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Abstract

Tonkin wingnut is the rarest species within the relict tree genus Pferocarya (Juglandaceae), known from only a few
isolated stands in the Indo-Burman hotspot. Despite its classification as a vulnerable species, Pterocarya tonkinensis has
received comparatively less attention than other wingnut species, leading to a limited understanding of its distribution
patterns. In this study, we utilize spatial distribution modeling with MAXENT software and conservation prioritization
methods implemented in ZONATION to estimate the potential range of species, identify the key environmental variables
influencing its habitat, and designate potential areas for conservation. We used a set of 45 known species populations,
the set of bioclimatic variables, and the proximity of watercourses to create the model of the potential range. The results
indicate two main centers of potential climatically suitable areas for the species in the future - in southern Yunnan (China)
and Vietnam. The calculated total suitable area (292,365.67 km?) is similar to the estimated extent of species occurrence
but may decline in the future. Highly suitable areas near the rivers cover around 19,000 km?. The most important fac-
tors shaping species occurrence were those related to temperature amplitude (around 60% of contribution to the models).
The seasonality of precipitation and distance from watercourses also have a significant impact. Assessment of potential
reserves has identified the need for protected areas in southern China and points to the possibility of expanding reserves
in Vietnam. The fact that river valleys are often densely populated can be an obstacle to the conservation of species.
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Introduction

The area of Southeast Asia, including the southern part of
China, represents one of the centers of biodiversity in the
world. The Indo-Burman biodiversity hotspot is home to
approximately 7,000 endemic vascular plants, including
many Cenozoic relics (Myers et al. 2000; van Dijk 2004).
At the same time, this region is densely populated, espe-
cially in the river valleys, where there are many farmlands;
therefore, natural, undisturbed areas are sparse and consti-
tute only approximately 5% of its previous extent (Myers
et al. 2000). For this reason, areas on sparsely populated
peripheries, often in difficult terrain far from major urban
centers, are gaining significant ecological importance. The
transboundary region between China, Myanmar, Laos, and
Vietnam, which is part of the hotspot, constitutes a zone of
high priority for environmental protection (Tordoff 2012;
Wang et al. 2021). Additionally, it is exceptionally rich
in terms of not only plant species but also vertebrate taxa
(Wang et al. 2021). Unfortunately, the remarkable biologi-
cal richness of this region is endangered by habitat destruc-
tion, strong human pressure, and climate change (Xu and
Wilkes 2004; Tordoff 2012; Hughes 2017). Considering the
scale and rapidity of these changes, determining the impact
of disturbances in environmental conditions on the distribu-
tion of rare species is urgent. This is largely the case for rare
and relict species, which make an important contribution to
biodiversity.

One of the endangered species from the Indo-Burman
hotspot is Pterocarya tonkinensis (Franch.) Dode (Tonkin
wingnut, also known as Coi in Vietnam), a member of the
walnut family (Juglandaceae). It is the southernmost-distrib-
uted species of the genus Pterocarya, and the area in which
it occurs constitutes the northern edge of the tropical region
of Southeast Asia (Zhu 2017). Other species from the genus
occur in more northern areas of East Asia (five species), with
one representative (Pterocarya fraxinifolia (Lam.) Spach) in
the western part of this continent (Song et al. 2020). Known
populations of Tonkin wingnut occur on riverbanks, mainly
in lowlands between 100 and 700 m a.s.l. in Vietnam, Laos,
and China (Yunnan Province), often as monodominant com-
munities (Kozlowski et al. 2019; Van Sam et al. 2021). This
species prefers sandy and moist soils. It can survive floods,
similarly to the close relative Pterocarya stenoptera D. DC.,
which occurs mainly in China (Zhang et al. 2020). Tonkin
wingnut is the rarest species in the genus Pterocarya, with
only approximately 3000 mature individuals and an esti-
mated area of occupancy of only approximately 80 km?
(Kozlowski et al. 2019). Since the species is often found
in inaccessible regions, undiscovered populations may
exist. The number of seedlings is usually low (Kozlowski
et al. 2019); however, natural regeneration in some stands
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is described as good (Van Sam et al. 2021). Tonkin wingnut
is currently endangered due to habitat destruction and frag-
mentation, especially in riparian areas (Kozlowski 2018). It
is listed on the IUCN Red List under the category Vulner-
able (VU) (Kozlowski 2019). Since the species is strongly
associated with watercourses, any changes related to water
management (dam construction, agricultural development)
as well as climate impacts on rivers (water level changes,
flooding episodes) could threaten natural sites (Kozlowski
2019). In addition, the species only rarely occurs in botani-
cal collections and gardens. However, some natural popu-
lations are located in already protected areas, such as Cuc
Phuong National Park and Pu Mat National Park in Vietnam
(Kozlowski et al. 2019). The species may be important in
pharmacology, as it exhibits antifungal properties (Thi Ngo
et al. 2021). It is also traditionally used as a poison for fish-
ing and as an insect repellent (Van Sam et al. 2021); it may
have potential medical applications (Liu et al. 2006).

One of the tools used for the description of species’ poten-
tial distribution is spatial distribution modeling (SDM). This
approach uses the location of the species and a set of envi-
ronmental variables to estimate the potential range under
different climate scenarios and determine which factors
shape the species’ range (Guisan and Zimmermann 2000).
Various SDM methods are invaluable in increasing knowl-
edge of species’ occurrence patterns and in planning conser-
vation strategies (Franklin 2023). One of the most popular
programs used for this purpose is MAXENT (Elith et al.
2011; Philips et al. 2006), which uses the maximum entropy
algorithm (Philips et al. 2004) and works with presence-
only data. Its advantages include the robust performance of
models calculated on the basis of a small number of stands
and rather high insensitivity to the approximation of the
location of some populations (Baldwin 2009). For this rea-
son, it is often used in studies of rare, endemic species with
a small number of stands (for example Williams et al. 2009;
Rhoden et al. 2017; Ye et al. 2021). Additionally, it is pos-
sible to predict whether a species is at high risk of range
fragmentation and which areas will provide potential cor-
ridors between populations (Nguyen 2021; Gao et al. 2022;
Sekiewicz et al. 2022) using software such as GuildosTool-
box (Vogt and Riitters 2017). Estimation of the species’
potential range, coupled with knowledge of additional fac-
tors (such as human impact, competition with other species,
or the presence of barriers), makes it possible to select the
best areas that can serve as refugia for endangered species
and to choose the areas that should be protected with the
highest priority.

Determining the impact of environmental factors is a
key challenge to address in the face of rapid climate change
and increasing human pressure associated with industrial
and agricultural development. Despite the fact that the
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Tonkin wingnut is rare and occurs in a biodiversity hotspot,
it attracts less attention than other members of the genus.
Conservation of this species is important due to its rarity,
importance to local biodiversity and potential medical use.
To date, the potential range and influence of environmen-
tal variables on its dynamics have not been evaluated for
P tonkinensis, as has been done for other species in the
genus, namely, P, fraxinifolia (Song et al. 2021) and stenop-
tera (Qian et al. 2019; Zhang et al. 2020). Forecasting the
range dynamics of the species is extremely important, as
its populations are sparse and ex situ cultivation is scarce
(Kozlowski et al. 2019). The main objective of this study
was to fill knowledge gaps and achieve the following aims:
(1) estimate the potential range of the species under current
climatic conditions and future climate scenarios to recog-
nize areas with an appropriate climate; (2) estimate the frag-
mentation of the species’ potential range and connectivity
between northern and southern stands; and (3) identify the
areas of higher conservation priority, taking into account the

Altitude [m a.s.l.]
6000

potential range according to the climatic conditions as well
as the influence of human pressure (land transformation).

Materials and methods

MAXENT v. 3.3.2 was applied to estimate the potential
range of Pterocarya tonkinensis (Elith et al. 2011; Philips
et al. 2006). This software is often used for rare species
because it is robust even with a small number of locations
(Baldwin 2009; Williams et al. 2009; Rhoden et al. 2017,
Ye et al. 2021). Models were built using 45 localities of
the species (Fig. 1) and a set of 19 bioclimatic variables
from the CHELSA database with a resolution of 30 arc-sec
(Karger et al. 2017, 2018). In addition, considering the eco-
logical preferences of the species, a raster of the distance
from the nearest river was used. This raster was calculated
using the detailed map of the watercourses obtained from
the HydroSHEDS database (Lehner et al. 2006). The used
species’ locations cover the entire range of the species and

Fig. 1 Location of known populations of Pterocarya tonkinensis. Names of countries and administrative units have grey glow around, whereas

names of rivers — blue glow
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all currently known populations, thus avoiding bias (Mer-
row et al. 2013).

According to the recommendation of Merrow etal. (2013),
we removed overly correlated variables before the modeling
procedure. The correlations between variables were evalu-
ated in the ENMTOOLS package in R with using “raster.
cor.matrix” function (Warren 2021; Table S1). Finally, 11
uncorrelated variables were used for the estimations of the
potential range of the species (Table S1). Analyses were per-
formed for the current conditions as well as for three future
projections for the years 2071-2100, including three shared
socioeconomic pathways (SSPs): SSP1.26 (CO, emissions
cut to net zero by approximately 2075), SSP3.70 (CO,
emissions doubled by 2100) and SSP5.85 (CO, emissions
tripled by 2075; Meinshausen et al. 2020, IPCC 2021). The
model MPI-ESM-P (Max Planck Institute for Meteorology)
was used (Giorgetta et al. 2013); for each future scenario,
the current climatic conditions were used as environmental
layers. Each SDM analysis was performed as a bootstrap
procedure with 100 replicates; for each model run, 20% of
the data were set aside as test points with the ‘random seed’
option. The convergence threshold was 0.00001, the maxi-
mum number of iterations was set to 10,000, and the output
was set to logistic. Four feature classes were used: linear,
quadratic, product and hinge. Clamping and MESS projec-
tion were used for the projecting; regularization multiplier
was set to 1.0 and default prevalence to 0.5. The value of the
area under the curve (AUC) was used for model evaluation
(Wang et al. 2007; Mas et al. 2013).

Table 1 Contribution of bioclimatic variables (%) in the tested sce-
narios; the most significant variables are bolded

Scenario
Variable Current  SSP1.26 SSP3.70 SSP5.85
Annual mean biol 2.5 2.1 2.1 2.2
temperature
Annual biol2 14 1.5 1.8 1.4
precipitation
Precipitation biol5 10.6 11.2 11.4 10.7
seasonality
Precipitation of biol8 2.0 2.2 1.9 2.1

warmest quarter

Precipitation of biol9 5.1 4.6 4.7 4.8
coldest quarter

Mean diurnal bio2 1.3 1.0 1.6 1.2
range of T

Isothermality bio3 6.6 7.4 53 6.1
Temperature  bio4 33.4 31.6 39.3 39.7
seasonality

Max tempera-  bio5 0.4 0.4 0.6 0.7
ture of warmest

month

Temperature bio7  26.1 26.9 229 20.1
annual range

Nearest dis- Dist 105 11.1 8.6 11.0

tance to river
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To estimate the fragmentation of the species’ potential
range, we performed an Entropy Map analysis in Guidos-
Toolbox software (Vogt and Riitters 2017) for the part of the
potential range with suitability above 0.25. In this method,
the spatial entropy is calculated while assuming connectiv-
ity of the foreground pixels. The result is a map with the
study area divided into cores and edges. In the case of the
potential range of a species, the map allows us to determine
which populations are located on the borders, which are in
the center, and which are in detached smaller cores. In the
same software, we estimated the structure of the species’
potential range with the MSPA (morphological spatial pat-
tern analysis) method (Soille and Vogt 2009), which allows
division of the potential range into several spatial classes:
cores, edges, perforations, loops (connections of the same
core areas), bridges (connections of different core areas) and
branches (connections to one end of a bridge, a loop, an
edge or a perforation), facilitating the identification of the
links between different parts of the potential range.

ZONATION 5.0 (Moilanen et al. 2022) was used to
choose the best areas that could be protected to save the
species. This software uses a set of features (such as habitat
type or suitability), as well as potential threats, to estimate a
map of areas that should be protected with the highest prior-
ity. Analysis was performed with the MAXENT outputs as
features with a weight of 1.0 for the current potential range
and 0.5 for each future scenario. Vegetation type from the
Copernicus database (Buchhorn et al. 2020) was used as a
condition raster with a weight for forest of 1.0, shrublands
of 0.75, grassland of 0.25, and other types (croplands, bar-
ren lands, cities) of 0.01; thus, forest arcas had the high-
est priority in the model. The locations of reserves and
national parks from the Protected Planet database (UNEP-
WCMC and IUCN 2023) were used as a hierarchic mask to
exclude already protected areas, whereas proximity to the
closest known population of species was used as a reten-
tion raster to prioritize areas where natural stands exist. The
results were visualized using QGIS 3.16.4 ‘Hanover’ (QGIS
Development Team 2020).

Results

For all tested SDM models, the AUC was high (0.943 for
the current scenario, 0.946 for SSP1.26, 0.942 for SSP3.70,
and 0.941 for SSP5.85), indicating that the estimated mod-
els were robust. The most important variables in each
tested model were temperature seasonality (bio 4), with a
33.4-39.7% contribution depending on the model (Table 1),
temperature annual range (bio7, 20.1-26.9% contribution),
precipitation seasonality (biol5, 10.6—11.4% contribution),
and distance to the closest river (8.6—11.1% contribution).
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Habitat suitability

65

Fig.2 The predicted potential range of Pterocarya tonkinensis under the tested scenarios, (A) current climate, (B) scenario SSP1.26, (C) scenario
SSP3.70, and (D) scenario SSP5.85, defined using the maximum entropy algorithm implemented in MAXENT

The optimal conditions according to the obtained model
were an annual temperature amplitude between 18 and
22 °C, a seasonality of precipitation between 700 and 800
(coefficient of variation), and a distance from a watercourse
not more than 2 km.

Under the current conditions, the most suitable areas
cover the northern part of Vietnam and southern Yunnan,

where most of the stands are located (Fig. 2A). The total suit-
able area is 292,356.74 km?, including 46,955.39 km? with
the highest suitability (>0.75; Table 2). Considering only
areas in close proximity to watercourses (less than 1 km),
the potential suitable area includes 73,375.36 km?, includ-
ing 20,457.83 km? with high suitability and 19,044.33 km?
with very high suitability (Fig. S1). The SDM model based

@ Springer
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Table 2 Potentially suitable area (km?) under the tested climatic sce-
narios. Upper part — potential area divided into suitability classes.
Lower part — changes in potential range according to tested scenarios
of future climate

Scenario _
Suitability ~ Current SSP1.26 SSP3.70 SSP5.85
Very high 46,955.39  47,819.15 5306.61 960.79
(>0.75)
High 81,739.45  85,902.34  34,380.74  26,366.03
(0.50-0.75)
Moderate 163,661.89 163,172.72 152,353.58 101,440.45
(0.25-0.50)
Total 292,356.74 296,894.21 192,040.93 128,767.27
Stable 261,289.63 178,047.98 123,799.39
Loss . 31,067.11 114,308.76 168,557.35
Gain . 35,604.58 13,992.95 4,967.88

on the optimistic SSP1.26 scenario shows a potential range
expansion of the species reaching approximately 4,000 km?
and a slight shift to the northeast. However, the difference
between this model and the current potential range is rather
small (Fig. 2B). The other two models of future climate
(SSP3.70 and SSP5.85) both assume a significant reduction
in the potential range of the species (loss of 34% and 56%
of area, respectively) but predict different areas as future
potential refugia. Under the SSP3.70 model, the most cli-
matically favorable areas are predicted in the Vietnam-Laos
border area and southern Yunnan (Fig. 2C). According to
the SSP5.85 scenario, the area with the highest suitability is
expected to be in the Hong River (Red River) basin in the
northern part of Vietnam (Fig. 2D). Of all known popula-
tions of the species, only 26 (approx. 58%) may occur in
areas that remain climatically suitable in the future.

The spatial structure of the potential range differs between
the tested scenarios (Fig. 3, Figure S2). Taking into account
the contemporary potential range, there is a good connec-
tion between range cores in Vietnam and southern Yunnan.
Under the SSP1.26 scenario, suitability in the northern
part of the range may even be higher than today. The next
model, SSP3.70, predicts fragmentation and bursting of the
potential range into two main areas - northern and southern
- which will be quite poorly connected to each other along
river valleys (Fig. 3C). Under the most pessimistic scenario
SSP5.85, only the southern part of the range forms a strong
core, while areas in the north become edges (Fig. 3D). Both
major range cores and minor areas with favorable condi-
tions are connected by a network of rivers that act as bridges
and branches (Figure S2).

ZONATION software designated areas in Vietnam and
southern Yunnan (China), which are similar to the refu-
gia identified in the SSP3.70 model, suggesting these
regions as suitable for creating potential reserves (Fig. 4).
The most important is the zone located between the Hong
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(Red) River and Da (Black) River in Vietnam, where many
stands of the species exist.

Discussion
Potential range of the species

China and Vietnam constitute the center of diversity for the
family Juglandaceae (Kozlowski et al. 2018). The genus
Pterocarya has a disjunct range, with one species in West
Asia (P, fraxinifolia) and five species in East Asia. Of these
species, P. tonkinensis has the southernmost range, occur-
ring in tropical monsoon forests. According to the estimated
model, suitable climatic conditions occur in most of north-
ern Vietnam, in a small part of northeastern Laos, and in
the southeastern part of the Chinese province of Yunnan.
However, the MAXENT model has some limitations (Liss-
ovsky and Dudov 2021), and the results should be inter-
preted with caution. Species occurrence depends not only
on environmental factors but also on species interactions,
which are difficult to estimate in the model. For species
with a limited number of occurrences, a small number of
locations can cause bias in the output map. However, the
maximum entropy algorithm can produce a robust model
even for a small number of observations (van Proosdij et
al. 2016). The current potential range of the species is much
larger than the known range. The estimated area of occu-
pancy covers less than 100 km? (Kozlowski et al. 2019),
whereas the potential range with very high suitability is
more than 46,000 km? (including around 19,000 km? in
close proximity to the rivers). The discrepancy between
these values may be due, among other things, to the fact that
the MAXENT model does not take into account additional
factors such as human pressure. The purpose of using this
method was to identify areas with climates suitable for the
species under study. However, the estimated total suitable
area (292,365.67 km?) is similar to the estimated extent of
species occurrence (262,358 km?, Kozlowski et al. 2019).
Analysis in the ZONATION program, which also used data
on vegetation type and incorporated the impact of human-
transformed areas, significantly reduced the raw output
from the MAXENT. Second, Pterocarya must compete with
other species with similar habitat requirements, which may
limit its occurrence, especially since natural regeneration
is rather low (Kozlowski et al. 2019). Moreover, with the
fragmentation of riparian habitats, it is difficult for the spe-
cies to colonize new suitable habitats (Fink and Scheidegger
2018). Phenomena such as facilitation or complementarity
between taxa are also possible, further complicating the
species’ response to environmental conditions (Forrester
2014). Finally, there is the possibility that there are still
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Fig. 3 Structure of the potential species range (edge/core pattern): (A) current climate, (B) scenario SSP1.26, (C) scenario SSP3.70, and (D)

scenario SSP5.85

some natural populations that have not yet been discovered
because they are located in inaccessible areas of northern
Vietnam and southeastern Yunnan, which are character-
ized by high suitability. The mountainous Sino-Vietnamese
borderland is a humid and sparsely populated region that is
very rich in biodiversity (Wang et al. 2021). The MAXENT
results suggest that in the remote and poorly studied parts of

this area, unknown species locations may exist. However,
this border region is currently undergoing intensive land
transformations (Turner and Pham 2015). Although the area
of closed-canopy forests is increasing in some parts of this
region, the acreage of the open-canopy forest is decreasing
at the same time, and urbanization is increasing (Turner and
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Conservation
priority

Higher

. Lower

Fig. 4 Map of conservation priority areas for Pterocarya tonkinensis simulated using ZONATION software. Green areas are already protected

Pham 2015). Thus, there is a risk that potential stands of the
species may disappear before they are described.

The most important factors impacting the P. tonkinensis
potential range were those related to temperature ampli-
tude (bio4 - temperature seasonality and bio7 - temperature
annual range). Pterocarya tonkinensis prefers moderate
annual amplitudes of approximately 1820 degrees Cel-
sius, typical for the subtropics. Unfortunately, models of
the future climate assume both an increase in the average
annual temperature and a change in the temperature ampli-
tude. Under the most severe (SSP5.85) scenario, the change
in annual amplitude is approximately 4 degrees in the areas
of occurrence of the studied species (Karger et al. 2018),
which would negatively affect habitat suitability. Precipi-
tation variables have lesser importance, even though the
species is closely associated with moist environments. This
may be connected to the fact that P. fonkinensis prefers to
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draw water from deeper soil layers (below 50 cm), which
are a good source even during drier periods (Wang et al.
2019). The obtained results are clearly different than in the
case of the closely related P. stenoptera, for which precip-
itation-related variables were the most important for the
shape of the potential range (Zhang et al. 2020). In con-
trast, temperature factors are significant for adaptive genetic
variation in both P. stenoptera (Li et al. 2022) and another
closely related species found in southern China, P. mac-
roptera (Wang et al. 2023). For the latter species, the most
significant factors in shaping genetic variation are related
to temperature amplitude: temperature seasonality (bio4),
isothermality (bio3), and temperature annual range (bio7).
In the case of P. tonkinensis, two water-connected vari-
ables, the seasonality of precipitation and the distance from
the nearest watercourse, also have a significant impact on
the potential range. Southeastern Asia experiences periodic
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monsoons, which strongly modify the precipitation pat-
tern during the year and have an impact on the local flora.
The importance of distance from a watercourse is related
to the fact that P. fonkinensis is a typical riparian species
(Kozlowski et al. 2019). Periodic inundation does not pose
a threat to these trees, similar to in P. stenoptera (Li et al.
2010; Zhang et al. 2020). According to the model, the high-
est suitability is in the immediate vicinity of rivers, and as
the distance increases, habitat suitability decreases rapidly.
At a distance of greater than 2 km to a watercourse, con-
ditions become almost completely unfavorable. Although
P tonkinensis is predominantly an anemochoric species
(Knorr et al. 2012), hydrochory may influence its distribu-
tion, as suggested by genetic analyses of other species from
the genus Pterocarya (Yousefzadeh et al. 2018). Soil type
was not tested in the model, as it is not a limiting factor for
the species studied; P. fonkinensis occurs on clay-rich acri-
sols, which are clearly dominant in the humid, subtropical
climate of Southeast Asia (Hengl et al. 2017).

The results obtained indicate that in the case of Tonkin
wingnut, we will not observe an expansion of the potential
range, as previously described for other thermophilic spe-
cies of the genus, P. stenoptera and P. fraxinifola, which are
likely to expand northward (Zhang et al. 2020; Song et al.
2021). Under the SSP1.26 scenario, the potential range of
P, tonkinensis was almost the same as that under the current
conditions; however, in the other two scenarios (SSP3.7 and
SSP5.85), the loss of suitable habitat for the species was
observed. Such a difference may be related to the different
responses of individual species to environmental factors;
for P. tonkinensis, the most important are the seasonality of
precipitation and temperature as well as temperature ampli-
tude; for P. fraxinifolia, annual mean temperature and pre-
cipitation of the wettest month (Song et al. 2021); and for
P. stenoptera, precipitation of the driest month (Zhang et al.
2020). Additionally, in the case of the presented research,
SSP models were used (Meinshausen et al. 2020; IPCC et
al. 2021), while previous studies used older representative
concentration pathway (RCP) models (Collins et al. 2013).
It should also be remembered that the shape of the range is
affected by other factors (such as the biological traits of spe-
cies or human impact), as mentioned above; additionally,
the knowledge of potential new sites for such a rare spe-
cies may change the overall picture of the potential range.
Despite these limitations, a certain trend can be identified,
which clearly indicates that P. tonkinensis, unlike other rep-
resentatives of the genus, will not be a beneficiary of future
climate change. Therefore, it is advisable to strengthen con-
servation efforts, taking into account the potential fragmen-
tation of the species’ range. There is a particular urgency to
protect populations in the edge of the species’ range, which
are the most threatened and, due to their isolation from the

range core, may represent an important reservoir of genetic
variability.

Range fragmentation and conservation remarks

The connectivity between the potential range cores in Viet-
nam and Yunnan is good both in the current climatic model
and in the SSP1.26 scenario. The core of the range covers
northern Vietnam and southeastern Yunnan, while sites in
western Yunnan represent the edge. The riparian nature of
the species is clearly evident in the MSPA, in which individ-
ual parts of the range are connected by watercourses acting
as bridges and branches. However, under the SSP3.70 sce-
nario, the potential range became significantly fragmented,
whereas under the SSP5.85 scenario, the Yunnanese part of
the range declined. Unfortunately, in this most pessimistic
scenario, the potential range of the species shifts eastward
to areas dominated by cities and farmland, which may sig-
nificantly reduce the possibility of species conservation. In
addition, cultivated areas may expand into hitherto wild
areas, a common pattern in the lowlands that is associated
with the withdrawal of woody species (Weinzettel 2018). A
serious threat to riparian habitats is not only the increasing
urbanization and expansion of agricultural fields but also
the construction of dams, which can lead to the transforma-
tion of riverine ecosystems on a large section of the river
(Turner and Pham 2015).

Populations far from the center of the potential range are
in a worse situation compared to stands in the core of the
range, as the areas where they occur will lose their suitabil-
ity. Marginal populations may be more vulnerable because
they are far from the other regions where species occurs,
which limits migration; they may also be less well adapted
to climate change, as in the case of P. macroptera (Wang
et al. 2023). Stands of Tonkin wingnut located in the west-
ern part, near the border of China and Laos, in all analyses
constitute the edge of the range, although they are a rela-
tively large group. This region, known as Xishuangbanna, is
very rich in tropical flora; P. fonkinensis forms communities
along the riverbanks in this area (Zhu 2006). These stands
are particularly threatened by climate change, although
some of them are located in protected areas (UNEP-WCMC
and ITUCN 2023). However, most of the species’ popula-
tions throughout the range are located outside the reserves.
The results of the ZONATION analysis, which combined
climatic data and human impact, suggest that the highest
conservation priority should be given to populations located
in Vietnam close to existing protected areas (possibility of
expansion of reserve borders) and sites in southern Yunnan
that are far from current reserves (possibility of establishing
new protected areas).
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When planning effective conservation methods for
endangered species, the existing genetic variability within
the species should be taken into account. Its maintenance
is crucial for adaptive potential and resilience to negative
factors (Ostfeld and Keesing 2012; Frankham et al. 2014).
In the case of a species as rare as P. tonkinensis, the loss of
each site is a loss of invaluable variability. Unfortunately,
to date, no analysis has been carried out to estimate gene
resources in natural populations of this endangered taxa;
existing work focuses on phylogenetic analyses (Song et al.
2020). Given the modeling results, as well as the rarity of
the species under study, genetic analysis of the Tonkin wing-
nut is urgent for maintaining and preserving its resources.
Currently, P. tonkinensis is found in only approximately 10
collections worldwide; therefore, more extensive ex situ
cultivation should be planned (BGCI 2023, Kozlowski et
al. 2019).

Conclusions

Predictions of the future potential range of P. tonkinensis
show the possibility of populations declining due to envi-
ronmental changes. More than half of known stands occur
in areas that could lose suitability. This process could be fur-
ther accelerated by human pressure in the region, which is
already very strong. Populations from Yunnan are the most
endangered, as they constitute a range edge and are located
outside the protected areas. Some of the stands from the
China—Vietnam border could be protected in situ; reserves
from central Vietnam could also be enlarged to protect pop-
ulations from the range core. However, further research is
needed so that information on the species’ gene resources
can be incorporated into conservation strategies.
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