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Due to habitat loss and hunting, the Hainan gibbon (Nomascus hainanus), the world’s
rarest primate, was reduced to only two social groups and seven known individuals
in 1978. Following the establishment of Bawangling National Natural Reserve (BNNR),
gibbon forest habitat increased within this landscape from 56 km? in 1980 to 300 km?,
and the species had increased to five groups and 35 individuals by 2021. It is important
to assess whether the large increase in habitat area was responsible for gibbon
population increase, or whether gibbon recovery was associated with other factors.
Here we use a 21-year longitudinal dataset of Hainan gibbon population change and
habitat change, combined with vegetation survey plot data for 2021, to establish an
accurate distribution baseline for natural tropical broadleaf forest across the BNNR
landscape from 400 to 1300 m (the elevational range of gibbons at BNNR) and within the
home range for each of the five Hainan gibbon social groups. We then utilized Landsat
time-series images and analysis to compute non-linear causal relationships between
forest dynamics and gibbon population growth from 2000 to 2021, both across BNNR
and within each gibbon group home range. Metrics of forest dynamics include change
in total forest area and forest fragmentation, and metrics of gibbon population dynamics
include variation in total number of individuals for the entire population and within
each social group, and variation in total number of groups. Our results demonstrate
that overall gibbon population growth shows a positive relationship with improved
habitat quality, with a one-year time lag of population response. However, changes
in numbers of individuals within social groups do not show a similar relationship with
improving habitat quality, suggesting that increasing forest cover and connectivity within
the BNNR landscape are not direct determinants of Hainan gibbon recovery and that
other environmental and/or anthropogenic factors are likely to be involved.

Keywords: habitat quality, Hainan gibbon, population dynamics, primate conservation, remote sensing, species
recovery

INTRODUCTION

Effective conservation of tiny threatened populations requires a robust understanding of the factors
that regulate population growth and recovery (Carwardine et al., 2012; Crees et al., 2016). However,
collection of large datasets for such populations can be challenging, necessitating long-term data to
identify possible relationships between population dynamics and available environmental baselines.
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One such species in urgent need of evidence-based conservation
is the Critically Endangered Hainan gibbon (Nomascus
hainanus), the world’s rarest primate. It is restricted to a
single population of 35 individuals within a single protected area,
Bawangling National Natural Reserve (BNNR; 109°14'47.35"E,
19°5'45.17'N) in Hainan, China (Fellowes et al., 2008; Turvey
et al., 2015a; Deng et al., 2017; Chan et al., 2020a; Figure 1A).
Various factors have been proposed to limit growth of the Hainan
gibbon population at BNNR, including human disturbance,
habitat and/or resource limitation, low population density,
low genetic diversity, and/or limited availability or suitability
of mates (Turvey et al, 2015a). Long-term recovery of the
Hainan gibbon is likely to require intensive, carefully planned
conservation management, but these different proposed
processes require different mitigations, making effective
identification of the primary factors limiting gibbon population
growth a conservation research priority.

Hainan gibbon population decline during the twentieth
century was driven by hunting and habitat loss, resulting from
clearance of natural forests and monoculture plantations (Liu
et al, 1984; Zhou et al, 2005). BNNR was established in
1980 in a mountainous landscape (elevation 200-1,800 m) that
still retained tropical evergreen rainforest, with trees reaching
a maximum of 30 m in height (Zhou et al, 2005; Zhang
et al., 2020). The reserve was originally 56 km?, but was later
expanded to almost 300 km? in total area (Turvey et al., 2015a).
Establishment of the reserve aimed to prevent hunting of gibbons
and natural forest clearance, and to support recovery of the last
remaining Hainan gibbon population. The gibbon population
at BNNR consisted of only two social groups (A and B) and
seven known individuals at the time of the first survey in 1978.
The population has been monitored regularly since 2000 by the
reserve’s management office, and has increased to five social
groups and 31 known individuals in 2021: Group C formed
in 2010, Group D in 2015, and Group E in 2019 (Liu et al,
1984; Fellowes et al., 2008; Bryant et al., 2016; Deng et al.,
2017; Chan et al., 2020a). This multi-decadal increasing trend
suggests that population recovery can be attributed directly to
effective protection of gibbons and gibbon habitat within BNNR.
Continued increase in natural tropical broadleaf forest habitat
(increasing total forest area and decreasing fragmentation) is a
primary management policy for the recently established Hainan
Tropical Rainforest National Park, which has designated the
Hainan gibbon as its flagship species (Chinese National Park
Administration, 2019). However, the effectiveness of this policy
in recovering the Hainan gibbon population has not yet been
evaluated using empirical data.

Remote Sensing (RS) and Geographic Information Systems
(GIS) are key tools for detecting and evaluating long-term
changes in habitat cover and quality for threatened species
management (Jeganathan et al, 2004; McShea et al., 2005;
Wang et al, 2008; Zhang et al, 2010). Hainan gibbons are
strictly dependent upon natural tropical broadleaf forest habitat
(primary or secondary forest, not plantation) from 400 to 1,300 m
in BNNR (Bryant et al., 2017; Fan, 2017), so it is necessary
to establish a baseline of the changing distribution and quality
of this habitat type over time across the BNNR landscape and

within the home range of each of the five Hainan gibbon groups.
It is also important to recognize that species may not respond
instantaneously to environmental change, especially if they have
slow life histories, and thus time lags might be expected in
population responses to changing habitat conditions. Hainan
gibbons require 1 year to birth one infant (Liu et al., 1984;
Zhou et al., 2008; Deng et al, 2017), and thus a time lag of
this magnitude might be expected in gibbon population response
to improving habitat conditions. As such, time-series analyses
that can find the most likely time lags in causality between
variables (e.g., PCMCI algorithm; Runge et al, 2019) are a
suitable methodological choice to investigate whether long-time
variation in habitat change is a key determinant in Hainan gibbon
population dynamics.

In this study, we first determine the distribution of natural
forest habitat (primary and secondary forest) across the BNNR
landscape from 400 to 1,300 m and within the home range
of all five Hainan gibbon groups. We then use Landsat time-
series images to determine natural forest dynamics from 2000
to 2021 across BNNR (400-1,300 m) and within each gibbon
home range, and use PCMCI to quantify the relationship between
natural forest dynamics and gibbon population dynamics across
this 21-year period. In addition, we investigate the relationship
between species richness (number of species) of known gibbon
food plants and elevation, to provide further insights into
environmental factors associated with gibbon dispersal and
population growth. Our study provides the first assessment of
whether forest dynamics have constituted a key determinant
of Hainan gibbon population dynamics during the past two
decades, thus identifying how landscape management at BNNR
can support gibbon conservation in the future.

MATERIALS AND METHODS

Field-Based Gibbon Home Range and
Habitat Data

Hainan gibbon social groups have home ranges with little or
no spatial overlap (Bryant et al, 2017; Deng et al, 2017),
and have remained in approximately the same locations within
the BNNR landscape since 1990 (BNNR Management Office,
personal communication, 2021). For the purposes of comparative
analysis, we investigated spatial home range locations for each
group utilizing unpublished gibbon distribution data provided by
the BNNR Management Office (Figure 1B).

We investigated the most accurate boundary for natural
(primary and secondary forest) and non-natural forest
(plantation) across the BNNR landscape from 400 to 1,300 m, by
collecting vegetation and land-use data using 395 20 m x 20 m
plots distributed across this elevational range over the BNNR
landscape in 2021 (Figure 1B). The area of this vegetation
survey represents 31.6% of the total landscape area of BNNR,
and includes some areas outside the existing protected area
boundary. We also randomly placed another 20 20 m x 20 m
plots inside the home range of each of the five Hainan gibbon
social groups in 2021, with plots spaced > 50 m apart, to
investigate species richness of gibbon food plants. Species
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FIGURE 1 | (A) Topographic map of Bawangling National Natural Reserve, Hainan, China; (B) location and elevation of our study area, distribution of 395
20 m x 20 m plots, and home ranges and elevations of Hainan gibbon social groups.

were identified as potential gibbon food plants based upon
previous published data and unpublished monitoring data

(Supplementary Table 1).

Remote Sensing Forest Cover Data
The global distribution of all Hainan gibbon social groups
in BNNR is contained within Landsat world reference system

tile 124/47 (row/column number). We selected annual Landsat
images (30 m resolution) for this region for the period 2000-2021

from USGS,' selecting images closest to the peak of forest cover
(defined as June-September each year) with little to no cloud

cover. We performed radiometric calibration and atmospheric
correction for each image (Young et al., 2017).

Thttps://earthexplorer.usgs.gov/
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FIGURE 2 | Population change from 2000 to 2021 in: (A) total number of
Hainan gibbon individuals and social groups, (B) individuals in each social
group, (C) history of formation for groups C, D, and E and boundaries of
natural forest and plantation in Bawangling National Natural Reserve from 400
to 1,300 m.

We used specified accurate boundaries for natural and non-
natural forest across the BNNR landscape from 400 to 1,300 m,
and used the support vector machine method of supervised
classification to classify these two land cover types in each image
(Phiri and Morgenroth, 2017). Classification requirements were
met if separation test values of ROIs (Regions of Interest, selected
based on field survey data and representing both land cover types)
in each image were greater than 1.9. We manually corrected areas
of obvious misclassification based upon field observations. We
calculated a confusion matrix by combining classification results
and the results of our vegetation survey, with overall classification
accuracy for each year greater than 99%. The total area of natural
forest across BNNR was then calculated by using the image
classification results (number of pixels of each land cover type
multiplied by the area of one pixel).

We used FRAGSTATS, a widely used software package for
quantifying landscape structure (Ricketts, 2001; Cakir et al.,
2007; McGarigal et al., 2012; Lamine et al., 2018), to calculate
forest fragmentation across the entirety of BNNR and within the
home range of each gibbon group. Fragmentation was calculated
according to the formula F = N/A, where F is level of forest
fragmentation, N is number of forest patches, and A is total forest
area within an image.

Time-Series Analysis

We used the PCMCI algorithm (Runge et al., 2019) implemented
in Python® to compute non-linear causal relationships between
changes in forest dynamics (change in total forest area and/or
forest fragmentation) across the entirety of BNNR and within the
home range of each of the five gibbon groups and Hainan gibbon
population dynamics (variation in total number of individuals
for the entire gibbon population and within each social group,
and variation in total number of social groups) from 2000
to 2021. PCMCI is a two-stage algorithm that includes a PC
algorithm and a momentary conditional independence test (MCI;
Sun and Bollt, 2014); it can find the most likely time lag
of causality between variables, by first running a conditional
selection via the PC process to find links between variables based
on different conditional independence tests, and then applying
the MCI process to remove false positive controls and generate
a test statistic to measure the strength of the causal relationship
between variables. Model selection (data not shown) supported
the use of a Ty (maximum time lag) value of 2, thus including
three possible time lags (0, 1, and 2 years). The PCMCI method
cannot be used for datasets where n < 7 (Runge et al., 2019).
We therefore only analyzed time-series data using the PCMCI
method for groups A, B, C, and D, which have existed for seven
Or more years across our time-series.

Environmental and Anthropogenic
Determinants of Gibbon Distribution

To explore the possible effect of both elevation and human
land use activities on gibbon social group distribution and

formation, we used a 1.5 m-resolution RS image of the entirety
of BNNR from 23 April 2019 obtained from the SPOT-7

Zhttps://github.com/jakobrunge/tigramite
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FIGURE 3 | Change from 2000 to 2021 in (A,B) total natural forest area and fragmentation across Bawangling National Natural Reserve, (C,D) natural forest area
and fragmentation within Hainan gibbon social group ranges.

satellite sensor. Following pre-processing, we used the maximum
likelihood method of supervised classification to analyze land
cover in the image (Phiri and Morgenroth, 2017). Using artificial
interpretation of the image and field survey data, we divided land
cover into four categories: natural forest, plantation, roads and
construction, and water. We extracted the highest and lowest
elevations occupied by each gibbon group using digital elevation
model (DEM) data.

We investigated the relationship between elevation and
gibbon food plant species richness for each gibbon social group
using a generalized linear model (GLM), with a Poisson error
structure because food plant richness is a discrete random
variable (count data).

RESULTS

Between 2000 and 2021, the total number of Hainan gibbon
social groups and individuals increased from two groups and

10 individuals in 2000, to five groups and 35 individuals in
2021 (Figures 2A,B). Overall, Hainan gibbon habitat (natural
tropical broadleaf forest) quality also improved across BNNR
during this period, with total area increasing from 71.19 to
93.38 km?, and fragmentation decreasing from 0.02 to 0.004
(Figures 3A,B). Within the range of Group C, total natural
forest area decreased from 1.42 to 0.95 km?, and fragmentation
increased from 0.0072 to 0.042. Conversely, natural forest area
and fragmentation remained largely unchanged and consistently
high within the ranges of other groups (Figures 3C,D).

PCMCI results show that variation in total number of gibbon
individuals from 2000 to 2021 was determined by both natural
forest area and fragmentation when the time lag was 1 year,
with a positive correlation between number of individuals and
natural forest area, but a negative relationship between number
of individuals and forest fragmentation (p < 0.05; Figure 4A).
Variation in both natural forest area and fragmentation could
also determine variation in number of individuals within
group C when the time lag was 1 year, with a negative
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correlation with natural forest area (p < 0.05; Figure 4E), and
a positive correlation with fragmentation (p < 0.05; Figure 4E).
However, natural forest area and fragmentation were not
statistically correlated with variation in number of gibbon groups
(p > 0.05; Figure 4B). Similarly neither natural forest area nor
fragmentation determined variation in number of individuals
within groups A, B, and D (p > 0.05; Figures 4C,D,F).

Overall, 59-115 different known gibbon food plant species
were recorded across different gibbon social group ranges.
There was a significant negative relationship between mean
elevation and food plant species richness across the five
gibbon groups (p < 0.05; Figure 5), with Group B occupying
the highest elevation (mean = 1002.5 m, range = 808-
1197 m) and having the lowest food plant species richness,
and Group E occupying the lowest elevation (mean = 660.5 m,
range = 439-832 m) and having the highest food plant species
richness (Figure 5).

DISCUSSION

Identifying the factors that have regulated past population
dynamics and influenced the rate of recovery are key research
goals to inform evidence-based conservation of the world’s rarest
ape (Turvey et al., 2015a; Qian et al., 2022). Here, we demonstrate
that Hainan gibbon habitat quality (as measured by natural
forest total area and fragmentation) has improved across the
overall BNNR landscape during the past two decades. However,
forest dynamics have shown differing patterns within the home
ranges of different gibbon groups, with important implications
for the likely influence of forest change in promoting gibbon
population recovery.

Establishing an accurate understanding of the distribution
and long-term change in suitable habitat for threatened species
is crucial for evidence-based conservation management, and
requires the use of tools such as Landsat time-series images
(Oeser et al., 2020). Here we first provide an accurate assessment
of the distribution of Hainan gibbon habitat (natural tropical
broadleaf forest) within BNNR and within the home range of
each gibbon group (Figure 2C). This baseline not only provides
a key tool to understand gibbon population responses and
environmental requirements, but can also be used in future
studies to investigate ongoing change in Hainan gibbon habitat
and population dynamics.

Our PCMCI results demonstrate that increased natural forest
area and decreased forest fragmentation are highly correlated
with an increase in total number of Hainan gibbon individuals
with a 1-year time-lag (Figure 4). This temporal pattern is
consistent with Hainan gibbon reproductive biology (Liu et al.,
1984; Zhou et al., 2008; Deng et al., 2017), and a time-lag of this
scale would thus be expected instead of an instant population
response to improving habitat conditions. We recommend that
PCMCI should be employed more widely in the future to
investigate relationships between long-term dynamics of animal
populations and potential determining variables, instead of
commonly used linear or non-linear regressions (cf. Mougeot
et al., 2003; Koenig and Liebhold, 2016; Hansen et al., 2019).

Conversely, our PCMCI analyses do not demonstrate any
positive correlations over time between increased habitat
quality (indicated by increased forest total area and decreased
fragmentation) and increase in total number of individuals within
most gibbon groups (A, B, or D) (Figure 4). One potential
reason for this lack of signal is that natural forest area has been
consistently high and fragmentation has been consistently low
within the areas occupied by these groups across the time-series
in our study. However, in contrast to the positive relationship
between increased habitat quality and increased population
growth at BNNR at the total gibbon population level, our PCMCI
results also demonstrate an unexpected relationship between
growth of Group C and deterioration of local habitat quality
within the estimated area of this group’s home range. From its
formation in 2010, Group C increased to a maximum of 11
individuals, whilst local natural forest area decreased by 1.47
times and local forest fragmentation increased by 5.75 times
over the same period. This group is situated close to the reserve
boundary adjacent to a village, and the local habitat in this
region has been progressively impacted by human disturbance
(e.g., encroachment and clearance of forest for conversion to
agroforestry and agriculture; Turvey et al., 2015a). We do not
suggest that decreasing habitat quality has been a local driver
of gibbon population growth; instead, we suggest that this
statistical pattern represents an incidental correlation rather than
direct causation, with Group C exhibiting resilience to local
habitat deterioration with no apparent adverse effect on social
group growth. Population recovery of other Nomascus gibbon
species has also been documented within other degraded forest
landscapes (Fan et al., 2013).

These findings indicate that, whereas increased natural
forest cover and connectivity is correlated with overall Hainan
gibbon population increase over time across BNNR, gibbon
social group dynamics are clearly not regulated by changes in
these habitat quality metrics. Indeed, it is likely that observed
growth of the Hainan gibbon population from 2000 onward
is also associated with recovery from recent historical hunting
(Fellowes et al, 2008; Deng et al, 2017) rather than solely
with improving habitat quality. However, hunting restrictions
and forest protection have both been simultaneously enforced
by conservation management at BNNR, and their respective
contributions to local gibbon recovery are thus difficult to
distinguish across the same time-series.

While specific Hainan gibbon habitat requirements are still
poorly understood, habitat selection by other Nomascus species
is determined by local food availability (spatial distribution
of food patches and seasonal variation in fruiting; Fan and
Jiang, 2008b, 2010; Fan et al., 2009; Ni et al., 2018) as well
as local distribution of other key resources such as sleeping
sites (Fan and Jiang, 2008a; Fei et al., 2012). We demonstrate
a significant negative relationship between elevation and food
plant species richness at BNNR (Figure 5). These further findings
are thus also important for ongoing landscape management
and planning for gibbon conservation, and may also help to
explain the high growth rate shown by Group C, which occurs
at relatively low elevation at the edge of the reserve, despite the
progressive decrease in overall forest quality within its home
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range. Similarly, although Groups A and B both contained only elevation within BNNR, required 15 years to increase to the
four individuals in 2000, Group A increased to 11 individuals same group size. These results thus provide further evidence
within 10 years, whereas group B, which occurs at a higher that gibbon social group dynamics at BNNR are regulated
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by extrinsic or intrinsic factors other than overall changes in
natural forest quality. Two of the three most recently formed
gibbon groups (groups C and E) occur at lower elevations than
the other groups. However, their expansion to lower-elevation
habitats might merely reflect historical survival of gibbons on
Hainan and elsewhere across southwestern China in more remote
high-elevation refugia, rather than being associated with natural
habitat characteristics of lower-elevation sites (Turvey et al.,
2015b). We therefore encourage additional research to better
understand specific habitat parameters important in home range
site selection during new social group formation by dispersing
gibbon individuals (Turvey et al., 2015a).

Hainan gibbon population recovery thus exhibits a complex
relationship with increased habitat cover and connectivity at
BNNR, with a positive correlation at the overall population
level but no positive correlation at the social group level. In
order to develop maximally effective conservation management
strategies to support further Hainan gibbon population growth,
we encourage further investigation into more specific metrics
of natural tropical broadleaf forest quality and structure at
BNNR, and their relationship to gibbon distribution and
population dynamics. However, gibbons are obligate canopy-
dwellers that are unlikely to cross even small canopy gaps
(Chivers et al., 2013). Thus, existing patterns of forest degradation
and fragmentation across the BNNR landscape are recognized
to constitute a major barrier to Hainan gibbon population
growth and dispersal (Zhang et al., 2010; Turvey et al., 2015a).
It is therefore essential to continue efforts to restore and
connect natural tropical broadleaf forest habitats across BNNR
and beyond, in order to facilitate further gibbon population
growth and expansion. Improving natural forest cover and

quality with both short-term (e.g., canopy bridges; Chan
et al., 2020b) and longer-term solutions (replanting activities,
establishment of ecological corridors to other reserves) will
be essential to support a resilient and increasing gibbon
population on Hainan into the future. Further assessment
of specific Hainan gibbon habitat requirements is a vital
next step for evidence-based conservation of this Critically
Endangered species, and we recommend targeted ecological
research combined with continuing forest protection and
reconnection (e.g., strategic reconnection of isolated major
forest patches to facilitate gibbon population expansion) to
constitute key components of management plans for the
newly established Hainan Tropical Rainforest National Park
(Liu et al., 2020).

CONCLUSION

Overall, two important new insights about the influence of
habitat quality on Hainan gibbon population dynamics have been
revealed by our study. First, due to the species’ reproductive
behavior (requiring 1 year to birth one infant), the Hainan
gibbon population exhibits a one-year time lag instead of an
instantaneous response to improving habitat quality. Second,
improving habitat quality following the establishment of BNNR
is not the sole direct determinant of the observed recovery of
the Hainan gibbon population within this landscape, a finding
that has hugely important implications for ongoing landscape
management and conservation decision-making for this species.
Our study has wider implications for conservation science, by
providing guidelines to identify factors that determine population
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recovery of the world’s rarest primate and other Critically
Endangered species.
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