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ARTICLE OPEN

Identifying where nature-based solutions can offer win-wins for
carbon mitigation and biodiversity across knowledge systems
Christopher M. Raymond 1,2,3✉, Alex M. Lechner4, Minttu Havu 5, Joel Jalkanen6, Jussi Lampinen 1,3, Oriol García Antúnez 7,
Anton Stahl Olafsson 7, Natalie Gulsrud7, Antti Kinnunen8, Leif Backman 9, Liisa Kulmala 9 and Leena Järvi1,5

Managing nature-based solutions (NBS) in urban areas for carbon mitigation and biodiversity outcomes is a global policy challenge,
yet little is known about how to both assess and weave diverse knowledge systems and values into carbon-biodiversity trade-off
assessments. This paper examines the spatial relationships between biophysical and social values for carbon sequestration potential
(measured as carbon dioxide, CO2, flux) and biodiversity in Helsinki, Finland, using integrated valuation. The approach combines
methods from carbon sequestration modelling, expert scoring approaches to biodiversity assessment and public participation
geographic information systems (PPGIS). Results indicate strong spatial associations between biophysical assessment of CO2 flux
and biodiversity priorities, and weaker associations between biophysical and social values. Integration of social and biophysical
values leads to multiple pathways for protection of NBS to achieve carbon mitigation and biodiversity outcomes, as well as options
for the spatial targeting of education and capacity building programs to areas of local concern.
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INTRODUCTION
Managing the co-benefits of nature-based solutions (NBS) across
climate, biodiversity and society is of critical importance for
meeting climate neutrality targets set in the Paris Agreement1 and
biodiversity restoration targets outlined in the Kunming-Montreal
Global Biodiversity Framework2. Recent studies call for research
into the interplay between biodiversity, climate adaptation and
mitigation as well as environmental justice outcomes in order to
keep global warming within the desired 1.5 degrees Celsius global
mean temperature increase, halt global biodiversity loss, and
promote human well-being3,4.
However, often biophysical assessments of biodiversity and

climate adaptation and mitigation priorities are considered in
isolation of social science assessments. Biophysical models
demonstrate growing evidence that urban trees5–7 and vegetation
more widely8 including the soil beneath, can also make a
significant contribution to mitigating greenhouse gas (GHG)
emissions. Models for assessing carbon dioxide (CO2) flux and
the carbon sequestration potential of urban NBS are now
becoming well-established9,10. CO2 flux is the exchange of CO2

molecules between the atmosphere and underlying surface per
surface area and time. Negative values denote that the surface
acts as a sink for CO2 and positive values that it acts as a source.
Similarly, biophysical models demonstrate the biodiversity

values of urban NBS, including urban forests and other types of
urban green spaces11–14. One way of assessing biodiversity values
is through scoring approaches which are simple to use and enable
ranking of sites when the consideration of multiple criteria is
important13,15, as is common in conservation planning16,17.
Scoring approaches can be combined with expert elicitation to

estimate the potential value for biodiversity18, integrating aspects
of species richness, biomass, population density, evenness, and
rarity at the whole city scale (following the approach of19). Models
for assessing the trade-offs between biodiversity and carbon
mitigation goals have also been developed, principally drawing on
biophysical attributes20,21. Collectively, we consider modelled
priorities for CO2 flux and biodiversity informed by scientific
knowledge as ‘biophysical values.’
We are concerned that climate mitigation, adaptation and

biodiversity assessments drawing on biophysical assessments
alone will be challenging to implement unless they draw upon
social factors22. One important social factor is social acceptability,
which describes the extent to which a group of people prefer a
given situation23. Considering social acceptability judgements
alongside biophysical attributes can inform the feasibility24,25,
uptake and success of management interventions26,27. It also can
achieve greater geographic and socio-demographic representa-
tion28 necessary for procedural justice outcomes29,30.
Public participation geographic information systems (PPGIS)

provides one way of eliciting social acceptability, operationalised
in terms of landscape, place or social values31. Online PPGIS
surveys generally involve random and/or convenience samples of
residents or visitors identifying places of importance on a map of a
given region using electronic points. In the analysis phase, values
of each survey respondent are aggregated together to represent
society, hence forming ‘social values’ or SV32. PPGIS and spatial
conservation prioritization approaches have been combined to
spatially identify synergies and trade-offs between SV and
biophysical values for biodiversity, whereby SV for biodiversity
are generated using PPGIS and biophysical values are generated
using either scoring or complementary methods for assessing
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conservation priorities15,28,33–35. Socially acceptable and scientifi-
cally defensible priorities for conservation can be derived from the
spatial overlays of high-high, and high-low value areas of social
and biophysical value28,34, enabling the identification of specific
geographic locations where conservation options are supported
or opposed28.
Even though studies on CO2 sequestration and possibilities to

increase sinks in various habitats have accumulated, the spatial
relationships, as well as synergies and trade-offs, between social
and biophysical values for biodiversity and CO2 flux have not been
examined to date. Such integrated valuation can inform how to
educate and involve residents in the protection of NBS for
different outcomes, including managing them jointly for carbon
sequestration and storage, biodiversity, and broader sustainability
outcomes36. From a policy perspective, the results could be used
to harmonise carbon neutrality and biodiversity conservation
policies and actions in cities globally. For example, in Europe there
is an urgent need to harmonise ambitions under the proposed EU
Nature Restoration Law requiring no-net loss of biodiversity by
2030 and 5% gain in urban areas by 205037 with 2030 or 2035
(depending upon member state) carbon neutrality ambitions.
This paper aims to examine the spatial relationships between

biophysical and SV for biodiversity and carbon sequestration
potential (measured as CO2 flux) in the City of Helsinki, Finland.
The approach combines methods from carbon sequestration
modelling, expert scoring approaches to biodiversity assessment
and PPGIS. We consider NBS with respect to the level of
intervention38. While most NBS studies tend to focus on type
3 solutions of design and management of new ecosystems39, we
focus on type 1 NBS: improving the protection of natural
ecosystems like mature forests and protected wetlands/estuaries.
The aim will be addressed through three objectives: 1) to

examine the spatial distribution of biophysical and SV for carbon
mitigation and biodiversity conservation across different NBS in
Helsinki; 2) to spatially examine the overlaps between biophysical
and SV for carbon mitigation and biodiversity conservation, and;
3) to identify co-beneficial outcomes and trade-offs associated
with the consideration of values for carbon mitigation and
biodiversity conservation grounded in different knowledge
systems. SV are linked to local knowledge systems and biophysical
values are linked to scientific knowledge systems.
Helsinki, the capital of Finland, has a population of 660,000

within the municipal borders (the study area), and a population of
1.5 million in the metropolitan area40. According to the European
Environmental Agency, the Helsinki metropolitan area is one of
the greenest capital regions in Europe with NBS adding up to 62%
of the total city area and urban trees cover 44% of the city area41

(Fig. 1a). The green structure is characterised by seven green
wedges (or ‘fingers’) stretching from the hinterland to the city
centre (Fig. 1b). The green wedges are foremost covered by urban
forest and in the central part more open green spaces (parks), but
also wetlands/estuaries, arable land and pastures.
The City of Helsinki works actively with NBS to promote climate

neutrality and biodiversity conservation. NBS are highlighted in
the city’s biodiversity action plan42, and the city is aiming to
become carbon-neutral by 2030, mainly by reducing GHG
emissions, but also by investigating the carbon sink potentials of
urban nature43. However, the backbone of the green structure, the
green wedges, are under pressure from urbanisation processes,
such as densification44. And unlike many other cities, the city of
Helsinki has in its master plan allocated some of its green spaces
for development, due to the fact that the city is both the main
town planning authority and the principal landowner45. The new
Helsinki Forest Management Strategy is grappling with the
conflicting pressures of conservation and development by, for
example, increasing planned diversity in forested areas, allowing
forests to age naturally and involving the local community in new
management actions to adapt to climate change and the impact

of a growing city46. This includes new ways of integrating
community understandings of biodiversity and carbon sequestra-
tion and storage into NBS management options.

RESULTS
Sample representativeness
Survey respondents are more likely to be female, more employed
and slightly more educated than what would be expected based
on the regional population in Helsinki. The proportion of
respondents in young and old age classes are lower than the
regional population. Fagerholm et al.47 report similar over-
representation of females and deviations across background age
and employment groups in their PPGIS meta-analysis of five
different cities in Scandinavia. The sampling approach ensured
spatial representation from all 34 districts in Helsinki (see
Supplementary Figure 1). However, we had an under-sampling
in the three most populated districts of Kampinmalmi, Mellunkylä
and Vuosaari.

Social values by domicile and socio-demographics
Residents mapped SV for biodiversity (3776.9 m) significantly
closer to their domicile than SV for carbon sequestration and
storage (4451.4 m, p < 0.001). Males mapped SV for biodiversity
significantly further from their domicile (2702.0 m) compared with
females (2393.0 m, p < 0.001). Younger respondents (<39 years)
mapped SV further from their domicile than older respondents
(>60 years), both for carbon and biodiversity (p < 0.001). Spatial
discounting of values from domicile was less prominent for green
wedges on the far eastern side of the city, relative to more central,
or western green wedges for both SV for carbon (Kruskal-Wallis
H= 330.4, df= 6, p < 0.001), and SV for biodiversity (Kruskal-Wallis
H= 278.5, df= 6, p < 0.001). Median differences in value-domicile
distances were found by age and education within some green
wedges; however, the direction of these differences varied across
green wedges.
We found proportional differences in SV by age, gender and

income across green wedges (χ2 > 21.0, p < 0.05), but the direction
of differences often change across them (Table 1). For example,
younger residents assigned proportionately more SV for carbon to
Central Park compared with senior residents (30.4 vs. 17.1%), but
proportionately fewer SV for carbon (19.7 vs. 33.8%) and
biodiversity (22.0 vs. 31.8%) to Western Park. While females
assigned proportionately more SV than males to East Helsinki,
Viikki-Kivikko and Western parks, this was not consistent for value
types nor all wedges. Proportionately more values in the East-
Helsinki culture park and Viikki-Kivikko green wedges were
mapped by respondents with below- median salary, but the
opposite was found in Östersundom and Central park green
wedges. Senior respondents assigned proportionately more SV
outside wedges compared with younger respondents.

Spatial distribution of CO2 flux and biodiversity values
We spatially assessed the top 20% of CO2 flux and biodiversity
values, drawing on both biophysical and SV (Fig. 2, Table 2). Areas
of overlap between all four value types include diverse urban
habitat types. These include mature forests, protected wetlands/
estuaries and recreational park areas, but also historically valuable
military islands. Most of these enjoy some level of conservation or
protection, indicating they are acknowledged in urban planning.
The large island just south of Eastern Helsinki wedge is a military
island and land cover data from there is limited, bringing large
uncertainties in simulating biogenic CO2 fluxes.
NBS acting as a CO2 source are concentrated on waste and

unused land areas and agricultural fields (Fig. 2a). However, the
majority of the study area is acting as a net biogenic sink (i.e.
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negative values). As expected, largest sinks were found in areas
with high leaf mass for photosynthesis and sufficient water
availability such as urban forests and large park areas. Also
constructed green areas and street vegetation acted as a sink but
were smaller due to their smaller leaf area. Areas of highest
biodiversity values were found in the more remote green wedges,
particularly Östersundom (75%) and Vuosaari Green Wedge (50%,
Table 2). Nevertheless, areas of moderate biodiversity value were
also found close to the urban core. The SV layers coincide with the
green wedges, particularly those closer to more densely populated
areas. Östersundom and the coastal islands were overlooked.
These places may represent either very exclusive areas (western
park due to expense, coastal areas due to lack of access) or areas of
low population and associated access difficulties (Östersundom).

Top 20% of biophysical and SV for biodiversity and carbon
Biophysical values assessments (CO2 flux and biodiversity) spatially
co-occur and the SV values (carbon and biodiversity) spatially co-
occur. The biophysical values are more widespread. There is a

notable difference between the SV and biophysical maps. High
values of SV are concentrated in the wedges closer to the urban
core while high CO2 flux and biodiversity values are concentrated
in the wedges further from the urban core (Fig. 3). Greatest
overlap between all 4 value types can be found in more heavily
forested green wedges closer to the urban core or to existing
residential areas. Not all overlapping areas are within the existing
green wedges of Helsinki and therefore may be at greater risk of
development. The correlation matrix of all variables and Spear-
man’s rank correlation coefficients show that all variables are
significantly and positively correlated, pointing to a synergistic
relationship between all values. SV for biodiversity and carbon
were highly correlated (r= 0.59, p < 0.001), while SV and
biophysical values were moderately to weakly correlated
(r < 0.31, p < 0.001) (Supplementary Fig. 3).
Overall, we found similar proportions of biophysical values for

CO2 flux and biodiversity in each Green Wedge, with a few key
exceptions. In total, 50% of Central Park was covered with the top
20% of CO2 values, while only 17% of the area was covered with
the top 20% biodiversity values (Table 2). Similarly, 21% of

Fig. 1 Map of the city of Helsinki. a A simplified depiction of broad urban land use and land cover types and b with the green wedges
important to the analyses highlighted based on the Urban Atlas 201868. Study area location with respect to Finland is shown in c.
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Western Park was covered by the top 20% CO2 flux values, while
only 4% of the park was covered by biodiversity values. In general,
Western Park had the greatest area of no identified values (70%,
Table 2). Differences in the spatial distribution of biophysical and
SV were identified across the region (Table 2). Green wedges
closer to the urban core had the greatest cover of both
biophysical and SV, evidenced by Central Park (CO2 flux= 50%,
SV Carbon= 22%; Biodiversity= 17%, SV Biodiversity= 20%) and
Viikki and Kivikko (CO2 flux= 40%, SV Carbon= 18%; Biodiver-
sity= 34%, SV Biodiversity= 27%). However, green wedges
further from the urban core generally had higher cover of
biophysical values for both biodiversity and carbon, and lower SV
for each type. In other words, SV were concentrated in the central
more urban green wedges and the biophysical values were more
dispersed.

Management scenarios for nature-based solutions
We assessed the spatial distribution in priorities for different NBS
management scenarios in Helsinki (Fig. 4). Scenario 1 —
biophysical values maximiser (Fig. 4a) involves managing NBS for
the top 20% of biophysically assessed carbon flux and biodiversity
values. These areas are of the highest biodiversity value and have
the highest carbon sequestration potential. The highest propor-
tion of the study area (9%) is managed under this scenario.
Management of forests for both biodiversity and carbon outcomes
in this scenario would occur mainly in the northeast sections of
the region, including the Östersundom (58% of wedge) and

Vuosaari (34%) green wedges. Areas of Helsinki Park (23%) and
Central Park (15%) are also important for both carbon and
biodiversity. Scenario 2 — SV maximiser (Fig. 4b) involves
managing NBS for the top 20% of SV for carbon and biodiversity.
Management under this scenario is restricted to principally to
Viikki-Kivikko park (17%) and Central Park (16%). In total 2.70% of
the study area is managed. Scenario 3 — Carbon maximiser (Fig.
4c) involves managing areas that contain the top 20% of
biophysical values for CO2 flux and SV for carbon. Priority areas
for management in this scenario are similar to those for Scenario
2, with highest scores Viikki-Kivikko park (13%) and Central Park
(21%). In total, 2.78% of the study area is managed. Scenario 4 —
Biodiversity maximiser (Fig. 4d) involves managing areas that
contain the top 20% of biophysical values for biodiversity and SV
for biodiversity. Fewer sites for management in Viikki-Kivikko
(10%) and Central Park (7%) were found in this scenario compared
with Scenarios 2 and 3. In total, 2.41% of the study area is
managed. Scenario 5 — All top 20% (Fig. 4e) involves managing
areas for the top 20% of values for all layers. The least amount of
NBS is managed under this scenario (1.31% of the total study
area).

DISCUSSION
In this study, we presented a new integrated valuation method for
spatially comparing priorities for NBS management for carbon
mitigation and biodiversity conservation, drawing on biophysically
assessed and social value perspectives. We highlight the critical

Table 1. Sociodemographic comparison between mapped social values for biodiversity (SV_BD) and carbon sequestration and storage (SV_Ca)
across Helsinki´s green wedges.

Outside Green Wedges Central park East-Helsinki culture park Helsinki park Viikki-Kivikko Vuosaari Western park Östersundom

SV_BD SV_Ca SV_BD SV_Ca SV_BD SV_Ca SV_BD SV_Ca SV_BD SV_Ca SV_BD SV_Ca SV_BD SV_Ca SV_BD SV_Ca
n % n % n % n % n % n % n % n % n % n % n % n % n % n % n % n %

AGE
< 39 236 20.3 191 20.6 202 30 369 30.4 63 26.9 71 26.9 93 35.9 49 29.7 210 38.3 164 32.8 57 28.1 50 26.2 58 22.0 31 19.7 4 18.2 13 31.7

Stand. resd. -6.7 -5.3 1.6 3.2 -0.2 -0.1 3.2 0.8 6.2 3.1 0.2 -0.3 -2.1 -2.1 -1 0.7
40 - 49 335 28.9 216 23.3 217 32.2 333 27.5 59 25.2 36 13.6 66 25.5 32 19.4 136 24.8 131 26.2 54 26.6 48 25.1 65 24.6 33 21 8 36.4 8 19.5

Stand. resd. 0.9 -0.8 2.8 3.3 -1 -4.2 -0.9 -1.5 -1.8 1.1 -0.4 0.3 -1.3 -0.9 0.9 -0.7
50 - 59 280 24.1 265 28.5 136 20.2 303 25 57 24.4 83 31.4 55 21.2 47 28.5 100 18.2 125 25 46 22.7 55 28.8 57 21.6 40 25.5 10 45.5 14 34.1

Stand. resd. 2.1 1.3 -1.3 -1.9 0.9 1.7 -0.3 0.5 -2.3 -1.1 0.2 0.6 -0.2 -0.4 2.7 1
> 60 309 26.6 257 27.7 119 17.7 208 17.1 55 23.5 74 28 45 17.4 37 22.4 102 18.6 80 16 46 22.7 38 19.9 84 31.8 53 33.8 0 0 6 14.6

Stand. resd. 4.1 5.1 -3.4 -4.8 0.3 2.6 -2.1 0.2 -2.4 -3.4 0 -0.6 3.7 3.7 -2.5 -1.1
GENDER

Male 340 26.9 221 22.9 164 22.5 272 20.7 49 18.5 46 15.6 63 22.7 31 17.5 166 27 144 25.4 67 32.2 52 25.1 67 21.9 25 13.9 8 44.4 13 31
Stand. resd. 1.8 1.3 -1.8 -0.8 -2.6 -2.6 -0.9 -1.3 1.2 2.5 2.4 1.3 -1.3 -2.5 1.9 1.5

Female 926 73.1 743 77.1 565 77.5 1042 79.3 216 81.5 249 84.4 214 77.3 146 82.5 449 73 422 74.6 141 67.8 155 74.9 239 78.1 155 86.1 10 55.6 29 69
Stand. resd. -1.8 -1.3 1.8 0.8 2.6 2.6 0.9 1.3 -1.2 -2.5 -2.4 -1.3 1.3 2.5 -1.9 -1.5

EMPLOYMENT
Unemployed 236 22.1 202 23.1 140 22.8 282 24.2 73 33.2 76 30 57 23.9 35 22 123 23.2 121 22.9 30 17.6 33 18.8 74 28.7 45 28.7 2 9.5 11 25.6

Stand. resd. -1.4 -0.7 -0.5 0.2 3.5 2.3 0.1 -0.6 -0.2 -0.6 -1.9 -1.7 2 1.4 -1.5 0.2
Employed 830 77.9 673 76.9 475 77.2 882 75.8 147 66.8 177 70 181 76.1 124 78 407 76.8 407 77.1 140 82.4 143 81.3 184 71.3 112 71.3 19 90.5 32 74.4

Stand. resd. 1.4 0.7 0.5 -0.2 -3.5 -2.3 -0.1 0.6 0.2 0.6 1.9 1.7 -2 -1.4 1.5 -0.2
EDUCATION

Undergraduate 141 12.8 140 15.6 80 12.6 174 14.5 36 16.1 51 20 35 14.4 25 15.5 60 11.1 88 16.4 18 10.4 29 16.2 37 13.9 31 19.5 6 27.3 11 24.4
Stand. resd. -0.1 -0.4 -0.2 -1.7 1.5 1.8 0.7 -0.2 -1.4 0.3 -1 0.1 0.5 1.2 2 1.6

Graduate 957 87.2 759 84.4 554 87.4 1025 85.5 187 83.9 204 80 208 85.6 136 84.5 479 88.9 449 83.6 155 89.6 150 83.8 229 86.1 128 80.5 16 72.7 34 75.6
Stand. resd. 0.1 0.4 0.2 1.7 -1.5 -1.8 -0.7 0.2 1.4 -0.3 1 -0.1 -0.5 -1.2 -2 -1.6

INCOME
Below median 548 50.7 445 49.3 309 49.1 623 52.6 145 62.8 167 61.6 138 57.5 91 57.2 299 55.2 330 61.9 90 52 90 47.9 136 52.3 81 51.3 7 31.8 18 39.1

Stand. resd. -1.6 -3 -2 -0.8 3.2 2.8 1.6 0.9 1.3 4.2 -0.2 -1.6 -0.1 -0.6 -2 -2
Above median 533 49.3 458 50.7 320 50.9 561 47.4 86 37.2 104 38.4 102 42.5 68 42.8 243 44.8 203 38.1 83 48 98 52.1 124 47.7 77 48.7 15 68.2 28 60.9

Stand. resd. 1.6 3 2 0.8 -3.2 -2.8 -1.6 -0.9 -1.3 -4.2 0.2 1.6 0.1 0.6 2 2

The table shows proportional differences in mapped social values for biodiversity and carbon by socio-demographic type within a given green wedge.
Proportional differences need to be read down the page and within a column. Darker shades represent proportionately more points assigned while lighter
shades represent proportionately fewer points assigned with a given socio-demographic category (e.g., age). Shaded cells represent adjusted standardized
residuals of statistically significant associations between sociodemographic variables and green wedge type.
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importance of protecting existing NBS for biodiversity and carbon
mitigation outcomes based on biophysical assessments, while also
taking account of SV to increase the social acceptability of NBS
management and implementation efforts.
We demonstrated how ecological, carbon flux and social

acceptability criteria can be applied to identify opportunities for
biodiversity conservation and carbon mitigation. The strong
alignment between biodiversity and carbon sink areas points to
the importance of protecting existing vegetated, especially
forested, landscapes for biodiversity and carbon mitigation
outcomes. The City of Helsinki has a biologically rich landscape
comprising of mainly forests, but also wetlands and open rocks,
and semi-natural areas including meadows and pastures48. Much
of the academic scholarship at present is on the tensions between
biodiversity and carbon mitigation outcomes in the design and
implementation of NBS49,50; however, these findings remind us
that protecting and restoring existing NBS in urban areas is vital
for achieving both carbon mitigation and biodiversity goals.
Building on earlier work15,28,34, the results highlight that

residents can provide important and valid spatial information for
biodiversity conservation particularly in areas closer to the city
core which are more accessible to a higher number of residents.
We extend previous research by showing that there is potential for
synergies between biodiversity and SV in protected areas and
nature sites35. However, integration of SV for biodiversity and
carbon can also lead to sub-optimal conservation and carbon
mitigation outcomes, as demonstrated by the large spatial
disconnects in biophysical and SV in green wedges located
further away from the urban core. Such disconnections highlight

the need for some caution in the application of social data to
conservation and carbon mitigation assessments51, for example,
balancing human access to healthy habitats and the creation of
opportunities for non-human species to flourish52. Biodiversity
and carbon sequestration concepts are challenging concepts to
understand, and we did not expect that biophysical and social
values would spatially align in all places. We contend that the
results provide pathways for raising awareness and building
capacity for joint biodiversity conservation and carbon mitigation
actions, while also spotlighting areas that are both scientifically
defensible and socially acceptable for climate mitigation, adapta-
tion and biodiversity conservation.
It remains unclear as to whether residents are assigning values

for biodiversity and carbon based on accessibility criteria (akin to
experiential knowledge) or based on deeper cognitive under-
standing of biodiversity and carbon mitigation concepts. The
strong spatial correlation between SV for biodiversity and carbon
sequestration suggests that respondents assigned these values to
similar areas. The fact that males and younger respondents are
assigning their values further from domicile than female and older
respondents suggest that accessibility and experience indicators
are influencing value attribution to both carbon mitigation and
biodiversity conservation. The variation in SVs by green wedge
type and socio-demographics support earlier assessments show-
ing that SV (in that case perceived biodiversity and recreation) in
Helsinki were significantly affected by geographic area, gender
and income53.
Value assignment could also be influenced by the convenience

sampling approach. Most value dots were assigned to districts

Fig. 2 Spatial distribution of biophysical and social values for carbon and biodiversity. Base layers for a CO2 flux (kg C m−2 year−1) where
negative values indicate a carbon sink and positive values are sources, b Biodiversity, c SV for Carbon represented by the number of records, d SV
for Biodiversity. Graduate colour schemes scaled by quantiles. Bivariate comparison between each layer can be found in Supplementary Fig. 2.
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within the urban core that are also highly populated (Supporting
Fig. 1). An under-sampling occurred in three highly populated
districts of Kampinmalmi, Mellunkylä, Vuosaari, resulting in
proportionately fewer mapped points in those areas.
Yet green wedge type and socio-demographics cannot

consistently explain differences in the spatial distribution of SV.
Irrespective of the basis for value, the results demonstrate that
NBS protection measures, for carbon mitigation, biodiversity
conservation or both, should be combined with public acceptance
of measures of carbon sequestration and storage, including the
types of plantings and the nature of dead matter to be retained in
a given green space. In locations where SV for carbon or
biodiversity align with biophysical values, the social acceptability
measures can be used to prioritise carbon mitigation, adaptation
and biodiversity conservation efforts. Equally, areas of low carbon
and low biodiversity priorities based on biophysical assessment
and SV assessments could be discounted in the planning process.
Our integrated assessment also provides vital information about

how to design capacity building and awareness raising opportu-
nities, particular in areas of spatial disconnect between SV and
biophysical priorities (Table 3). For example, areas of high carbon
and high biodiversity but low social values for both attributes
could be focal areas for education about why carbon sequestra-
tion is important in these areas, and what species or ecosystems
contribute to the biodiversity values found there.

Caveats
The green wedges as planning tools capture the “most important
areas”, but there are large areas of moderate biodiversity value not
covered by them. One needs to also take these outlying areas into
planning and into future regional assessments of the spatial
overlaps between biophysical and SV of biodiversity and carbon
sequestration potential. The research focuses on the management
of existing NBS for carbon sequestration and biodiversity
conservation, but does not directly inform biodiversity restoration
efforts. Also, the research focuses on priority areas for manage-
ment. The type of management that would best foster both
biophysical and SV may depend on what kind of ecosystems these
areas include in addition to community preferences for engage-
ment and just outcomes.
Integrated valuation necessarily involves combining values that

have different metrics. Indeed, there are operational differences in
how we assessed ‘value’ across biophysical and SV perspectives.
For example, in the carbon models we assessed carbon flux in
terms of whether a given site is a source or sink for carbon on
annual basis, without considering emissions related to planting or
maintenance of urban trees as their full lifecycle was not assessed,
while in the SV for carbon we asked individuals to identify areas
that are highly important for carbon sequestration AND storage.
Future research could refine the operational measures across
knowledge systems to aid more direct comparisons also including
the emissions arising from the seedling production, transport and
maintenance of urban trees and their growing media.
The bias towards female and employed respondents is an

important limitation of this study, but confirms previous work
showing that issues of gender53 and socio-economic vulnerabil-
ity54 influences the assignment of SV. Women also respond more
often to studies on green areas in the Nordic region47. While
socio-demographic factors can influence the number of points
assigned to a map, socio-demographic biases wrought by
different sampling techniques (e.g., convenience vs. representa-
tive), have been found to have little influence on location accuracy
of SV55. It was difficult to test this hypothesis in the current paper
given that most data were collated through a convenience
sample. Future research could engage more diverse, including
marginalised groups, in the assessment of social acceptability to
better understand ‘whose values’ rather than what values andTa
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where are likely to be affected by different biodiversity conserva-
tion and climate mitigation and adaptation strategies. This
approach reflects current calls for just processes in urban green
transitions for climate neutrality and biodiversity enhancement56.

METHODS
Socio-demographic and spatial discounting analyses
Chi-square analysis (test for independence) with standardized
residuals was conducted to identify proportional differences
between socio-demographic variables (age, gender, employment,
education, income) and mapped SV for the whole region and

within Helsinki´s green wedges. A residual is the difference in the
observed frequency and the expected frequency (i.e., the value
that would be expected under the null hypothesis of no
association). It is calculated by dividing the residual value by the
standard error of the residual. Residuals represent normalized
score. If greater than 2.0, they indicate that a significantly greater
number of individuals mapped a given social value type than
would be expected. We also compared the socio-demographics of
all survey respondents compared to municipality census data57.
To examine median ranks for mapped distance of domicile to

mapped important green places, we conducted Euclidean
distance tests in ArcGIS. When then compared median distances

Fig. 3 Spatial overlap of biophysical and social values for carbon and biodiversity. Top 20% locations for a CO2 flux, b Biodiversity, c SV for
Carbon, d SV for Biodiversity and e number of overlapping indicators from a–d. Graduate colour schemes scaled by quantiles. e Sum of all top
20% locations. f location of green wedges.
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across socio-demographic variables using ANOVA (Kruskal-Wallis
test) in relation to (1) SV for biodiversity and (2) SV for carbon.

Modelling of CO2 flux
The spatial variability of CO2 fluxes were simulated in Helsinki in
2020 by dividing the land area of the city to 250 × 250 m grids. We
used this resolution because it aligns with the urban-rural
classification system in Finland, and our results will therefore
support wider planning efforts. The model used in the calculations
was the Surface Urban Energy and Water balance Scheme
SUEWS58,59 which has recently been updated to simulate

anthropogenic and biogenic CO2 surface fluxes10. For each grid,
surface information including fraction of different surface covers
(buildings, paved surfaces, base soil, trees/shrubs and turf grasses),
tree and building heights, was obtained by combining airborne
lidar scanned dataset with city level land use maps60. Vegetation
in each grid was divided into three classes, urban forest, parks and
street trees, based on the Urban tree database of the City of
Helsinki. In each grid, the dominant vegetation class was used,
defined by the area of urban forests and the number of street or
park trees. Each class has their own surface conductance
parameterisations based on CO2 flux observations conducted in
different ecosystems. Urban forest parameters were obtained from

Fig. 4 Management scenarios for nature-based solutions. Four synergies a biophysical value maximiser (overlap of top 20% Carbon Flux &
Biodiversity), b SV maximiser (overlap of top 20% SV Carbon & SV Biodiversity), c carbon maximiser (overlap of top 20% Carbon and SV
Carbon), d biodiversity maximiser (overlap of top 20% biodiversity & SV Biodiversity, e carbon and biodiversity biophysical and SV balancer
(overlap of top 20% values).
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ecosystem level eddy covariance measurements made in broad-
leaf forest in Harvard, US61, street tree parameters from leaf-level
gas exchange measurements made from street trees in Helsinki62

and park areas gas exchange measurements from gas exchange
observations made in a park in Helsinki63.
SUEWS was forced by hourly data for 2020. The meteorological

forcing dataset consisted of air temperature, precipitation, short-
wave and longwave radiation, relative humidity, air pressure and

wind speed. The main data source was the Kumpula weather
observation station (60.20307N; 24.96131E) operated by the
Finnish Meteorological Institute. The data was gap-filled by
observations from the urban measurement station SMEAR III also
located in Kumpula62. Any remaining data gaps were filled by
hourly ERA5 Land data64.

Modelling of biodiversity values
For biodiversity, we used the datasets by Jalkanen et al.13 that are
distributed openly (see data availability section). In the study, local
taxonomic experts scored urban habitat types in terms of their
relevance for urban biodiversity in Helsinki. The assessment of
biodiversity values was built upon the Biodiversity Quality
framework18, and it comprised of seven metrics that jointly
describe the species assemblages in a given location and can be
used for scoring different areas in terms of their significance for
biodiversity. The metrics include: species richness, total biomass,
abundance, evenness (do some individual species dominate the
communities, or are individuals evenly distributed across species),
uniqueness (are the species assemblages such that are not found
in other urban habitat types), habitat specialist species, and
regional representativeness (how representative or ‘natural’ are
the urban habitat types compared to similar habitats found in
nearby rural areas).
In 2016, 24 local taxonomic experts scored 68 terrestrial urban

habitat types in terms of their general support for the Biodiversity
Quality attributes of their taxon. Evaluated habitats ranged from
seminatural habitats (e.g. old-growth forests, shoreline meadows)
to anthropogenic environments (e.g. private gardens, golf courses,
managed parks). The elicitation covered ten taxa: vascular plants,
polypores, fungi (excluding polypores), herpetofauna (reptiles &
amphibians), birds, bats, mammals (excluding bats), butterflies,
hymenoptera, and beetles. Elicitation was done by 2–3 experts per
taxon. The experts scored each habitat type in terms of how well
they support each of the 7 Biodiversity Quality attributes of their
taxon (scale of 0–4). In addition, experts assessed the confidence
of their answers separately for each Biodiversity Quality attribute.
Taxon- and attribute-specific score was calculated as the mean of
respective expert answers, weighted by answers’ self-assessed
confidence. In other words, ‘bird richness score for golf courses’
was calculated as the average of all bird experts’ confidence-
weighted scores for golf courses. To emphasise confident answers,
the confidence coefficient could be 0, 1, 2, 4, or 8, corresponding
to “very unconfident”, “unconfident”, “somewhat unconfident”,
“somewhat confident”, and “very confident” answers, respectively.
See Jalkanen et al. 13,19 and survey (https://zenodo.org/record/
1255899) for exact questions and habitat descriptions given for
the experts, and the expert answers.
The composite score of a taxon for each habitat type was

calculated as the weighted sum of all Biodiversity Quality
attributes assessed for the taxon (Fig. 5). The weights were
defined by the experts in a workshop, based on the relevance of
the attribute for the persistence and functioning generated by the
local urban species assemblages. Finally, the total biodiversity
score of a habitat type was calculated as the weighted mean of all
taxon-specific scores. Taxa had been collaboratively weighted by
the experts in a workshop, based on the overall relevance of the
taxa for the functioning and persistence of urban ecosystems. For
example, plants (40% of weight points) were seen as much more
important for urban ecosystems than bats (1%)13 (see Supporting
Material 3 for weights).
The spatial biodiversity layer was based on an urban habitat

map that was compiled for Helsinki from several GIS sources. The
map comprised of 53 urban habitat types (no spatial data was
available for all small-scale habitat types) and covered all public
and private land. The resolution of the raster-type map was
20 × 20m. Each habitat type class was then reclassified to the

Fig. 5 Scores assigned to components of biodiversity. Scores for
different urban habitat types were calculated as weighted mean of
scores for different taxa, that themselves were calculated as
weighted sums of expert-given scores regarding Biodiversity Quality
attributes. Weights are shown in parentheses. Both the inter-taxa
weights, and the attribute weights within each taxon score add
to 100.
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corresponding biodiversity score (i.e., the composite score over all
taxa and Biodiversity Quality attributes). Scores ranged from
1283.3 (sealed apartment block yards) to 10772.8 (old-growth
groves). Paved surfaces (roads, buildings, etc.) were treated as 0
and waterbodies as missing data13.

Modelling of social values for carbon and biodiversity
The SV for biodiversity and carbon data were collected using a
public participation geographic information system (PPGIS) online
survey distributed among residents of Helsinki from September to
November 2021 (Supplementary Methods). The sample was
generated using a mixed-mode approach65. First, we randomly
distributed the survey link to 1000 households in Helsinki through
a postal invitation with subsequent follow-up reminders after
15 days. Additionally, the survey was advertised on social media
(i.e. Facebook groups from local residents’ associations), online
newspapers, and other media coverage.
A total of 3237 people responded to the survey, of which 1208

completed most questions. Participants mapped a total of 23,187
point locations in terrestrial locations within the study area
representing green spaces with perceived high biodiversity
(n= 3633), natural values (n= 3497) and high carbon (n= 3787).
Participants could assign as many or as few dots as they wished to
the Helsinki region. The responses to the survey were obtained
mainly from social media engagement, which represented 80.75%
of the sample from which we had distribution information
(n= 857). Additionally, 5.48% of the responses were obtained by
friends and colleagues sharing the survey within their social
network. Postal invites led to a survey response rate of only 3.30%
(33 responses from the 1000 random invitations). Local associa-
tions, newspapers and other distribution channels represented
3.15, 1.63 and 3.85% of the sample, respectively.
More females (n= 2308; 71.3%) than males (n= 725; 22.4%)

participated in the survey, highlighting over-representation of
females in survey responses (compared to 52.48% females in the
Helsinki region). More than half of our survey respondents (54.2%)
were between 35 and 65 years of age, with younger (<35 years)
and older respondents (>65 years) being underrepresented
compared to the population of Helsinki (16.2% sample vs. 34.8%
region <35 years; 12.8% sample vs. 20.1% region >65 years).
Additionally, the number of respondents possessing at least
upper secondary education was higher (98.9%) relative to the
population of Helsinki (76.8%)57. Unemployment rates for all the
age groups were lower for our respondents compared to the
population of Helsinki (ibid), most likely explaining the higher
median yearly income of our survey respondents (40,573 €),
compared to the residents of Helsinki (38,736 €)69. These results
indicate a slight bias to middle-aged, more educated and
employed respondents with higher incomes in the Helsinki survey
compared to regional census statistics from Helsinki.
This paper is based on three mapping questions and on the

socio-demographic background of respondents. The spatial
questions asked respondents to map: 1) their favourite green
spaces in Helsinki and the reasons for their importance (based on
a drop-down menu); 2) green spaces perceived as high value for

carbon sequestration and storage in Helsinki, and; 3) green spaces
perceived as high value for biodiversity in Helsinki. Respondents
had the opportunity to add a short text elaborating on their
perceptions in the last two mapping questions.
To derive SV Biodiversity, survey participants were asked to map

places they considered biodiversity to be high in the urban green
spaces of Helsinki. To derive SV Carbon, the points representing
importance places for carbon sequestration or storage were used.
Survey participants were asked to map places they considered
carbon sequestration and storage to be the high in the urban
green spaces of Helsinki. Then using a 250m grid cell the
aforementioned mapped PPGIS points within each grid cell were
counted. From this, a grid layers representing the number of
points for SV Carbon and Biodiversity were generated.

Spatial overlay analyses
We performed spatial overlay analyses to assess the spatial
relationships between biophysical and SV for carbon and
biodiversity. All datasets were first pre-processed using a common
grid of 250 m which represented the coarsest resolution spatial
dataset (CO2 flux) and also a spatial scale relevant to urban
planners. Furthermore, the choice of 250m resolution addresses
uncertainty associated with the challenge of accurately mapping
small and linear green spaces66.
To address the difficulties associated with combining, compar-

ing and analysing data derived through radically different
analytical methods (e.g., social data versus modelled biophysical
data, measurement scales, maximum and minimum values, and
spatial abstraction) each layer was combined based on their
ranked values. Using the ranked values was especially important
as each dataset had very different, non-normally distributed
values, making comparisons using absolute values conceptually
difficult. The application of ranked values and identification of
high-ranking values as a proxy for priority conservation area is
common in spatial conservation prioritisation such as in the
application of conservation planning software like Zonation67.
Firstly, we mapped quintiles, specifically the top 20% of CO2

flux, biodiversity values and both biophysical and SV. These top
20% values were used to represent priority areas for the
application of NBS in local policy. We chose top 20% based on a
sensitivity analysis of top 20 vs. 30% values (Supplementary Table
1). While the total area of the hotspots increased in the top 30%
analysis, the broad patterns of high and low values across the
parks and within the parks tended to hold. Next, we summed all
top 20% values to assess the spatial relation between top 20%
values. Finally, we assessed overlapping area using various
combinations of top 20% pixels of CO2 flux, biodiversity and SV
for carbon and biodiversity, for five different scenarios: 1.
biophysical values maximiser, 2. SV maximiser, 3. carbon
maximiser, 4. biodiversity and 5: carbon and biodiversity
biophysical and SV balancer (Table 4). We characterised these
scenarios for the whole study area and also within the seven green
wedges.
The application of a threshold to ranked values based for a

number of criteria is commonly used in the spatial conservation

Table 4. Five scenarios represented by the overlap areas between top 20% pixel values for a range of combinations of carbon flux, biodiversity and
SV for Carbon and Biodiversity.

Carbon Flux Biodiversity SV Carbon SV Biodiversity

Scenario 1: biophysical values maximiser Top 20% Top 20%

Scenario 2: social values maximiser Top 20% Top 20%

Scenario 3: carbon maximiser Top 20% Top 20%

Scenario 4: biodiversity maximiser Top 20% Top 20%

Scenario 5: carbon and biodiversity biophysical and social values balancer Top 20% Top 20% Top 20% Top 20%
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planning literature19. We chose 20% as it represented reasonable
threshold for determining a subset of the study area that
represent priority hotspots. However, we also calculated the top
33% values (i.e. the top third of values) to test the sensitivity of the
spatial patterns to the choice of threshold value (see Supplemen-
tary Fig. 3 for further information).

DATA AVAILABILITY
All non-spatial data generated or analysed during this study are available from the
following websites. Biodiversity values were created based on an open dataset by
Jalkanen & Vierikko 2022 (https://doi.org/10.5281/zenodo.6563190), which includes a
map of urban habitat types in Helsinki and the results of an elicitation by local
taxonomic experts. See the dataset for the full list of urban habitat types and their
descriptions, and exact questions given for the experts. CO2 flux for Helsinki obtained
from SUEWS model run is available as on open dataset by Havu et al., 2022 (https://
doi.org/10.5281/zenodo.7198140). Data availability subject to controlled access:
privacy and ethical issues prevent us from sharing unit record data on SV for carbon
and biodiversity. Access requests can be sent to christopher.raymond@helsinki.fi.
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