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Biodiversity declines are accelerating globally, impacting ecosystem
functioning, with consequences for human health. Interactions with
biodiversity can be associated with human well-being benefits at the
individual level, leading to substantial gains for society when scaled up
across populations. However, existing research has not accounted for the
species within ecological communities and their effect traits (for example,
colours, sounds) that can elicit well-being responses. Many species’

effect traits are seasonal, and spatial variation in exposure to ecosystems
by different sectors of society can lead to unequal opportunities to
gainwell-being. Here we use aninterdisciplinary analytical approach to
explore how the association between forest biodiversity and well-being
fluctuates: (1) temporally, between different seasons and (2) spatially,
across socio-economic deprivation gradients at a national scale (England
and Wales). Species’ effect traits and participant well-being were derived
through aseries of seasonal participatory workshops and questionnaires
thatincorporated BIO-WELL (a biodiversity-well-being psychometric scale).
By generating spatially explicit data, we could examine variability in forest
biodiversity associated with human well-being across socio-economic
deprivation gradients. Forest species’ effect trait richness was spatially
heterogeneous, particularly in autumn, spring and summer. Broadleaf
forests had greater species’ effect trait richness than other categories of
forest. Forests with higher species’ effect trait richness and forests that were
associated with higher self-reported participant well-being were in areas
with the least socio-economic deprivation. Forest creation/restoration
and nature-health interventions must recognize this ecological and social
diversity to ensure initiatives are equitable and socially just.
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Biodiversity declines are accelerating globally’. This loss of biodiversity
isimpacting the stability and functioning of ecosystems, with poten-
tially far-reaching consequences for human health and well-being?.
Well-being is a multidimensional concept, encompassing different
contributions to human quality of life’. The World Health Organization
conceptualizes well-being as “a state of complete, physical, mental and
social well-being and not merely the absence of disease or infirmity™.
The multiple domains of well-being encompassed in this definition
(bio-, whichis physical; psycho-, whichis mental, consisting of both cog-
nitive and emotional; and social) comprise the ‘biopsychosocial’model
of health that originates from integrative medicine’. An expanded
version of this model, called the biopsychosocial-spiritual model®”,
alsoincludes a spiritual domain, conceived as including a connection
to something greater than oneself.

Spending time in ecosystems such as forests and wetlands has
beenlinked to amultitude of benefits such as reduced stress, improved
cognition and better quality of life®'°, Given that well-being predicts
mortality and morbidity", scaling up these individual-level gains across
entire populations could support the public health sector through
substantial avoided societal and healthcare costs (for example,
refs.12,13). Therefore, improving our understanding of how exposure
to biodiversity can promote well-being is likely to have widespread
implications for both public health and conservation, via initia-
tives such as nature-based solutions and social (‘green’) prescribing
interventions™",

Whereas an extensive literature has established thatinteractions
with nature can generate positive well-being responses, this existing
body of research generally takes a simplistic approach that relies on
homogeneous measures of exposure to ‘greenspace’ or ‘greenness ',
The role biodiversity plays in delivering improved health has been
largely overlooked". Thisis despite people’s engagement with biodiver-
sity within ecosystems being multisensory’® and influenced by personal
and cultural associations'?°. Without accounting for biodiversity, and
howitis experienced and/or perceived, we may not be able to conserve,
restore or create ecosystems that will also generate greater benefits for
human health and well-being.

These complex biodiversity-human health relationships can
be examined through a functional ecology lens. Some species traits,
known as ‘effect traits’, underpin ecosystem service delivery”. For
example, mean diameter at breast height of a tree is linked to carbon
storage?®. Likewise, the species’ traits that lead to changes in people’s
well-being can be considered effect traits (for example, the ‘calling’
sounds of tawny owls (Strix aluco) and ‘prickly’ texture of brambles
(Rubus fruticosus) eliciting positive and negative well-being, respec-
tively)". Different ecosystems will thus provide different levels of
well-being, based on the array of species that occur within the eco-
logical community and the effect traits they support.

Ecosystem impacts on health and well-being fluctuate over time”.
For instance, grass pollen causes allergies leading to asthma and rhi-
nitis (hay fever), which can be tracked over the course of the year and
spatially**. Similarly, bird communities alter intra-annually, influencing
the supply of cultural ecosystem service benefits®. This reflects the
seasonality of biodiversity inany given ecosystem, where variationsin
temperature and precipitation affect resource availability and, subse-
quently, the presence, abundance and diversity of species and the effect
traits they support. Seasonal phenological events themselves, such as
leaf senescencein deciduous trees, have also been shown to stimulate
positive emotions®. Moreover, seasonality also influences how people
use ecosystems (for example, ref.27), due to weather or cultural activi-
tiessuchas participationin holidays and festivals. Despite this, temporal
variability is rarely considered in nature-human health research®.

Spatial variation in exposure to ecosystems by different sectors
of society canlead to unequal opportunities to gain well-being (often
referred to as ‘environmental health inequalities’). In Europe, for
instance, socio-economically deprived groups are often less exposed

togreen/blue spaces and have a higher prevalence of poor health out-
comes®. Consequently, they could benefit disproportionately from
access tosuch ecosystems. For example, Mitchell etal.”’, demonstrated
that access to recreational greenspace was positively associated with
improved mental well-being across the United Kingdom and more so
for those under greater financial strain. However, the evidence base
is inconclusive and contradictory (Schiile et al.*® provides a review).
Having a deeper insight into the distribution of species’ effect traits
within the ecosystems people visit could help disentangle these equivo-
cal findings.

Here we use a novel analytical approach to explore how associa-
tions between biodiversity and well-being fluctuate: (1) temporally,
between different seasons and (2) spatially, at anational scale (England
and Wales) and across socio-economic gradients (Fig. 1). Specifically,
we focus on forest ecosystems, which have declined inglobal land area
by over 30% between 1990 and 2015%, yet support 80% of terrestrial
biodiversity*’. Temperate forests cover 16% of global land area and
are less intact in regions with high human population density and
intensive agriculture®. Consequently, they are commonly the focus
of restoration and creation initiatives, often with the aim of producing
‘triple wins’ for climate change mitigation, biodiversity and human
well-being>**.

We conducted a large, participatory process with a diverse
cross-section of the public from England and Wales (Extended Data
Fig.1) ineach of the four seasons (autumn, winter, spring and summer).
This enabled us to identify which forest species, and their effect traits
(colours, sounds, smells, textures and behaviours), were described
by participants inrelation to both positive and negative well-being at
different times of the year”. We examined the five domains that consti-
tute the biopsychosocial-spiritual model of health>®: (1) physical (the
body and how someone feels physically); (2) emotional (positive and
negative mood); (3) cognitive (state of mind); (4) social (perceived con-
nections with others) and (5) spiritual (relationships with something
greater than oneself). Hereafter we use the term ‘well-being’in relation
to people’s biopsychosocial-spiritual responses to forest biodiversity.
Using species distribution models (SDMs), we created spatio-temporal
distributions of species’ effect traits. Additionally, we quantified the
spatially explicit self-reported well-being responses people derive from
forest biodiversity, using a questionnaire thatincorporated the biodi-
versity-well-being psychometric scale BIO-WELL™ (https://research.
kent.ac.uk/bio-well/). We therefore examined associations between
biodiversity and human well-being spatio-temporally in two ways:
through the species’ effect traits and via BIO-WELL (Fig. 1). To investi-
gate environmental health inequalities, we used government data on
income- and employment-related deprivation, mapped at the finest
spatial resolution that is publicly available (Extended Data Fig. 2). We
then coupled the distributions of species’ effect traits and BIO-WELL
scores with socio-economic deprivation.

Results

Seasonal species’ effect traits

We identified 78 species’ effect traits that were described by partici-
pants as eliciting some form of positive or negative well-being across
autumn, winter, spring and summer (Fisher et al."” includes the full
list of all species’ effect traits), associated with the 131 forest species
that we could generate SDMs for (that is, they had sufficient fine-scale
resolution spatial presence/absence data available and/or model fit
was acceptable). Most of these species’ effect traits (69) were linked
with positive rather than negative (9) well-being, and four were allied
toboth. Therichness of effect traitsincreased with the number of spe-
cies, particularly in autumn and winter (Fig. 2).

Spatio-temporal distributions of species’ effect traits
We combined the SDMs with the number of species’ effect traits per
speciesthat were describedinrelation to positive or negative well-being
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Fig. 1| Diagram of our methodological steps. Grey boxes and dashed lines show the different study aims. White boxes indicate the sequential stages of data collection
and/or analysis. Colours represent data collection and/or analyses that were seasonal (orange = autumn, dark blue = winter, yellow = spring, light blue =summer).

responses, to create eight spatio-temporal maps, one per season
(Fig. 3). These maps showed high levels of spatial heterogeneity, with
cumulative species’ effect trait richness (the total number of unique
effect trait-well-being incidences across all species) ranging from
zero to 888 for positive well-being and from zero to 66 for negative
well-being.

Hotspots of species’ effect traits that elicit positive well-being
were apparent across southeast England, broadly coinciding with
wherebroadleafforestis predominately located (Extended DataFig. 3).
Indeed, we found significantly different cumulative species’ effect
traitrichness between all forest categories (following National Forest
Inventory (NFI) definitions; Supplementary Tables1and 2). In summer,
forests of all categories contained a significantly higher mean cumula-
tive species’ effect trait richness than for the other three seasons but
most notably compared to winter. Broadleaf forests had significantly
greater mean cumulative richness of species’ effect traits that were
associated with positive well-being compared to other forest categories
in autumn, winter and spring (Fig. 4 and Supplementary Table 2). In
summer, coniferous forests had the highest mean cumulative richness
of species’ effect traits. ‘Other’ forest categories had the lowest mean
cumulative richness of species’ effect traits in every season. The pat-
terns for mean cumulative species’ effect traits associated with negative
well-being were consistent with those found for positive.

Spatio-temporal distributions of BIO-WELL scores

In total, 4,197 participants fully completed our online questionnaire,
with different participants per season. Each seasonal cohort repre-
sented adiverse socio-demographic of the Englishand Welsh publicin

terms of gender, age, ethnicity and education (Supplementary Table 3),
being distributed across England and Wales in both rural and urban
areas (Fig. 5). Overall, participants experienced positive well-being in
response to forest biodiversity, with BIO-WELL scores averaging 71.1
(range: 0.2-100 out of a possible 0-100), where values <50 indicate a
negative response to biodiversity (12% of participants) and >50 indicate
apositive response (88% of participants).

In general, we did not detect any differences in the BIO-WELL
scores of participants between forest categories or across seasons
(Fig. 5c and Supplementary Table 4). The one exception to this was
summer, where participants reported statistically higher BIO-WELL
scores associated with coniferous forest.

Effect traits, well-being and socio-economic deprivation

There was no associationbetween forest area and level of deprivation
(B=0.027,95% Cl=-0.996-1.051). However, mean cumulative spe-
cies’ effect trait richness, for both positive and negative well-being
and across all four seasons, was greatest in the least socio-economic
deprived areas where participants lived (Fig. 6a-d and Supplementary
Table 5a). These patterns were consistent when examined for all forests
across England and Wales (Extended Data Fig. 4 and Supplementary
Table 6). Participant BIO-WELL scores were negatively associated with
income-related deprivationin the winter and spring (Fig. 6e,fand Sup-
plementary Table 5b).

Discussion
Tounderstand how to create and manage ecosystems to meaningfully
improve human health and well-being associated with biodiversity,
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researchers must move beyond coarse measures of ‘nature’ and
‘sreenspace’ and account for the ecological communities present,
which are inherently dynamic and spatially variable. In addition to
better representing the complexity of ecosystems, we also need to
recognize thathuman populations are diverse in their socio-economic
composition and not distributed in a homogeneous manner. In this
paper, we therefore begin the process of teasing apart thisintricacy by
examining spatio-temporal patterns between mean cumulative forest
species’ effect trait richness, well-being (both positive and negative)
associations with biodiversity and socio-economic deprivation gra-
dients. Where we cannot infer causality from our statistical analyses,
our approachdemonstrates how evidence derived from participatory
processes and quantitative social science research methods® caniniti-
ate a step change in the development of forest restoration initiatives
that seek to benefit both people and biodiversity.

We used two complementary ways to examine the potential
for human well-being associated with forest biodiversity: species’
effect traits and BIO-WELL. The former takes a functional ecology
perspective”** and the latter an environmental psychological stand-
point’®. We show that there are higher numbers of species’ effect traits
where species richness is greater, far more so for positive compared
with negative well-being, across all seasons. Moreover, this pattern is
more pronounced for autumn and winter for positive well-being, with
theimplication being thatimprovementsin forest biodiversity would
have arelatively larger impact on enhancing positive species’ effect
traitsinthese seasons (for example, refs. 37,38). When spatio-temporal
distributions of mean cumulative species’ effect traits were examined,
summer supported the greatest richness of traits associated with posi-
tive well-being responses. Regional variation was observed, with the
southeast having higher densities of traits. This reflects wider patterns
ofbiodiversity across Britain, where the majority of species are on the
northwest edge of their geographic range® and where broadleaf forest
andancient woodlands are concentrated*’. With relatively few negative

species’ effect traits identified, little spatio-temporal variation was
detected. Our findings affirm wider evidence suggesting that diverse
forest ecosystems can help to positively enhance people’s well-being®’.
This is despite the data requirements of the SDMs inevitably limiting
the number of species that could be mapped to those that are part of
national recording schemes with standardized survey methods, with
adequate numbers of presence/absence records and that produced sta-
tistically acceptable models**2. Furthermore, SDMs are not an actual
representation of the biodiversity that is present in specific forests.
Giventhatonly 7% of Britain’s forests are in good ecological condition
(for example, presence of deadwood, veteran trees and diversity of
ecological niches that support biodiversity*>*), it is unlikely that the
majority are currently delivering their full human well-being potential.
Thisadds further weight to calls for conservation and nature recovery
tobe at the heart of forest restoration initiatives***.

Further researchis needed to ascertain the degree to which par-
ticular species’ effect traits are more or less beneficial than others
for well-being (for example, the smell of coniferous trees compared
to the rough texture of bark), whether the relative ‘strength’ of each
particular effect traitleads to differentlevels of well-being (for exam-
ple, light to dark purple, potentially equating to within-species phe-
notypic variation) or if/how multiple effect traits interact to result
in additive or multiplicative well-being responses (the cumulative
effect of watching adult birds provisioning their chicks alongside the
sound of birdsong from one or more species). Understanding these
details could facilitate more targeted public health recommendations
and interventions (for example, ref. 46) and ally research in this field
with that with investigating how different levels of, and interactions
between, multiple effect traits influence regulating and provisioning
ecosystem service benefits”*,

We found evidence of environmental health inequalities, with
the more deprived sectors of society in England and Wales having less
potential to gain positive well-being associated with forest biodiversity
inproximity towhere they live. For instance, disparities were apparent
within southeast England between inland and coastal areas, the latter
being typically suffering from more extreme levels of socio-economic
deprivation®. Such spatial inequalities may be further exacerbated
by the fact that the green spaces, where they do exist, are either not
accessible to the public or are visited infrequently*®. The lower use of
green spaces can be attributed to a variety of factors that are social
(for example, personal safety concerns), individual (for example, con-
fidence in managing children outdoors) and contextual (for example,
no freetime)*’. When we examined patterns in seasonality, peopleliving
inmore deprived areasreported lower BIO-WELL scoresin winter and
spring. This trend could reflect the reduced species’ effect trait rich-
ness apparent in winter but also less engagement with forests during
the colder seasons of the year (for example, poor weather®°).

The unequal distribution of forests rich in mean cumulative spe-
cies’ effect traits associated with positive well-being across deprivation
gradients could also be explained by the ‘luxury effect’, predominately
characterized as an urban phenomenon, which describes a positive
association between higher biodiversity and affluence®. It is charac-
terized by wealthier residents being drawn to more biodiverse and/or
greener areas, creatingademand that raises property values and rents
thateffectively ‘price out’individuals on lower incomes®'. Another pos-
sible hypothesis could be that local authorities and/or private property
owners in deprived areas invest less in forest conservation®’. At local
scales, however, more nuanced spatial patterns could be apparent
that would require a finer-resolution analysis to disaggregate (for
example, community forests in deprived areas may have relatively
high biodiversity).

In areas of England and Wales characterized by higher depriva-
tion, access to forests could be improved by strategically targeting
nature recovery through better management of existing ecosystems
andthecreation of new ones. Thisis particularly pertinent, given that
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associated positive or negative well-being per season. White boxplots within the
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that their BIO-WELL score was relevant to in the questionnaire (n = 4,197). White
boxplots within the violin plots show the median, interquartile range, minimum
and maximum of the same data. BIO-WELL scores >50 and <50 indicate positive
and negative well-being responses, respectively. Kruskal Wallis H statistics
aregivenin each panel, used to test for differences between forest categories
per season (Supplementary Table 4 provides post-hoc Dunn-Bonferroni test
results). Base map in a adapted from GADM.

current restoration and tree-planting regimes that are intended to
augment carbon sequestration generally overlook the heterogene-
ous biodiversity preferences, perspectives and values of people who
may interact with the forests*****>*, The success of forest creation/
restoration projects relies on recognizing this diversity, ensuring
thatsuchinitiatives are equitable and socially just. In turn, this means
that they are more likely to be supported by, and benefit, the local
community>>, Nevertheless, making management decisions within
forests to promote species’ effect traits that have the potential to
enhance humanwell-being needs to be balanced alongside ecological
considerations. For example, removing the species and effect traits
associated with negative well-being could have detrimental conse-
quences for ecosystem functioning and ecosystem service delivery
(for example, degrading trophic interactions). Likewise, culturally
important or charismatic species may not be of conservationinterest
or could be non-native”. Trade-offs may need to be navigated, taking
care to ensure that unintended adverse impacts for biodiversity con-
servation are avoided.

Inall seasons, we found that broadleaf forests had a greater rich-
ness of mean cumulative species’ effect traits compared with other

forest categories. In temperate climates, people visiting deciduous
forestsinautumn are more likely to encounter fruiting fungi or senes-
cence of trees (for example, ref. 58), whereas those visiting in spring
may experience forest-floor flowers*. Deciduous trees themselves
supportdisproportionately high numbers of species’ effect traits that
elicit positive well-being responses”. This is because effect traits linked
to the phenology and longevity of deciduous trees are embedded in
people’s everyday lives, for instance, large, old charismatic trees in
Finland promoted sensory and emotional experiences®. Deciduous
old-growth trees provide habitat for the highest diversity of animals,
plants and fungi compared to other forest types**°. Nonetheless,
increasing the biodiversity of all forests has the potential to enhance
human well-being and possibly delivering additional benefits across
multiple other classes of ecosystem service?”. BIO-WELL scores did
not vary significantly between forest categories or seasons, other
than being higher for coniferous forests in summer”. This might be
a consequence of the uneven distribution of forest categories (81%
broadleaf, 8% conifer, 3% mixed broadleaf, 1% mixed conifer, 7% other)
in the analysis. On the other hand, coniferous forests in summer also
supported the highest richness of species’ effect traits. For example, at
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Fig. 6 | Associations between mean cumulative species’ effect trait richness
and participant BIO-WELL scores per season across socio-economic
deprivation gradients in England and Wales. a-f, The y axes represent either
the mean cumulative species’ effect trait richness of all forests within each area
where participantslive in England and Wales, eliciting positive (a,d) or negative
(b,e) well-being or BIO-WELL scores (c,f) (where >50 denotes positive well-
being responses to forest biodiversity and <50 is negative). The x axes are the

Employment-related deprivation

proportion of the public considered to be experiencing income- or employment-
related deprivation living in anarea. Forest area (ha) isincluded as a covariate.
Slopesindicate a general linear model with a 95% confidence interval (coloured
shading) (Supplementary Table 5). Note: the y axes for negative well-being (b,e)
are asmaller scale than for positive (a,d) and the y axis for BIO-WELL (c,f)
isrestricted.

thistime of year, coniferous foreststend to be characterized by a pine
scent that often carries culturaland personalimportance and a unique
canopy structure that can create well-defined and sun-lit footpaths®-*,

In this Article, we make new advances in biodiversity-well-being
research by drawing upon and integrating functional ecology and
environmental psychology concepts. Foremost, our granular approach
can be operationalized by those planning where, when and for whom
forest protection, restoration and creation should be targeted®. Like-
wise, it caninform the design and practice of social ‘green’ prescribing
interventions'", particularly with the goal of improving well-being
from forest biodiversity for certain sectors of society and to ensure that
thisis done adequately across the seasons. Indeed, moving forwards,
afocusonhowtoimprove people’s well-being from biodiversity in the
colder seasons could prove especially fruitful. Practitioners delivering
forest restoration/creation or social prescribing interventions could
thenuse BIO-WELL to monitor changes inhuman well-beinginresponse
to the ecological condition of forests'®. Replicating our methodology
for non-forest ecosystems will provide amore comprehensive picture
of the well-being potential of biodiversity at alandscape scale. Areas
with poor forest species’ effect trait richness may contain other highly

valuable ecosystems (for example, coastal grasslands) that support
different ecological communities with their own suite of effect traits.
Understanding and accounting for this complexity could create more
opportunities to deliver natural environments that underpin healthier
individuals and societies.

Methods

Study system

Britain’s forest ecosystems, which are 49% broadleaf and 51% conifer-
ous, provide critical habitat for biodiversity*’. Across England and
Wales, 24.9% of the total land area is forest*. Forests are often publicly
accessible and are among the most frequently visited types of ecosys-
tem*®, Here we use the NFI definition of forests (at least 0.5 hain area,
20 mwidthandatleast 20% canopy cover), using an open access dataset
from the UK Government’s Forest Research department (www.for-
estresearch.gov.uk) (Supplementary Table1and Extended Data Fig. 3).

Participatory workshops
We held four participatory workshopsin 2019, toidentify how people
(n=194)relate to forest biodiversity for their well-being™'*?*%, during
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each of the four seasons (autumn n =48, winter n = 50, spring n =46
and summer n =50). The participant cohort was new for each work-
shop. They represented a diversity of the public across age (18-29
years old n=60,30-59 n= 68, 60+ n=66), ethnicity (white British
n=146, other n=48), gender (female n =102, male n = 92), social
grade (ABC1 n =114, CDE2 n=80) and urban-rural resident (urban
n =153, rural n = 41) (Extended Data Fig. 1). Social grade is defined
as: AB (higher and intermediate managerial, administrative, profes-
sional occupations), C1 (supervisory, clerical and junior managerial,
administrative and professional occupations), C2 (skilled manual
occupations) and DE (semi-skilled and unskilled manual occupations,
unemployed). All participants had to have been living in Britain for at
least five years, irrespective of their nationality and were over 18 years
old. Financial incentives (£100 per person per weekend) and upfront
payment of expenses were used to support inclusive participation.
Participants wererecruited by asocial research company to minimize
the potential for self-selection bias (that is, individuals with a keen
interestin nature).

Wetook participants to two forests (one being amixed-deciduous
and coniferous plantation, the other anancient woodland), geographi-
cally located in the centre of Britain'”'®?°, The forests were chosen to
ensure thattheir objective physical and biological characteristics were
diverse, both within and across the two ecosystems. We also made
sure that the participants were not ‘local’ to either forest to minimize
theimpactthat prior experience may have had on the their well-being
responses to the objective biodiversity features of the sites. Werana
series of datacollectionactivities designed to prompt discussion about
forest biodiversity and what traits participants noticed (for example,
smells, colours, textures, sounds, behaviours). Theseincluded aninsitu
scavenger hunt, ex situ focus groups and a series of ex situimage-based
Q-methodology exercises (refs. 17,18,20 provide details). Activities
were audio recorded and transcribed. Ethical approval was provided
by the School of Anthropology and Conservation Research Ethics Com-
mittee, University of Kent (Ref: 009-ST-19). All participants provided
informed consent before taking partin the research.

Seasonal species’ effect traits

Workshop transcripts were analysed using NVivo (Version12, QSR Inter-
national Ply Ltd). We coded specific traits and how people’s well-being
responded to these traits, both positively and negatively, using the five
domains of the biopsychosocial-spiritual model of health'® (physical,
emotional, cognitive, social, spiritual). For eachtrait, we then identified
the species to which the participant was referring (forexample, inthe
Q-methodology image or named by the participant) (ref. 17 provides
details). Species that do not occurin British forests were excluded from
the dataset. We made inferences about the species in cases were the
participants mentioned specific phenological elements (for example
‘acorns’ were listed as English oak, Quercus robur). When participants
alluded to traits associated with a taxonomic group of organisms (for
example ‘spots’ on birds), we consulted reputable sources (Supple-
mentary Table 7) to derive a list of species with that trait, excluding
those that were too generic (for example, ‘green’ on plants). We then
recorded the seasonal occurrence of species and their effect traits
(for example, pied flycatchers, Ficedula hypoleuca, are not present in
Britain in winter).

All data processing and statistical analyses were conducted inR
(Version 4.2.0 (ref. 64)). To explore the relationship between species
and effect traits in each season, we plotted accumulation curves of
trait and species richness (function ‘accumcomp’ in package Biodi-
versityR®), for positive and negative well-being separately. Across
species, there may be overlap in effect traits, meaning that there can
beredundancy (where species delivering the same functions as others
become functionally redundant/exchangeable) and complementarity
(optimal combinations of species that deliver the maximum services)
within ecological communities”.

Spatio-temporal distributions of species’ effect traits

We gathered 2019 seasonal occurrence records for England and
Wales for species within taxonomic groups (birds, butterflies, fungi,
mammals and plants, including trees) that have national recording
schemes with standardized survey methods (Supplementary Table 7).
We used the UK Meteorological Office (www.metoffice.gov.uk/learn-
ing/seasons) definition of each season, which is based on the annual
temperature cycle: autumn (1 September-31 November), winter
(1December-28/29 February), spring (1March-30 May) and summer
(1June-31August).

To generate the SDMs for each individual species, we selected a
suite of biologically meaningful predictor variables (Supplementary
Table 8), including elevation, precipitation and temperature data at
0.5 kmresolution (30 arcseconds). These data are freely available from
the BioClim dataset®® (function ‘getData’, package Raster®’). Elevation
datawere converted into topographic ruggedness (function ‘tri’, pack-
age spatialEco®®). Topsoil data forland cover, dominant grainsize and
mean soil nitrogen concentration were acquired fromthe Countryside
Survey®. Topsoil data were resampled using bilinear interpolation
for continuous data to match theresolution of precipitation and tem-
perature data. For each species, we tested the full set of environmental
predictors for collinearity using a step-wise procedure, where highly
correlated variables (VIF > 3) were removed.

We approximated seasonal distributions of individual species
across English and Welsh forests using ensemble modelling, follow-
ing best-practice techniques*’°”7% Given that recommendations
for a minimum number of records for SDMs varies depending on
whether species are common/rare and generalist/specialist*, we
only retained species with a minimum of 80 survey records (for
examples, ref. 41), leaving a total of 131 species (Supplementary
Table 7). Survey records were uploaded using functions that mini-
mize spatial autocorrelation while maximizing data availability
(‘load_occ’ function in the ‘SSDM’ package’). SDMs are sensitive
to the type of algorithm applied to the data, so we fitted a suite of
algorithms to derive statistical consensus among projections: clas-
sification tree analysis, generalized linear model and multivariate
adaptive regression splines (‘ensemble_modelling’ function in the
‘SSDM’ package’). We generated presence-only models for each spe-
cies from the occurrence records and pseudo-absences (randomly
selected artificial data about where each species cannot be found),
using default parameters in the SSDM package’. Whereas SDMs can
overestimate the distribution of planted species, they are routinely
used to predict where non-native species may occur’. To boost pre-
dictive power while maintaining computational efficiency, we ran
ten replicates per model algorithm per species” and required that
models performed above a threshold value of >0.7 for area under
the curve™. Model accuracy statistics were produced for all models
and evaluated using the true skill statistic, assessing values > 0.4
as fair, >0.5 as good, >0.7 as very good, >0.85 as excellent and >0.9
as perfect’®. We created binary presence-absence maps using the
highest true skill statistic threshold available for each species’ set of
models. Binary maps were subsequently clipped to the NFl shapefile
for forests in England and Wales.

Our species’ effect trait richness spatio-temporal distributions
were constructed viathe binary species maps (that is, the colour red was
considered tobe present wherever a Europeanrobin, Erithacus rubec-
ula, was present). Traits were not treated as substitutable, given that
the well-being benefits derived fromtraits are linked to the species and
taxonomic group that the traitis supported by". The spatio-temporal
distributions of species’ effect trait richness were captured in eight
maps (positive and negative well-being separately for each of the four
seasons) for which the data represents the overall cumulative effect
traitrichness within each pixel (0.5 min of a degree). We extracted the
mean cumulative species’ effect trait richness values across each NFI
forest category using the ‘extract’ function in the package Raster®’.
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We compared mean cumulative species’ effect trait richness between
forest categories using a Kruskal Wallis H test and post-hoc Dunn-
Bonferroni tests.

Online seasonal questionnaire

In2021, we administered an online questionnaire to 4,710 participants
across England and Wales using Qualtrics, across the four seasons.
Participants could only complete the questionnaire once across all four
seasons and were not sent the questionnaire if they had been present
atone of the workshops. Once again, participants were recruited using
asocial research company to ensure there was no self-selection bias
by individuals interested in nature or well-being and that a diverse
public was represented (Supplementary Table 3). All participants
were over 18 years old and had been residentin Britain for at least five
years. As part of the questionnaire, we asked participants to provide
the full postcode of where they lived. We also requested that they
indicate anearby forest onamap and that their questionnaire answers
shouldrelate to that forest. We removed data for 513 participants who
did not locate a forest from subsequent analyses. We quantified the
well-being people associate with forest biodiversity using BIO-WELL,
abiodiversity-well-being psychometric scale™ (https://research.kent.
ac.uk/bio-well/). Participants were asked to record their well-being
(physical, emotional, cognitive, spiritual and social) responses to
different metrics and attributes of biodiversity (Supplementary Text
provides details). For each participant, we calculated mean overall
BIO-WELL scores across physical, cognitive, emotional, social and
spiritual well-being.

Spatio-temporal distributions of BIO-WELL scores

We also examined whether there were differences in participants’
BIO-WELL scores between the NFI categories associated with their
nearby forests or across the seasons. When determining the NFI cat-
egory for each participant’s nearby forest, we used a 0.5-km buffer to
account for potential resolution errors incurred through the coordi-
nate system used in the online questionnaire. The differences were
tested statistically using a Kruskal Wallis Hand post-hoc Dunn-Bonfer-
roni tests adjusted for multiple comparisons.

Effect traits, well-being and socio-economic deprivation
Weused agovernment dataset to assess levels of human socio-economic
deprivation”, at the smallest possible spatial resolution of Lower Super
Output Areas (LSOAs; with an average of 1,700 people per LSOA™).
Within each LSOA, we used the proportion of the population living in
income- or employment-related deprivation (Extended Data Fig. 2).
For eachseason, we then extracted the mean cumulative species’ effect
trait richness value of all forests within the LSOA, using the ‘extract’
functioninthe package Raster”. We related the mean cumulative spe-
cies’ effect trait richness of forests to the two measures of deprivation
using a general linear model with a negative binomial error distribu-
tion. Weincluded forest area (ha) asacovariate, given that larger areas
are expected to contain a higher diversity of species’. Before this, we
checked to ensure variance inflation factors were below 1.7 (ref. 80)
andranabivariate linear model toinvestigate whether more deprived
areashave smaller forests. This approach was repeated for participants’
BIO-WELL scores and deprivation. All models were checked for fit,
overdispersion and homoscedasticity®'.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Theauthors confirm that all questionnaire data generated during this
study canbeaccessed at https://doi.org/10.22024/UniKent/01.01.541.
All species and environmental data analysed for country-wide

modelling during this study are freely accessible as detailed in the
Supplementary Material.

References

1. Diaz, S. et al. Pervasive human-driven decline of life on Earth
points to the need for transformative change. Science 366,
eaax3100 (2019).

2. lIsbell, F. et al. Expert perspectives on global biodiversity loss
and its drivers and impacts on people. Front. Ecol. Environ. 21,
94-103 (2023).

3. Stiglitz, J. E., Sen, A. & Fitoussi, J.-P. Report by the Commission on
the Measurement of Economic Performance and Social Progress
(Commission on the Measurement of Economic Performance
and Social Progress, 2010); https://ec.europa.eu/eurostat/
documents/8131721/8131772/Stiglitz-Sen-Fitoussi-Commission-
report.pdf

4. Constitution of the World Health Organisation (WHO, 1948);
https://www.who.int/about/governance/constitution

5. Engel, G. The need for a new medical model. Science 196,
129-136 (1977).

6. Linton, M. J., Dieppe, P. & Medina-Lara, A. Review of 99 self-report
measures for assessing well-being in adults: exploring
dimensions of well-being and developments over time. BMJ Open
6, 010641 (2016).

7. Irvine, K., Hoesly, D., Bell-Williams, R. & Warber, S. in Biodiversity
and Health in the Face of Climate Change (eds Marselle, M. et al.)
213-247 (Springer Cham, 2019).

8. Ferraro, D. M. et al. The phantom chorus: birdsong boosts human
well-being in protected areas. Proc. R. Soc. B 287, 20201811
(2020).

9. Maes, M. J. A. et al. Benefit of woodland and other natural
environments for adolescents’ cognition and mental health.

Nat. Sustain. 4, 851-858 (2021).

10. Maund, P.R. et al. Wetlands for wellbeing: piloting a nature-based
health intervention for the management of anxiety and
depression. Int. J. Environ. Res. Public Health 16, 4413 (2019).

1. Steptoe, A. Happiness and health. Annu. Rev. Public Health 40,
339-359 (2019); https://doi.org/10.1146/annurev-publhealth-
040218-044150

12. Valuing the Mental Health Benefits of Woodlands (Forest Research,
2021); https://www.forestresearch.gov.uk/publications/
valuing-the-mental-health-benefits-of-woodlands/

13. Grellier, J. et al. Valuing the health benefits of nature-based
recreational physical activity in England. Environ. Int. 187, 108667
(2024).

14. Garside, R. et al. Therapeutic Nature: Nature-Based Social
Prescribing for Diagnosed Mental Health Condlitions in the UK
(DEFRA, 2020); https://arc-swp.nihr.ac.uk/wp/wp-content/
uploads/2021/06/15138_TherapeuticNature-Finalreport.pdf

15. Shanahan, D. F. et al. Nature-based interventions for improving
health and wellbeing: the purpose, the people and the outcomes.
Sports 7,141 (2019).

16. Helbich, M., de Beurs, D., Kwan, M. P., O'Connor, R. C. &
Groenewegen, P. P. Natural environments and suicide mortality
in the Netherlands: a cross-sectional, ecological study. Lancet
Planet. Health 2, €134-e139 (2018).

17. Fisher, J. C. et al. Human well-being responses to species’ traits.
Nat. Sustain. https://doi.org/10.1038/s41893-023-01151-3 (2023).

18. Irvine, K. N. et al. BIO-WELL: the development and validation of a
human wellbeing scale that measures responses to biodiversity.
J. Environ. Psychol. 85, 101921 (2023).

19. Austen, G. E. et al. Exploring shared public perspectives on
biodiversity attributes. People Nat. 3, 901-913 (2021).

20. Fish, R.D. et al. Language matters for biodiversity. BioScience
https://doi.org/10.1093/biosci/biaec014 (2024).

Nature Ecology & Evolution


http://www.nature.com/natecolevol
https://research.kent.ac.uk/bio-well/
https://research.kent.ac.uk/bio-well/
https://doi.org/10.22024/UniKent/01.01.541
https://ec.europa.eu/eurostat/documents/8131721/8131772/Stiglitz-Sen-Fitoussi-Commission-report.pdf
https://ec.europa.eu/eurostat/documents/8131721/8131772/Stiglitz-Sen-Fitoussi-Commission-report.pdf
https://ec.europa.eu/eurostat/documents/8131721/8131772/Stiglitz-Sen-Fitoussi-Commission-report.pdf
https://www.who.int/about/governance/constitution
https://doi.org/10.1146/annurev-publhealth-040218-044150
https://doi.org/10.1146/annurev-publhealth-040218-044150
https://www.forestresearch.gov.uk/publications/valuing-the-mental-health-benefits-of-woodlands/
https://www.forestresearch.gov.uk/publications/valuing-the-mental-health-benefits-of-woodlands/
https://arc-swp.nihr.ac.uk/wp/wp-content/uploads/2021/06/15138_TherapeuticNature-Finalreport.pdf
https://arc-swp.nihr.ac.uk/wp/wp-content/uploads/2021/06/15138_TherapeuticNature-Finalreport.pdf
https://doi.org/10.1038/s41893-023-01151-3
https://doi.org/10.1093/biosci/biae014

Article

https://doi.org/10.1038/s41559-025-02765-w

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

1.

42.

43.

Lavorel, S. et al. A novel framework for linking functional diversity
of plants with other trophic levels for the quantification of
ecosystem services. J. Veg. Sci. 24, 942-948 (2013).

Felipe-Lucia, M. R. et al. Multiple forest attributes underpin

the supply of multiple ecosystem services. Nat. Commun.
https://doi.org/10.1038/s41467-018-07082-4 (2018).

Kwan, M. P. The stationarity bias in research on the environmental
determinants of health. Health Place 70, 102609 (2021).

Rowney, F. M. et al. Environmental DNA reveals links between
abundance and composition of airborne grass pollen and
respiratory health. Curr. Biol. 31,1995-2003.e4 (2021).

Graves, R. A., Pearson, S. M. & Turner, M. G. Effects of bird
community dynamics on the seasonal distribution of cultural
ecosystem services. Ambio 48, 280-292 (2019).
Paraskevopoulou, A. T. et al. The impact of seasonal colour
change in planting on patients with psychotic disorders using
biosensors. Urban For. Urban Green. 36, 50-56 (2018).

Young, M. T. et al. Quantifying urban park use in the USA at scale:
empirical estimates of realised park usage using smartphone
location data. Lancet Planet. Health 8, e564-e573 (2024).
Environmental Health Inequalities in Europe (WHQ, 2019);
https://iris.who.int/handle/10665/325176

Mitchell, R. J., Richardson, E. A., Shortt, N. K. & Pearce, J. R.
Neighborhood environments and socioeconomic inequalities in
mental well-being. Am. J. Prev. Med. 49, 80-84 (2015).

Schiile, S. A., Hilz, L. K., Dreger, S. & Bolte, G. Social inequalities
in environmental resources of green and blue spaces: a review of
evidence in the WHO European region. Int. J. Environ. Res. Public
Health 16, 1216 (2019).

Global Forest Resources Assessment 2015: How Are the World's Forests
Changing? (FAQ, 2016); https://openknowledge.fao.org/server/api/
core/bitstreams/29b8ae23-99f9-4a05-b796-9a35d02af29d/content
Augustynczik, A. L. D. et al. Socially optimal forest management
and biodiversity conservation in temperate forests under climate
change. Ecol. Econ. 169, 106504 (2020).

The State of the World's Forests: Forests, Biodiversity, and People
(FAO & UNEP, 2020); https://doi.org/10.4060/ca8642en
Pritchard, R. Politics, power and planting trees. Nat. Sustain. 4,
932 (2021).

Zhang, J., Fu, B., Stafford-Smith, M., Wang, S. & Zhao, W. Improve
forest restoration initiatives to meet Sustainable Development
Goal 15. Nat. Ecol. Evol. 5, 10-13 (2021).

Richards, D. & Lavorel, S. Niche theory improves understanding of
associations between ecosystem services. One Earth 6, 811-823
(2023).

Song, C. et al. Physiological and psychological effects of walking
on young males in urban parks in winter. J. Physiol. Anthropol. 32,
18 (2013).

Song, C., Ikei, H., Igarashi, M., Takagaki, M. & Miyazaki, Y.
Physiological and psychological effects of a walk in Urban parks
in fall. Int. J. Environ. Res. Public Health 12, 14216-14228 (2015).
Mason, S. C. et al. Geographical range margins of many
taxonomic groups continue to shift polewards. Biol. J. Linn. Soc.
115, 586-597 (2015).

Reid, C. et al. State of the UK's Woods and Trees (Woodland

Trust, 2021); https://www.woodlandtrust.org.uk/media/51705/
state-of-the-uks-woods-and-trees-2021-thewoodlandtrust.pdf
Leroy, B. Choosing presence-only species distribution models.

J. Biogeogr. https://doi.org/10.1111/jbi14505 (2022).

Soultan, A. & Safi, K. The interplay of various sources of noise on
reliability of species distribution models hinges on ecological
specialisation. PLoS ONE 12, e0187906 (2017).

Forestry Statistics. Chapter 1: Woodland Area and Planting (Forest
Research, 2020); https://cdn.forestresearch.gov.uk/2022/02/
ch1_woodland_fs2020_cgadfu3.pdf

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Bradbury, R. B. et al. The economic consequences of conserving
or restoring sites for nature. Nat. Sustain. 4, 602-608 (2021).
Cook-Patton, S. C. et al. Protect, manage and then restore lands
for climate mitigation. Nat. Clim. Chang. 11,1027-1034 (2021).
White, M. P. et al. Spending at least 120 minutes a week in nature
is associated with good health and wellbeing. Sci. Rep. 9, 7730
(2019).

Chief Medical Officer Health in Coastal Communities (UK
Government Department of Health and Social Care, 2021);
https://www.gov.uk/government/publications/chief-medical-
officers-annual-report-2021-health-in-coastal-communities
Monitor of Engagement with the Natural Environment: The
National Survey on People and the Natural Environment—Headline
Report 2019 (Natural England, 2019); https://assets.publishing.
service.gov.uk/media/5d6cd601e5274a170c435365/Monitor_
Engagement_Natural_Environment_2018_2019_v2.pdf
Cronin-de-chavez, A., Islam, S. & McEachan, R. R. C. Not a level
playing field: a qualitative study exploring structural, community
and individual determinants of greenspace use amongst
low-income multi-ethnic families. Health Place 56, 118-126 (2019).
Boyd, F., White, M. P, Bell, S. L. & Burt, J. Who doesn't visit natural
environments for recreation and why: a population representative
analysis of spatial, individual and temporal factors among adults
in England. Landsc. Urban Plan. 175, 102-113 (2018).

Leong, M., Dunn, R. R. & Trautwein, M. D. Biodiversity and
socioeconomics in the city: a review of the luxury effect. Biol. Lett.
14, 20180082 (2018).

Lawrence, A. & Dandy, N. Private landowners’ approaches to
planting and managing forests in the UK: What's the evidence?
Land Use Policy 36, 351-360 (2014).

Austen, G. E. et al. The diversity of people’s relationships with
biodiversity should inform forest restoration and creation.
Conserv. Lett. https://doi.org/10.1111/conl.12930 (2022).

O’'Brien, L. et al. Exploring the social and cultural values of trees
and woodlands in England: a new composite measure. People
Nat. 6, 1334-1354 (2024).

Coleman, E. A. et al. Limited effects of tree planting on forest
canopy cover and rural livelihoods in Northern India. Nat. Sustain.
4, 997-1004 (2021).

Erbaugh, J. T. et al. Global forest restoration and the importance of
prioritizing local communities. Nat. Ecol. Evol. 4, 1472-1476 (2020).
Langlois, J. et al. The aesthetic value of reef fishes is globally
mismatched to their conservation priorities. PLoS Biol. 20,
3001640 (2022).

Andrew, C. et al. Explaining European fungal fruiting phenology
with climate variability. Ecology 99, 1306-1315 (2018).

Vainio, K. et al. Do you have a tree friend? Human-tree
relationships in Finland. People Nat. 6, 646-659 (2024).

Gibson, L. et al. Primary forests are irreplaceable for sustaining
tropical biodiversity. Nature 478, 378-381(2011).

Bentley, P. R. et al. Nature, smells, and human wellbeing. Ambio
https://doi.org/10.1007/s13280-022-01760-w (2022).

Hickman, C. Pine fresh: the cultural and medical context of pine
scent in relation to health - from the forest to the home. Med.
Humanit. 48, 104-113 (2022).

The State of the World's Forests 2022. Forest Pathways for Green
Recovery and Building Inclusive, Resilient and Sustainable
Economies (FAQ, 2022); https://doi.org/10.4060/cb9360en
(2022).

R Core Team R: A Language and Environment for Statistical
Computing (R Foundation for Statistical Computing, 2022).
Kindt, R. & Coe, R. Tree Diversity Analysis. A Manual and Software
for Common Statistical Methods for Ecological and Biodiversity
Studies (ICRAF, 2005); http://www.worldagroforestry.org/output/
tree-diversity-analysis

Nature Ecology & Evolution


http://www.nature.com/natecolevol
https://doi.org/10.1038/s41467-018-07082-4
https://doi.org/10.1038/s41467-018-07082-4
https://iris.who.int/handle/10665/325176
https://iris.who.int/handle/10665/325176
https://openknowledge.fao.org/server/api/core/bitstreams/29b8ae23-99f9-4a05-b796-9a35d02af29d/content
https://openknowledge.fao.org/server/api/core/bitstreams/29b8ae23-99f9-4a05-b796-9a35d02af29d/content
https://doi.org/10.4060/ca8642en
https://www.woodlandtrust.org.uk/media/51705/state-of-the-uks-woods-and-trees-2021-thewoodlandtrust.pdf
https://www.woodlandtrust.org.uk/media/51705/state-of-the-uks-woods-and-trees-2021-thewoodlandtrust.pdf
https://doi.org/10.1111/jbi.14505
https://cdn.forestresearch.gov.uk/2022/02/ch1_woodland_fs2020_cgadfu3.pdf
https://cdn.forestresearch.gov.uk/2022/02/ch1_woodland_fs2020_cgadfu3.pdf
https://www.gov.uk/government/publications/chief-medical-officers-annual-report-2021-health-in-coastal-communities
https://www.gov.uk/government/publications/chief-medical-officers-annual-report-2021-health-in-coastal-communities
https://assets.publishing.service.gov.uk/media/5d6cd601e5274a170c435365/Monitor_Engagement_Natural_Environment_2018_2019_v2.pdf
https://assets.publishing.service.gov.uk/media/5d6cd601e5274a170c435365/Monitor_Engagement_Natural_Environment_2018_2019_v2.pdf
https://assets.publishing.service.gov.uk/media/5d6cd601e5274a170c435365/Monitor_Engagement_Natural_Environment_2018_2019_v2.pdf
https://doi.org/10.1111/conl.12930
https://doi.org/10.1007/s13280-022-01760-w
https://doi.org/10.4060/cb9360en
http://www.worldagroforestry.org/output/tree-diversity-analysis
http://www.worldagroforestry.org/output/tree-diversity-analysis

Article

https://doi.org/10.1038/s41559-025-02765-w

66. Hijmans, R. J., Cameron, S.E., Parra, J. L., Jones, P. G. & Jarvis, A.
Very high resolution interpolated climate surfaces for global land
areas. Int. J. Climatol. 25, 1965-1978 (2005).

67. Hijmans, R. J. raster: geographic data analysis and modeling. R
package version 3.6-20 (2022).

68. Riley, S.J., DeGloria, S. D. & Elliot, R. A terrain ruggedness index
that quantifies topographic heterogeneity. Intermt. J. Sci. 5, 23-27
(1999).

69. Emmett, B. A. et al. Countryside Survey: Soils Report from 2007
(Centre for Ecology and Hydrology, 2010); https://nora.nerc.
ac.uk/id/eprint/9354/1/CS_UK_2007_TR9.pdf

70. Araujo, M. B. et al. Standards for distribution models in
biodiversity assessments. Sci. Adv. 5, eaat4858 (2019).

71. Booth, T. H. Checking bioclimatic variables that combine
temperature and precipitation data before their use in species
distribution models. Austral Ecol. https://doi.org/10.1111/aec.13234
(2022).

72. Schmitt, S., Pouteau, R., Justeau, D., de Boissieu, F. & Birnbaum,
P. ssdm: an R package to predict distribution of species richness
and composition based on stacked species distribution models.
Methods Ecol. Evol. 8,1795-1803 (2017).

73. Jarnevich, C. et al. Invaders at the doorstep: using species
distribution modeling to enhance invasive plant watch lists.
Ecol. Inform. 75, 101997 (2023).

74. Baumbach, L., Warren, D. L., Yousefpour, R. & Hanewinkel, M.
Climate change may induce connectivity loss and mountaintop
extinction in Central American forests. Commun. Biol. 4, 869
(2021).

75. Hosmer, D. W., Lemeshow, S. & Sturdivant, R. X. Applied Logistic
Regression (John Wiley & Sons, 2013); https://doi.org/10.1002/
9781118548387

76. Landis, J. R. & Koch, G. G. The measurement of observer
agreement for categorical data. Biometrics 33, 159-174 (1977).

77. Indices of Deprivation 2019: Income and Employment Domains
Combined for England and Wales (Ministry of Housing,
Communities, & Local Government, 2020); https://www.gov.uk/
government/statistics/indices-of-deprivation-2019-income-
and-employment-domains-combined-for-england-and-wales

78. Lower Layer Super Output Area (LSOA) Boundaries (ONS, 2016);
https://www.data.gov.uk/dataset/fa883558-22fb-4a1a-8529-
cffdee47d500/lower-layer-super-output-area-lsoa-boundaries

79. Kunin, W. E. et al. Upscaling biodiversity: estimating the species—
area relationship from small samples. Ecol. Monogr. 88, 170-187
(2018).

80. Zuur, A.F. &leno, E. N. A protocol for conducting and presenting
results of regression-type analyses. Methods Ecol. Evol. 7,
636-645 (2016).

81. Harrison, X. A. et al. A brief introduction to mixed effects modelling
and multi-model inference in ecology. PeerJ 6, e4794 (2018).

Acknowledgements

We would like to thank all the participants who took park in both
the workshops and questionnaires. We are grateful to N.J. Deere,
J.E. Bicknell and L. Santiago for useful methodological discussions.
The analyses were powered by the specialist and high-performance
computing systems provided by Information Services at the
University of Kent. Additional thanks go to the organizations who
provided species presence/absence data: Mammal Society, British
Trust for Ornithology (BTO), Joint Nature Conservation Committee

(JNCC), Royal Society for the Protection of Birds (RSPB), UK Butterfly
Monitoring Scheme (UKBMS), Fungal Records Database of Britain
and Ireland (FRDBI), The Mammal Society and Botanical Society of
Britain and Ireland (BSBI). This research was funded by the European
Research Council (ERC) Horizon 2020 Research and Innovation
Programme (consolidator grant number 726104, held by Z.G.D.)

and Woodland Trust (grant number GC22SRG076, held by Z.G.D.).
Additionally, J.C.F. and Z.G.D. were supported by Research England'’s
‘Expanding Excellence in England’ fund.

Author contributions

Z.G.D. and M.D. conceptualized the study. Z.G.D., M.D., K.N.l. and
R.D.F. acquired the funding. Z.G.D. and G.E.A. were responsible

for project administration. J.C.F., M.D. and Z.G.D. developed the
methodology. J.C.F., S.G.A. and P.M.K. curated and interpreted the
data. J.C.F. was responsible for the software and undertook the
visualization, formal analysis and writing of the original draft paper.
All authors contributed to the investigation and reviewing/editing
of the paper.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41559-025-02765-w.

Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s41559-025-02765-w.

Correspondence and requests for materials should be addressed
to J. C. Fisher.

Peer review information Nature Ecology & Evolution thanks
Triin Reitalu and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2025

Nature Ecology & Evolution


http://www.nature.com/natecolevol
https://nora.nerc.ac.uk/id/eprint/9354/1/CS_UK_2007_TR9.pdf
https://nora.nerc.ac.uk/id/eprint/9354/1/CS_UK_2007_TR9.pdf
https://doi.org/10.1111/aec.13234
https://doi.org/10.1002/9781118548387
https://doi.org/10.1002/9781118548387
https://www.gov.uk/government/statistics/indices-of-deprivation-2019-income-and-employment-domains-combined-for-england-and-wales
https://www.gov.uk/government/statistics/indices-of-deprivation-2019-income-and-employment-domains-combined-for-england-and-wales
https://www.gov.uk/government/statistics/indices-of-deprivation-2019-income-and-employment-domains-combined-for-england-and-wales
https://www.data.gov.uk/dataset/fa883558-22fb-4a1a-8529-cffdee47d500/lower-layer-super-output-area-lsoa-boundaries
https://www.data.gov.uk/dataset/fa883558-22fb-4a1a-8529-cffdee47d500/lower-layer-super-output-area-lsoa-boundaries
https://doi.org/10.1038/s41559-025-02765-w
https://doi.org/10.1038/s41559-025-02765-w
https://doi.org/10.1038/s41559-025-02765-w
https://doi.org/10.1038/s41559-025-02765-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article https://doi.org/10.1038/s41559-025-02765-w

Workshop participants
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Extended Data Fig. 1| Residential location of workshop participants across England and Wales. Blue shading represents the number of participants sampled from
eachregion. Base map adapted from GADM.

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article https://doi.org/10.1038/s41559-025-02765-w

100 200 km
[ B

Extended Data Fig. 2 | Spatial distribution ofincome- and employment-related deprivation in England and Wales. The gradient shows the proportion of the public
considered to be experiencing (a) income- or (b) employment-related deprivation living in an area. Base maps adapted from GADM.

Nature Ecology & Evolution


http://www.nature.com/natecolevol

Article https://doi.org/10.1038/s41559-025-02765-w

Mixed (Mainly broadleaved)
Mixed (Mainly conifer)

Other

> N
Extended Data Fig. 3 | Distribution of National Forest Inventory forest categories across England and Wales. Colours represent forest categories
(green=broadleaf, 60%, blue = conifer, 14%, light green = mixed mainly broadleaved, 5%, light blue = mixed mainly conifer, 5%, dark grey = other, 17%). Base map
adapted from GADM.
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Extended Data Fig. 4 | Associations between mean cumulative species’ effect to be experiencingincome- or employment-related deprivation living in an area.
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Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Data were collected for gender (shaped by social and cultural circumstances), as determined by participants’ self-reporting.
Individuals were selected to ensure diversity of perspectives from the public across gender (male = 90, female = 103, prefer
not to say = 1), but testing for differences between gender per se was not within the scope of this study. Participants
provided written informed consent prior to data collection.

Population characteristics See above

Recruitment Workshop participants (n = 194) were recruited via a social research agency between February and October 2019. Individuals
were selected to ensure diversity of perspectives from the public. To encourage workshop attendance and inclusivity,
participants were incentivised by travel reimbursement and financial renumeration (£100 per person per weekend).
Questionnaire participants (n = 4710) were recruited via the same social research agency, between February and October
2021. All participants were over 18 years old and had been resident in Britain for at least five years, and provided informed
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Data exclusions | Describe any data exclusions. If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the
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were controlled OR if this is not relevant to your study, explain why.
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Behavioural & social sciences study design
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103, prefer not to say = 1), ethnicity (white British = 131, other = 63), and age (18-29 years = 59, 30-59 years = 70, 60+ years = 59,
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Sampling strategy For both the workshops and questionnaires, the sampling procedure was stratified, based on simple quotas provided to the social
research agency. No sample-size calculation was performed as the dataset was originally qualitative, but the sample sizes (n = 194; n
=4197) were deemed sufficient to represent a diverse set of responses from across the British public.




Data collection
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Randomization

During workshops, participants took part in a 1-hour scavenger hunt in-situ and given paper, pen, and a clipboard. Following these
visits, participants were divided into focus groups to discuss their impressions of the forest, recorded using a Dictaphone device. On
the second day participants undertook multiple image-based Q-methodology activities (see Austen et al. 2021) using paper and pens.
Facilitators were present during the data collection, but were not blind to the study hypotheses. For questionnaires, participants
completed questions about where they lived, and their wellbeing responses to attributes of forest biodiversity (BIO-WELL scale,
Irvine et al. 2023).

During workshops, participants were split over four weekends (n = 46-50 per workshop) across the year (winter = February, Spring =
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any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.
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If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your studly.
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Access & import/export

Disturbance

Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).
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Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,

the date of issue, and any identifying information).

Describe any disturbance caused by the study and how it was minimized.
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Antibodies used Describe all antibodies used in the study, as applicable, provide supplier name, catalog number, clone name, and lot number.

Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.

Eukaryotic cell lines
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Cell line source(s) State the source of each cell line used and the sex of all primary cell lines and cells derived from human participants or
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Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.
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(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,

export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms
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caught and transported and what happened to captive animals after the study (if killed, explain why and describe method, if released,
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was required and explain why not.
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XXX X XXX X &
Ooodoogo

Any other potentially harmful combination of experiments and agents




ChlP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC) enable peer review. Write "no longer applicable" for "Final submission" documents.
Methodology
Replicates Describe the experimental replicates, specifying number, type and replicate agreement.
Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and

whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChiP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot
number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community

repository, provide accession details.

Flow Cytometry

Plots
Confirm that:
|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell

population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.
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Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures  State number and/or type of variables recorded (e.q. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across

subjects).
Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ ]Used [ ] Notused

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | Whole brain [ | ROI-based [ | Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.
(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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