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ARTICLE INFO ABSTRACT

Keywords: Understanding the impact of multiple anthropogenic threats on tree species is urgently needed for estimating
T}_lre?t assessment B ) population decline and enabling coordinated and efficient conservation actions. We applied a spatially explicit
Distribution and vulnerability mapping framework to assess the vulnerability of three highly valuable Asian rosewood species (Dalbergia cochinchinensis, D.

Ecogeographic diversity
Dalbergia ssp.
Conservation planning
Climate change

cultrata, D. oliveri) to five key threats across their native ranges in six countries of the Greater Mekong Subregion. All
three species face significant threat levels from at least one of the five threats in more than 75% of their native
ranges, including within existing protected areas. Overexploitation is the single most important threat (53-60%),
followed by habitat conversion (17-41%) and fire (20-28%). About 21% of the distribution range of D. cultrata is
under medium to very high threat from climate change, which is predicted to have less impact on D. oliveri and on
D. cochinchinensis. Based on our threat assessment we delineated species-specific priority areas for conservation and
restoration that we subdivided by ecoregions as a surrogate for adaptive variation within species. Half of the
ecoregions were classified as priority for improving the conservation of adaptive variation in one or more of the
species. We propose spatially explicit follow-up actions that include in situ conservation, restoration, and ex situ
conservation to improve the effectiveness of current conservation measures to capture adaptive variation within
species. Transboundary coordination will be important to effectively address conservation threats. The study can
act as a model for regional planning for other valuable tree species.
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1. Introduction

Multiple anthropogenic threats drive local extinctions of tropical tree
species (Abel-Schaad et al., 2018; Fremout et al., 2020; Gaisberger et al.,
2021; Gallagher et al., 2021). In addition to the mounting pressure from
global warming, forest habitats in the Greater Mekong are being rapidly
destroyed by industrial-scale illegal logging and agricultural expansion
(Foley, 2020). The resulting loss of genetic diversity limits the oppor-
tunities to restore viable, productive populations and reduces the spe-
cies’ ability to adapt to and survive under a changing environment (Sork
et al., 2010). Species-specific conservation and management plans that
consider the within-species (intraspecific) variation in traits and re-
sponses to threats are needed, but high species diversity coupled with
limited resources in lower-income countries constrain the development
and application of such planning. For example, even basic information
about the current distribution of tropical tree species is often lacking
(Botanical Gardens Conservation International (BGCI), 2021; Serra-Diaz
et al., 2017; Gaisberger et al., 2021). Efficient and practical priority
setting is urgently needed to not only prevent further population decline
but also to reverse the trend and push back highly threatened species
from the brink of extinction.

The precarious status of Asian rosewoods (Dalbergia spp.) illustrates
how conservation and management of even the most highly valued
tropical tree species is fraught with such challenges. Sought for their
beautiful reddish timber used for making luxury furniture, wood carv-
ings and instruments, Dalbergia spp. can fetch prices as high as US
$50,000 m~3 (Winfield et al., 2016). High demand for the species has
driven illegal logging across the Greater Mekong. Trade initially focused
on Siamese rosewood (Dalbergia cochinchinensis), but as the species has
become increasingly rare, exploitation shifted to other species such as
Burmese rosewood (Dalbergia oliveri) and other genera such as Pter-
ocarpus spp. Dalbergia species were recognized as threatened as early as
in 1998 on the IUCN Red List of Threatened Species (IUCN, 2021) but
their exploitation has only intensified since then (Winfield et al., 2016).
In 2017, the Convention on International Trade in Endangered Species
of Wild Fauna and Flora (CITES) placed the entire genus of Dalbergia on
its Appendix II, restricting international trade to reduce pressure on the
remaining natural populations.

Tree population decline can be driven by intense reduction or fluc-
tuations in the number of mature individuals (JUCN Standards and Pe-
titions Committee, 2019) or other processes that limit reproduction,
regeneration, or genetic diversity of offspring. Illegal logging is the most
severe threat to many Dalbergia spp. (Winfield et al., 2016), and mature
trees that produce the valued heartwood are often completely wiped out
in the region’s landscapes. While the species are capable of coppicing
(So et al., 2010), the common practice of digging out stumps limits
regeneration, and even when clonal reproduction occurs, it does not
help maintain genetic diversity. Dalbergia ssp. are also affected by land
conversion to agriculture (Liu et al., 2019), eliminating both mature
trees and regeneration, as well as grazing and fire that limit regeneration
potential in the seasonally dry tropical forests (Prasad, 2001). Impacts of
climate change on the species remain unknown but may affect seedling
establishment and regeneration (Hung et al., 2020) and intensify the
impacts of other threats such as more frequent fires. Assessing the
vulnerability of species to multiple threats is fundamental for the plan-
ning of cost-effective restoration and conservation actions (Butt et al.,
2016).

Population genetic studies show high levels of intraspecific diversity
between populations of Dalbergia oliveri and D. cochinchinensis, indi-
cating limited geneflow and potentially high local adaptation (Hartvig
et al., 2018). This differentiation may result partly from the complex
relief and biogeographical history in the Greater Mekong Subregion
(Woodruff, 2010). The Mekong River and other large water bodies also
act as barriers to the species’ dispersal (Sander et al., 2018). Population
genetic studies have identified several distinct clusters of populations,
often extending across national border zones (Hartvig et al., 2018).

Biological Conservation 270 (2022) 109560

Therefore, local extinction of the species observed throughout the sub-
region suggest permanent loss of genetic diversity and adaptive capac-
ity. In the absence of range-wide genetic data, environmental distances
are valid surrogates in conservation planning for representing genetic
variation (Hanson et al., 2017). Ecoregions, encompassing geographic
areas with similar environmental conditions, are useful to delineate
areas in which plant species face little disruption of population genetic
patterns or loss of local adaptation (Miller et al., 2011).

Interest for planting Dalbergia spp. is growing rapidly in the subre-
gion. In Cambodia, D. cochinchinensis is among the most planted tree
species (Institute of Forest and Wildlife Research and Development,
Cambodia, unpublished report). Planted populations can both relieve
the pressure on the natural populations and help conserve their genetic
diversity. However, their productivity and conservation value depend
on the genetic diversity of the planting material and its suitability to the
environmental conditions (Broadhurst, 2013). Seed sourcing for
planting these species relies on declining natural populations, illus-
trating how conservation and restoration are intertwined and need to be
considered together.

In this study we present a spatially explicit framework based on
habitat suitability modelling, threat exposure estimates and a trait-based
sensitivity scoring approach (Fremout et al., 2020) to assess the
vulnerability of three highly valuable Asian rosewood species (Dalbergia
cochinchinensis, D. cultrata, D. oliveri) to current threats (over-
exploitation, fire, overgrazing, habitat conversion) and climate change
across their native ranges in six countries (Cambodia, China, Laos,
Myanmar, Thailand and Vietnam). Based on threat vulnerability levels
we delineated species-specific priority areas for conservation and
restoration. We refined the results by subdividing the priority areas by
ecoregions as surrogate for genetic diversity to capture adaptive varia-
tion within species. The objectives of this study were to (i) assess the
vulnerability of three economically important Asian rosewood species to
key threats, (ii) identify species-specific and ecoregional conservation
and restoration priorities to conserve adaptive variation within species,
and (iii) explore opportunities for cooperation and synergies between
countries in their conservation efforts across the species’ ranges.

2. Materials and method
2.1. Habitat suitability modelling

Species occurrence data was collected from scientific and grey
literature, national and global databases, and individual research pro-
jects (Table Al). The initial dataset with 565 occurrence records un-
derwent a three-step cleaning process to ensure quality control and a
spatial filtering process to reduce the negative effects of uneven sam-
pling (Supplementary text). The final occurrence dataset of the three
Dalbergia species used for spatial analysis consisted of 355 occurrence
points (Table A2).

We tested 31 potential predictor variables (Table A3) that included
bioclimatic variables from the CHELSA v2.1 database (Karger et al.,
2017), edaphic variables from the SoilGrids v1 database (Hengl et al.,
2017) and topographic variables (Danielson and Gesch, 2011), for
multicollinearity across the study area because correlation among var-
iables may negatively affect model performance (Heikkinen et al.,
2006). We calculated the variance inflation factor (VIF) with the R
package usdm (Naimi et al., 2014) and retained only variables with VIFs
<10 using a stepwise procedure. A subset of 18 remaining predictors
(Table A3) at a spatial resolution of 30 arcsec (ca. 0.9 km at the equator)
were used to model the habitat suitability of the three Dalbergia species
using the maximum entropy algorithm (Maxent) (Phillips et al., 2018).

As default settings might lead to overfitting (Radosavljevic and
Anderson, 2014), we executed Maxent across a range of different set-
tings using the R package ENMeval (Muscarella et al., 2014), to balance
goodness-of-fit with model complexity and to evaluate models with
spatially independent partitions. For each species we therefore selected
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the model with the lowest Akaike information criteria (AICc) value (i.e.,
AAICc = 0) as best performing model for subsequent spatial analysis. We
also calculated a widely used performance metric for SDMs, the area
under the receiver operating characteristic curve (AUC), in order to
facilitate comparison with other studies. The models were evaluated
using 4-fold cross-validation using spatially independent checkerboard
partitioning of presence and background records (Muscarella et al.,
2014). Background points were randomly selected from a geographic
extent similar to the one of the occurrence points, which is aimed at
improving the discriminatory power of models in the core distribution
area (Acevedo et al., 2012), as well as the transferability in place and
time (Phillips, 2008). For this purpose, we created for each of the three
species a convex hull around the presence locations, extended with a
buffer corresponding to 20% of the longest axis between presence
points. To avoid omitting large areas where species may be present from
our analysis, we converted the suitability maps into presence-absence
maps using the 10th percentile training presence omission threshold.
The resulting maps were validated through an online consultation
with species experts and a review of literature and existing species da-
tabases. As part of this process, modeled distribution ranges of the
species in states or provinces and in ecoregions not confirmed as part of
their natural distribution (e.g, due to barriers to dispersal such as
mountain ranges) were identified and excluded from the maps.

2.2. Threat exposure

For each of the five threats (overexploitation, fire overgrazing,
habitat conversion, and climate change), threat exposure estimates were
constructed using freely accessible spatial datasets (Table A4), accord-
ing to the methodology described in Gaisberger et al. (2021) and in
Table A5. The exposure estimates, aimed to reflect the expected impacts
at population level (Table A4), were created as grid layers with values
ranging from O (no threat exposure) to 1 (maximum threat exposure).
They reflect current exposure levels, except for climate change, in which
case they reflect expected future levels. To assess the exposure to climate
change, we projected the distribution models of the three Dalbergia
species to predicted climate conditions for 2055 (2041-2070 period),
using the following downscaled General Circulation Model (GCM) pre-
dictions, obtained from the CHELSA database (https://chelsa-climate.
org/cmip6/; Karger et al., 2017): GFDL-ESM4, IPSL-CM6A-LR, MPI-
ESM1-2-HR, MRI-ESM2-0, and UKESM1-0-LL. The climate change
exposure maps were created by calculating the number of different
GCMs predicting presence of suitable habitat across the validated dis-
tribution ranges. All grid layers used to construct the exposure maps had
a spatial resolution of 30 arcsec (ca. 0.9 km at the equator). To assess the
robustness of the threat mapping methodology, we carried out a sensi-
tivity analysis by creating reference-, best- and worst-case scenario
exposure maps (Figs. A1-A2) for each of the considered threats (details
in Table A5).

2.3. Sensitivity and vulnerability

To estimate the sensitivity of the three Dalbergia species to the five
key threats we applied a sensitivity scoring approach (Fremout et al.,
2020) in which explicit relations between tree functional traits and
resistance against threats were established based on literature and
expert judgement. We focused on a subset of 10 key traits with ‘medium’
to ‘very high’ importance, which we compiled through a separate
literature study (Table A6). The details of the data used to estimate
species sensitivities and the final trait-based sensitivity scores are
available in Gaisberger et al. (2021) and Tables A7 and A8.

Species-specific vulnerability maps were constructed on a cell-by-cell
basis, as the product of the species-specific threat sensitivity score (0-1)
and the threat exposure value (0-1), restricted to the expert corrected
species distribution area. The grid cells of the vulnerability maps were
categorized into five classes (no threat, low, medium, high, and very

Biological Conservation 270 (2022) 109560

high) using the thresholds of 0.01, 0.25, 0.50 and 0.75. As multiple
stressor interactions, ranging from synergistic to antagonistic effects, are
complex and difficult to predict for real-world applications (Cote et al.,
2016), for simplicity we defined the combined vulnerability of an area,
corresponding to an individual pixel, as the highest vulnerability among
the individual layers. To identify the overall vulnerability of a species,
we calculated the proportion of distribution area under ‘medium’ to
‘very high’ vulnerability to current and predicted climate change threats
individually and in combination.

2.4. Priority action maps for conservation and restoration

Based on the vulnerability to current threats (overexploitation, fire,
overgrazing and habitat conversion) and to climate change, we present
the following conservation and restoration planning strategy (Fremout
et al., 2020). We recommend (i) in situ conservation of populations in
areas where both current and climate change threat levels are low, (ii)
restoration activities such as active planting or assisted regeneration of
populations in areas where current threat levels are high but climate
change threat levels are low, and (iii) ex situ conservation of populations
in areas where climate change threat levels are high, in order to safe-
guard the genetic resources that might disappear due to climate change
by 2055. The remaining combinations of current and climate change
threat levels were classified as (iv) ‘no single priority action’ areas and
may benefit from a combination of conservation and restoration ap-
proaches (e.g., passive restoration) depending on the site context.

We restricted the prioritized area for in situ conservation to areas
where the modeled distribution showed highly suitable habitat (values
>0.7) as predicted by the Maxent models, with the aim to identify
populations that are likely to have maximal fitness and adaptive ca-
pacity (Nagaraju et al., 2013). In addition, the priority action maps were
overlaid with a protected areas map (UNEP-WCMC and IUCN, 2018),
updated with protected areas for Cambodia (Gaisberger et al., 2021), to
assess the proportion of species’ native distribution ranges that are
currently under some type of protection and with a land cover map
(Latham et al., 2014) to identify areas that are ‘natural’ or converted to
agricultural land use. We defined as ‘natural’ all areas that were not
classified as ‘cropland’. The distinction between converted and non-
converted areas is important as these land use types may require
different conservation and restoration strategies. Large-scale ecological
restoration projects are more likely to be implemented in non-converted
areas whereas agroforestry might be the more appropriate restoration
strategy in areas already converted to agriculture (Fremout et al., 2020).

2.5. Ecoregional diversity

We partitioned the modeled distribution ranges of the three Dalbergia
species by ecoregions (Dinerstein et al., 2017), as surrogate for adaptive
genetic variation (Miller et al., 2011), and combined it with the priority
action maps to obtain subdivisions of species distribution areas likely to
represent patterns of intraspecific adaptive variation (Fig. A3). Modeled
distribution area not prioritized for restoration or ex situ conservation
was classified as ‘stable’. Ecoregions were defined as priority for
improving the conservation of adaptive variation when less than 10% of
the potential distribution area was stable and within protected areas.
Three possible follow-up actions were identified for these priority
ecoregions: (i) designating additional protected areas or conservation
units in areas prioritized for in situ conservation that remain outside the
existing protected area network, (ii) restoring the species’ populations in
areas prioritized for restoration (degraded or converted lands but
remaining suitable for the species under climate change), and (iii)
conserving the species ex situ through seed collection and field gene
banks, especially when conservation targets could not be met through
the other means (i.e. >90% of the potential distribution area becoming
unsuitable for the species under climate change). A combination of these
actions could be applied in each ecoregion to meet the conservation
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threshold. All area calculations were carried out after transformation
into Cylindrical Equal Area’s projection.

3. Results
3.1. Modeled species distribution

The cross-validated AUC values of the best performing SDM per
species (with lowest AICs values) ranged from 0.85 to 0.93, indicating
excellent accuracy.

3.2. Exposure and vulnerability to key threats

We created exposure maps for each of the five threats (over-
exploitation, fire overgrazing, habitat conversion, and climate change)
across the distribution ranges of the target species (Figs. A1-A2).

All three Dalbergia species show medium to very high threat levels for
at least one of the five threats in more than 75% of their potential dis-
tribution area (Table 1 and Figs. A4-A6). Overexploitation is the single
most important threat (53-60%) and, together with fire (20-28%) and
overgrazing (14-16%), is affecting all three species to a similar extent,
whereas the vulnerability to the other three threats varies more strongly
between the species. Habitat conversion poses an important risk across
the species’ ranges to D. cochinchinensis (41%) and D. oliveri (38%) but is
less of a risk for D. cultrata (17%). In return, D. cultrata is more threat-
ened by climate change (21%), which is predicted to have less effects on
D. oliveri (13%) and on D. cochinchinensis (7%).

3.3. Conservation and restoration priorities across the species’ native
ranges

Based on the threat levels of current threats and climate change we
mapped priority areas for conservation and restoration actions for the
three Dalbergia species (Fig. 1, Table 2). On average 12% (range
11-12%) of the distribution ranges are prioritized for in situ conserva-
tion, 27% (range 15-42%) for restoration activities, and 6% (range
3-9%) for ex situ conservation. The sensitivity analysis indicated that an
average of 22% (+2 SD) of the grid cells of the priority area maps within
species’ distribution ranges changed from one category to another
compared with the reference maps for the best-case priority maps and
27% (+£3) for the worst-case priority maps.

At least 10% of the species’ predicted distribution in each of the
countries falls within protected areas, except for D. cochinchinensis in
Vietnam, and D. cultrata and D. oliveri in China, Myanmar and Vietnam
(Table 2). Cambodia has the highest proportion of the species’ potential
distribution ranges under protection, ranging from 38 to 57%. However,
species are in some cases severely threatened also within the protected
area network: for example, 42% of the current distribution of D. cultrata
within protected areas in Cambodia is prioritized for restoration due to
high vulnerability to current threats. Similarly, 28-52% of the species
distribution ranges in protected areas in Cambodia are predicted to
become unsuitable for the species due to climate change and are prior-
itized for ex situ conservation.

Areas prioritized for in situ conservation account for 11-12% of the
total distribution ranges. More than 95% of these areas occur outside of
the current protected areas for D. cultrata in China and in Myanmar and

Table 1
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for D. oliveri in Myanmar. Restoration priority areas for
D. cochinchinensis are mostly located in Thailand (56%) and Cambodia
(46%) and those for D. oliveri in Cambodia (38%) and Vietnam (35%).
The largest portion of distribution range prioritized for ex situ conser-
vation is located in Vietnam (49%) for D. cultrata.

3.4. Ecoregional diversity

The conservation status of the three Dalbergia species varies largely
by ecoregion. For D. cochinchinensis, 6 of the 11 ecoregions (55%) have
less than 10% of the species predicted distribution in stable protected
areas. For D. cultrata, the proportion is 10 of 20 ecoregions (50%) and for
D. oliveri, 9 of 19 ecoregions (47%) (Tables 3 and A10). Three ecoregions
with predicted species distribution have less than 1% of stable protected
areas: Northern Thailand-Laos moist deciduous forests for
D. cochinchinensis, [rrawaddy dry forests for D. cultrata and D. oliveri, and
Yunnan Plateau subtropical evergreen forests for D. cultrata. The stable
protected area is also very small (<100 km?) for individual species in
three other ecoregions. Two ecoregions are identified as priority for
improving the conservation of adaptive variation for all three species:
Northern Indochina subtropical forests and Northern Khorat Plateau
moist deciduous forests (Fig. 2). One ecoregion in Myanmar and three
ecoregions in Vietnam have no stable protected areas in that country for
one or more of the target species.

The area prioritized for in situ conservation is sufficient to reach the
10% threshold for stable protected area in three of the 25 total species-
ecoregion combinations that are prioritized for additional conservation
measures (Table A10). This includes the Northern Indochina subtropical
forests (Fig. 2A) for D. cultrata. The remaining 22 ecoregions (or species-
ecoregion combinations) would require restoration outside of the cur-
rent protected area network to meet the conservation target, including
the Northern Indochina subtropical forests for D. cochinchinensis and
D. oliveri (Fig. 2A) and the Northern Khorat Plateau moist deciduous
forests (Fig. 2B) for all three species. This corresponds to an estimated
restoration need of about 1.1 million ha across the species’ combined
ranges. The majority of the priority areas for restoration remain as
natural habitat, except for the Chao Phraya lowland moist deciduous
forests (for D. cochinchinensis), the Irrawaddy dry forests (for D. cultrata
and D. oliveri) and the Peninsular Malaysian rain forests (for D. oliveri),
where large portions of potential habitat have been converted to crop-
land. Fig. 1 shows maps of other areas within the landscapes where the
species would benefit from restoration activities, independently of the
conservation status within the ecoregion or country. At country level,
more than 40% of the species’ potential distribution is prioritized for
restoration for D. cochinchinenis in Thailand (56%) and in Cambodia
(46%) (Table 2).

None of the ecoregions are prioritized for ex situ conservation with
the set (high) threshold of >90% of the distribution area becoming
unsuitable by 2055. The ecoregions most threatened by climate change
are the Northern Triangle subtropical forests in Myanmar (53%
becoming unsuitable for D. cultrata) and the Southern Annamites
montane rain forests in Cambodia, Laos and Vietnam (49% also for
D. cultrata). Four other ecoregions are predicted to lose over 20% of the
species’ current distribution area: Northern Indochina subtropical for-
ests (Fig. 2A) for D. cochinchinenis, Irrawaddy dry forests for D. cultrata
and Mizoram-Manipur-Kachin rain forests and Myanmar coastal rain

Potential distribution area with ‘medium’ to ‘very high’ threat vulnerability. The range between best-case and worst-case scenario is indicated in brackets. The

corresponding maps can be found in Figs. A4-A6.

Species Over-exploitation (%) Fire Over-grazing (%) Habitat conversion (%) Climate change (%) Threats combined (%)
(%)

D. cochinchinensis 60 (47-69) 28 (14-39) 14 (7-27) 41 (41-42) 7 (6-7) 80 (69-86)

D. cultrata 53 (36-66) 20 (6-34) 16 (12—33) 17 (16-18) 21 (21-21) 75 (57-86)

D. oliveri 57 (42-66) 20 (8-34) 15 (5-21) 38 (38-39) 13 (8-13) 75 (61-83)
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Fig. 1. Priority action maps for conservation and restoration of (A) D. cochinchinensis, (B) D. cultrata and (C) D. oliveri.

Table 2

Priority areas for in situ conservation, restoration activities and ex situ conservation for the three Dalbergia species by country.

Species Country Predicted distribution Priority for in situ Priority for restoration Priority for ex
situ
km? % % protected and % of total % in protected % of total % in natural % of total area
protected stable area areas area habitats
Dalbergia All 441,912 21 17 12 72 42 37 3
cochinchinensis

D. cochinchinensis Cambodia 131,387 39 27 16 84 46 70 1
D. cochinchinensis Laos 100,596 20 18 19 49 21 72 7
D. cochinchinensis Thailand 157,258 12 11 6 96 56 5 1
D. cochinchinensis Vietnam 52,667 9 8 5 55 31 38 4
D. cultrata All 871,792 13 11 12 40 15 52 9
D. cultrata Cambodia 20,471 57 43 2 61 21 91 10
D. cultrata China 160,781 <1 <1 6 <1 13 79 4
D. cultrata Laos 132,820 16 14 8 30 17 92 11
D. cultrata Myanmar 300,279 2 2 12 3 12 49 8
D. cultrata Thailand 231,009 31 29 20 80 20 17 6
D. cultrata Vietnam 26,432 7 3 <1 57 5 51 49
D. oliveri All 997,383 18 16 11 63 25 31

D. oliveri Cambodia 145,220 38 30 22 82 38 59 1
D. oliveri China 34 5 1 - - 1 12 23
D. oliveri Laos 151,484 17 15 15 44 12 71 19
D. oliveri Myanmar 253,113 2 2 6 4 19 25 9
D. oliveri Thailand 362,686 23 21 10 86 27 10 4
D. oliveri Vietnam 84,847 9 8 6 44 35 30 6

forests for D. oliveri. Ex situ conservation may also be necessary in areas
with little protected areas and few natural habitats remaining, inde-
pendently of potential threat from climate change, such as the Chao
Phraya lowland moist deciduous forests in Thailand, the Irrawaddy dry
forests in Myanmar and the Peninsular Malaysian rain forests.

4. Discussion

This article provides a framework for quantitatively assessing the
conservation status of tree species and their intraspecific diversity across
species ranges, considering multiple threats. Our method uses freely
available spatial datasets, species occurrence and trait data combined
with expert knowledge, making it well suited for tropical countries with
high tree diversity and limited published information.

The results from this study reveal that all three Dalbergia species
(D. cochinchinensis, D. cultrata, D. oliveri) are at risk across large parts of
their distribution ranges in the Greater Mekong Subregion, with over-
exploitation being the most important threat followed by habitat con-
version and fire. This provides the most comprehensive spatially explicit
conservation assessment of the studied species since they were classified
as threatened by the IUCN Red List in the late 1990s. Although protected
areas cover between 13 and 21% of the species’ predicted ranges,

Dalbergia spp. are under pressure within these areas from both current
threats and future climate change. Moreover, the existing protected
areas are highly concentrated, leaving many parts of these species’
ranges without protection. Populations outside the existing protected
area network are rapidly dwindling, and in the vast majority of the
studied ecoregions, areas identified as priority for in situ conservation
are insufficient to reach the conservation goal of 10% stable protected
area. Both conservation of the remaining populations and species
restoration are urgently needed and require the collaboration between
countries and stakeholders. The results presented were used to update
the IUCN Red List assessments for the three species in collaboration with
the Global Tree Assessment project (Barstow et al., 2022a, 2022b; Contu
et al., 2022).

To fill the current gaps in the existing protected area network, the
priority areas for in situ conservation should be surveyed to confirm the
presence of viable populations of the species and to delineate genetic
conservation units, starting from the currently least protected ecor-
egions. High modeled habitat suitability has been associated with high
genetic diversity (Nagaraju et al., 2013). Populations growing in the
most suitable areas for each species can therefore be particularly valu-
able for in situ conservation. Because of the high genetic differentiation
between populations (Hartvig et al., 2018), conservation measures
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Table 3
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Priority ecoregions with least stable protected areas (<2%) for one or more Dalbergia species. Data for all three species is included for the two
ecoregions (highlighted in grey) identified as priority for conserving all three species: ‘Northern Indochina subtropical forests’, and ‘Northern

Khorat Plateau moist deciduous forests’ (Fig. 2).

Predicted distribution Pl‘lOl‘lt.y for in Priority 'for Prmrlt.y
situ restoration for ex situ
Ecoregion Country Species N % % of % in % of % in N
km? o tﬁc ted protected | total | protected | total | natural & Zfet;)tal
P and stable | area areas area | habitats
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moist Thailand o . 8,549 2 1 1 89 86 2 <1
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dry forests Y D. oliveri 16,485 <1 <1 <1 - 71 1 6
Myanmar D. cultrata 18,955 1 1 8 3 8 71 12
coastal rain Myanmar
forests D. oliveri 20,004 1 1 2 - 14 28 21
China, D.
F‘éﬂh}?’n Laos, cochinchinensis 1,140 ! ! ! ! 1 %2 39
enie | Myanmar, | p, cultrata 279868 | 3 P 10 6 13 69 5
subtropical >
forest Thailand,
orests Vietnam | D. oliveri 115,637 5 3 1 9 12 50 18
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<
Khorat cochinchinensis S5 . 2 L & » & )
PlaFeta“ I’EEO'SI’ g | D-cultrata 7,866 2 2 1 21 34 16 3
mois ailan
‘flsggt‘smus D. oliveri 11,959 2 1 <1 31 31 20 19
Northern
Thailand-
Laos moist | Z2% Do 1348 <1 <1 ; ; 30 98 2
deciduous Thailand cochinchinensis
forests
Northern
Z:g?f;cal Myanmar | D. cultrata 599 1 1 <1 - 1 100 53
forests
Yunnan
Plateau
subtropical China D. cultrata 67,618 <1 <1 1 - 18 81 2
evergreen
forests
A oy Priority ecoregion for Dalbergia spp. kB Priority ecoregion for“DaIbergia spp.
Northern Indochina subtropical forests Northern Khorat Plateau moist deciduous forests
in situ conservation restoration ex situ conservation in situ conservation restoration ex situ conservation
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Fig. 2. Priority ecoregions for D. cochinchinensis, D. cultrata and D. oliveri with priority action areas for in situ conservation, restoration and ex situ conservation. (A)

‘Northern Indochina subtropical forests” and (B) ‘Northern Khorat Plateau moist deciduous forests’.
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should be expanded also to underrepresented areas to avoid a potential
loss of unique adaptative variation. Less diverse populations at the
species’ range margins can harbor unique, important traits e.g., for
climate change adaptation (Angert et al., 2020; Hartvig et al., 2020) and
should be studied further.

In situ priority areas are usually relatively remote, as accessibility is
one of the main factors contributing to overexploitation. Opportunity
costs from conservation are therefore more limited than in areas with
higher accessibility and land use pressures (Carrasco et al., 2017). On
the other hand, remoteness increases the costs of monitoring tree pop-
ulations and therefore also the risk of illegal logging of valuable species
(Xue et al., 2019). Remote and under-resourced protected areas can also
be particularly vulnerable to encroachment as they may restrict the
informal access rights of local forest-dependent land users (Geldmann
et al., 2019). Areas prioritized for in situ conservation are potentially
well-suited for community forestry, as threats to the target species are
more limited than elsewhere and conservation of genetic diversity does
not preclude sustainable use. Field surveys indicate that community
forests in Cambodia harbor some of the largest remaining populations of
D. cochinchinensis and D. oliveri in the country (Institute of Forest and
Wildlife Research and Development, Cambodia, unpublished report).
Seed collection and seedling production are potential opportunities for
employment and sources of income, given the increasing interest for
planting Dalbergia spp. in the region and the high price of seed that can
fetch up to US$ 250-300 kg~!. Linking communities to seed markets is
crucial for sustaining the benefits and the commitment to protecting
seed sources (Valette et al., 2020).

Restoration of Dalbergia spp. populations outside of the current pro-
tected area network is necessary for recovering and maintaining adap-
tive variation within species across large parts of their ranges.
Mainstreaming these and other threatened, socio-economically impor-
tant tree species in broader land restoration programs would be
important to align resources, help meet conservation targets and
improve biodiversity benefits of restoration initiatives (Strassburg et al.,
2020). Our restoration priority maps can help identify areas where the
species distributions overlap with ongoing or planned restoration and
tree planting programs. Although Dalbergia spp. can regenerate through
coppicing, active planting is likely needed in most areas given the spe-
cies’ highly threatened status and the lack of genetic recombination in
clonal reproduction (Hartvig et al., 2020). Capacities of farmers, other
land managers and restoration practitioners need to be strengthened to
ensure that planted populations are established using genetically diverse
and adapted seed to contribute to genetic conservation and result in
resilient populations that can subsequently serve as sources of quality
seed (Jalonen et al., 2018). The scarcity of viable seed source pop-
ulations in most priority ecoregions underlines the importance of good
seed selection and collection practices. Remaining viable seed sources,
including conservation stands in natural forests and ex situ seed sources,
need to be mapped and conserved across the species ranges to enable
restoration. Establishing seedling or clonal seed orchards using material
from multiple natural populations can contribute to conserving genetic
diversity while building up seed production (Dudley et al., 2020).
Consequently, conservation and restoration are intertwined and need to
be planned in coordination.

Our results indicate that ex situ conservation is important for the
long-term conservation of species’ adaptive variation in ecoregions that
are predicted to be severely affected by climate change. Responses to
heat and drought stress vary between the species despite their related-
ness (Hung et al., 2020), illustrating the need for species-specific ana-
lyses before synergies for conservation action can be identified.
D. cultrata in particular is at risk at the margins of its current distribution
because of the combined effects of climate change and current threats.
These areas should be targeted by germplasm collection to avoid the
potential loss of adaptive variation. Our maps will help to focus
collection efforts in areas where climate threat levels are high but cur-
rent threat levels are low and where it is therefore likely that viable
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remnant populations can still be found. Ex situ conservation of tree ge-
netic resources does not preclude sustainable use, and, apart from seed
banks, conservation units can include plantations, provenance trials,
seed orchards, agroforestry and trees on farm. Common garden studies
and genomic studies can help to understand species’ capacity to adapt to
climate change and identify opportunities for selection and breeding to
support adaptation. Climate change should also be considered in the
management plans for protected areas where the species are predicted to
be affected. This would also benefit other species within vulnerable
protected areas.

Eleven out of the 21 ecoregions (52%) in the studied area extend over
country boundaries, with the conservation status sometimes differing
drastically across the border. None of the species is sufficiently protected
within individual ecoregions in individual countries. Synergies between
countries are, therefore, likely to improve the conservation status as well
as helpful to share and stretch resources (Wang et al., 2021). Each
ecoregion should have several conserved populations to avoid the risk of
genetic erosion (Hoban et al., 2020). For severely threatened species,
such as Dalbergia spp., identifying such reserves in collaboration between
countries within an ecoregion is particularly important as remaining
populations are scarce. Regional collaboration would also support ef-
forts to address illegal cross-border trade, the main driver of loss of
Dalbergia spp. in the region (EIA, 2016). Within countries, improving the
conservation status of Dalbergia species in existing protected areas re-
quires addressing persistent challenges in how these areas are designed
(Kukkonen and Tammi, 2019) and managed (Cuong et al., 2017; Gra-
ham et al.,, 2021), including through enforcement of the law and
addressing corruption (Milne, 2015). Our results contribute to better
targeting conservation efforts within and between protected areas, for
example by highlighting protected areas where populations of Dalbergia
spp. require better monitoring and restoration.

Transboundary collaboration for conservation actions is constrained
by a lack of methods for identifying national roles, responsibilities and
complementarities (Schmeller et al., 2008). Species distribution
modelling contributes to such analyses, but the lack of distribution data
in a standardized form limits its potential and constitutes a major
bottleneck for many native Asian tree species (Serra-Diaz et al., 2017;
Gaisberger et al., 2021). Our experience shows that collaborative pro-
jects on species of common interest can facilitate the compilation and
standardization of previously unpublished data to enable range-wide
conservation assessments. Collaboration among national experts is
also crucial for validating the resulting distribution maps and for iden-
tifying opportunities and recommendations for concrete collaborative
actions. Results from the spatial analysis help target field survey to areas
with high predicted potential for conservation and most synergies be-
tween species or countries. This saves both resources and time which is
important in the race against local extinctions of Dalbergia spp. and other
severely threatened species.
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