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Global forest assessments use forest area as an indicator of biodiversity
status, which may mask below-canopy pressures driving forest biodiversity
loss and ‘empty forest’ syndrome. The status of forest biodiversity is impor-
tant not only for species conservation but also because species loss can have
consequences for forest health and carbon storage. We aimed to develop a
global indicator of forest specialist vertebrate populations to improve assess-
ments of forest biodiversity status. Using the Living Planet Index
methodology, we developed a weighted composite Forest Specialist Index
for the period 1970–2014. We then investigated potential correlates of
forest vertebrate population change. We analysed the relationship between
the average rate of change of forest vertebrate populations and satellite-
derived tree cover trends, as well as other pressures. On average, forest
vertebrate populations declined by 53% between 1970 and 2014. We found
little evidence of a consistent global effect of tree cover change on forest
vertebrate populations, but a significant negative effect of exploitation
threat on forest specialists. In conclusion, we found that the forest area is a
poor indicator of forest biodiversity status. For forest biodiversity to recover,
conservation management needs to be informed by monitoring all threats to
vertebrates, including those below the canopy.
1. Introduction
As we arrive at the 2020 expiration of the Aichi Biodiversity Targets under the
Convention on Biological Diversity (CBD), the continuing loss of biodiversity
remains a seemingly intractable environmental challenge [1] with grave impli-
cations for human wellbeing and the supply of valuable ecosystem services [2].
Some 322 vertebrates have become extinct since 1500, and more than 27% of all
assessed extant species are threatened with extinction [2,3]. At a global scale,
the average abundance of monitored vertebrate populations declined by 60%
between 1970 and 2014 [4]. With the average rate of vertebrate species loss
over the last century being up to 100 times the background rate, there is little
doubt that we have entered an era representing the sixth mass extinction [1].

Deforestation has been a significant driver of this worldwide biodiversity
crisis. Over a century ago, most clearance was of temperate forests [5], leading
to observed species extinctions [6], while in the last decades, the main defores-
tation frontiers and risks to biodiversity have been in the tropics [7,8]. Tropical
forests are some of the most biodiverse ecosystems on Earth, harbouring over
half the world’s terrestrial species [9]. Yet, deforestation of tropical forests, redu-
cing their land coverage from 12% to less than 5% [10], along with their
degradation and fragmentation, have resulted from large-scale industrial and
local subsistence agriculture [11] as well as logging, fires and road building
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[12]. This represents a loss of important resources and habitat
for humanity (between 1.2 and 1.5 billion people are directly
dependent on ecosystem services provided by tropical forests
[13]) as well as biodiversity, with far-reaching implications for
the climate system [14] and global carbon cycle [15,16].

Land-use change is predicted to continue as a major
driver of terrestrial biodiversity loss for the rest of this cen-
tury [17]. In order to assess the impacts of land conversion
pressures, it is crucial to develop national-to-global scale
biodiversity measurements [18]. Owing to the importance
of forests as habitat for many species, forest area is often
employed as an indicator in global agreements and processes
aimed at slowing and reversing the decline of biodiversity.
Under the Strategic Plan for Biodiversity 2011–2020, for
example, Aichi Target 5 focuses on halving the rate of loss
of forests and other natural habitats by 2020 [19]. The suite
of indicators for Sustainable Development Goal (SDG) 15
(Life on land) of the 2030 Agenda on Sustainable Development
includes forest area as a proportion of total land area, and the
proportion of forest and other ecosystems covered by
protected areas [20]. Similarly, indicators used to monitor
biodiversity conservation in the Forest Resources Assessment
of the Food and Agricultural Organization (FAO) comprise
area of primary forest, forest area designated for the conserva-
tion of biodiversity and forest area in legally established
protected areas [21]. However, the pertinence of forest area
as a relevant indicator of forest biodiversity has never been
tested at a global scale. While habitat loss is the major driver
of forest biodiversity loss, a focus on forest area alone risks
masking other pressures on forest vertebrates that can operate
below the canopy in conjunction with or independently of
forest cover change. Consequently, areas with stable or increas-
ing forest cover might be experiencing undetected declines in
forest vertebrates, leading to the so-called empty forests that
appear intact but have lost many of their large animals [22].

Understanding the status of forest biodiversity is impor-
tant not only for species conservation but also because
biodiversity loss can have consequences for forest health
[12,23] and carbon stocks [24,25]. The status of the world’s
forests is a critical factor in the avoidance of dangerous
climate change, with afforestation or reforestation being
critical to many of the scenarios consistent with meeting the
1.5°C target [26]. Concurrently, the conservation of bio-
diversity in forests can have direct carbon benefits. Forest
vertebrates, particularly large birds and primates, play an
important role in forest regeneration and long-term carbon
storage [27]. A loss or reduction in forest vertebrates from
regions with a high proportion of large-seeded animal-
dispersed tree species, such as Africa, Asia and the Neotropics,
can lead to carbon losses in forests [24,25,28]. Defaunation
therefore threatens the role that forests play as essential
carbon stores and sinks, risking the investments made by
governments and non-state actors in forests as carbon ‘banks’.

Using the Living Planet Index (LPI) methodology [29,30],
we aimed to develop the first global indicator of forest ver-
tebrate specialist populations to improve assessments of
forest biodiversity status. Given the decline in area of natural
forest over time [31] and the link between habitat loss and
biodiversity loss [32], we expected to find that forest ver-
tebrates were in decline. We then assessed whether trends
in forest vertebrate populations were related to changes in
tree cover, derived from satellite-derived tree cover datasets
that matched the forest vertebrate data in space and time. If
tree cover were a good indicator of forest biodiversity, we
would expect to find a positive relationship between forest
vertebrate population change and tree cover change. We
therefore tested two hypotheses:

(1) Forest vertebrates are in decline worldwide.
(2) Forest vertebrate population change is positively corre-

lated to tree cover change.

2. Methods
(a) Development of a Forest Specialists Index
The Living Planet Database (LPD) contains time-series abun-
dance data for over 22 000 vertebrate populations including
more than 4200 species across the globe, with the earliest records
dating back to the 1950s (www.livingplanetindex.org). The data
are collated from a range of sources, including peer-reviewed
literature, grey literature, online databases and data holders.
Metadata associated with each population, such as taxa, region,
biome or habitat association, are also entered into the database.

The decision to develop an indicator for forest specialists as
opposed to all forest species follows the approach, but not the
same method of selection, of the indicators developed for Euro-
pean birds [33]. Given that specialists depend entirely on
forests, their use in this indicator would provide a better rep-
resentation of ecosystem health. We defined forest specialists
using the habitat coding from the IUCN Red List [3]. Those
with ‘Forest’ listed as one of multiple major habitats for that
species were considered forest generalists, while those with
only ‘Forest’ listed as the major habitat were considered forest
specialists. This definition of specialist is narrow as the ‘Forest’
category from the IUCN Red List refers to natural habitat and
does not include artificial habitats such as plantations. However,
as the category applies to the major habitats a species occurs in, it
is still possible that all or part of a population may be located in
or adjacent to a plantation. The forest specialists dataset com-
prised 268 forest specialist species (455 populations): 135 birds,
89 mammals, 19 reptiles and 25 amphibians. See electronic sup-
plementary material, S1 for a breakdown by realm and
taxonomic class.

We followed the approach of the diversity-weighted LPI [30]
to create a weighted index proportional to the species richness of
each biogeographic realm and taxa in the dataset, and also to
enable results to be compared with the global terrestrial LPI. In
order to calculate weightings for each taxon and realm, the
total number of vertebrate species from each taxonomic class
and biogeographic realm that have ‘Forest’ listed as a habitat
was taken from the IUCN Red List. Unlike for birds, mammals
and amphibians, the coverage of reptile assessments in the
IUCN Red List is not comprehensive so we did not have a full
list of forest reptile species globally. However, the number of
forest reptiles by realm was considered usable, given that the
proportion of reptile species in each realm was similar to amphi-
bians and also because spatial patterns of species richness tend to
be similar among other vertebrate groups [34].

To create the subsets for the indicator, we disaggregated the
data according to three taxonomic groups (mammals, birds,
herptiles) by five realms (Nearctic, Palaearctic, Neotropical,
Afrotropical, Indo-Pacific). Combining amphibians and reptiles
into a herptile group, and Indo-Malaya, Australasia and Oceania
into a single Indo-Pacific realm was a response to low data
availability for these subsets. The final combinations yielded a
total of 14 subsets as there were no time-series data available
for Palaearctic herptiles.

The Forest Specialist Index was calculated using the R pack-
age rlpi (https://github.com/Zoological-Society-of-London/
rlpi) following the approach in McRae et al. [30]. The weightings
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calculated above for forest species were applied to each of the 14
subsets. In order to examine trends within these subsets of the
data and by forest biome, we compared the mean and standard
error of the species trends within each of the subsets. The indi-
vidual species trends were available as one of the outputs of
the rlpi package.

(b) Correlates of forest vertebrate population change
(i) Forest populations and tree cover change
While the Forest Specialist Index reflects population changes in
forest specialists to more accurately reflect ecosystem health,
changes in tree cover may also affect populations of forest gener-
alists. We, therefore, selected all forest specialists and generalists
that were surveyed at a specific location (defined as a discrete
area such as a national park or sample area of a forest; a non-
specific location comprises a larger survey area such as a province
or country). For each population, the period encompassing the
first and last year of survey data is subsequently referred to as
the study period. Many population records do not have data
available for every year of the study period. We determined
annual predicted abundance values per population by fitting gen-
eralized additive models (GAMs) to the time-series population
data where survey data were available for at least 6 years, and
linear regressions where data were available for between 2 and
5 years, following Spooner et al. [35].

In order to assess the relationship between tree cover change
and forest vertebrate populations, we required a continuous
measure of tree cover spanning multiple years and at a resolution
that is sensitive to the local changes that are likely to be relevant
to populations. Various global datasets exist that provide con-
tinuous tree cover values for multiple years and vary in tree
cover definition, spatial resolution, temporal coverage and
frequency (electronic supplementary material, S2). Currently,
the highest resolution global datasets (e.g. approx. 30 m) are
available for a shorter temporal coverage than some datasets
with a coarser resolution. Higher resolution datasets allow
more fine-scale detection of changes in vegetation cover, while
longer-term datasets increase the likelihood of detecting a
relationship between tree cover change and population change
by increasing the number of populations and years that can be
analysed. We opted to run our analyses twice, once using the
shorter-term (2000–2017) 30 m Landsat Global Forest Change
dataset (hereafter referred to as the Hansen dataset; [36]) and
once using the longer-term (1982–2016) 5.6 km MEASURES
VCF5KYR dataset, which includes annual fractional tree cover
and bare ground cover values (hereafter referred to as the Song
dataset; [8]). In addition to fractional tree cover in 2000 and
2010 (2010 layer accessed from [37]), the Hansen dataset provides
annual tree cover loss as a binary presence/absence value for
2000–2017, defined as complete stand replacement or a change
from a forest to a non-forest state within a pixel. This information
allows the estimation of deforestation rates, but may mask fine-
scale changes within pixels such as a reduction (but not complete
loss) in tree cover and assigns gradual losses that occur over
multiple years to a single year.

It is important to note that, while the 30 m dataset used in
these analyses comes from the Global Forest Change dataset,
neither this nor the Song dataset differentiate between natural,
semi-natural or non-natural forests (such as plantations). Thus,
while losses (or gains) in tree cover might reflect deforestation
(or regeneration) in natural forests, in plantations, this might
reflect harvest (or growth) of products grown specifically for
human extraction that may provide lower quality habitat for
forest vertebrate populations. Systematically collected global
data on tree plantations are lacking. The Global Forest Watch
(GFW) Tree Plantations layer records tree plantations in a
single year (2013/2014) for only seven countries [38] and is,
therefore, unsuitable for our analyses. A recently released
near-global dataset on plantations by GFW [14] is also unsuita-
ble, as the reference year is 2015. In the absence of suitable
global information distinguishing natural and planted forests,
we, therefore, refer to tree cover rather than forest cover when-
ever discussing values derived from the spatial tree cover
datasets used in this analysis.

We fitted a 5 km radius around each population, based on
the mean range size across all forest populations (electronic sup-
plementary material, S3), and extracted annual tree cover area
and bare ground area for 1982–2016 using the Song dataset
and tree cover area in 2000 and 2010 using the Hansen dataset.
We additionally extracted annual loss values for 2001–2017
from the Hansen dataset, using per-pixel tree cover in 2000 to
estimate how much tree cover was lost per buffer per year. All
data extraction was carried out in Google Earth Engine [39].
We plotted annual tree cover values from the Song dataset
against year to visually assess temporal changes in tree cover
per location. We identified substantial inter-annual fluctuations
in tree cover at some locations that were unlikely to reflect true
changes. To smooth these fluctuations in the Song dataset,
GAMs were fitted to the annual tree cover values within each
buffer to obtain annual fitted tree cover values.

We reduced the annual fitted population data to only include
years that fell within 1982–2016 when analysing the effects of tree
cover change with the Song dataset and 2000–2015 when analys-
ing with the Hansen tree cover dataset. In both cases, we
removed populations that no longer had greater than or equal
to 2 years of data spread over at least a 5-year period (electronic
supplementary material, S4 and S5). Using the annual logged
values from the GAM and linear regression performed earlier,
we calculated an average rate of change value per each remaining
population as our response variable, following Spooner et al. [35].
Using the Song dataset, we reduced the annual fitted tree cover
values to match the study period of each population, with a
1-year lag (i.e. tree cover in year t matched to population data
in year t + 1). We then calculated three predictor variables from
the fitted tree cover values: mean tree cover during the study
period; mean bare ground cover during the study period; and
the tree cover trend over the study period, taken as the year coef-
ficient from an ordinary least-squares regression of annual fitted
tree cover on year. We also calculated three predictor variables
from the Hansen dataset: tree cover in 2000; the area of tree
cover lost over the study period (based on loss data only); and
the proportional change in tree cover between 2000 and 2010
(as these are the two years with percentage tree cover per pixel
available). We removed populations with zero tree cover in all
years from the analyses, leaving 1668 generalist and 175 special-
ist populations in the analyses using the Song dataset compared
with 685 generalist and 74 specialist populations in the analyses
with the Hansen dataset (see electronic supplementary material,
S3 and S4 for a breakdown by realm and taxonomic class,
respectively). Fewer populations were included in the analyses
with the Hansen dataset because the shorter temporal period
covered by the Hansen dataset (2000–2015) meant fewer popu-
lations had data overlapping that period, compared with the
longer-term Song dataset (1982–2016).

In order to examine the agreement between the two tree
cover datasets, we calculated tree cover change per population
from 2000 to 2010 using values derived from the Song dataset
and from the Hansen dataset. We then assessed the correlation
between the two sets of tree cover change values for the 685
populations included in the Hansen analyses. The correlation
between the two datasets was highly significant but had a low
correlation coefficient (Pearson correlation coefficient = 0.171;
p < 0.001). This is in agreement with other studies that have
found discrepancies between tree cover datasets when assessing
tree cover change or area [40,41].
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(ii) Additional drivers of forest population change
Forest vertebrates are affected by many drivers that may occur
independently of, or in conjunction with, tree cover change. We
selected correlates for our analyses through a literature review
and information stored in the LPD, which includes any threats
specified by the source of the population data. Exploitation,
including the hunting, persecution, indirect killing or collection
of wild individuals for trade, is likely to be a key driver of
some forest vertebrate populations [42]. We, therefore, included
in our analyses a binary variable specifying whether the primary
threat to the population was or was not exploitation. It is possible
that body size may impact species’ sensitivity to forest change
[43]. To investigate this effect, we took adult body mass values
per species from the Amniote [44], AmphiBIO [45] and Elton-
Traits 1.0 [46] databases. Where species-level body mass
information was not available, we assigned the species the
mean body mass of its genus, family or order (higher taxonomic
ranks used where data were unavailable for lower ranks). The
body mass values were log-transformed (base 10) to normalize
them. We calculated the density of roads within the study area,
defined as the total length of roads within each population’s
5 km buffer, using the gROADS v. 1 dataset [47]. We used the
UN-Adjusted Gridded Population of the World V. 4 dataset
[48] to calculate the mean human population density (HPD)
within each buffer in the year 2000. Finally, we calculated the
mean travel time to the nearest city or densely populated area
for each buffer from the Accessibility to Cities 2015 dataset [49].

(iii) Model structure
At some locations, multiple populations were monitored over the
same period, so we chose to fit a model to the data that would
take into account their non-independence. For each predictor
variable, we fitted mixed effects models using the ‘lme4’ package
[50] with the average rate of change of each population as the
dependent variable, location as a random effect and the predictor
as a fixed effect. We fitted separate models for each predictor
variable to identify any relationships between these variables
and population change, with the aim of fitting multivariate
models where evidence of a relationship was found for more
than one predictor variable. To determine whether a predictor
variable was a significant driver of population change, we calcu-
lated Akaike’s information criterion (AIC) for all models and
compared them with the AIC of the null model including only
a random effect of location. We considered a predictor variable
to have significantly improved the model fit if inclusion of the
variable lowered the AIC by at least 2 compared with the null
model (a more negative AIC indicates a better model fit; [51]).

We fitted these models to all forest populations (generalists
and specialists) and additionally to forest specialist populations
only. All analyses were carried out in the statistical software
R v. 3.5.1 [52].

(iv) Influential genera
We investigated whether any groups of species were having a
significant influence on the models. In the absence of any
groups of influential species, models iteratively excluding one
group at a time would not produce substantially different
model estimates. We used the ‘influence.ME’ package [53] to pro-
duce estimates from models that iteratively excluded the
influence of each genus, where each predictor variable was
fitted in a univariate mixed effects model with genus as a
random effect. We used the ‘sigtest’ function to test whether
excluding any genus changed the statistical significance of any
of the predictor variables in our models. We then examined the
influential genus to determine the cause and, if the genus was
known to be responding to a driver other than those included
in our analyses (e.g. disease, poisoning), we repeated our
analyses with the genus omitted.
3. Results
(a) Forest Specialist Index
The Forest Specialist Index declined by 53% between 1970
and 2014 (figure 1a; index value: 0.47; range 0.30–0.73).
This indicates an average decline in 455 monitored popu-
lations of forest specialists at an annual rate of 1.7% per
year. By comparison, the terrestrial LPI declined by 41%
between 1970 and 2014 (figure 1b; index value: 0.59; range
0.44–0.79), representing an average decline for 5175 moni-
tored terrestrial populations with an annual rate of 1.2%
per year. The decline in the Forest Specialist Index was stee-
pest between 1970 and 1976. The percentage of all species
that had an annual declining trend was consistently between
50 and 65% during the time period except for the late 1980s,
early 2000s and 2013–2014, when the proportion dropped
below half (electronic supplementary material, S6). These
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time periods are illustrated by corresponding changes in the
index to a slower decline. There is an increase in the percen-
tage of increasing annual trends in 2013 and 2014 and the
percentage in 2014 is the highest out of all 44 years; this pat-
tern is notable across all taxa (electronic supplementary
material, S7). The average rate of change per species was
negative for herptiles and mammals and slightly positive
for birds (figure 2), with no overlap between the error bars
of each group. This result was echoed when comparing
declining and increasing years. There were more declining
years than increasing among species trends for mammals
(53% of all annual data points) and herptiles (63% of all
annual data points); the reverse was true for birds, where
there were more increasing years (52% of all annual data
points). For all taxa, the percentage of increasing and
declining annual trends varied across the time series (elec-
tronic supplementary material, S7). The average rate of
change per species was negative for tropical realms and tropi-
cal biomes and positive for temperate realms and biomes
(figure 2), with no overlap between the error bars for the two
biome groups. Similarly, the number of declining species
trends from tropical realms and tropical forest biomes was
greater than increasing (electronic supplementary material,
S8), while the reverse was true of temperate realms and tem-
perate forest biomes (electronic supplementary material, S8).

(b) Correlates of forest vertebrate population change
We identified one genus (Gyps) that had a large influence on
the model estimates. Gyps vultures are a group of generalist
species that have declined severely since the 1990s because
of accidental poisoning from the veterinary drug diclofenac
[54], and are, therefore, a very specific case that does not
reflect responses of forest populations to any of the wide-
spread pressures we have investigated. We, therefore,
excluded Gyps vultures from our analyses.

Mixed effects models including specialist and generalist
forest populations and using the long-term Song tree cover
dataset showed no evidence of a relationship between forest
population change and tree cover trend (figure 3), mean tree
cover, mean bare ground, exploitation, HPD, mean travel
time or road density (electronic supplementary material, S9).

We found a significant negative effect of exploitation on
forest specialist population change, although this was based
on exploitation being the primary threat to just 12 out of
175 forest specialist populations. We found no evidence of a
relationship between forest specialist population change
and any other predictor variable (electronic supplementary
material, S10).

Mixed effects models including forest specialists and gen-
eralists and using the Hansen tree cover dataset found no
evidence of any relationships between population change
and any predictor variables (electronic supplementary
material, S11). We found no significant relationships between
any predictors and population change when repeating
the analyses using only forest specialist data (electronic
supplementary material, S12).
4. Discussion
Our results indicate that the global abundance of forest
specialists more than halved, on average, from 1970 to 2014.
In context, populations of terrestrial species declined globally
by an average of 41% over the same time period, which
suggests that vertebrates in other terrestrial habitats have
fared less badly. However, the population trends among
forest specialists remain better than for species living in fresh-
water habitats, which exhibit more negative population
trends [4,55] and a greater risk of extinction [56] than terres-
trial counterparts. The result for the forest specialist index
was consistent among mammals and herptiles but less so
among birds, especially from temperate forests. Differences
in average trends between taxonomic groups were significant
and, while the effect of threats has not been quantified,
the available evidence suggests the negative trend in mam-
mals could be the result of targeted hunting, especially
in the tropics [57]. The fungal disease chytridiomycosis,
sometimes exacerbated by climate change, could explain
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the stronger negative result for herptiles (e.g. [58,59]). Abun-
dance trends are worse in the tropics, as might be expected,
given the more rapid rates of forest loss in tropical regions
[21] over that period. The final years of the index, 2013 and
2014, showed an increasing trend as a result of a greater
proportion of increasing annual trends among species than
in previous years, across all taxa. As there have been other
increasing trend years in the index throughout the time
series followed by a decline (1991–1992, 2001–2002, 2004–
2006), it is not possible to say at this stage whether the
latest upturn in the Forest Specialist Index is a sign of a sig-
nificant, longer-term increase in the abundance of forest
specialists.

In understanding the overall reduction in the rate of
decline of the index after 2000, we need to consider three fac-
tors that are pertinent to interpreting trends in composite
indices: species with increasing trends entering the dataset,
species with declining trends leaving the dataset and
improvement in species trends from declining to increasing
or stable during this time period. The first two factors
result from turnover in the species data that contributes to
the index as data are not available for all 44 years for all
species. This turnover in data is observed in our dataset: for
example, between 2000 and 2002, data for 12 declining and
four increasing species ended at the same time as data for
10 increasing and four declining species entered the dataset.
This type of change in the dataset suggests that the reduced
rate of decline may not entirely reflect overall improving
status for species in the dataset, rather a change in the under-
lying data coupled with some species recoveries. This
highlights a limitation of composite indices such as this
where the temporal representation of species data is not com-
prehensive across the time series [60] and illustrates the need
for diagnostics to accompany interpretation as well as
additional data to strengthen the index. In addressing the
third factor, and in order to eliminate any effect of data turn-
over, we looked at species with data present in all decades.
These are predominantly bird species from the Nearctic,
which are well monitored over the long term. After an initial
decline, the average trend for this set of species does show an
improvement to stability from the mid-2000s, but this trend is
not yet increasing (electronic supplementary material, S13).
The stabilization of trends in forest bird species in the Nearc-
tic is consistent with other findings [61]. It is worth noting
that species biodiversity data are currently skewed away
from where species richness is greatest [62], limiting our abil-
ity to identify and address threats in some of the most
biodiverse areas on the planet. The lack of population time
series in the LPD from forest hotspots in Africa, Asia and
the Amazon highlights this issue. To develop a more repre-
sentative picture of the status of forest biodiversity and
drivers of population change, these data gaps need to be
filled. This will require greater investment in systematic,
long-term, on-the-ground monitoring of forest vertebrates
and improved data sharing within the research community.

While remote sensing allows quantitative monitoring of
forest cover change, limitations are to be expected in its use
for monitoring forest populations: processes of defaunation
are more cryptic and difficult to track [2], even occurring in
large protected habitats [63]. The use of remote sensing to
inform assessments of extinction risk for forest-dependent
species has been demonstrated [64]. However, the relation-
ship between habitat change and population change is not
necessarily linear and the influence of threats other than
habitat loss could also be important, which means that a
species-specific approach may need to be taken when using
habitat or land cover change to inform the status of a species
[64,65]. Our results provide evidence that a satellite-derived
assessment of forest cover change alone is inadequate as an
indicator of trends in forest biodiversity. We did not find sig-
nificant evidence of a consistent relationship between forest
vertebrate populations and tree cover change in the sur-
rounding area. Further, discrepancies between satellite-
derived tree cover datasets in estimates of tree cover change
or area indicate the uncertainties associated with tree cover
assessments [40,41]. Analyses such as these would benefit
from a global, systematically developed dataset categorizing
forest areas into natural or planted forests, with temporal
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information detailing when each plantation was established.
This would allow tree cover losses or gains within plantations
to be identified, allowing for more rigorous checks of the
relationship between populations of forest-dwelling species
and natural forest cover change.

Our finding of exploitation as a key driver of forest special-
ist population decline supports evidence presented elsewhere.
An analysis of threat information for 8688 species on the IUCN
Red List of Threatened Species identified overexploitation
alongside agriculture (principally crop and livestock farming)
as the main drivers of biodiversity loss [42]. The intensification
of climate and other global environmental changes is pre-
dicted to interact with overexploitation and other pressures
to lead to severe future degradation of tropical forests unless
alternative, non-destructive development pathways are fol-
lowed [12]. With most drivers of change interacting in space,
time and organizational level [66], an explicitly linked set of
forest biodiversity indicators may be more useful than reliance
on any individual indicator to understand and communicate
forest biodiversity trends and guide policy [67].

The Forest Specialist Index should be among such a set
of indicators. This indicator has now been put forward
through the Biodiversity Indicators Partnership to measure
progress towards Aichi Targets 5, 7 and 12 (https://www.
bipindicators.net/indicators/living-planet-index/living-planet-
index-forest-specialists) and would complement existing
indicators in monitoring progress towards SDG 15, the
post-2020 framework under the CBD and in the delivery
of the Paris Agreement. As such, it would also be a valu-
able inclusion in the Global Core Set of forest-related
indicators as being coordinated by the FAO.

The findings presented here also demonstrate the impor-
tance of complementing satellite-derived datasets with
repeated on-the-ground species surveys and site-specific
threat information when assessing the status and drivers of
forest biodiversity, as advocated for elsewhere [68–70].
While remote sensing data have undoubtedly improved our
ability to independently monitor and assess changes in
forest cover, there are many additional drivers of forest popu-
lation change that can only be identified by looking below the
canopy. A focus on forest cover change alone risks masking
below-canopy processes, such as defaunation, with grave
consequences not only for forest biodiversity but also long-
term forest health and carbon storage [24,27,28]. Therefore,
we must not lose sight of the crucial role that site-level species
monitoring plays in understanding trends and drivers of
forest biodiversity change.
Data accessibility. The vertebrate population data were taken from the
Living Planet Database which is hosted online at www.livingplane-
tindex.org. The data used for the analysis are available in the
electronic supplementary material. Part of the dataset includes confi-
dential data which have been shared under an agreement and are not
publicly available. The species details, location and reference have
been anonymized and the raw population data replaced with
modelled population lambda values. The Forest Specialists Index
was calculated using the R package rlpi available at https://github.
com/Zoological-Society-of-London/rlpi.
Authors’ contributions. E.J.G. and L.M. carried out the statistical analyses
with guidance from R.F., M.B.J.H. and S.L.L.H. W.B.-C. and W.D.S.
conceived and coordinated the study. All authors contributed to
the drafting of the manuscript. All authors gave final approval for
publication and agree to be held accountable for the work performed
herein.

Competing interests. We declare we have no competing interests.

Funding. The work of E.J.G., M.B.J.H., S.L.L.H. and W.D.S. was funded
and supported by WWF-UK, WWF-Germany and WWF-France.
Institutional support was provided by WWF-UK to the work of
W.B.-C., and ZSL Institute of Zoology provided institutional support
to the work of L.M. and R.F.

Acknowledgements. We thank the following collaborators from WWF:
Pablo Pacheco, Karen Mo, Lucy Young and Mark Wright for review-
ing and discussing the development of this research, as well as
Susanne Winter and Daniel Vallauri for supporting the research.
We also thank Jack Plummer for conducting a preliminary analysis
of the index whilst volunteering at ZSL, and Emma Martin at
UNEP-WCMC for help with data collection.
References
1. Ceballos G, Ehrlich PR, Barnosky AD, García A,
Pringle RM, Palmer TM. 2015 Accelerated
modern human-induced species losses: entering the
sixth mass extinction. Sci. Adv. 1, e1400253.
(doi:10.1126/sciadv.1400253)

2. Dirzo R, Young HS, Galetti M, Ceballos G, Isaac NJB,
Collen B. 2014 Defaunation in the Anthropocene.
Science 345, 401–406. (doi:10.1126/science.1251817)

3. IUCN. 2019 The IUCN Red List of Threatened
Species. Version 2019-1. See http://www.iucnredlist.
org (accessed 11 April 2019).

4. WWF. 2018 Living planet report—2018: aiming
higher (eds M Grooten, REA Almond). Gland,
Switzerland: WWF.

5. Brooks TM, Pimm SL, Oyugi JO. 1999 Time lag
between deforestation and bird extinction in tropical
forest fragments. Conserv. Biol. 13, 1140–1150.
(doi:10.1046/j.1523-1739.1999.98341.x)

6. Pimm SL, Askins RA. 1995 Forest losses predict bird
extinctions in eastern North America. Proc. Natl
Acad. Sci. USA 92, 9343–9347. (doi:10.1073/pnas.
92.20.9343)

7. Myers N. 1993 Tropical forests: the main
deforestation fronts. Environ. Conserv. 20, 9–16.
(doi:10.1017/S0376892900037176)

8. Song X-P, Hansen MC, Stehman SV, Potapov PV,
Tyukavina A, Vermote EF, Townshend JR. 2018
Global land change from 1982 to 2016. Nature 560,
639–643. (doi:10.1038/s41586-018-0411-9)

9. Groombridge B, Jenkins MD. 2003 World atlas of
biodiversity: Earth’s living resources in the 21st
century. Berkeley, CA: University of California Press.

10. Brandon K. 2014 Ecosystem services from tropical
forests: review of current science. CGD Working Pap.
380, 2622749. (doi:10.2139/ssrn.2622749)

11. Hosonuma N, Herold M, Sy VD, Fries RSD, Brockhaus
M, Verchot L, Angelsen A, Romijn E. 2012 An
assessment of deforestation and forest degradation
drivers in developing countries. Environ. Res. Lett. 7,
044009. (doi:10.1088/1748-9326/7/4/044009)
12. Lewis SL, Edwards DP, Galbraith D. 2016 Increasing
human dominance of tropical forests. Science 349,
827–832. (doi:10.1126/science.aaa9932)

13. Vira B et al. 2015 Forests, trees and landscapes for
food security and nutrition. A global assessment
report. In Forests and food: addressing hunger and
nutrition across sustainable landscapes (eds B Vira, C
Wildburger, S Mansourian), p. 172. Cambridge, UK:
Open Book Publishers. (doi:10.11647/OBP.0085.01)

14. Harris N, Goldman ED, Gibbes S. 2019 Spatial
database on planted trees (SDPT version 1.0).
Washington, DC: World Resources Institute.

15. McNicol IM, Ryan CM, Mitchard ETA. 2018 Carbon
losses from deforestation and widespread
degradation offset by extensive growth in African
woodlands. Nat. Commun. 9, 3045. (doi:10.1038/
s41467-018-05386-z)

16. Sullivan MJP et al. 2017 Diversity and carbon storage
across the tropical forest biome. Scient. Rep. 7, 39102.
(doi:10.1038/srep39102)

https://www.bipindicators.net/indicators/living-planet-index/living-planet-index-forest-specialists
https://www.bipindicators.net/indicators/living-planet-index/living-planet-index-forest-specialists
https://www.bipindicators.net/indicators/living-planet-index/living-planet-index-forest-specialists
https://www.bipindicators.net/indicators/living-planet-index/living-planet-index-forest-specialists
http://www.livingplanetindex.org
http://www.livingplanetindex.org
https://github.com/Zoological-Society-of-London/rlpi
https://github.com/Zoological-Society-of-London/rlpi
https://github.com/Zoological-Society-of-London/rlpi
http://dx.doi.org/10.1126/sciadv.1400253
http://dx.doi.org/10.1126/science.1251817
http://www.iucnredlist.org
http://www.iucnredlist.org
http://www.iucnredlist.org
http://dx.doi.org/10.1046/j.1523-1739.1999.98341.x
http://dx.doi.org/10.1073/pnas.92.20.9343
http://dx.doi.org/10.1073/pnas.92.20.9343
http://dx.doi.org/10.1017/S0376892900037176
http://dx.doi.org/10.1038/s41586-018-0411-9
http://dx.doi.org/10.2139/ssrn.2622749
http://dx.doi.org/10.1088/1748-9326/7/4/044009
http://dx.doi.org/10.1126/science.aaa9932
https://doi.org/10.11647/OBP.0085.01
http://dx.doi.org/10.1038/s41467-018-05386-z
http://dx.doi.org/10.1038/s41467-018-05386-z
http://dx.doi.org/10.1038/srep39102


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

287:20200533

8
17. Sala OE et al. 2000 Global biodiversity scenarios for
the year 2100. Science 287, 1770–1774. (doi:10.
1126/science.287.5459.1770)

18. Scholes RJ, Mace GM, Turner W, Geller GN,
Jürgens N, Larigauderie A, Muchoney D,
Walther BA, Mooney HA. 2008 Toward a global
biodiversity observing system. Science 321,
1044–1045. (doi:10.1126/science.116205)

19. Convention on Biological Diversity. 2010 The
strategic plan for biodiversity 2011–2020 and the
Aichi Biodiversity Targets. COP 10 Decision X/2. See
https://www.cbd.int/decision/cop/?id=12268.

20. UN DESA. 2017 The sustainable development goals
report. New York, NY: United Nations. (doi:10.
18356/4d038e1e-en)

21. Food and Agriculture Organization of the United
Nations. 2016 Global forest resources assessment
2015: how are the world‘s forests changing?, 2nd
edn. Rome, Italy: FAO.

22. Redford KH. 1992 The empty forest. BioScience 42,
412–422. (doi:10.2307/1311860)

23. Trumbore S, Brando P, Hartmann H. 2015 Forest
health and global change. Science 349, 814–818.
(doi:10.1126/science.aac6759)

24. Bello C, Galetti M, Pizo MA, Magnago LFS, Rocha
MF, Lima RAF, Peres CA, Ovaskainen O, Jordano P.
2015 Defaunation affects carbon storage in tropical
forests. Sci. Adv. 1, e1501105. (doi:10.1126/sciadv.
1501105)

25. Osuri AM, Ratnam J, Varma V, Alvarez-Loayza P,
Hurtado Astaiza J, Bradford M, Sankaran M. 2016
Contrasting effects of defaunation on aboveground
carbon storage across the global tropics. Nat.
Commun. 7, 11351. (doi:10.1038/ncomms11351)

26. Harper AB et al. 2018 Land-use emissions play a
critical role in land-based mitigation for Paris
climate targets. Nat. Commun. 9, 2938. (doi:10.
1038/s41467-018-05340-z)

27. Gardner CJ, Bicknell JE, Baldwin-Cantello W,
Struebig MJ, Davies ZG. 2019 Quantifying the
impacts of defaunation on natural forest
regeneration in a global meta-analysis. Nat.
Commun. 10, 4590. (doi:10.1038/s41467-019-
12539-1)

28. Poulsen JR, Clark CJ, Palmer TM. 2013 Ecological
erosion of an Afrotropical forest and potential
consequences for tree recruitment and forest
biomass. Biol. Conserv. 163, 122–130. (doi:10.1016/
j.biocon.2013.03.021)

29. Collen B, Loh J, Whitmee S, McRae L, Amin R, Baillie
JEM. 2009 Monitoring change in vertebrate
abundance: the living planet index. Conserv. Biol. 23,
317–327. (doi:10.1111/j.1523-1739.2008.01117.x)

30. McRae L, Deinet S, Freeman R. 2017 The diversity-
weighted living planet index: controlling for
taxonomic bias in a global biodiversity indicator.
PLoS ONE 12, e0169156. (doi:10.1371/journal.pone.
0169156)

31. Keenan RJ, Reams GA, Achard F, de Freitas JV,
Grainger A, Lindquist E. 2015 Dynamics of global
forest area: results from the FAO Global Forest
Resources Assessment 2015. For. Ecol. Manage. 352,
9–20. (doi:10.1016/j.foreco.2015.06.014)
32. Brooks TM et al. 2002 Habitat loss and extinction
in the hotspots of biodiversity. Conserv. Biol.
16, 909–923. (doi:10.1046/j.1523-1739.2002.
00530.x)

33. Gregory RD, van Strien A, Vorisek P, Gmelig Meyling
AW, Noble DG, Foppen RP, Gibbons DW. 2005
Developing indicators for European birds. Phil.
Trans. R. Soc. B 360, 269–288.

34. Grenyer R et al. 2006 Global distribution and
conservation of rare and threatened vertebrates.
Nature 444, 93. (doi:10.1038/nature05237)

35. Spooner FEB, Pearson RG, Freeman R. 2018 Rapid
warming is associated with population decline
among terrestrial birds and mammals globally.
Glob. Change Biol. 24, 4521–4531. (doi:10.1111/
gcb.14361)

36. Hansen MC et al. 2013 High-resolution global maps
of 21st-century forest cover change. Science 342,
850–853. (doi:10.1126/science.1244693)

37. USGS Land Cover Institute. 2017 Tree cover for 2010.
See https://archive.usgs.gov/archive/sites/landcover.
usgs.gov/globallandcover.html.

38. Petersen R et al. 2016 Mapping tree plantations
with multispectral imagery: preliminary results for
seven tropical countries. Washington, DC: World
Resources Institute.

39. Gorelick N, Hancher M, Dixon M, Ilyushchenko S,
Thau D, Moore R. 2017 Google Earth Engine:
planetary-scale geospatial analysis for everyone.
Remote Sens. Environ. 202, 18–27. (doi:10.1016/j.
rse.2017.06.03)

40. Sexton JO et al. 2016 Conservation policy and the
measurement of forests. Nat. Clim. Change 6,
192–196. (doi:10.1038/nclimate2816)

41. Gross D, Achard F, Dubois G, Brink A, Prins HH. 2018
Uncertainties in tree cover maps of sub-Saharan
Africa and their implications for measuring progress
towards CBD Aichi Targets. Remote Sens. Ecol.
Conserv. 4, 94–112. (doi:10.1002/rse2.52)

42. Maxwell SL, Fuller RA, Brooks TM, Watson JEM.
2016 Biodiversity: the ravages of guns, nets and
bulldozers. Nat. News 536, 143. (doi:10.1038/
536143a)

43. Henle K, Davies KF, Kleyer M, Margules C, Settele J.
2004 Predictors of species sensitivity to
fragmentation. Biodivers. Conserv. 13, 207–251.
(doi:10.1023/B:BIOC.0000004319.91643.9e)

44. Myhrvold NP, Baldridge E, Chan B, Sivam D,
Freeman DL, Ernest SKM. 2015 An amniote life-
history database to perform comparative analyses
with birds, mammals, and reptiles. Ecology 96,
3109. (doi:10.1890/15-0846R.1)

45. Oliveira BF, São-Pedro VA, Santos-Barrera G,
Penone C, Costa GC. 2017 AmphiBIO, a global
database for amphibian ecological traits. Scient.
Data 4, 170123. (doi:0.1038/sdata.2017.123)

46. Wilman H, Belmaker J, Simpson J, de la Rosa C,
Rivadeneira MM, Jetz W. 2014 EltonTraits 1.0:
species-level foraging attributes of the world’s birds
and mammals. Ecology 95, 2027–2027. (doi:10.
1890/13-1917.1)

47. CIESIN, ITOS. 2013 Global roads open access data
set, version 1 (gROADSv1). Palisades, NY: NASA
Socioeconomic Data and Applications Center
(SEDAC). (doi:10.7927/H4VD6WCT)

48. CIESIN. 2016 Gridded population of the world,
version 4 (GPWv4): population density. Palisades,
NY: NASA Socioeconomic Data and Applications
Center (SEDAC). (doi:10.7927/H4NP22DQ)

49. Weiss DJ et al. 2018 A global map of travel time to
cities to assess inequalities in accessibility in 2015.
Nature 553, 333–336. (doi:10.1038/nature2518)

50. Bates D, Mächler M, Bolker B, Walker S. 2015 Fitting
linear mixed-effects models using lme4. J. Stat.
Softw. 67, 1–48. (doi:10.18637/jss.v067.i01)

51. Burnham KP, Anderson DR. 2004 Multimodel
inference: understanding AIC and BIC in model
selection. Soc. Methods Res. 33, 261–304. (doi:10.
1177/0049124104268644)

52. R Core Team. 2018 R: a language and environment
for statistical computing. Venna, Austria: R
Foundation for Statistical Computing. See https://
www.R-project.org/.

53. Nieuwenhuis R, Grotenhuis MT, Pelzer B. 2012
influence.ME: tools for detecting influential data in
mixed effects models. R J. 4, 38–47. (doi:10.32614/
RJ-2012-011)

54. Oaks JL et al. 2004 Diclofenac residues as the cause
of vulture population decline in Pakistan. Nature
427, 630–633. (doi:10.1038/nature02317)

55. He F, Zarfl C, Bremerich V, David JN, Hogan Z,
Kalinkat G, Tockner K, Jähnig SC. 2019 The global
decline of freshwater megafauna. Glob. Change Biol.
25, 3883–3892. (doi:10.1111/gcb.14753)

56. Collen B et al. 2014 Global patterns of freshwater
species diversity, threat and endemism. Global Ecol.
Biogeogr. 23, 40–51. (doi:10.1111/geb.12096)

57. Benitez-Lopez A, Santini L, Schipper AM, Busana M,
Huijbregts MA. 2019 Intact but empty forests?
Patterns of hunting-induced mammal defaunation
in the tropics. PLoS Biol. 17, 5. (doi:10.1371/journal.
pbio.3000247)

58. Bell BD, Carver S, Mitchell NJ, Pledger S. 2004
The recent decline of a New Zealand endemic:
how and why did populations of Archey’s frog
Leiopelma archeyi crash over 1996–2001? Biol.
Conserv. 120, 189–199. (doi:10.1016/j.biocon.2004.
02.011)

59. Burrowes PA, Joglar RL, Green DE. 2004 Potential
causes for amphibian declines in Puerto Rico.
Herpetologica 60, 141–154. (doi:10.1655/03-50)

60. Buckland ST, Johnston A. 2017 Monitoring the
biodiversity of regions: key principles and possible
pitfalls. Biol. Conserv. 214, 23–34. (doi:10.1016/j.
biocon.2017.07.034)

61. BirdLife International. 2018 State of the world‘s
birds: taking the pulse of the planet. Cambridge, UK:
BirdLife International. See http://edepot.wur.nl/
448977.

62. Collen B, Ram M, Zamin T, McRae L. 2008 The
tropical biodiversity data gap: addressing disparity
in global monitoring. Trop. Conserv. Sci. 1, 75–88.
(doi:10.1177/194008290800100202)

63. Peres CA, Palacios E. 2007 Basin-wide effects of game
harvest on vertebrate population densities in
Amazonian forests: implications for animal-mediated

http://dx.doi.org/10.1126/science.287.5459.1770
http://dx.doi.org/10.1126/science.287.5459.1770
http://dx.doi.org/10.1126/science.116205
https://www.cbd.int/decision/cop/?id=12268
http://dx.doi.org/10.18356/4d038e1e-en
http://dx.doi.org/10.18356/4d038e1e-en
http://dx.doi.org/10.2307/1311860
http://dx.doi.org/10.1126/science.aac6759
http://dx.doi.org/10.1126/sciadv.1501105
http://dx.doi.org/10.1126/sciadv.1501105
http://dx.doi.org/10.1038/ncomms11351
http://dx.doi.org/10.1038/s41467-018-05340-z
http://dx.doi.org/10.1038/s41467-018-05340-z
http://dx.doi.org/10.1038/s41467-019-12539-1
http://dx.doi.org/10.1038/s41467-019-12539-1
http://dx.doi.org/10.1016/j.biocon.2013.03.021
http://dx.doi.org/10.1016/j.biocon.2013.03.021
http://dx.doi.org/10.1111/j.1523-1739.2008.01117.x
http://dx.doi.org/10.1371/journal.pone.0169156
http://dx.doi.org/10.1371/journal.pone.0169156
http://dx.doi.org/10.1016/j.foreco.2015.06.014
http://dx.doi.org/10.1046/j.1523-1739.2002.00530.x
http://dx.doi.org/10.1046/j.1523-1739.2002.00530.x
http://dx.doi.org/10.1038/nature05237
http://dx.doi.org/10.1111/gcb.14361
http://dx.doi.org/10.1111/gcb.14361
http://dx.doi.org/10.1126/science.1244693
https://archive.usgs.gov/archive/sites/landcover.usgs.gov/globallandcover.html
https://archive.usgs.gov/archive/sites/landcover.usgs.gov/globallandcover.html
http://dx.doi.org/10.1016/j.rse.2017.06.03
http://dx.doi.org/10.1016/j.rse.2017.06.03
http://dx.doi.org/10.1038/nclimate2816
http://dx.doi.org/10.1002/rse2.52
http://dx.doi.org/10.1038/536143a
http://dx.doi.org/10.1038/536143a
http://dx.doi.org/10.1023/B:BIOC.0000004319.91643.9e
http://dx.doi.org/10.1890/15-0846R.1
http://dx.doi.org/0.1038/sdata.2017.123
http://dx.doi.org/10.1890/13-1917.1
http://dx.doi.org/10.1890/13-1917.1
http://dx.doi.org/10.7927/H4VD6WCT
http://dx.doi.org/10.7927/H4NP22DQ
http://dx.doi.org/10.1038/nature2518
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.1177/0049124104268644
http://dx.doi.org/10.1177/0049124104268644
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
http://dx.doi.org/10.32614/RJ-2012-011
http://dx.doi.org/10.32614/RJ-2012-011
http://dx.doi.org/10.1038/nature02317
http://dx.doi.org/10.1111/gcb.14753
http://dx.doi.org/10.1111/geb.12096
http://dx.doi.org/10.1371/journal.pbio.3000247
http://dx.doi.org/10.1371/journal.pbio.3000247
http://dx.doi.org/10.1016/j.biocon.2004.02.011
http://dx.doi.org/10.1016/j.biocon.2004.02.011
http://dx.doi.org/10.1655/03-50
http://dx.doi.org/10.1016/j.biocon.2017.07.034
http://dx.doi.org/10.1016/j.biocon.2017.07.034
http://edepot.wur.nl/448977
http://edepot.wur.nl/448977
http://edepot.wur.nl/448977
http://dx.doi.org/10.1177/194008290800100202


royalsocietypublishing.org/journal/rs

9
seed dispersal. Biotropica 39, 304–315. (doi:10.1111/
j.1744-7429.2007.00272.x)

64. Tracewski Ł, Butchart SH, Di Marco M, Ficetola GF,
Rondinini C, Symes A, Wheatley H, Beresford AE,
Buchanan GM. 2016 Toward quantification of the
impact of 21st-century deforestation on the
extinction risk of terrestrial vertebrates. Conserv.
Biol. 30, 1070–1079. (doi:10.1111/cobi.12715)

65. Santini L, Butchart SH, Rondinini C, Benítez-López
A, Hilbers JP, Schipper AM, Cengic M, Tobias JA,
Huijbregts MA. 2019 Applying habitat and
population-density models to land-cover time series
to inform IUCN Red List assessments. Conserv. Biol.
33, 1084–1093. (doi:10.1111/cobi.13279)

66. Liu J et al. 2015 Systems integration for global
sustainability. Science 347, 1258832. (doi:10.1126/
science.1258832)

67. Butchart SHM et al. 2010 Global biodiversity:
indicators of recent declines. Science 328,
1164–1168. (doi:10.1126/science.1187512)

68. Nagendra H, Lucas R, Honrado JP, Jongman RH,
Tarantino C, Adamo M, Mairota P. 2013
Remote sensing for conservation monitoring:
assessing protected areas, habitat extent, habitat
condition, species diversity, and threats. Ecol. Indic.
33, 45–59. (doi:10.1016/j.ecolind.2012.09.014)

69. Kuenzer C, Ottinger M, Wegmann M, Guo H, Wang
C, Zhang J, Dech S, Wikelski M. 2014 Earth
observation satellite sensors for
biodiversity monitoring: potentials and
bottlenecks. Int. J. Remote Sens. 35, 6599–
6647. (doi:10.1080/01431161.2014.964349)

70. Pettorelli N, Safi K, Turner W. 2014 Satellite
remote sensing, biodiversity research and
conservation of the future. Phil. Trans. R. Soc. B
369, 20130190. (doi:10.1098/rspb.2013.0190)
 p
b
Proc.R.Soc.B
287:20200533

http://dx.doi.org/10.1111/j.1744-7429.2007.00272.x
http://dx.doi.org/10.1111/j.1744-7429.2007.00272.x
http://dx.doi.org/10.1111/cobi.12715
http://dx.doi.org/10.1111/cobi.13279
http://dx.doi.org/10.1126/science.1258832
http://dx.doi.org/10.1126/science.1258832
http://dx.doi.org/10.1126/science.1187512
http://dx.doi.org/10.1016/j.ecolind.2012.09.014
http://dx.doi.org/10.1080/01431161.2014.964349
http://dx.doi.org/10.1098/rspb.2013.0190

	Below the canopy: global trends in forest vertebrate populations and their drivers
	Introduction
	Methods
	Development of a Forest Specialists Index
	Correlates of forest vertebrate population change
	Forest populations and tree cover change
	Additional drivers of forest population change
	Model structure
	Influential genera


	Results
	Forest Specialist Index
	Correlates of forest vertebrate population change

	Discussion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


