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Munduko basoen % 40k
soilik mantentzen du
integritate ekologikoa

Giza jarduerek basoetan eragin duten kaltea kuantifikatzean, munduko
bazter gehienetan basoen osasuna kolokan dagoela ikusi da. Basoek
berezkoa duten egitura ekologikoa galtzean, planetari eta gizarteari
eskaintzen zizkioten onurak ere galtzen dira. Beraz, lehentasunezkoa da
integritatea mantentzen duten basoak babesteko neurriak hartzea.

Basoak funtsezkoak dira klima erregulatzeko,
biodibertsitatea ahalbidetzeko eta gure ongizate
orokorrerako, baina ebaluazio global honek datu
kezkagarriak erakutsi ditu: giza jarduerak mun-
duan geratzen diren basoen % 60 eraldatu ditu
jada. Giza jardueren ondorioz basoek pairatutako
zatiketak eta konektibitate-galerak, besteak bes-
te, arriskuan jartzen dute basoetako ekosistemen
integritatea, eta, ondorioz, baita basoek planetari
eskaintzen dizkioten onurak ere.

Orain arte deforestazioa izan da kezka-iturri nagu-
sia, baina ikertzaileek argi dute basoek pairatu du-
ten eraldaketa-maila ere erabakigarria dela haien
osasunerako. Hainbat giza jarduerak, hala nola
urbanizazioak, bestelako giza azpiegiturek, neka-
zaritzak eta zuhaitz-mozketek, basoek berezkoa
duten egitura galtzea ekartzen dute: espezieen
osaera, zuhaitzen adin-aniztasuna, lurraren kalita-
tea eta basoen integritatea osatzen duten beste-
lako faktoreak. Ondorioz, planetarentzat funtsez-
koak diren onurak emateko gaitasuna ere galtzen
dute: karbonoa biltegiratzea, planeta ur garbiz
hornitzea eta biodibertsitaterako beharrezkoak
diren habitatak sortzea.

Europako basoekiko kezka

Ikertzaileen ustez, kezkagarria da Lurreko basoen
% 40k baino ez izatea integritate-maila altua.
Gainera, baso horiek planetako eskualde jakin
batzuetan baino ez daude: batez ere, Kanadako
iparraldean, Errusiako iparraldean, Amazonian,
Erdialdeko Afrikan eta Ginea Berrian. Gainerako
eskualdeek —Europak, Asiako hego-ekialdeak eta
Hego Amerikak, besteak beste- integritate txikiko
basoak dituzte gehientsuenak.

lkerketaren emaitzek erakusten dute lehentasu-
nezkoa dela basoen integritatea bermatzeko neu-
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rriak hartzea. Hasteko, funtsezkoa da datu esan-
guratsu batzuk kontuan hartzea: une honetan,
integritate handiko basoen % 27 baino ez dago
eremu babestuen barruan. Beraz, gainerakoak ba-
besteko neurriak hartu beharko lirateke. Eta, bes-
tetik, eremu babestuetan dauden basoek ere inte-
gritate ertaina edo txikia dute, kasu askotan. Gaur
egun eremu babestuetan egoteak ez duenez ber-
matzen basoen integritatea, babes-neurrien ego-
kitasuna berrikusi beharko dela uste dute.

«Integritate handiko basoak
kartografiatzeak baso horiek
babes-plan berezietan sartzeko
balio dezake»

Ikerketak proposatzen du integritate handiko ba-
soak babestea eta integritate ertain/baxukoak
lehengoratzea. Horretarako, funtsezkoa da kudea-
ketarako estrategia eta politika eraginkorrak iza-
tea, eskualde bakoitzaren testuingurura egokituak.
Hasteko, integritate handiko bertako basoak karto-
grafiatzea proposatzen dute, gerora baso horien ba-
lioa aitortu eta babes-plan berezietan sartzen direla
ziurtatzeko. Bestetik, ezinbestekotzat jotzen dute
politikariek basoen integritatea hobetzeko helburu
zehatzak eta kuantifikagarriak ezartzea, eta gogo-
rarazi dute integritate-galera saihestea gero basoak
lehengoratzea baino estrategia hobea dela beti,
zaharberritzea garestiagoa eta zailagoa delako.

Ezinbestekoa ikusten dute bide horri ekitea, betie-
re klima, biodibertsitatea, garapen jasangarria eta
justizia soziala helburu dituen Nazio Batuen Era-
kundearen estrategia globalaren barnean. Bestela-
koan, ikertzaileek uste dute ezingo direla bermatu
etorkizuneko belaunaldientzat funtsezkoak diren
zerbitzuak.
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Anthropogenic modification of forests means only 40%
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ABSTRACT: Many global environmental agendas, including halting biodiversity loss, reversing land deg-
radation, and limiting climate change, depend upon retaining forests with high ecological integrity, yet
the scale and degree of forest modification remain poorly quantified and mapped. By integrating data on
observed and inferred human pressures and an index of lost connectivity, we generate a globally consist-
ent, continuous index of forest condition as determined by the degree of anthropogenic modification.
Globally, only 17.4 million km? of forest (40.5%) has high landscape-level integrity (mostly found in Can-
ada, Russia, the Amazon, Central Africa, and New Guinea) and only 27% of this area is found in nation-
ally designated protected areas. Of the forest inside protected areas, only 56% has high landscape-level
integrity. Ambitious policies that prioritize the retention of forest integrity, especially in the most intact
areas, are now urgently needed alongside current efforts aimed at halting deforestation and restoring the
integrity of forests globally.
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Deforestation is a major environmental issue [1],
but far less attention has been given to the degree of
anthropogenic modification of remaining forests,
which reduces ecosystem integrity and diminishes
many of the benefits that these forests provide [2, 3].
This is worrying since modification is potentially
as significant as outright forest loss in determin-
ing overall environmental outcomes [4]. There is
increasing recognition of this issue, for forests and
other ecosystems, in synthesis reports by global sci-
ence bodies such as the global assessment undertak-
en by the Intergovernmental Science-Policy Platform
on Biodiversity and Ecosystem Services [5], and it is
now essential that the scientific community develop
improved tools and data to facilitate the considera-
tion of levels of integrity in decision-making. Map-
ping and monitoring this globally will provide es-
sential information for coordinated global, national,
and local policy-making, planning, and action, to
help nations and other stakeholders achieve the
Sustainable Development Goals (SDGs) and imple-
ment other shared commitments such as the United
Nations Convention on Biological Diversity (CBD),
Convention to Combat Desertification (UNCCD),
and Framework Convention on Climate Change
(UNFCCQ).

Ecosystem integrity is foundational to all three of
the Rio Conventions (UNFCCC, UNCCD, CBD) [¢].
As defined by Parrish et al. [7], it is essentially the
degree to which a system is free from anthropo-
genic modification of its structure, composition,
and function. Such modification causes the reduc-
tion of many ecosystem benefits, and is often also
a precursor to outright deforestation [8, 9]. For-
ests largely free of significant modification (i.e.,
forests having high ecosystem integrity), typically
provide higher levels of many forest benefits than
modified forests of the same type [10], including;
carbon sequestration and storage [11], healthy
watersheds [12], traditional forest use [13], con-
tribution to local and regional climate process-
es [14], and forest-dependent biodiversity [15-
18]. Industrial-scale logging, fragmentation by
infrastructure, farming (including cropping and
ranching) and urbanization, as well as less visible
forms of modification such as over-hunting, wood

fuel extraction, and changed fire or hydrological
regimes [19, 20], all degrade the degree to which
forests still support these benefits, as well as their
long-term resilience to climate change [10]. There
can be trade-offs, however, between the benefits
best provided by less-modified forests (e.g., reg-
ulatory functions such as carbon sequestration)
and those production services that require some
modification (e.g., timber production). These
trade-offs can, at times, result in disagreement
among stakeholders as to which forest benefits
should be prioritized [21].

In recent years, easily accessible satellite image-
ry and new analytical approaches have improved
our ability to map and monitor forest extent glob-
ally [22-24]. However, while progress has been
made in developing tools for assessment of global
forest losses and gains, consistent monitoring of
the degree of forest modification has proved elu-
sive [25, 26].

Technical challenges include the detection of low
intensity and unevenly distributed forest modifi-
cation, the wide diversity of changes that com-
prise forest modification, and the fact that many
changes are concealed by the forest canopy [25].
New approaches are emerging on relevant forest
indicators, such as canopy height, canopy cover
and fragmentation, and maps of different human
pressures, which are used as proxies for impacts
on forests [27-30]. Some binary measures of forest
modification, such as Intact Forest Landscapes [31]
and wilderness areas [32], have also been mapped
at the global scale and used to inform policy, but
do not resolve the degree of modification within
remaining forests, which we aimed to do with this
assessment.

Human activities influence the integrity of for-
ests at multiple spatial scales, including intense,
localized modifications such as road-building
and canopy loss, more diffuse forms of change
that are often spatially associated with these
localized pressures (e.g., increased accessibili-
ty for hunting, other exploitation, and selective
logging), and changes in spatial configuration
that alter landscape- level connectivity. Previ-
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ous studies have quantified several of these as-
pects individually [27-29], but there is a need to
integrate them to measure and map the overall
degree of modification considering these land-
scape-level anthropogenic influences at each
site. Here, we integrate data on forest extent
defined as all woody vegetation taller than 5 m,
following [23], observed human pressures (e.g.,
infrastructure) which can be directly mapped
using current datasets, other inferred human
pressures (e.g., collection of forest materials)
that occur in association with those that are ob-
served but cannot be mapped directly, and alter-
ations in forest connectivity, to create the Forest
Landscape Integrity Index (FLII), that describes
the degree of forest modification for the begin-
ning of 2019 (Fig. 1).

Figure 1. Methods used to construct the Forest Landscape
Integrity Index. The Forest Landscape Integrity Index was
constructed based on three main data inputs: (1) observed
pressures (infrastructure, agriculture, tree cover loss),

(2) inferred pressure modeled based on proximity to the
observed pressures, and (3) change in forest connectivity

The result is a globally applicable, continu-
ous-measure map of landscape-level forest integ-
rity (hereafter, integrity), which offers a timely
indicator of the status and management needs of
Earth’s remaining forests. The results show there
has been a huge loss of forest integrity. To give a
global overview we summarize the results accord-
ing to three simple, illustrative categories of integ-
rity (which we term “high”, “medium”, and “low”)
while noting that the underlying continuous index
enables much finer distinctions to be made for
detailed analysis in diverse contexts. This reveals
around 40% of remaining forests have high forest
integrity. Further, our methodological framework
(Fig. 1) can be adapted to match local conditions
at national or subnational scales and for different
weightings to be applied.

1. Results

Forest modification caused by human activity is
both highly pervasive and highly variable across
the globe (Fig. 2). We found 31.2% of forests world-
wide are experiencing some form of observed hu-
man pressure, which included infrastructure, ag-
riculture, and recent deforestation. Our models
also inferred the likely occurrence of other pres-
sures, and the impacts of lost connectivity, in al-
most every forest location (91.2% of forests), albeit
sometimes at very low levels. Diverse, recogniza-
ble patterns of forest integrity can be observed in
our maps at a range of scales, depending on the
principal forms and general intensity of human
activity in an area. Broad regional trends can be
readily observed, for example, the overall gradient
of decreasing human impact moving northwards
through eastern North America (Fig. 2), and finer
patterns of impact are also clearly evident, down
to the scale of individual protected areas, forest
concessions, settlements, and roads (Supplemen-
tary Fig. 2).

FLII scores range from O (lowest integrity) to 10
(highest). We discretized this range to define
three broad illustrative categories: low (<6.0); me-
dium (>6.0 and <9.6); and high integrity (>9.6) by
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Figure 2. Forest Landscape Integrity Index map. A global map of Forest Landscape Integrity for the start of 2019. Three regions
are highlighted including (a) Smoky Mountains National Park in Tennessee USA, (b) a region in Shan State Myanmar, and

(¢) Reserva Natural del Estuario del Muni in Equatorial Guinea. Maps A1-C1 shows the Forest Landscape Integrity Index for these
locations. A2, B2, and C2 are photographs from within these regions: (A2) the edge of Smoky Mountains National Park; (B2)
shows a logging truck passing through some partially degraded forest along a newly constructed highway in Shan Stat; and, (C3)
shows an intact mangrove forest within Reserva Natural del Estuario del Muni, near the border with Gabon. The stars in (a), (b),
and (c) indicate approximate location of where these photos were taken. All photos were taken by H.S.G.

benchmarking against reference locations world-
wide (see Methods, Supplementary Table 4). Only
40.5% (17.4 million km?) of the forest was classified
as having high integrity (fig. 3; Table 1). Moreover,
even in this category of high integrity 36% still
showed at least a small degree of human modifi-
cation. The remaining 59% (25.6 million km? of
the forest was classified as having low or medium
integrity, including 25.6% (11 million km?* with
low integrity (Fig. 3; Table 1). When we analyzed
across biogeographical realms defined by [33] not
a single biogeographical realm of the world had
more than half of its forests in the high category
(Fig. 3; Table 1).

The biogeographical realms with the largest area of
forest with high integrity are the Paleartic, particu-
larly northern Russia, and the Neartic, in north-
ern Canada, Rocky Mountains, and Alaska (Fig. 3).

There are also large areas of forest with high integ-
rity in the Neotropics, concentrated in the Amazon
region, including within the Guianas, Atlantic for-
est in Brazil, southern Chile, and parts of Mesoa-
merica (Fig. 3, Table 1). The Afrotropic realm has
significant areas with high integrity, particularly
within the humid forests of central Africa (e.g., in
Republic of Congo and Gabon) and in some of the
surrounding drier forest/woodland belts (e.g., in
South Sudan, Angola, and Mozambique) (Fig. 3).
Some smaller patches occur in West Africa and
Madagascar. In tropical Asia-Pacific, the largest
tracts of forest with high integrity are in New Guin-
ea. Smaller but still very significant tracts of forest
with high integrity are also scattered elsewhere in
each of the main forested regions, including parts
of Sumatra, Borneo, Myanmar, and other parts of
the Greater Mekong subregion.
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Figure 3. Forest Landscape Integrity Index map categorized into three illustrative classes. The Forest Landscape Integrity
Index for 2019 categorized into three broad, illustrative classes and mapped across each biogeographic realm (a-g). The size of
the pie charts indicates the relative size of the forests within each realm (a-g), and h shows all the world’s forest combined

Concentrations of the forest with low integrity are
found in many regions including west and central
Europe, the south-eastern USA, island and main-
land South-East Asia west of New Guinea, the Andes,
much of China and India, the Albertine Rift, West Af-
rica, Mesoamerica, and the Atlantic Forests of Brazil

(Fig. 3). The overall extent of forests with low integrity
is greatest in the Paleartic realm, followed by the Ne-
otropics, which are also those biogeographic realms
with the largest forest cover (Table 1). The Indo-Ma-
layan realm has the highest percentage with low in-
tegrity, followed by the Afrotropics (Fig. 3; Table 1).

Table 1
Brief title: Forest Landscape Integrity Index scores for each biogeographic realm
. . | Historical ~ Current Proportion High (9.6-10) Medium (6-9.6) Low (0-¢)
Biogeographic FLII
forestarea forest area of forest % of % of % of
realm km? lem? ning (9% (mean) km? %0 km? %0 km? %0
(km’) (km’) remaining (%) realm realm realm
Afrotropic 9,071,897 7,362,740 81.2 7.34 2,450,953 33.3 2,903,483 39.4 2,008,304 27.3
Australasia 2,225,054 1,711,684 76.9 8.05 656,701 38.4 753,188 44,0 301,796  17.6
Indo-malayan 4,797,518 3,596,249 75.0 5.9 420,977 11.7 1,599,049 44.5 1,576,223  43.8
Neotropic 14,965,342 10,271,519 68.6 7.81 4,579,406 44.6 3,122,706 30.4 2,569,407 25,0
Oceania 30,746 23,389 76.1 7.66 5,279 22.6 14,331 61.3 3,780 16.2
Palearctic 16,524,088 12,172,668 73.7 8,00 5,571,997 45.8 3,910,629 32.1 2,690,042  22.1
Nearctic 9,756,589 7,794,117 79.9 7.84 3,716,855 47.7 2,257,518 29,0 1,819,744  23.3
Total 57,371,234 42,932,367 74.8 7.76 17,402,170 14,560,903 10,969,294

A summary of the Forest Landscape Integrity Index scores for each biogeographic realm globally, measuring the mean score, in
addition to the area and proportion of realm for each category of integrity. Scores are divided into three categories of integrity:

high, medium, and low.
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These patterns result in variation of forest integrity
scores in ways that allow objective comparisons to
be made between locations and at a resolution rel-
evant for policy and management planning, such
as at national and sub-national scales. The global
average FLII score is 7.76 (Table 1), representing
a medium level of integrity. However, the average
score across countries, disregarding their size, is
5.48, suggesting that low scores dominate in many
of the smaller countries, and indeed a quarter of
forested countries have a national average score
< 4. National mean scores vary widely, ranging
from >9 in Guyana, French Guiana, Gabon, Sudan,
and South Sudan to <3 in Sierra Leone and many
west European countries (see Fig. 4. and Supple-
mentary Table 5 for a full list of countries). Prov-
inces and other sub-national units vary even more
widely (see Supplementary Fig. 2 and Supplemen-
tary Table 6).

Over one-quarter (26.1%) of all forests with high in-
tegrity fall within protected areas, compared to just
13.1% of low and 18.5% of medium integrity forests
respectively. For all forests that are found within
nationally designated protected areas (around 20%
of all forests globally), we found the proportions of
low, medium, and high integrity forests were 16.8%,
30.3%, and 52.8%, respectively (Table 2). Within the
different protected area categories, we typical-
ly found that there was more area within the high
integrity category versus the medium and low ex-
cept for Category V (protected landscape/seascape)
(Table 2). However, with 47.1% of forests within
protected areas having low to medium integrity
overall, it is clear that forests considered protect-
ed are already often fairly modified (Table 2). Even
though they are quite modified, some of these for-
ests might still have high conservation importance,
such as containing endangered species.

Table 2
Brief title: Forest Landscape Integrity Index scores for different types of protected areas
High Medium Low
(score 9.6-10) (score 6-9.6) (score 0-6)
Protected area categor TOtal forest FLIT
gory (km? (mean) % of % of % of
km? protected km? protected km? protected
area area area
Ia (strict nature reserve) 439,082 9.27 304,329 69.31 106,703 24.30 28,049 6.39
Ib (wilderness area) 367,330 9.22 240,453  65.46 102,096  27.79 24,780 6.75
II (national park) 1,900,000 9.14 1,223,138 64.38 540,805 28.46 136,056 7.16
111 (natural monument or feature) 113,805 8.49 54,476 47.87 40,021 35.17 19,308 16.97
IV (habitat/species management area) 838,707  8.69 432,828 51.61 268,027 31.96 137,850 16.44
V (protected landscape/seascape) 840,919  6.40 224,491 26.70 295,769 35.17 320,658 38.13
VI (Protected area with sustainable | ) ;) o0 g1 | 106160 69.70 344,617 23.41 101,491  6.89
use of natural resources)
Not Applicable / Not Assigned / Not | ) 5 oy 529 | 1030430  39.42 906,745  34.69 676,365  25.88
Reported
All Protected Areas 8,585,661 8.55 4,536,314 52.83 2,694,784 30.34 1,444,562 16.82

A summary of the Forest Landscape Integrity Index scores for each type of protected area designation based on the IUCN Pro-
tected Areas categories measuring mean score, in addition to the area and proportion of realm for each category of integrity.
Scores are divided into three categories of integrity: high, medium, and low.
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Anthropogenic modification of forests means only 40% of remaining forests have high ecosystem integrity

Figure 4. Forest Landscape Integrity Index map categorized into three illustrative classes for each major forested country. The
Forest Landscape Integrity Index for 2019 categorized into three broad, illustrative classes for each major forested country in the
world. (2) countries with a forest extent larger than 1 million km?, and (b) countries with forest extent between 1 million km? and
100,000 km? of forest. The size of the bar represents the area of a country’s forests

2. Discussion modification, and changes in forest connectivity,

our analysis paints a sobering picture of the extent of
By providing a transparent and defensible meth-  human impacts on the world’s forests. This analysis
odological framework, and by taking advantage of  enables the changes that degrade many forest values
global data on forest extent, human drivers of forest  to be visualized in a way for policymakers and deci-
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sion-makers to see where forests that survive in good
condition are found. By integrating data on multiple
human pressures that are known to modify forests,
our analysis moves global quantification beyond the
use of simple categories, or solely using pressure in-
dicators as proxies for integrity, to a more nuanced
depiction of this issue as a continuum, recognizing
that not all existing forests are in the same condition.
Our analysis reveals that severe and extensive forest
modification has occurred across all biogeographic
regions of the world. Consequently, indices only us-
ing forest extent may inadequately capture the true
impact of human activities on forests, and are insen-
sitive to many drivers of forest modification and the
resulting losses of forest benefits.

A plan is clearly needed to put in place retention
strategies for the remaining forests with high in-
tegrity, tailored towards the context in each country
or jurisdiction and its different forest types [34-36],
because such areas are known to hold exceptional
value. Avoiding the loss of integrity is a better strat-
egy than aiming to restore forest condition after it
is lost, because restoration is more costly, has a risk
of failure, and is unlikely to lead to full recovery of
benefits [5]. For the forests with the highest integrity
to be retained they should ideally be mapped using
nationally appropriate criteria by the countries that
hold them, formally recognized, prioritized in spatial
plans, and placed under effective management (e.g.,
protected areas and other effective conservation ar-
eas, lands under Indigenous control, etc.). These for-
ests must be protected from industrial development
impacts that degrade them through sensible public
and private sector policy that is effective at relevant
scales [13, 37]. Our global assessment reveals where
these places are found, and can be refined at more
local scales where better data are available.

Around a third of global forests had already been
cleared by 2000 [38], and we show that at least 59%
of what remains has low or medium integrity, with
> 50% falling in these two broad categories in every
biogeographical realm. These levels of human
modification result partly from the large areas af-
fected by relatively diffuse anthropogenic pres-
sures whose presence is inferred near forest edges,
and by lost connectivity. We also map a surprising

level of more localized, observed pressures, such
as infrastructure and recent forest loss, which are
seen in nearly a third of forested pixels worldwide.

Conservation strategies in these more heavily hu-
man-modified forests should focus on securing any
remaining fragments of forests in good condition,
proactively protecting those forests most vulnera-
ble to further modification [8] and planning where
restoration efforts might be most effective [39-41].
In addition, effective management of production
forests is needed to sustain yields without further
worsening their ecological integrity [42]. More re-
search is required on how to prioritize, manage,
and restore forests with low to medium integri-
ty [41, 43], and the FLII presented here might prove
useful for this, for example, by helping prioritize
where the best returns on investment are, in combi-
nation with other sources of data (e.g., carbon) [44].

Loss of forest integrity severely compromises many
benefits of forests that are central to achieving multi-
ple Sustainable Development Goals and other societal
targets [45, 46]. Therefore, governments must adopt
policies and strategies to retain and restore the eco-
logical integrity of their forests, whilst ensuring that
the solutions are also economically viable, socially eq-
uitable, and politically acceptable within complex and
highly diverse local contexts. This is an enormous
challenge and our efforts to map the degree of forest
modification are designed both to raise awareness of
the importance of the issue, and to support imple-
mentation through target setting, evidence-based
planning, and enhanced monitoring efforts.

Whilst policy targets for halting deforestation are
generally precise and ambitious, only vague tar-
gets are typically stipulated around reducing levels
of forest modification [10, 47]. We urgently need
SMART (specific, measurable, achievable, realistic,
and time-bound) goals, targets, and indicators for
maintaining and restoring forest integrity that di-
rectly feeds into higher-level biodiversity, climate,
land degradation, and sustainable development
goals [48]. Forest specific targets could be included
within an over-arching target on ecosystems with-
in the post-2020 Global Biodiversity Framework,
which is currently being negotiated among Parties
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to the CBD [49]. This target needs to be outcome-fo-
cused and address both the extent and the integrity
of ecosystems (e.g., using FLII for forests), in a way
that enables quantitative, measurable goals to be set
and reported on, but allows flexibility for implemen-
tation between Parties. The index we provide here
could be easily updated annually and utilized by na-
tions as a way to report the state of their forests.

In addition to broader goals in global frameworks,
the retention and restoration of forest integrity
should also be addressed in nationally-defined goals
embodied in, and aligned between, Nationally Deter-
mined Contributions under the UNFCCC, efforts to
stop land degradation and achieve land degradation
neutrality under the UNCCD, and National Biodiver-
sity Strategy and Action Plans under the CBD. Since
no single metric can capture all aspects of a country’s
environmental values, efforts to conserve high levels
of forest integrity should be complemented by con-
sideration of areas that support important values
according to other measures (e.g., Key Biodiversity
Areas [50] and notable socio-cultural landscapes).

A key management tool for maintaining and im-
proving forest integrity is protected areas [10]. We
found over a quarter of forests with high integrity
arewithin protected areas, showing that thisimpor-
tance has been widely recognized by some nation-
al authorities. However, we also found that nearly
half of the forests within protected areas have me-
dium or low integrity. This result aligns with other
studies such as Jones et al. [51] that found a third
of protected areas had high human pressure with-
in them. Compared with more restricted protected
areas (e.g., category I), there was a broad trend of
decreasing forest integrity in protected area cate-
gories that allows more human use, with particu-
larly low mean scores and high percentages of the
forest with low integrity in Category V (Protected
Landscapes/Seascapes). The exception is catego-
ry VI, which includes indigenous and community
protected areas, some of which contain very exten-
sive areas with low human population pressure,
and for which mean integrity scores are compara-
ble to those in category I. Some of these differenc-
es probably represent differences at the time of es-
tablishment, so time series or quasi-experimental

methods are needed to clarify the degree to which
the various categories are effective in mitigating
threats to integrity, as suggested by Fa et al. [52].

The overall level and pervasiveness of impacts on
Earth’s remaining forests is likely even more se-
vere than our findings suggest, because some input
data layers, despite being the most comprehensive
available, are still incomplete as there are lags be-
tween increases in human pressures and our abil-
ity to capture them in spatial datasets e.g., infra-
structure [53, 54], (see also Supplementary Note
5 and Supplementary Fig. 1). For example, roads
and seismic lines used for natural resource explo-
ration and extraction in northern boreal regions of
Canada, are not fully reflected in global geospatial
datasets (Supplementary Fig. 1; see also [55]) The
over-exploitation of high socio-economic value
animals and plants may be quite varied across na-
tions and region, driven by complex social, cultur-
al, economic and governance factors e.g. [56, 57],
which are difficult to model spatially but as these
data become available, they could be included in
further updates of the index. Adding a temporal di-
mension of the index is an important next step, as
it will be possible to start to assess the drivers and
underlying caused leading to intact forest erosion
which clearly requires further research attention.
Furthermore, because natural fires are such an im-
portant part of the ecology of many forest systems
(e.g., boreal forests) and it is not possible to con-
sistently identify anthropogenic fires from natural
fires at a global scales [58] we have taken a strongly
conservative approach to fire in our calculations,
treating all tree cover loss in 10 km pixels where
fire was the dominant driver as temporary, and not
treating such canopy loss as evidence of observed
human pressure. Varying these assumptions where
human activity is shown to be causing permanent
tree cover losses, increasing fire return frequen-
cies, or causing fire in previously fire-free systems
would result in lower forest extent and/or lower for-
est integrity scores in some regions than we report.

We map forest integrity based on quantifiable pro-
cesses over the recent past (since 2000). In some ar-
eas modification that occurred prior to this (e.g.,
historical logging) is not detectable by our methods
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but may have influenced the present-day integrity
of the forest so, in such cases, we may overestimate
forest integrity. This is another reason why our index
should be considered as conservative, and we, there-
fore, recommend that the index be used alongside
other lines of evidence to determine the absolute
level of the ecological integrity of a given area. More-
over, the definition of forest in this study is all woody
vegetation taller than 5 m, following [23] and hence
includes not only naturally regenerated forests but
also tree crops, planted forests, wooded agroforests,
and urban tree cover in some cases. Users should be
mindful of this when interpreting the results, espe-
cially when observing areas with low forest integrity
scores. Inspection of the results for selected coun-
tries with reliable plantation maps [59] shows that
the great majority of planted forests have low forest
integrity scores, because they are invariably associ-
ated with dense infrastructure, frequent canopy re-
placement, and patches of farmland.

We note our measure of forest integrity does not ad-
dress past, current, and future climate change. As
climate change affects forest conditions both directly
and indirectly, this is a clear shortfall and needs re-
search attention. The same is true for invasive spe-
cies, as there are no globally coherent data on the
ranges of those invasive species that degrade for-
est ecosystems, although this issue is indirectly ad-
dressed since the presence of many invasive species is
likely spatially correlated with the human pressures
that we use as drivers in our model [27]. We estimat-
ed the likely occurrence of damage caused by inferred
pressures using a distance function; this function
could be tailored to particular contexts, such as the
presence of high-value species or unusually difficult
terrain, if training data were available. As global data
become available it would also be valuable to incorpo-
rate data on other drivers of forest integrity loss. Fu-
ture research might enable the inclusion of govern-
ance effectiveness as a factor in our model, because
there are potentially contexts (e.g., well-managed
protected areas and community lands, production
forests under “sustainable forest management”)
where the impacts associated with the human pres-
sures we base our map on are at least partially ame-
liorated [42], and enhanced governance is also likely

to be a significant component of some future strate-
gies to maintain and enhance forest integrity.

The framework we present is now being tailored for
use at smaller scales, ranging from regional to na-
tional and sub-national scales, and even to individ-
ual management units, through the development
of a cloud-based online tool. Forest definitions and
the relative weights of the global parameters we use
can be adjusted to fit local contexts and, in many
cases, better local data could be substituted, or
additional variables incorporated. This would not
only increase the precision of the index in repre-
senting local realities, but also the degree of owner-
ship amongst national and local policymakers and
stakeholders whose decisions are so important in
determining forest management trajectories.

3. Methods

To produce our global Forest Landscape Integrity In-
dex (FLII), we combined four sets of spatially explicit
datasets representing: (i) forest extent [23]; (ii) ob-
served pressure from high impact, localized human
activities for which spatial datasets exist, specifical-
ly: infrastructure, agriculture, and recent deforesta-
tion [27]; (iii) inferred pressure associated with edge
effects [27], and other diffuse processes, (e.g., activi-
ties such as hunting and selective logging) [27] mod-
eled using proximity to observed pressures; and iv)
anthropogenic changes in forest connectivity due to
forest loss [27] (see Supplementary Table 1 for data
sources). These datasets were combined to produce
an index score for each forest pixel (300 m), with the
highest scores reflecting the highest forest integrity
(Fig. 1), and applied to forest extent for the start of
2019. We use globally consistent parameters for all
elements (i.e., parameters do not vary geographical-
ly). All calculations were conducted in Google Earth
Engine (GEE) [60].

3.1. Forestextent

We derived a global forest extent map for 2019 by
subtracting from the Global Tree Cover product for
2000 [23] annual Tree Cover Loss 2001-2018, except
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for losses categorized by Curtis and colleagues [24]
as those likely to be temporary in nature (i.e., those
due to fire, shifting cultivation and rotational for-
estry). We applied a canopy threshold of 20% based
on related studies e.g. [31, 61], and resampled to
300m resolution and used this resolution as the ba-
sis for the rest of the analysis (see Supplementary
Note 1 for further methods).

3.2. Observed human pressures

We quantify observed human pressures (P) within a
pixel as the weighted sum of impact of infrastructure
(I; representing the combined effect of 41 types of in-
frastructure weighted by their estimated general rel-
ative impact on forests (Supplementary Table 3), ag-
riculture (A) weighted by crop intensity (indicated by
irrigation levels), and recent deforestation over the
past 18 years (H; excluding deforestation from fire,
see Discussion). Specifically, for pixel i:

Pi=exp(-p,1)+exp(-B,A) +exp(-B,H) 0))

whereby the values of B were selected so that the
median of the non-zero values for each component
was 0.75. This use of exponents is a way of scaling
variables with non-commensurate units so that
they can be combined numerically, while also en-
suring that the measure of observed pressure is
sensitive to change (increase or decrease) in the
magnitude of any of the three components, even at
large values of I, A, or H. This is an adaptation of
the Human Footprint methodology [62]. See Sup-
plementary Note 3 for further details.

3.3. Inferred human pressures

Inferred pressures are the diffuse effects of a set of
processes for which directly observed datasets do not
exist, that include microclimate and species interac-
tions relating to the creation of forest edges [63] and
a variety of intermittent or transient anthropogenic
pressures such as selective logging, fuelwood collec-
tion, hunting; spread of fires and invasive species,
pollution, and livestock grazing [64-66]. We modeled
the collective, cumulative impacts of these inferred
effects through their spatial association with ob-
served human pressure in nearby pixels, including a

decline in effect intensity according to distance, and
partitioning into stronger short-range and weaker
long-range effects. The inferred pressure (P) on pix-
el i from source pixelj is:

p 0= P]. (Wi,]. + Vi)].) 2

where w,. is the weighting given to the modifica-
tion arising from short-range pressure, as a func-
tion of distance from the source pixel, and v, is the
weighting given to the modification arising from
long-range pressures.

Short-range effects include most of the processes
listed above, which together potentially affect most
biophysical features of a forest, and predominate
over shorter distances. In our model, they decline
exponentially, approach zero at 3 km, and are trun-
cated to zero at 5 km (see Supplementary Note 4).

W, =a exp(—)\dili) [for di,i <5km]

w,,=0 [for di,l, >5km] (3)
where o is a constant set to ensure that the sum
of the weights across all pixels in the range is 1.85
(see below), A is a decay constant set to a value of
1 (see [67] and other references in Supplementary
Note 4) and d. . is the Euclidean distance between
the centers of pixels i and j expressed in units of km.

Long-range effects include over-exploitation of high
socio-economic value animals and plants, changes
to migration and ranging patterns, and scattered
fire and pollution events. We modeled long-range
effects at a uniform level at all distances below 6 km
and they then decline linearly with distance, con-
servatively reaching zero at a radius of 12 km [65, 68]
(and other references in Supplementary Note 4):

V=Y [for di’j <6km]
v,=y(2-d)/6 [forekm<d <12km] (4)
v,;=0 [for dl.,j >12 km]

where y is a constant set to ensure that the sum of
the weights across all pixels in the range is 0.15 and
di,jis the Euclidean distance between the centers of
pixels i and j, expressed in kilometers.

The form of the weighting functions for short-
and long-range effects and the sum of the weights
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(a +y) were specified based on a hypothetical refer-
ence scenario where a straight forest edge is adja-
cent to a large area with uniform human pressure,
and ensuring that in this case total inferred pres-
sure immediately inside the forest edge is equal to
the pressure immediately outside, before declin-
ing with distance. y is set to 0.15 to ensure that the
long-range effects conservatively contribute no
more than 5% to the final index in the same sce-
nario, based on expert opinion and supported e.g.,
Berzaghi et al. [69] regarding the approximate level
of impact on values that would be affected by severe
defaunation and other long-range effects.

The aggregate effect from inferred pressures (Q) on
pixel i from all n pixels within range (j=1toj=n) is
then the sum of these individual, normalized, dis-
tance-weighted pressures, i.e.,

= E P )
j=1

3.4. Loss of forest connectivity

Average connectivity of forest around a pixel was
quantified using a method adapted from Beyer
et al. [70]. The connectivity C, around pixel i sur-
rounded by » other pixels within the maximum ra-
dius (numbered j =1, 2..., n) is given by:

n

C;= Y (FG,;) )

j=1

where F, is the forest extent is a binary variable indi-
cating 1f forested (1) or not (0)and G, 1s the weight as-
signed to the distance between plxels iandj. G uses
anormalized Gaussian curve, with 0 =20 km and dis-
tribution truncated to zero at 4o for computational
convenience (see Supplementary Note 2). The large
value of ¢ captures landscape connectivity patterns
operating at a broader scale than processes captured
by other data layers. C, ranges from 0to 1 (C, € [0,1]).

Current Configuration (CC) of forest extent in pixel i
was calculated using the final forest extent map and
compared to the Potential Configuration (PC) of for-
est extent without extensive human modification,

so that areas with naturally low connectivity, e.g.,
coasts and natural vegetation mosaics, are not pe-
nalized. PC was calculated from a modified version
of the map of Laestadius et al. [38] and resampled to
300m resolution (see Supplementary Note 2 for de-
tails). Using these two measures, we calculated Lost
Forest Configuration (LFC) for every pixel as:

LEC,=1 - (CC/PC) @

Values of CC/PC. > 1 are assigned a value of 1 to en-
sure that LFC is not sensitive to apparent increases
in forest connectivity due to inaccuracy in estimat-
ed potential forest extent — low values represent
least loss, high values greatest loss (LFC. € [0,1]).

3.5. Calculating the Forest Landscape Integrity Index

The three constituent metrics, LFC, P,and Q, all rep-
resent increasingly modified conditions the larger
their values become. To calculate a forest integrity
index in which larger values represent less degrad-
ed conditions we, therefore, subtract the sum of
those components from a fixed large value (here, 3).
Three was selected as our assessment indicates that
values of LFC + P + Q of 3 or more correspond to
the most severely degraded areas. The metric is also
rescaled to a convenient scale (0-10) by multiplying
by an arbitrary constant (10/3). The FLII for forest
pixel i is thus calculated as:

FLIL =[10/3] 3 - min(3, [P,+ Q+LEC])  (8)

where FLII ranges from 0 to 10, forest areas with no
modification detectable using our methods scoring
10 and those with the most scoring 0.

3.6. Illustrative forest integrity classes

Whilst a key strength of the index is its continuous
nature, the results can also be categorized for a range
of purposes. In this paper three illustrative classes
were defined, mapped, and summarized to give an
overview of broad patterns of integrity in the world’s
forests. The three categories were defined as follows.

High Forest Integrity (scores > 9.6) Interiors and
natural edges of more or less unmodified naturally
regenerated (i.e., non-planted) forest ecosystems,
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comprised entirely or almost entirely of native
species, occurring over large areas either as con-
tinuous blocks or natural mosaics with non-forest
vegetation; typically little human use other than
low-intensity recreation or spiritual uses and/or
lowintensity extraction of plant and animal prod-
ucts and/or very sparse presence of infrastructure;
key ecosystem functions such as carbon storage, bi-
odiversity, and watershed protection and resilience
expected to be very close to natural levels (excluding
any effects from climate change) although some de-
clines possible in the most sensitive elements (e.g.,
some high value hunted species).

Medium Forest Integrity (scores > 6.0 but <9.6) In-
teriors and natural edges of naturally regenerat-
ed forest ecosystems in blocks smaller than their
natural extent but large enough to have some core
areas free from strong anthropogenic edge effects
(e.g., set-asides within forestry areas, fragmented
protected areas), dominated by native species but
substantially modified by humans through a diver-
sity of processes that could include fragmentation,
creation of edges and proximity to infrastructure,
moderate or high levels of extraction of plant and
animal products, significant timber removals,
scattered stand-replacement events such as swid-
den and/or moderate changes to fire and hydro-
logical regimes; key ecosystem functions such as
carbon storage, biodiversity, watershed protec-
tion and resilience expected to be somewhat below
natural levels (excluding any effects from climate
change).

Low Forest Integrity (score < 6.0): Diverse range of
heavily modified and often internally fragmented
ecosystems dominated by trees, including (i) nat-
urally regenerated forests, either in the interior of
blocks or at edges, that have experienced multiple
strong human pressures, which may include fre-
quent stand-replacing events, sufficient to greatly
simplify the structure and species composition and
possibly result in significant presence of non-na-
tive species, (ii) tree plantations and, (iii) agrofor-
ests; in all cases key ecosystem functions such as
carbon storage, biodiversity, watershed protection
and resilience expected to be well below natural lev-
els (excluding any effects from climate change).

The numerical category boundaries were derived by
inspecting FLII scores for a wide selection of bench-
mark locations whose forest integrity according to
the category definitions was known to the authors,
see text S6 and Table S4.

3.7. Protected areas analysis

Data on protected area location, boundary, and year
of the inscription were obtained from the February
2018 World Database on Protected Areas [71]. Fol-
lowing similar global studies e.g. [72], we extracted
protected areas from the WDPA database by select-
ing those areas that have a status of “designated”,
“inscribed”, or “established”, and were not designat-
ed as UNESCO Man and Biosphere Reserves. We in-
cluded only protected areas with detailed geographic
information in the database, excluding those repre-
sented as a point only. To assess the integrity of the
protected forest, we extracted all 300m forest pixels
that were at least 50% covered by a formally protected
area and measured the average FLII score.

3.8. Reporting summary

Further information on research design is available
in the Nature Research Reporting Summary linked
to this article.

4. Data availability

The authors declare that all data supporting the
findings of this study are available at www.forest-
landscapeintegrity.com. The datasets used to de-
velop the Forest Landscape Integrity Index can
be found at the following websites: tree cover and
loss  http://earthenginepartners.appspot.com/sci-
ence-2013-global-forest, tree cover loss driver https://
data.globalforestwatch.org/datasets/f2b7de1bdde-
04f7a9034ecb363d71f0e, potential forest cover https://
data.globalforestwatch.org/datasets/potential-for-
estcoverage ESA-CCI Land Cover https://maps.elie.
ucl.ac.be/CCI/viewer/index.php Open Street Maps
https://www.openstreetmap.org, croplands https://
Ipdaac.usgs.gov/news/release-of-gfsad-30-meter-
cropland-extent-products/, surface water https://
globalsurface-water.appspot.com/, protected areas
https://www.protectedplanet.net/en.
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