
DOI: 10.1111/conl.12822

REVIEW

Toward monitoring forest ecosystem integrity within the
post-2020 Global Biodiversity Framework

Andrew J. Hansen1 Benjamin P. Noble1 Jaris Veneros1 Alyson East1

Scott J. Goetz2 Christina Supples3 James E. M. Watson4,5 Patrick A. Jantz2

Rajeev Pillay6 Walter Jetz7 Simon Ferrier8 Hedley S. Grantham9

Thomas D. Evans9 Jamison Ervin3 Oscar Venter6 Anne L. S. Virnig3

1 Ecology Department, Montana State
University, Bozeman, Montana, USA
2 School of Informatics, Computing and
Cyber Systems, Northern Arizona
University, Flagstaff, Arizona, USA
3 United Nations Development
Programme, New York, New York, USA
4 Centre for Biodiversity and Conservation
Science, The University of Queensland,
Brisbane, Queensland, Australia
5 School of Earth and Environmental
Sciences, The University of Queensland,
Brisbane, Queensland, Australia
6 Natural Resources and Environmental
Studies Institute, University of Northern
British Columbia, Prince George, British
Columbia, Canada
7 Department of Ecology and
Evolutionary Biology, Yale University,
New Haven, Connecticut, USA
8 CSIRO Land and Water, Canberra, New
South Wales, Australia
9 Wildlife Conservation Society, Global
Conservation Program, Bronx, New York,
USA

Correspondence
AndrewJ.Hansen,EcologyDepartment,
MontanaStateUniversity, 310LewisHall,
Bozeman,MT59717,USA.
Email: hansen@montana.edu

Abstract
Signatory countries to the Convention on Biological Diversity (CBD) are formu-
lating goals and indicators through 2050 under the post-2020 Global Biodiversity
Framework (GBF). Among the goals is increasing the integrity of ecosystems.
The CBD is now seeking input toward a quantifiable definition of integrity and
methods to track it globally. Here, we offer a schema for using Earth observa-
tions (EO) to monitor and evaluate global forest ecosystem integrity (EI). Our
approach builds on three topics: the concept of EI, the use of satellite-based
EO, and the use of “essential biodiversity variables” to monitor and report on
it. Within this schema, EI is a measure of the structure, function, and composi-
tion of an ecosystem relative to the range of variation determined by climatic–
geophysical environment. We use evaluation criteria to recommend eight poten-
tial indicators of EI that can be monitored around the globe using Earth Obser-
vations to support the efforts of nations to monitor and report progress to imple-
ment the post-2020 GBF. If operationalized, this schema should help Parties to
the CBD take action and report progress on achieving ecosystem commitments
during this decade.
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1 INTRODUCTION

Although 150 countries committed to protect biodiversity
and ensure the sustainable use of nature in the early 1990s,
these nations have yet to implement a global monitoring
framework that systematically measures progress toward
reaching these goals. In 2010, Parties to the Convention on
Biological Diversity (CBD, 2010) agreed to targets to reduce
biodiversity loss by the end of that decade. Yet, by the end
of 2020, none of the Aichi Biodiversity Targets were fully
achieved (CBD, 2020a). Nations lacked common mecha-
nisms for monitoring, reporting, and adaptively managing
their progress toward these targets during the past decade,
and these limitations contributed to their partial achieve-
ment (Maxwell et al., 2020). TheParties to theCBDare now
formulating global targets for 2030 and 2050 in the context
of the proposed post-2020 Global Biodiversity Framework
(GBF; CBD, 2020b)
The current version of the draft post-2020 GBF spec-

ifies the goal of increasing the area, connectivity, and
integrity of natural ecosystems (CBD/SBSTTA/24/3,
2020) as a measurement of progress toward the Con-
vention’s 2030 goals and 2050 vision. The proposed
definition of integrity is “the compositional functional,
structural and spatial components of ecosystems”
(CBD/SBSTTA/24/3/Add.2, 2021). Several potential indi-
cators of ecosystem area, integrity, and connectivity are
also suggested (CBD/SBSTTA/24/3Add.1, 2020). A related
synthesis of the scientific evidence to inform the develop-
ment of the post-2020 GBF emphasizes that, “A clear and
quantifiable definition of ecosystem integrity is necessary
to ensure inclusion of all critical components required to
achieve the envisioned outcome” and that “Ecosystem
integrity needs to be clearly understood so that the impli-
cations for implementation, monitoring and reporting
for this goal are well defined” (CBD/SBSTTA/24/INF/9,
2020). Thus, finalizing a post-2020 GBF requires a working
definition of ecosystem integrity (EI); indicators of ecosys-
tem structure, function, and composition; and also the
means by which countries globally can measure, monitor,
and evaluate trends in condition of these indicators; and a
system to report improvements or degradation in EI.
Various challenges remain, however, to operationaliz-

ing EI as a central component of the post-2020 GBF. The
scientific literature defines the term in alternative ways
(Subsection 2.1). Measurement and monitoring of compo-
nents of EI has been somewhat successfully done at local to
regional spatial scales largely with ground-basedmethods,
but not at global scales.Multiple globalmetrics of biodiver-
sity have been developed in recent years and there is now
considerable confusion among scientists and policy mak-
ers as to the utility and reliability of these metrics (Water-

meyer et al., 2020). Also, yet to be established are the base-
line conditions by which success in increasing EI will be
judged.
Recent conceptual and technological developments

offer the promise of overcoming challenges to operational-
izingEI for national biodiversity assessment globally. Since
the inception of the CBD, our ability to observe the Earth
and draw inference on the status of biodiversity has con-
tinuously progressed through an increase in the number
and capacity of satellite sensors and large data networks
(Runting et al., 2020; Turner, 2014;Watson &Venter, 2019).
Moreover, the Earth observing community has united to
produce a set of “essential biodiversity variables” (EBVs)
that represent the minimal set of metrics to monitor the
status of species and ecosystems (Pereira et al., 2013). Con-
sequently, opportunities exist to harness satellite and other
big data to build on the EBV approach and to monitor and
evaluate the integrity of ecosystems.
Here, we build on the currently proposed version of the

CBD’s post-2020 GBF and offer a schema for using Earth
observations (EO) tomonitor and evaluate forest EI around
the Earth to help countries evaluate their progress toward
achieving the post-2020 GBF targets related to ecosystems.
To provide a scientific context for Parties of theCBDas they
consider adopting methods to globally monitor and evalu-
ate EI, we first briefly review historical development of the
concept of EI and explore how advances in remote sensing
technology can facilitate the systematic collection of nec-
essary data around the globe. We then present a schema
for monitoring EI for forest ecosystems in the context of
the post-2020 GBF. This includes defining EI in the con-
text of ecosystem theory, recommending an initial set of
indicators of EI that can be used to monitor forest ecosys-
tems across the globe at resolutions that allow subnational
to global aggregation, specifying reference states for eval-
uation of trends in EI, and suggesting reporting metrics.
A key goal is to identify the indicators of EI that are cur-
rently available for use by countries as well as those that
could be developed and put to use in the near future. We
make recommendations for forest ecosystems because of
the rapid progress in remote sensing technology to collect
fine-scale data for this ecosystem type. Indicators for other
ecosystem types will need to be developed as technologies
allow.
The schema is a conceptual approach that is meant

to provide a starting point for additional development to
operationalize the monitoring of EI. Moreover, while we
focus on EI in this paper, it is important to recognize that
it is only one element of the CBD ecosystem goals recom-
mended for safeguarding biodiversity (Díaz et al., 2020)
and other approaches will be needed for the goals relat-
ing to ecosystem naturalness, area and connectivity, to
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species goals, and to genetic goals. Despite these caveats,
operationalizing this EI schema and monitoring indica-
tors of EI, such as some or all of those recommended
here, can enable Parties to the CBD better evaluate, report,
and adaptively manage their progress toward reaching the
2030 and 2050 ecosystem-related goals in the post-2020
GBF.

2 HISTORICAL DEVELOPMENT

2.1 The concept of EI

Integrity is defined by the Oxford Dictionary as, “The con-
dition of having no part or element taken away or wanting;
undivided or unbroken state; material wholeness, com-
pleteness, entirety.” Ecologists have associated the term
with naturalness, as in an ecosystem is complete or whole
when it is in a natural condition (Anderson, 1991; Karr,
1990; Noss, 2000).
An important branch point is in using human pressure

as a proxy measure of integrity versus defining the charac-
teristics of ecosystems that are relatively free from human
influence. Several authors have used low degree of human
pressure or human modification to identify ecosystems of
high integrity (Theobald, 2013) or more typically termed
high intactness (Beyer et al., 2019). Alternatively, EI has
been defined as the ecosystem structure, function, and
composition relative to “the natural or historic range of
variation of these characteristics” or are “characteristic of a
region” (Andreasen et al., 2001; Dale & Beyeler, 2001; Par-
rish et al., 2003; Wurtzebach & Schultz, 2016).
The two approaches differ importantly in that the

first quantifies human pressure and the later quantifies
ecosystem properties (structure, function, and composi-
tion) as influenced by human pressure. Moreover, the later
approach recognizes that ecosystems exhibit a character-
istic range of behavior governed by natural disturbance
regimes, climate variation, and geomorphic diversity (Par-
rish et al., 2003; Wurtzebach & Schultz, 2016). This “nat-
ural range of variation” has thus been use as a reference
state for evaluation of degree of loss of EI (Parks Canada,
2008; Tierney et al., 2009).
The approach focused on ecosystem properties has

been widely used for ecological assessment (Box 1). To
date, applications of EI have been carried out only at
local to regional scales, largely based on in situ mea-
surements and expert opinion. Because consistent, fine
grained, global datasets of ecological structure, function,
or composition have only recently started to become avail-
able, a comprehensive global analysis of EI is yet to be
done. The purpose of this paper is to help advance global
application.

Some examples of previous applications of EI

Previous applications of the EI concept at local to
regional scales demonstrated the approach’s util-
ity (Table 1). EI was initially used to monitor the
health of ecosystems via population and commu-
nity levelmeasures of species composition. Indices
of biotic integrity (IBIs; Karr & Dudley, 1981), for
example, describe the condition of an ecosystem
using indicator organisms, or taxa selected due to
known responses with important drivers of envi-
ronmental change (Kwak & Freedman, 2010). IBIs
have been applied in both aquatic and terrestrial
systems using invertebrate populations, where an
abundance of nonsensitive taxa are compared to
that of sensitive taxa as a proxy for ecosystem
health (Diffendorfer et al., 2007; Kwak & Freed-
man, 2010). An index of biodiversity intactness
was also developed for plant and animal popula-
tions across South Africa (Scholes & Biggs, 2005).
The most comprehensive applications of EI have
monitored directly ecosystem structure, function,
and composition. Most widely cited of these in
the literature are the EI efforts within Canadian
National Parks (Parks Canada Agency, 2011) and
national forests in the northeast portion of the
United States (Tierney et al., 2009).
More recently, elements of EI have been mapped
using remotely sensed data; for example, vegeta-
tion structure of tropical forests was quantified
by the Forest Structural Condition Index (FSCI),
which is a measure of canopy complexity (stand
height, canopy cover, time since disturbance) rel-
ative to the biophysical potential of a region to
support canopy complexity (Hansen et al., 2019).
Similarly, the Lost Forest Configuration Index
of Grantham et al. (2020) is a measure of the
current anthropogenic-driven patchiness of forest
areas derived from satellite imagery relative to the
potential in forests without extensive humanmod-
ification.

2.2 Global ecological observation

To adequately understand and address the underlying
causes of biodiversity loss, nationswill need access tomon-
itoring, reporting, and adaptive management frameworks
that utilize high-quality, inclusive, fine-scale, and freely
available remote-sensed products that can track changes
in conservation outcomes at regular intervals (van Rees
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TABLE 1 Previous applications of subsets and comprehensive indices of ecosystem integrity

Component of
ecosystem integrity Response variable Spatial scale References
Structure Forest Structural Condition Index Pantropical Hansen et al. (2019)

Stand structure Acadia National Park Tierney et al. (2009)
Habitat fragmentation Canadian national parks Fraser et al. (2009), Parks Canada

Agency (2011)
Aquatic emergent plant cover Two wetlands Díaz-Delgado et al. (2018)

Function Soil nitrogen saturation Acadia National Park Tierney et al. (2009)
Fire Intensity and Pattern South African national parks Timko and Innes (2009)
Succession Canadian national parks Fraser et al. (2009), Parks Canada

Agency (2011)
Primary productivity Mid-Atlantic US. Pan et al. (2006)

Composition Aquatic Index of Biotic Integrity Individual streams or rivers Karr and Dudley (1981)
Biodiversity Intactness Index Populations of plants and animals

in South Africa
Scholes and Biggs (2005)

Invasive plants Acadia National Park Tierney et al. (2009)
Species richness Canadian national parks Fraser et al. (2009), Parks Canada

Agency (2011)
Allelic diversity Global Miraldo et al. (2016)

Structure, function,
and composition

Stand structure, invasive plants,
soil nitrogen saturation

Acadia National Park Tierney et al. (2009)

Habitat fragmentation,
succession, species richness

Regional: all Canadian National
Parks

Fraser et al. (2009), Parks Canada
Agency (2011)

et al., 2020). Fortunately, advances in satellite remote
sensing now allow for globally consistent monitoring of
some key ecological metrics for two decades or more, and
exciting new capabilities have recently become available
(Box 2). Challenges remain, however, in converting
remotely sensed EO into products that are relevant and
available systematically across the globe for this appli-
cation, and in eliminating overlaps in formulation and
nomenclature creating confusion among practitioners. We
summarize progress in remote sensing of biodiversity
related metrics and overview the global remote sensing
community’s efforts to develop indicators of biodiversity.
Although EO sensors are dramatically improving our

ability to detect change in specific ecological factors,
the resulting data are infrequently used by governments
around the world to monitor conservation outcomes. This
problem can be overcome by consistently combining data
from individual satellite sensors into higher order met-
rics that are designed to inform science and policy appli-
cations at regular intervals (Anderson et al., 2017). This
“information pyramid” approach transforms several types
of raw scientific data into indices relevant to biodiversity
and ecosystem monitoring (Fancy et al., 2009).
This need to add value to remotely sensed data to

enhance its policy relevancy is recognized by a coalition
of national space agencies and scientists that are collab-

orating to generate EBV (Navarro et al., 2017; Vihervaara
et al., 2017). EBVs are defined as the derivedmeasurements
required to study, report, and manage biodiversity change,
focusing on status and trend in elements of biodiversity
(Pereira et al., 2013). Currently still under development,
ideal EBVs will be (i) able to capture metrics of ecosystem
structure, function, and composition, (ii) global in extent
and informed by remotely sensed data, and (iii) technically
feasible, economically viable, and sustainable over time
(https://geobon.org/ebvs/what-are-ebvs/).
To date, the Global Earth Observations Biodiversity

Observation Network (GEOBON) has specified 20 EBVs
relating to ecosystem structure, function, and composi-
tion and is now facilitating working groups to develop
satellite-based products for EBVs where feasible (Fernán-
dez et al., 2020). The GEOBONEBV effort can provide crit-
ical data to help develop and monitor globally replicable
indicators of biodiversity change in support of theCBDand
related conventions, such as those suggested by the Biodi-
versity Indicators Partnership (https://www.bipindicators.
net/) for various post-2020 GBF goals.
More development of EBVs and EBV-derived indicators

is needed, however, to contribute to monitoring of EI glob-
ally. Many EBVs rely on site-based measurements that are
not globally coordinated. Only a subset of the EBVs can
be measured by remote sensing and mapped across the
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Advances in observation of Earth’s ecosys-
tems from space-borne remote sensing that
provide a foundation for monitoring EI

Since 2000 or earlier, EO of land cover, produc-
tivity, fire, and forest extent are being consistently
collected using remote sensing, are freely avail-
able, and are commonly used to make ecological
measurements; for example, the Landsat, SPOT,
and Sentinel missions map land-cover at fine res-
olutions (10–30 m) across the globe and allow for
annual assessments of land-cover change (Phiri
et al., 2020). Data from these programs are also
used to create indices of human pressure (Wat-
son & Venter, 2019) and to assess rates of annual
deforestation (Hansen et al., 2013). Primary pro-
duction of vegetation, carbon budgets, drought
effects, and ecosystemdegradation and restoration
(Ojima, 2020) can be quantified using data from
the MODIS mission (Running et al., 2004). Tem-
poral patterns of plant growth within ecoregions
in the form of onset, end, and length of grow-
ing season and total annual productivity are also
measured with MODIS products (Cavender-Bares
et al., 2020). The MODIS products are validated
against field and flux tower gas exchange and are
known to be accurate (Pan et al., 2006). MODIS-
based sensors also generate accurate active fire
imaging daily at less than one km spatial resolu-
tion (Schroeder et al., 2014) and are widely used
to monitor global fire occurrences, burn severity
and associated emissions from combustion (Jus-
tice et al., 2002).
New satellite sensors are producing well-defined
and documented data products thatmeasure vege-
tation structure, plant water stress, and functional
and species composition around the globe (John-
son, 2019); for example, the ECOsystem Space-
borne Thermal Radiometer Experiment quanti-
fies evapotranspiration at a 70-m resolution and
is used to map canopy water balance and drought
stress. The Orbiting Carbon Observatory-3 mea-
sures chlorophyll fluorescence related to gross
primary production and atmospheric CO2 at a
150-m resolution. The Global Ecosystem Dynam-
ics Investigation (GEDI) lidar mission measures
three-dimensional canopy structure (Dubayah
et al., 2020).

Some of these newer missions are technology
demonstrations with limited lifespans, thus their
potential contributions to ecological monitoring
globally during the post-2020 GBF implemen-
tation period will depend on future mission
decisions by space agencies.One such mission
already in development is a new imaging spec-
troscopy “Surface Biology and Geology” satellite
that promises global monitoring of plant func-
tional diversity (Cawse-Nicholson et al., 2021),
following powerful earlier demonstrations from
aerial sensing (Asner et al., 2017) and exploratory
space-borne sensors (Schimel et al., 2020).

biosphere. Moreover, EBVs have largely not been devel-
oped in the context of reference states as is required for
assessing EI. Finally, most of the EBVs that have been
extended into usable products, such as those formulated
as Biodiversity Partnership Indicators, do not deal with
ecosystem structure, function, or composition and thus
are not relevant to EI. However, a subset of EBVs have
good potential to drive indicators of EI (see Subsection
3.2). Going forward, new EBVs developed with the criteria
described herein could provide measurements of missing
dimensions of EI.

2.3 Establishing reference states

The concept of EI recognizes that natural ecosystems typi-
cally varied within bounds set by the climate, geomorphol-
ogy, and natural disturbance regimes typical of the area.
These levels of variation are referred to as “characteristic
of the ecoregion” or “within the natural or historic range
of variation”(Parrish et al., 2003; Wurtzebach & Schultz,
2016). While human activities in pre-industrial times are
often considered within these natural or historic bounds,
post-industrial human impacts may not be. Consequently,
the EI approach allows for assessment of the current con-
dition of ecosystems relative to their pre-industrial states.
In this regard, the EI concept is highly relevant to tracking
degradation or improvement in ecosystemcondition under
the influence of human impacts or restoration strategies
and is the heart of the CBD post-2020 GBF.
Feasible methods for establishing the reference states

on natural ecosystems vary geographically (Keane et al.,
2009; McNellie et al., 2020). In more remote ecoregions,
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paleo-ecological reconstructions from tree rings, pollen
records, fire scars or geomorphic flooding demarcations
can be used to quantify natural or historic range of varia-
tion in ecosystem condition (Landres et al., 1999; Swetnam
et al., 1999). Even so, the period of time most relevant to
serve as the reference state for the current period will vary
among locations depending on natural climate variation
andhuman land-use history (Wurtzebach&Schultz, 2016).
Ecosystem process simulation models or statistical models
have also been used to approximate natural range of vari-
ation based on known relationships between ecosystem
components (Gallant et al., 2003; Nonaka & Spies, 2005;
Shugart, 1984; Wimberly et al., 2000). In some ecosystems,
historical records such as aerial photographs, land-use sur-
veys, harvest records have been used to reconstruct refer-
ence states (e.g., Hessburg et al., 1999). Another approach
is to use contemporary areas of low human pressure, such
as long-established and well-managed protected areas, as
benchmarks for reference states (Scholes & Biggs, 2005).
Perhaps, the most feasible approach within contemporary
landscapes is to use change over themonitoring period as a
guide to conservation success. One widely used example is
tracking deforestation during 2000-present using the for-
est loss data of Hansen et al. (2013). Whichever approach
is used, conservation success can best be evaluated if the
approach and its assumptions are clearly described. Quan-
tification of change from reference state to present can be
done using statistical analysis, direction and magnitude of
change over time, and expert opinion (Hansen & Phillips,
2018; Parks Canada Agency, 2011).

3 A SCHEMA FORMONITORING EI IN
THE POST-2020 GBF

We suggest that developments in EO, and successful appli-
cation of EBVs for ecological decision making, provide a
solid basis for tracking trends in EI globally and apply-
ing these data to improve biodiversity policy outcomes.
To effectively track temporal trends in EI, nations need
a clear definition of EI, effective indicators of EI selected
based on consistent criteria, evaluation of trends relative
to reference states, and enabling infrastructure for regular
monitoring, evaluation, reporting, and adaptive manage-
ment. Our recommended approach (Figure 1) addresses
these needs. Satellite remote sensing can provide high-
resolution and high-quality data products on ecosystem
structure, function, and composition. These products are
combined or used as input tomodels to derive higher order
indicators of EI for the post-2020 GBF. The change from
reference states over time is analyzed to evaluate trends
in the indicators. These types of results can be reported
using formats that can be readily interpreted by policy
makers.

3.1 Definition of EI

Consistent with current proposals for the post-2020 GBF
(CBD/SBSTTA/24/3Add.1, 2020), we recommend that EI
be defined as a measure of ecosystem structure, func-
tion and composition relative to the reference state of
these components being predominantly determined by the
extant climatic–geophysical environment (while acknowl-
edging a backdrop of climate change; Andreasen et al.,
2001; Parrish et al., 2003; Wurtzebach & Schultz, 2016;
CBD/SBSTTA/24/INF/9, 2020). This definition is rooted
in the concept of an ecosystem consisting of communities
of organisms and the physical elements with which they
interact (Tansley, 1935).
The state of an ecosystem is characterized in terms of

its structure, function, and composition (Chapin III et al.,
2011; CBD/SBSTTA/24/INF/9, 2020; Figure 2A). Structure
describes the three-dimensional architecture of biotic and
abiotic components, and common metrics related to vege-
tation and landform structure, such as canopy height and
variation in elevation, and spatial configuration includ-
ing fragmentation. Function encompasses ecological and
evolutionary processes including disturbance, energy flow,
nutrient cycling, and succession, which are regulated by
physical, chemical, and biological processes. Composition
characterizes biotic attributes of an ecosystem, such as
genetic variation, species richness or evenness, phyloge-
netic diversity, as well as the functional roles or niches
inhabited by these species.
Ecosystem structure, function, and composition vary

geographically due, in part, to variation in “state” factors
(Chapin III et al., 2011). State factors are larger in scale
than ecosystems and set the context in which ecosystems
operate. They include climate, geological parent material,
topography, regional species pool, successional time, and
human activities. To the extent state factors vary geograph-
ically, the bounds of ecosystem structure, function, and
composition also vary. For this reason, the reference state
for evaluating trends in EI should be defined by the ecosys-
tem patterns determined by the predominant climatic–
geophysical environment. It is important to recognize and
take into account that the reference state may have a back-
drop of climate change. It is also important to recognize
that the reference state may include human presence and
influence, but at levels below being a predominant influ-
ence on the ecosystem.
There is evidence to support the use of pressures as

a proxy for ecosystem condition (e.g., Di Marco et al.,
2018; Grantham et al., 2020). In the absence of compre-
hensive directmeasurements of ecosystem structure, func-
tion, and composition, previous work has used human
pressure as a proxy for overall EI (Beyer et al., 2019), as
a proxy for components of an overall EI index in com-
bination with direct measurements of other components
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F IGURE 1 Flow diagram of the recommended approach for tracking indicators of ecosystem integrity

(Grantham et al., 2020; Hansen et al., 2020). The schema
presented here focuses on direct or modeled measures of
specific ecosystem properties and not on human pressure
measures or on overall indices of EI. We do so because
methods formonitoring human pressure have beenwidely
used, but less attention has been focused on direct mea-
sures of ecosystem condition. Thus, we include as a cri-
terion for the selection of indicators that the metric be a
measure of a specified ecosystem component. Of course,

monitoring both human pressure and direct ecosystem
properties is required for achieving biodiversity goals (Díaz
et al., 2020).

3.2 Selection of metrics

The proposed post-2020GBF sets global targets for increas-
ing natural ecosystem area and integrity and restoring
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F IGURE 2 Representation of the concept of ecosystem integrity in the context of the ecosystem and controlling state factors. (A) An
ecosystem is characterized by its structure, function, and composition as influenced by broad-scale state factors such as climate. (B)
Ecosystem integrity represents the condition of elements of ecosystem structure, function, and composition in the current period relative to
that characteristic of the ecosystem prior to modern human influence. The trend line depicts declines in ecosystem integrity during a
contemporary monitoring period

the integrity of managed ecosystems. To more effectively
monitor and evaluate the progress that nations are mak-
ing to meet them, Parties to the CBD need to be sup-
ported to access credible EO data on ecosystem structure,
function, or composition at adequate resolutions that can
be evaluated relative to natural reference states. Thus, we
recommend the following criteria for selecting indicators
of EI.

1. A direct measure of a specific aspect of ecosystem struc-
ture, function, or composition.

2. Biome to global extent with spatial resolution suffi-
ciently fine to allow formanagement relevance and sub-
national assessment (≤1 km).

3. Temporal resolution to allow assessment at annual to
5-year periods.

4. Ability of the indicator to be aggregated from subna-
tional to national to global without introducing bias.

5. Known credibility through validation and peer review,
data and metadata are publicly available, adheres to
open data standards.

6. Potential to be referenced to states characteristic of the
climatic, geomorphic, and native community ecosys-
tem.

These evaluation criteria overlap with those proposed
by the CBD/SBSTTA/24/3Add.1 (2020). As stated earlier,
our goal here is to identify the indicators that are currently
available and in use by countries as well as those that could
be developed and put to use in the near future to more reli-
ablymonitor and evaluate trends in EImore systematically
around the globe.
We used these criteria to evaluate metrics for

the proposed indicators of the post-2020 GBF
(CBD/SBSTTA/24/3Add.1, 2020) as well as additional
ones from the peer reviewed literature. These proposed
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indicators are drawn from previous CBD indicators lists,
as well as those used for Sustainable Development Goals
monitoring and the Biodiversity Indicators Partnership
(which included several derived from the EBV effort). We
omitted from the CBD list those indicators not directly
related to ecosystem structure, function, or composition;
quantifying human pressure, quantifying ecosystem
extent; not covering terrestrial ecosystems; applicable only
to agricultural ecosystems; or for which no published or
Internet reference could be found. The potential indica-
tors remaining after these exclusions are listed in Table 2.
These potential indicators were rated as either “Yes” or
“No” for meeting evaluation criteria 1–6 above.
Those that meet all six criteria are shown in green in

Table 2 and we recommend these be used as indicators of
EI for the post-2020GBF. Themetrics highlightedwith yel-
low in Table 2 are measures of ecosystem structure, func-
tion, or composition but are not currently formulated in
the context of a natural reference state. They can, nonethe-
less, be used in their current form to monitor change over
time to evaluate ecosystem improvement or decline during
the monitoring period. We recommend these metrics be
further developed into indices of EI that indicate current
condition relative to the natural reference state or relative
to contemporary locations of low human pressure within
ecoregions. An example of doing so comes from Haberl
et al. (2007), who quantified net primary productivity (NPP)
for actual vegetation relative to that expected for potential
vegetation in an ecosystem. Themetrics highlighted in red
in Table 2 do not meet two or more of the evaluation crite-
ria. These would likely require substantial development to
be formulated as suitable indicators of EI and thus are not
included in our schema.
The recommended indicators and the metrics with

potential to be developed into indicators of EI are described
in more detail in Table 3. Because these metrics are most
fully developed for forest ecosystems, we emphasize that
our schema is primarily relevant to forest ecosystems. Lost
Forest Configuration is a measure of forest structure that
quantifies current patchiness of forest areas relative to the
natural potential in forests without extensive humanmod-
ification. Bioclimatic Ecosystem Resilience Index indicates
the extent to which a given spatial configuration of natu-
ral habitat will promote or hinder climate-induced shifts
in biological distributions. We include it under ecosystem
function because it relates to potential dispersal under cli-
mate change. Species Habitat Index is the modeled reduc-
tion in habitat suitability for individual species or groups
of species from natural conditions due to human-induced
habitat change. Local Biodiversity Intactness Index (LBII)
and Biodiversity Habitat Index (BHI) are related in that
both express the proportion of original species diversity
remaining at a site. They differ in that LBII’s focus is on

average local biotic intactness, which reflects species’ per-
sistence within the landscape and the local ecosystem’s
ability to provide many ecosystem services; BHI, by con-
trast, focuses on how the overall diversity of a larger region
is affected by habitat loss and degradation. Users may
choose one or the other of these depending on specific
interests.
Among the metrics not yet referenced to natural bench-

marks (yellow in Tables 2 and 3) is the Forest Structural
Condition Index (FSCI). This metric integrates remotely
sensed canopy cover, canopy height, and time since distur-
bance into an index of the vertical structure of forests. We
are currently developing and validating a version of FSCI
that is referenced to the structural conditions of forests
with low human pressure thought to be typical of pri-
mary or older secondary forests. Termed FSCI-Ecoregional
Potential (ERP), this metric, once validated and published,
can be considered an indicator of forest ecosystem struc-
tural integrity. NPP is a key measure of vegetation produc-
tivity, a critical ecosystem function that is sensitive to land
use and climate change. Value can be added to the base
NPP product by summarizing various seasonal and inter-
annual metrics (e.g., Radeloff et al., 2019) and these can be
used tomonitor change over time. It can also be formulated
as an index of ecosystem functional integrity through the
method described above for FSCI-ERP or through model-
ing on reference conditions (Haberl et al., 2007). Similarly,
the MODIS Burned Area product could be developed as
an index of the degree of departure from the natural fire
regime (see Barrett et al., 2010).
Thus, we recommend use of the indicators of EI high-

lighted in green in Table 3 and further development of the
potential indicators highlighted in yellow in Table 3. We
encourage stakeholders participating in the development
of the post-2020 GBF to consider these recommendations
as a starting place to develop a globally consistent moni-
toring framework that countries can choose components
of depending on their capacities.
The Parties to the CBD are currently considering rec-

ommendations for indicators of the post-2020 GBF. Recog-
nizing that global monitoring all eight indicators is likely
infeasible for some countries, our assessment provides
guidance on criteria that can be used for evaluating selec-
tion of indicators (criteria 1–6 above) and complementary
indicators for structure, function, and composition that
show promise and could be selected by countries (Table 3).
Wenote thatmany aspects of structure, composition and

function are not directly represented in the list of indi-
cators, and whilst it can be expected that these will be
correlated to a marked extent with those parameters for
which there are metrics, such relationships merit further
study and, if necessary, the identification of additional,
complementary parameters to ensure a comprehensive

 1755263x, 2021, 4, D
ow

nloaded from
 https://conbio.onlinelibrary.w

iley.com
/doi/10.1111/conl.12822 by U

niversity O
f N

orthern B
ritish, W

iley O
nline L

ibrary on [23/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



10 of 22 HANSEN et al.

TABLE 2 Evaluation of potential indicators of ecosystem integrity

(Continues)

representation of the diverse aspects of EI. Moreover, until
technology allows more complete global measurement of
ecosystem condition, products that blend human pressure
with ecosystem components (e.g., Grantham et al., 2020;
Hansen et al., 2020) will continue to be highly informative.

3.3 Benchmarks for evaluating trends
over time

A strength of the EI concept in the context of ecologi-
cal monitoring is the emphasis of evaluation of current
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TABLE 2 (Continued)

Note: Metrics that meet the criteria are denoted by “Yes” and those that do not by “No.” Color codes are: green—meets all criteria; yellow—meets all except 6
(Reference state); red—does not meet criteria.
ahttps://portal.geobon.org/ebv-detail?id=4
bhttps://www.iucnredlist.org/
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TABLE 3 Description of indicators recommended for ecosystem integrity in the context of the post 2020 GBF (denoted by green) and
metrics that can currently be used to monitor ecosystem condition and have potential to be developed as indicators of ecosystem integrity
(yellow)

(Continues)

conditions relative to a reference state. This is particularly
important in the context of the post-2020 GBF because of
the goals that specify “increasing” the integrity of ecosys-
tems (CBD/SBSTTA/24/INF/9, 2020).
As described in Subsection 3.1, some of the recom-

mended indicators (highlighted in green in Table 3)
are formulated as relative to the predominant climatic–
geophysical environment. For those recommended indica-

tors not currently formulated relative to a reference state
(highlighted in yellow in Table 3), we recommend that
each country define an approach for establishing reference
states based on their history of land use and data avail-
ability for the historical period. For ecosystems that have
been altered by human influence, the means of best estab-
lishing the ecosystem variation determined by the pre-
dominant climatic–geophysical environmentmay be using
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TABLE 3 (Continued)

(Continues)
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TABLE 3 (Continued)

(Continues)
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TABLE 3 (Continued)

(Continues)

paleo reconstructions, process or statistical modeling, or
use of historic records (Figure 3). Although desirable,
these approaches may not be feasible for many ecosys-
tems. In these cases, remaining contemporary areas of low
human impact could be drawn upon to establish refer-
ence states (as is being done for FSCI-ERP). Perhaps, the
most feasible approach would be to use the earliest year
of monitoring as the reference state and quantify trends
up to present. Each country will need to strike balance

between degree of representation of the reference state
and the feasibility of the method for tracking trends in EI
(Figure 3).

3.4 Evaluating change over time

With regard to the post-2020 GBF, monitoring the rec-
ommended indicators will help nations determine how
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TABLE 3 (Continued)

(Continues)
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TABLE 3 (Continued)

ahttps://figshare.com/projects/Forest_Integrity_Project/72164
bhttps://www.forestintegrity.com/
chttps://ladsweb.modaps.eosdis.nasa.gov/missions-and-measurements/products/MOD17A3/
dhttps://modis-fire.umd.edu/ba.html
ehttps://www.bipindicators.net/indicators/species-habitat-index
fhttps://portal.geobon.org/ebv-detail?id=6
ghttps://www.bipindicators.net/indicators/biodiversity-habitat-index
hhttps://www.bipindicators.net/indicators/bioclimatic-ecosystem-resilience-index-beri

F IGURE 3 Various methods of establishing
reference state for ecosystem integrity. These are
expressed along gradients of degree of
representation of the natural reference state and
feasibility of implementing the method in most
contemporary ecosystems

ecological condition is changing over time, and thus
approaching or departing from a target. Monitoring
systems that provide annual or semiannual updates on
indicator condition are appealing because statistical trend
analysis can be used to draw conclusions about the trend
and magnitude of change over the period of interest. In
these cases, thresholds for magnitude of change and level
of statistical confidence can be used to objectively cate-
gorize if performance is declining, stable, or improving
(Timko & Innes, 2009). When data are inadequate for
drawing statistical inference, expert opinion can help
draw conclusions about trends in indicator condition (e.g.,

Mastrandrea et al., 2010). Conclusions about trends in
the indicators can be summarized in color-coded report
card displays that facilitate communication to diverse
stakeholders (e.g., Hansen & Phillips, 2018). These report
cards can be done by ecoregion for national reports and
by country for international summaries. They could also
be done at the level of the individual indicators of EI
as well as at the level of an EI index that integrates the
results for individual metrics to an overall EI score. In the
phraseology of the CBD, the EI Index could be a “Head-
line” indicator and the individual metrics “Component”
indicators (CBD/SBSTTA/24/3Add.1, 2020).
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3.5 Creating enabling infrastructure

Reporting within the CBD is done by each nation but sum-
marized globally. Thus, standard and accessible monitor-
ing methods are needed to allow systematic and compa-
rable monitoring among countries across the globe. The
GEOBON EBV effort has provided examples of standard-
ized work flows for some if its initial variables. The Species
Populations Working Group of GEOBON, for example,
outlined in detail an approach that links key actors, work-
flows, and informatics infrastructure for the production
and use of the Species Populations EBV (Jetz et al., 2019).
This approach involves four main steps: (1) data genera-
tion, contribution, and aggregation; (2) data integration;
(3) modeling and production of SP EBVs; and (4) delivery
and use of the product. This example and similar efforts
can be generalized into standardized workflows in the
context of the post-2020 GBF and then refined as needed
for each indicator. Publicly available software and cloud
processing such as Google Earth Engine can facilitate
workflow development. This would allow each country
to execute the workflows in relatively standardized ways,
making refinements as appropriate for their national appli-
cations.

4 CONCLUSION

We are in a unique period of history where nearly every
nation in the world is collaborating to improve the state of
nature in the context of unprecedented human pressure.
Advances in technology are creating a concurrent opportu-
nity to monitor and evaluate trends in ecological condition
in a standardized manner across the Earth. Limits on the
ability to consistently measure and monitor indicators of
biodiversity globally or nationally has restricted the evalu-
ation of progress that Parties are making to achieve CBD
targets. Fortunately, progress in EO and analyses can now
facilitate annual monitoring of the condition of nature and
help overcome the gaps that currently limit the capacity for
nations to evaluate progress in meeting specific biodiver-
sity targets.
The proposed post-2020 GBF includes the global goal of

increasing the area, integrity, and connectivity of natural
ecosystem area and restoring the integrity of managed
ecosystems. This commitment recognizes previous global
goals relating to ecosystem extent are insufficient, and
that the integrity of ecosystems is central to sustaining bio-
diversity (Watson et al., 2018). The scientific community is
actively recommending a comprehensive set of ecosystem
goals and indicators for the post-2020 GBF including
consideration of ecosystem naturalness, representative-
ness, integrity, risk of collapse, and restoration potential

(Díaz et al., 2020; Maron et al., 2020; Maxwell et al., 2020;
Mokany et al., 2020). Here, we have focused on EI and
made a case that to overcome past limitations on CBD
success, a pathway to globally defining and measuring EI
is needed.
Our review of the concept of EI, progress in EO, and

development of EBVs provides the foundation for defin-
ing, monitoring, and evaluating trends in indicators of EI
in forest ecosystems. The resulting schema (Figure 1) could
allow for consistent, fine-scale, nationally relevant, global
monitoring of the components of EI that would help facil-
itate measurable success in reaching the CBD 2030 and
2050 biodiversity targets. We advocate that Parties to the
CBD build upon this schema and operationalize a compre-
hensive approach for using EO to monitor indicators of EI
to best achieve global and national goals in the post-2020
GBF.Catalyzing this opportunitywill help nations to better
identify, address,monitor, andultimately overcome critical
underlying causes of ecosystem and biodiversity loss by the
end of this decade and beyond.
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