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benefitting people. Understanding how NCP are co-produced by natural and an-
thropogenic capitals is needed to inform decision-making on sustainable land-use

practices.

. Through a systematic review of the literature, we compile existing empirical evi-

dence on NCP co-production and how this evidence was arrived at. We identi-
fied 237 observations from 25 publications on anthropogenic capital indicators
co-producing NCP. The reviewed studies were conducted mainly in cropland and

forest ecosystems and at the landscape level.

. Our results show that most evidence for co-production exists for material NCP,

with physical capital and/or human capital as main input. Interestingly, non-

material NCP relied mostly on human or social capital only, while material and
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regulating NCP involved multiple types of anthropogenic capital.

"Biodiversity Exploratories", Grant/Award 4. Our findings provide guidance for future research on how to explicitly incorpo-
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1 | INTRODUCTION

Nature's contributions to people (NCP) are fundamental for human
life (Hill et al., 2021). Since the launch of the Millennium Ecosystem
Assessment (2005), a vast amount of studies on NCP, ecosystem
services, and related concepts has been published, mostly focus-
ing on ways to value and map their supply (Schréter et al., 2021).
Most of these studies assume that nature generates benefits for
people while neglecting the contributions of human activities and

other forms of anthropogenic capital to their co-production. Recent

rate NCP co-production to analytically assess the relationships between anthro-

pogenic capitals and NCP provision.

anthropogenic assets, coproduction, ecosystem services, nature's contributions to people

literature highlights that NCP are not solely nature-given but mostly
co-produced by a combination of both natural and anthropogenic
capitals (Cook et al., 2020; Dvarskas, 2018; Lavorel et al., 2020;
Pérez-Soba Aguilar et al., 2019). Co-production refers to “a process
through which inputs from individuals who are not ‘in’ the same or-
ganisation are transformed into goods and services” (Ostrom, 1996,
p. 1073). We define co-production here as the joint contribution of
natural and anthropogenic capitals that generates material, regu-
lating, and non-material NCP (Diaz et al., 2015; Figure 1). The idea

of co-production has been operationalised in the science-policy
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FIGURE 1 Framework on nature's contributions to people (NCP) co-production depicting the interplay of natural and anthropogenic
(human, social, physical, and financial) capitals providing material, regulating, and non-material NCP. This interplay also creates synergies
and trade-offs among NCP and feedback from NCP to natural and anthropogenic capitals. Note that in this review we only look at the
relationship of the direction from anthropogenic capital to NCP (arrow with dashed line). Adapted from Diaz et al., 2018 and Palomo

etal., 2016.

interface arena by the Intergovernmental Science-Policy Platform
on Biodiversity and Ecosystem Services (IPBES).

The IPBES' conceptual framework around nature's contributions
to people highlights human and nature interactions and emphasises
the essential role of anthropogenic capital in mediating the provision
of nature's benefits to people (Hill et al., 2021; Kadykalo et al., 2019).
This framework extends the ecologically and economically coined
concept of ecosystem services by adding an emphasis on social, insti-
tutional, and cultural issues (Dean et al., 2021). Thus, it expands epis-
temological boundaries (Dean et al., 2021; Diaz et al., 2018; Kadykalo
et al., 2019) within which we place the conceptual framework of our
literature review. Using this framework, we adhere to the concept of
NCP in this literature review and acknowledge that NCP contribute
to human well-being or quality of life in various ways. Material NCP
refer to all material contributions (i.e. products, substances, or ma-
terial elements) directly nourishing or supporting people. Regulating

NCP refer to environmental processes and functions contributing to
human well-being, for example, through pollination and hazard miti-
gation. Non-material NCP refer to people's subjective or psychological
experience of nature, both individually and collectively, for example, by
getting inspired by nature (Bhattacharjee et al., 2022; Diaz et al., 2018).
Anthropogenic capitals, also termed anthropogenic assets (Palomo
et al., 2016), refer to “built infrastructure, health facilities, knowledge
(including [indigenous and local knowledge systems], and technical
or scientific knowledge, as well as formal and non-formal education),
technology (both physical objects and procedures), and financial as-
sets among others” (Diaz et al., 2015, p. 5). Natural capital refers to the
stock of natural resources and ecosystem functions. Anthropogenic
capital comprises human, social, physical and financial capital (see
Box 1 for definitions).

There is little empirical evidence on the role of different combina-
tions of natural and anthropogenic capitals in sustainability (Bennett
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BOX 1 Definitions of Capitals Based on
Goodwin (2003), Palomo et al. (2016) and Pretty
and Bharucha (2014)

Natural capital: stock of natural resources and ecosystem
functions that independently or combined with anthro-
pogenic capitals provide goods and services for human
well-being.

Human capital: stock of people's capabilities including
health, local knowledge, formal knowledge, skills, motiva-
tion and labour contributing to the provision and use of
NCP.

Social capital: (in)formal networks, trust, shared values,
and norms contributing to the provision and use of NCP.

Physical capital: human-made material resources and tech-
nology that contribute to the provision and use of NCP.

Financial capital: virtual mechanisms in the form of savings,
credits, and other monetary forms used for trading, main-
taining, or enhancing natural, human, social, or physical
capitals in the provision and use of NCP.

et al., 2021; Palliwoda et al., 2021; Setten & Brown, 2018). This gap
needs to be filled, as NCP co-production provides the framework to
achieve more sustainable landscape management and policy making by
understanding the biophysical and human factors that jointly underpin
NCP provision (Henriksson Malinga et al., 2018; Torralba et al., 2018).

Co-production can broadly be seen in two ways: (1) the physical
mobilisation of natural and anthropogenic capitals in the provision
of NCP, and (2) the cognitive process inherent to humans in the ap-
preciation of NCP (Lavorel et al., 2020). It is thus differentiated, as
Fischer and Eastwood (2016) put it, between the making of things
and the making of meaning. For example, physical processes can be
observed in agricultural material intensification that makes use of
irrigation, fertilisers, biocides and mechanisation to manage existing
lands more productively (Foley et al., 2011). Cognitive processes be-
come apparent when considering activities that are strongly driven
by knowledge, skills, preferences and motivations, such as particu-
lar forest management or conservation actions (Bruley et al., 2021).
Non-material NCP, in particular, are recognised to arise from social-
ecological interactions with intangible human contributions (Chan,
Guerry, et al., 2012; Chan, Satterfield, & Goldstein, 2012).

Often, co-production is a mixture of both physical and cognitive
processes. For example, appreciation of nature's beauty can be not
only the result of cognitive or psychological processes inherent in
individuals, but also physical management practices, such as tour-
ism infrastructure or making the landscape accessible (Palomo
et al., 2016).

Furthermore, the interplay of natural and anthropogenic capital
has opportunities to enhance multiple NCP, but it also risks generat-
ing certain NCP at the cost of others (Felipe-Lucia et al., 2014; Lee &

Lautenbach, 2016). On the one hand, knowledge on co-production
has the potential to create synergies: situations in which multiple
NCP co-vary positively (Mouchet et al., 2014). For example, tradi-
tional small-scale farming provides food and non-material cultural
values at the same time (Auer et al., 2017). On the other hand, knowl-
edge on anthropogenic capital inputs can help assess and evaluate
potential trade-offs: situations when, due to certain capital input,
one service increases and others decrease or when one stakeholder
benefits more from an NCP at the expense of other stakeholders
(Bennett et al., 2021; Howe et al., 2014; Palomo et al., 2016). For ex-
ample, new crop varieties and livestock breeds in combination with
increased use of mineral fertiliser, pesticides, and machinery can
substantially increase food production while depleting groundwater
for freshwater supply or irrigation, affecting pollinators and other
beneficial insects (Pretty & Bharucha, 2014).

Therefore, to manage multifunctional landscapes, we need to
better understand the interactions of natural and anthropogenic
capital in agricultural systems and how they can result in multiple
NCP (Bennett et al., 2021). To do so, it is critical to understand which
NCP can be best co-produced with different forms of capital and
actively promote synergies through management practices (Felipe-
Lucia et al., 2018; Palomo et al., 2016).

Moreover, the input of different forms of anthropogenic capital
may negatively affect natural capital, e.g., when agricultural ecosys-
tems and their biodiversity are negatively impacted by fertilisers or
biocides, eventually leading also to a loss of NCP. This loss might be
recovered by further anthropogenic and natural capital input. For
instance, when pesticide use has resulted in a decrease of local pol-
linator populations, the land-user might establish nectar-rich flower
strips or conserve non-crop habitats to support pollinators (Bianchi
et al., 2013).

To comprehend how co-production has been identified in NCP
and ecosystem services research, we conducted a systematic litera-
ture review of all empirical studies in this research field following the
PRISMA protocol (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses; Moher et al., 2009).

As the scientific literature on co-production has barely been op-
erationalised (Bruley et al., 2021; Palliwoda et al., 2021) we expect
that only a few publications have explicitly included this concept
in their study design. We expect to find more evidence for the co-
production of material and non-material NCP based on the assump-
tion that regulating NCP are generated mostly by natural capital
rather than by anthropogenic input (Spangenberg et al., 2014). We
hypothesise that a larger share of observations will involve physi-
cal capital compared to inputs of human, social, or financial capital.
This is because material inputs such as fertilisers can be measured
more easily than intangible factors such as the experience of land
users or institutional conditions. Most non-material NCP depend
on a genuine experience of nature (Rieb et al., 2017) or influences
of the media and its content on human-nature interactions (Silk
et al., 2021). Based on the assumption that these NCP are gener-
ated through cognitive processes inherent to individuals and that
interactions with nature may be shaped by formal or informal rules
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(Spangenberg et al., 2014), we hypothesise that non-material NCP
involve foremost human and social capital.

In order to assess existing evidence in the literature on co-
production of NCP, this systematic review aims to identify (1) how
co-production is defined and operationalised in the NCP and eco-
system services literature and (2) which constellations of natural
and anthropogenic capitals underpin material, regulating and non-
material NCP, as well as synergies and trade-offs between NCP. On
the basis of our findings, we provide an outlook for an agenda to

advance this emerging research field.

2 | METHODS

We used the Web of Science engine for the search, including pub-
lications that reported original case studies (i.e. excluding literature
reviews or theoretical work) published in English that (1) analysed
NCP or ecosystem services, (2) their provision, supply, demand, use
or value, and (3) explicitly or implicitly used indicators of anthropo-
genic capitals and linked them to NCP. For each of these criteria,
we developed a list of search words that were combined in our lit-
erature search (see Supporting Information for the complete search
string). The literature search was finalised on January 1st, 2021, and
resulted in the retrieval of 384 publications.

We reviewed titles, abstracts, and keywords to assess eligibility
based on a set of exclusion criteria (Table 1). In this literature re-
view, we excluded any theoretical work, non-peer-reviewed publica-
tions, or conference papers (Exclusion criterion 1). We also excluded
publications based on scenarios, theories, or hypothetical work, as
we wanted to retrieve empirical evidence from case studies only
(Exclusion criterion 2). The publication had to include NCP indicators
as well as anthropogenic capital indicators and jointly analyse them
so that we could draw conclusions for co-production. Publications
that included only one aspect or did not bring them together were
excluded (Exclusion criteria 3-6). Furthermore, in this literature

TABLE 1 Exclusion criteria for literature screening.

Exclusion criteria

1. Type of publication (exclude: theoretical paper/non-reviewed
publication/conference paper)

2. Co-production is identified through scenarios, theories or other
hypothetical means

3. Publication assesses NCP indicators but does not assess
anthropogenic capital indicators

4. Publication assesses anthropogenic capitals but does not assess
NCP indicators

5. Neither anthropogenic nor NCP indicators are assessed in the
publication

6. The publication assesses both, anthropogenic and NCP indicators,
but does not relate one to another (e.g. through multivariate
statistics, regression analysis, or content analysis)

7. The publication assesses the effect of anthropogenic capitals on
NCP degradation (or ecosystem disservices)

review, we only included publications in which anthropogenic cap-
itals lead to the provision of NCP. Publications that dealt with the
degradation of NCP as a result of anthropogenic capital input or fo-
cused on disservices were excluded (Exclusion criterion 7).

We retained 170 publications for further analysis. The concept of
co-production did not have to be explicitly stated in the publications,
but needed to be identifiable for two coders (JK, RI). For example,
Bravo-Monroy et al. (2015) state that pollination benefits on coffee
plantations are dependent on ecological and human factors (both
social and economic). The authors study the effect of these factors
on bee richness, abundance, and visitation frequency. Among their
research implications, they state that species-rich pollinator com-
munities that improve coffee yield can be potentially promoted by
coffee farmers. Although this study does not explicitly investigate
co-production, they refer to the idea of it and support the research
field of co-production through their findings. In another example,
Jackson et al. (2012) investigate biodiversity-based agriculture. The
authors argue that ecological intensification requires investing in
five key livelihood resources, which they call human, social, natural,
physical, and financial assets. In their work, they describe eight dif-
ferent agricultural landscapes that include NCP and identify social-
ecological domains that include landscape-level capital assets (i.e.
financial, physical, natural, human, and social/institutional capital).
Although the concept of NCP co-production was not mentioned,
its framework and investigation provides eligible evidence for this
review.

A full text screening to confirm alignment with our inclusion and
exclusion criteria retained 16 publications for complete analysis.
We added nine publications from other sources (mainly citations in
literature reviews that appeared in our initial search), resulting in a
total of 25 publications included in the final analysis (see Supporting
Information for the full list of reviewed publications).

To standardise our analysis, we developed a codebook that in-
cludes all relevant variables and tested the coding in a pilot classi-
fication with 10 publications by four authors. After agreeing on the
final codebook (Table S1), we coded the information from each study
in two separate databases.

The first database contained information on (1) the general data
from the studies (e.g. title, authors, year of publication, etc.), (2) the
study area (e.g. country, type of landscape, etc.), (3) the methodolog-
ical approach (e.g. type of data, type of analysis, etc.) but also (4) to
what extent the study involved the concept of co-production, and
(5) whether the paper analysed the supply, demand, or distribution
of NCP (as defined by the authors), and synergies or trade-offs be-
tween NCP.

The second database contained information on all types of re-
lationships between anthropogenic capitals and NCP. In this data-
base, we incorporated as many rows per study as links between
anthropogenic capitals and NCP found. For each relationship, we
included information on (1) the indicator and category (material,
regulating, non-material) of the NCP analysed, (2) the indicator
and category of the anthropogenic capital (human, social, physi-
cal, financial) involved, and (3) the indicator and category of NCP
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that appeared as synergy or trade-off in this relationship. We
coded NCP according to our classification (Table S1) and anthro-
pogenic capitals according to our definitions described in Box 1.
Extracting all observations reporting a linkage between at least
one anthropogenic capital and one NCP resulted in 237 observa-
tions of NCP co-production. The linkages were identified depend-
ing on the analytical method used in the reviewed publication,
where we distinguished between multivariate statistics, analysis
of variance, regression analysis, content analysis, and synthesis.
Multivariate statistics includes multiple correspondence analyses,
principal component analyses and redundancy analyses. Analysis
of variance includes ANOVA analyses and non-parametric tests.
Regression analysis includes standard types of regression anal-
yses and correlation tests. Content analysis refers to the direct
analysis of verbatim reports. Synthesis refers to the interpreta-
tion of evidence derived from various analyses. For publications
using regression analysis, principal component analysis, or other
types of correlations, we coded information on significant coeffi-
cients. For publications using content analysis, we coded citations
of qualitative results. Qualitative information did not have to refer
to co-production directly. A verbatim or summary of multiple ver-
batims of the authors had to contain information on the anthro-
pogenic capitals involved in the provision of NCP. This included
results such as “our interviewees mentioned how they had, with
the help of suitable machinery, produced timber from trees that
had grown on the estate” (Fischer & Eastwood, 2016, p. 45). For
the sake of simplicity, we refer to all our results as observations on

NCP co-production.

3 | RESULTS

3.1 | General trends in NCP co-production

Our systematic search identified 25 publications that show empirical
evidence of NCP co-production from a total of 384 scanned publi-
cations. The first publication with evidence on co-production was
published in 2005, but the number of publications only started to
increase in 2012 (Figure 2a). All publications present case study re-
sults, except for two expert reviews based on multiple case stud-
ies. Most of the publications provide evidence from Europe (24%),
followed by South America (19%), Asia (19%) and Africa (19%;
Figure 2b). Australia and Oceania (7%) and North America (10%)
are less represented. Some publications present results from multi-
ple continents and countries. Most studies cover a mix of different
types of landscape, dominated by cropland (25%), forest (20%) and
grassland (19%) (Figure 2c). Landscapes less studied are non-woody
natural vegetation (9%), marine and coastal areas (8%), freshwater
(6%), mountain (6%) and urban landscapes (5%).

Regarding the temporal scale, the majority of studies investi-
gates NCP at only one point in time (88%; Figure S2a). Regarding the
spatial scale, most studies analyse NCP at the landscape scale (64%;
Figure S2b). Other studies provide information on a smaller scale,

that is, farm (16%) or municipality (16%). There is only one study at
the multi-national scale and no publication at the global, continental
or national scale.

3.2 | Identification of co-production

Six publications (24%) employ the NCP co-production concept ex-
plicitly while the remaining publications do so implicitly (i.e. they
do not use the term but refer to the idea in their study design or
discussion). The publications dealing with the concept explicitly use
similar definitions or conceptualisations but highlight the relevance
of investigating NCP co-production differently.

For example, Fischer and Eastwood (2016) broadly interpret
co-production as “a process that involves both human and non-
human entities” (p. 43) and according to Lavorel et al. (2020)
“co-production is defined as the interplay of natural and human-
derived capitals for producing ecosystem services” (p. 2). Based on
their findings, Fischer and Eastwood (2016) advocate for consid-
ering people's identities and capabilities in evaluations of ecosys-
tem services, as these influence the transformation of ecosystem
structures into benefits.

Lavorel et al. (2020) argue that co-production of NCP is a critical
component of climate change adaptation and that ecological proper-
ties can only support adaptation through anthropogenic inputs such
as knowledge, infrastructure, social capital and participation of institu-
tions. They highlight that understanding co-production enables stake-
holders to target interventions and overcome barriers to the adoption,
management, and use of ecosystem services for climate adaptation.

Garcia-Llorente et al. (2012) show with their study that “eco-
system service trade-offs are determined by the joint operation of
biophysical and sociocultural factors” (p. 12) demonstrating that
ecosystem services are co-produced by ecosystems and social sys-
tems. The authors criticise that, instead of focusing on associations
between ecosystem services, research on ecosystem services trade-
offs needs to consider the biophysical and sociocultural factors that
determine these trade-offs.

Henriksson Malinga et al. (2018) explain that “interactions, be-
tween the natural environment, human skills and decisions, tech-
nology and infrastructure, and socio-non-material organization
and institutions, result in the coproduction of ecosystem services”
(p. 1). The authors argue that the analysis of multifunctional agri-
cultural landscapes needs to consider the factors underpinning co-
production as well as the diversity of demands, values, and benefits
of ecosystem services by different groups. According to the authors,
this information is required to measure and reward the performance
of multifunctional agricultural systems that can achieve integrated
environmental, social, and economic goals.

Similarly, in the context of Spanish rangeland systems, Torralba
et al. (2018) state that the co-production of ecosystem services
is “based on feedback processes in which a social system actively
shapes and modifies an ecosystem through farm management”
(p. 2). The authors highlight that policymakers need to recognise
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FIGURE 2 General trends in NCP and ecosystem services research addressing co-production. (a) Number of publications per year
of publication (n=25). (b) Number of publications per continent (can be multiple per publication; n=42). (c) Number of publications per
landscape studied (can be multiple landscapes per publication; n=64). *NWNV, non-woody natural vegetation.

these connections to “address the complex reality of rangeland social-
ecological systems” (p. 9). Vialatte et al. (2019) agree that landscapes
are shaped by stakeholders (e.g. farmers and foresters) and their ac-
tivities which directly modify ecosystems. These stakeholders are

thus not only beneficiaries but also co-producers of NCP.

3.3 | NCP and anthropogenic capitals
We identified a total of 237 observations on NCP and related an-
thropogenic capitals. Most observations on co-production refer to
material (38%), followed by non-material (33%) and regulating NCP
(27%). In general, co-production most frequently involves human
capital (32%), followed by physical capital (27%), and social capital
(25%). Financial capital is the type of anthropogenic capital for which
we found the least observations (16%).

The majority of publications are based on primary data (68%),

or both primary and secondary data (24%), and only 8% use data

from secondary sources (Figure S3). More studies use quantitative
data (52%) than qualitative data exclusively (16%), with 32% of the
publications using both quantitative and qualitative data (Figure S4).
Most studies focus exclusively on the supply side of NCP (68%), fol-
lowed by both supply and demand (20%) and demand of NCP (8%;
Figure S4). Only one study deals with the distribution of NCP (Hicks
& Cinner, 2014).

The main analytical methods used to detect co-production of NCP
are content analysis (42%), analysis of variance (30%), and multivari-
ate statistics (20%; Figure 3). Only a few observations are the result
of network analysis (6%) or synthesis (2%). The majority of evidence
for co-production of material and regulating NCP is derived through
content analyses. The majority of evidence for co-production of non-
material NCP is derived through analyses of variance. The content
analysis presents the largest share of evidence for anthropogenic cap-
itals. For observations on human and physical factors, this proportion
is relatively smaller than for social and financial capital. A relatively

higher amount of observations is derived through analyses of variance.
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3.4 | Linking NCP and anthropogenic capitals

3.4.1 | Material NCP

Physical (69%) and human (55%) capital are most frequently pre-
sented as a single or combined input for the 89 observations on ma-
terial NCP (Figure 4). This is followed by social (52%) and financial
(43%) capital. The majority (58%) of observations involve a combi-
nation of anthropogenic capitals, while 42% rely uniquely on one

capital type. Among the observations that include a combination of
anthropogenic capitals, 77% involve physical capital, which is most
frequently combined with social and human capital and, to a lesser
extent, with financial capital. Noticeably, 33% of observations on
combined capitals include all four types of anthropogenic capital.

Among the observations that involve only one type of anthropo-
genic capital (42% of total observations), the majority involve phys-
ical capital (57%) followed by human capital (22%), financial (14%),
and social capital (8%; see Box 2 for examples).
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BOX 2 Examples of co-production of material
NCP

Cereal production in Northern Ethiopia. Zeweld
et al. (2020) conduct a standardised questionnaire with
350 farmers in Northern Ethiopia. They combine observed
variables such as family size or livestock density with latent
variables such as relational capital in an ANOVA analysis to
assess differences in these variables related to the choice of
land management practises. In the next step, they apply an
endogenous switching regression model to assess the aver-
age impact of agricultural practices on material NCP such
as cereal yield per hectare, and per capita harvests (mate-
rial NCP). Farmers who apply contour terracing only have a
higher cereal yield per hectare and a higher per capita har-
vest. Contour terracing measures involve stone walls, soil
bunds and bench terracing (physical capital). Farmers who
apply organic fertiliser (physical capital) such as animal ma-
nure or other waste have a higher cereal yield per hectare
and a higher per capita harvest as well. The two measures
combined have a similar effect. Furthermore, the decision
to adopt these practises are driven by multiple factors such

as education, or family size (human capital).

Climate adaptive food systems in the Solomon Islands.
Lavorel et al. (2020) focus on the co-production of NCP
for climate change adaptation using five exemplary case
studies across different socio-ecosystems and continents.
Based on the authors' in-depth knowledge and published
material they carry out a qualitative, deductive analysis to
analyse co-production along three steps of the ecosystem
cascade: (i) ecosystem management; (ii) mobilisation; and
(iii) appropriation, social access and appreciation. One of
their case-studies from the Solomon Islands shows how all
four different types of anthropogenic capital are required
for food production (material NCP). Here, new food pro-
duction systems are based on workforce, skills, and knowl-
edge (human capital), cohesion and collective work in the
community (social capital), basic tools (physical capital),
and financial aid from an NGO (financial capital) (Lavorel
etal., 2020).

3.5 | Regulating NCP

In general, the 64 observations on regulating NCP show patterns
comparable to those of material NCP. The number of observations
with capital combinations (45%) and single capital types (55%) is
relatively balanced. Human capital (64%) and physical capital (53%)
capitals are most frequently presented, as a single or combined
input. This is followed by social (47%) and financial (36%) capital (see
Box 3 for examples).

BOX 3 Examples of co-production of regulating
NCP

Pollination in Brazil. Hipdlito et al. (2016) quantify pol-
linator richness and human, physical, social, and financial
assets in 30 coffee plantations in eastern Brazil. Based on
a questionnaire, the authors run generalised linear mod-
els to analyse the influence of predictor variables covering
anthropogenic assets on the number of pollinator friendly
practices. The authors show that pollinator richness is
significantly associated with the type of work that the
owner performs on the plantation. More specifically, ac-
tive labour work on the plantation (human capital) rather
than administration-type work explains greater pollinator-
friendly practices which in turn have a significant and posi-

tive effect on flower visitor richness (regulating NCP).

Coastal NCP in the Indian Ocean. Hicks and Cinner (2014)
provide an analysis of perceived coral NCP and mediating
access mechanisms (rights, knowledge, economic, social
and institutional) across four countries in the western Indian
Ocean. Information from focus groups, semi-structured in-
terviews, and a quantitative survey are analysed through
redundancy analysis to assess how perceived NCP benefits
are explained by these access mechanisms. The authors
show that perceived benefits from regulating NCP (coastal
protection and sanitation) are associated with better mar-
ket access (social capital) and access to knowledge (human
capital).

3.5.1 | Non-material NCP

Of 77 observations on non-material NCP, 52% included human, 33%
social, 21% physical capital and 9% financial capital. In contrast to
material NCP, most observations on non-material NCP deal with one
single type of anthropogenic capital (88%). Among the nine obser-
vations on combined capitals, we found mainly human and social
capital. There were only two observations that involved more than
two types of capital and no observations that involved all types of
anthropogenic capitals. Of the observations that involve one single
type of anthropogenic capital, the majority involve human capital
(49%). This is followed by social (28%), physical (16%) and financial

(7%) capital (see Box 4 for examples).

3.5.2 | Synergies and trade-offs between NCP

Nine of the 237 observations involve a synergy between NCP,
mainly between material and regulating NCP. For example, the appli-
cation of organic manure on coffee plantations promotes pollination

and coffee harvest simultaneously (Bravo-Monroy et al., 2015). Two
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BOX 4 Examples of co-production of non-material
NCP

Fischer and Eastwood (2016) investigate co-production of
NCP on the Falkland Estate in Scotland, United Kingdom.
The authors conducted loosely structured interviews
with 47 respondents either living or working in or near
the estate. Their results show how non-material NCP are
co-produced through cognitive or tangible processes that
require either social, human, or physical capital. For exam-
ple, “[the interviewees] learned and benefited from other
Forest users' skills and knowledge in wildlife spotting or
historical insights, or simply enjoyed encountering them on
their walks” (p. 45). In another example, “adjacency of one's
home to the Forest (or alternatively, easily accessible and
affordable transport) could also be considered as physi-
cal capital that enabled people to interact with the place
in specific ways, as several interviewees emphasized how
their proximity to the woodlands meant that they were
going there regularly” (p. 47). According to the authors
these “capabilities” (e.g. physical and financial factors, per-
ceived rights, and confidence) enable people to co-produce

ecosystem services.

Torralba et al. (2018) conducted 42 in-depth and semi-
structured interviews with property owners of wooded
rangelands (dehesas) in Spain. They carried out a hierar-
chical cluster and principal component analysis to identify
associations between dehesa characterizations, ecosystem
services, and land management variables. The activities
hunting, recreation, outdoor activities, and wild resource
harvesting (non-material NCP) could all be found in a clus-
ter with public access, either through public paths (physical
capital) or the area being part of all common land (social
capital). The authors conclude that public access is the
reason for the high values for cultural ecosystem services
indicators (non-material NCP). The authors explain that
birdwatching is one of the principal motivations to visit the
study area. Public paths are often the only possibility to
guarantee proximity to agricultural habitats for this main
tourist attraction. The harvesting of wild resources such as
asparagus and mushrooms by local inhabitants is facilitated

through the dehesa being seen as a common space.

observations on synergies include regulating and non-material NCP,
where stakeholders benefit from biological control, pollination, and
landscape aesthetics simultaneously. Four of the 237 observations
involve trade-offs. All observed trade-offs involve the generation of
material NCP, which negatively affects material, non-material, and
regulating NCP. For example, in the study by Lavelle et al. (2016) on
unsustainable landscapes in the deforested Amazon, cattle produc-
tion (material NCP) facilitated by formal knowledge (human capital)

was found to be negatively associated with regulating soil NCP. In
another example, timber and firewood production was co-produced
with the support and advice of agricultural advisors (human and so-
cial capital) and formal and informal agreements with loggers (social
capital) at the expense of landscape aesthetics (non-material NCP)
(Vialatte et al., 2019).

4 | DISCUSSION

Humans and nature interact in a multitude of ways. Eventually, they
may not even be separable. In other words, sometimes one cannot de-
fine nature without including humanity or some aspects of it (Russell
etal., 2013). For example, cultural landscapes such as Mediterranean
Silvio-pastoral systems provide a multitude of NCP and would not
exist without humans. The management of such landscapes is based
on traditional ecological knowledge (human capital). Furthermore,
human-nature interactions in these cultural landscapes involve com-
plex feedback loops, such as traditional knowledge of pastoralists
and learning and inspiration. Traditional knowledge may be required
to best utilise scarce natural resources in pastoral lands while at the
same time, this knowledge is created and passed on informally by
working in these landscapes. This makes it challenging to identify
which NCP are derived for human benefits and which are feeding
back into the maintenance of the landscape (Dean et al., 2021). The
balance of environmental and social components created by adap-
tive human interventions (Guerra & Pinto-Correia, 2016) may imply
that these pastoral systems are both constantly co-produced and
co-producing.

The concept of co-production provides one of the various frame-
works to zoom into these interactions and understand how humans
derive the many benefits nature has to offer through their own con-
tribution. In this literature review, we compiled evidence on how this
is operationalised in empirical studies.

This literature review and the idea of co-production are con-
ceptually based on the NCP framework of IPBES. We expect that
with the increasing uptake of the NCP framework in research, more
attention will be paid to the anthropogenic contributions to NCP.
This will potentially close some of the knowledge gaps on NCP

co-production.

4.1 | NCP and anthropogenic capital combinations

Our results provide evidence of co-production across all categories
of NCP and anthropogenic capitals. Human capital was represented
most frequently. Financial capital was mainly associated with ma-
terial NCP and was otherwise mentioned in a minority of observa-
tions. This might be due to the difficulty in disentangling financial
capital from other capital types. In fact, by definition, financial
capital contributes to NCP by allowing its exchange for other types
of capital, natural and anthropogenic. For example, financial capi-
tal is embedded in physical capital when building infrastructure or
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buying machines and other agricultural inputs. In turn, in exchange
for money, one can become a member of an association and retrieve
education or training. Therefore, we call for a cautious interpreta-
tion of these and other results, as observations on human, social,
and physical capital might capture previous financial capital inputs,
meaning that anthropogenic capital indicators might be embedded
in each other.

As expected, we found more evidence on the co-production of
material and non-material NCP than on regulating NCP. As hypothe-
sised, material NCP were mostly associated with the input of physi-
cal capital related to infrastructure and built capital and, to a smaller
extent, agricultural inputs. This result could partially be explained
by the fact that most of the studies were conducted on a landscape
scale, where infrastructure can play an important role. Furthermore,
our results show that capitals are often combined, especially for
material and regulating NCP. For example, physical capital is most
frequently combined with social and human capital for co-producing
material NCP.

For non-material NCP, our results support our hypothesis
that co-production was predominantly associated with human
and social capital. As we expected, physical capital, such as out-
door equipment, plays a minor role in the co-production of non-
material NCP, although physical access to routes may be quite
important to realise the actual use of non-material NCP (Crouzat
et al., 2022).

We found less evidence for the co-production of regulating NCP.
This could be because regulating NCP are only indirectly depen-
dent on anthropogenic capitals, for example, when air purification
is enhanced through the creation of urban green spaces (Jerico-
Daminello et al., 2021). In general, some NCP are provided solely by
natural capital or with only little anthropogenic contribution, such as
water purification by riparian forests (Darwiche-Criado et al., 2017,
Osborne & Kovacic, 1993). Other NCP are more dependent on an-
thropogenic inputs. Food production, for example, may not only rely
on ecosystem functions such as soil formation but also farm labour,
knowledge of farming techniques and machinery (Diaz et al., 2015).
Furthermore, multiple anthropogenic capitals often come into play
at the same time. For example, graziers may jointly develop knowl-
edge through experimentation and practice of new wool and lamb
production systems (Lavorel et al., 2020) or joint animal husbandry
(Burton et al., 2008).

4.2 | Co-production in ecosystem management

The reviewed publications highlight the benefits of incorporat-
ing this knowledge in land management and decision-making (e.g.
Torralba et al., 2018). Any attempt to achieve more sustainable land-
scape management needs to consider the factors underlying NCP
co-production. This includes the biophysical characteristics of the
land as well as the effects of management practices influenced by
the socioeconomic context in which people live and operate (Garcia-
Llorente et al., 2012; Henriksson Malinga et al., 2018).

Co-production of regulating NCP may be achieved through novel
institutional arrangements such as Payment for Ecosystem Services
Schemes (PES; Varela et al.,, 2018) or traditional multifunctional
management schemes (Varela et al., 2020). These schemes may
build on traditional ecological knowledge or indigenous knowledge
that have been shown to create resilient landscapes (Congretel &
Pinton, 2020; Kobluk et al., 2021).

For example, in the Mediterranean basin, wildfire control as a
regulating NCP may be achieved through initiatives that incorporate
livestock grazing for biomass removal. This involves social capital
(institutional infrastructure, stakeholder communication), financial
capital (transaction and compensation costs), physical capital (basic
pastoral infrastructure), and natural capital (pasture land, livestock;
Varela et al., 2018).

In addition to the role of humans in providing regulating NCP, es-
pecially psychological and spiritual connections of people with nature
must be recognised in resource management (Russell et al., 2013).

In this literature review, most publications provide evidence at
a single point in time. Planners, however, should consider the rela-
tionship between anthropogenic capital inputs and NCPs over time
(Rieb et al., 2017). For instance, land-use planning may incorporate
terraces or hedges as part of intercropping systems or landscape en-
gineering to prevent long-term losses of soil organic carbon in the
long-term (Weise et al., 2020). While drainage and fertilisers may
initially generate high yields on agricultural fields, soil degradation
could decrease yields in the long term (Rieb et al., 2017).

In addition, planners must consider the magnitude of anthro-
pogenic capital inputs. When deciding about how to promote
non-material NCP, planners may decide to aim for the benefit of a
minimum amount of physical capital, such as roads and parking lots
or tourist information spots, to facilitate the enjoyment of nature.
Any addition of infrastructure can increase the benefit to people up
to a tipping point upon which overdevelopment leads to crowded
areas and degrades the natural experience (Rieb et al., 2017).
However, the publications reviewed here do not provide evidence
of these tipping points.

Similarly, it is still unknown how anthropogenic capital can sub-
stitute natural capital or NCP itself to provide NCP (Rieb et al., 2017).
For example, flood risks can be reduced by increasing the height of
dikes or by giving rivers more space to expand. Enhancing natural
capital through the implementation of buffer stripes can reduce nu-
trient exports from agricultural land into the water cycle, and thus
mimic this regulating NCP. In general, for successful management
practices to mimic NCP it is important to note that without address-
ing the source of the problem, they may undermine the resilience
of ecosystems in the long term and thus cause further loss of NCP
(Lennox et al., 2022; Weise et al., 2020).

In addition, it is critical to unravel which NCP can be best co-
produced with different forms of capital and actively promote syner-
gies through management practices (Felipe-Lucia et al., 2018, 2022).
Given the limited amount of evidence on synergies and trade-offs in
NCP co-production, we can only confirm that interactions between
different capitals in NCP provision are generally still overlooked in
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NCP or ecosystem services research (Lee & Lautenbach, 2016). Future
research should therefore make an effort to study (un)intended ef-
fects of co-production on other NCP, especially concerning the en-
hancement of provisioning NCP through different anthropogenic
capital inputs, which seems to generate trade-offs more likely than
synergies. The points mentioned above highlight that in order to man-
age multifunctional landscapes, we need to better understand the in-
teractions of natural and anthropogenic capital in agricultural systems

and how they can result in multiple NCP (Bennett et al., 2021).

4.3 | Limitations

With the aim to collate empirical evidence on NCP co-production in
the research field of NCP and ecosystem services, we set a focus on
empirical work in scientific journals, which may leave out potential
additional evidence from the grey literature (e.g. Pérez-Soba Aguilar
etal., 2019). Furthermore, we used Web of Science as the search en-
gine, which could have potentially limited the number of publications
retrieved for analysis. Combining results with those of other search
engines, such as Scopus or Google Scholar, may be used for future
reviews. Besides, restricting the search to publications in English
may have ignored the non-English literature on co-production,
which should be included in future studies.

In this literature review, we adhere to the IPBES framework that
uses the concept of anthropogenic capitals and points to the role of
humans in co-producing NCP. Consequently, with our search string,
we aimed to find publications that incorporated the concepts of NCP
co-production or anthropogenic capitals. However, this perspective
may have limited the identification of studies that deal with co-
production without incorporating this idea or explicitly referring to
capitals or co-production, such as studies on nature-based solutions
that potentially refer to the idea of co-production. For example,
numerous studies set focus on human-nature interactions with-
out pinpointing anthropogenic capital types (e.g. Chan et al., 2006,
2011; Paracchini et al., 2014). Although this idea is not defined as
co-production in the literature, it adheres to the concept of co-
production. Therefore, we may have missed relevant publications
in this literature review. Nevertheless, with our small but evidence-
based sample, we retrieved interesting insights into how the idea of
co-production is implemented in current research. This review con-
tributes to the understanding of NCP co-production concept and its
operationalisation in real-world case studies. In this way, our paper

provides a more complete picture of the emerging field of research.

4.4 | Challenges in co-production research
In the following, we summarise the main remaining challenges to
fully incorporate the potential of the co-production concept in NCP
research.

First, there is a lack of available data to measure anthropo-
genic contributions (Schroter et al., 2021). As a way forward,

Balvanera (2022) compiled indicators and data sources for Essential
Ecosystem Service Variable (EESV), including anthropogenic contri-
butions, in their search for a global monitoring framework. For ex-
ample, they suggest assessing anthropogenic contributions to crop
pollination by monitoring the extent of planted bee habitats such as
flower strips and hedgerows using remote sensing. Furthermore, they
suggest measuring the anthropogenic contribution to wild food from
marine fisheries by analysing the extent of physical infrastructure in
terms of density of fishing boats with available global fishing effort
data. To assess the infrastructure that supports physical and psycho-
logical experiences of wildlife viewing, high-resolution remote sensing
is a potential source of data. These examples show that working with
available data requires access to various databases on different spa-
tial and consequently administrative scales. However, in case of the
absence of existing data, compiling data on NCPs and anthropogenic
capitals requires immense data collection efforts (Balvanera, 2022).
In this review, evidence on NCP co-production was mainly found at
the landscape scale and for single points in time. However, interac-
tions between people and nature can occur at multiple spatial scales
(Martin-Lopez et al., 2019), and thus data on co-production should
be collected and analysed across those. Similarly, with human-nature
relationships varying over time (Rieb et al., 2017), analysis of co-
production over larger time frames needs to be considered. An at-
tempt to deal with these challenges would be the creation of large
research platform studies such as the Biodiversity Exploratories in
Germany (https://www.biodiversity-exploratories.de/en/). This spe-
cial research platform permits scientists from different disciplines to
collect and share data in real landscapes with a long-term perspective
allowing the investigation of land-use intensity effects and biodiver-
sity change at different spatial scales (Fischer et al., 2010).

Second, another challenge related to data collection is the fact
that the interplay of natural and anthropogenic capitals can be seen
as both a physical and a cognitive process. A physical process can be
observed in agricultural intensification making use of irrigation, fer-
tilisers, biocides, and mechanisation to manage existing lands more
productively (Foley et al., 2011). A cognitive process occurs through
different channels, such as knowing about an ecosystem, perceiving
it, interacting directly with it, or living in it (Russell et al., 2013). These
activities are strongly driven by knowledge, skills, preferences, and
motivations (Bruley et al., 2021). These forms of co-production are
often difficult to measure (e.g. sensory interaction with an ecosys-
tem when smelling nearby pine trees) and receive less attention in
ecosystem services and NCP research (Russell et al., 2013).

For example, traditional social-ecological systems are effective in
preserving regulating NCP such as flood or fire prevention to main-
tain resilient landscapes. These systems are shaped by natural and
human factors, such as learning through experience, local knowl-
edge, and the ability to self-organise. Although, as such, traditional
social-ecological systems are an example of NCP co-production,
the role of anthropogenic factors is under researched (Gardner &
Dekens, 2007). This may not only be part of the knowledge gap on
NCP co-production but also underestimated when making a decision
in land-use management.
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Often, co-production is a mixture of both physical and cognitive
processes. For example, the appreciation of nature's beauty may not
only be the result of cognitive or psychological processes inherent in
individuals, but also of physical management practices, such as tour-
ism infrastructure (Crouzat et al., 2022; Palomo et al., 2016). Choosing
and combining data collection methods that can capture information
for both physical and cognitive processes remains a challenge that
still needs to be addressed. Especially, cognitive processes include
the feedback loop from NCP to anthropogenic capitals, for instance,
when spending time in nature as a non-material NCP |leads to attention
restoration and positively affects human cognition and health (human
capital) (Marselle et al., 2021). This is an important link that needs to be
considered in the study design when investigating NCP co-production.

Third, a major constraint in detecting evidence on NCP co-
production is the suitability of analytic methods. A large share of the
evidence we presented comes from content analyses or analysis of
variance. These methods can provide information on the role of an-
thropogenic capitals, but they have limited explanatory power of the
causal relationships between capital types and NCP. To increase the
strength of evidence for NCP co-production, we propose to study
causal inference through path analyses. Based on structural equa-
tion modelling, for instance, it is possible to disentangle the types
of relationship between anthropogenic capitals and their response
effect on NCP (Grace, 2006; Lefcheck, 2016; Stenegren et al., 2017).

Fourth, models and tools to analyse NCP most often assume
that anthropogenic capital inputs are implied (e.g. modelling timber
production only includes measurement of trees and assumes that
infrastructure and management are in place) or ignored (e.g. mod-
elling pollination neglects the contribution of managed honeybees),
which hinder targeted analyses of these inputs. On the one hand, we
require integrated models that allow us to incorporate biophysical
and anthropogenic factors together with multiple NCP to capture
the effect of co-production on synergies and trade-offs. On the
other hand, adding complexity to NCP models will come at a cost,
such as difficulties in model testing or their application by end users
(Rieb et al., 2017). Therefore, a compromise needs to be found with
greater explicit analytical approaches to assess the co-production
of NCP.

Fifth, in parts of the world, it may be difficult to distinguish
between the natural and human input into co-production as the
cultural context regards the two as one (Russell et al., 2013), for
instance, when people and nature are connected through spiritual
and cosmological processes (Hill et al., 2021). This highlights the
need for participatory and situated research approaches (Chan &
Satterfield, 2020; Fish et al., 2016) that respect the local definitions
of nature (Keune et al., 2022).

4.5 | Future research directions

Based on the results of this literature review and the discussion
above, we identify three main research paths that will contribute to
advance understanding of NCP co-production.

1. Typology and mechanisms of relationships between anthropogenic
capitals and NCP: A better understanding of the mechanisms
behind the relationships between different anthropogenic capi-
tals and NCP and their interactions over space and time is
needed, to inform sustainable land management to foster both
biodiversity and sustainable NCP provision. Furthermore, we
need to understand the feedback loops between NCP, and
natural and anthropogenic capitals (Palomo et al., 2016) to

assess the resilience of co-produced systems.

Importantly, the degree of reversibility of anthropogenic capital
inputs and potential hysteresis effects need to be understood, i.e.,
whether an initial ecosystem state is recovered after anthropogenic
capital inputs and how nonlinear change may occur in ecosystems

and NCP provision due to different capital inputs.

2. Substitutability of natural capital by anthropogenic capital:
Investigating to what extent natural contributions can be re-
placed by anthropogenic contributions is key to address current
discussions on sustainability. The assumption of substitutability
of natural and anthropogenic capital could lead to acceptance of
the decrease or degradation of certain capital types. However,
if substitutability is not given, this would imply the need for
maintenance of all capital types (Schroter et al., 2021).

3. Governance of NCP co-production: In addition to the supply and
interrelatedness of different capitals, governance of social-
ecological systems and their anthropogenic and natural capi-
tals plays an important role in the co-production of NCP (lsaac
et al., 2022). Identifying which stakeholders and governance
arrangements affect the allocation of capitals and NCP can
therefore contribute to designing policies that ensure more
sustainable and equitable co-production, delivery, and use of
NCP.

5 | CONCLUSIONS

The analysis of NCP co-production can render important insights
into the relationships of natural and anthropogenic capitals and
thereby the sustained provision of NCP into the future. As a re-
sult of this review, however, field studies have only marginally
operationalised the concept of NCP co-production so far. Those
publications explicitly incorporating the concept in their research
highlight the benefits for planners who need to address the com-
plexities of social-ecological systems of landscapes. The evidence
of co-production mainly stems from content analysis or analysis
of variance. Observations on the co-production of material and
regulating NCP involve physical and human capital most fre-
quently. Observations on the co-production of non-material NCP
involve most frequently social and human capital. Evidence gaps
persist on the mechanisms and shapes of relationships between
capitals and NCP. Future studies should explore and apply data
and methodologies that can provide stronger evidence on NCP
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co-production. This will not only enhance the emerging research
field of NCP co-production but also contribute to sustainable eco-

system management.
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