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Abstract Nature’s contributions to people (NCP) provided
by forests are co-produced by an interplay of natural and
anthropogenic capitals, including human, social, physical,
and financial capital, which are influenced by various
actors across multiple levels. Here, we assessed the co-
production of four forest NCP (timber, habitat creation and
maintenance, climate regulation, non-material NCP). We
conducted social network analyses based on interviews
with local forest actors to (i) understand which actors are
most relevant for managing different anthropogenic
capitals in NCP co-production and (ii) identify patterns
of governing co-produced forest NCP via actor
relationships. Our findings revealed three patterns: (1)
governance of timber production via financial flows; (2)
governance of knowledge and labour for climate
regulation; and (3) governance for habitat management.
Making actor—capital relationships tangible provides
evidence to inform decision-making by tracing how
specific actors favour certain capitals potentially
influencing the sustainability of NCP co-production.

Keywords Anthropogenic assets -
Ecosystem services co-production - Forest management -
Sustainable management

INTRODUCTION

Forest ecosystems around the world are coming under
increasing pressure from human demands, shifting weather
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patterns, and land-use changes (Allen et al. 2015; Haddad
et al. 2015; Brodribb et al. 2020). Responding proactively
to these pressures will require flexible governance and
management systems that facilitate rapid responses to
ensure the long-term provision of and access to nature’s
contributions to people (NCP) provided by forest ecosys-
tems (Hernandez-Morcillo et al. 2022; Felton et al. 2023).
Although there has been considerable research on adapting
to these challenges by individuals or organisations (e.g.
Bolte et al. 2009; Keskitalo 2013; Hernandez-Morcillo
et al. 2022; Mann et al. 2022), adaptation across more
diverse actor networks remains poorly understood.
Understanding how social networks composed of different
actors perceive and respond to changes in forest ecosys-
tems to balance trade-offs between different forest NCP is
a first step towards the requisite network management
strategies.

In forests and other ecosystems, NCP are produced by
an interplay between nature and humans in a process
known as co-production (Spangenberg et al. 2014; Lavorel
et al. 2020), which relies on various anthropogenic capitals:
human, social, physical, and financial (Palomo et al. 2016;
Kachler et al. 2023). People modify and manage forests to
supply NCP, and forests respond to the actions of humans
through ecological dynamics such as growth, herbivory,
and succession (Reyers et al. 2013; Bruley et al. 2021). In a
forest context, anthropogenic capitals refer to knowledge
and skills within forest management practices or manual
labour needed to harvest timber (human capital); rules and
norms, such as forest -certifications (social capital);
machinery and tools, such as chainsaws or harvesters, and
infrastructure, such as skid roads, (physical capital); and
monetary stocks and flows, including governmental direct
payments, loans, or savings (financial capital) (see S1 for
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detailed definitions) (Palomo et al. 2016; Isaac et al.
2024b).

The co-production concept has been applied across
various ecosystems, including forests (Torralba et al. 2018;
e.g. Bruley et al. 2021; Palliwoda et al. 2021), to under-
stand the relative importance of natural and anthropogenic
assets, the substitutability or reversibility of capital use,
and the sustainability of NCP co-production (Locatelli
et al. 2024). Management approaches to the co-production
of forest NCP materialise in multiple forms. For example,
timber may be harvested using suitable machinery or tools
(Fischer and Eastwood 2016); agroforestry practices can
support micro-climate regulation by increasing shade via
tree cover expansion (Lavorel et al. 2020); and pruning or
tree lopping, which are based on the use of tools and
manual labour, may lead not only to more expansive tree
cover but also to higher acorn production, a fruit tradi-
tionally used as fodder around the Mediterranean (Garrido
et al. 2017). Similarly, locally adapted forest management
may draw on manual labour, knowledge, and husbandry
skills to co-produce numerous regulating NCP. For exam-
ple, afforestation of high-alpine slopes may mitigate the
risk of avalanches and create habitat for species (Bruley
et al. 2021); and traditional burning practices in Australian
woodlands can reduce the likelihood of destructive hot fires
(Yibarbuk et al. 2001). Understanding how anthropogenic
capitals are used to co-produce NCP, and by whom, is
crucial for land management decisions that aim for the
sustainable provision and use of NCP (Rieb et al. 2023;
Locatelli et al. 2024).

Forest managers’ and owners’ decisions influence which
NCP are prioritised (Mann et al. 2022) and how they are
co-produced. For example, multi-functional, integrated, or
multi-objective forest management supports the provision
of multiple forest NCP, while intensive forestry manage-
ment approaches predominantly focus on the production of
timber (Pukkala 2016; Borrass et al. 2017). Decisions
related to forest management and the prioritisation of NCP
and mobilisation of anthropogenic capitals rely on pro-
cesses established by diverse actors in formal and informal,
often polycentric, governance settings across multiple
levels (e.g. Arts 2021; Primmer et al. 2021; Mann et al.
2022). Forest governance typically includes “network-like
arrangements of public and private actors, self-regulation
by market organisations, public—private partnerships,
emission trading schemes, covenants, certification pro-
grams, etc.” (Arts and Buizer 2009, 344). Thus, actor
relationships in formal and informal networks can shape
how forests and their contributions to people are managed
(e.g. Korhonen et al. 2012; Keskitalo et al. 2014; Schulz
et al. 2018). For example, in Switzerland, where forest
policy-making is mainly driven by a small network of
expert knowledge holders, Schulz et al. (2018)
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demonstrated a significant effect of non-governmental
organisation (NGO) networks on forest policy. Actor net-
works also promote trust and information exchanges,
which have been described as enabling factors for collab-
oration in NCP and forest governance across governance
levels, from local to international, and across sectors (e.g.
Keskitalo et al. 2014; Borg et al. 2015; Stoettner and Ni
Dhubhain 2019). Despite the relevant role of actor net-
works in shaping forest governance processes (e.g.
Korhonen et al. 2012; Keskitalo et al. 2014; Knoot and
Rickenbach 2014; Borg et al. 2015), social network effects
on the governance of NCP co-production, in particular the
effects on anthropogenic capital use, have only recently
been investigated in few studies (e.g. Jeric-Daminello
et al. 2021; Barraclough et al. 2022).

Previously, the influence of forest governance networks
on NCP co-production has been studied only implicitly.
For example, by exploring the interlinkages between social
capital and governance of forests resources (Gorriz-Mifsud
et al. 2016) or investigating how network interactions
underpin the establishment of mushroom hunting regula-
tions (Gorriz-Mifsud et al. 2017). Despite these studies, it
remains uncertain how actors are connected across gover-
nance levels via specific anthropogenic capitals underpin-
ning forest NCP.

To address this research gap and understand how local
forest actors perceive the governance of anthropogenic
capitals in forest NCP co-production, we conducted social
network analyses (SNA) based on interviews in three case
study sites across Germany. Specifically, we aimed to
identify (i) which actors were most relevant for the gov-
ernance of specific anthropogenic capitals in forest NCP
co-production; and (ii) patterns of actors and their con-
nections via anthropogenic capitals when governing forest
NCP co-production.

MATERIALS AND METHODS
Study sites

This research is embedded in the long-term and large-scale
research platform Biodiversity Exploratories and focuses
on three study sites across Germany, located in the
Schorfheide-Chorin (State of Brandenburg) in the North
East, the Hainich-Diin (Free State of Thuringia) in the
centre, and the Schwibische Alb (State of Baden-Wiirt-
temberg) in the South West (Fischer et al. 2010b) (Fig. 1).
Schorfheide-Chorin encompasses a UNESCO' biosphere
reserve, the World Heritage site Grumsin Forest, and is
characterised by a diverse landscape of forests, lakes, and

! United Nations Educational, Scientific and Cultural Organization.

www.kva.se/en



Ambio 2025, 54:1835-1851

1837

biodiversity
exploratories

functional biodiversity
research

‘ Schorfheide-Chorin ‘
15 foresters, 2 conservationists :

N omsanE

‘ Hainich-Diin

9 foresters, 1 conservationist

Schwaébische Alb

‘ | 10 foresters, 2 conservationists J

Federal Republic of Germany © 75 150 km
[ E—

Fig. 1 A Map of the case study sites in Germany indicating the number of interviews per case study site and sector the respondents belong to
(total number of interviews n = 39). This figure is based on data provided by the Biodiversity Exploratories Information System (BEXIS) (2022)
and Esri Deutschland GmbH (2018). Photos of forests in the case study sites: B Schorfheide-Chorin (photo by Berta Martin-Lépez), C Hainich-

Diin, D Schwibische Alb (both photos by Roman Isaac)

agricultural fields (Landesamt fiir Umwelt Brandenburg
2023; UNESCO 2023). Hainich-Diin is characterised by a
mix of productive forests and agricultural land and contains
the Hainich National Park, including another UNESCO
World Heritage site (Nationalpark Hainich 2023; UNESCO
2023). Schwibische Alb includes a UNESCO biosphere
reserve and is characterised by forests and grasslands on a
sub-montane and montane plateau (Biosphidrengebiet
Schwiibische Alb 2023).

Data collection

Following other SNA studies (e.g. Knoot and Rickenbach
2014), we used interviews with forest actors as the basis for
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our analysis. We conducted 39 semi-structured interviews
(17 in Schorfheide-Chorin, 10 in Hainich Diin, 12 in
Schwibische Alb) between May and November 2021 with
local forest actors (33 foresters, one forestry contractor,
two representatives for each biosphere reserve, and one
representative for Hainich National Park) (Fig. 1). The
interviews were pre-tested outside the study sites and
adapted accordingly before being conducted. Most
respondents were male (n = 37) with an average age of
53.5 years. We selected respondents in three ways. First, by
approaching foresters within the Biodiversity Explorato-
ries’ experimental plots to participate. Second, by con-
tacting the biosphere reserve and national park
representatives via their respective administrations. Third
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and due to COVID-19 travel restrictions and the reluctance
of some foresters to be interviewed, we followed an
extended egocentric network approach by including nodes
connected to direct contacts of an individual actor, i.e.
“friends of friends” (Marin and Wellman 2011, p.20), an
approach termed “snowball sampling”. Snowball sampling
is a common technique when collecting data for social
networks on NCP (Oteros-Rozas et al. 2014; e.g. Aguilar
Rodriguez et al. 2021) and the willingness of potential
respondents to participate is often higher when referred to
by one of their friends or colleagues (Borgatti et al. 2022).

To begin the interview, we presented 11 NCP to the
respondents using laminated images, each representing one
NCP, and a whiteboard with magnets (Isaac et al. 2024a;
Kachler et al. 2024). Respondents selected the five most
relevant NCP for their well-being out of these 11 NCP.
Subsequently respondents ranked the five selected NCP
according to their importance to them, from least important
to most important. We then asked a set of questions solely
for the first-ranked NCP. We did so to avoid respondent
fatigue due to lengthy interviews. Questions targeted the
importance of the NCP, the use of different anthropogenic
capitals in the management and use of the NCP, and how
other actors or organisations influence the co-production of
this specific NCP. In contrast to representatives of the
national park and biosphere reserves, foresters answered
additional and more specific questions regarding their
management practices for timber production and habitat
management to better understand the on the ground use of
anthropogenic capitals. The interviews were recorded and
anonymised before processing with the respondents’ con-
sent and according to the approval of UNIVERSITY’S
ethics review committee (EB-Antrag 2021-03-0-Martin-
Lopez). All interviews were transcribed using the NVIVO
software (Alfasoft GmbH 2023).

Data coding

The interview transcripts were analysed using a predefined
coding set assessing the relationships between actor rele-
vant for the co-production of NCP. To code NCP, we
followed the Intergovernmental Science-Policy Platform
on Biodiversity and Ecosystem Services (IPBES) general-
ising perspective (Diaz et al. 2018) and regrouped the
presented NCP into four NCP groups: (1) timber produc-
tion, (2) climate regulation (including carbon sequestration
and micro-climate regulation), (3) habitat creation and
maintenance (including habitat maintenance, pollination,
and natural pest control, as a more diverse habitat likely
provides better conditions for species that provide pest
control and pollination (Palliwoda et al. 2021)), and (4)
non-material NCP (including all physical activities in
nature, the observation and enjoyment of plants, animals,
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and landscapes). The relationship between actors involved
in NCP co-production was characterised by the governance
level at which they operate, the actor group they belong to,
the NCP they co-produce, and the anthropogenic capitals
by which two actors were connected when doing so
(Table 1; Table S2). These data were coded based on the
description provided by the interviewees.

Social network analysis

Social networks are formed by actors via one or multiple
interactions (Marin and Wellman 2011). Actors within
social networks are referred to as nodes, and their con-
nections are known as ties (Borgatti et al. 2022). For a full
description of social network analysis (SNA), see supple-
mentary material S3. From the interview data, we extracted
a list of ties between actors characterised by the anthro-
pogenic capitals through which they were connected.
Based on these ties, we generated and visualised a network
for each NCP (timber production; climate regulation;
habitat creation and maintenance; non-material NCP) plus
a combined network based on these, using NodeXL and
Gephi (Figs. 2, 3, 4, 5, and 6) (Bastian et al. 2009; Smith
et al. 2010). The nodes within each network represent the
actors identified by the respondents. The ties between the
nodes represent the anthropogenic capitals used by the
actors to co-produce forest NCP (see legend of Figs. 2, 3, 4,
5, and 6). For each node in each network, we calculated
three commonly used centrality metrics: degree centrality,
betweenness centrality, and eigenvector centrality (Han-
nemann and Riddle 2011; Borgatti et al. 2022) (see S3 for a
full description). Further, we used a nonparametric Krus-
kal-Wallis test to identify whether differences for the
centrality metrics existed among actor groups. We first
tested for differences between the actor groups involved in
the co-production of each focal NCP and the combined
NCP network. We then tested whether connections
between actor groups differed when using specific
anthropogenic capital in the co-production of each NCP.
When the Kruskal-Wallis test identified significant differ-
ences, we used Dunn’s pairwise comparison tests in both
cases to evaluate differences between actor groups. All
statistical analyses were performed in XLSTAT 2020.3.1, a
plugin for Microsoft Excel (Addinsoft 2023).

Methodological limitations

Our study is subject to several methodological limitations.
First, we conducted research in three case study sites
selected for the long-term and large-scale research platform
Biodiversity Exploratories since they represent a gradient
of forestry intensity (Fischer et al. 2010b). The two bio-
sphere reserves and a national park within these sites may
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Table 1 Overview of codes used to assess the actor—actor relationship in forest NCP co-production characterised by the use of anthropogenic
capitals. For full coding set, see Table S2

Category Code Subcode Sources
Actor—actor Actor 1 Interviews
relationship Actor 2 Interviews
Governance level Local (case study); federal state; German national; European Union Isaac et al.
of actors (2024a, b)
Actor group Biodiversity Exploratories (project representatives and local management teams), Interviews

foresters; forest industry; forest owners; government; protected areas; societal

actors (i.e. NGOs, associations)
Nature’s contribution  Timber production Diaz et al.
to people (NCP) Climate regulation Carbon sequestration; micro-climate regulation (2018)

Habitat creation & Habitat maintenance; pollination, natural pest control

maintenance
Non-material NCP Physical activities in nature; observation and enjoyment of plants animals, and
landscape
Anthropogenic capital Human capital Labour; knowledge; skills Palomo et al.
Social capital Networks; institutions (2016)

Physical capital Tools and machinery; infrastructure

Financial capital  Direct payments; subsidies; revenue

Actor groups ™ SCH
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Fig. 2 The combined network displaying the perceived connections between actors across multiple governance levels involved in the co-
production of forest NCP, highlighting the three case study sites. Nodes portray actors: node size is proportional to actor’s degree centrality, node
colours represent the actor group, node shapes represent the governance level at which this actor operates (local, federal state, German national,
or EU level), and ties represent the anthropogenic capitals according to the legend. Tie strength is not considered. Grey underlay indicates actors
in the same case study site (SCH = Schortheide-Chorin, HAI = Hainich Diin, ALB = Schwibische Alb) and respective federal state. The empty
blue triangle represents the Austrian forest authority, which was the only actor not fitting to any of the governance levels described above
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Fig. 3 The network for timber production displays the perceived connections between actors across multiple governance levels involved in the
co-production of timber. Nodes portray actors: node size is proportional to the actor’s degree centrality, node colours represent the actor group,
node shapes represent the governance level at which this actor operates (local, federal state, German national, or EU level), and ties represent the
anthropogenic capitals according to the legend. Tie strength is not considered. Grey underlay indicates actors in the same case study site
(SCH = Schorfheide-Chorin, HAI = Hainich Diin, ALB = Schwiibische Alb) and respective federal state. The empty blue triangle represents the
Austrian forest authority which was the only actor not fitting to any of the governance levels described above

have influenced our results regarding the degree of col-
laboration between actors due to facilitation efforts by the
respective protected area administrations. Second, snow-
ball sampling may bias results as it favours the detection of
highly connected actors (van der Hulst 2011). For example,
this approach led to more interviews in Schorfheide-Chorin
than in the other two study sites, which may have been an
outcome of the high degree centrality found for the Bio-
sphere Reserve administration in this site. Third, forests in
our study are managed under the guiding principle “Schutz
durch Nutzung” (“conservation through utilisation™) to
foster the provision of multiple forest NCP (Borrass et al.
2017, 2), when in reality forest management still heavily
relies on timber production as a source of income (Sotirov
and Storch 2018; Lovri¢ et al. 2025). Thus, caution must be
taken when generalising our findings since this guiding
principle may have affected foresters’ perceptions regard-
ing the impacts of their management for regulating NCP. In
other words, the notion that managing forests for timber
production is supporting regulating NCP may have led to
denser networks for timber production and habitat creation
and maintenance. Finally and in contrast to other countries,
German forests and their management are strongly

@ Springer

regulated by policy documents across multiple governance
levels, limiting foresters in making decisions freely
(Sotirov and Storch 2018; Isaac et al. 2024b). For example,
some foresters in our study told us that highly productive
parts of their forest were decommissioned to meet con-
servation targets set by federal state policy, making it more
difficult to then provide the mass of timber set in their ten-
year forest plan. Such instances may have influenced for-
esters’ statements regarding their management of regulat-
ing NCP.

RESULTS

Governance networks affecting capitals in the co-
production of forest NCP

Social network analysis identified four separate forest NCP
networks and a combined network, including all NCP
(Figs. 2, 3, 4, 5, and 6). For the combined network, the
Biosphere Reserve administration in Schorfheide-Chorin
(SCH Biosphere Reserve) had the highest degree centrality
(Fig. 2, Table S4). The EU had the highest betweenness

www.kva.se/en
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Fig. 4 The network for the regulation of climate displays the perceived connections between actors across multiple governance levels
contributing to climate regulation. Nodes portray actors: node size is proportional to the actor’s degree centrality, node colours represent the actor
group, node shapes represent the governance level at which this actor operates (local, federal state, German national, or EU level), and ties
represent the anthropogenic capitals according to the legend. Grey underlay indicates actors in the same case study site (SCH = Schortheide-
Chorin, HAI = Hainich Diin, ALB = Schwibische Alb) and respective federal state

centrality since it facilitated most connections of otherwise
unconnected actors. Local government on Schwibische-
Alb (ALB Government), i.e. municipalities and district
authorities, had the highest eigenvector centrality, thus
being most connected to other well-connected nodes
(Fig. 2, Table S4). Between actor groups, we found highly
significant differences for degree (x* = 19.696, d.f. = 6,
p <0.003) and betweenness (12 =23.392, d.f =6,
p < 0.001). Dunn’s multiple comparison test (p < 0.01)
indicated that forest owners had the highest degree cen-
trality while betweenness centrality was highest for the
Biodiversity Exploratories and forest owners (Table S5).

Timber production

For the network on timber production (Fig. 3), we found
forestry contractors in Schorfheide-Chorin (SCH forestry
contractors) to have the highest degree centrality. Forest
certification (GER forest certification), referring to both the
Forest Stewardship Council (FSC) and the Programme for
the Endorsement of Forest Certification Schemes (PEFC),
had the highest betweenness centrality, exerting high
control over the network by providing rules for forest
management (social capital) (Table S4). Forestry contrac-
tors in Schwibische Alb (ALB Forestry contractors) scored

www.kva.se/en

highest for eigenvector centrality (Fig. 3). Here, we did not
find significant differences between centrality metrics
among the actor groups. However, we found differences in
degree (3> =7.728, d.f. = 3, p < 0.052) and betweenness
centrality (y* = 7.068, d.f. = 3, p < 0.070) between actor
groups regarding their influence on financial capital
(Table 2). The forest owners group scored highest for
degree and betweenness centrality (based on Dunn’s mul-
tiple comparison test (p < 0.01), Table S6. Here, statistical
tests revealed a pattern showing the importance of forest
owners for timber production by being connected to other
actors via financial capital, referred to as Pattern 1 gov-
ernance of timber production via financial flows.

Climate regulation

The climate regulation network had fewer connections and
was less dense than the timber production network (Fig. 4).
The Biosphere Reserve administration in Schorfheide-
Chorin (SCH Biosphere Reserve) took a central position in
this network, scoring highest for degree centrality,
betweenness centrality, and eigenvector centrality
(Table S4). Here, we found differences in degree centrality
for actor groups (> = 11.20, d.f. = 6, p < 0.082, Table S5.
Protected areas had the highest degree centrality (but no
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Fig. 5 The network for habitat creation and maintenance displays the perceived connections between actors across multiple governance levels
contributing to this NCP. Nodes portray actors: node size is proportional to the actor’s degree centrality based on degree, node colours represent
the actor group, node shapes represent the governance level at which this actor operates (local, federal state, German national, or EU level), and
ties represent the anthropogenic capitals according to the legend. Tie strength is not considered. Grey underlay indicates actors in the same case
study site (SCH = Schortheide-Chorin, HAI = Hainich Diin, ALB = Schwiibische Alb) and respective federal state

significant differences based on Dunn’s multiple compar-
ison test (p < 0.01), Table S5. For eigenvector centrality,
we found differences between actor groups when consid-
ering their influence concerning human capital for climate
regulation specifically (12 =17.700, d.f. =3, p <0.053;
Table 2). The Biodiversity Exploratories and forest indus-
try actors were the groups with the highest eigenvector
centrality (but no significant differences based on Dunn’s
multiple comparison test (p < 0.01), Table S7). Their
influence can be executed via disseminating expert
knowledge and using manual labour. This is referred to as
Pattern 2 governance of knowledge and labour for climate
regulation.

Habitat creation and maintenance

The habitat creation and maintenance network included
more actors (Fig. 5) than the climate regulation network. It
was the only network in which five actors scored highest
for degree centrality: an ornithologist (ALB Expert) and a
forester (ALB Forester9) in the Schwibische Alb, a for-
ester (SCH Forester5) and the Biosphere Reserve admin-
istration (SCH Biosphere Reserve) in Schorfheide-Chorin,
and the EU, which also scored highest for betweenness
centrality. A local non-governmental organisation (NGO)
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in Schwibische Alb scored highest for eigenvector cen-
trality (ALB NGO) (Table S4). Among actor groups in this
network, we found significant differences for degree cen-
trality (12 = 13.003, d.f. = 6, p < 0.043) and betweenness
centrality (X2 = 14.502, d.f. = 6, p < 0.025). The protected
areas actor group was most relevant in both (Dunn’s
multiple comparison test (p < 0.01); Table S5). Similarly,
we found differences for degree centrality (y* = 11.475,
df.=5 p<0.043) and betweenness centrality
(f* = 10374, d.f. =5, p <0.065) among actor groups
when considering their influence in the use of social capital
to create and maintain habitat specifically (Table 2). Pro-
tected areas were the actor group with the highest degree
centrality and betweenness centrality. Still, based on
Dunn’s multiple comparison test (p < 0.01), Table S8),
there were no significant differences between groups. Thus,
protected areas were found to be well connected via social
capital. This dual role of protected areas is described as
Pattern 3 governance for habitat management.

Non-material NCP
The non-material NCP network was more fragmented with

more loosely connected actors than in the other NCP net-
works. Most interactions between actors were found in
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A European Union

Anthropogenic capital
Human capital
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= — — = Physical capital
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Fig. 6 The network for non-material NCP displays the perceived connections between actors across multiple governance levels contributing to
this NCP. Nodes portray actors: node size is proportional to the actor’s degree centrality, node colours represent the actor group, node shapes
represent the governance level at which this actor operates (local, federal state, German national, or EU level), and ties represent the
anthropogenic capitals according to the legend. Tie strength is not considered. Grey underlay indicates actors in the same case study site

(SCH = Schortheide-Chorin, HAI = Hainich Diin, ALB = Schwibische Alb) and respective federal state

Table 2 P values from the Kruskal-Wallis test for degree centrality, betweenness centrality, and eigenvector centrality showing differences
between actor groups in their influence on the use of each anthropogenic capital underpinning the co-production of timber production, climate
regulation, habitat creation and maintenance and non-material NCP. Significant p values are presented in bold font

Anthropogenic capital category

Network centrality metric

Nature’s contributions to people (NCP)

Timber Climate Habitat Non-material
production regulation creation & NCP
maintenance
Human capital Degree 0.115 0.169 0.384 0.399
Betweenness 0.183 0.169 0.325 0.374
Eigenvector 0.207 0.053 0.243 0.536
Social capital Degree 0.253 0.394 0.043 0.799
Betweenness 0.295 0.461 0.065 0.699
Eigenvector 0.369 0.887 0.320 0.677
Physical capital Degree 0.265 - 0.883 0.299
Betweenness 0.276 - 0.883 0.299
Eigenvector 0.725 - 0.630 0.437
Financial capital Degree 0.052 0.260 0.341 0.533
Betweenness 0.070 0.322 0.640 0.262
Eigenvector 0.774 0.850 0.884 0.979

Schwibische Alb (Fig. 6). Here, a local NGO (ALB NGO)
scored highest for degree centrality, betweenness central-
ity, and eigenvector centrality, since it managed local

infrastructure for recreational activities, such as hiking
trails, and was connected to other actors by all four capital
categories (Table S4). In contrast to the other networks, we
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neither found significant differences between actor groups
for the co-production of non-material NCP (Table S5) nor
between actor groups for the use of specific anthropogenic
capitals (Table 2, Table S9). Hence, we could not derive a
governance pattern for this NCP. Finding for few ties for
non-material NCP and not being able to derive a gover-
nance pattern for these may be due the respondents’
background in forestry and conservation rather than tour-
ism or local government.

DISCUSSION

Our analysis of data from 39 interviews about the co-pro-
duction of multiple NCP in forests in three German sites
uncovered three different actor constellations affecting
anthropogenic capitals: (1) governance of timber via
financial flows, (2) governance of knowledge and labour
for climate regulation, and (3) governance for habitat
management. Our findings provide useful insights into the
trade-offs involved in the inclusive governance of diverse
networks and can contribute to existing debates on NCP
co-production (e.g. Bruley et al. 2021; Kachler et al. 2023;
Giacomelli et al. 2024; Locatelli et al. 2024) and forest
governance that seeks to achieve the sustainable supply of
multiple forest NCP (e.g. Sheppard et al. 2020; Hernandez-
Morcillo et al. 2022; Mann et al. 2022; Lovri¢ et al. 2025).

Actor contributions to co-producing forest NCP

The combined network of actor-to-actor relationships for
four NCP, including material, regulating, and non-material
NCP (Fig. 2), reflects the diverging and sometimes con-
flicting demands that forest management, in Germany and
elsewhere, needs to account for and integrate (Borrass et al.
2017). Three main messages can be derived from the
analysis of this network. First, regional context matters
when discussing decision-making processes in forest
management (Knoot and Rickenbach 2014). Biosphere
reserves, for example, provide a setting in which the co-
production of various NCP can be achieved (Palliwoda
et al. 2021) and were established to enhance cooperation
among actors (Stoll-Kleemann and O’Riordan 2018). Thus,
they serve as a “designated coordinator” (Bodin 2017, 6).
Our findings illustrate that biosphere reserves and their
administrations fulfil a participatory and collaborative role
in governing forest NCP co-production (Schultz et al.
2011), since they ranked high for centrality metrics in
Schorfheide-Chorin (degree centrality) and Schwibische
Alb (eigenvector centrality). Whether this role applies for
biosphere reserves regarding NCP co-production in other
ecosystems needs further investigation.
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Second, and as found for other social-ecological inter-
actions (e.g. Barnes et al. 2017; Felipe-Lucia et al. 2021;
Metzger et al. 2021), forest NCP co-production is governed
by actor-to-actor relationships across multiple levels (e.g.
Arts 2021; Hernandez-Morcillo et al. 2022; Isaac et al.
2024b). These cross-level interactions tend to facilitate the
coordination of actors at one, predominantly the lower,
governance level (Bodin 2017). For example, without an
explicit forest governance mandate, the EU indirectly
coordinates forest actors at lower levels via various con-
servation policies, such as the Habitats Directive (92/43/
EEC) (Elomina and Piilzl 2021). It is important to note that
no organisation at the international level was mentioned by
respondents concerning forest NCP co-production. For
example, UNESCO only appeared in the declaration of
names of the biosphere reserves, i.e. UNESCO Biosphere
Reserve Schorfheide-Chorin.

Third, and advancing on Stoettner and Ni Dhubhain
(2019) and Westin et al. (2023), who found forest owners’
values and degree of engagement within social networks
influenced their management strategies, our findings for
actor groups indicate that forest owners drive decisions in
forest management by favouring specific anthropogenic
capitals. Although we did not specifically test for different
forms of power (see, e.g. Vallet et al. 2020), forest owners
are able to exert power over other actors by influencing
their choice of capitals. Like other powerful actors, they
can frame management approaches and thus impact NCP
provision (Morrison et al. 2019), for example, by choosing
less invasive harvesting techniques despite higher costs to
support the maintenance of habitat. Remarkably, and
complementing the vital role of forest owners, we found
the Biodiversity Exploratories, a scientific actor, to be the
group with the highest betweenness centrality—underlin-
ing its role as relevant knowledge broker across the three
sites. Thus, and on a positive note for science, research and
science communication can contribute to facilitating col-
lective learning via collaboration (Bodin 2017).

Timber production

Timber production in the three sites appears to be strongly
influenced by forestry contractors in Schorfheide-Chorin
(highest degree centrality) and Schwibische-Alb (highest
eigenvector centrality) (Fig. 3). This finding is supported
by Johansson et al. (2021), who describe contractor’s
competence and resources, a human and a physical capital,
as critical factors influencing their performance during
timber harvest. Timber production and forests are also
affected by certification schemes (Rametsteiner and Simula
2003). Thus, the central role of forest certification bodies
(e.g. PEFC or FSC), is unsurprising since in 2019 75 to
83% of forests in Germany were certified
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(Umweltbundesamt 2020). Although forest owners’ and
industry actors’ motivations differ when adopting certifi-
cation schemes, they mainly aim to improve marketing
opportunities and company appearance regarding sustain-
ability (Zubizarreta et al. 2021). Despite prioritising
material NCP, forest owners and industry actors in the
three study sites perceived biodiversity loss as a significant
risk to the economy (Peter et al. 2022). Timber production
not only is a means to generate profits (Knoot and Rick-
enbach 2014), but to acquire financial capital, as illustrated
by pattern 1 governance of timber via financial flows,
needed for other anthropogenic capitals underpinning other
less-income generating NCP (i.e. non-material and regu-
lating forest NCP) (Lovri¢ et al. 2025). Thus, NCP co-
production entails synergies between material and non-
material NCP (Nicolas-Ruiz et al. 2023) and is based on
complementarity between natural and anthropogenic capi-
tals (Locatelli et al. 2024), as well as on complementarity
between different forms of anthropogenic capitals.

Climate regulation

Climate regulation within the sites depends on the bio-
sphere reserve’s administration mediating role and the
strict protection of forests in their core zones (Stoll-Klee-
mann and O’Riordan 2018). Protected forest has the
highest carbon stocks in living biomass (Duncker et al.
2012). In contrast to this strict protection, the second pat-
tern governance of knowledge and labour for climate
regulation stresses that knowledge dissemination by expert
organisations, such as the Biodiversity Exploratories, can
contribute to improving climate regulation. This finding not
only provides evidence that the Biodiversity Exploratories
successfully fulfil their project aim (Fischer et al. 2010a),
but contributes to what has been described as “cognitive
co-production” by providing knowledge on the existence
of climate regulation as an NCP (Giacomelli et al. 2024).
Yet, when comparing to denser networks for timber pro-
duction and habitat creation and maintenance, where co-
production is mainly based on physical labour, the use of
machinery and tools, or financial capital, the sharing of
knowledge for climate regulation could still be enhanced
through increasing collaborations in the three study sites.
For example, for more transdisciplinary approaches, such
as co-creation, co-production, or co-design of knowledge
(Hakkarainen et al. 2021), involving scientists, forest
actors, and policy makers could lead to better use of other
anthropogenic capitals underpinning the capacity of forests
to sequester carbon and regulate the micro-climate. Second
and similar to the timber production network, forest
industry actors, particularly contractors, appear to con-
tribute to climate regulation through afforestation and
reforestation practices (Jandl et al. 2007). These are labour-
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intensive and rely on suitable machinery, such as mecha-
nised transplanters, and specific skills to operate these
machines. Thus, our findings support the notion that NCP
co-production largely depends on “people with ‘suitable’
identities and capabilities”, e.g. a specific skill set (Fischer
and Eastwood 2016, 49).

Habitat creation and maintenance

Collaboration among actors appears to be particularly rel-
evant for habitat creation and maintenance in the three
sites. Collaborative governance aims to balance diverging
interests but does not necessarily entail solving social-
ecological problems (Bodin 2017). Here, collaboration
may contribute to creating and maintaining habitat but
might fail to address the underlying causes of habitat loss,
such as unsustainable forms of co-production, i.e. priori-
tising one NCP at the expense of others (Locatelli et al.
2024). Most often collaboration hinges on trust and infor-
mation exchange between like-minded actors (Borg et al.
2015). For example, collaborative and participatory
approaches in biosphere reserves were found to be more
successful than strict top-down conservation measures
(Stoll-Kleemann et al. 2010). Our findings further support
this claim by illustrating how collaboration between local
actors and an NGO in the Biosphere Schwibische Alb can
contribute to habitat conservation. Landscape maintenance,
as performed by the NGO, is needed to keep the nutrient-
poor grasslands open and free from reforestation as they
are important habitats for endangered insects, such as
specific butterfly (Papilionoidea) or grasshopper (Caelif-
era) species (Geschiftsstelle Biosphirengebiet Schwibis-
che Alb 2019; GeiBler-Strobel and Herman 2023). Local
NGOs are relevant actors in collaborative management
approaches, for example regarding monitoring in Natura
2000 sites (Louette et al. 2015) or community-based
management that fosters participation of locals in conser-
vation measures (Friedman et al. 2020). National parks, in
contrast, appear to engage less in collaborative processes as
illustrated by our findings for the Hainich National Park.
This may be due to the fact that fewer foresters manage
sites in or adjacent to the park while all foresters in this
study manage sites within the biosphere reserves.

Despite collaborative efforts at the case study level, our
analysis indicated the need for complementary top-down
approaches to maintain habitats. For example, conservation
policies, such as the Habitats Directive (CD 92/43//EEC)
and Birds Directive (CD 79/409/EEC), lead to the estab-
lishment of protected areas, such as Natura 2000 sites,
whilst targeting collaboration among actors to manage
these for the provision of multiple NCP (Schirpke et al.
2014; Pecurul-Botines et al. 2019). This has also been
described as increasing “vertical fit” (Bodin 2017, 4-5).
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The dual nature of protected areas in fostering collabora-
tion (e.g. actor-to-actor relationships) whilst enforcing top-
down regulations (e.g. conservation laws) is highlighted in
the third pattern governance for habitat management
(Metzger et al. 2021). Protected areas fulfil these roles by
acting as mediators between various governmental and
civil society actors. As “designated coordinators” (Bodin
2017, 6), they bridge interests in the provision of forest
NCP across sectors and governance levels (Keskitalo et al.
2014).

Non-material NCP

Previous research has demonstrated how non-material NCP
are provided and co-produced in protected areas and bio-
sphere reserves in particular (Eastwood et al. 2016; Palli-
woda et al. 2021). Good conservation status increases the
potential for non-material NCP (Maes et al. 2012). For
example, the Biosphere Reserve Schwibische Alb is val-
ued for its recreational opportunities by local and non-local
visitors (Miiller et al. 2019). They realise the potential
supply of non-material NCP by engaging with nature, e.g.
through recreational activities, such as hiking or cycling
(Bieling 2014). Thus, non-material NCP depend on both
their provision and realisation by their beneficiaries (Bru-
ley et al. 2021).

Infrastructure, both recreational (e.g. picnic sites) and
non-recreational (e.g. forest roads), supports the co-pro-
duction of non-material NCP (Palliwoda et al. 2021). Good
infrastructure facilitates easy access for visitors to natural
areas and enhances opportunities to obtain non-material
NCP (Schégner et al. 2016; Crouzat et al. 2022). Our
findings suggest that collaboration among actors is useful
for managing this infrastructure. Hiking trails in
Schwibische Alb, for example, are maintained by a local
NGO and in close collaboration with the biosphere reserve
administration, regional tourism organisations, conserva-
tion and forest authorities (Geschiftsstelle Biosphirenge-
biet Schwibische Alb 2019). This contrasts with recent
research highlighting that farmers in a Norwegian bio-
sphere reserve contributed most to maintaining recreational
paths (Barraclough et al. 2022). For the other two sites in
this study and in contrast to the other NCP networks pre-
sented here, our focus on foresters and conservation man-
agers may have led to few mentions of non-material NCP
and recreational infrastructure. Future research should thus
account for actor group diversity to broaden perspectives
on the co-production of non-material NCP.

Like other research, our findings highlight the impor-
tance of social capital for co-producing non-material
NCP (Kachler et al. 2023; Giacomelli et al. 2024), but
further demonstrate that social capital mediates the
management of physical capital (i.e. recreational
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infrastructure). More specifically, this supports the notion
of biosphere reserves administrations as bridging actors
who facilitate collaboration between state and non-state
actors for non-material NCP provision (e.g. Schultz et al.
2011; Baird et al. 2018).

Implications for research and decision-making

Understanding the drivers of NCP co-production is bene-
ficial to land managers and decision-makers when
managing social-ecological systems for sustainable forms
of NCP co-production (Torralba et al. 2018; Locatelli et al.
2024). More specifically, NCP co-production depends on
those actors holding agency over specific anthropogenic
capitals (Felipe-Lucia et al. 2015; Bruley et al. 2021). We
identified three patterns of actors driving the use of
anthropogenic capitals in NCP co-production using SNA.
These patterns have several implications for decision-
making and future research.

First, land managers and owners depend on material
NCP to generate financial capital to support other anthro-
pogenic capitals and foster regulating and non-material
NCP. For example, timber remains the major source of
income in German forests despite the management aims of
accounting for forest multifunctionality and meeting the
societal demands for regulating and non-material NCP
(Borrass et al. 2017; Hernandez-Morcillo et al. 2022;
Lovri¢ et al. 2025). This dependence is exhibited in two
ways. For one, forest policy across governance levels in
Germany favour timber production, for example, by setting
rules for forestry associations that help small-scale forest
owners to bring their timber to market (Schraml 2005;
Isaac et al. 2024b). Moreover, our SNA showed a denser
network for timber production than for the other NCP
networks. This could imply a more distinct allocation of
responsibilities among actors involved in the co-production
of timber. To account for the multi-faceted NCP demands
and to overcome the dependence on timber for financial
income, policy-making needs to identify ways to support
land managers and owners financially whilst providing
regulation that incentivises less capital-intensive manage-
ment approaches. Research can support this development
by further investigating how synergies between different
anthropogenic capitals can reduce financial dependencies.

Second, we showed that the knowledge sharing by sci-
entific actors is valuable for climate regulation. While
researchers have been criticised for falling short of com-
municating scientific findings and making them applicable
to practice (Suldovsky et al. 2017), collaborative learning
through participatory communication can be beneficial
when addressing complex environmental problems (Bodin
2017). Researchers can make useful contributions by
engaging more strongly with other actors, for example,
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through transdisciplinary approaches, to generate knowl-
edge relevant for managing climate change mitigation and
adaption actions (Chambers et al. 2021; Hakkarainen et al.
2021).

Third, actors collaborate via using anthropogenic capi-
tals to create and maintain habitat but are coordinated by
protected area staff. Protected area managers tend to take a
mediating role if lacking formal power to enforce habitat
conservation measures (Stoll-Kleemann et al. 2010).
Nonetheless, power remains crucial when discussing the
promotion of specific NCP over others (Juerges et al. 2020;
Vallet et al. 2020). To support habitat creation and main-
tenance, research needs to further investigation is needed of
how power dynamics and actor interests affect the priori-
tisation of specific anthropogenic capitals, which may lead
to trade-offs between NCP. In turn, decision-makers need
to be aware that favouring certain capitals, e.g. using heavy
machinery to increase efficiency, may negatively impact
regulating NCP.

Fourth, our findings showed that the co-production of
non-material NCP was underrepresented when compared to
the other NCP investigated in this study. While policy
documents affecting our study sites require forests to be
managed for the provision of multiple NCP (Isaac et al.
2024b), foresters and protected area representatives rarely
appear to be involved in the co-production of non-material
NCP, except for Schwibische Alb where a local NGO and
the biosphere reserve administration collaborate to main-
tain recreational infrastructure. Thus, future research needs
to further investigate collaborations of forest actors,
recreation and tourism focussed actors, and local govern-
ments to maintain recreational infrastructure. To support
foresters in co-producing non-material NCP and meeting
societal demands, forest policy across governance levels
needs to establish incentive-based approaches, e.g. pay-
ments for ecosystem services (Hernandez-Morcillo et al.
2022; Lovri¢ et al. 2025).

CONCLUSION

We identified the most relevant actors in the management
of different anthropogenic capitals involved in the co-
production of forest NCP and derived governance pat-
terns of these NCP. Our findings highlight that the co-
production of material NCP across diverse governance
networks is governed by a few actors and facilitated by
financial capital flows. In contrast, the co-production of
regulating NCP depends on collaboration between a
broad range of actors and the coordination by protected
areas. Furthermore, we found weak additional support for
the governance of non-material NCP co-production rela-
ted to collaboration between actors in managing
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infrastructure facilitating access to natural areas. We did,
however, find that social capital mediates the manage-
ment of physical capital in the co-production of non-
material NCP. These findings contribute to a better
understanding of the wunderlying actor relationships
favouring the use of individual capitals in the co-pro-
duction of NCP and could thus shape whether co-pro-
duction processes can be sustainable.
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