–offset cycles is
poorly understood.

To address these challenges, we developed a spatially explicit
simulation of forest restoration offsets (Figure 1). We designed
the model to represent a landscape of habitat patches and
lower-quality marginal patches available for restoration. Patches
transition among states (protected, habitat, marginal, impacted,
and offset) through successive development and offset actions

(Figure 1a–c). Trees as habitat-forming species occur ini-
tially only on protected or habitat patches, and they undergo
age-based successional dynamics until local conservation com-
mitments expire. The resulting temporal mosaic of patch ages
drives colonization by two generic species types: persistent
colonizers, which occupy mature patches, and successional spe-
cialists, which depend on intermediate-aged forests (Figure 1d).
We used scenario-based simulations to examine combinations
of six policy parameters governing offsetting rules and three
colonization traits (Table 1).

Our study specifically aimed to evaluate how spatial com-
pensation, conservation duration, habitat conversion rates, and
species dispersal traits interact to determine the success of
biodiversity offsets. We further assessed how temporal lags in
ecological recovery and landscape-scale processes affect habi-
tat quality, ecosystem structure, and metapopulation persistence
over long timeframes.

Our results showed that achieving NNL over time requires
offsets that exceed the area of impacted areas and the imple-
mentation of long-term conservation commitments. Offsetting
frameworks must explicitly incorporate robust biodiversity indi-
cators, landscape context, and ecological time lags to ensure
that compensation genuinely maintains or enhances biodiver-
sity. Importantly, the simulation framework presented here is
readily adaptable to other ecosystems, such as grasslands, where
recovery dynamics operate over different temporal scales.

MATERIALS AND METHODS

We implemented a conceptual, spatially explicit modeling
framework (Figure 1) to explore alternative biodiversity off-
setting scenarios involving forest restoration. The framework
follows recommended standards for ecological simulations
(Planque et al., 2022). To ensure ecological interpretability, we
parameterized processes and time scales around forest suc-
cession, for which empirical data on tree growth and stand
dynamics are widely available.

The model quantified long-term biodiversity outcomes of
alternative compensation strategies for development-driven
habitat loss. It explicitly integrated forest succession through
age-structured dynamics of habitat-forming trees and evalu-
ated offset effectiveness for two types of colonizer species with
contrasting life-history traits (persistent vs. early successional
colonizers) that represent species that are not translocated but
rely on natural colonization of restored areas (Bauld et al., 2023).

The model design was based on a virtual landscape com-
prised of M patches randomly distributed in two-dimensional
space. Patches were characterized by a set of state variables that
included (1) patch type (protected, habitat, marginal, impacted,
and offset; definitions and associated processes described
below) and (2) occupancy state (presence and absence) of each
colonizer species subject to spatial metapopulation dynamics.
The model also included individual trees, which were allocated
to certain patches and characterized by age as a state variable.
For all patches with trees, the patch- and time-specific mean tree
age was summarized as the state variable patch quality. Specifi-
cally, we assumed that the average stand age of a forest was a
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TABLE 1 Description and values of all sampled, fixed, and monitored parameters used in the conceptual modeling framework (justifications for parameter
choices are provided in Appendices S2 & S3).

Parameters Symbol Description Value

Sampled parameters

Proportion of protected patches pProtect Proportion of protected patches in the model landscape Range of 0.01–0.2 (increments
of 0.02)

Number of impacted patches Nimpacted Number of patches to be impacted per time step Range of 2–10 (increments of 1)

Habitat impact ratio hir Proportion of impacted patches on habitat patches (and not on
marginal patches)

Range of 0.1 and 1 (increments
of 0.1)

Habitat compensation factor hcf Amount of marginal patches converted into offset patches as
compensation for any impacted patch converting habitat

Range of 0.5–6 (increments of
0.5)

Conservation commitment period ccp Time period over which offset patches are not disturbed (during
which forests mature with each time step until they reach the
maximum age)

Range of 5–200 (in increments
of 5 years)

Impact period ip Time span during which impacted patches remain affected Range of 25–500 (in increments
of 25 years)

Clustering strength α Spatial clustering parameter controlling the degree to which
development events are spatially aggregated

Range of 0–1 (in increments of
0.1)

Habitat age threshold minagehab Minimum stand age required for a patch to be suitable for
colonizer species

Range of 1–50 (in increments of
5 years)

Species extinction rate occext Rate that determines whether a metapopulation species may go
extinct from any occupied patch (i.e., changing the occupancy
state from present to absent)

Range of 0.1–0.7 (in increments
of 0.1)

Maximum dispersal distance dispmax Maximum distance for which any suitable and empty patch will
be occupied by a metapopulation species if any patch in a
distance ≤dispmax is occupied and enables colonization

Range of 5–100 m (in
increments of 5 m)

Intrinsic rate of yield enhancement ryield Intrinsic rate of yield enhancement per unit area for marginal
patches in simulations exploring different yield growth models
for enabling land-sparing

Range of 0.05–1.85 (10 values
logarithmically spaced between
min and max values)

Maximum yield intensification factor Kyield Asymptotic maximum yield intensification factor achievable by
the terminal time T in simulations exploring different yield
growth models for enabling land availability

Range of 1–5 (10 values
logarithmically spaced between
min and max values)

Fixed parameters

Patch number Number of patches in the simulated landscape 1000

Proportion of habitat patches Proportion of habitat patches in the landscape 0.2

Proportion of marginal patches Proportion of marginal patches in the landscape 1 − (0.2 + pProtect)

Evaluation indicator

Patch quality Patch- and time-specific mean tree age (as a proxy for patch
quality)

Landscape quality LQ Ratio of the mean patch quality at any given time step to the
mean initial patch quality across all patches in the landscape at
the onset of the respective simulation scenario

Habitat quality HQ Average patch quality divided by the average initial patch quality
for patches other than protected area (a proxy for habitat
loss/gain through impact–offset actions)

Mature patch ratio MP Ratio of patches with trees with average tree age ≥50 years in the
landscape relative to the total number of mature patches at the
onset of simulations

Occupancy ratio OC Number of patches occupied at a certain time step by a
metapopulation of species divided by the number of initially
occupied patches

NNL quality Binary indicator equal to 1 if the landscape quality ratio remained
≥1 at all time steps, indicating achievement of no net loss in
landscape quality

(Continues)
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TABLE 1 (Continued)

Parameters Symbol Description Value

95% habitat quality Binary indicator equal to 1 if the habitat quality ratio remained
≥0.95 at all time steps, indicating limited habitat loss through
impact-offsetting actions

95% mature patches Binary indicator equal to 1 if the mature patch ratio remained
≥0.95 at all time steps, indicating limited loss of mature patches
under repeated impact-offsetting actions

Mature patch recovery Binary indicator equal to 1 if the ratio of mature patches
remained ≥0.5 at all time steps and reached ≥1 at the final time
step, indicating sustained and full recovery of mature habitat
through impact-offsetting actions

95% metapopulation persistence Binary indicator equal to 1 if the ratio of occupied patches ≥0.95
at all time steps for persistent colonizers and successional
specialists, indicating limited fluctuation in the overall patch
occupancy of colonizer species

reasonable proxy for habitat quality because this approach is
supported by empirical analyses of forest restoration (Martin
et al., 2013). At the start of the simulations, patches were classi-
fied into three types. Protected patches contained 100 trees, each
200 years old, representing mature forest habitat correspond-
ing to two to three generations of habitat-forming tree species
in European forests (Pretzsch, 2009). Protected patches were
not available for conversion by development. Habitat patches
contained 100 trees, each 50 years old, represented managed
forests at an intermediate successional stage (approximately
one generation time of trees), and were available for potential
development. Patches classified as marginal represented other
vegetation types without trees that could be allocated to devel-
opment or restoration, subject to landscape dynamics and land
availability constraints that are described below. We generated
the proportion of protected patches in the model landscape
randomly according to the parameter pProtect, whereas the pro-
portion of habitat patches was set to 20%. All remaining patches
were initially characterized as marginal.

For the colonizer species, the suitability of any patch was
determined by the habitat age threshold (minagehab) parameter
given as the minimum stand age that allows a species to colonize
a patch. We modeled two types of colonizer species to distin-
guish those capable of persisting in mature forest patches from
those that cannot persist in old-growth patches. Specifically, we
defined persistent colonizers as those that can colonize any for-
est (habitat and protected) patch ≥ minagehab with no upper age
limit and successional specialist as those that can colonize any
forest patch ≥ minagehab but ≤100 years of age (unable to colo-
nize protected forest and mature offset forests >100 years old).
The initial occupancy states were set to present for all habitat
and protected patches.

Model processes

The model simulations involved multiple steps. First, the num-
ber of impacted patches in each time step (Nimpacted) was
randomly selected; all trees were removed from these selected

habitat or marginal patches; and their state was changed to
impacted. The parameter habitat impact ratio (hir) determined
the proportion of Nimpacted that affected habitat patches, with
the remainder affecting marginal patches. Distinguishing these
two parameters allowed the model to separate overall develop-
ment intensity (Nimpacted) from the specific impacts on habitat
versus marginal land (or hir), reflecting real-world differences
in expansion pressure and spatial planning or avoidance strate-
gies. To represent spatial clustering in human development (i.e.,
an increased likelihood of impacts occurring near previously
developed locations), we implemented a spatially explicit impact
allocation procedure. Eligible patches were sampled with proba-
bilities that decreased exponentially with distance to the nearest
previously impacted patch such that the selection weight for
any patch i was proportional to exp−𝛼di , where di is the dis-
tance to the nearest impacted patch and the sampled parameter
0 ≤ α ≤ 1 controls clustering strength. When α = 0, all patches
had equal selection probability (i.e., spatially random impacts),
whereas increasing values of α generated increasingly clustered
development patterns.

Second, for each impacted habitat patch (as determined by
Nimpacted in each time step), the habitat compensation fac-
tor (hcf) determined how many marginal patches would be
converted into offset patches per impacted patch. When this
product exceeded the number of available marginal patches,
the selection was constrained to the available patches. Third,
for offset patches, the conservation commitment period (ccp)
defined how long the patches would be protected from activities
that could compromise ecological integrity or forest succes-
sion. When time since restoration exceeded ccp, the state of the
compensated patched was changed to habitat patch, returning
it to the pool of development-eligible habitat patches. Fourth,
for impacted patches, the impact period (ip) determined the
time span for how long patches would be impacted. If the time
span after the onset of impact exceeded the ip, then the state
of impacted patches was changed to marginal. Tree age of all
trees on established patches increased in each model time step
by 5 years until they reached the maximum age. Finally, in the
baseline model, marginal patches were available for offsetting
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FIGURE 1 Conceptual framework of iterative impact–offset dynamics and biodiversity outcomes. Offset sites are established to compensate for habitat
conversion through impact–offset actions (a), such as planting habitat-forming (tree) species. These actions change the landscape (b), which includes impacted
patches, marginal patches available for offsetting, and protected patches. Habitat-forming species undergo succession over time (c), influencing colonizer species
persistence (e.g., birds) according to their dispersal ability and habitat age thresholds (d). Repeated impact–offset cycles drive temporal changes in biodiversity
indicators (e), illustrated schematically as long-term model outputs of stacked landscape composition (upper plot; proportions of habitat states through time) and
example time series of colonizer species (lower plot; relative changes in occupancy). Scenario simulations vary key parameters governing development and
restoration: habitat impact ratio (hir; proportion of impacted patches drawn from habitat vs. marginal land), habitat compensation factor (hcf; number of offset
patches created per impacted patch), conservation commitment period (ccp; duration offset patches are protected before reverting to habitat), impact period (ip;
duration impacted patches remain in an impacted state), maximum dispersal distance (dispmax), species extinction rate (occext), habitat age threshold (minagehab),
proportion of protected patches (pProtect), number of impacted patches per time step (Nimpacted), maximum yield intensification factor (Kyield), and rate of yield
improvement (ryield).

subject only to landscape composition and the development–
offset process cycle. However, in actual landscapes, marginal
land typically represents areas that are spared from production
rather than unused land. We therefore extended the model to
include land availability constraints that coupled offset availabil-
ity to production dynamics. Yield improvements were modeled
using a logistic function characterized by the maximum yield
intensification factor (Kyield) and the rate of yield improve-
ment (ryield). At each time step, the resulting yield multiplier
determined the fraction of marginal land that remained in pro-
duction to maintain overall output, thereby limiting the number
of patches available for restoration. When Kyield = 1, yield
remained constant, and no land sparing occurred, correspond-
ing to the baseline scenario without production-driven release
of marginal land. Increasing Kyield allowed progressively more
marginal land to be allocated to offsets, whereas ryield controlled
the pace at which yield gains (and thus potential land sparing)
occurred through time. All calculation details are provided in
Appendix S1.

In addition to the processes governing the habitat-forming
species (i.e., trees), the patch occupancy dynamics of habitat-

dependent colonizer species were determined by three mech-
anisms: patch suitability, defined by the habitat age threshold
(minagehab), representing the minimum stand age required
for colonization; stochastic local extinction, governed by the
species extinction rate (occext), which determined the probabil-
ity that an occupied patch becomes unoccupied; and dispersal
limitation, defined by the maximum dispersal distance (dispmax),
whereby any empty but suitable patch becomes colonized if at
least one occupied patch occurs within a distance ≤ dispmax. We
quantified metapopulation abundance at the landscape scale as
the number of patches occupied by the metapopulation species
(NOcc).

We initialized the model with M = 1000 patches randomly
selected from a 100 × 100 cell grid. Offsetting scenarios
were simulated by iteratively sampling random combinations
of parameter values. Parameter ranges reflected a combination
of plausible ecological values (e.g., forest age thresholds and
extinction probabilities) defined jointly by the author team and
normative or policy-driven choices (e.g., compensation ratios
and ccps), for which empirical distributions were unavailable.
For the normative or policy-driven choices, ranges were chosen
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to span current practice and plausible future policy ambitions
rather than to represent observed frequencies (see Appendices
S2 & S3 for justifications of parameter choices). Model param-
eters included those governing development and compensation
schemes (pProtect, Nimpacted, hir, α, hcf, ccp, ip, Kyield, and
ryield) and species colonization dynamics (minagehab, occext, and
dispmax) (Table 1).

Emerging patterns

The emerging patterns of interest were derived from simulations
examining the temporal dynamics and variability in biodiversity
indicators under alternative compensation scheme parameteri-
zations. To assess patterns, we calculated landscape quality (LQ)
as the ratio of the mean patch quality step to the mean initial
patch quality at the onset of the respective simulation scenario
across all patches in the landscape. We further calculated habitat
quality (HQ) as the average patch quality divided by the aver-
age initial patch quality for patches other than protected areas
(a measure accounting for the loss/gain of habitat only). More-
over, we calculated the mature patch ratio (MP) as the ratio of
patches with trees with average tree age of ≥50 years in the land-
scape relative to the total number of mature patches at the onset
of the simulations.

For the colonizer species, we calculated the occupancy ratio
(OC) as the number of patches occupied at a certain time step
divided by the number of initially occupied patches. We calcu-
lated these measures (LQ, HQ, MP, and OC) at time steps of 1,
2, 5, 10, 25, 50,75, 100, and 500 years after the onset of the sim-
ulations. For all scenarios, we further extracted the time step of
the simulations at which marginal land was no longer available.

Model evaluation

To evaluate the model and assess whether offset targets were
met, we defined eight binary evaluation indicators based on
ecological state variables and assessed each against prede-
fined threshold criteria to classify whether offset targets were
achieved. These offset targets were the following: NNL quality,
landscape quality ratio ≥1; 95% habitat quality, habitat quality
ratio ≥0.95; 95% mature patches, mature patch ratio at all times
≥0.95; mature patch recovery, ratio of mature patches remained
≥0.5 throughout the simulation and reached ≥1 at the final
time step; 95% metapopulation persistence, ratio of occupied
patches ≥0.95 for persistent colonizers and successional spe-
cialists; and metapopulation recovery, ratio of occupied patches
remained ≥0.5 throughout the simulation and reached ≥1 at
the final time step for persistent colonizers and successional
specialists. Using the offset targets classifiers, we explored the
minimum values and combinations of key parameters that
would achieve the targets.

For global sensitivity analysis, we used gradient boosting
regression (using the gbm() function in R) to quantify the per-
centage of output variance explained by the sampled input

parameters (pProtect, Nimpacted, hir, α, hcf, ccp, ip, Kyield,
ryield, minagehab, occext, and dispmax). Because global sensitiv-
ity results depend on the parameter space explored, estimates
of parameter importance should be interpreted as conditional
on the parameter ranges rather than as intrinsic measures of
ecological importance.

Because realized habitat loss was determined by the number
of impacted patches and the proportion of impacts occurring on
patches classified as habitat rather than marginal, we defined the
habitat conversion rate (convr) as convr = Nimpacted × hir/M.
This derived metric represented the effective habitat conversion
rate per time step, enabling comparison across scenarios with
different impact parameter combinations. For subsequent anal-
yses, convr was categorized into three equally sized groups (low:
0.0002–0.0048, medium: 0.0048–0.0095, and high: 0.0096–
0.0200) based on tertiles of its empirical distribution, allowing
assessment of offset target achievement across gradients of
conversion intensity.

We conducted all analyses for 100,000 scenarios of ran-
domly selected parameter combinations. Subsampling analyses
indicated that results were robust to sample size effects. All
modeling and data analyses were conducted in R version 4.3.1
(R Core Team, 2024).

RESULTS

Offset scale and conservation duration shape
habitat succession

Across the modeled scenarios, the NNL quality target (NLL in
landscape quality) was met in ≤4% of scenarios, and the target
was met only when the habitat impact ratio (hir; the fraction
of development incidents affecting habitat rather than marginal
patches) was ≤0.7, highlighting that low-impact development
was essential for effective offsetting. The likelihood of achiev-
ing the NNL quality target was most strongly influenced by
Nimpacted (the number of patches impacted per development
incidence), which explained 55% of the variance in the gradient
boosting analysis.

The less stringent 95% habitat quality target was achieved in
56% of the scenarios. In scenarios where development affected
only habitat patches (hir = 1), a minimum hcf of 1 was suffi-
cient to meet the target when the ccp was ≥45 years. Sensitivity
analysis indicated that this target was primarily influenced by
hcf (explaining 35% of variance) and Nimpacted (20% of vari-
ance) across the explored parameter ranges (see Appendix S4
for partial dependence plots).

As the simulated impact–offset actions were based on replac-
ing habitats with restoration sites with younger trees, the
fraction of mature patches inevitably decreased during the first
years of impact in all scenarios (Figure 2). The 95% mature
patches target was met in 12% of the simulations, and the
mature patch recovery target was met in 47% of the simula-
tions. For both mature patch targets, a minimum conservation
commitment period of ccp ≥45 years (corresponding to the
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FIGURE 2 Habitat compensation factor and conservation commitment period drive the outcomes in biodiversity offsetting scenarios. Changes in
landscape-scale habitat quality ratio over time (habitat quality at different times in relation to initial value) binned and color-coded for different habitat conservation
factors (a) and changes in mature patch ratio over time binned and color-coded for different conservation commitment periods (b). Lines represent the median from
all scenarios from the respective binning group, and ribbons represent the 95% of these binned scenarios.

age difference between impacted habitat and newly established
offset sites) was the threshold for achieving the target in any
scenario of full impact on habitats (hir = 1).

Achieving the 95% mature patches target was most sensitive
to the habitat impact ratio (hir, 39% of the variance explained;
see Appendix S5 for partial dependence plots) and to the num-
ber of impacted patches (Nimpacted, 38% variance explained).
The mature patch recovery target conversely was most sensitive
to changes in the ccp (25% variance explained; see Appendix
S6 for partial dependence plots) and the hcf (24% variance
explained).

From a short-term versus long-term perspective, 39% of the
scenarios that initially met the 95% habitat quality target and
82% of scenarios that initially met the 95% mature patches tar-
get during the first 10 years failed to sustain these targets over
the full simulation period.

Across scenarios, marginal patches were never fully
exhausted by development–offset dynamics alone; however,
under land availability constraints, marginal land availability
became unsustainable in 45% of simulations due to production
requirements rather than biodiversity outcomes. The propor-
tion of scenarios in which marginal land was exhausted under
production constraints declined with increasing maximum
yield intensification factor (Kyield), from 79% at Kyield = 1 to
approximately 30% at Kyield ≥ 4 (Appendix S7).

Synergistic effects of habitat conversion and
species traits on colonizer persistence

The 95% metapopulation persistence target was met more often
for persistent colonizers than for successional specialists (38%
and 16% of simulation scenarios, respectively). Persistent col-
onizers and successional specialists with habitat age thresholds
of minagehab ≤30 years met this target in 79% and 85% of sce-
narios, respectively, whereas those with minagehab ≥30 years
met the target in only 21% and 14% of scenarios. Metapopu-
lation persistence declined with increasing habitat conversion
rates and greater habitat age thresholds (Figure 3). Sensitivity
analysis indicated that this target was most strongly influenced
by minagehab (22% variance explained), Nimpacted (21% variance
explained), and hir (18% variance explained) for persistent colo-
nizers (Appendix S7). For successional specialists, the strongest
drivers were ccp (30% variance explained), minagehab (18%
variance explained), and Nimpacted (17% variance explained)
(Appendix S7). Notably, although both colonizer types were
sensitive to rapid habitat conversion, persistence of successional
specialists declined under long conservation commitment peri-
ods (Appendix S8), consistent with their inability to colonize
mature habitat. The metapopulation recovery target was met in
55% of the simulation scenarios for persistent colonizers and
16% for successional specialists.
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8 of 13 WELLS ET AL.

FIGURE 3 Habitat conversion drives the local and regional persistence of habitat-dependent colonizer species across restored patches. The simulated success
rates of metapopulation persistence for ecological compensation scenarios with different combinations of habitat conversion rates (the product of the two
parameters number of impacted patches and habitat impact ratio) for (a) persistent colonizers (species in young and mature forest patches) and (b) successional
specialists (species not capable of occupying mature forest patches ≥100 years old). The simulations underlying each point vary also in other parameters (detailed in
MATERIALS AND METHODS).

Limits of biodiversity offsets under high habitat
conversion rates

Given that the hcf and ccp emerged as key drivers of long-
term offset outcomes, we summarized target achievement
rates across all hcf–ccp combinations, spanning the range of
scenarios varying the other parameters. Target achievement
declined consistently with increasing habitat conversion rate and
increasing stringency of target combinations (Figure 4).

High achievement rates (≥95%) for the 95% habitat qual-
ity target alone occurred across a defined region of parameter
space, requiring approximately hcf ≥1.5 and ccp ≥30 years
under low conversion rates and hcf ≥4 and ccp ≥75 years
under medium conversion rates; under high conversion rates,
high achievement levels were not observed. Ensuring simulta-
neous achievement of both the habitat quality and matureness
targets (i.e., 95% mature patches and mature patch recov-
ery) further reduced the frequency of successful outcomes,
with success largely restricted to higher hcf values (≥7.5) and
ccps ≥45 years under low conversion rates (Figure 4). When

metapopulation targets were added, achievement probabilities
declined with increasing habitat conversion rates: maximum
achievement rates for any hcf–ccp combination under high con-
version rates and with metapopulation targets included reached
only 61%. Although the relative ranking of parameter combi-
nations remained broadly consistent across habitat conversion
levels for any given target combinations (Spearman correlations
0.61–0.81) (Figure 4), increasing habitat conversion systemat-
ically shifted the feasibility boundary by increasing the hcps
required to achieve comparable outcomes. Thus, conversion
rate reduced overall achievement probabilities while also inflat-
ing spatial scaling requirements rather than leaving optimal
parameter regions unchanged.

DISCUSSION

Biodiversity offsetting is increasingly used to reconcile devel-
opment with conservation objectives, yet its long-term effec-
tiveness remains uncertain because ecological recovery occurs
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CONSERVATION BIOLOGY 9 of 13

FIGURE 4 Overall target achievement rates across ecological compensation scenarios varying conservation commitment period and habitat compensation
factor for cumulative combinations of offset targets: HQ: achieving ≥95% habitat quality target; HQ + Mat: habitat quality combined with ≥95% mature patch ratio
or mature patch recovery; HQ + Mat + PCol: previous targets plus ≥95% metapopulation persistence or recovery for persistent colonizer species; and
Int + Mat + PCol + SSpe: all prior targets plus ≥95% metapopulation persistence or recovery for successional specialist species. Overall target achievement rates are
plotted for three different levels of effective habitat conversion rate per time step (three equally size groups: low, medium, and high). The simulations underlying
each point vary also in other parameters as detailed in MATERIALS AND METHODS.

over timescales that often exceed policy and planning hori-
zons. Using a conceptual modeling framework that integrated
habitat succession, metapopulation dynamics, and iterative
development–offset cycles, we identified four interacting key
drivers that determine offset outcomes: spatial compensation
scale, conservation commitment duration, habitat conversion
rate, and structural constraints imposed by land availability. Our
simulations revealed that offset success depended on the inter-
action between landscape composition turnover and ecological
recovery processes that produce delayed responses and long-
term dynamics that are not captured by static or short-term
evaluations. Furthermore, these outcomes were modulated by
species traits and metapopulation dynamics, reflecting differ-

ences in recolonization ability and persistence requirements.
Critically, required compensation levels were not necessar-
ily fixed but shifted systematically with increasing rates of
habitat conversion: faster habitat conversion and landscape
turnover reduced overall achievement probabilities and inflated
the spatial scaling required to maintain biodiversity targets.
Although increasing compensation area and conservation dura-
tion improved outcomes, appropriate scaling alone did not
guarantee success if habitat conversion outpaced ecological
recovery. These results highlighted a fundamental temporal
mismatch between ecological processes and conventional off-
set design, suggesting that effective policies must explicitly
account for succession dynamics, landscape turnover rates, and
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10 of 13 WELLS ET AL.

species-specific recolonization processes rather than relying on
simplified area-based metrics or short-term performance crite-
ria. Moreover, reliance on single biodiversity indicators, such as
habitat quality alone, risks overlooking metapopulation dynam-
ics and the persistence requirements of habitat-dependent
colonizer species. Collectively, our findings indicated that long-
term ecological resilience depends on maintaining sufficient
mature habitat to sustain recolonization while designing offset
strategies that reflect dynamic landscape change.

Offsetting success emerges from temporal
dynamics rather than fixed design parameters

Our results showed that offset effectiveness was governed
primarily by temporal dynamics arising from the interaction
between habitat loss and ecological succession. Because offset-
ting replaced mature habitats with early successional restoration
sites, temporal deficits in habitat quality were unavoidable.
Successful outcomes therefore required sufficient spatial and
temporal buffering, which were achieved through appropriate
scaling of compensation area and conservation commitment
duration (whose effects interacted with each other and with
additional model parameters), thereby allowing restoration sites
to mature and maintain functioning habitat networks. In our
simulations, effective offsetting emerged only when conser-
vation commitments extended to ≥45 years, reflecting the
successional age difference between removed mature habi-
tat and newly established restoration sites. This outcome
suggested that in some modeled scenarios, conservation com-
mitments did not need to extend substantially beyond the
period required to maintain landscape-level habitat quality and
mature habitat availability, provided that spatial compensation
was sufficiently large and habitat conversion rates remained
low. Although this finding may appear to challenge expecta-
tions that long-term conservation permanence is necessary for
ecological resilience (Reside et al., 2019), our results indicated
that duration requirements are context dependent; conserva-
tion commitments sufficient under low-impact scenarios may
become inadequate as habitat conversion intensifies.

Compensation factor thresholds were strongly contingent
on habitat conversion rates, highlighting the limitations of
fixed ratios. Although a compensation factor of 1 was some-
times sufficient to meet habitat quality targets, substantially
higher values (e.g., hcf ≥7.5) were often required to simulta-
neously maintain habitat quality and mature patch availability.
This threshold illustrated that like-for-like area replacement
alone cannot compensate for temporal losses in ecosystem
structure and function. Under iterative impact–offset cycles,
rapid habitat conversion combined with slow ecological recov-
ery generated persistent shortages of mature habitat, leading
to structurally and functionally degraded habitat conditions,
thereby constraining metapopulation persistence and affecting
both habitat-forming and colonizer species.

These results reinforced the mitigation hierarchy, which
prioritizes avoidance of impacts, followed by minimization,
restoration, and finally offsets, by demonstrating that avoid-

ing habitat loss through low-impact development was the most
effective route to landscape-scale NLL. High habitat conver-
sion rapidly increased compensation requirements and could
render offsets infeasible, even with large offset areas and long
commitment periods (Figure 4). This finding underscored the
concept that offsets cannot replace impact avoidance and must
be integrated with broader land-use and conservation policies.

Increasing habitat conversion rates systematically shifted fea-
sibility boundaries by increasing the compensation required
to achieve comparable outcomes (Figure 4). Offset thresholds
therefore represented moving targets determined by the bal-
ance between habitat loss and ecological recovery rather than
universal benchmarks. Policies relying solely on fixed ratios
or static area-based metrics may consequently fail under high
development pressure. These findings highlighted a potential
mismatch between ecological requirements and current policy
frameworks, where conservation durations may be shorter than
ecological recovery timescales (e.g., 30-year covenants under
the UK Environment Act 2021). Consistent with the results
of previous studies (Moilanen et al., 2009; Waddell et al., 2024;
Watts et al., 2020), the findings of this study showed that
neglecting ecological time lags can undermine long-term bio-
diversity outcomes. Although our model was parameterized for
forest ecosystems with recovery trajectories spanning decades
to centuries (Fuentes-Montemayor et al., 2021), the underlying
mechanism is broadly applicable; wherever restoration trajec-
tories lag behind habitat loss, spatial overcompensation and
long-term protection are necessary to sustain habitat quality
and biodiversity. For example, evidence from grassland systems,
where structural and functional recovery may require decades
despite shorter generation times (Fagan et al., 2008; Hirayama
et al., 2025; Redhead et al., 2014; Török et al., 2021; Woodcock
et al., 2012), suggests that similar temporal mismatches are likely
across different ecosystems.

Species traits and metapopulation processes
mediate offset outcomes

Landscape-level dynamics behaved differently for different
colonizer species, emphasizing that offset effectiveness can-
not be evaluated independent of species-specific ecological
traits. Species with higher habitat age thresholds were par-
ticularly vulnerable to increased habitat turnover, reflecting
their dependence on mature habitat availability and continuous
recolonization pathways. Persistent colonizers benefited from
remnant or protected habitats acting as sources during peri-
ods of reduced habitat availability, which is consistent with
metapopulation theory, whereas successional specialists that
were assumed to be absent from mature habitats experienced
reduced persistence (Figure 3).

Our results demonstrated that constraints in the availabil-
ity of both mature and early successional habitats can create
contrasting outcomes across species groups. Long conserva-
tion commitments, although beneficial for maintaining mature
habitat, could disadvantage early successional specialists in sim-
plified model landscapes; however, in real-world landscapes,
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CONSERVATION BIOLOGY 11 of 13

many species are adapted to additional landscape features and
matrix habitats such as treefall gaps and other perturbations
within forest habitats, forest margins, or hedgerows (Bengtsson
et al., 2000; Montgomery et al., 2020; Turner, 2010), suggesting
that such trade-offs may be moderated in practice.

Across scenarios, metapopulation species with higher habi-
tat age thresholds were less likely to persist under faster habitat
conversion rates (Figure 3). Species persistence depended on
maintaining sufficient numbers of mature patches to prevent
landscape-scale bottlenecks that disrupt colonization dynamics.
Rapid habitat conversion, coupled with slow restoration imple-
mentation, can result in a deficit of mature or remnant habitats,
thereby jeopardizing the persistence of habitat-dependent colo-
nizer species reliant on metapopulation dynamics across habitat
patches of diverse and specific successional stages for persis-
tence (Hodgson et al., 2009). The higher persistence rates of
the habitat-dependent colonizer species (persistent colonizers)
compared with those of the successional specialists highlighted
the critical role of protected areas because they were not
affected by habitat turnover and thus supported spatial disper-
sal and species persistence. More broadly, if habitat replacement
and successional dynamics significantly reduce the availabil-
ity of suitable habitats for species, alternative habitats such as
protected areas may provide a rescue effect during periods of
limited habitat availability. These areas can act as sources for
recolonization once restoration sites reach a suitable succes-
sional stage, a phenomenon that is well known in the ecological
literature (Freckleton & Watkinson, 2002; Harrison & Taylor,
1997; Thomas & Kunin, 1999).

Our finding that colonizer species that are dependent on
habitat patches for survival are at risk of severe declines if
habitat conversion is not buffered by sufficient availability of
remnant nearby habitats is consistent with empirical evidence
that expansive habitat loss can significantly reduce biodiversity
at patch and landscape scales (Gonçalves-Souza et al., 2025;
Jamoneau et al., 2012). Therefore, the design of effective off-
setting schemes must consider the broader consequences of
landscape-scale impacts.

Structural limits imposed by land availability
and land-use constraints

Beyond ecological dynamics, our simulations revealed structural
limits arising from land availability and competing produc-
tion demands. Marginal land suitable for offsetting became
exhausted in many scenarios, particularly under land availabil-
ity constraints, preventing further compensation actions. This
finding reinforces previous work identifying land availability as
a critical constraint on offset feasibility (Sonter et al., 2020).

In actual landscapes, uncertainty surrounding land availabil-
ity potential, agricultural intensification, and alternative land-use
systems complicates implementation of offsetting strategies
(Grass et al., 2021; Marshall et al., 2022; McDougall et al., 2019).
Even when trade-offs among compensation scale, conservation
duration, and production intensity allowed optimization within
certain parameter ranges, successful offsetting was not guaran-

teed where sufficient land for restoration was unavailable. In
practice, the risk of exhausting marginal land for offsetting high-
lights the need to adapt impact and compensation policies to
real-world and real-time constraints on land availability.

Temporal dynamics further complicated policy evaluation.
Some scenarios meeting short-term targets failed over longer
timescales due to gradual declines in biodiversity indicators,
whereby failure to meet the offset targets was only evident
over time periods >10 years in some scenarios. Other scenarios
exhibited transient declines followed by recovery as evidenced
by the fact that in some scenarios, both the number of mature
patches and metapopulation occupancy ratios declined before
eventually recovering. These findings demonstrated that short
evaluation windows (e.g., 5–10 years, typically aligned with
legislative cycles) may misrepresent long-term ecological out-
comes and highlighted the importance of long-term policy and
planning considerations aligned with ecological timescales.

Implications for biodiversity offset policy and
future research

Collectively, our findings suggest that effective offsetting
requires moving beyond static compensation frameworks
toward adaptive approaches that explicitly incorporate succes-
sion dynamics, land availability constraints, landscape turnover
rates, and species-specific persistence mechanisms. Fixed offset
ratios are unlikely to ensure biodiversity outcomes across vary-
ing ecological and development contexts; instead, policies may
benefit from defining feasibility or ecological thresholds that
reflect dynamic system constraints.

Our work supports previous studies that highlight the need
for sustainable offsetting that accounts for the multifaceted
aspects of biodiversity and ecosystem functioning and that
implements a whole ecosystem approach, an effort rarely
addressed in existing policy (Bullock et al., 2022; Fagan et al.,
2010; Maron et al., 2025; Säterberg et al., 2013). Considering
multiple species traits and biodiversity indicators is essential, as
reliance on single metrics risks overlooking critical dynamics.
This real-world policy challenge mirrors a fundamental techni-
cal challenge and methodological trade-off in modeling between
multidimensional scenarios and simplified scenarios; although
multidimensional analyses require consideration of many inter-
acting parameters that may influence outcomes, constrained and
simplified designs with only a few parameters allow for easier
interpretation but may overlook important dynamics. This mod-
eling challenge has a direct analog in policy: relying on too few
ecological indicators can result in misleading assessments of off-
setting success. At the same time, fully capturing biodiversity’s
multifaceted nature is hampered by ecosystem complexity, lim-
ited data on the many dimensions of biodiversity and ecosystem
functioning, and challenges related to identifying suitable repre-
sentative indicators (Hughes et al., 2020; Rounsevell et al., 2020;
Simmonds et al., 2020).

Several limitations warrant consideration. Our study did
not consider the ecological value of marginal patches, which
could be relevant in counterfactual scenarios where establish-
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12 of 13 WELLS ET AL.

ing offsetting sites solely for the purpose of compensating
impact elsewhere could mean a loss of biodiversity values from
marginal land (Maron et al., 2018). For simplicity, we kept the
age of habitat patches constant, although in reality, habitats such
as managed forest are subject to both harvest and succession.
Such dynamics would further increase heterogeneity in habitat
age structure and would be expected to reduce the proportion
of mature habitat in the landscape if sufficiently mature habi-
tats would be harvested and replanted for commercial purposes.
A previous study suggested that in a European beech for-
est, landscape mosaic heterogeneity with differently aged forest
patches was more important than high within-stand heterogene-
ity for maintaining regional biodiversity (Schall et al., 2018).
Another work based on a large number of differently aged
woodlands in the United Kingdom found that management
for increased structural complexity may enhance the establish-
ment of woodland plants (Waddell et al., 2024), whereby the
recovery of specialist plant species to their former abundance
levels in old-growth forests and an overall forest mature habitat
structure are typically only achieved in woodlands over 80 years
old (Fuentes-Montemayor et al., 2021; Waddell et al., 2024). To
our knowledge, however, the role of habitat mosaics and habi-
tat heterogeneity, particularly under conditions of high habitat
turnover driven by impact-offsetting in rapidly developing areas,
remains largely unexplored and warrants further research.

By integrating habitat succession, metapopulation dynam-
ics, species traits, and iterative landscape-scale development
processes, our study demonstrated that biodiversity offset
outcomes are fundamentally shaped by temporal dynamics
and landscape turnover rather than by fixed compensation
thresholds. Achieving a balance between development and con-
servation requires offset designs that align spatial and temporal
scaling with ecological recovery processes while maintaining
sufficient mature habitat to sustain recolonization dynamics.
Recognizing these constraints is essential for developing offset
policies capable of delivering long-term biodiversity outcomes
under ongoing landscape change.
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