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Abstract

1.

Biodiversity net gain is a policy focus worldwide, acknowledging ongoing losses
of biodiversity to development, and a commitment to offsetting any residual im-
pacts on biodiversity elsewhere. At least 37 countries have mandatory offset-
ting policies, and a further 64 countries enable voluntary offsets. Offsets rely on

credible and evidence-based methods to quantify biodiversity losses and gains.

. Following the introduction of the United Kingdom's Environment Act in November

2021, all new developments requiring planning permission in England must dem-
onstrate a biodiversity net gain of at least 10% biodiversity net gain from 2024,
calculated using a statutory biodiversity metric framework. The metric uses habi-
tat as a proxy for biodiversity, scoring habitats' intrinsic distinctiveness and cur-

rent condition.

. We carried out a study of the metric's performance across England in terms of

outcomes for biodiversity. We used generalized linear mixed models to regress
baseline biodiversity units against five long-established single-attribute proxies
for biodiversity (species richness, individual abundance, number of threatened
species, mean species range and mean species range/population change). Data
were gathered for species belonging to three commonly used indicator taxa (vas-
cular plants, butterflies and birds) from 24 sites, including all terrestrial broad

habitats except urban.

. In baseline assessments, metric-derived biodiversity units correlated with most

plant biodiversity variables, but not with any of the bird or butterfly biodiversity
variables used in this study. Plant species recorded in habitats with higher base-
line biodiversity units had slightly more restricted ranges (slope -16.22 +1.52,
p<0.001) on average and had shown stronger past declines (slope —0.02 +0.00,
p<0.001) than those in habitats with lower baseline biodiversity units. Each addi-
tional baseline biodiversity unit was associated with a 1% increase in plant species
richness (p <0.01).

. Synthesis and applications: Using the statutory biodiversity metric to define 10% bi-

odiversity net gain without additional species-focused conservation management
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1 | INTRODUCTION

Biodiversity no net loss and net gain have become the focus
of biodiversity policies worldwide, prompting the addition of
a biodiversity offset step to the mitigation hierarchy (Maron
et al., 2016; Zu Ermgassen et al., 2019). Biodiversity offsets are
distinguished from other forms of ecological compensation by
the formal requirement for measurable outcomes: the losses
due to impact and the gains achieved through the offset must
be measured in the same way, even if the habitats concerned are
different (BBOP, 2012; Treweek et al., 2010). No net loss policy
began with the United States Clean Water Act (1972), with off-
sets emerging as a mechanism to compensate for the residual
losses of wetlands that were occurring in the United States, de-
spite application of the mitigation hierarchy to avoid and mini-
mize impacts. At least 37 countries have mandatory offsetting
policies, and a further 64 countries enable voluntary offsets (Bull
& Strange, 2018). Biodiversity offsetting metrics are now in use in
the United States, Germany, France, Brazil, Canada, South Africa
and Australia (McVittie & Faccioli, 2020).

In the Environment Act of November 2021, the UK set a legally
binding agenda to deliver ‘the most ambitious environmental pro-
gramme of any country on earth’, improving or creating habitats to
halt the decline in species by 2030 (Department for Environment
Food & Rural Affairs, Forestry Commission, Environment Agency,
Natural England, and The Rt Hon George Eustice MP, 2021). Under
the Act, all new developments requiring planning permission in
England must achieve a mandatory biodiversity net gain of at least
10% from 2024, assessed using the statutory biodiversity metric.
Nationally significant infrastructure projects are expected to be
included in 2025. With the UK committed to building 300,000
homes a year by the mid-2020s, the new net gain requirement
is expected to generate a market for biodiversity credits worth
an estimated £135m to £274m annually, substantially increas-
ing the funding for nature conservation in England (eftec, WSP,
and ABPmer, 2021). The metric is thus set to play an increasingly
prominent role in nature conservation nationwide. Implementing
this policy effectively requires a credible, evidence-based biodi-
versity loss and gain metric to support consistent determination
of biodiversity change. Over time the use of biodiversity offset
metrics has become more prescriptive, in recognition of poor

is likely to translate into small gains for plant biodiversity, and negligible gains for
birds and butterflies. We make specific recommendations to improve the metric's
efficacy in achieving desirable biodiversity outcomes. Our results provide a valu-
able case study for other countries interested in developing metrics to support

biodiversity net gain policies.

biodiversity net gain, biodiversity offset, ecological impact assessment, Environment Act,
nature recovery, no net loss, restoration, statutory biodiversity metric

outcomes from metrics used in a consultative capacity only, and
lack of evaluation capacity among local regulators (Institute for
European Environmental Policy, 2014). England follows this trend
by mandating use of a statutory biodiversity metric, the success
of which will be of interest to other countries developing similar
policies and regulations.

As biodiversity cannot be measured in its entirety, single at-
tributes (e.g. invertebrate biomass and species richness), or more
commonly combinations of multiple attributes, are used as surro-
gates for the overall biodiversity associated with a particular area
(Defra, 2012). Most metrics used in offsetting programmes are
habitat-based, combining habitat extent with some measure of hab-
itat quality (Quétier & Lavorel, 2011). Habitat quality assessment
may be detailed, as in the Australian and South African systems
(Parkes et al., 2003), or more subjective and simplistic, as in the hab-
itat hectares approach developed for use in the United States and
practised in Germany and France (BBOP, 2012; Briggs et al., 2009).
In addition, ecological functionality is included in the Canadian sys-
tem, the economic value of habitat replacement is included in the
German system, and the benefits derived by people are included in
the German and US systems (McVittie & Faccioli, 2020). The design
and implementation of worldwide biodiversity metrics for securing
long-term conservation benefits have been reviewed at the Institute
for European Environmental Policy, 2014, and some national re-
views of metric performance are also available (Quétier et al., 2014;
Wende et al., 2005).

In the UK, a national metric for biodiversity accounting has
been in development for at least 12years, using habitat extent,
distinctiveness and condition as a proxy of overall biodiversity
(Defra, 2012; Treweek, 2009; Treweek et al., 2010). For England,
the Environment Act mandates use of an official metric framework
that builds on this experience, currently published as the statu-
tory biodiversity metric (Defra, 2023). The metric is expected to be
updated periodically. Developers must use the metric to present
a post-development scenario that achieves at least a 10% gain in
calculated biodiversity units relative to the baseline state, to ob-
tain planning permission under the amended Town and Country
Planning Act 1990. The devolved nations (Scotland, Wales and
Northern Ireland) are not currently planning to mandate the use
of a statutory metric, nor to set minimum legal thresholds for
biodiversity net gain, though they share the same commitment
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to overall nature enhancement during development and planning
officers face similar challenges in determining whether net gain is
likely to be achieved (CIEEM, 2022).

The UK biodiversity offsetting schemes have been developed
largely by government and industry (Collingwood Environmental
Planning Limited and IEEP, 2014; Defra, 2012; Treweek
et al., 2010), with the topic being hitherto relatively neglected by
academics (Hawkins et al., 2022; Robertson, 2021). The choice of
metric is a key determinant of success in achieving no net loss of
biodiversity (Bull et al., 2014; Zu Ermgassen et al., 2019). The use
of habitats as a proxy for biodiversity may overlook the value of
habitats to certain species' populations and may also fail to ad-
dress the needs of species in cases where the amount, type and
quality of habitat is not the main driver for population viability
(Burrows et al., 2011). Invertebrates may be especially poorly
accommodated as they may require several habitats during their
lifecycle, or depend on elements of a habitat that are overlooked,
undervalued or even identified as a detrimental feature (Pedley
& Dolman, 2020; Wilson, 2021). In a preliminary study using an
earlier version of Natural England's biodiversity metric 2.0, no
consistent relationship was found between metric scores for test
locations in southern England and the number of conservation pri-
ority species recorded in them (Hawkins et al., 2022).

Here, we evaluate the statutory biodiversity metric's perfor-
mance by comparing baseline biodiversity unit values with five
long-established single-attribute proxies for biodiversity (species
richness, individual abundance, number of threatened species, mean
species range/population size and mean species range/population
change), gathered for three taxa (vascular plants, butterflies and
birds), from sites across England representing all natural and semi-
natural terrestrial broad habitats. We use our results to make recom-
mendations to improve distinctiveness scores, condition scores and
net gain trading rules, relevant not only for future versions of the
biodiversity metric in England, but also for all nations grappling with
the quantification of biodiversity offsets and biodiversity net gain in
the age of nature recovery.

2 | MATERIALS AND METHODS
2.1 | Study sites

Biodiversity units were calculated following field visits by the au-
thors, whilst species data (response variables) were derived from
long-term ecological change monitoring datasets collected by the
sites and mostly held in the public domain (Table S1). We stud-
ied 24 sites across the Environmental Change Network (ECN),
Long Term Monitoring Network (LTMN) and Ecological Continuity
Trust (ECT). The ECN is the United Kingdom's long-term ecosys-
tem monitoring and research programme that began in 1993,
now continued in England as the LTMN; the ECT is a charity dedi-
cated to preserving the national resource of long-term ecological
field experiments and facilitating data reuse. We used all seven
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ECN sites in England. We selected a complementary 13 LTMN
sites to give good geographic and habitat representation across
England. We included four datasets from sites supported by the
ECT where 2x2m vascular plant quadrat data were available for
reuse (Figure 1). All field visits were conducted with permission
from the site managers, and in some cases with research permits
(Wytham Woods visit number 90687; Chippenham Fen no permit
number). The 24 sites included samples from all terrestrial broad
habitats (sensu Defra, 2023) in England, except urban and indi-
vidual trees: grassland (8), wetland (6), woodland and forest (5),
sparsely vegetated land (2), cropland (2), heathland and shrub (1).
Non-terrestrial broad habitats (rivers and lakes, marine inlets and
transitional waters) were excluded. Our samples ranged in biodi-
versity unit scores from 2 to 24, the full range of the metric. Not all
24 sites had long-term datasets for all taxa: 23 had vascular plant
data, eight had bird data, and 13 had butterfly data. We chose
these three taxa as they are the most comprehensively surveyed
taxa in England's long-term biological datasets, and are thus used
as indicators for the national state of nature (Burns et al., 2023).
Together they represent a taxonomically broad, although by no
means representative, sample of English nature. Permits for ani-
mal research were not required as these data were reused from
the public domain, and were originally collected non-invasively
using observation only.

2.2 | Biodiversity unit calculation

Baseline biodiversity units were attributed to each vegetation
quadrat using the statutory biodiversity metric (Defra, 2023;
Equation 1). Sites were visited by the authors between April and
October 2022, that is within the optimal survey period indicated
in the metric guidance. Sites were assessed initially using metric
version 3.1 (Panks et al., 2022), which was current at the time
of survey, and were subsequently updated to the statutory met-
ric for analysis using field notes and species data. Following the
biodiversity metric guidance, we calculated biodiversity units at
the habitat parcel scale, such that polygons with consistent habi-
tat type and condition are the unit of assessment. We assigned
habitat type and condition score to all quadrats falling within the
parcel. Where the current site conditions (2022) and quadrat data
(2010 to 2020) differed from each other in habitat or condition,
for example the % bracken cover, we deferred to the quadrat data
in order to match our response and explanatory variables more
fairly. Across all samples, area was set to 1 ha arbitrarily, and stra-
tegic significance set to 1 (no strategic significance), to allow com-
parison between sites. To assign biodiversity units to the bird and
butterfly transects, we averaged the biodiversity units of plant
quadrats within the transect routes plus a buffer of 500m (birds)
or 100 m (butterflies). Quadrats were positioned to represent the
habitats present at each site proportionally, and transect routes
were also positioned to represent the habitats present across each
site. Although units have been calculated as precisely as possible

85U017 SUOWILIOD BAIIES.D 8|qed![dde auyy Aq pausenob a1e S9ppile YO ‘SN JO S3INJ 10} Akeud1 78Ul UQ 8|1 UO (SUOTHIPUOO-PUE-SWLSIW0" A8 | 1M Ae1q 18U UO//:SdNY) SUOTIPUOD pue SWie | 8U} 89S *[7202/90/62] U0 Ariqiauliuo (1M ‘8oL Aq 2697T #992-GOET/TTTT 0T/I0p/wW0d A8 imAiq1jpul|uo'S eUINOKaq)/:SdNY WOJj pepeojumod ‘0 ‘Y99ZS9ET



(a)

(b)

MARSHALL ET AL.

4 . BRITISH
Journal of Applied Ecology E LG
8.00° W 6.00° W 4.00° W 2.00° W 0.00° 2.00°E 4,00° E 6.00°E
_ .
o
o
o
bo; S Lindisfarne LTMN
Sourhope 1 ECT _ . :
Kielderhead LTMN .“’°“”‘°pe =6,
..Palace Leas ECT
Moorhouse ECN
=2
S I
o
NS . sl A R
- Dark Peak LTMNg perbyshire Dales LTMN é
Eprsingpam LTMIg C Ludham and Patter.Heigham LTMN.
i Wyre Forest LTMN ngQwalton. IMN Bure Marshes LTMN e
= Monks Wood LTMN | @Chippenham Fen LTMN"
§ Wyth“am‘ CN. = Ulihlélll,biﬁul B ECT T >
e ~| Epping Forest LTMN v
Braunton Burrows LTMN | Porton Down ECN‘ BB et B ‘
ol #Alice Holt ECN< -~ :
North Wyke|ECN : : SRya
= : : 15 X
3 g b T
S G
n g
522,000 524,000 )
Sites A
3 Cropland
2 Grassland
Q ; ® Heathland and shrub
Sparsely vegetated land
e ® Wetland
B ® Woodland and forest
§ == Butterfly transect with
S ; 100 m buffer
“ i = Bird transect with
500 m buffer
\\ OpenStreetMap

FIGURE 1 (a)Map of study sites across England with latitude and longitude. ECN =Environmental Change Network, ECT =Ecological
Continuity Trust, LTMN =Long term Monitoring Network. (b) Example study site, Woodwalton Fen, showing plant sample locations, bird and
butterfly transect routes with British National Grid references. Symbols are coloured by broad habitat. OpenStreetMap data are available
under the Open Database License (openstreetmap.org/copyright).

for all taxa, we recognize that biodiversity units are calculated

more precisely for the plant dataset than the bird and butterfly

dataset: the size of transect buffer is subjective, and some tran-

sects run adjacent to offsite habitat that could not be accessed.

the Supporting Information.

Further details about biodiversity unit calculation can be found in

Biodiversity baseline unit calculation following the statutory bio-

diversity metric (Defra, 2023).
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Size of habitat parcel X Distinctiveness X Condition X Strategic Significance

= Biodiversity Units
o))

2.3 | Species response variable calculation

We reused species datasets for plants, birds and butterflies recorded
by the sites to calculate our response variables (Table S1). Plant spe-
cies presence data were recorded using 2x2m quadrats of all vas-
cular plant species at approximately 50 sample locations per site
(mean 48.1, SD 3.7), stratified to represent all habitat types on site.
If the quadrat fell within woodland or scrub, trees and shrubs rooted
within a 10x10m plot centred on the quadrat were also counted
and added to the quadrat species records, with any duplicate species
records removed. We treated each quadrat as a sample point, and
the most recent census year was analysed (ranging between 2011
and 2021). Bird data were collected annually using the Breeding
Birds Survey method of the British Trust for Ornithology: two ap-
proximately parallel 1km long transects were routed through rep-
resentative habitat on each site. The five most recent census years
were analysed (all fell between 2006 and 2019), treating each year
as a sample point (Bateman et al., 2013). Butterfly data were col-
lected annually using the Pollard Walk method of the UK Butterfly
Monitoring Scheme: a fixed transect route taking 30 to 90min to
walk (c. 1-2km) was established through representative habitat on
each site. The five most recent census years were analysed (all fell
between 2006 and 2019), treating each year as a sample point. Full
details of how these datasets were originally collected in the field
can be found in Supporting Information.

For species richness estimates, we omitted any records with
vague taxon names not resolved to species level. Subspecies re-
cords were put back to the species level, as intraspecific taxa were
recorded inconsistently across sites. Species synonyms were stan-
dardized across all sites prior to analysis. For bird abundance we
used the maximum count of individuals recorded per site per year for
each species as per the standard approach (Bateman et al., 2013). For
butterfly abundance, we used sum abundance over 26 weekly visits
each year for each species at each site, using a GAM to interpolate
missing weekly values (Dennis et al., 2013). Designated taxa were
identified using the Great Britain Red List data held by Joint Nature
Conservation Committee [JNCC] (2022); species with any Red
List designation other than Data Deficient or Least Concern were
summed. Plant species range and range change index data followed
PLANTATT (Hill et al., 2004). Range was measured as the number of
10x 10km cells across Great Britain that a species is found in. The
change index measures the relative magnitude of range size change
in standardized residuals, comparing 1930-1960 with 1987-1999.
For birds, species mean population size across Great Britain fol-
lowed Musgrove et al., 2013. We used the breeding season popula-
tion size estimates to match field surveys. Bird long-term population
percentage change (generally 1970-2014) followed Department for
Environment, Food, and Rural Affairs [Defra] (2017). For butterflies,
range and change data followed Fox et al., 2015. Range data were
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occupancy of UK 10km squares 2010-2014. Change was per cent
abundance change 1976-2014. For all taxa, mean range and mean
change were averaged from all the species present in the sample, not

weighted by the species' abundance in the sample.

2.4 | Analysis

We fitted generalized linear mixed effects models for 14 response
variables using the packages Ime4 (Bates et al., 2015) and nime
(Pinheiro & Bates, 2022) in R version 4.2.1 (R Core Team, 2022). For
all models, biodiversity units were fitted as a fixed effect, whilst site
was fitted as a random intercept to account for spatial autocorre-
lation (plants) and temporal autocorrelation (birds and butterflies).
There were 1005 quadrats across 23 study sites for plants, eight
transects across eight sites for birds (40 transects total including
5years of data), and 13 transects over 13 study sites for butterflies
(65 transects including 5years of data). We checked the validity of
modelling assumptions by plotting Pearson residuals against fitted
values and observed values. Error distributions for each variable are
given in Table 1. Variables were not transformed. p-values were cal-
culated using likelihood ratio tests, comparing the specified model
to a null model with only the random effect. To visualize variation in
community composition across sites and broad habitats, non-metric
multidimensional scaling (NMDS) ordinations, grouping samples in
multivariate space by their species composition, were carried out
using R package vegan (Oksanen et al., 2022). For all three taxa,
distance matrices were Jaccard, three axes were specified, and all
analyses converged with stress <0.2. Biodiversity units were fitted
to the ordinations using the function envfit. Mapping was conducted
in QGIS 3.22.12.

3 | RESULTS

Biodiversity units correlated with three of four plant biodiversity
responses, but no bird nor butterfly variables. Habitat parcels with
higher biodiversity units had a greater species richness of plants
than low biodiversity unit habitats (slope 1.01 +1.00, p=0.006), and
the plant species in higher biodiversity unit habitats were nation-
ally rarer (slope -16.22+1.52, p<0.001) and had shown greater
long-term declines in range size (slope -0.02+0.00, p<0.001),
than species in lower biodiversity unit habitats (Table 1, Figure 2).
However, all three effect sizes were small. Each additional baseline
biodiversity unit was associated with a 1% increase in plant species
richness. A decrease in mean plant species range of 16 hectads per
one biodiversity unit is small in the context of the variation in range
size in the dataset (936 to 2797 hectads). A decrease in mean plant
species range change index of -0.02 standardized residual per one
biodiversity unit is also small, given variation in the dataset from
-0.73 to 1.54. The biodiversity unit results were consistent with the
condition score results, with habitats assessed to be in good condi-
tion having plant species with smaller mean range sizes, and more

85U017 SUOWILIOD BAIIES.D 8|qed![dde auyy Aq pausenob a1e S9ppile YO ‘SN JO S3INJ 10} Akeud1 78Ul UQ 8|1 UO (SUOTHIPUOO-PUE-SWLSIW0" A8 | 1M Ae1q 18U UO//:SdNY) SUOTIPUOD pue SWie | 8U} 89S *[7202/90/62] U0 Ariqiauliuo (1M ‘8oL Aq 2697T #992-GOET/TTTT 0T/I0p/wW0d A8 imAiq1jpul|uo'S eUINOKaq)/:SdNY WOJj pepeojumod ‘0 ‘Y99ZS9ET



° Journal of Applied Ecology E Eggﬁuw

MARSHALL ET AL.

TABLE 1 Generalized linear mixed effects models of the relationship between 14 biodiversity indicators and biodiversity units measured
using England's statutory biodiversity metric. For all models, biodiversity units were fitted as a fixed effect and site was fitted as a random
effect influencing the intercept of the model. Fitted error distributions are given in brackets after each response variable. Coefficient
estimates of the fixed effects, and their standard error, are reported. p-values were calculated using likelihood ratio tests between models
with and without the fixed effect of biodiversity units. Models in bold type had a significant fixed effect. Estimates have been exponentiated
if a log-link model was fitted.

Taxon

Plants (1004 quadrats
at 23 sites)

Birds (40 transects at
eight sites)

Butterflies (65
transects at 13 sites)

Response variable

Species richness (negative binomial)

Number of designated taxa (Poisson)

Mean range (Gaussian)

Mean range change (Gaussian)

Species richness (Poisson)

Individual abundance (negative

binomial)

Number of designated taxa (Poisson)

Mean population size (millions)

(Gaussian)

Mean population change (Gaussian)

Species richness (Poisson)

Individual abundance (negative

binomial)

Number of designated taxa (Poisson)

Mean range (Gaussian)

Mean abundance change (Gaussian)

Term Estimate Std. error Chi df p-value
Intercept 11.00 1.13
BUs 1.01 1.00 7.53 1 0.006
Intercept 0.00 10.62
BUs 0.97 1.07 0.19 1 0.667
Intercept 2491.22 55.57
BUs -16.22 1.52 107.84 1 <0.001
Intercept 0.39 0.08
BUs -0.02 0.00 127.24 1 <0.001
Intercept 29.18 1.77
BUs 1.00 1.04 0.05 1 0.946
Intercept 125.10 2.01
BUs 1.01 1.05 0.05 1 0.825
Intercept 4.08 1.96
BUs 1.02 1.04 0.18 1 0.672
Intercept 1.99 0.36
BUs -0.04 0.02 2.10 1 0.147
Intercept 92.57 46.27
BUs -0.76 2.98 0.07 1 0.794
Intercept 17.34 1.40
BUs 0.99 1.02 0.21 1 0.645
Intercept 1093.46 1.42
BUs 1.02 1.02 0.50 1 0.480
Intercept 0.78 1.00
BUs 1.03 1.00 0.35 1 0.556
Intercept 2025.02 160.05
BUs -4.77 10.84 0.20 1 0.656
Intercept 37.02 6.65
BUs 0.17 0.45 0.15 1 0.698

negative change indices, than moderate and poor condition habitats
(Figure 3). For birds and butterflies, there were no significant rela-
tionships between biodiversity units and any of the five response
variables investigated (Table 1, Figure 2).

For plants, the NMDS ordination space clearly separated sam-
ples by broad habitat, with Axis 1 separating cropland samples from
wetland (blanket bog) samples, and Axis 2 separating woodland from
grassland samples. Biodiversity units were well correlated with Axis
1. For birds and butterflies, the five survey years of each site were
clustered, and there was also clustering by broad habitat (Figure 4).

4 | DISCUSSION

4.1 | Metric performance

The extent to which biodiversity units reflect established biodiver-
sity variables differed by taxon and the choice of biodiversity vari-
able. We found that biodiversity units had explanatory power for
three of four metrics of plant biodiversity (species richness, mean
species range and mean range change), but no explanatory power
for number of threatened plant species, nor any measure of bird nor

FIGURE 2 Scatterplots of statutory biodiversity metric biodiversity units against 14 biodiversity response variables, for (a-d) plants, (e-i)
birds and (j-n) butterflies. Points show data from individual quadrats (plants) or transects in different years (birds and butterflies) at all sites.
Lines show the fixed effect relationship between biodiversity units and response variables calculated using the generalized linear mixed
effect models presented in Table 1. p-values follow Table 1 and were calculated using likelihood ratio tests between the model with and

without the fixed effect of biodiversity units; n.s.=non-significant.

85U017 SUOWILIOD BAIIES.D 8|qed![dde auyy Aq pausenob a1e S9ppile YO ‘SN JO S3INJ 10} Akeud1 78Ul UQ 8|1 UO (SUOTHIPUOO-PUE-SWLSIW0" A8 | 1M Ae1q 18U UO//:SdNY) SUOTIPUOD pue SWie | 8U} 89S *[7202/90/62] U0 Ariqiauliuo (1M ‘8oL Aq 2697T #992-GOET/TTTT 0T/I0p/wW0d A8 imAiq1jpul|uo'S eUINOKaq)/:SdNY WOJj pepeojumod ‘0 ‘Y99ZS9ET



MARSHALL ET AL. . BRITISH 7
Journal of Applied Ecology E LA
J, @ /! (e) 4. !
l p(Units) < 0.01 i p(Units) = n.s. p(Units) = n.s.
]
g : ? 60~ @ 2 &
o 40° e e ® e ® g S §m §
@ - 8 S 8 = § 5 20- & e © o o
Q CHES 2 40- 8 ® = 2 ® ®
c 8 3 5 |® & g 8
£ 30- ® 7] ® B 7]
L e | O 2 - @ ® ®
= T s 0 50- 8 § ® S o- ®
8 20-° 8 é a ¢ a 8 g,
® ° @ 0 g @ 8 °g
& 10- 5 10 15 20 5 10 15 20
g : Biodiversity units/hectare Biodiversity units/hectare
0 m— : . . . ) (k)
5 10 15 20 25 ) ] ]
Biodiversity units/hectare R p(Units) = n.s. " p(Units) = n.s.
 400- ® =< 5000 - ®
S (b) § o8 §
‘L p(Units) = n.s = 300~ o© = 4000- &
.S. S ©
£ o 8 : .£ 3000~ £
‘B 520-g @ 5 e
3 = —4 o 2000- ® s g
0 3 100- 3 M
] g 8 - g 1000- & ¥ B o c£° 8
(%] - =] =] 8
- 2 Z o0- ; ; . z L | .
o 5 10 15 20 5 10 15 20
2 Biodiversity units/hectare Biodiversity units/hectare
O 1-
& @ @ @ 23 ® (g) * (l)
k) " p(Units) = n.s. " p(Units) = n.s.
0- g 20- : g 8- ®
5 o 15 20 25 @, 3 8. :
Biodiversity units/hectare b i e b I
% 10-9 ° S B4-
\’p ) - Saeure ® —l ® e
1 p(Units) <0.001 85 F—s 2 _ 82 ° oo o
3 14 ie ® @ 14 CEECE) ®
! E g 0-I 1 - 2 1 ? 1 g O- 2 1 2 1 2 1 ?
25004 5 10 15 20 5 10 15 20
Biodiversity units/hectare Biodiversity units/hectare
(]
()]
& 2000- (h) * (m)
é m p(Units) = n.s. p(Units) = n.s.
c
[)] o ® @
- ] -]
= 1500 E 20- 8 °
® & Tz
A S
1000 Ll 1 1 1 @I E
5 10 15 20 25 3
Biodiversity units/hectare g §
c05-
s (@) g . [ . . ! !
) = 5 10 15 20 5 10 15 20
= p(Units) < 0.001 Biodiversity units/hectare Biodiversity units/hectare
§ 0] (n)
-E " p(Units) = n.s. p(Units) = n.s.
2 S 400- e S &
© c c
o © © 80-
o 5 300- 5 ® ®
% a a 9 2 g 533 o 8
= 9 200~ S 40- 8 2 ® o 5
© Q g 8 Q . gw gg S 88 2 o
% o\o 100- & o~ § @ o\o @ ) $&3
] o ® © g ) G 0
= § 0- 8 § ®
5 10 15 20 25 5 10 15 20 5 10 15 20

Biodiversity units/hectare

Biodiversity units/hectare

Biodiversity units/hectare

85U8017 SUOWILLOD 3A 81D 3(edidde au3 Ag peusenob ke o VO ‘88N Jo sejn. 1o} ArIqi8UIIUQO 431N UO (SUOIPUOD-PUR-SWBIAL0D A8 |1 AfeIq 1 [pUl|UO//STNY) SUORIPUOD PUe SWB | 81 88S [7202/90/62] Uo ARiqiTauliuo A8 |IM ‘B9 L Ad 269vT ¥992-G9ET/TTTT OT/I0P/W0d A5 | 1M Aeiq 1 BulUO'S eUIN0Bsq//SdNy Wiy pepeojumod ‘0 ‘#992S9ET



: Journal of Applied Ecology E Eﬁ"ﬁ?ﬁ;w

p
v
O

Species richness

4
b
)
z

N

No. Red Listed species

Ds ©

2500-

Mean range
N
o
[
o
:

1500 -

1000 -

P
v
e

!

Good

Good

Mean range change index

Good

Moderate
Condition

Moderate

Condition

!
Poor

Moderate
Condition

!
Poor

Moderate
Condition

!
Poor

@ 400-

Mean % pop. chang

Moderate
Condition

—_
=)
-~

Mean % abundance change
ey
L]

Good

MARSHALL €T AL.
A (e) * 0]
60 - : ‘ 7] i
[%2] B
g E
e | 6 20- j
40~ . 2 -
i B E ‘A
= L 3 .
20- a ® ;
: o 10- e
I ?
0- ! v ) ! !
Good Moderate Good Moderate Poor
Condition Condition
A o 4 ©
400~ | ; 5000 -
A : 4000 -
8 300 8
c c
g o g 3000 - .
2 200- - : 2
o 3 2000- - T
o) —— o) — =
< 100 - . < . : ]
: 1000- :.l E— _
0= 1 1 1 1 1
Good Moderate Good Moderate Poor
Condition Condition
M o 4 o
.8 20- .8 8-
3] 3]
8 8
&> 15- & 6-
o o
ey 2
o 10~ . B4
| | o
o 5- o 2 - o |
o L : © e —
z 01 1 1 z |. i 1 : '|
Good Moderate Good Moderate Poor
Condition Condition
/! (h) * (m)
e
5 : 2400-
= 20- | -
g — o 2200- - I
‘E B g) = . . d
G 15- @ 2000- | | el E
= : E @ 1800 - —
8— 1.0- %
Q 1600 - -
% 0 5- :..
o . | 1400- ; ;
Good Moderate Good Moderate Poor
Condition Condition

Moderate Poor

Condition

85U8017 SUOWILLOD 3A 81D 3(edidde au3 Ag peusenob ke o VO ‘88N Jo sejn. 1o} ArIqi8UIIUQO 431N UO (SUOIPUOD-PUR-SWBIAL0D A8 |1 AfeIq 1 [pUl|UO//STNY) SUORIPUOD PUe SWB | 81 88S [7202/90/62] Uo ARiqiTauliuo A8 |IM ‘B9 L Ad 269vT ¥992-G9ET/TTTT OT/I0P/W0d A5 | 1M Aeiq 1 BulUO'S eUIN0Bsq//SdNy Wiy pepeojumod ‘0 ‘#992S9ET



MARSHALL ET AL.

Journal of Applied Ecology Eggﬂfg?;m ?

FIGURE 3 Box plots of statutory biodiversity metric condition scores against 14 response variables, for (a-d) plants; (e-i) birds and (j-n)

butterflies. Boxes represent median values and the interquartile range (IQR), whiskers are 1.5 x IQR, square symbols represent mean values.
Data points from individual quadrats (plants) and transects (birds and butterflies) are plotted as dots (jittered on the x-axis for all panels, and
also on the y-axis for panel b). ‘Poor’ includes ‘fixed at N/A' condition habitats (cereal crops, bracken), as the metric treats these equivalently.
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FIGURE 4 Non-metric multidimensional scaling (NMDS)
ordinations for (a) plants, (b) birds and (c) butterflies. Samples are
coloured by broad habitat type. Plotting symbol types represent
up to 24 different sites (legend not shown); each point represents
a quadrat (plant data) or a transect in different years (birds and
butterflies). The arrow represents the fit of biodiversity units (BUs)
to the ordination space (p <0.05 for all taxa) showing the direction
of increasing BUs, with length proportional to significance.

butterfly biodiversity (Figure 2). It is encouraging that with our large
sample of 1004 plant quadrats across all natural and semi-natural
terrestrial broad habitats, samples with higher biodiversity units did,
on average, have more restricted range species and species showing

stronger past range declines than those with lower biodiversity
units. The same pattern is found in condition scores for plants, with
poor condition habitat supporting more wide-ranging species with
growing populations (Figure 3). As well as condition scores, distinc-
tiveness scores are also likely to contribute to the significant rela-
tionships found for plants. Distinctiveness scores are pre-assigned
for each habitat type based on (i) the total amount of remaining habi-
tat in England, (ii) proportion of habitat protected in sites of special
scientific interest, (iii) UK priority habitat status and (iv) European
Red List habitat categories. These are derived from or closely re-
lated to plant range and range change data, so a close relationship is
expected, albeit somewhat obscured by the mixture of designations.
In the context of nature recovery, the lack of any significant re-
lationships between biodiversity units and established biodiversity
variables for birds and butterflies is concerning. Hawkins et al. (2022)
also found no consistent relationship between a habitat's distinctive-
ness or condition score (the two main components of biodiversity
units) and the number of conservation priority species of any taxon
recorded by biological records offices or ecologist walkovers. This
may be attributed to the biodiversity metric not capturing aspects
of habitat which are important for birds and butterflies, or the scale
of metric calculation being inappropriate for taxa with wider-ranging
individuals. Habitat condition scores do not take account of the
availability of floral resources, a crucial predictor of flower-visiting
insect abundance and insect species richness. Habitat heteroge-
neity, particularly habitat richness and edge density, are important
predictors of biodiversity for mobile species like birds, butterflies
and other insects (Benton et al., 2003; Martin et al., 2019). This is
important at relatively small spatial scales for invertebrates because
they use resources from different habitat features within their life
cycles (Jachuta et al., 2021) and at larger scales for birds (Morelli
et al., 2013). Habitat heterogeneity is barely accounted for by the
metric, though small-scale heterogeneity like varied sward heights
for grassland and complex storey structure for woodland do feature
in some of the condition scoring criteria. Finally, our power to detect
a real trend is lower for birds and butterflies compared with plants,
as fewer study sites were available for analysis, and the full range
of condition scores was not available for birds (no transects were in
overall poor condition). Unit calculations for bird and butterfly tran-
sects were also subject to greater error than for plant quadrats, for
example where a transect buffer included inaccessible vegetation
adjacent to the study site. For birds in particular, the relationships
are in the directions expected, and it may be that including more
sites than has been possible here would reveal significant trends.
Most of the sites we assessed are national nature reserves or
benefit from some other form of substantial protection. This is by no
means typical of the sites likely to be considered for development,
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which is the main application of the metric, nor even of proposed off-
set sites, which need to have potential for enhancement to achieve a
net gain. Typical sites encountered by users of the metric are likely to
fall at the lower end of the unit scale investigated here, from 2 units/
ha for a low distinctiveness habitat in poor condition (e.g. modified
grassland), to 12units/ha for a medium-distinctiveness habitat in
good condition (e.g. neutral grassland). Nevertheless, we found a full
range of condition and distinctiveness scores across our sites (from
2 to 24, the full range of biodiversity units, and including the lower
distinctiveness habitats in poor condition likely to be targeted for
development), and we were able to evaluate a full range of habitat
types including those with high and very high distinctiveness not
commonly encountered in developer datasets (Hawkins et al., 2022).
We had no data from urban habitats, aquatic habitats or linear hab-
itats (hedgerows and rivers), nor have we investigated biodiver-
sity unit values when calculated for created or enhanced habitat
rather than baseline habitat, which has the additional complexity
of negative temporal, spatial and difficulty multipliers (Moilanen
et al., 2009).

4.2 | Recommendations for distinctiveness
scoring and a proposed change index

Distinctiveness scores are currently derived from a mixture of exist-
ing designations, which mix together habitat rarity (in the UK and
in Europe) and habitat threat, though these are conceptually dis-
tinct and may even be contradictory, introducing noise to the met-
ric. Instead, distinctiveness could be assigned objectively using the
mean range of the species supported by the habitat, using existing
data for plants and butterflies. Defra should take a view on whether
the extent of rarity is to be assessed within England, the UK or the
EU, and apply the same to all habitats.

Each habitat could additionally be assigned a change index, de-
rived from an average of its component species' range or population
change indices (published at least for plants, birds and butterflies) or
extent of remaining habitat. Change scores would be fixed, as they
are for distinctiveness, but both sets of scores could be updated
every 5-10years as new datasets are released. Trading rules could
then be implemented to prevent nationally declining habitats from
being replaced by very large areas of nationally increasing habitats
(Glenister, 2022; Zu Ermgassen et al., 2019).

Standardizing the recording of English habitats and their condi-
tion for the first time presents a substantial opportunity to collect
these data centrally, which would offer the opportunity to evalu-
ate the state of the nation's habitats periodically. Many of England's
threatened and declining habitats have not been monitored system-
atically since the UK Biodiversity Action Plan was retired. Doing
this could allow mandatory BNG habitat gains to be explicitly and
strategically directed at nationally or locally agreed nature recovery
targets (Treweek et al., 2010).

The metric treats biodiversity as linear, with very high distinc-
tiveness habitat accorded a score of 8, high a score of 6, medium

4 and low a score of 2. However, many natural distributions and
relationships in ecology are log-linear, with disproportionate influ-
ence, thresholds or tipping points observed at one end of a scale
(Clark & Luis, 2020). This can weaken the ecological resilience of
offsets, so that no net loss does not equate to zero loss (Buschke &
Brownlie, 2020). Instead of a linear relationship, a power relationship
could be used to account quantitatively for the irreplaceability of
very high and high distinctiveness habitats, for example scores of 16
(very high), 8 (high), 4 (medium) and 2 (low), similarly for condition 4
(good), 2 (medium), 1 (poor) rather than 3, 2 1. This extends the idea
already in the trading rules that some habitats are so exceptional
that losses to them are unacceptable, even if later compensated
(Pilgrim et al., 2013).

Whilst almost all habitat types in the metric follow UKHab defi-
nitions (UKHab Ltd, 2023), there are some important omissions. For
example, the UKHab habitat ‘other wetland’ does not appear on the
statutory metric habitat list. Our data suggest it should be added
to the metric, assigned a distinctiveness score of very high, and be
subject to the wetland condition scoring sheet. We have only one
‘other wetland’ sample in the dataset, a Phalaris arundinacea reed
canary grass swamp at Woodwalton Fen, but the mean range of its
plant species is lower than the mean range of any other habitat in the
dataset. Other species which may be dominant in the habitat type
according to its definition are Typha latifolia bulrush and T. angustifo-
lia, which both have relatively limited British ranges (1860 and 776
hectads respectively), and Schoenoplectus species which also have
limited British ranges (8-1202 hectads).

4.3 | Recommendations for condition scoring

The condition scoring sheets for each habitat need revising in light
of ecological survey experience. Derived from the Higher Level Agri-
environment Scheme Farm Environment Plan condition assessment
method (Natural England, 2010), some condition scoring criteria
have more to do with describing good condition of land and vegeta-
tion from an agricultural perspective than an ecological one. For ex-
ample, one grassland criterion stipulates that species of sub-optimal
condition should account for <5% of the sward, but the listed ‘un-
desirable’ species like Creeping Thistle Cirsium arvense and Stinging
Nettle Urtica dioica are nectar-rich and very important to pollinators
and several other Critically Endangered native insects (Falk, 2021;
Wilson, 2021), though disliked by farmers as they reduce grazing
area. There has been refinement of the condition criteria through
the initial metric revisions, with the introduction of species richness
thresholds for grassland types being particularly helpful to distin-
guish higher distinctiveness grassland.

The grassland habitat bracken, all cropland habitats, and all low
or very low distinctiveness urban habitats like vegetated gardens,
have condition fixed at ‘N/A’ (for which the metric workbook accords
a score of 1, i.e. equivalent to poor). This has been justified on the
basis that condition has a negligible effect on the overall value of
low distinctiveness habitat, but our results do not support this. Our
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22 cereal crop samples have the third lowest mean change index
of 24 habitats, with only blanket bog and lowland heathland show-
ing more negative indices. Cropland samples at the Rothamsted
Broadbalk experiment, where wheat has been grown without the
application of herbicide since 1968, are the only samples from any
habitat with more than one Red Listed plant species (Scandix pecten-
veneris shepherd's needle and Ranunculus arvensis corn buttercup).
Nature-friendly farming systems and plant conservation charities
would surely welcome condition scoring applied to cropland, which
could produce funding for cornfield annual conservation and sus-
tainable farming practices (Byfield & Wilson, 2005). Our 17 bracken
samples have mean plant species richness equal to that of neutral
grassland (13.9), and plant species mean range of 2509 tetrads,
comparable with that of the other grassland habitats (2221-2606).
Often occurring in matrix with other grassland habitats, the grass-
land condition scoring criteria should be applied to bracken habitat.
Vegetated gardens can have many highly valuable habitat features,
suppling as much nectar for pollinating insects as nature reserves
do (Tew et al., 2021); the urban condition scoring sheet should be

applied here.

4.4 | Recommendations for net gain trading rules

Worldwide, there are very few net gain policies that specify a ration-
ale for the gain amount required (Simmonds et al., 2022). England's
10% biodiversity net gain threshold appears to be arbitrary. Though
10% minimum net gain is specified in the Environment Act, local
planning authorities may go further, seeking 15% or 20% net gains
to be adopted in their counties (Kent County Council, 2022). Our
dataset suggests that achieving a 10% net gain would result in no
or trivial benefit to nature, thanks to small effect sizes even for
significant relationships. England's net gain goal could be both
more ambitious and transparent, for example aligned to the Global
Biodiversity Framework objective of a tenfold reduction in extinc-
tion risk by 2050. We acknowledge that a major conceptual shift
has occurred, from the once commonplace scenario of develop-
ment having large negative impacts on the environment, to no net
loss of biodiversity, and now to a mandatory net gain requirement.
Comparing a 10% gain to historical major losses rather than no net
loss, the gains can be considered much more significant, and per-
haps a one-way ratchet.

Our ordination showed plant community composition, and to a
large extent bird and butterfly community composition, to be very
different by broad habitat. Thus, the current metric requirement to
replace at least medium or higher distinctiveness habitat with the
same habitat or broad habitat is justified. However, net gain could be
targeted better towards nature recovery if compensatory gains were
required to match the needs of the specific species and habitats im-
pacted. On the contrary, like-for-like requirements could constrain
the flexibility needed to provide habitat mosaics that would be more
resilient to climate change, if interpreted very strictly. Most of the
priority habitats (following Annex 1 of the Council Directive 92/43/

Journal of Applied Ecology E Egé?ﬁ;w

EEC of 21 May 1992 on the conservation of natural habitats and of
wild fauna and flora, included at Level 5 of the UKHab hierarchy)
are not specified in the biodiversity net gain worksheets, instead
they are subsumed within their Level 4 habitat types. They should
be named directly and be accorded very high distinctiveness so they
cannot be traded away, whilst also becoming eligible for named hab-
itat creation.

The biodiversity unit calculations for created and enhanced
habitats post-development are subject to negative multipliers to
account for spatial, temporal and difficulty of creation risks so that
promised habitats must be over-supplied relative to what is lost
to guarantee delivery of a net gain (Moilanen et al., 2009). More
distinctive and higher condition habitats have large negative dif-
ficulty and temporal risk multipliers for habitat creation, discour-
aging developers from creating high or very high distinctiveness
priority habitats and good condition habitats (Glenister, 2022).
Creating medium-distinctiveness habitats like mixed scrub or
other neutral grassland is usually the most efficient way for devel-
opers to achieve biodiversity net gain (Zu Ermgassen et al., 2021).
This is particularly regrettable given Defra's early focus on the
creation of priority habitat (p. 4 Point 22, Defra, 2012). Negative
multipliers should be adjusted so that higher distinctiveness hab-
itats in good condition are incentivized; one way to do this would
be to put the high multipliers for high distinctiveness and good
condition habitat on the baseline side of the calculation (or at least
in the distinctiveness scores, which influence both pre- and post-
development calculations), as in our proposed power relationship
scoring system, rather than on the habitat creation side of the
calculation.

With several quantitative variables interacting with each other
within the pre and post-development metric calculations (distinc-
tiveness, condition, strategic significance, temporal and difficulty
multipliers), the possibility space of unit outcomes, and thus out-
comes for nature, within the metric is very large. A dynamic model
of the metric in R will be needed in order to document and explore
all possible combinations, to check that trends in unit calculation
outcomes are performing as intended and are aligned with national
targets for nature and development, and to allow the consequences
of any recommended changes to the metric to be explored before

they are signed into law.

5 | CONCLUSIONS

We have investigated the performance of Defra's statutory biodi-
versity metric against five established attributes of biodiversity. We
have shown that a 10% net gain calculated using the current metric
can be expected to translate into small gains for plant species, but
not for other taxa. When supported by species' surveys and analy-
sis, as currently legislated, a habitat metric has a useful place, but
targeted conservation action is likely to be necessary to benefit spe-
cies' populations across taxa. We have made specific recommenda-
tions to improve condition scoring, distinctiveness scores, trading
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rules and country-wide habitat monitoring, which would be rela-
tively cheap and easy to implement, helping the metric to become
a more powerful and widely applicable tool. Our results provide a
valuable case study for other countries developing biodiversity met-
rics to support net gain policies.
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