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SCIENCE FOR SOCIETY The ongoing biodiversity loss crisis has prompted worldwide interest in ensuring
that new developments offset impacts upon nature through biodiversity net gain (BNG) projects, creating
habitats for wild species. However, implementation of BNG projects in England favors offsets being located
near new developments, in part to provide recreational benefits to local communities. We show that this
approach ignores the wildlife benefits of areas where biodiversity gains could be much greater. Furthermore,
we reveal that those disadvantaged communities that suffer the most degraded environments are also over-
looked by current practices. A variety of alternative approaches to implementing BNG offsets are identified
and assessed, including options for producing better biodiversity or improved access outcomes at no
greater cost.

SUMMARY

Sustainability requires that we restore biodiversity and wider ecosystem services, yet developments such as
new housing inevitably cause environmental impacts. Accordingly, developers are increasingly required to
resource offset projects, delivering biodiversity or wider environmental net gains. However, analyses of off-
sets in England show that the large majority are conducted within development sites rather than targeted to-
ward better opportunities for net gains elsewhere. Here, we compare current and alternative approaches to
offsetting considering the biodiversity gains, ecosystem service co-benefits, and economic costs they
generate. The results confirm that the current practice performs relatively poorly across all criteria. Analysis
shows that by incorporating ecological and economic information into the targeting of offsets, they can pro-
vide a significant contribution to addressing the challenge of biodiversity loss or deliver substantial
ecosystem service co-benefits to disadvantaged communities. The analytical methods and results pre-
sented here could support a substantial improvement in the operation and outcomes of biodiversity offset-
ting globally.

INTRODUCTION conflict with the simultaneous commitment to end biodiversity

loss (SDG 15).° The recent UN Convention on Biological Diversity
Alongside conservation concerns,’? adequate housing is a (CBD) Post-2020 Global Biodiversity Framework® requires sig-
basic human right,>* and under the Sustainable Development natory countries to halt and reverse the loss of biodiversity by
Goals (SDGs), there is an international commitment to expand  2030. Given the need for both new infrastructure and conserva-
built infrastructure (SDG 9).° However, this sets up a potential  tion enhancement, "net" biodiversity gain policies have gained
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attention.® These aim to limit the negative environmental impacts
of development on a site while allowing some loss of biodiversity
that is compensated for by offsets (biodiversity enhancements)
elsewhere. One such policy is “biodiversity net gain” (BNG),’
which has gained attention as a way to limit the net-negative
environmental impacts of development.” Under BNG principles,
biodiversity losses from development need to be more than
offset by improvements elsewhere.” ' BNG policies have
become widely embedded in both national and international pol-
icy discourse, as well as in business and finance."®""""° For
example, England’s 2021 Environment Act mandates that for
planning permission to be granted, all developments are
required to deliver BNGs with a minimum uplift in biodiversity
of 10%."* This policy has few exceptions, is considered an
important contribution toward halting further biodiversity
loss,'® and has been internationally acclaimed by some as “the
most ambitious biodiversity policy in the world.”'®

While the BNG principle has been well received, it is its mode
of implementation that will determine the practical effectiveness
of the policy. Spatial targeting of offsets is particularly important,
as the effectiveness of management interventions to improve
biodiversity and natural capital landscapes is context depen-
dent."” However, many land use policies (for example, agricul-
tural subsidies'®'°) are applied at uniform rates across all areas
irrespective of the fact that the natural and human environment
and corresponding benefits of change vary vastly between loca-
tions. This means that, at best, the limited funds available for
environmental improvement are allocated inefficiently, delivering
poorer outcomes, while at worst, this approach encourages the
wrong activities in the wrong places (for example, planting trees
in high-carbon soils, leading to a net increase in greenhouse gas
emissions®). Quite obviously, the spatial targeting of BNGs to
places that are poor for biodiversity will do little to bend the curve
on biodiversity loss.?" Similarly, if we are interested in enhancing
access to high-quality environments for disadvantaged groups,
then an implementation mechanism that targets BNG offsets in
order to minimize their cost or ties them to the sites of infrastruc-
ture development is unlikely to provide high value for money in
terms of addressing inequality. As such, land use policy and its
implementation should not implicitly treat the natural environ-
ment as homogeneous but rather should incorporate environ-
mental and social variability into both the formulation and imple-
mentation of policy.

While net gain for biodiversity is the stated motivator for BNG
in England, official guidance also adds a second policy objective
requiring that offsets should also be “of clear benefit to people
and local communities.”? Indeed, the BNG “spatial hierarchy”
adopted does not target either biodiversity or disadvantaged
groups, instead simply preferring on-site or near-site offsets to
more distant off-site compensation.’**° Given this, a key
research need is to understand the degree to which the adopted
spatial hierarchy delivers against biodiversity and social equity
goals, a need that has relevance well beyond the use of BNG
in England."”?®

The current BNG spatial hierarchy is further incorporated into a
“mitigation hierarchy”®*” where, once opportunities for avoiding
damage are exhausted,'® on-site or near-site offsets are given
precedence over more distant options. The explicit bias toward
on-site and near-site offsets is incorporated as a “spatial risk
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multiplier” within England’s biodiversity metric,”® a habitat-
based assessment tool developed to estimate pre- and post-
development biodiversity. The inclusion of the spatial risk multi-
plier systematically reduces the “biodiversity value” of offset
sites located outside the development’s local planning author-
ity® so that a more substantial improvement occurring at dis-
tance from the development site can be accorded a lower value
than a smaller improvement near that development. Higher
weighting of local offsets is further supported within the National
Planning Policy Framework.”® Unsurprisingly, analyses of early
adopters of BNG show that the majority of offsetting sites are
typically located within or near development sites.”

While local offsetting is administratively straightforward, it
gives local planners additional incentives to permit more devel-
opment as BNG benefits are captured locally, which may in itself
have undesirable impacts if biodiversity offsets are inadequate.
This aside, from an ecological perspective, the current approach
to BNG is difficult to defend. Proximity in itself does not ensure
fungibility, as offsets are, by definition, substitutes for the original
habitat. The “ecological equivalence” of offsets is evaluated ac-
cording to a metric that reflects a hierarchy of values set by insti-
tutional perceptions of stakeholder preferences regarding the
aspects of nature to be prioritized'>?° rather than solely conser-
vation priorities. An emphasis on proximity may result in ineffi-
cient outcomes for conservation at a national scale, thus wasting
resources that could be targeted to generate far greater biodi-
versity improvements. Perhaps most importantly, the bias to-
ward local offsetting ignores the well-established need to restore
coherent national networks of conservation habitats®® and
address the central problem of biodiversity loss.*'*

From a social perspective, the local focus also disregards na-
tional concerns over recreational access to nature. The UK’s Na-
tional Planning Policy Framework?® specifies that “opportunities
to improve biodiversity in and around developments should be
integrated as part of their design, especially where this can
secure measurable net gains for biodiversity or enhance public
access to nature where this is appropriate” (p. 52, para. 180).
However, this specification limits considerations of access to
the development site and does not consider wider socio-eco-
nomic inequalities associated with greenspace access in En-
gland.®® Consequently, the local approach may be unfair to
disadvantaged groups currently suffering the most degraded en-
vironments,** doing nothing for problems of poor well-being,
health care needs, and lower overall life expectancy.**” Such
neighborhoods are typically unattractive for developers and
therefore unlikely to benefit from BNG policies biased toward off-
sets near developments.

More generally, any offsetting strategy needs to explicitly
acknowledge that tradeoffs are an inherent feature of land man-
agement, involving not only conservation objectives but also hu-
man livelihoods and well-being.*®*° Further, evidence shows
that localized mitigation activities often result in highly dispersed
conservation projects that generate limited ecological benefits
but impose substantial oversight burden on the regulatory com-
munity.“® In contrast, landscape- and national-scale planning
with a habitat network perspective (e.g., providing effective link-
age between existing, fragmented conservation habitats) is both
more cost effective and more ecologically effective for promot-
ing biodiversity gains.®%
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Table 1. BNG offset scenarios and corresponding rules for the selection of offset sites

Offset scenario

Rules for selecting offset site

(1) Local offset (status quo)
(2) Maximize conservation benefits

offset within or adjacent to construction/infrastructure site (current practice)
offset where the highest improvements for a set of species of conservation

priority can be achieved

(8) Minimize costs
(4) Maximize access co- benefits minus costs

offset where the major costs of offsetting (compensation to landowners) are minimized
offset where the sum of the monetized co-benefits of offsetting (access for recreation)

minus the offsetting cost is maximized

(5) Maximize equity-weighted access co-benefits

using HM government allowances,*® giving higher weights to the co-benefits

received by those with lower incomes

As alocal approach is no guarantee of win-win outcomes from
BNG offsetting, here we show the potential for improvements
arising from removing the current bias in favor of local offsets.
To do so, we use existing models of biodiversity and ecosystem
services*”*® to quantify species richness for a set of species
of conservation priority*® (details in assessing the biodiversity
response to land use change and supplemental information
SI-3), assess recreational access co-benefits*” (assessing the
recreational access co-benefits of land use change and co-ben-
efits minus costs; supplemental information SI-5), and calculate
the costs of offsetting (the major element of which is the
compensation farmers and landowners require for land use
change; assessing the costs of land use change; supplemental
information SI-4).*” These models are applied across England
to five scenarios, each examining a different rule for BNG offset-
ting (applying the offsetting rules; supplemental information
SI-7): (1) local offsetting (the status quo), (2) maximize conserva-
tion benefits, (3) minimize costs, (4) maximize co-benefits
(access) minus costs, and (5) maximize equity-weighted co-ben-
efits. Table 1 details the rules used in each scenario.

To clearly demonstrate the different consequences of these
approaches to offsetting, each of the rules given in Table 1
was applied to estimates of housing developments across En-
gland over a 25 year period®® (modeling urban expansion and
the demand for offset land; supplemental information SI-2). We
assessed the expected change in species richness®’ for a set
of 100 species of conservation priority, the value of recreational
access co-benefits (assessed using standard economic tech-
niques), and the expected costs of the scheme (compensation
to landowners). Following the common practices of offsetting
to date,”> we assume that offset areas are the same size as
development areas. Offsets were modeled as the conversion
of agricultural farmland to semi-natural grassland, both the
most common habitat type delivered through BNG so far®® and
an outcome land use applicable throughout the study area.
This ensured that assessments were determined by biodiversity,
co-benefit, and cost outcomes alone and not influenced by vari-
ation in the offset habitat type. Optimization according to each of
the offset rules used in each scenario was achieved using the
natural environmental valuation (NEV) decision support sys-
tem*”** (which underpinned the UK National Ecosystem
Assessment®>°°; further details, along with additional informa-
tion on each scenario, are provided in the experimental proced-
ures and supplemental information). Using these scenarios, we
show that removing the current bias toward local offsetting
and instead targeting offsets according to expected outcomes

can provide superior improvements in biodiversity, cost effec-
tiveness, and equity.

RESULTS

Just over 300,000 ha of farmland are expected to be lost to
development across England over the 25 year analysis period.
This area was allocated via each of the five scenarios shown in
Table 1, and the differing rules for each were applied to
generate the offset locations shown in Figure 1A. As can imme-
diately be seen, changing the offset rules radically alters the off-
setting locations. While the (1) current bias toward develop-
ment sites skews offsets to the environs of major cities (the
ring of offsets around London is particularly prominent), (2)
maximizing conservation priority radically alters this by favoring
locations where species of conservation concern would benefit
most from offsetting. Minimizing costs (3) moves offsets away
from prime-value farmland in the east of the country, a pattern
echoed in the maximization of access co-benefits minus those
costs (4). In comparison to the latter, the weighting of access
co-benefits toward disadvantaged communities (5) shifts offset
locations away from the generally affluent south-east of
England.

The radar chart in Figure 1B compares all five offset sce-
narios. Here, the closer it is to the edge of the chart, the
more a scenario delivers against the goals set at each com-
pass point. Perhaps most noticeable is the poor performance
of the current implementation of BNG (scenario 1, shown in
black) across all criteria. This approach is outperformed on
all criteria by other rules (e.g., scenario 4, the maximization
of co-benefits minus costs dominates current implementation
on all counts). Removing the bias toward local implementation
and allowing offsets in locations that are best for biodiversity
(scenario 2) produces much better outcomes for species of
conservation concern (i.e., BNG focused on biodiversity
rather than largely human preferences) than current imple-
mentation, although at the cost of poor performance across
other criteria.

Details of these measures for all scenarios are given in the his-
tograms of Figure 1C. While the current practice of scenario 1
performs relatively poorly against the central stated aim of the
BNG policy, scenario 2 doubles the conservation gains achieved
by local offsetting, although it performs poorly against other
criteria. Similarly, scenario 3, which locates offsets so as to
minimize costs, also performs poorly against other criteria,
although it still outperforms the status quo in terms of its net
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Figure 1. Alternative scenarios for BNG offset rules

(A) The location and area of offsets under each scenario: (1) local offset (status quo), (2) maximize conservation priority, (3) minimize costs (market allocation of offset locations), (4) maximize co-benefits (access for
recreation) minus costs, and (5) maximize equity-weighted co-benefits.

(B) Radar chart comparing the relative performance of the biodiversity net gain (BNG) scenarios across four criteria: maximum biodiversity, minimum costs, maximum co-benefits minus costs, and maximum
equity-weighted co-benefits.

(C). Scenario-specific values for four measures: (i) gains in species richness for species of conservation priority, (i) costs, (i) co-benefits, and (iv) co-benefits minus costs.
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co-benefits minus costs. The latter measure is maximized by
scenario 4, which also performs well against all other criteria
except conservation improvements (although even here it
marginally outperforms the status quo). In comparison to this,
scenario 5 trades off to varying degrees across criteria while
delivering the best outcomes in terms of equity-weighted co-
benefits for disadvantaged communities. It is worth noting that
while Scenario 2 maximizes conservation gains, it performs the
worst when it comes to equity-weighted benefits from accessing
nature. Equally, while scenario 5 maximizes equity-weighted
benefits from accessing nature, it yields the lowest levels of
biodiversity improvements for species of conservation priority,
illustrating the existing tradeoffs between improving biodiversity
and making nature accessible even before the influence of hu-
man disturbance on biodiversity is accounted for.

Finally, Figure 1Civ reveals that, in purely monetary terms, all
scenarios generate net costs. This shows that protecting biodi-
versity is not a cost-free undertaking, with the current approach
delivering the second-highest net costs.

DISCUSSION

Our findings prompt a number of conclusions, the first being that
in our modeling framework, the current practice of encouraging
local offsetting delivers relatively poor biodiversity gains at high
costs and with low co-benefits. If the commonly adopted prac-
tice of local offsetting continues,? then it may result in highly inef-
ficient use of resources to deliver suboptimal biodiversity gains.

Addressing biodiversity loss requires a coordinated approach,
and constraining offsets to the proximity of development sites
does not support the widely recognized need to embed biodiver-
sity policies within a coherent conservation network.>° While
some defend local offsets as more likely to deliver like-for-like
ecological equivalence,”” the very concept of offsetting em-
bodies the idea of some form of trade between surrogates.
“In-kind” considerations assume substitutability of ecological
communities, and the outcomes depend on the specific metric
adopted’®?” (note that the CBD definition of biodiversity ex-
cludes the notion of an ecologically equivalent offset).

BNG offsets are (at least in name) supposed to benefit species
of conservation concern, but one anthropocentric argument for
local offsetting might be that it compensates those who have
lost out from development via reduced opportunities for recrea-
tion and associated health benefits.'®°® However, one case
study assessment demonstrates the risk that, instead of being
designed to benefit those who have suffered losses from the
development (i.e., those who lived in the area previously and
used that site for access to nature), offsets are located to the
best advantage of those living in the new homes created by
the developer, with houses nearest to such offsets being sold
at a premium.>* By building on greenspace, we necessarily see
access worsen for those who already lived in the surrounding
area previously, and research clearly shows a strong distance
decay (particularly for poorer communities) in the value of recre-
ational space as its distance from households increases.’® " In
other words, local offsetting as currently implemented has the
potential to reward the “winners” from developments with ready
access to high-quality environments rather than compensating
the “losers™ for their reduced access to nature.** More impor-
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tantly though, local offsets ignore the potential for BNG regula-
tion to benefit those who suffer the worst environments, in areas
where developers build fewer houses and local offsetting will
rarely apply.

As Figure 1B shows, while there is no single, unambiguously
dominant, win-win approach to offsetting, by combining natural
science and economic insights, we can identify alternatives to
the status quo that, if taken together, can provide far superior
outcomes than the current practice of local offsetting. Scenario
2 shows that readily available information on the consequences
of alternative offsetting sites for species of conservation impor-
tance means that a redesigned BNG policy could significantly
contribute to policy goals of reversing biodiversity decline. Simi-
larly, scenarios 4 and 5 show that offsets can significantly
enhance access to nature both generally and for disadvantaged
communities. Both biodiversity restoration and access enhance-
ments are identified as targets in the UK National Planning Policy
Framework.”® Therefore, a reformed BNG strategy should
consider an efficient mix of dedicated pro-biodiversity, pro-ac-
cess, and pro-equity offsets, each with its targeted and specif-
ically designed policy tools. Our analysis of scenario 3 provides
a warning: a simplistic, accountancy-driven policy of minimizing
the costs of offsetting produces very poor value outcomes in
both biodiversity and access terms. The beguiling attractions
of schemes to cut costs must be resisted in favor of principles
that boost the net value of outcomes.

Our results provide an illustration of the Tinbergen Rule
that if there are two (or more) policy objectives that are not
perfectly correlated, then a single policy instrument cannot opti-
mize both. Either one accepts this and finds the most preferred
tradeoff between objectives or the budget associated with the
regulation is divided according to socially optimally outcomes,
and each objective maximized in line with those allocated re-
sources. Here, the objectives of biodiversity gain and access
improvement seem most pertinent. Dividing the resources raised
by the BNG between scenarios 2 and 5 would provide a useful
alternative to any single strategy.

In a diverse natural and human environment, exceptions can
occur. While our analysis highlights the inefficiencies of setting
up rules that bias outcomes in favor of local offsetting, areas
local to a development could, of course, be chosen if they are
indeed the best locations for biodiversity offsetting or the provi-
sion of access to nature. Similarly, common species should not
be ignored, especially if they are becoming a conservation
concern or contribute to recreational benefits.®* However, rules
should not be constructed to bias offset decision-making into
consideration of anything but their intended outcomes. Another
consideration concerns ecological fungibility. If offsetting occurs
near to the location of ecological loss, then problems regarding
the comparability or substitutability of species may be less likely
to arise. However, such an approach fails to prioritize those spe-
cies at greatest risk and is therefore less likely to contribute to the
wider need to bend the curve on biodiversity loss. Similar argu-
ments can be constructed with regard to recreational access;
while local constraints may benefit local communities, they are
unlikely to help those disadvantaged groups facing the most
degraded environments and in the greatest need.

Given the serious flaws evident in current practices, why has
this approach been adopted? One likely reason appears to be

62,63
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that flexibility within the biodiversity metric makes it relatively
cheap for developers to meet their regulatory liabilities within
their own development footprint. Recognized inadequacies in
mechanisms for the governance, monitoring, or enforcement of
on-site biodiversity gains®® also mean that a developer faces
lower risks of being found non-compliant with BNG regulations
when on-site rather than off-site offsetting is adopted. Secondly,
implementing BNG on site has been perceived by regulators as
helping achieve BNG’s explicit policy objective to be “of clear
benefit to people and local communities.” However, as our re-
sults show, such an assertion fails to account for the complex-
ities of such benefits and, in particular, greatly constrains the po-
tential for offsets to benefit disadvantaged communities. A third,
political economy argument is that the local capture of offsetting
benefits within planning authorities incentivizes these institutions
to accept housing development proposals.®® A fourth driver of
the status quo might be institutional challenges in coordinating
the implementation of BNG nationally when the main level of
government responsible for the practical implementation of
BNG delivery is the local authority. However, evidence on stra-
tegic planning gain“® suggests that the intervention of a na-
tional-level authority, such as Defra, would remove significant
and repeated administrative burdens across all planning author-
ities and, hence, almost certainly reduce overall costs and
improve effectiveness.

The new UK government has made it abundantly clear that
it intends to deliver on its plans to build 1.5 million new homes
over the next 5 years but has also informed wildlife non-
governmental organizations (NGOs) of its intentions to do
this in a way that enhances nature.°® Our results clearly
show that extending the present approach would, at best,
be highly inefficient and expensive and fail to seize the
real opportunities available to bend the curve of biodiversity
loss (and do little to address access inequalities). The core
concept underpinning BNG is a sound extension of the
polluter pays principle but, as Barber®” notes, in delivering
change, “policy is 10% and implementation 90%”; regret-
tably, BNG has provided a further example of an excellent
idea being poorly implemented.

A general conclusion, applicable across all regions and coun-
tries, is that when policies and their implementation ignore the
natural variability in the environment, there is always a cost, typi-
cally both environmental and social. Within the context of BNG,
while the underlying concept is sound and does indeed raise the
potential for biodiversity to be incorporated into decision-making
(a potential that extends well beyond the context of house build-
ing), the implementation of this policy incurs major opportunity
costs. Tying offsets within the environs of the development
that necessitates them ignores the potential for much greater im-
provements to biodiversity elsewhere. Similarly, from a human
perspective, the potential for offsets to address the most needy
and disadvantaged communities is negated by constraining
them within development planning areas. The simple and very
general principle is that ignoring the natural variability of the envi-
ronment will always impair the effectiveness of the often limited
funds available for environmental improvement. We already have
the knowledge to make policies and their implementation sensi-
tive to environmental and social variation—we simply need to
start using that information.
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EXPERIMENTAL PROCEDURES

This section outlines the modeling processes to assess the biodiversity
gains, access co-benefits and costs of undertaking offsets in any location
across England, and implement the offsetting rules defined by each scenario.
Further information is provided in the supplemental information, and all output
data are available upon request.

Baseline land cover
The baseline land cover was taken from the CEH 25 m resolution raster Land
Cover Map (LCM 2000).°® This reports land use across a detailed set of cate-
gories, a summary of which is provided in the supplemental information.
Note that the land use model described below uses agricultural data, which,
to ensure the anonymity of financial records of individual farmers, are aggre-
gated up to a 400 ha (i.e., 2 x 2 km) spatial grid. These data inform the analyst
of the precise area (specified to fractions of a hectare) of each land use within
the grid square but not the precise location of that area within the grid, thereby
ensuring that the private records of each farmer cannot be reconstructed. For
this reason, the uncertainty of costing estimates (which are driven by the prof-
itability of land) increases below the resolution of grid square, and we report
findings at a consistent 400 ha grid level throughout.

Modeling urban expansion and the demand for offset land

Expected locations of development and its extent (and hence the area required
for offsetting) were determined using the model of urban expansion at constant
housing densities over a 25 year period proposed by Eigenbrod et al.°® This
provided the number of hectares within each grid square converted from
farm to developed land over this period. In line with existing environmental pol-
icies, areas under forest and peatlands were deemed ineligible for urban
expansion. We focused on housing (rather than industry or nationally strategic
infrastructure such as railways, motorways, and roads) as the primary contrib-
utor to the loss of greenspaces in Great Britain.®®

Assessing the biodiversity response to land use change

The UK Joint Nature Conservation Committee (JNCC) biodiversity modeling
framework,*® which follows Croft et al.,”® links biophysical land characteris-
tics, climate-related variables, and land use to measures of species richness.
As such, it provides an assessment of the biodiversity consequences of land
use change taking into account all the site-specific, climate change, and other
factors that impinge on such responses (see supplemental information). The
JNCC model was incorporated within the NEV decision support framework*’
to assess the impact of land use change on biodiversity at a high degree of
spatial resolution across all of England. Assessments were made for 100 at-
risk species, representing a variety of taxonomic groups (birds, herptiles, in-
vertebrates [including bees, beetles, butterflies, crickets, moths, and snails],
lichen, mammals, and vascular plants); see supplemental information Sl-4
for further details.

Assessing the costs of land use change

Given that the costs of converting any of the 9% of England under urban use®®
would be prohibitive and the 10% of land under forest”" is protected (and due
to rise very significantly to address net-zero commitments),’” offsets will have
to occur on the remaining land, the very large majority of which is agricultural.”®
The major cost of such land is determined by the opportunity cost of foregone
agricultural output. This varies very substantially across England, being gener-
ally highest in the eastern lowlands, where productive soils and an absence of
limitations on machinery use across the year result in excellent agricultural re-
turns, and lower in upland areas or where poor soils dominate and waterlog-
ging prevents year-round access to machinery. The simple application of
average values would therefore provide highly misleading results in our offset
analysis. Use is therefore made of the high-spatial-sensitivity agricultural
model developed by Bateman et al., combining data provided by the UK
Farm Business Survey and Agricultural Census.®>’*"® This provides grid-
referenced data stretching from the late 1960s to the present day, which,
when adjusted to present-day prices, provide a rich information source
capturing variation in agricultural values across locations taking into account
a multitude of biophysical determinants, including climate change (see supple-
mental information). As per the biodiversity analysis, the agricultural model and
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resultant cost estimator were incorporated within the NEV decision support
framework*"** to ensure consistent assessments.

Assessing the recreational access co-benefits of land use change
and co-benefits minus costs

As noted, official guidelines emphasize co-benefits of offsets in terms of rec-
reational access benefits. There is very substantial literature on the theory
and practice of the economic valuation of access to the natural environ-
ment.”®’” Within this, the dominant approach is to assess the preferences
and values of individuals as revealed by their recreational behavior. By exam-
ining variation in the number (or absence) of recreational trips from individual’s
points of origin (typically their home address) to different sites and taking into
account a comprehensive set of determining factors (including the socio-eco-
nomic and other characteristics of the individual; the availability of other recre-
ational and non-recreational options; the attributes of those options, including
the type of recreational experience offered, landscape type, environmental
quality measures, etc.; and the costs of travel and travel time between origin
and visited site), the analyst can observe the recreational preferences and
values revealed in the choices individuals make.

Data on visitation behavior are taken from the Monitor of Engagement with
the Natural Environment (MENE),”® which uses a nationally representative,
household-level, annual sample to record the origin and destination of recrea-
tional activities. GIS software is used to convert this into travel time and cost
estimates, which are then combined with census, land use, site and substi-
tute-site attributes, linear features (e.g., rivers), and infrastructure (ranging
from major roads to walking path information) data. These data are then
analyzed within the Outdoor Recreation Valuation (ORVal) model,”**° which
uses state-of-the-art revealed preference methods’®’” to assess the number
and value of visits to recreational sites by all households across the entire
country. The ORVal model allows us to predict how likely it is that an individual
will take a trip to a particular greenspace on a particular day. This likelihood dif-
fers according to the attributes of the person, the greenspace, and all other
available greenspaces. The ORVal model also allows us to estimate a welfare
function, which describes how much welfare an individual enjoys as a result of
beneficial attributes of a greenspace and how much welfare is lost from each
extra pound of cost incurred in traveling to a greenspace. The latter provides
an exchange rate that we can use to convert estimates of changes in welfare
into equivalent amounts of money, as it reveals the amount of welfare that a
person considers to be equivalent to having one extra pound. Welfare values
for an existing site are estimated by calculating how much each individual’s
welfare would fall if they were no longer able to access that site (or how
much it would increase with the establishment of a new site) and then convert-
ing that welfare quantity into an equivalent monetary amount. The ORVal
model and its analytical capabilities are integrated with the offset cost and
biodiversity response analyses (detailed above) within the NEV decision sup-
port framework.*"->*

Assessing equity-weighted access co-benefits of land use change

Recreational access to the environment is supported on health and equity
grounds and features heavily in policy and planning guidelines. A major focus
of this debate is on providing such access to those communities suffering the
greatest deprivation and the poorest environmental quality. However, while
BNG guidelines discuss the importance of recreation, the heavy bias toward
local offsetting within policy ignores variation in access environments across
the country and the much greater well-being that could be generated by
locating offsets near those communities that would benefit the most from
such opportunities. Instead, local offsetting is skewed to favor the winners
from developments, those who live in the new houses that have been built
(with access preferentially skewed toward those in the most expensive
homes), rather than those who have lost the access they used to enjoy prior
to this development. More importantly, both from a welfare perspective and
as a policy priority, the communities who would most benefit from improved
access to high-quality environments are heavily mitigated against by irrelevant
criteria such as the location of recent developments. Indeed, the bias toward
local offsetting is likely to entrench the inequality of access to high-quality en-
vironments. Such implementation runs directly contrary to government policy
to enhance access to high-quality recreational greenspace for those who
currently suffer the most degraded environments.”” It also ignores HM Trea-
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sury guidelines that “[w]hen assessing costs and benefits of different options
it may be necessary or desirable to ‘weight’ these costs and benefits, depend-
ing on which groups in society they fall on,” such that “benefits for lower in-
come households are given a higher social value than the equivalent benefits
for higher income households.”®' The weight used in these calculations re-
flects the marginal utility of income (MUI), the change in utility, or satisfaction,
resulting from a change in an individual’s income. Drawing on empirical
research,’® Treasury guidelines recommend an MUI of 1.3, implying that “[a]
n additional £1 of consumption received by someone earning £20,000 per
year would be worth twice as much than to a person earning £40,000,”"
i.e., the benefit of improving environmental access for poorer communities is
weighed as being greater than delivering the same change in access for
wealthier people.

To apply this weighting procedure across England, measures of disposable
income after housing costs were retrieved® for every middle layer super
output area (MSOA) across the country. This was then compared to the me-
dian income for the whole country, giving an indicator of income deprivation.
This was then weighted using the HM Treasury MUI (above) to adjust for the
greater value of improvements in access benefits to poorer households. This
measure was then applied to the access co-benefits described in the previous
section, determining the equity-weighted recreational access co-benefits of
land use change for all locations across England.

Applying the offsetting rules

With the biodiversity, cost, co-benefit, and equity-weighted co-benefits
models all integrated within the NEV decision support system, the various
offset scenarios were implemented through two forms of algorithm. For
scenario 1, local offsetting (the status quo), a simple distance-based algo-
rithm was applied that searched for the closest location to the development
site, providing an equivalent area of farmland for offsetting. For all other
scenarios, 2-5, inclusive, a standard ordering algorithm was used to locate
the offset area. So, for scenario 2, maximize conservation priority, the
JNCC species models within NEV were run for all areas of England, hy-
pothesizing that each area, in turn, was converted from farmland to
semi-natural grassland, and the biodiversity implications were assessed.
Each area was then ranked from the highest (best) to lowest (worst) biodi-
versity response. The required offset area was then allocated starting with
that location that gave the highest gain in biodiversity and proceeding
down this ranking until the required total area of offset was reached. This
highest-to-lowest ranking approach was also used for scenarios 4, maxi-
mize co-benefits minus costs, and scenario 5, maximize equity-weighted
co-benefits. For scenario 3, minimize costs, the ranking was ordered
from lowest- to highest-cost areas, with the former being selected first
and this list being worked down until, again, the required area for offsetting
had been delivered.

Limitations of the modeling approach

Integrated modeling approaches at large scale rely on a series of assumptions
that limit their capability of predicting the future, in particular given that they are
often, as in this work, deterministic in nature; are numerically complex, limiting
the possibility of exploring future ranges of outcomes; and, if estimated statis-
tically on the basis of observed empirical data, might not be able to fully cap-
ture changes that are out of the estimation sample. While this is true of most
models, we do recognize that models are useful to understand processes
and dynamics and, as in this case, the relative performance of different pol-
icy-driven land use changes with the objective of offsetting nature as a result
of urban development; this is because we are interested in the relative perfor-
mance of different policies under same baselines rather than absolute numer-
ical outcomes. However, a number of limitations associated with the modeling
approach chosen must be acknowledged, namely, (1) the deterministic nature
of the models, which do not provide a measure of the uncertainty associated
with the outcomes obtained, and (2) the lack of feedback loops, which can alter
the sets of conditions determining the predicted land use changes. For
example, we assumed that future projections of urban land uses follow historic
trends driven by projections of population increases. In addition, the costs of
offsetting land are represented by the foregone agricultural income of the
areas where offsets are created. However, changes in land values from previ-
ous urbanization (and offsetting) are not accounted for in our modeling setting.
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Equally, other policies also affecting land use (such as planting trees to achieve
net zero or promoting land-based renewable energy production) that have the
potential to significantly alter land use trajectories and associated values are
not included in the analysis. These issues affect all of our analyses, including
those of current practices. Nevertheless, it is worth noting that all the models
collated into the integrated modeling suite of this work are temporally dynamic
in the sense that they respond and predict future land uses and associated
provision of ecosystem services on the basis of an adaptive behavior of
farmers driven by climate change. As such, the agricultural opportunity cost
is an annuity of the flow of gross margins accounting for changes of farming
behavior into the future driven by climate change; equally, species responses
to land use change are also driven by climate. Finally, the fact that the alterna-
tive scenarios (i.e., “maximize biodiversity,” “minimize costs,” etc.) provide
the best outcomes for the metrics they optimize is hardly surprising. These
scenarios are deliberately designed to achieve their designated outcomes
so as to act as counterfactual scenarios against which the current implemen-
tation of BNG can be compared.

RESOURCE AVAILABILITY

Lead contact
Requests for further information and resources should be directed to and will
be fulfilled by Mattia C. Mancini (m.c.mancini@exeter.ac.uk).

Materials availability
This study did not generate new unique materials.

Data and code availability
e All original code has been deposited and is publicly available at https://
doi.org/10.5281/zenodo.13857400 and https://doi.org/10.5281/zenodo.
13857385 as of the date of publication.
e Due to non-disclosure agreements over some of the input data used in
the analysis, those data cannot be shared; all publicly available data
used in this study have been referenced in the text.

ACKNOWLEDGMENTS

The authors are grateful for research support from the following sources:
NERC, AGILE Sprint 1: Operationalising Treasury Green Book Guidance on
Biodiversity (Ref: NE/W004976/1); the Esmée Fairbairn Foundation, From
Biodiversity Net Gains to Environmental Net Gains: Widening the Net and
Engaging Communities; BBSRC, Land Use for Net Zero Hub (Ref: BB/
Y008723/1); and BBSRC, NetZeroPlus (NZ+) (Ref: BB/V011588/1).

AUTHOR CONTRIBUTIONS

The idea for the analysis was conceived by 1.J.B., B.H.D., and M.C.M. and
developed in collaboration with E.J.M.-G. and M.F. Analyses were undertaken
by M.C.M. and R.M.C. with support from I.J.B., A.B., and F.E. Models were
developed by A.B., B.H.D., F.E., C.F., N.O., M.C.M., and E.W. The paper
was written in collaboration with all authors.

DECLARATION OF INTERESTS

The authors declare no competing interests.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
oneear.2024.10.002.

Received: January 1, 2024
Revised: July 25, 2024
Accepted: October 9, 2024
Published: October 31, 2024

2172 One Earth 7, 2165-2174, December 20, 2024

One Earth

REFERENCES

1. Bull, J.W., and Strange, N. (2018). The global extent of biodiversity offset
implementation under no net loss policies. Nat. Sustain. 7, 790-798.

2. zu Ermgassen, S.0.S.E., Marsh, S., Ryland, K., Church, E., Marsh, R., and
Bull, J.W. (2021). Exploring the ecological outcomes of mandatory biodi-
versity net gain using evidence from early-adopter jurisdictions in
England. Conservation Letters 74, e12820.

3. UN (2015). Transforming Our World: The 2030 Agenda for Sustainable
Development (UN General Assembly).

4. UN (1949). Universal declaration of human rights (Department of State,
United States of America).

5. CBD (2021). First Draft of the Post-2020 Global Biodiversity Framework.
https://www.cbd.int/doc/c/abb5/591f/2e46096d3f0330b08ce87a45/wg2020-
03-03-en.pdf.

6. Bull, J.W., Milner-Gulland, E.J., Addison, P.F.E., Arlidge, W.N.S., Baker,
J., Brooks, T.M., Burgass, M.J., Hinsley, A., Maron, M., Robinson, J.G.,
et al. (2020). Net positive outcomes for nature. Nat. Ecol. Evol. 4, 4-7.

7. BBOP (2012). Standard on Biodiversity Offsets.

8. IFC (2012). Biodiversity Conservation and Sustainable Management of
Living Natural Resources.

9. Arlidge, W.N.S., Bull, J.W., Addison, P.F.E., Burgass, M.J., Gianuca, D.,
Gorham, T.M., Jacob, C., Shumway, N., Sinclair, S.P., Watson, J.E.M.,
et al. (2018). A global mitigation hierarchy for nature conservation.
Bioscience 68, 336-347.

10. Jones, J.P.G., Bull, J.W., Roe, D., Baker, J., Griffiths, V.F., Starkey, M.,
Sonter, L.J., and Milner-Gulland, E. (2019). Net gain: seeking better out-
comes for local people when mitigating biodiversity loss from develop-
ment. One Earth 7, 195-201.

11. Rainey, H.J., Pollard, E.H.B., Dutson, G., Ekstrom, J.M.M., Livingstone,
S.R., Temple, H.J., and Pilgrim, J.D. (2015). A review of corporate goals
of no net loss and net positive impact on biodiversity. Oryx 49, 232-238.

12. Maron, M., lves, C.D., Kujala, H., Bull, J.W., Maseyk, F.J.F., Bekessy, S.,
Gordon, A., Watson, J.E., Lentini, P.E., Gibbons, P., et al. (2016).
Taming a wicked problem: resolving controversies in biodiversity offset-
ting. Bioscience 66, 489-498.

13. Maron, M., Brownlie, S., Bull, J.W., Evans, M.C., von Hase, A., Quétier, F.,
Watson, J.E.M., and Gordon, A. (2018). The many meanings of no net loss
in environmental policy. Nat. Sustain. 7, 19-27.

14. UK-Parliament (2021). Environment Act 2021. https://www.legislation.
gov.uk/ukpga/2021/30/introduction/enacted.

15. HoL (2022). Making the most out of England’s land. https://publications.
parliament.uk/pa/Id5803/Idselect/Idland/105/105.pdf.

16. Patel, M. (2023). Biodiversity net gain: Understanding the most ambitious
biodiversity policy in the world. Harvard Kennedy School. https://static.
squarespace.com/static/611cc20b78b5f677dad664ab/t/64b541dd2c078f4
2a0fa7d8a/1689600500776/Biodiversityv2.pdf.

17. Spake, R., Bellamy, C., Graham, L.J., Watts, K., Wilson, T., Norton, L.R.,
Wood, C.M., Schmucki, R., Bullock, J.M., and Eigenbrod, F. (2019). An
analytical framework for spatially targeted management of natural capital.
Nat. Sustain. 2, 90-97.

18. Vosough Ahmadi, B., Shrestha, S., Thomson, S.G., Barnes, A.P., and
Stott, A.W. (2015). Impacts of greening measures and flat rate regional
payments of the Common Agricultural Policy on Scottish beef and sheep
farms. J. Agric. Sci. 153, 676-688.

19. De Graaff, J., Kessler, A., and Duarte, F. (2011). Financial consequences of
cross-compliance and flat-rate-per-ha subsidies: The case of olive
farmers on sloping land. Land Use Pol. 28, 388-394.

20. Regina, K., Budiman, A., Greve, M.H., Grenlund, A., Kasimir, A Lehtonen,
H., Petersen, S.0., Smith, P., and Wésten, H. (2016). GHG mitigation of
agricultural peatlands requires coherent policies. Clim. Pol. 76, 522-541.

21. Mace, G.M., Barrett, M., Burgess, N.D., Cornell, S.E., Freeman, R.,
Grooten, M., and Purvis, A. (2018). Aiming higher to bend the curve of
biodiversity loss. Nat. Sustain. 7, 448-451.


mailto:m.c.mancini@exeter.ac.uk
https://doi.org/10.5281/zenodo.13857400
https://doi.org/10.5281/zenodo.13857400
https://doi.org/10.5281/zenodo.13857385
https://doi.org/10.5281/zenodo.13857385
https://doi.org/10.1016/j.oneear.2024.10.002
https://doi.org/10.1016/j.oneear.2024.10.002
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref1
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref1
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref2
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref2
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref2
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref2
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref2
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref3
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref3
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref4
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref4
https://www.cbd.int/doc/c/abb5/591f/2e46096d3f0330b08ce87a45/wg2020-03-03-en.pdf
https://www.cbd.int/doc/c/abb5/591f/2e46096d3f0330b08ce87a45/wg2020-03-03-en.pdf
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref6
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref6
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref6
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref7
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref8
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref8
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref9
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref9
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref9
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref9
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref10
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref10
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref10
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref10
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref11
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref11
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref11
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref12
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref12
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref12
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref12
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref13
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref13
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref13
https://www.legislation.gov.uk/ukpga/2021/30/introduction/enacted
https://www.legislation.gov.uk/ukpga/2021/30/introduction/enacted
https://publications.parliament.uk/pa/ld5803/ldselect/ldland/105/105.pdf
https://publications.parliament.uk/pa/ld5803/ldselect/ldland/105/105.pdf
https://static1.squarespace.com/static/611cc20b78b5f677dad664ab/t/64b541dd2c078f42a0fa7d8a/1689600500776/Biodiversityv2.pdf
https://static1.squarespace.com/static/611cc20b78b5f677dad664ab/t/64b541dd2c078f42a0fa7d8a/1689600500776/Biodiversityv2.pdf
https://static1.squarespace.com/static/611cc20b78b5f677dad664ab/t/64b541dd2c078f42a0fa7d8a/1689600500776/Biodiversityv2.pdf
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref17
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref17
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref17
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref17
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref18
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref18
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref18
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref18
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref19
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref19
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref19
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref20
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref20
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref20
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref21
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref21
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref21

One Earth
Article

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

DEFRA (2019). Biodiversity net gain and local nature recovery strategies:
Impact Assessment. https://assets.publishing.service.gov.uk/government/
uploads/system/uploads/attachment_data/file/839610/net-gain-ia.pdf.

DEFRA (2022). Consultation on biodiversity net gain: Government response
and summary of responses. https://www.gov.uk/government/consultations/
consultation-on-biodiversity-net-gain-regulations-and-implementation/
outcome/government-response-and-summary-of-responses.

LGA (2023). Biodiversity Net Gain FAQs - Frequently Asked Questions.
https://www.local.gov.uk/pas/topics/environment/biodiversity-net-gain-
local-authorities/biodiversity-net-gain-fags.

MHCLG (2021). National Planning Policy Framework. https:/assets.
publishing.service.gov.uk/government/uploads/system/uploads/attachment_
data/file/1005759/NPPF_July_2021.pdf.

Meyfroidt, P., De Bremond, A., Ryan, C.M., Archer, E., Aspinall, R.,
Chhabra, A., Camara, G., Corbera, E., DeFries, R., Diaz, S., et al. (2022).
Ten facts about land systems for sustainability. Proc. Natl. Acad. Sci.
USA 719, e2109217118.

Gardner, T.A., Von Hase, A., Brownlie, S., Ekstrom, J.M.M., Pilgrim, J.D.,
Savy, C.E., Stephens, R.T.T., Treweek, J., Ussher, G.T., Ward, G., and Ten
Kate, K. (2013). Biodiversity offsets and the challenge of achieving no net
loss. Conserv. Biol. 27, 1254-1264.

NE (2023). The Biodiversity Metric 4.0 (JP039). https:/publications.
naturalengland.org.uk/file/6188841413902336.

Bull, J.W., Gordon, A., Watson, J.E.M., and Maron, M. (2016). Seeking
convergence on the key concepts in ‘no net loss’ policy. J. Appl. Ecol.
53, 1686-1693.

Lawton, J., Brotherton, P.N.M., Brown, V.K., Elphick, C., Fitter, AH.,
Forshaw, J., Haddow, R.W., Hilborner, S., Leafe, R.N., Mace, G.M.,
et al. (2010). Making space for nature: A review of England’s wildlife sites
and ecological networks. (Defra).

Hayhow, D.B., Eaton, M.A., Stanbury, A.J., Burns, F., Kirby, W., Bailey, N.,
Beckmann, B., Bedford, J., Boersch-Supan, P., and Coomber, F. (2019).
State of nature 2019.

Heywood, J., Massimino, D., Balmer, D., Kelly, L., Noble, D., Pearce-
Higgins, J., Woodcock, P., Wotton, S., Gillings, S., and Harris, S. (2023).
The Breeding Bird Survey 2022. BTO Res. Rep. 756.

FoE (2020). England’s green space gap. https://policy.friendsoftheearth.
uk/insight/englands-green-space-gap#:~:text=%22England’s%20green
%20space %20gap %22 %20is,space %20deprivation%2C %20income %
20and%20race.

Bateman, I., and Zonneveld, S. (2019). Building a Better Society: Net envi-
ronmental gain from housing and infrastructure developments as a driver
for improved social wellbeing.

Macintyre, S. (1997). The black report and beyond what are the issues?
Soc. Sci. Med. 44, 723-745. https://doi.org/10.1016/S0277-9536(96)
00183-9.

Marmot, M., Allen, J., Goldblatt, P., Boyce, T., McNeish, D., Grady, M., and
Geddes, 1. (2010). The Marmot Review: Fair Society, Healthy Lives (UCL).

White, M.P., Elliott, L.R., Taylor, T., Wheeler, B.W., Spencer, A., Bone, A.,
Depledge, M.H., and Fleming, L.E. (2016). Recreational physical activity in
natural environments and implications for health: A population based
cross-sectional study in England. Prev. Med. 97, 383-388.

Bennett, E.M., Peterson, G.D., and Gordon, L.J. (2009). Understanding re-
lationships among multiple ecosystem services. Ecol. Lett. 72,
1394-1404.

Daw, T.M., Coulthard, S., Cheung, W.W.L., Brown, K., Abunge, C.,
Galafassi, D., Peterson, G.D., McClanahan, T.R., Omukoto, J.O., and
Munyi, L. (2015). Evaluating taboo trade-offs in ecosystems services
and human well-being. Proc. Natl. Acad. Sci. USA 112, 6949-6954.

Howe, C., Suich, H., Vira, B., and Mace, G.M. (2014). Creating win-wins
from trade-offs? Ecosystem services for human well-being: a meta-anal-

ysis of ecosystem service trade-offs and synergies in the real world.
Global Environ. Change 28, 263-275.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

¢? CellPress

OPEN ACCESS

Kovacs, E., Kelemen, E., Kaldczkai, A., Margdczi, K., Pataki, G., Gébert, J.,
Malovics, G., Baldzs, B., Roboz, A., Krasznai Kovéacs, E., and Mihdk, B.
(2015). Understanding the links between ecosystem service trade-offs
and conflicts in protected areas. Ecosyst. Serv. 12, 117-127.

McShane, T.0., Hirsch, P.D., Trung, T.C., Songorwa, A.N., Kinzig, A.,
Monteferri, B., Mutekanga, D., Thang, H.V., Dammert, J.L., Pulgar-Vidal,
M., et al. (2011). Hard choices: Making trade-offs between biodiversity
conservation and human well-being. Biol. Conserv. 144, 966-972.

Plieninger, T., Torralba, M., Hartel, T., and Fagerholm, N. (2019). Perceived
ecosystem services synergies, trade-offs, and bundles in European high
nature value farming landscapes. Landsc. Ecol. 34, 1565-1581.

Ring, I., Hansjurgens, B., EImqvist, T., Wittmer, H., and Sukhdev, P. (2010).
Challenges in framing the economics of ecosystems and biodiversity: the
TEEB initiative. Curr. Opin. Environ. Sustain. 2, 15-26.

Rodriguez, J.P., Beard Jr, T.D., Bennett, E.M., Cumming, G.S., Cork, S.J.,
Agard, J., Dobson, A.P., and Peterson, G.D. (2006). Trade-offs across
space, time, and ecosystem services. Ecol. Soc. 77.

Kennedy, C.M., Miteva, D.A., Baumgarten, L., Hawthorne, P.L., Sochi, K.,
Polasky, S., Oakleaf, J.R., Uhlhorn, E.M., and Kiesecker, J. (2016). Bigger
is better: Improved nature conservation and economic returns from land-
scape-level mitigation. Sci. Adv. 2, e1501021.

Day, B., Owen, N., Binner, A., Bateman, I., Cho, F., De-Gol, F., Ferguson-
Gow, H., Ferrini, S., Fezzi, C., and Harwood, A. (2020). The natural environ-
mental valuation (NEV) modelling suite: A summary technical report.

Trippier, B., and Hutchison, J. (2018). JNCCsdms. https://github.com/
jncc/sdms.

Layard, R., Mayraz, G., and Nickell, S. (2008). The marginal utility of in-
come. J. Publ. Econ. 92, 1846-1857.

Eigenbrod, F., Bell, V.A., Davies, H.N., Heinemeyer, A., Armsworth, P.R.,
and Gaston, K.J. (2011). The impact of projected increases in urbanization
on ecosystem services. Proc. Biol. Sci. 278, 3201-3208.

Colwell, R.K. (2009). Biodiversity: concepts, patterns, and measurement.
The Princeton guide to ecology 663, 257-263.

King, D.M., Price, E.W., and Rodrigues, K. (2004). Developing Defensible
Wetland Mitigation Ratios. A Companion to “The Five-Step Wetland
Mitigation Ratio Calculator,”. Report prepared for NOAA Office of Habitat
Conservation, Habitat Protection Division by King and Associates,
Solomons Island, MD 43.

Rampling, E.E., Zu Ermgassen, S.O.S.E., Hawkins, ., and Bull, J.W.
(2024). Achieving biodiversity net gain by addressing governance gaps un-
derpinning ecological compensation policies. Conserv. Biol. 38, €14198.

Day, B., Mancini, M., Bateman, I.J., Binner, A., Cho, F., de Gol, A,
Ferguson-Gow, H., Fezzi, C., Lee, C., Liuzzo, L., et al. (2024). Natural cap-
ital approaches for the optimal design of policies for nature recovery.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 379, 20220327.

Bateman, I.J., Harwood, A.R., Mace, G.M., Watson, R.T., Abson, D.J.,
Andrews, B., Binner, A., Crowe, A., Day, B.H., Dugdale, S., et al. (2013).
Bringing ecosystem services into economic decision-making: land use
in the United Kingdom. Science 341, 45-50.

Watson, R., Albon, S., Aspinall, R., Austen, M., Bardgett, B., Bateman, |.,
Berry, P., Bird, W., Bradbury, R., and Brown, C. (2011). UK National
Ecosystem Assessment: Technical Report (United Nations Environment
Programme World Conservation Monitoring Centre).

Kiesecker, J.M., Copeland, H., Pocewicz, A., Nibbelink, N., McKenney, B.,
Dahlke, J., Holloran, M., and Stroud, D. (2009). A framework for imple-
menting biodiversity offsets: selecting sites and determining scale.
Bioscience 59, 77-84.

Kalliolevo, H., Gordon, A., Sharma, R., Bull, J.W., and Bekessy, S.A.
(2021). Biodiversity offsetting can relocate nature away from people: An
empirical case study in Western Australia. Conserv. Sci. Pract. 3, e512.
Badura, T., Ferrini, S., Burton, M., Binner, A., and Bateman, I.J. (2020).
Using individualised choice maps to capture the spatial dimensions of
value within choice experiments. Environ. Resour. Econ. 75, 297-322.

One Earth 7, 2165-2174, December 20, 2024 2173



https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/839610/net-gain-ia.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/839610/net-gain-ia.pdf
https://www.gov.uk/government/consultations/consultation-on-biodiversity-net-gain-regulations-and-implementation/outcome/government-response-and-summary-of-responses
https://www.gov.uk/government/consultations/consultation-on-biodiversity-net-gain-regulations-and-implementation/outcome/government-response-and-summary-of-responses
https://www.gov.uk/government/consultations/consultation-on-biodiversity-net-gain-regulations-and-implementation/outcome/government-response-and-summary-of-responses
https://www.local.gov.uk/pas/topics/environment/biodiversity-net-gain-local-authorities/biodiversity-net-gain-faqs
https://www.local.gov.uk/pas/topics/environment/biodiversity-net-gain-local-authorities/biodiversity-net-gain-faqs
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1005759/NPPF_July_2021.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1005759/NPPF_July_2021.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1005759/NPPF_July_2021.pdf
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref26
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref26
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref26
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref26
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref27
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref27
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref27
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref27
https://publications.naturalengland.org.uk/file/6188841413902336
https://publications.naturalengland.org.uk/file/6188841413902336
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref29
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref29
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref29
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref30
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref30
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref30
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref30
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref31
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref31
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref31
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref32
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref32
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref32
https://policy.friendsoftheearth.uk/insight/englands-green-space-gap#:%7E:text=%22England&apos;s%20green%20space%20gap%22%20is,space%20deprivation%2C%20income%20and%20race
https://policy.friendsoftheearth.uk/insight/englands-green-space-gap#:%7E:text=%22England&apos;s%20green%20space%20gap%22%20is,space%20deprivation%2C%20income%20and%20race
https://policy.friendsoftheearth.uk/insight/englands-green-space-gap#:%7E:text=%22England&apos;s%20green%20space%20gap%22%20is,space%20deprivation%2C%20income%20and%20race
https://policy.friendsoftheearth.uk/insight/englands-green-space-gap#:%7E:text=%22England&apos;s%20green%20space%20gap%22%20is,space%20deprivation%2C%20income%20and%20race
https://policy.friendsoftheearth.uk/insight/englands-green-space-gap#:%7E:text=%22England&apos;s%20green%20space%20gap%22%20is,space%20deprivation%2C%20income%20and%20race
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref34
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref34
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref34
https://doi.org/10.1016/S0277-9536(96)00183-9
https://doi.org/10.1016/S0277-9536(96)00183-9
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref36
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref36
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref37
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref37
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref37
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref37
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref38
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref38
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref38
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref39
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref39
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref39
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref39
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref40
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref40
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref40
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref40
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref41
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref41
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref41
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref41
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref42
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref42
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref42
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref42
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref43
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref43
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref43
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref44
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref44
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref44
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref44
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref45
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref45
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref45
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref46
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref46
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref46
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref46
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref47
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref47
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref47
https://github.com/jncc/sdms
https://github.com/jncc/sdms
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref49
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref49
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref50
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref50
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref50
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref51
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref51
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref52
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref52
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref52
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref52
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref52
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref52
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref52
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref53
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref53
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref53
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref54
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref54
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref54
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref54
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref55
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref55
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref55
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref55
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref56
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref56
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref56
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref56
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref57
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref57
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref57
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref57
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref58
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref58
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref58
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref59
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref59
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref59

¢? CellPress

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

OPEN ACCESS

Bateman, I.J., Day, B.H., Georgiou, S., and Lake, |. (2006). The aggrega-
tion of environmental benefit values: welfare measures, distance decay
and total WTP. Ecol. Econ. 60, 450-460.

Bateman, I.J., and Langford, I.H. (1997). Non-users’ willingness to pay for
a National Park: an application and critique of the contingent valuation
method. Reg. Stud. 37, 571-582.

Knudson, W.A. (2009). The environment, energy, and the Tinbergen rule.
Bull. Sci. Technol. Soc. 29, 308-312.

Tinbergen, J. (1956). Economic policy: principles and design.

Gaston, K.J. (2010). Ecology. Valuing common species. Science 327,
154-155.

zu Ermgassen, S.O., Drewniok, M.P., Bull, J.W., Corlet Walker, C.M.,
Mancini, M., Ryan-Collins, J., and Cabrera Serrenho, A. (2022). A home
for all within planetary boundaries: Pathways for meeting England’s hous-
ing needs without transgressing national climate and biodiversity goals.
Ecol. Econ. 2071, 107562. https://doi.org/10.1016/j.ecolecon.2022.
107562.

DEFRA; MHCLG (2024). Planning and Infrastructure Bill: Letter to Nature
Conservation Organisations. https://assets.publishing.service.gov.uk/media/
669c04b9ce1fd0da7b59295b/Joint_SoS_letter_to_eNGOs_on_Planning_
Bill.pdf.

Barber, M. (2015). How to Run a Government: So that Citizens Benefit and
Taxpayers Don’t Go Crazy (Penguin UK).

CEH (2000). Land Cover Map 2000 Dataset Information (Centre for
Ecology and Hydrology).

DLUHC (2022). Land use statistics: England 2022. https://www.gov.uk/
government/statistics/land-use-in-england-2022/land-use-statistics-
england-2022.

Croft, S., Chauvenet, A.L.M., and Smith, G.C. (2017). A systematic
approach to estimate the distribution and total abundance of British mam-
mals. PLoS One 72, e0176339.

FR (2023). Woodland Statistics. https://www.forestresearch.gov.uk/tools-
and-resources/statistics/statistics-by-topic/woodland-statistics/.

2174 One Earth 7, 2165-2174, December 20, 2024

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

One Earth
Article

DEFRA (2018). AGreen Future: Our 25 Year Plan to Improve the Environment.
https://assets.publishing.service.gov.uk/government/uploads/system/
uploads/attachment_data/file/693158/25-year-environment-plan.pdf.

DEFRA (2022). Agricultural land use in England at 1 June 2022. https://www.
gov.uk/government/statistics/agricultural-land-use-in-england/agricultural-
land-use-in-england-at-1-june-2022.

Fezzi, C., Harwood, A.R., Lovett, A.A., and Bateman, |.J. (2015). The envi-
ronmental impact of climate change adaptation on land use and water
quality. Nat. Clim. Change 5, 255-260.

Ritchie, P.D.L., Smith, G.S., Davis, K.J., Fezzi, C., Halleck-Vega, S.,
Harper, A.B., Boulton, C.A., Binner, A.R., Day, B.H., Gallego-Sala, A.V.,
et al. (2020). Shifts in national land use and food production in Great
Britain after a climate tipping point. Nat. Food 7, 76-83.

Champ, P.A., Boyle, K.J., Brown, T.C., and Peterson, L.G. (2003). A Primer
on Nonmarket Valuation (Springer).

Freeman, I.1.I.,A.M., Herriges, J.A., and Kling, C.L. (2014). The Measurement
of Environmental and Resource Values: Theory and Methods (Routledge).

NE (2012). Monitor of Engagement with the Natural Environment: The na-
tional survey on people and the natural environment. https://www.gov.uk/
government/collections/monitor-of-engagement-with-the-natural-environment-
survey-purpose-and-results.

Day, B., and Smith, G. (2017). The Outdoor Recreation Valuation (ORVal)
Tool: Technical Report, January 2018. Report to the Department of
Food and Rural Affairs.

Day, B.H. (2020). The value of greenspace under pandemic lockdown.
Environ. Resour. Econ. 76, 1161-1185.

HM-Treasury (2020). The Green Book: appraisal and evaluation in Central
Government Treasury guidance (Crown copyright).

ONS (2018). Income estimates for small areas, England and Wales.
https://www.ons.gov.uk/employmentandlabourmarket/peopleinwork/
earningsandworkinghours/datasets/smallareaincomeestimatesformiddle
layersuperoutputareasenglandandwales.


http://refhub.elsevier.com/S2590-3322(24)00490-1/sref60
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref60
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref60
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref61
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref61
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref61
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref62
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref62
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref63
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref64
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref64
https://doi.org/10.1016/j.ecolecon.2022.107562
https://doi.org/10.1016/j.ecolecon.2022.107562
https://assets.publishing.service.gov.uk/media/669c04b9ce1fd0da7b59295b/Joint_SoS_letter_to_eNGOs_on_Planning_Bill.pdf
https://assets.publishing.service.gov.uk/media/669c04b9ce1fd0da7b59295b/Joint_SoS_letter_to_eNGOs_on_Planning_Bill.pdf
https://assets.publishing.service.gov.uk/media/669c04b9ce1fd0da7b59295b/Joint_SoS_letter_to_eNGOs_on_Planning_Bill.pdf
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref67
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref67
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref68
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref68
https://www.gov.uk/government/statistics/land-use-in-england-2022/land-use-statistics-england-2022
https://www.gov.uk/government/statistics/land-use-in-england-2022/land-use-statistics-england-2022
https://www.gov.uk/government/statistics/land-use-in-england-2022/land-use-statistics-england-2022
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref70
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref70
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref70
https://www.forestresearch.gov.uk/tools-and-resources/statistics/statistics-by-topic/woodland-statistics/
https://www.forestresearch.gov.uk/tools-and-resources/statistics/statistics-by-topic/woodland-statistics/
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/693158/25-year-environment-plan.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/693158/25-year-environment-plan.pdf
https://www.gov.uk/government/statistics/agricultural-land-use-in-england/agricultural-land-use-in-england-at-1-june-2022
https://www.gov.uk/government/statistics/agricultural-land-use-in-england/agricultural-land-use-in-england-at-1-june-2022
https://www.gov.uk/government/statistics/agricultural-land-use-in-england/agricultural-land-use-in-england-at-1-june-2022
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref74
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref74
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref74
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref75
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref75
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref75
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref75
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref76
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref76
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref77
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref77
https://www.gov.uk/government/collections/monitor-of-engagement-with-the-natural-environment-survey-purpose-and-results
https://www.gov.uk/government/collections/monitor-of-engagement-with-the-natural-environment-survey-purpose-and-results
https://www.gov.uk/government/collections/monitor-of-engagement-with-the-natural-environment-survey-purpose-and-results
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref79
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref79
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref79
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref80
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref80
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref81
http://refhub.elsevier.com/S2590-3322(24)00490-1/sref81
https://www.ons.gov.uk/employmentandlabourmarket/peopleinwork/earningsandworkinghours/datasets/smallareaincomeestimatesformiddlelayersuperoutputareasenglandandwales
https://www.ons.gov.uk/employmentandlabourmarket/peopleinwork/earningsandworkinghours/datasets/smallareaincomeestimatesformiddlelayersuperoutputareasenglandandwales
https://www.ons.gov.uk/employmentandlabourmarket/peopleinwork/earningsandworkinghours/datasets/smallareaincomeestimatesformiddlelayersuperoutputareasenglandandwales

	Biodiversity offsets perform poorly for both people and nature, but better approaches are available
	Introduction
	Results
	Discussion
	Experimental procedures
	Baseline land cover
	Modeling urban expansion and the demand for offset land
	Assessing the biodiversity response to land use change
	Assessing the costs of land use change
	Assessing the recreational access co-benefits of land use change and co-benefits minus costs
	Assessing equity-weighted access co-benefits of land use change
	Applying the offsetting rules
	Limitations of the modeling approach

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References


