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Human well-being responses to species’ 
traits

J. C. Fisher    1 , M. Dallimer    2, K. N. Irvine    3, S. G. Aizlewood    1, 
G. E. Austen    1, R. D. Fish    1, P. M. King    1 & Z. G. Davies    1

People rely on well-functioning ecosystems to provide critical services that 
underpin human health and well-being. Consequently, biodiversity loss 
has profound negative implications for humanity. Human–biodiversity 
interactions can deliver individual-level well-being gains, equating to 
substantial healthcare cost savings when scaled up across populations. 
However, critical questions remain about which species and/or traits (for 
example, colours, sounds and smells) elicit well-being responses. The traits 
that influence well-being can be considered ‘effect’ traits. Using techniques 
from community ecology, we have analysed a database of species’ effect 
traits articulated by people to identify those that generate different types 
of well-being (physical, emotional, cognitive, social, spiritual and ‘global’ 
well-being, the latter being akin to ‘whole-person health’). Effect traits have 
a predominately positive impact on well-being, influenced by the identity 
and taxonomic kingdom of each species. Different sets of effect traits 
deliver different types of well-being. However, traits cannot be considered 
independently of species because multiple traits can be supported by a 
single species. Indeed, we have found that numerous effect traits from 
across the ecological community can elicit multiple types of well-being, 
illustrating the complexity of biodiversity experiences. Our empirical 
approach can help to implement interdisciplinary thinking for biodiversity 
conservation and nature-based public health interventions designed to 
support human well-being.

Multiple anthropogenic drivers are causing biodiversity loss world-
wide1. Such biodiversity declines have profound consequences for 
ecosystem functioning and, consequently, the goods and services 
that underpin human health and well-being2,3. For instance, it is now 
widely accepted that interacting with nature (for example, in urban 
parks, forests and coastal areas) leads to stress relief, enhanced mood, 
improved cognitive ability and social cohesion, amongst an array of 
other benefits4,5. Such evidence is accumulating from across the world, 
including from low-, middle- and high-income countries6. When these 
individual-level gains in health and well-being are scaled up to entire 

populations, they can equate to substantial cost savings for the pub-
lic health sector. This is pertinent in locations where the prevalence 
of mental ill health is particularly high (for example, in Europe7) and 
given that human well-being is a predictor of both life expectancy  
and mortality8,9.

Despite abundant research demonstrating that interactions with 
nature benefit human well-being, we still lack conclusive empirical 
evidence regarding the role of biodiversity specifically. Biodiversity 
is the living component of nature, incorporating “the diversity within 
species, between species and of ecosystems”10. Many existing studies 

Received: 13 October 2022

Accepted: 22 May 2023

Published online: xx xx xxxx

 Check for updates

1Durrell Institute of Conservation and Ecology (DICE), School of Anthropology and Conservation, University of Kent, Canterbury, UK. 2Sustainability 
Research Institute, School of Earth and Environment, University of Leeds, Leeds, UK. 3Social, Economic and Geographic Sciences Department,  
James Hutton Institute, Aberdeen, UK.  e-mail: J.C.Fisher@kent.ac.uk

http://www.nature.com/natsustain
https://doi.org/10.1038/s41893-023-01151-3
http://orcid.org/0000-0002-1435-9247
http://orcid.org/0000-0001-8120-3309
http://orcid.org/0000-0001-8860-2783
http://orcid.org/0000-0002-4927-3566
http://orcid.org/0000-0001-6005-4869
http://orcid.org/0000-0001-7198-0403
http://orcid.org/0000-0001-8550-466X
http://orcid.org/0000-0003-0767-1467
http://crossmark.crossref.org/dialog/?doi=10.1038/s41893-023-01151-3&domain=pdf
mailto:J.C.Fisher@kent.ac.uk


Nature Sustainability

Article https://doi.org/10.1038/s41893-023-01151-3

Here we demonstrate a novel analytical approach through which 
the linkage between species’ effect traits in an ecological community 
and human well-being can be examined at a granular level. We asked 
two questions. (1) Which species’ effect traits relate to each type of 
human well-being? (2) To what extent are species, and the effect traits 
they exhibit, redundant or complementary in the delivery of human 
well-being? We held a series of participatory workshops, one per season 
(winter, spring, summer and autumn), with a diverse cross-section of 
the public (n = 194). During each workshop, participants were taken 
to the same two British forests. We then documented how the spe-
cies’ traits identified by participants elicited self-reported positive 
and negative responses across the five well-being domains (physical, 
emotional, cognitive, social and spiritual; Table 1). We also identified 
‘global’ well-being34, recognizing that these multiple domains are inter-
dependent in contributing to how one feels overall (akin to the idea of 
‘whole-person health’, an overall sense of health/wellness35,36). We used 
the words of participants when documenting incidences of species’ 
effect traits eliciting well-being. For example, one row of data is formed 
when a participant describes a negative physical response (allergy) to 
the behaviour (blossoming) of an elder (Sambucus nigra): “some fluffy 
stuff on it which set off my hay fever in the spring so I don’t like those”.

Our study centred on forest ecosystems, which declined in areal 
extent by 31.6% globally between 1990 and 2015 due to deforestation, 
fragmentation and other pressures37. Today, forests cover approxi-
mately one-third of global terrestrial surface area and support eco-
system services valued at ~9% of global gross domestic product38. 
Including cultural service benefits within such assessments remains 
a challenge, particularly given the diverse ways in which people relate 
to nature, yet this is crucial for creating conservation policies that are 
inclusive of the people they seek to benefit3.

Results
Identifying species’ effect traits
Participants articulated 102 unique effect traits (Table 2) across 403 
species (taxonomic kingdoms: animals, fungi and plants) eliciting a 
well-being response (n = 1,815 unique effect trait–well-being combina-
tions). Of these effect traits, colours (for example, pink, gold and silver), 
and behaviours (for example, hopping, decaying and elusive) had the 
greatest variety (29.4% each), followed by sounds (for example, creak-
ing, chirping and screaming; 19.6%), with a smaller number of textures 
(for example, smooth, spongy and prickly; 14.7%) and smells (for exam-
ple, damp, pine and sweet; 6.9%) mentioned. However, sounds most 
frequently stimulated well-being responses (40.4%), above behaviours 
(26.5%), colours (23.7%), textures (7.3%) and smells (2.1%; Fig. 1a). This 
reveals the relative importance of forest sounds for well-being over 
the other effect trait types. It is possible that sounds could be more 
conspicuous than other effect traits for species that are difficult to 

use proxy measures of nature, such as remotely sensed ‘green space’11,12, 
revealing correlative associations with well-being across large-scale 
cross-sections of the human population. However, these macroscale 
approaches treat green spaces as homogeneous entities, overlooking 
the fact that people’s relationships with biodiversity are both con-
textually and culturally specific13. The context relates to the physical 
and ecological place-based characteristics of a green space, which 
can be highly variable within and between ecosystems of the same 
type14. How a person responds to a green space will also be influenced 
by personal, societal and cultural associations, as well as previous 
experiences13,15. Understanding how people experience biodiversity 
is therefore key to successfully managing biodiversity to facilitate 
human well-being, incorporating it into sustainable land-use planning 
initiatives16, nature-based solutions and social (‘green’) prescribing 
interventions17.

Following the ‘biopsychosocial–spiritual’ model of health, which 
is adapted from medicine18,19, human well-being is thought to comprise 
five separate domains: physical (the body and how someone feels 
physically), emotional (positive and negative mood), cognitive (state 
of mind), social (perceived connections with others) and spiritual 
(relationships with one’s self or something greater than one’s self). Peo-
ple’s multisensory experiences of biodiversity may elicit both positive 
and negative responses in one or more of these well-being domains20. 
For instance, hearing the song of a male European robin (Erithacus 
rubecula) might prompt a positive emotional response (for example, 
joy), while the stinging hairs of a common nettle (Urtica dioica) may 
provoke a negative physical response (for example, physical discom-
fort). Each species, however, may support multiple traits, potentially 
with independent impacts (for example, robins sing and have plumage 
that is red in colour, each trait potentially stimulating a different type of 
well-being). Studies of biodiversity–well-being relationships must thus 
consider the ecological community that makes up a green space in its 
entirety, moving beyond just single traits (for example, flower colour21) 
and/or taxonomic groups (for example, birds22–24) and towards combi-
nations of traits across multiple taxa simultaneously. The subsequent 
compound effects on multiple types of human well-being would then 
better reflect the real-world experience of interacting with biodiversity 
in a particular place.

Ecologists have traditionally examined how the biotic and abiotic 
environment influences species traits (‘response traits’)25. Some, 
but not all, of these traits also function to supply ecosystem services 
(‘effect traits’) (for example, proboscis length of insect pollinators 
and pollination efficiency)26. Species’ traits that directly elicit human 
well-being responses could therefore be considered effect traits. 
The functional effect of a species on an ecosystem is thought to be 
proportional to its contribution to total biomass across the ecological 
community (that is, the effect traits of dominant species drive eco-
system function, the so-called mass ratio hypothesis27). Species may 
also occupy functionally distinct niches, using available resources in 
a complementary way (niche complementarity hypothesis28). Across 
species, there may also be overlap in effect traits that deliver multiple 
functions (multifunctionality), within and across different ecosys-
tem service classes29–32. Ecological communities can subsequently 
be examined for redundancy (where species delivering the same 
functions as others become functionally redundant/exchangeable) 
and complementarity (optimal combinations of species that deliver 
the maximum services). Such an approach is useful when designing 
cost-efficient conservation actions and allocating resources to sup-
port the delivery of specific ecosystem services. While well established 
for regulating and provisioning ecosystem services, only a handful of 
studies have examined effect traits for cultural ecosystem services 
(the identities, capabilities and experiences that people actively cre-
ate and express through interactions with ecosystems33), and those 
studies have either been restricted to a single taxon (birds) or have 
not measured well-being as an outcome22,24.

Table 1 | Definitions of the self-reported human well-being 
domains

Well-being type Definition

Physical The physical body and how one feels physically

Emotional Positive and negative emotion and mood

Cognitive A person’s state of mind

Social How one perceives their connection with others

Spiritual Relationship with one’s self or something greater 
than one’s self

Global Unspecified sense of overall health/well-being (or 
lack thereof)

The five domains (physical, emotional, cognitive, social and spiritual) originate from the 
biopsychosocial–spiritual model of health18. We also identified ‘global’ well-being, akin to the 
concept of whole-person health from integrative medicine35,36, which recognizes a sense of 
overall health/well-being (or lack thereof).
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encounter directly in forest vegetation. Additionally, it highlights the 
role of species’ behaviours, which have received very little research 
attention in relation to well-being.

Redundancy and complementarity
Over 85% of effect trait–well-being combinations were positive, 
spanning physical, emotional, cognitive, social, spiritual and global 
well-being, but particularly spiritual well-being (Fig. 1a). Indeed, there 
were comparatively few negative effect trait–well-being combinations 
(Fig. 1a). Moreover, a high level of redundancy (plateauing lines) was 
reached after relatively few species for negative types of well-being 
(Fig. 1b). This suggests that a small number of species were sufficient 
to deliver negative well-being, with little additional impact arising 
from greater numbers of species in the ecological community. This 
plateau also implies that all the species and effect traits that elicit 
negative well-being were documented through our methodology. In 
contrast, the inclines for positive emotional and spiritual well-being 
imply there are still more effect traits and species to be captured. Some 
‘keystone’ tree species supported a disproportionate number of unique 
effect traits, particularly silver birch (Betula pendula), horse chestnut  
(Aesculus hippocastanum) and English oak (Quercus robur; Extended 
Data Fig. 1). However, as each additional species brings with it addi-
tional effect traits, this suggests that maintaining diversity in forest 
ecosystems is beneficial for human well-being (Fig. 1b).

By visualizing the data, we found that some effect traits were 
similar in the frequency with which they elicited different types of 
well-being, resulting in clusters (for example, sounds in Fig. 1c). These 
patterns were explained mostly by the species exhibiting the effect trait 
(23.1%), the type of trait (colour, texture, sound, smell and behaviour; 
16.2%) and taxonomic kingdom (animal, plant and fungi) of the species 
(10.0%), thereby triangulating our understanding of how people relate 
to forest biodiversity13 (Extended Data Fig. 2). Furthermore, the sets of 
effect traits that linked to each type of well-being were significantly dif-
ferent (P = 0.001 for each pair; Fig. 1c). We quantified this dissimilarity 
using Sørensen’s index (>0.5, pink shades in Fig. 2). These differences 
support the niche complementarity hypothesis28, whereby specific 
effect traits deliver largely unique types of well-being. Such detail 
could be used to improve the design of nature-based public health 
interventions, by managing ecosystems for the species that exhibit 
particular effect traits (for example, alterations to the biodiversity in 
a particular place where people interact with nature, such as planting 
regimes in public parks designed to enhance cognitive restoration39).

However, each species may comprise multiple effect traits. When 
we calculated the Sørensen’s index between the identities of species 
for each type of well-being, there were high levels of similarity (<0.5, 
green shades in Fig. 2). Some species therefore influence multiple types 
of well-being. For example, the tawny owl (Strix aluco), whose “calling” 
and “communicating” sounds alongside its “using trees” behaviour 
elicited three different positive types of well-being (physical, cognitive 

and spiritual). In some cases, species caused both positive and negative 
types of well-being: the colours (“black”, “pink” and “red”) of bramble 
plants (Rubus fruticosus) linked to multiple positive well-being types 
(physical, emotional and social), while its “prickly” texture generated 
negative well-being (emotional). In one instance, the “tweeting” effect 
trait of passerine bird species was an indicator of both positive and 
negative spiritual well-being (Supplementary Table 1). By contrast, 
Sørensen’s index for both the effect traits and species that elicited 
negative physical well-being were largely dissimilar from all other types 
of well-being (0.71–1 and 0.84–0.99, respectively). One inference that 
could be drawn from this finding is that such species and their associ-
ated effect traits could be removed from forests to improve human 
well-being. However, this would have potentially profound adverse 
consequences for biodiversity conservation and the functioning of 
ecosystems, given that these species and their effect traits could be 
influencing the delivery of multiple ecosystem services across differ-
ent classes (for example, provisioning and regulating) that were not 
examined in this study.

Discussion
Our approach, working across an ecological community, exposed 
granular levels of detail on how species functionally deliver well-being 
benefits. Effect trait–well-being incidences depend on the identity of 
the species and taxon supporting each effect trait, and it is therefore not 
possible to disaggregate effect traits from the species that host them 
when it comes to determining whether, and how, human well-being is 
delivered. Moreover, our findings show that numerous effect traits from 
across the ecological community can elicit a multitude of well-being 
types, as well as global well-being, illustrating the true complexity of 
the biodiversity experience. It is possible that multiple effect traits may 
also interact, resulting in additive or multiplicative impacts on human 
well-being (for example, the cumulative effect of smells alongside 
sounds from one or more species), which warrants future investigation. 
Such intricacies could be further detailed by measuring the strength 
of an effect trait (for example, light to dark red, thus accounting for 
phenotypic variation within species), as well as by measuring levels 
of human well-being. This identification of thresholds could better 
inform public health recommendations (for example, ref. 40) and align 
our study with those examining how differing levels of, and interac-
tions between, multiple effect traits modulate levels of regulating and 
provisioning ecosystem service benefits26,31.

Our participatory methodology identified the multitude of ways in 
which people experience biodiversity and positive/negative well-being 
in particular places. However, our study participants also related to 
species’ effect traits encountered in the forests through their past 
experiences with the same/similar species’ effect traits outside of the 
workshops in other locations (for example, memories of childhood, 
at home or on holiday). This emphasizes the need for researchers to 
incorporate such pluralism into ecosystem services assessments3,41, as 
well as the need for inclusive land-use planning initiatives, nature-based 
solutions and green prescriptions.

Our approach is a step change in how biodiversity has been con-
sidered in biodiversity–health/well-being research so far, moving away 
from a focus on a limited set of taxa (for example, birds), biodiversity 
metrics (for example, species richness) or specific types of trait (for 
example, colour or sound)21,42. The multiplicity of species’ effect traits, 
and their influence on well-being, captured by sampling participants 
from a diverse range of socio-demographic/economic backgrounds, 
emphasized the variation in how people experience forest biodiversity. 
The rich variation in species’ effect traits was also augmented by hold-
ing our participatory workshops across the course of a year, ensuring 
that any influence of seasonal variation in the conspicuousness of spe-
cies and, therefore, effect traits was covered by the study design (for 
example, the colour blue of bluebells Hyacinthoides non-scripta and 
the winter plumage of birds). These approaches are likely to reveal a 

Table 2 | Definitions of trait types and example effect traits

Trait type Definition Example of effect traits

Texture About the qualities of the 
surface of something

Prickly, feathers, stinging

Colour Any mention of colour Red, blue, colourful

Behaviour Anything that moves or changes Decaying, pupating, 
moving

Smell What something smells or does 
not smell like

Earthy, garlic, clean

Sound Focus on natural sounds Buzzing, birdsong, rustling

Definitions of trait types coded in the transcripts from four workshops that took place in 
winter, spring, summer and autumn of 2019 after participants (n = 194) visited two forests 
geographically located in a central region of Great Britain. Example effect traits mentioned by 
participants are provided for each trait type.

http://www.nature.com/natsustain
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further array of effect traits that influence people’s well-being in differ-
ent ways when applied to other ecosystems (for example, a prevalence 
of negative physical well-being from allergenic tree or grass pollen in 
urban ecosystems, particularly in summer). This opens avenues for 
further research into how biodiversity–well-being linkages could be 
affected by climatic variability influencing ecological phenology and 
processes29,43.

Forest restoration is one of twelve targets for maintaining Life 
on Land (Sustainable Development Goal 15 (ref. 44)) and has become 
a policy focus globally. A surfeit of regional, national and interna-
tional initiatives have been devised and implemented to retain, restore 
and create forests, pledging to plant billions of trees worldwide45,46. 
Yet these interventions could have low success rates and/or fail to 
meet anticipated outcomes44. While these initiatives often seek to 
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Fig. 1 | The contribution of species’ effect traits to different types of human 
well-being. Effect traits eliciting a well-being response, with n = 1,815 unique 
effect trait–well-being combinations. a, The number of unique effect trait–well-
being combinations broken down by effect trait type and well-being type. b, The 
shape of the species–effect trait relationship for each type of well-being. For 
the line colour code, see c. c, Ordination based on non-metric multidimensional 
scaling (NMDS) of a Bray–Curtis dissimilarity matrix. The positions of points 
(effect trait–well-being combinations, shaped by trait type) represent 

dissimilarity in the number of incidences that effect traits elicited different 
types of well-being. The labelled effect traits are indicators of each well-being 
type (Supplementary Table 1). Large circles represent mean centroids for each 
well-being type, with horizontal and vertical error bars showing 95% confidence 
intervals. A low level of stress (<0.05) indicated excellent fit. Note, no incidences 
meant it was not possible to create centroids for negative cognitive, social or 
global well-being.
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provide the so-called ‘triple wins’ for climate change, biodiversity 
and human well-being47,48, many neglect to consider their social and 
cultural impacts46,49,50. Indeed, without support from those who live 
in and interact with the landscape, it will be more difficult for restora-
tion and conservation initiatives to succeed. Our findings highlight 
that biodiversity will not be beneficial for everyone in the same way, 
which needs to be accounted for in forest restoration policies if they 
are to deliver both equitable and socially just outcomes. These poten-
tial trade-offs between conservation and societal goals can be better 
informed by granular levels of detail about which species’ effect traits 
benefit people, as well as the other ecosystem functions and services 
that they support.

We found that compared with other forest taxa (for example, 
insects and birds), participants described trees as having a dispropor-
tionately large number of unique effect traits that stimulated well-being 
responses. This is likely attributable to the year-round visibility of trees, 
with effect trait diversity enhanced by seasonal changes and longev-
ity13. This has important implications for the conservation of forests 
and trees, particularly those that are old growth. Moreover, tree spe-
cies are likely to comprise the dominant biomass of such ecosystems, 
therefore supporting the mass ratio hypothesis27. Species-rich boreal 
and temperate forests also support high levels of provisioning eco-
system services, with no single species able to deliver them all51. When 
combined with our study, this demonstrates the multifunctionality 
of forests and trees, critical to reinforcing national and global policy 
initiatives to conserve, enhance and restore forests and trees for both 
people and nature.

Managing the biodiversity within ecosystems to select for species’ 
effect traits that benefit human well-being has potentially important 
implications for conservation. For instance, removing the species and 
effect traits that elicit negative physical well-being may have knock-on 

negative implications for the ecosystem (for example, disrupting sym-
biotic relationships or trophic interactions). Furthermore, species with 
substantial aesthetic value or prominent cultural meaning may be less 
ecologically or evolutionarily distinct, non-native or not of conserva-
tion interest52. In practice, trade-offs may have to be made. If we are to 
manage ecosystems to promote well-being, extreme care needs to be 
taken to ensure that there are no unintended adverse consequences 
for biodiversity conservation and the functioning of ecosystems, given 
that species’ effect traits can be operating across multiple other classes 
of ecosystem service.

One potential limitation of our study is that many mental processes 
are unconscious, meaning that people may sometimes mistakenly 
attribute cause and effect, relying on existing beliefs or expectations 
that may be biased or contain errors of judgement53,54. Such phenomena 
could mean that there were inaccuracies in the way our participants 
articulated species’ effect traits eliciting well-being responses. None-
theless, a growing body of literature has demonstrated links between 
biodiversity and improved objective measures of health and well-being 
(for example, visiting a sensory garden led to reductions in physiologi-
cal stress, measured via salivary cortisol55, and a higher density of urban 
street trees was linked to reduced antidepressant prescription rates56).

Here we have detailed an empirical approach revealing how the 
biodiversity in a particular place underpins human well-being, which 
can help to inform how ecological communities could be managed to 
promote different well-being outcomes. Our approach can be opera-
tionalized to create better-tailored public health interventions or archi-
tectural/landscape designs (for example, maximizing the likelihood of 
interactions with certain species), while reducing health inequalities 
and promoting socially inclusive natural environments41. From a con-
servation standpoint, it further illustrates the functional consequences 
of biodiversity loss for human well-being, while raising debate about 
the consequences of manipulating ecological communities for human 
benefit. However, our approach can be harnessed to optimize conserva-
tion solutions, such as ecological restoration57, biodiversity net gain58 
and systematic conservation planning59, for both social and ecological 
outcomes. We therefore provide a novel grounding for advancing our 
understanding of, and integration between, the fields of environmental 
psychology, functional ecology and their wider cultural dimensions 
(for example, as cultural ecosystem services). Such interdisciplinary 
thinking is pivotal if we are to effectively move towards a more sustain-
able and equitable society in the face of global environmental change.

Methods
Study system
This study centred on forests, the focus of several global policy ini-
tiatives to conserve and enhance forest carbon in the face of climate 
change, including the Reducing Emissions from Deforestation and 
Forest Degradation60, the Sustainable Development Goals61, and the 
United Nations Decade on Ecosystem Restoration38. Forest restoration 
and creation (tree-planting) schemes are rapidly gaining traction, but 
overlook the social and political implications these policies have on 
people47, despite requiring public support to succeed46. In the United 
Kingdom, there are 3.2 Mha of forests and woodlands, split between 
broadleaf (49%) and coniferous (51%) habitat62. They are generally pub-
licly accessible, and are amongst the most frequently visited outdoor 
spaces in the country63. We took participants from across the country to 
two forests, geographically located in a central region of Great Britain, 
to ensure encounters with a diversity of traits: Sherwood Forest (an 
ancient woodland) and Clumber Park (a managed mixed-deciduous 
and coniferous plantation forest). These forests were selected as their 
objective physical and biological characteristics varied and they were 
not ‘local’ to any of the participants. This was a purposeful decision to 
maximize the variety of place-based characteristics (species and traits) 
within and across the two ecosystems, and to minimize the potential 
influence that previous experience of the forests might have had on 
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Fig. 2 | The (dis)similarity of effect traits and species contributing to  
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the participants’ well-being responses to the objective qualities of 
the place.

Workshop participants
Participants (n = 194) were recruited via a social research agency 
between February and October 2019. Individuals were selected across 
gender (male = 92, female = 102), ethnicity (white = 146, other = 48), 
age (18–29 years = 60, 30–59 years = 68, 60+ years = 66), region of resi-
dence (Scotland = 11, Wales = 10, England = 173), social grade (AB = 56, 
C1 = 58, C2 = 42, DE = 38), and urban and rural living (urban = 153, 
rural = 41). The social grades are defined as follows: AB, higher and 
intermediate managerial, administrative, and professional occupa-
tions; C1, supervisory, clerical and junior managerial, administrative, 
and professional occupations), C2 (skilled manual occupations) and DE 
(semi-skilled and unskilled manual occupations and unemployed). All 
participants had to have been living in Great Britain for at least 5 years, 
irrespective of their nationality. Our approach meant we captured the 
diversity of the British public, including sectors of society that are often 
underrepresented in research (for example, elderly, ethnic minorities 
and lower income earners)64. To encourage workshop attendance and 
promote inclusivity, participants were incentivized by travel reim-
bursement and financial remuneration to cover their time with us.

Participants were split over four weekend-long workshops 
(n = 46–50 per workshop) across the year (winter = February, 
spring = May, summer = July, autumn = October), with activities 
designed to stimulate discussion about forest biodiversity (but not 
well-being specifically). Participants took part in a 1-hour scavenger 
hunt in situ, in which they were asked to record what they noticed in 
terms of, for example, smells, colours, textures and sounds. We asked 
participants to focus on biotic attributes (for example, biodiversity) 
rather than anthropogenic (for example, pathways). While participants 
undertook these activities alone, they were then divided into small 
groups to discuss their impressions of forest biodiversity together. 
We encouraged participants to expand on why they noticed certain 
traits. The conversation topics raised by participants expanded upon 
their experiences outside of the workshops (for example, memories of 
childhood, at home or on holiday), thus widening the diversity of spe-
cies referenced. On the second day, participants undertook multiple 
image-based Q methodology activities13,15 designed to stimulate further 
discussion about species traits and preferences ex situ, followed by 
discussions about different trait types.

Qualitative analyses
All audio-recorded activities were transcribed and imported into NVivo 
(Version 12, QSR International). We then coded where participants had 
discussed specific trait types (for example, texture, colour, behav-
iour, smells or sounds; Table 2). We also coded where participants 
self-reported positive or negative sentiments, as well as discussed 
benefits/disbenefits to their well-being following the biopsychoso-
cial–spiritual model of health (Table 1). This model accounts for five 
different domains of human well-being (physical, emotional, cognitive, 
social and spiritual), which can be both positive and negative (Sup-
plementary Table 2)18,19,34. References to ‘global’ well-being were also 
reported (sense of overall health/well-being, or lack thereof)35,65 and 
classed as an additional code34.

Identifying species’ effect traits
For each of the trait types, we extracted all relevant references from 
NVivo. For each reference, we then identified the species to which the 
participant was referring (for example, the specific species shown in 
the Q-methodology pictures13 or a species named by the participant). 
We then identified the particular effect trait (for example, “slimy”) 
mentioned in relation to each species, using the participants’ own 
words. We disregarded references to abiotic factors such as running 
water, rain or wind, but retained statements when abiotic factors were 

related to living things (for example, “wind in the trees”). Traits were 
aggregated when the terms had alternative endings (for example, the 
sound “screaming” contained “scream”, “screams” and “screaming”) or 
were synonymous (for example, the texture “gnarly” contained “gnarly”, 
“gnarled” and “twisted”) to create a standardized final list of traits. This 
final list was agreed upon by all co-authors. Using the well-being codes, 
we were able to show whether traits had been linked to a particular 
valence (positive or negative) and type of well-being (physical, emo-
tional, cognitive, social, spiritual or global). We then cross-referenced 
when traits and species were spoken about in relation to valence and 
well-being codes, creating a data matrix of binary responses (1 or 0 
for each well-being type) for each mention of a species’ effect trait. If 
two participants made different comments about the same species’ 
effect trait eliciting the same type of well-being, this would aggregate 
to two incidences. For analyses, the matrix was formatted to display 
species–well-being combinations as rows, with the corresponding 
effect traits as column headers, populated by values that represented 
the cumulative number of incidences across participants.

Species mentioned by participants that did not occur in British 
forests were removed from the data (for example, locusts Schistocerca 
gregaria and monkey puzzle tree Araucaria araucana). When partici-
pants only described particular phenological elements (for example, 
acorns), we made inferences about the associated species name (for 
example, acorns were listed as English oak Quercus robur). When par-
ticipants made general references to a collective group of organisms, 
we consulted reputable sources (Supplementary Table 4) to derive 
a list of species with that trait (for example, participants noticed the 
trait “spots” on “birds”, from which we generated a list of 13 species of 
British forest birds that had spots). When deriving this extended list, 
we excluded species that were rare occurrences, accidental records, 
passage or scarce visitors. We did not generate lists of species for traits 
that were too generic across an entire taxonomic group (for example, 
trees that were “green”).

Statistical analyses
All statistics were conducted in R (version 4.3.0, https://www.r-project.
org/). To quantify the variety of effect traits for each trait type, we 
summed the number of unique effect traits for each trait type, then 
calculated proportions using the total number of unique effect traits. 
To investigate the shape of the species–trait relationship, we plotted 
accumulation curves of trait and species richness for each type of 
well-being (function ‘accumcomp’ in package BiodiversityR66). To 
visually explore the association between traits and different types of 
well-being, we used NMDS (function ‘metaMDS’ in package vegan67). 
An NMDS is an iterative ordination analysis that uses rank orders and 
can be applied to a variety of data types68. In our case, it enabled a 
visual interpretation of the relative number of incidences of effect 
traits linked to different types of well-being in two-dimensional space. 
We did not transform the data before analysis (recommended for 
non-ecological data)69, but calculated a matrix of Bray–Curtis dissimi-
larity coefficients to input into the NMDS. A measure of ‘stress’ was used 
to determine how well the points in the NMDS are represented across 
two-dimensional space, determining model fit (the stress in our model 
was <0.05, indicating very good representation70). We also plotted the 
species (and taxonomic kingdom) that supported these effect traits, 
in relation to each well-being type, and examined the approximate 
directional relationship between the well-being types and the species’ 
effect traits in k-dimensional space by overlaying the well-being types 
as vector arrows (function ‘envfit’ in the package vegan67 with 999 
permutations; Extended Data Fig. 2).

We used permutational multivariate analysis (ADONIS, function 
‘adonis’ in package BiodiversityR66) to investigate predictors (species, 
taxonomic kingdom and trait type) of the visualized trait–well-being 
patterns (Fig. 1c). Next, we tested whether differences in the visual-
ized patterns of effect traits between each type of well-being were 
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significantly different, conducting a pairwise permutational multi-
variate analysis (PERMANOVA, function ‘pairwise.perm.manova’ in 
the package RVAideMemoire71 with 999 permutations). To quantify the 
extent of any overlap, we calculated Sørensen’s similarity index72 (func-
tion ‘vegdist’ in package vegan67) for the effect traits, as well as species 
that elicited each pair of well-being types. This index produces con-
tinuous values that range from 1 (highly dissimilar) to 0 (very similar).

We identified which effect traits contributed to the dissimilarities 
identified. We carried out an indicator analysis (function ‘indicators’ 
in the package Indicspecies73) to determine which species’ effect traits 
were significantly associated with each type of well-being. This function 
produces an indicator value that can range between 0 and 1, where 1 
represents a circumstance where all mentions of the effect trait are in 
relation to this well-being type only, and mentions of the effect trait 
are in every elicitation of this well-being type.

Ethics
Workshop participants provided written informed consent before data 
collection. Ethics approval was provided by the School of Anthropol-
ogy and Conservation Research Ethics Committee, University of Kent 
(ref: 009-ST-19).

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

Data availability
The data are available from the following repository: https://doi.
org/10.22024/UniKent/01.01.479.
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Extended Data Fig. 1 | The number of unique effect traits that elicit wellbeing mentioned by participants for each species, across all taxonomic groups. Species 
with the greatest number of unique effect traits, irrespective of taxonomic group, as derived from participant (n = 194) discussions during a series of workshops held 
across the four seasons in 2019.
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Extended Data Fig. 2 | The contribution of species’ effect traits to different 
types of human wellbeing. Species supporting effect traits that elicit a well-
being response, with n = 1815 unique trait-wellbeing combinations. Ordination 
based on non-metric multidimensional scaling (NMDS) of a Bray-Curtis 
dissimilarity matrix. The position of points (trait-wellbeing combinations, 
shaped by taxonomic kingdom of species that supports each effect trait; animal 
= triangle, fungi = diamond, plant = cross) represent dissimilarity in the number 

of incidences that effect traits elicited different types of wellbeing. A low level 
of stress ( < 0.05) indicted excellent fit. Wellbeing types are overlaid as vector 
arrows. NB: no incidences meant it was not possible to create vector arrows for 
negative cognitive, social or global wellbeing. Not all labels shown due to overlap. 
Full list of species’ Latin and common names can be found in Supplementary 
Information Table 3.
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection No software were used for data collection

Data analysis Qualitative analyses were conducted in NVIVO version 12 (QSR International). Statistical analyses were conducted in R version 4.3.0 (https://
www.r-project.org/), using the following packages: BiodiversityR (version 2.15-1); Vegan (version 2.6-4); RVAideMemoire (version 0.9-21-2); 
Indicspecies (version 1.7.12).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The datasets generated during and/or analysed during the current study are available from the corresponding author upon reasonable request.



2

nature portfolio  |  reporting sum
m

ary
M

arch 2021

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 Individuals were from diverse genders (male = 92, female = 102), ethnicities (white = 146, other = 48), ages (18-29 years = 60, 
30-59 years = 68, 60+ years = 66), regions of residence (Scotland = 11, Wales = 10, England = 173), social grades (AB = 56, C1 
= 58, C2 = 42, DE = 38), and urban-rural living (urban = 153, rural = 41). Social grade is defined as: AB (higher and 
intermediate managerial, administrative, professional occupations), C1 (supervisory, clerical, and junior managerial, 
administrative, and professional occupations), C2 (skilled manual occupations), and DE (semi-skilled and unskilled manual 
occupations, unemployed). 

Recruitment 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. This may have biased the sample to participants who 
did not work weekends (thus our analyses may not accurately represent this sector of society), or those who wished to 
attend workshops that involved visiting woodlands (thus biasing our findings to those with an open mind). However, we still 
documented negative experiences, and incidences where participants did not enjoy visits to woodlands, thus negating such 
bias.

Ethics oversight Ethics approval was provided by the School of Anthropology and Conservation Research Ethics Committee, University of Kent 
(Ref: 009-ST-19).

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

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Describe how sample size was determined, detailing any statistical methods 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.

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 
rationale behind them, indicating whether exclusion criteria were pre-established. 

Replication Describe the measures taken to verify the reproducibility of the experimental findings. If all attempts at replication were successful, confirm this 
OR if there are any findings that were not replicated or cannot be reproduced, note this and describe why.

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

Blinding Describe whether the investigators were blinded to group allocation during data collection and/or analysis. If blinding was not possible, 
describe why OR explain why blinding was not relevant to your study.

Behavioural & social sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description This is a mixed methods study. We firstly used a participatory research approach with a cross-section of the British public, collecting 
qualitative data. These transcripts were then coded, before being transformed into a quantitative matrix, analysed using ecological 
techniques. 

Research sample Perspectives of biodiversity are known to vary between different socioeconomic and demographic groups. Therefore, individuals 
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Research sample were selected to ensure a diversity of perspectives from the British public, with some intentional oversampling on groups that are 

typically underrepresented (e.g. ethnic minorities, lower income earners, elderly).

Sampling strategy 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. The sample of participants for the workshops (n = 194) was based the 
resources available for hosting participants away, across a weekend. However, this sample is unusually large for a qualitative study, 
and therefore deemed sufficient to represent a diverse set of responses from across the British public.

Data collection Participants took part in a 1-hour scavenger hunt in-situ (Sherwood Forest and Clumber Park), 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. 

Timing Participants were split over four weekend-long workshops (n = 46-50 per workshop) across the year (winter = 02/19, Spring = 05/19, 
Summer = 07/19, Autumn = 10/19).

Data exclusions No participants were excluded from the analyses. 

Non-participation Six participants were unable to attend the workshops due to personal circumstances or weather inhibiting the ability to travel. 

Randomization Participants were randomly allocated into focus groups.

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested, 
hierarchical), nature and number of experimental units and replicates.

Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National 
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and 
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets, 
describe the data and its source.

Sampling strategy 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.

Data collection Describe the data collection procedure, including who recorded the data and how.

Timing and spatial scale Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for 
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which 
the data are taken

Data exclusions 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.

Reproducibility 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.

Randomization 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.

Blinding 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 study.

Did the study involve field work? Yes No

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Access & import/export 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).
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Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
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
Policy information about cell lines and Sex and Gender in Research

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 
vertebrate models.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for 
mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

Name any commonly misidentified cell lines used in the study and provide a rationale for their use.

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.
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Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field; report species and age where possible. Describe how animals were 
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released, 
say where and when) OR state that the study did not involve wild animals.

Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex. 
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall 
numbers in this Reporting Summary. Please state if this information has not been collected.  Report sex-based analyses where 
performed, justify reasons for lack of sex-based analysis.

Field-collected samples For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature, 
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

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.

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.

Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.

Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern
Policy information about dual use research of concern

Hazards
Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented 
in the manuscript, pose a threat to:

No Yes
Public health

National security

Crops and/or livestock

Ecosystems

Any other significant area



6

nature portfolio  |  reporting sum
m

ary
M

arch 2021
Experiments of concern

Does the work involve any of these experiments of concern:

No Yes
Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents

Enhance the virulence of a pathogen or render a nonpathogen virulent

Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

ChIP-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 
May remain private before publication.

For "Initial submission" or "Revised version" documents, provide reviewer access links.  For your "Final submission" document, 
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 
(e.g. UCSC)

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to 
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 ChIP-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.
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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.

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.g. 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 Not used

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
(See Eklund et al. 2016)

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

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


