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Abstract: We examine the distribution of Dracaena cinnabari, the Socotran Dragon’s Blood Tree, an
endangered species endemic to the island of Socotra (Yemen)—and we propose an accessibility
approach to its conservation, taking the proximity of local communities and land users into account.
Using the present occurrence of D. cinnabari, we applied a machine learning algorithm (random forest
classifier) to estimate the potential distribution of the species across the island (overall validation
accuracy of 0.91) based on available climatic and physiographic parameters. In parallel, we used an
accessibility methodology to generate a map of the energy cost of accessing potential areas from the
villages. This community-focused accessibility map, combined with the potential distribution map
of Dracaena cinnabari, could contribute to decision-making processes related to long-term ecological
restoration and reforestation activities. With our case study, we wish to emphasize that user-focused
efforts and the implementation of sustainable land practices should play key roles in conserving
endangered tree species.
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1. Introduction

Dragon trees are a small group of arborescent Dracaena taxa [1] among the more than
190 species in the genus [2]. Most dragon tree species are endangered, and often endemic
with isolated, insular populations with low abundances [3]. Dracaena cinnabari Balf f. is
an endemic Cenozoic relict of the main island of Socotra (Yemen), well known for its red
resin called dragon’s blood used since ancient time [4,5]. The population of this species is
currently estimated at ca. 80,000 individuals [6], but the age structure is unbalanced, with a
prevalence of overmature trees [7-9]. Juvenile trees are missing across the island due to
a long-term population decline caused by overgrazing [10-12], resin harvesting [4], and
manifestation of global climate change [6,13]. Miller [14] assessed D. cinnabari as vulnerable
according to IUCN criteria (IUCN Red List). This species is not threatened with extinction
in the coming years [15]; however general models of future population development predict
a decline by 40% in 100 years and extinction over maximally ca. 500 years [6,16].

The iconic Socotran Dragon’s Blood trees provides a wide range of ecosystem ser-
vices [3]. Rejzek, et al. [17] considered D. cinnabari as a nurse tree with high ecological
importance for biodiversity maintenance; every fallen tree can lead to decreases in the pop-
ulations of other endemic plant species. Due to its ability to capture horizontal precipitation,
the decline of the D. cinnabari population may increase aridification of the land which, in
addition to overgrazing, makes natural regeneration even more difficult even though this
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species is well adapted to droughts [12,18,19]. Furthermore, D. cinnabari plays a crucial
cultural role for the indigenous communities of Socotra, providing valuable resin and other
non-timber plant products that have a wide range of medicinal and other ethnobotanical
uses [5].

Other authors referred to the decline of different dragon tree species populations
in the 20th century [13,15,20-25], for different reasons. Hence, there is a clear need for
conservation activities to support natural regeneration or artificial reforestation [3]. A recent
interesting recovery of Dracaena ombet in Baryakay (Sudan) was documented after mass
death events in the 20th century with a shift of saplings to the higher altitudes and coastal
areas compared to the distribution of adult trees [21]. Moreover, in an exclosure experiment
on the island of Socotra, natural regeneration of Dracaena cinnabari was reported [26].
Regarding artificial afforestation, there are only a few examples of rescue programs [3]. For
D. tamaranae, an effective rescue conservation program has been running in Gran Canaria
(Spain) for over 15 years [27]. On the Canary Islands [28] and on the Cape Verde Islands [29],
many dragon trees (Dracaena draco s.1.) have been cultivated near houses, hotels, in garden
and in parks. On Socotra, efforts to reforest D. cinnabari in situ have been documented since
2006, when more than 700 three-year old seedlings were planted in the Ras Ayre area [12].

Taking into account the ongoing decline of the terrestrial ecosystems on Socotra
for various reasons, ecological restoration and reforestation activities of this endemic
tree species are urgently needed [12,30,31]. To identify the most suitable areas for such
interventions, a model, based on the Dragon tree as a case study and applicable to other
species, integrating suitability and accessibility analyses is proposed in this study.

2. Materials and Methods
2.1. Datasets

Although lacking detailed resolution, remote sensing products containing climatic
data are currently widely available [32]. For this study we used bioclimatic variables [33],
due to their prompt availability as a collection in Google Earth Engine (Table 1).

Table 1. Bioclimatic variables [33] considered in this study (if scale values equal zero, it indicates that
no conversion is applied to the pixel value).

Bands Description Unit  Scale
bio01 Annual mean temperature °C 0.1
bio02 Mean diurnal range (mean of monthly (max-min temperature)) °C 0.1
bio03 Isothermality (bio02/bio07) Y% 0
bio04 Temperature seasonality (standard deviation x 100) °C 0.01
bio05 Max temperature of warmest month °C 0.1
bio06 Min temperature of coldest month °C 0.1
bio07 Annual temperature range (bio05-bio06) °C 0.1
bio08 Mean temperature of wettest quarter °C 0.1
bio09 Mean temperature of driest quarter °C 0.1
biol0 Mean temperature of warmest quarter °C 0.1
bioll Mean temperature of coldest quarter °C 0.1
biol2 Annual precipitation mm 0
biol3 Precipitation of wettest month mm 0
biol4 Precipitation of driest month mm 0
biol5 Precipitation seasonality (coefficient of variation) CoV 0
biol6 Precipitation of wettest quarter mm 0
biol7 Precipitation of driest quarter mm 0
biol8 Precipitation of warmest quarter mm 0
bio19 Precipitation of coldest quarter mm 0

Topographic parameters are key in describing species distribution across the landscape.
This is relevant for Socotra, where physiography plays a key role in creating different
microclimates across the island [5]. We used the Shuttle Radar Topography Mission (SRTM)
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digital elevation data, at a resolution of 1 arc-second (approximately 30 m), to derive slope,
elevation, and aspect to be considered in the distribution model [34]. To complement the
selected variables, three soil-related variables were included to evaluate their potential
contribution to increase the model’s accuracy. Soil characteristics can also facilitate the
stratification of potential restoration sites and allow for more tailored restoration practices
and recommendations (Table 2).

Table 2. Soil-related variables considered in this study.

Bands Description Unit Scale
CEC Cation-exchange capacity (at pH 7) (0-5 cm depth) mmol(c)/kg 0.1
pH Potential of hydrogen (0-5 cm depth) pH*10 0.1
Sand Sand content (0-5 cm depth) g/kg 0

In order to harmonize all environmental layers, we used bicubic interpolation neighbor
embedding for interpolating data points to create a collection of “super high resolution”
images for analysis (Supplementary Figure S1) [35]. This operation was performed using
Google Earth Engine, and is available through the code in the Results section [36].

2.2. Data Analysis—Species Distribution

To model the potential distribution of Dracaena cinnabari on Socotra, we used Google
Earth Engine to process the layers, create testing and training sample plots, train a Random
Forest classifier, and display the accuracy and final results. Multicollinearity tests were
performed using STATISTICA Version 12 [37].

Individual trees were identified using visual interpretation of satellite images, cor-
rected with ground truthing, and then used to map the current distribution of Dracaena
cinnabari on Socotra (Supplementary Figure S2) [6]. This database, containing 80,247 tree
occurrences, was transformed into a categorical image of the presence and absence of
Dracaena cinnabari trees [6]. The operation was performed applying a 100 m buffer from the
tree location (presence = 1), and mapping the remaining pixels as zero (absence = 0).

First, a systematic grid of plots was created, spaced at 100 x 100 m from one another.
These plots (368,707 in total) were exported from Google Earth Engine to be tested for
multicollinearity (Table 3). This test of predicting variables was performed using tolerance
and the variance inflation factor (VIF) [38-42].

Table 3. Multicollinearity test results, including tolerance, variance, and R-squared.

Variables Description Tolerance Variance R-Squared
Aspect Aspect 0.9825247 1.0178 0.0174753
“bio01” Annual mean temperature 0.0004400 2272.7789 0.9995600
“bio02” Mean diurnal range 0.0073897 135.3231 0.9926103
“bio03” Isothermality (bio02/bio07) 0.0742739 13.4637 0.9257261
“bio04” Max temperature of warmest month ~ 0.1134717 8.8128 0.8865283
“bio05” Min temperature of coldest month 0.0006309 1585.0028 0.9993691
“bi006” Amuagf;ggff;ggf range 0.0003536  2827.8492 09996464
“bio07” Mean temperature of wettest quarter ~ 0.0000000
“bio08” Mean temperature of driest quarter 0.0004968 2012.9537 0.9995032
“bio09” Mean temperature of warmest quarter ~ 0.0004151 2408.8149 0.9995849
“biol0” Mean temperature of coldest quarter ~ 0.0000000
“bioll” Annual precipitation 0.0003522 2839.0579 0.9996478
“biol2” Precipitation of wettest month 0.0016195 617.4925 0.9983805
“biol3” Precipitation of driest month 0.0054004 185.1713 0.9945996

“biol4” Precipitation seasonality 0.0649898 15.3870 0.9350102
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Table 3. Cont.

Variables Description Tolerance Variance R-Squared
“biol5” Precipitation of wettest quarter 0.0897891 11.1372 0.9102109
“biol6” Precipitation of driest quarter 0.0016349 611.6759 0.9983651
“biol7” Precipitation of warmest quarter 0.0129514 77.2116 0.9870486
“biol8” Precipitation of coldest quarter 0.0000000
“bio19” Precipitation of coldest quarter 0.0026119 382.8649 0.9973881

CEC Cation-exchange capacity 0.2232478 4.4793 0.7767522

pH 0.1014427 9.8578 0.8985573
Sand Sand content 0.1351782 7.3976 0.8648218
Slope 0.8471080 1.1805 0.1528920

Considering the above results and the ecological coherence of the variables, highly
correlated variables and others with high VIF values (i.e., above 10) were discarded, priori-
tizing variables that are commonly recorded in weather stations and ensuring that both
temperature and precipitation were considered in the final selection. Simulations with
different variables and combinations were also performed to assist with variable selection.
Upon selecting the variables (“bio01”, “bio04”, “bio15”, “cec”, “ph”, “dist”, “sand”, “slope”),
another multicollinearity test was performed [42]. When considering only the selected
variables, the multicollinearity was drastically reduced to values below VIF = 10 (Table 4).

Table 4. Multicollinearity test of preselected variables [38].

Bands Description Tolerance Variance R-Squared
“bio01” Annual mean temperature 0.4317074 2.3163837 0.5682926
“bio04” Max temperature of warmest month 0.4734176 2.1123002 0.5265824
“biol5” Precipitation of wettest quarter 0.2625159 3.8092930 0.7374841

CEC Cation-exchange capacity 0.3358107 2.9778686 0.6641893
Sand Sand content 0.1435930 6.9641276 0.8564070
slope Slope 0.8719841 1.1468100 0.1280159

pH pH 0.1060253 94317117 0.8939747

Google Earth Engine was used to run a Random Forest (RF) classifier and test its
accuracy in estimating the potential distribution of the species. 24,646 training plots were
used for training and 10,524 plots for testing; 500 decision tree iterations were used in the
training of the model.

The number of plots predicted by the classifier (RF) with presence from the train-
ing sample was 17,585, while the number of plots predicted with absence was 351,122.
Previous studies found that RF improved its performance with balanced classes, and
there was a relevant disproportion between the two classes, with the absence class being
over-represented [43,44]. An under-sampling method was used to balance the datasets by
limiting the number of absence plots as a function of the number of presence plots [45,46]
and cross-validation was applied dividing the training and testing sample data into a
70:30 proportion, of which 70% were used to “train” the model (training data set) and the
remaining 30% (validation data set) were used to evaluate its predictive capacity. According
to the confusion matrix, reported in Table 5, the overall validation accuracy was 0.91.

Table 5. Classification matrix (testing dataset).

Classified 0 Classified 1
Observed 0 4570 740
Observed 1 192 5022

The traditional metric of overall accuracy is no longer adequate for describing classifier
performance [45,47]; therefore, the confusion matrix and its values were used to calculate
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some performance metrics. In the confusion matrix, the precision (TP/TP + FN) is the
number of correctly-identified presence divided by the total number of times the model
predicted presence, while the recall (TN/TN + FP) is the ratio of actual absence plots that
were predicted incorrectly as presence. The results were precision = 0.87 and recall = 0.96.
Therefore, in 87% of the cases, RF correctly predicts presence and in 96% of cases, it correctly
predicted absence. Precision and recall cannot be high at the same time; if an optimization
is performed on one, then the other will decrease. Therefore, when applying these metrics,
we must choose which of them we want to be more precise.

For the objectives of this research a better prediction of true presence is a priority
compared to the prediction of true absence, especially considering the difficulty of reaching
some areas of the island. A high probability of success is required in order to efficiently
allocate efforts and resources. A greater significance of precision is supported by the
analysis of Peterson et al. [48], who states that “in a niche-modeling framework, a model that
errors by omitting known points of presence is more seriously flawed than one that predicts areas
not known to be inhabited” .

This is also the reason we decided to use precision and recall instead of specificity
and sensitivity—two other performance metrics commonly used in studies on species
distribution models [47]. Precision focuses on true presence, while it overlooks true absence.

Therefore, an 87% degree of correct predictions of true presence allows for a theoretical
framework identifying the suitable areas for Dracaena reforestation projects; however,
further experiments could be implemented with different sampling strategies [49], or
different algorithms as also recommended by Qiao et al. [50], to obtain a higher precision
value and consequently a better prediction capacity.

2.3. Data Analysis—Accessibility

In addition to the current Dracaena cinnabari distribution map, this study proposes
an accessibility model focused on the locations of villages/settlements on Socotra which
are relevant to help in choosing the most suitable restoration and conservation areas for
these trees. With these two maps in hand, decision makers can start to plan interventions
and investments for reforestation/conservation activities taking into consideration the
metabolic energy cost for the land users.

For an accessibility map to be focused on the local human population, we first need
to take into consideration how far the settlements are from other points of the island.
The distance from settlements to other parts of the island in meters was calculated using
recent available geolocation data of villages across the islands of Socotra (Vahalik et al.,
in preparation).

Similarly to Riccardi et al. [51], we developed an accessibility model focused on the
location of villages/settlements on Socotra to identify the areas most suitable for reforesta-
tion/conservation actions. Even though we are aware that not all villages/settlements are
occupied throughout the year and that local people often move from and to different areas
for part of the year, we considered the maximal potential occupancy of villages at this point
in time. First, the distance from settlements to other parts of the island, in meters, was
calculated (Supplementary Figure S3).

Considering the trade-offs in place regarding the time available to allocate for restora-
tion efforts, we can assume that land users weigh the costs of accessing a site based on
the distance from their household. Any restoration activity must rely on the contribu-
tion of its surrounding communities to achieve success. This can be in the form of active
contribution—such as tree planting and maintenance, improved management practices,
degradation controls, etc.—or indirectly—for example, the exclusion of livestock and peo-
ple through fencing. Aside from distance, terrain ruggedness is also a discouraging factor
for moving through a landscape. In order to account for this factor, a metabolic energy cost
image was created based on slope.
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Slope and its links to the energy required to move have been extensively researched [52-54].
In this study, we used an equation proposed by Minetti et al. [54] to relate the metabolic
energy cost of walking to slope, as follows:

Cw =2805m® — 58.7m* — 76.8m> +51.9 m? + 19.6 m + 2.5 1)

where m is the slope and Cw (J-kg~!-m™!) is the energy cost of moving one unit of mass a
horizontal distance equivalent to one unit of vertical displacement. Notice that due to the
polynomial formulation, this equation is valid for a range of slopes approximately between
—0.5 and 0.5, outside of which the behavior of the function becomes counterintuitive [55].
The above approach was implemented using Google Earth Engine for image processing and
SRTM as the base elevation model for the calculation of slope (resampled) (Supplementary
Figure S1).

Multiplying the distance to settlements by the metabolic energy cost (Supplementary
Figure S4), we estimate the energy required for moving one unit of mass (1 kg) outwards
from the settlements’ center points. We assume that the higher the energy required to
access an area, the lower the probability of community individuals commuting to it for
reforestation and ecological restoration purposes (Figure 1).

Energy Required (J-kg—1)
16

Figure 1. Accessibility map using energy requirement (J-kg ') to access different areas of the island
of Socotra.

The areas of Socotra with the highest energy requirement for the local populations to
access are the Hageher Mountains, the escarpments along the southern part of the island,
and the rugged mountain ranges in the west of the island. Flat areas both on the coast
and inland, where many population centers are found, have the estimated lowest energy
requirements to access.

3. Results

Random Forest proved to be an efficient classifier, with an overall validation accuracy
of 0.91. Among the predictors, pH was identified as the most important, followed by the
precipitation of the wettest quarter, maximum temperature of the warmest month, annual
mean temperature, cation exchange capacity, sand content, and slope (Table 6).
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Table 6. Classification predictor importance.

Variable Importance

pH 1.000000
biol5 0.875614
bio04 0.677423
bio01 0.675045
CEC 0.548218
Sand 0.498888
Slope 0.325849

The area where Dracaena cinnabari can potentially occur is over 25% of the total area of
the island (Figure 2). The potential distribution of Dragon’s blood trees overlaps with more
than 80 settlement locations.

Figure 2. Potential distribution of Dracaena cinnabari (green: presence) on Socotra (Yemen), using the
parameters considered in this study.

By overlapping the potential distribution map (Figure 2) with that of accessibility from
villages calculated as the energy requirement (Figure 1), a map of suitability /accessibility
for Dracaena cinnabari was produced (Figure 3).

The most suitable areas for theoretical community-driven ecological restoration and
reforestation interventions for Dracaena cinnabari are shown in Figure 3. Notice that al-
though the island has vast areas of easy accessibility (Figure 1, white to yellow colors), the
average energy required to access areas where our modeling indicates the potential for
Dracaena cinnabari distribution is 20% higher than that of the total island area. This is due
to the overall physiography of the landscape (mainly steep valleys, gorges, cliffs and the
Hageher Mountains), coupled with fewer and more disperse settlements.
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Figure 3. Energy requirement (J-kg ') within the potential distribution of Dracaena cinnabari, with
warmer colors indicating relatively higher energy needed to reach the areas.

4. Discussion
4.1. Why Attempt Reforestation of Socotran Dragon’s Blood Trees?

Based on circumstantial evidence, the forests of Dragon Blood trees in the island were
most likely distributed over a substantially larger area in the past [13,56]. The decline of D.
cinnabari forests can be attributed to the combination of long-term harvesting of resin [4],
rapid growth of the human population on Socotra after the Second World War (resulting in
land-use changes), and the effects of current climate change [3,13]. Using niche modelling,
Attorre et al. [13] developed a first model of the potential distribution of this species, which
extends far beyond its current distribution. Some areas currently without these trees are
areas of potential previous occurrence according to a survey using phytotoponyms [56].
Our model of the potential distribution of Dracaena on Socotra shows a relatively smaller
area than the first one published by Attorre et al. [13], possibly due to the input of different
and updated parameters. In addition, it is also possible that global climate change resulted
in the input of different climate characteristics as the models were updated. Reforestation
is a major strategy to stop the decline of the tree population to avoid the risk of extinction
of this endemic species.

Moreover, these trees play an important ecological role for the entire island. This
tree species helps to maintain biodiversity, has broad ethnobotanical uses and, as a part of
cloud forests brings huge input of water for the hydrogeological cycle of Socotra [5,18,57].
The unique umbrella-shape of the crown constitutes a fundamental natural system that
traps humidity brought by the ocean breeze and helps recharge the shallow aquifers
of the island [18]. Therefore, the disappearance of these dragon’s blood trees would
have a significant impact on the freshwater resources [18], biodiversity [58], and touristic
attractiveness of Socotra [30], in addition to the potential loss of key human-nature linkages
that the island is known for.

The major cause of the decline of these trees is the absence of natural regeneration due
to overgrazing, resulting in an unbalanced age structure of the entire population [6,8,9].
Without regeneration the forest decline will continue towards global extinction through the
gradual disappearance of local subpopulations [6,16].

4.2. Suitability Models

Suitability models are becoming widely used to guide and support conservation and
reforestation programs targeting endangered tree species. These models are particularly rel-
evant when considering the current and future impacts of climate change [59-62]. However,
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when such models include the involvement of local communities for their implementation,
an estimation of the accessibility of suitable areas must be considered. In this study, we
applied an approach similar to that of Riccardi et al. [51], based on an assessment of the
energy required to access an area from the surrounding villages (Figure 1). Based on the
model, about 25% of Socotra is potentially suitable for Dracaena cinnabari (Figure 2), but the
accessibility varies greatly depending on the slope and distance from settlements (Figure 3).

4.3. Reforestation and Conservation Programs

Intense reforestation programs, using a community forestry approach in the most
accessible areas, should be urgently implemented based on the findings of exclosure
experiments, which have already been established in several areas on the island [6,12,26].
Considering time that it takes for these trees to escape browsing risk from goats, care
by local communities is a long-term commitment (of several decades, or perhaps even a
century) [12]. Different methods must be applied to protect natural regeneration, as well as
seedlings produced in local nurseries, until these plants can escape the browsing zone and
the effects of drought [12,26,31]. These methods include fences, agroforestry, individual
protection, walling, and watering, but potentially also other approaches assisting natural
regeneration and, above all, long-term community involvement [63,64].

Conversely, in less accessible areas, such as the Hageher Mountains, which were
already considered a potential refugium of Dracaena cinnabari [5,13], strict conservation
measures would be best put in place together with the revision of the Socotra Conservation
Zoning Plan [31] to enlarge the boundaries of the nature sanctuaries and include all of the
remaining dragon tree forests on the island. Based on the Socotra Conservation Zoning
Plan, it is important to enable local communities to participate in the development and
implementation of such management plans to foster ownership and secure sustainability
of the interventions [65].

5. Conclusions

Dracaena cinnabari is experiencing a fast change related to ecosystem dynamics, and
recent studies have predicted its extinction if the current trends are not reversed. This
methodology seeks to enhance science-based approaches to improve the selection of areas
for restoration and conservation of Dracaena cinnabari, with a strong focus on community
engagement and participatory processes.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/f13081276/s1, Figure S1. Slope imagery showing (a) the original
layer (slope with a resolution of 30 m [66]); (b) high-resolution image of the area [67]; (c) resampled
slope image applying a bicubic interpolation function in Google Earth Engine. See the Supplementary
Materials section for an interactive geoportal. Figure S2. Current distribution of Dracaena cinnabari in
Socotra, based on [6]. Figure S3. Relative distance from human settlements (blue = close to settlement,
orange = far from settlements), modified based on [51]. Figure S4. Metabolic energy cost (]-kgf1 m~1)
for land users on the island of Socotra, based on slope.
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