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Regional and global assessments periodically update what we know, and highlight what remains to be known, about the link-
ages between people and nature that both define and depend upon the state of the environment. To guide research that better
informs policy and practice, we systematically synthesize knowledge gaps from recent assessments of four regions of the globe
and three key themes by the Intergovernmental Science-Policy Platform for Biodiversity and Ecosystem Services. We assess
their relevance to global sustainability goals and trace their evolution relative to those identified in the Millennium Ecosystem
Assessment. We found that global sustainability goals cannot be achieved without improved knowledge on feedbacks between
social and ecological systems, effectiveness of governance systems and the influence of institutions on the social distribution of
ecosystem services. These top research priorities have persisted for the 14 years since the Millennium Ecosystem Assessment.
Our analysis also reveals limited understanding of the role of indigenous and local knowledge in sustaining nature’'s benefits to
people. Our findings contribute to a policy-relevant and solution-oriented agenda for global, long-term social-ecological research.

rent social-ecological crisis'. Existing paradigms in conserva-

tion and sustainability science have informed and influenced
large-scale knowledge assessments and policies on the environ-
ment. Over the past 60 years, scientific perspectives on the relation-
ship between humanity and nature have gone through four major
stages, which Mace in 2014 (ref. ?) labelled as “nature for itself”
(1960s and 1970s); “nature despite people” (1980s and 1990s);
“nature for people” (2000-2005); and “nature and people” (2005-
present). Each of these phases has been characterized by different

| he future of humanity depends on how we respond to the cur-

environmental policy and management goals, such as those for
harvested species shifting from maximum sustained yield of single
populations to management of entire ecosystems for resilience’.
Given the increased demand for policy-relevant knowledge and the
epistemic complexity involved in its production, further synthesis
and interpretation of large-scale knowledge assessments is needed
to distill key findings for policy-makers®.

In 2005, the Millennium Ecosystem Assessment (MA)®, with
its focus on ecosystem services and human well-being, marked the
end of the ‘nature for people’ phase. It was inspired by previous
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findings on the high value® and declining trends’” of ecosystem
services worldwide. The knowledge gaps that it identified were
partially responsible for triggering a new push towards greater
recognition of the complex, multi-layered interdependencies and
feedbacks between people and ecosystems®. Most research needs
listed by the MA were oriented toward monitoring ecosystems and
their processes and services, while others focused on the nature of
interactions among drivers of change—which can result in abrupt
or nonlinear ecosystem shifts’. The MA and the science-policy ini-
tiatives that followed (for example, The Economics of Ecosystems
and Biodiversity (TEEB)" and Mapping and Assessment of
Ecosystems and their Services (MAES)''" in Europe) stimulated
rapid progress in scientific understanding of the linkages and
feedbacks between people and nature while leaving many impor-
tant questions unanswered'”. Since the 2014 publication of Mace’s
analysis, the nature and people paradigm has changed to reflect
the complexities of human societies and their consequences for
ecosystems, particularly in relation to topics such as governance,
equity, social heterogeneity, resource access and their relation-
ships to environmental sustainability'”.

Each successive period of deepening understanding within envi-
ronmental science has led to new knowledge, new priorities and
new research questions. Identifying and focusing proactively on
key research priorities is vital to ensuring that we build the nec-
essary knowledge to respond to emerging social-ecological crises
and avoid future problems'>"”. The Intergovernmental Science-
Policy Platform for Biodiversity and Ecosystem Services (IPBES)
assessments offer a unique opportunity to identify and characterize
current gaps in our knowledge about the linkages between people
and nature, and to profile key areas for future research. Ahead of
the recent Global Assessment'’, IPBES published four regional
(Africa, Americas, Asia and Pacific, Europe and Central Asia) and
three thematic reports (Pollination, Land Degradation and Land
Restoration, and Scenarios and Models) between 2016 and 2018.
These seven reports provide an up-to-date assessment of what is
currently known about biodiversity and ecosystem services with
both regional resolution and thematic depth. While numerous
knowledge gaps are mentioned in each report and were to a large
extent reflected in the recently completed Global Assessment, they
have not been systematically synthesized to guide policy-relevant
knowledge production and capacity building.

A common conceptual framework that builds on and extends the
‘nature and people’ paradigm guided the production of all IPBES
assessments. It has three distinct features' that differentiate it from
the conceptual framework used in the MA. First, it stresses that most
ecosystem services (referred to as nature’s contributions to people—
ES/NCP hereafter) depend on the joint contribution of nature and
anthropogenic assets, a process known as ‘co-production’®. Second,
it highlights the central role of institutions, governance and other
indirect drivers in ES/NCP co-production and distribution".
Finally, by recognizing the role of the social construction of knowl-
edge and values, it emphasizes the necessity of integrating multiple
scientific disciplines and knowledge systems into assessments of the
linkages between people and nature'®.

After the MA found that more than 60% of ecosystem services
around the world were being transformed or degraded®, ecosystem
services were included in the Aichi Biodiversity Targets (ABTS) set
by the Convention on Biological Diversity in 2010 to avert biodiver-
sity declines by 2020. Similarly, actions to mitigate the major driv-
ers of biodiversity and ecosystem service loss identified by the MA
were formalized in the Sustainable Development Goals (SDGs) set
by the United Nations in 2015 to end poverty, protect the planet
and ensure prosperity for all by 2030. To date, 163 and 193 countries
have, respectively, adopted ABTs and SDGs to guide their policies
on biodiversity conservation and sustainable development. Current
ABTs will expire in 2020, and new targets set by the Convention on

Biological Diversity will be informed by findings from IPBES assess-
ments. Thus, assessing progress from MA to IPBES and revealing
knowledge gaps for achieving ABTs and SDGs help to identify criti-
cal themes in which further research can contribute most to envi-
ronmental integrity and social justice, and to which the post-2020
policy agenda should attract action.

Relatively few comparisons of large-scale knowledge assess-
ments have previously been attempted and these have used a vari-
ety of approaches, making it difficult to compare results”. Here,
we systematically synthesize knowledge gaps identified in the four
regional and three thematic IPBES assessment reports and analyse
their linkages with the IPBES conceptual framework, the ABTs and
SDGs, and the research needs identified in the MA. Specifically, we
address the following questions: (1) which knowledge gaps prevail
across these seven IPBES assessment reports as related to the IPBES
conceptual framework? (2) Which clusters of knowledge gaps are
most relevant for achieving ABTs and SDGs across regions and
themes? And (3), which knowledge gaps identified in the MA per-
sist in the IPBES assessments? By structuring this analysis with the
IPBES conceptual framework, systematically synthesizing knowl-
edge gaps into thematic clusters, comparing their policy-relevance
across regions and themes and assessing their persistence across
assessments, we provide a new and deeper perspective on the link-
ages between various knowledge gaps and the need and motiva-
tion to address each of them. This structured analysis adds critical
depth to the recent list of knowledge gaps from the IPBES Global
Assessment, and aims to refine its policy relevance by highlighting
strategic research directions that can simultaneously tackle multi-
ple interconnected knowledge gaps and support the policy agenda
beyond 2020.

Analysis and synthesis of knowledge gaps
The following three sections summarize our findings regarding the
three research questions.

Individual knowledge gaps in the IPBES conceptual framework.
We identified 708individual knowledge gaps across the seven
IPBES reports (138 in the African report®, 166 in the Americas
report”, 50 in the Asia and Pacific report®, 127 in the Europe and
Central Asia report®, 43 in the Pollination report*, 137 in the Land
Degradation and Restoration report” and 47 in the Scenarios and
Models report™; Supplementary Results 1-7). As a result of the
expert valuation (see Methods), more than half of these gaps (52%)
were considered slightly to extremely relevant in regard to achieving
ABTs and SDGs, and thus were categorized as policy relevant. All
elements (that is, boxes and arrows) of the IPBES conceptual frame-
work contained knowledge gaps, but the largest numbers related to
how human actions directly transform nature and how these trans-
formations in turn influence the co-production of ES/NCP. They
are specifically connected in the IPBES conceptual framework along
the chain that links direct drivers (375 individual knowledge gaps),
their impacts on nature (415), nature (487), nature’s contribution to
ES/NCP co-production (323) and ES/NCP themselves (393) (Fig. 1
and Supplementary Table 1).

Chances of achieving the ABTs and SDGs will be weakened by
gaps in our knowledge of how ES/NCP contribute to a good quality
of life, and how changes in quality of life feed back to cause changes
in natural systems through institutions, governance and other indi-
rect drivers. The elements of the framework for which more than
75% of individual knowledge gaps are considered policy relevant
are connected along the chain that links ES/NCP (78%), its con-
tributions to good quality of life (81%), good quality of life itself
(82%), its feedback on institutions, governance and other indirect
drivers (79%), institutions, governance and other indirect drivers
themselves (92%) and their influence on direct drivers (76%; Fig. 1
and Supplementary Table 1).
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Fig. 1| Distribution of individual knowledge gaps across the IPBES conceptual framework. Numbers of individual knowledge gaps synthetized from the
seven IPBES reports that are associated with each conceptual element (that is, boxes and arrows) of the IPBES conceptual framework. The total number
of gaps in each element is indicated by the area of the pie chart, and the number of policy-relevant gaps (that is, those considered slightly to extremely
relevant in regard to meeting ABTs and SDGs) by the area of the slice in blue. The top-seven policy-relevant clusters of knowledge gaps are shown in
association with particular elements of the IPBES conceptual framework (grey arrows). Figure adapted from ref. *', PLoS.

Policy relevance of clusters of knowledge gaps. We grouped the
708 individual knowledge gaps into 36 clusters based on their the-
matic similarities (see Methods). Individual knowledge gaps grouped
in seven of these 36 clusters were considered, on average, slightly
to extremely relevant for achieving ABTs and SDGs, so these seven
clusters were considered policy relevant (Supplementary Table 2).
In the following, they are presented in order of their policy relevance
and analysed in terms of (1) their relationships with different ele-
ments of the IPBES conceptual framework (Fig. 1); (2) their policy
relevance in particular regions and/or themes (Supplementary Table 3
and Supplementary Results 9-11); and (3) their relevance for par-
ticular policy targets and goals (Supplementary Result 12).

Cluster 1 relates to feedbacks between social and ecological sys-
tems. Changes in people’s preferences and quality of life influence
institutions, governance systems and indirect drivers (for example,
consumption patterns) which, in turn, impact direct anthropogenic
pressures on natural systems (for example, agricultural production).
Gaps identified in the Scenarios and Models report and grouped in
this cluster were deemed highly relevant for both ABTs and SDGs—
for instance, the need to “identify new methods for incorporating
social-ecological feedbacks and how social dynamics shape expo-
sure to hazards and access to ecosystem services™*. Increasing
understanding of feedbacks between social and ecological systems
was considered particularly relevant to designing and implementing
effective plans for sustainable production and consumption, and to
keep impacts of direct anthropogenic pressures on natural systems
well within safe ecological limits (ABT 4).

Cluster 2 relates to trade-offs among ES/NCP, and encompasses
gaps in our knowledge of trade-offs in ES/NCP production”, ES/
NCP preferences”* and ES/NCP across space and time®. Gaps
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identified in the Europe and Central Asia report and grouped in
this cluster were considered highly relevant for ABTs and SDGs
where it is stated, for instance, that “we still have limited under-
standing of the synergies and trade-offs between biodiversity and
ES/NCP, as well as of the spatial distribution of their provision™*.
Assessing relationships and interactions among multiple ES/NCP
in their co-production and social distribution across scales was con-
sidered especially important to inform responsible production and
consumption decisions, and to prevent unintended consequences
from natural resource use (SDG12).

Cluster 3 relates to the influence of institutions on the social
distribution of ES/NCP. Gaps identified in the Land Degradation
and Land Restoration assessment and grouped in this cluster were
deemed highly relevant for ABTs as, for instance, it is stated there
that “a better understanding is required of how diverse stakeholder
interests and influences affect the distribution of flows of ecosys-
tems and services amongst society members”>. The identification
of institutional arrangements and governance systems that foster
equity in ES/NCP distribution was considered key knowledge for
promoting healthy lives for people (SDG 3).

Cluster 4 relates to the role of indigenous and local knowledge
(ILK) in underpinning sustainable ES/NCP co-production. Gaps
identified in the Asia and Pacific assessment and grouped in this clus-
ter were considered highly relevant for ABTs and SDGs where it is
stated, for instance, that “the amount of information within traditional
knowledge is (...) largely underknown to developing or underdevel-
oped countries”™. Addressing this knowledge gap was considered a
fundamental step towards integrating indigenous peoples and local
communities into innovative strategies for adapting and mitigating
environmental change (ABT 18), among many other goals.
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Cluster 5 relates to the effectiveness of governance systems to
promote desired socio-ecological change. Gaps identified in the
African assessment and grouped in this cluster were considered
highly relevant for ABTs, where it is stated, for instance, that “indi-
cators are lacking for monitoring and evaluating mainstreaming
effectiveness for biodiversity, ecosystem services, poverty allevia-
tion and development outcomes™”. Improving our knowledge of the
costs and benefits of alternative governance systems was considered
critical to inform decisions and policies that, for instance, reform
incentives that are harmful to biodiversity and put in place those
that enhance it (ABT 3).

Cluster 6 relates to the multiple contributions of ES/NCP to good
quality of life. Quality of life is value-based and context-dependent:
it encompasses multiple dimensions (for example, health, educa-
tion, spiritual satisfaction) that depend on multiple ES/NCP". Gaps
identified in the Pollination assessment and grouped in this clus-
ter were deemed highly relevant for ABTs as, for instance, “exist-
ing studies of the economic value of pollination have not accounted
for non-monetary aspects of economies, particularly the assets
that form the basis of rural economies™*. The assessment of this
multidimensionality was considered particularly important to
reveal and raise awareness about the multiple values of biodiversity
(ABT 1) and integrate this into development planning and national
accounting (ABT 2).

Cluster 7 relates to the temporal dynamics of ecological change,
which reflect how ecosystems and their ES/NCP respond to multiple
interacting indirect and direct drivers across time, often in a non-
linear fashion, leading to irreversible ecological and social change’.
Gaps identified in the Americas assessment and grouped in this
cluster were considered highly relevant for ABTs and SDGs where it
is stated, for instance, that “monitoring programs of biodiversity and
ecosystem servicesneed tobe extended beyond conservation areas™'.
Maintaining and upgrading environmental research networks to
monitor long-term trends in key ecological and social processes
was deemed necessary to produce knowledge relevant for build-
ing resilience against desertification and climate change (ABT 15)
and, more generally, to halt land degradation and biodiversity
loss (SDG 15).

Importance of clusters of knowledge gaps in MA and IPBES.
The top-seven policy-relevant clusters of knowledge gaps differ in
their ubiquity across the seven IPBES assessment reports (Fig. 2 and
Supplementary Table 4). The most ubiquitous clusters mentioned
in all seven reports, and very frequently in more than four of them,
are those related to the role of ILK underpinning sustainable ES/
NCP co-production and to governance effectiveness in promoting
desired socio-ecological change (Clusters 4 and 5 above, respec-
tively). Clusters5 and 1 (feedbacks between social and ecological
systems) are frequently mentioned in the Land Degradation and
Land Restoration, and Scenarios and Models reports, reflecting
the value of these types of knowledge for understanding complex
social-ecological dynamics. Cluster3 (influence of institutions on
the social distribution of ES/NCP) is frequently mentioned in the
Americas and African reports, where social inequality and poverty
are associated with conflicts around access to and control of ES/
NCP. The least ubiquitous cluster is Cluster 7 (temporal dynamics of
ecological change), which is mentioned in five out of seven reports.

Fourteen years ago, the MA identified knowledge gaps about bio-
diversity and ecosystem services that were subsequently synthesized
and qualitatively prioritized®'*. The change in importance of knowl-
edge gap clusters between the MA and IPBES assessments shows
different trends for the top-seven policy-relevant clusters (Fig. 2).
Key gaps related to feedbacks and governance (Clusters 1 and 5)
have persisted for 14 years, having been ascribed high importance in
the MA and being also highly ubiquitous across IPBES assessments.
In contrast, key gaps related to the temporal dynamics of ecological

change (Cluster 7) appeared to have been partially addressed
between assessments, as their importance has decreased over time.
Finally, the role of ILK in underpinning sustainable ES/NCP co-
production (Cluster 4) increased in importance from the MA to
IPBES assessment, as IPBES has prominently promoted ‘weaving’
different knowledge systems to develop effective responses to envi-
ronmental change'®.

Discussion

Our synthesis of the knowledge gaps identified in IPBES assess-
ments shows how the broader agenda of sustainability science is
changing. Like the MA before them, the IPBES assessments lay out
scientific needs for a new phase in environmental science. We might
call this ‘people in nature, following Berkes’, who used the phrase
to highlight the importance of values and institutions for ecosystem
sustainability. Relative to the ‘people and nature” phase that followed
the MA?, this new phase is defined by a stronger recognition of the
co-production of ecosystem services by people and nature, and
the relevance of societal dynamics and structure to environmental
governance and management. These evolving research priorities
are reflected in the shifts that we have documented in identified
knowledge gaps, which relate to changes in scientific perspectives
and policy goals. For example, the much greater attention afforded
to indigenous and local knowledge in the seven IPBES assessments
(that is, Cluster 4) is the result of increasing recognition in the sci-
entific community of ES/NCP co-production. It is also derived from
an explicit consideration in ABTs (ABTs 14 and 18) of the impor-
tance of understanding how different human societies create and
assign values to ES/NCP. Similarly, the consistent emphasis across
IPBES assessments on the role of institutions in the distribution of
ES/NCP (that is, Cluster 3) reflects the higher relevance ascribed in
SDGs (SDG 1) to the fundamental influence of social differences
in resource access on the vulnerability of the poor*. Such shifts in
research priorities show the influence of policy goals on the focus of
knowledge assessments, and highlights the importance of synthe-
sizing knowledge gaps that emerge from these assessments to define
future policy goals. Just as the MA and other large-scale knowledge
assessments informed the ABTs and SDGs, there is an opportunity
for IPBES to inform the post-2020 policy agenda.

Evolving research priorities are also reflected in the global-level
knowledge gaps identified in the summary for policy-makers of
the IPBES Global Assessment'’. Given the recent completion of
this assessment, a systematic and structured synthesis like ours
is yet to be undertaken. Most knowledge gaps identified by the
Global Assessment relate to the basic knowledge and tools needed
to address the policy-relevant knowledge gaps identified here.
For example, the need for “integrated scenarios and modelling”
listed in the Global Assessment will contribute, if addressed, to
fill knowledge gaps about feedbacks between social and ecological
systems, identified here as persistent and policy-relevant. However,
knowledge gaps identified here are not so much about the func-
tioning of social-ecological systems but about the governance of
these systems, particularly about the quest for environmental
governance arrangements that are effective (Cluster 5), equitable
and just (Clusters 2 and 3), inclusive (Cluster 4) and promote
good quality of life (Cluster 6). Our rigorous analysis provides a
complementary perspective on the linkages between the IPBES
framework’s elements and a wide spectrum of policy targets and
goals, as recommended by the Global Assessment. In addition, the
regional resolution of our detailed analysis addresses the Global
Assessment’s recommendation to assess the uneven geographical
distribution of knowledge gaps.

There are many reasons why research priorities might have
evolved as they have done. Technological advances in Earth system
platforms (for example, satellite remote sensing, improved climate
data), capacity for data processing and tools for modelling and
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Governance effectiveness to promote desired socio-ecological change
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Fig. 2 | Evolution of key knowledge gaps from MA to IPBES. Change in the importance for ecosystem sustainability of the top-seven policy-relevant
knowledge gap clusters between MA® (left axis) and the seven regional and thematic assessments reports by IPBES?°-° (right axis).

scenario simulation have supported progress in understanding the
temporal dynamics of ecological change’* and trade-offs among
ES/NCP*. Changes in societal values, including those of scientists,
also drive shifts in research agendas by influencing funding strate-
gies and engagement in science-policy platforms such as IPBES. For
example, growing interest in how institutions and socio-ecological
dynamics relate to equity and justice may result in further changes
in research priorities.

Our mapping of policy-relevant knowledge gap clusters in the
IPBES conceptual framework identifies essential linkages among
these gaps. For example, monitoring the temporal dynamics of
ecological change (Cluster 7) is fundamental to proper diagnosis
of trade-offs among ES/NCP (Cluster 2) and in the detection of
feedbacks between social and ecological change (Cluster 1). Local
understandings of how people resolve trade-offs among ES/NCP
(Cluster 2) and achieve its sustainable co-production (Cluster 4)
are critical to understanding and managing feedbacks (Cluster 1).
In addition, integrated valuation of the multiple contributions of
ES/NCP to good quality of life (Cluster 6) is needed to design effec-
tive governance systems (Cluster 5) and institutional arrangements
that ensure a fair distribution of ES/NCP among social groups
(Cluster 3). The explicit consideration of these linkages in the
design and implementation of research projects and programmes
increases their potential impact on policy and cost effectiveness by
capturing critical interactions between people and nature and trac-
ing the linkages between ecosystems and ES/NCP, human behav-
iour and its impacts on nature, and the capacity of social-ecological
systems to ensure the sustainable co-production and fair distribu-
tion of ES/NCP.

Our synthesis and prioritization of knowledge gap clusters show
that improving our understanding of feedbacks between social and
ecological systems, of governance effectiveness and of the influence
of institutions on ES/NCP distribution is critical for achieving ABTs
and SDGs, while our comparison to knowledge gaps after the MA
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indicates that these gaps have persisted as top research priorities for
at least the last 14 years (Figs. 1 and 2). In addition, mapping clusters
in the IPBES framework shows that these three knowledge gaps are
related to conceptual elements at the core of the framework, high-
lighting the interconnected and persistent gaps in our knowledge
about the links among institutions, governance and other indirect
drivers, ES/NCP and good quality of life, and their feedbacks
(Fig. 1). AIlIPBES reports, and most recently the Global Assessment,
recognize the limited success of recent social and political dynamics
for tackling these interconnected and persistent gaps. Such persis-
tence is likely to impede the progress that is urgently required to
achieve sustainable and equitable governance solutions. The identi-
fication of persistent gaps helps in understanding why certain targets
have not been met and how to frame post-2020 targets. Keeping
ubiquitous (for example, Cluster 4) and persistent (for example,
Clusters 1, 3 and 5) gap themes in globally agreed policy targets
might attract action and motivate countries to address these gaps,
as happened in the past. For example, ABT 11 and 14 on ecosystem
services led the European Union to translate the targets into actions,
with Action 5 of Target 2 of the EU Biodiversity Strategy instructing
member states to map and value ecosystem services in their national
territories following the formation of MAES''. Nevertheless, resolv-
ing this knowledge deficit is a necessary but insufficient condition
for meeting policy goals and targets, since knowledge gaps lead to
inaction when combined with institutions, power and values that
lock decisions required for transformation™.

These policy-relevant gaps may have been persistent over the
years because of their complex, multi-scalar and wicked nature that
requires truly interdisciplinary research to capture critical inter-
actions between people and nature, and to take advantage of the
linkages among gaps®. Although current research on ES/NCP has
become more interdisciplinary®, it is still evolving”. Several ongo-
ing initiatives promise to address the interconnected and persis-
tent knowledge gaps identified here. Long-term social-ecological


http://www.nature.com/natsustain

ANALYSIS

NATURE SUSTAINABILITY

platforms that network trans-disciplinary, place-based research
can track the temporal dynamics of trade-offs among ES/NCP,
and detect feedbacks between social and ecological systems®*'.
Analytical approaches that disaggregate social heterogeneity of the
focal and its teleconnected systems can capture differences in access
to ES/NCP and assess the causes and consequences of their unequal
distribution across social actors” and spatial scales”. Research
programmes with a focus on social learning and governance for
transformation explicitly deal with science-policy-society interac-
tions and provide conceptual and methodological tools to evalu-
ate the processes and outcomes of alternative response options*-*.
Although initiatives to co-produce knowledge through collabora-
tion among ILK-holders, scientists of different disciplines and prac-
titioners face epistemological and methodological challenges*~*,
such programmes are suited to uncover the types of environmental
cognitions, social relationships and ecosystem management prac-
tices that underpin the sustainable co-production of ES/NCP**.
Future national and international research agendas need to recog-
nize the new epistemologies, and associated capacities and resource
requirements, in bold and well-supported initiatives that build the
science needed to address the critical issues of societal transforma-
tion raised by all IPBES assessments and that will be at the core of
IPBES’s newly approved second work programme.

Methods
For each IPBES report, a minimum of three co-authors independently identified
and listed the individual knowledge gaps explicitly or implicitly reported in each
assessment (Supplementary Fig. 1). The co-authors that analysed each particular
IPBES report were experts in the region or theme assessed in that particular report,
and some were actually authors of the report. A knowledge gap was defined as a
piece of knowledge, information or data that is absent, insufficient or unavailable.
For each individual knowledge gap identified and listed, each co-author used
collectively agreed criteria to (1) establish its association with each of the 16
elements (boxes and arrows) of the IPBES conceptual framework using a binary
scale (0, not associated; 1, associated) and (2) score its relevance for achieving
each of the 20 ABTs and each of the 17 SDGs using a five-point Likert scale
(1, not relevant at all; 2, slightly relevant; 3, somewhat relevant; 4, highly relevant;
5, extremely relevant).

The criteria used for establishing knowledge gap associations with elements
of the IPBES conceptual framework, and for scoring knowledge gap relevance
for ABTs and SDGs, were discussed and agreed by all co-authors during two
meetings. In the first meeting, co-authors designed a methodological approach
for identifying and scoring knowledge gaps. After this meeting, all co-authors
identified and scored a standard report, the Scenarios and Models assessment. The
lead authors assessed scorer reliability and provided feedback, which was discussed
during the second meeting to standardize the scoring criteria. Each co-author then
proceeded to identify and score knowledge gaps for a report independently.

We produced 29 independent assessments of the identity, associations with
elements of IPBES conceptual framework and relevance for ABTs and SDGs
of individual knowledge gaps across the seven IPBES reports (n=4 for Africa,
n=5 for the Americas, n=3 for Asia and Pacific, n=>5 for Europe and Central
Asia, n="5 for Pollination, n=4 for Land Degradation and Land Restoration and
n=3 for Scenarios and Models). We compared the assessments independently
produced by multiple co-authors for the same report, and assessed the level of
agreement among co-authors. We did this by calculating Kendall’s concordance
coefficient. W, in Statistical Package for the Social Sciences for every case in
which different co-authors scored the relevance for ABTs and SDGs of the same
individual knowledge gap. This coefficient was >0.7 in all these cases, which
indicates a reasonable to high level of agreement among co-authors in their scores,
reflecting that the scoring criteria were effectively standardized in initial meetings.
Therefore, we confidently averaged the relevance scores of duplicated gaps across
co-authors and generated one consolidated assessment of knowledge gaps per
report. The consolidated assessments of knowledge gaps per report are available in
Supplementary Results 1-7.

We assessed the policy relevance of each knowledge gap based on its relevance
to achieving ABTs and SDGs. The rationale behind this criterion is that ABTs
and SDGs have guided the definition of policy objectives in the numerous
countries signing the CBD 2011-2020 Strategic Plan for Biodiversity and the
UN 2030 Agenda for Sustainable Development, as well as in public and private
organizations across the globe. Thus, despite not being policies per se, ABTs and
SDGs encompass a set of policy objectives that have been extensively adopted to
formulate national policies. A knowledge gap was deemed policy relevant if the
average relevance scores across both ABTs and SDGs were >2, which means that
it was considered slightly to extremely relevant for achieving ABTs and SDGs.

Supplementary Results 1-7 show the mean relevance scores for ABTs and SDGs for
each of the 708 individual gaps identified in the seven reports.

To assess the prevalence of knowledge gaps across IPBES reports in relation
to the IPBES conceptual framework (research question 1), we counted the
total number of individual knowledge gaps, and of policy-relevant individual
knowledge gaps, associated with each of the 16 elements (that is, concepts and
their linkages) of the IPBES conceptual framework. We calculated the percentage
of policy-relevant knowledge gaps for each element of the IPBES conceptual
framework as: (number of policy-relevant individual knowledge gaps associated
with element i/total number of individual knowledge gaps associated with
element i) X 100 = (percentage of policy-relevant individual knowledge gaps
associated with element 7) (Supplementary Table 1). Supplementary Result 8
shows the total number of individual knowledge gaps associated with each
element of the IPBES conceptual framework in each of the seven reports.

To assess the policy relevance of knowledge gap clusters (research question 2),
we first grouped the 708 individual knowledge gaps into 36 clusters of knowledge
gaps by coding them and iteratively pairing those with similar codes until reaching
a reasonable number of homogeneous clusters. The lead author coded each of
the 708 individual knowledge gaps with a set of codes (as large as necessary) that
captured the thematic complexity of each piece of knowledge. The codes employed
to describe gaps related to concepts and themes commonly used in the literature
about biodiversity, ecosystem services and human well-being, which was the raw
material used by IPBES authors to assess knowledge (and knowledge gaps). For
each gap, the codes were ordered from that capturing the most central/principal
theme to that capturing the most peripheral/subordinate. When a gap was
described by a set of codes containing themes related to different clusters, it was
assigned to the cluster related to the most central theme—that is, that captured by
the higher-order code. The resulting clusters were discussed among lead authors
and adjusted accordingly to increase consistency. We previously tested alternative
methods for clustering text, such as latent semantic analysis, but the one employed
here yielded the most meaningful results because a substantial level of abstraction
was needed to describe 708 individual gaps using a combination of relatively few
concepts and themes. We aimed to reach a meaningful synthesis of knowledge
gaps more than an optimal clustering solution; different clustering results can
be obtained with the same dataset using other conceptual frameworks and
methodological procedures. For each of the resulting 36 knowledge gap clusters, we
averaged mean relevance scores for ABTs and SDGs across individual knowledge
gaps belonging to the same cluster. Based on the mean relevance score for each
cluster, we ranked the 36 knowledge gap clusters and identified that seven of them
presented mean relevance scores >2 (that is, were considered slightly to extremely
relevant both for achieving ABTs and SDGs), and were thus categorized as policy
relevant (Supplementary Table 2). Supplementary Results 9-11 show the mean
relevance scores for ABTs and SDGs of the knowledge gap clusters identified in the
seven reports.

To compare the knowledge gaps identified in IPBES to those identified in
the MA in terms of their importance (research question 3), we first assessed the
ubiquity (that is, proxy for importance) of the seven policy-relevant knowledge
gap clusters across IPBES reports. For each cluster, we counted the number of
times that individual knowledge gaps grouped there were mentioned in each
report. We considered that a knowledge gap cluster was mentioned frequently in a
report if its individual knowledge gaps were mentioned five or more times in that
report. The higher the number of reports in which the cluster was just ‘mentioned’
(that is, only once) or ‘mentioned frequently’ (that is, five or more times), the
higher its ubiquity across IPBES reports (Supplementary Table 4). Second, we
identified the knowledge gaps described as important in the qualitative synthesis
and prioritization of research needs undertaken after the MA by refs. “°. We then
evaluated persistence by comparing its importance in the MA and its ubiquity
across IPBES reports. The higher the importance of a knowledge gap in the MA
and its ubiquity across IPBES reports, the higher its persistence across assessments.

Data availability
Descriptive statistics of the raw dataset are available in the Supplementary
Information.

Received: 30 May 2019; Accepted: 22 September 2019;
Published online: 28 October 2019

References

1. Martin, J. L., Maris, V. & Simberloff, D. S. The need to respect nature and its
limits challenges society and conservation science. Proc. Natl Acad. Sci. USA
113, 6105-6112 (2016).

2. Mace, G. M. Whose conservation? Science 345, 1558-1560 (2014).

3. Chapin, E S. et al. Ecosystem stewardship: sustainability strategies for
a rapidly changing planet. Trends Ecol. Evol. 25, 241-249 (2010).

4. Jabbour, J. & Flachsland, C. 40 years of global environmental assessments:
a retrospective analysis. Environ. Sci. Policy 77, 193-202 (2017).

5. Millennium Ecosystem Assessment Ecosysterms and Human Well-being:
Synthesis (Island Press, 2005).

NATURE SUSTAINABILITY | www.nature.com/natsustain


http://www.nature.com/natsustain

NATURE SUSTAINABILITY

ANALYSIS

6. Costanza, R. et al. The value of the world’s ecosystem services and natural
capital. Nature 387, 253-260 (1997).

7. Rosen, C. (ed.) World Resources 2000-2001: People and Ecosystems:

The Fraying Web of Life (World Resources Institute, 2000).

8. Carpenter, S. R. et al. Science for managing ecosystem services: beyond the
Millennium Ecosystem Assessment. Proc. Natl Acad. Sci. USA 106,
1305-1312 (2009).

9. Carpenter, S. R. et al. Millennium ecosystem assessment: research needs.
Science 313, 257-258 (2006).

10. The Economics of Ecosystems and Biodiversity: Mainstreaming the Economics
of Nature: A Synthesis of the Approach, Conclusions and Recommendations of
TEEB (TEEB, 2010).

. Mapping and Assessment of Ecosystems and their Services. Mapping and
Assessing the Condition of Europe’s Ecosystems: Progress and Challenges
(MAES, 2016).

12. Bennett, E. M. et al. Linking biodiversity, ecosystem services, and human

well-being: three challenges for designing research for sustainability.
Curr. Opin. Environ. Sustain. 14, 76-85 (2015).

13. Magliocca, N. R. et al. Closing global knowledge gaps: producing generalized
knowledge from case studies of social-ecological systems. Glob. Environ.
Change 50, 1-14 (2018).

14. Diaz, S., Settele, ]. & Brondizio, E. (eds) Summary for Policymakers of the
Global Assessment Report on Biodiversity and Ecosystem Services of the
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem
Services (IPBES, 2019).

15. Diaz, S. et al. The IPBES Conceptual Framework—connecting nature and
people. Curr. Opin. Environ. Sustain. 14, 1-16 (2015).

16. Diaz, S. et al. Assessing nature’s contributions to people. Science 359,
270-272 (2018).

17. Pascual, U. et al. Valuing nature’s contributions to people: the IPBES
approach. Curr. Opin. Environ. Sustain. 26-27, 7-16 (2017).

18. Tengd, M. et al. Weaving knowledge systems in IPBES, CBD and beyond—
lessons learned for sustainability. Curr. Opin. Environ. Sustain. 26-27,

17-25 (2017).

19. Alcamo, J. Evaluating the impacts of global environmental assessments.
Environ. Sci. Policy 77, 268-272 (2017).

20. Archer, E. et al. (eds) The IPBES Regional Assessment Report on Biodiversity

and Ecosystem Services for Africa (IPBES Secretariat, 2018).

. Rice, J. et al. (eds) The IPBES Regional Assessment Report on Biodiversity and
Ecosystem Services for the Americas (IPBES Secretariat, 2018).

22. Karki, M. et al. (eds) The IPBES Regional Assessment Report on Biodiversity

and Ecosystem Services for Asia and the Pacific (IPBES Secretariat, 2018).

23. Rounsevell, M. et al. (eds) The IPBES Regional Assessment Report on
Biodiversity and Ecosystem Services for Europe and Central Asia (IPBES
Secretariat, 2018).

24. Potts, S. G. et al. (eds) The Assessment Report of the Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem Services on Pollinators,
Pollination and Food Production (IPBES Secretariat, 2016).

25. Montanarella, L., Scholes, R. & Brainich, A. (eds) The IPBES Assessment
Report on Land Degradation and Restoration (IPBES Secretariat, 2018).

26. Ferrier, S. et al. (eds) The Methodological Assessment Report on Scenarios and
Models of Biodiversity and Ecosystem Services (IPBES Secretariat, 2016).

27. Bennett, E. M., Peterson, G. D. & Gordon, L. J. Understanding relationships
among multiple ecosystem services. Ecol. Lett. 12, 1394-1404 (2009).

28. Martin-Lopez, B. et al. Uncovering ecosystem service bundles through social
preferences. PLoS ONE 7, €38970 (2012).

29. Mastrangelo, M. E. & Laterra, P. From biophysical to social-ecological
trade-offs: integrating biodiversity conservation and agricultural production
in the Argentine Dry Chaco. Ecol. Soc. 20, 20 (2015).

30. Rodriguez, J. P. et al. Trade-offs across space, time, and ecosystem services.

Ecol. Soc. 7, 281-286 (2006).

. Berkes, E, Folke, C. & Colding, . (eds) Linking Social and Ecological Systems:
Management Practices and Social Mechanisms for Building Resilience
(Cambridge Univ. Press, 2000).

32. Guo, H. D,, Zhang, L. & Zhu, L. W. Earth observation big data for climate

change research. Adv. Clim. Change Res. 6, 108-117 (2015).

33. Dornelas, M. et al. BioTIME: a database of biodiversity time series for the
Anthropocene. Glob. Ecol. Biogeogr. 27, 760-786 (2018).

34. Bagstad, K. J., Semmens, D. J., Waage, S. & Winthrop, R. A comparative
assessment of decision-support tools for ecosystem services quantification
and valuation. Ecosyst. Serv. 5, 27-39 (2013).

35. Gorddard, R. et al. Values, rules and knowledge: adaptation as change
in the decision context. Environ. Sci. Policy 57, 60-69 (2016).

1

—

2

—

3

—

NATURE SUSTAINABILITY | www.nature.com/natsustain

36. Martin-Lépez, B. et al. Nature’s contributions to people in mountains:
a review. PLoS ONE 14, €0217847 (2019).

37. Droste, N., DAmato, D. & Goddard, J. ]. Where communities intermingle,
diversity grows—the evolution of topics in ecosystem service research.
PLoS ONE 13, €0204749 (2018).

38. Grove, J. M. & Pickett, S. T. From transdisciplinary projects to platforms:
expanding capacity and impact of land systems knowledge and decision
making. Curr. Opin. Environ. Sustain. 38, 7-13 (2019).

39. Ellis, E. C., Pascual, U. & Mertz, O. Ecosystem services and nature’s
contribution to people: negotiating diverse values and trade-offs in land
systems. Curr. Opin. Environ. Sustain. 38, 86-94 (2019).

40. Norstrom, A. V., Balvanera, P, Spierenburg, M. & Bouamrane, M.
Programme on ecosystem change and society: knowledge for sustainable
stewardship of social-ecological systems. Ecol. Soc. 22, 47 (2017).

. Balvanera, P. et al. Key features for more successful place-based sustainability
research on social-ecological systems: a programme on ecosystem change and
society (PECS) perspective. Ecol. Soc. 22, 14 (2017).

42. Daw, T. et al. Applying the ecosystem services concept to poverty alleviation:

the need to disaggregate human well-being. Environ. Conserv. 38,
370-379 (2011).

43. Martin-Lopez, B. et al. A novel telecoupling framework to assess social
relations across spatial scales for ecosystem services research. J. Environ.
Manag. 241, 251-263 (2019).

44. Fazey, L. et al. Ten essentials for action-oriented and second order energy
transitions, transformations and climate change research. Energy Res. Soc. Sci.
40, 54-70 (2018).

. Fischer, J. & Riechers, M. A leverage points perspective on sustainability.
People Nat. 1, 115-120 (2019).

46. Popa, E, Guillermin, M. & Dedeurwaerdere, T. A pragmatist approach to
transdisciplinarity in sustainability research: from complex systems theory to
reflexive science. Futures 65, 45-56 (2015).

47. Cundill, G., Roux, D. J. & Parker, J. N. Nurturing communities of practice for
transdisciplinary research. Ecol. Soc. 20, 22 (2015).

48. Diaz-Reviriego, I, Turnhout, E. & Beck, S. Participation and inclusiveness in
the Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services. Nat. Sustain 2, 457-464 (2019).

49. Tengd, M., Brondizio, E. S., Elmgyvist, T., Malmer, P. & Spierenburg, M.
Connecting diverse knowledge systems for enhanced ecosystem governance:
the multiple evidence base approach. Ambio 43, 579-591 (2014).

50. Ban, N. C. et al. Incorporate Indigenous perspectives for impactful research
and effective management. Nat. Ecol. Evol. 2, 1680-1683 (2018).

51. Diaz, S., Demissew, S., Joly, C., Lonsdale, W. M. & Larigauderie, A. A Rosetta
Stone for nature’s benefits to people. PLoS Biol. 13, €1002040 (2015).

4

—

4

wu

Acknowledgements

This work emerged at an ecoSERVICES workshop supported by Future Earth. M.E.M.
and L.G. thank the National Agency for the Promotion of Science and Technology and
the ex-Ministry of Environment and Sustainable Development of Argentina for their
support (grant nos. PICTO 2014-0046 and PICT 2015-0538, respectively). E.O.-R. thanks
the support of Juan de la Cierva Incorporation Fellowship of the Ministry of Science,
Innovation and Universities (grant no. IJCI-2017-34334).

Author contributions

M.E.M. and N.P--H. designed the study, analysed data and coordinated tasks. L.E.,
E.B, S.L. and G.S.C. contributed to task coordination. B.L. and E.O.-R. contributed
to figure design and preparation. All co-authors contributed to data preparation and
manuscript writing.

Competing interests

The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
s41893-019-0412-1.

Correspondence and requests for materials should be addressed to M.E.M.
Reprints and permissions information is available at www.nature.com/reprints.

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

© The Author(s), under exclusive licence to Springer Nature Limited 2019


https://doi.org/10.1038/s41893-019-0412-1
https://doi.org/10.1038/s41893-019-0412-1
http://www.nature.com/reprints
http://www.nature.com/natsustain

	Key knowledge gaps to achieve global sustainability goals

	Analysis and synthesis of knowledge gaps

	Individual knowledge gaps in the IPBES conceptual framework. 
	Policy relevance of clusters of knowledge gaps. 
	Importance of clusters of knowledge gaps in MA and IPBES. 

	Discussion

	Methods

	Acknowledgements

	Fig. 1 Distribution of individual knowledge gaps across the IPBES conceptual framework.
	Fig. 2 Evolution of key knowledge gaps from MA to IPBES.




