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ABSTRACT
Question: Plant–plant facilitation is a critical ecological mechanism in arid environments, influencing biodiversity and ecosystem 
resilience globally. Shrubs often serve as nurse species, enhancing tree regeneration and sheltering plant communities, particularly 
in overgrazed or degraded habitats. In this study, we examine the role of shrubs as nurse species in the Socotra Archipelago (Yemen), 
a biodiversity hotspot in which several endemic tree species, including the iconic frankincense (Boswellia spp.), myrrh (Commiphora 
spp.), and Socotran dragon's blood (Dracaena cinnabari) trees, are threatened. This is largely due to a lack of natural regeneration 
caused by the combined effects of overgrazing by goats, sheep, and climatic events such as extreme droughts and cyclones. To aid 
conservation of threatened trees in arid regions, nature-based solutions are urgently needed to help tree regeneration. Effective nurse 
plants have this potential, particularly in arid environments. We therefore examined the role of thorny, poisonous, and/or unpalat-
able shrubs as nurse plants in sheltering threatened plant communities, with a focus on woody species in an arid insular context.
Study Area: The Socotra Archipelago (Yemen) situated in the western Indian Ocean, east of the Horn of Africa. It is a biodiver-
sity sanctuary and a UNESCO Natural World Heritage Site.
Methods: Vegetation surveys were conducted in 144 paired plots under six common shrub species and adjacent open areas. 
Community data, environmental variables, and functional traits were analysed using RLQ and fourth-corner analyses, while 
Linear Mixed Models (LMMs) evaluated the effects of environmental variables and nurse species on key functional traits based 
on Community Weighted Means (CWMs). Facilitation effects were quantified using the Relative Interaction Index (RII).
Results: Our analysis revealed significant variations in species composition and functional traits between under-canopy and 
open-area plots. Certain shrubs, such as Cebatha balfourii, facilitated significantly higher species richness under its canopy com-
pared to open areas. Elevation and grazing pressure influenced these interactions, with notable effects on functional traits like 
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the occurrence of legumes and tree growth forms. Buxus hildebrandtii was less effective in supporting species richness, while C. 
balfourii, Lycium sokotranum, and two Cissus species exhibited significant positive facilitation. The LMMs confirmed the impor-
tance of environmental variables and nurse shrub characteristics in shaping plant community dynamics.
Conclusions: The results highlight differences in the facilitative potential of the studied species, with some showing a stronger 
ability to act as nurse shelters through microhabitat amelioration and protection from herbivory. The presence of tree species 
under shrubs is confirmed, and the role of these nurse species in supporting diverse plant communities provides critical insights 
for conservation strategies, supporting biodiversity resilience and sustainable management in degraded landscapes like Socotra 
Island and other arid environments. Future efforts should focus on leveraging nurse shrubs to mitigate environmental pressures 
and enhance ecological restoration, in particular to help conserve range-restricted and threatened plant species.

1   |   Introduction

Plant–plant interactions are recognised as critical processes 
shaping the structure and dynamics of plant communities, 
particularly in arid and semi-arid ecosystems, with facilitation 
being one of the key interactions. The latter occurs when one 
species (the “nurse”) ameliorates harsh environmental con-
ditions, from which neighbouring or associated plants benefit 
(Bruno et  al.  2003; Filazzola and Lortie  2014). Nurse plants 
provide essential shelter from abiotic stressors such as extreme 
temperatures, limited water availability, and high solar radia-
tion. These facilitative effects are vital for maintaining biodi-
versity and ecosystem function, especially in areas subject to 
environmental degradation or climatic extremes (Padilla and 
Pugnaire 2006).

Nurse plants, particularly thorny, poisonous, or unpalatable 
shrubs, have been observed to provide critical shelter from envi-
ronmental stressors in various arid and semi-arid environments 
(Aerts et al. 2006; Badano et al. 2016; Noumi 2020). Nurse plants 
can offer shade, reduce temperature extremes, and enhance soil 
moisture retention, all of which are crucial in harsh conditions 
(Padilla and Pugnaire 2006). Moreover, these interactions can 
often vary significantly depending on abiotic variables and/or 
grazing intensity, especially in arid environments. In fact, the 
association between plant communities and nurse species in 
arid and semi-arid regions depends on a balance between in-
terference and facilitation effects (Callaway  2007; Butterfield 
et al. 2010).

While these interactions are well-documented in other re-
gions, island ecosystems like the Socotra Archipelago (Yemen) 
provide unique opportunities to study plant–plant interactions 
due to distinct biodiversity, isolation, and environmental pres-
sures. This archipelago is globally recognised as a hotspot of 
biodiversity, characterised by exceptional species richness and 
a high degree of endemism (Van Damme and Banfield 2011; 
Maděra and Van Damme 2022). Socotra Island, the largest in 
the archipelago, is home to several iconic endemic tree species, 
including frankincense (Boswellia spp.), myrrh (Commiphora 
spp.), and the Socotran dragon's blood tree (Dracaena  
cinnabari Balf.f.). These trees hold not only ecological signif-
icance but also cultural importance (Miller and Morris 2004; 
Attorre and Van Damme 2020). However, despite their value, 
these endemic species are currently facing severe threats, 
with the primary concern being a lack of natural regeneration 
associated with overgrazing (Maděra et  al.  2019; Hamdiah 
et al. 2024).

The decline in regeneration in Socotra is driven by anthropo-
genic pressures, particularly overgrazing by goats, which have 
intensified due to the abandonment of traditional grazing prac-
tices. Overgrazing remains a significant threat to vegetation and 
soil health across various arid environments globally (Hempson 
et  al.  2015; Dlamini et  al.  2016). For example, in the Xinjiang 
Uygur Autonomous Region (China), long-term overgrazing has 
significantly reduced vegetation cover, negatively impacting 
ecosystem services like carbon sequestration and water regula-
tion (Tai et  al.  2021). In Iran, studies have demonstrated that 
overgrazing leads to a decline in species richness and an in-
crease in the dominance of unpalatable species, underscoring 
the need for effective management and monitoring programs to 
mitigate overgrazing impacts (Rahmanian et al. 2020). Similar 
challenges have been observed in Socotra, where unsustain-
able grazing practices have contributed to the decline of several 
tree species, including Boswellia spp. and the endemic dragon's 
blood tree (D. cinnabari), highlighting the critical need for sus-
tainable land management strategies that involve local com-
munities (Habrová and Pavliš 2017; Maděra et al. 2019; Maděra 
et al. 2024; Hamdiah et al. 2024).

This shift may be linked to human population growth and an 
increase in livestock numbers, leading to widespread overgraz-
ing and degradation of the island's unique habitats. The already 
scarce tree stands in Socotra may therefore decline further in 
the future, following human population expansion and develop-
ment (Riccardi et al. 2020).

The impacts of overgrazing are compounded by extreme cli-
matic events, such as prolonged droughts and cyclones. For 
example, two cyclones, Chapala and Megh, caused severe 
damage in 2015 to patches of the endemic Boswellia elongata 
Balf.f. forests in the Homhil area (Lvončík et  al.  2020) and 
Dracaena cinnabari forest in the Firmihin area in Socotra 
(Vahalík et  al.  2023). Similar effects of climate change on 
the survival of some endemic trees, specifically species of 
the genus Commiphora, have been modelled by La Montagna 
et  al.  (2023), forecasting that an increase in extreme events 
could trigger the extinction of Commiphora socotrana (Balf.f.) 
Engl. and C. planifrons (Balf.f.) Engl. The combined effects of 
these natural and anthropogenic pressures are impeding the 
natural reproductive cycles and growth of these trees, leading 
to a decline in natural tree populations.

The pressing need to conserve these endangered tree spe-
cies in arid regions like Socotra necessitates innovative and 
sustainable solutions. Traditional conservation efforts have 
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primarily focused on reducing anthropogenic pressures, such 
as implementing grazing controls or creating enclosed and 
fenced areas (Xu et al. 2023; Hamdiah et al. 2024). However, 
while these methods can be effective locally, they may not be 
sufficient to reverse the overall decline in tree populations. 
Given the varied landscapes of Socotra, such measures need 
to be complemented by nature-based solutions that leverage 
ecological interactions to promote tree regeneration across 
broader areas.

One promising approach is the use of nurse plants—shrubs 
that can create microhabitats favourable for the growth and 
survival of tree seedlings. Despite anecdotal evidence sug-
gesting the presence of facilitative interactions between 
shrubs and tree seedlings on Socotra (Miller and Morris 2004; 
Brown and Mies 2012), systematic research on the specific 
nurse species that could support tree regeneration on the is-
land is lacking. The only studied facilitative effect on the is-
land concerns Dracaena cinnabari, which has been shown 
to positively influence plant communities beneath its canopy 
(Rejžek et  al.  2016). Nevertheless, many studies have used 
this approach for ecological restoration and conservation of 
non-endemic species in other arid regions (Aerts et al. 2006; 
Gómez-Aparicio  2009; Noumi  2020). Therefore, understand-
ing plant–plant interactions is essential for developing effec-
tive conservation strategies in arid ecosystems, in this case 
tailored to Socotra's unique ecological context.

Our study aims to fill the knowledge gap by systematically 
assessing the role of six locally common shrub species on 
Socotra Island as key examples of potential facilitators of plant 
community composition and functional diversity in these arid 
environments. These species were selected based on a syn-
thesis of existing literature and first-hand observations, fo-
cusing on their potential to create favourable microhabitats 
through morphological characteristics such as canopy struc-
ture and traits related to resistance to herbivory. Furthermore, 
there is a high chance of finding positive interactions among 
woody shrub species classified as nurse plants (Filazzola and 
Lortie 2014).

We hypothesise that these shrubs, by ameliorating environmen-
tal conditions, significantly influence species composition, func-
tional traits, and trait-environment relationships. By comparing 
under-canopy and open-area plots across a variety of Socotran 
habitats, we aim to quantify the extent and nature of these facil-
itative effects, particularly their role in shaping biodiversity and 
plant functional traits.

The outcomes of this research are expected to provide critical 
insights into the ecological interactions underlying plant–plant 
facilitation, with a focus on tree species, contributing to sustain-
able conservation strategies in overgrazed arid ecosystems. The 
findings could also lay the groundwork for restoration projects 
in Socotra in particular, but also for broader applications across 
insular and arid ecosystems facing similar challenges, thereby 
enhancing ecological resilience and promoting sustainable 
management practices and enhancing biodiversity resilience of 
threatened habitats and their key plant species.

2   |   Materials and Methods

2.1   |   Study Area and Study Species

The Socotra Archipelago, located in the western Indian Ocean, 
380 km south of Yemen and 100 km from the Horn of Africa, is 
recognised as a global biodiversity hotspot and centre of plant 
diversity (Maděra and Van Damme  2022). Separated from 
southern Arabia in the Oligo-Miocene period, the archipelago's 
altitudes range from sea level to 1550 m (Haggeher Mountains), 
with landscapes dominated by limestone plateaus and igneous 
rock (Beydoun and Bichan  1970; Cheung and DeVantier  2006; 
Culek 2013).

The climate is tropical (semi)arid, shaped by seasonally revers-
ing monsoons. The NE monsoon from November to March 
brings most of the rainfall, while the SW monsoon is drier and 
stormier (Scholte and De Geest 2010). The island has an average 
temperature of 28.9°C, and rainfall varies, with coastal areas re-
ceiving as little as 125 mm annually, while mountainous areas 
can receive up to 1000 mm, largely from fog (Scholte and De 
Geest  2010) and horizontal precipitation, which is critical for 
vegetation (Kalivodová et al. 2020).

In the present study, we selected six shrub species distributed 
all over the island, occupying various altitudinal belts and 
vegetation types, to examine the variability of interactions be-
tween the plant communities under shrub canopies and the 
surrounding ones. These species are Buxus hildebrandtii Baill. 
(Buxaceae), Cebatha balfourii (Schweinf. ex Balf.f.) Kuntze 
(Menispermaceae), Cissus hamaderohensis Radcl.-Sm. and 
C. subaphylla (Balf.f.) Planch. (Vitaceae), Lycium sokotranum 
R.Wagner & Vierh. (Solanaceae), and Pulicaria stephanocarpa 
Balf.f. (Asteraceae). Except for B. hildebrandtii and C. balfou-
rii, all these species are endemic to the Socotra Archipelago 
(Figure S1).

These shrubs vary in canopy structure. B. hildebrandtii has a 
dense and rounded canopy, providing ample shade, while C. bal-
fourii forms a looser, sprawling, and spiny canopy with moder-
ate shelter. Similarly, C. hamaderohensis and C. subaphylla have 
a loosely structured canopy. L. sokotranum features a sparse, 
spiny canopy offering limited shade, and P. stephanocarpa forms 
a low, diffuse canopy that allows significant sunlight penetra-
tion (Miller and Morris 2004).

On the coastal plains and limestone plateaus, up to 800 m a.s.l., 
it is possible to find C. subaphylla, L. sokotranum and P. steph-
anocarpa, the latter being more common in the western part 
of the island. C. hamaderohensis replaces C. subaphylla above 
300 m a.s.l. on the limestone plateaus and escarpments, but it is 
absent from the granite of the Haggeher mountains.

The shrubs more confined to the mountains are B. hildeb-
randtii and C. balfourii. The former grows on both limestone  
and granite above 500 m, reaching 1050 m in elevation. The 
latter is restricted to granite substrates of the Haggeher 
mountains between 700 m and 1100 m a.s.l. (Miller and 
Morris 2004).
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2.2   |   Data Collection

We surveyed the vegetation composition of randomly selected 
individuals of each of the six shrub species and paired control 
plots in open areas from October to February 2023, the peak pe-
riod for vegetative growth in plant communities. During the field 
campaign, we measured the height and perpendicular major 
and minor axes of the shrubs, assuming the areas to be ellipse-
shaped. To investigate the plant communities, we employed a 
paired survey approach to compare species assemblages under 
shrub canopies and in open areas (Schöb et al. 2014). The size 
of the control plots was determined based on the area covered 
by each surveyed shrub to ensure consistency. Plots within the 
shrubs were selected at a distance equivalent to 20% of the shrub 
radius (calculated from the semi-major and semi-minor axes of 
the elliptical canopy) inward from the edge to minimise edge ef-
fects. Control plots in open areas were situated at least 1 m away 
from the shrubs (Chen et al. 2019; Ram and Chawla 2024).

We surveyed a total of 144 plots: 72 under shrub canopies and 72 
in open areas, covering the geographical distribution of the six 
shrub species as comprehensively as possible (Figure 1). The sur-
vey focused on vascular plant species, including ferns. The total 
vegetation cover (expressed as the proportion of ground covered by 
vegetation) and percentage abundance of each species were visu-
ally estimated. For each recorded species, we selected a comprehen-
sive set of functional traits based on existing literature (Miller and 
Morris 2004; Weigelt et al. 2020). In cases where information was 
unavailable, we inferred traits from collected plants and herbar-
ium specimens (Herbarium code: E). The details of these traits and 
their ecological relevance are presented in Table 1. The identifica-
tion of the species was carried out using Miller and Morris (2004) 
and the nomenclature was updated using POWO (2024).

Environmental variables, including mean annual temperature 
(bio01), annual temperature range (bio07), annual precipi-
tation (bio12), mean relative humidity (Humidity), moisture 
index, and mean wind speed (Wind), were obtained from the 
CHELSA database (Karger et al. 2017; Table 2). These variables 

were downscaled to a 50 m resolution using bicubic interpola-
tion, neighbour embedding in Google Earth Engine (Gorelick 
et al. 2017), with topographic variables at a 50 m resolution (el-
evation, slope, aspect) used as covariates to guide the interpola-
tion. This method ensures spatial consistency while capturing 
fine-scale climatic gradients by explicitly incorporating the rela-
tionship between climate and topography.

The paired sampling method may overestimate facilitation due 
to microhabitat heterogeneity (Steinbauer et al. 2016). However, 
this heterogeneity may result from long-term feedback between 
vegetation and the abiotic environment, where nurses them-
selves create better microhabitats over time (Bera et  al.  2021; 
Michalet et al. 2024).

2.3   |   Statistical Analysis

All the statistical analysis used in this work were conducted in 
R Studio software (R Core Team 2024). Before starting the anal-
ysis, the environmental variables were checked for collinearity 
using correlation plots with the Pearson correlation measure. 
Moisture index and annual range of temperature variables were 
excluded because of the high correlation values (r > 0.7). Then, 
community data were transformed with the “Hellinger” method 
(Legendre and Gallagher 2001) to account for differences in spe-
cies composition and the prevalence of zeros in biodiversity data, 
and categorical functional traits were converted into dummy 
variables through the “fastDummies” package (Kaplan 2020), to 
ensure they could be properly used in the subsequent analyses.

To explore the relationships between species, traits, and en-
vironmental variables, we used RLQ analysis with the R 
package “ade4” a robust method for identifying ecological strat-
egies along environmental gradients (Bernhardt-Römermann 
et  al.  2008). To further examine the associations between 
individual traits and environmental variables, we employed 
the fourth-corner model (Dray and Legendre 2008). This com-
bined approach of RLQ and fourth-corner analyses helped 

FIGURE 1    |    Study area (Socotra Island, Yemen) with number of relevés.
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identify patterns in species-environment interactions, pro-
viding insights into the ecological processes through both de-
scriptive and inferential statistical techniques (specifications 
on these analyses can be found in Supporting Information). 
This analysis allowed us to identify the most ecologically 
influential environmental variables and functional traits on 
plant communities, which were then used for the mixed linear 
models. Between-Class Analysis (BCA) was performed on the 
RLQ results to evaluate how trait-environment relationships 
differed between plots categorised by nurse species and over-
all outside plots.

Species significantly associated with under-canopy and open 
area communities were identified using the Indicator Species 
Analysis (ISA, De Cáceres et al. 2010). We employed the “multi-
patt” function of the “vegan” package (Oksanen et al. 2017) with 
4999 permutations to identify indicator species for the paired 
plots (under-canopy vs. open areas) and per each shrub species.

We analysed functional traits based on species abundances using 
the community-weighted mean (CWM, Lavorel et  al.  2008), 
focusing on traits significant after the fourth-corner analysis. 
CWMs were calculated for each pair of plots (under the canopy 
and in open areas) to examine functional traits within different 
microsites and to reflect their relative prevalence. Binary traits 
calculated into CWMs represent the proportion of the commu-
nity dominated by species with a given trait.

To further investigate the effects of environmental factors and 
nurse species on functional traits, we used Linear Mixed Models 
(LMMs) with the lme4 package (Bates et al. 2014). These models 
evaluated the overall influence of environmental variables and 
position (under-canopy vs. open areas) on various functional 

traits. CWM values were used as dependent variables to char-
acterise the effects of all the nurse species on traits, and signifi-
cant environmental variables from the RLQ analysis were used 
as predictors (fixed effects). To avoid spatial autocorrelation, 
we calculated nearest neighbour distances and compared the 
observed mean to the expected mean for a completely spatially 
random distribution, calculating the Clark–Evans test, which re-
vealed a clustered pattern in our survey. K-means clustering was 
then applied, with the optimal number of clusters determined 
using the elbow method and identifying the “elbow” point 
at k = 3. Spatial groups, as determined by the clustering, and 
paired plots were treated as a random effect to account for non-
independence. Initial models excluded statistical interactions; if 
multiple predictors were significant, a second model included 
interaction effects. In the comparisons of models with and with-
out interaction terms, the Akaike Information Criterion (AIC) 
and Bayesian Information Criterion (BIC) were used to evaluate 
and select the model that provided the best fit to the data. Then, 
marginal and conditional R2 values were estimated to indicate 
the model fit for fixed and random effects, respectively.

We further explored the interaction between under-canopy 
and open-area plant communities using species accumulation 
curves and the Relative Interaction Intensity index (RII; Armas 
et al. 2004). The RII, ranging from −1 to 1, detects competition 
or facilitation effects on vegetation assemblages.

Typically, RII is calculated using biomass or abundance/rich-
ness. We applied RII to these metrics and, due to the low values 

RII =

(

Xinside − Xoutside
)

(

Xinside + Xoutside
)

TABLE 2    |    Environmental variables employed in the analysis with description, measure unit, and source.

Environmental 
variables Description Unit Source

Vegetation cover Percentage of ground area 
covered by vegetation

% Collected in the field

Plot area Measurement of plot size m2 Collected in the field

Plot position Specific shrub species or area outside — Collected in the field

Annual mean 
temperature (Bio01)

Mean annual daily mean 
temperatures averaged over 1 year

°C Chelsa database (Karger et al. 2017)

Annual range of 
temperature (Bio07)

Difference between maximum 
temperature of warmest month and 

minimum temperature of coldest month

°C Chelsa database (Karger et al. 2017)

Annual precipitation 
(Bio12)

Accumulated precipitation 
amount over 1 year

mm Chelsa database (Karger et al. 2017)

Slope Steepness of a surface % Collected in the field

Wind Mean monthly near-surface wind speed ms−1 Chelsa database (Karger et al. 2017)

Humidity Mean monthly near-surface 
relative humidity

% Chelsa database (Karger et al. 2017)

Moisture index Mean monthly climate moisture index kg m−2 month−1 Chelsa database (Karger et al. 2017)
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of these factors in arid environments, we further adapted RII 
to functional traits by calculating CWMs for those traits sta-
tistically significant from the RLQ analysis to reflect the rela-
tive prevalence of traits in plant communities. RII values close 
to 1 indicate a higher relative dominance of the trait under 
shrubs compared to open areas, while values close to −1 indi-
cate higher dominance in open areas. In this case, the position 
variable is intrinsic to the RII value, enabling us to discern 
differences between individual shrub species. This approach 
also allows us to evaluate relative shifts in the prevalence of 
functional traits. T-tests were conducted to determine if the 
accumulation curves are significantly different and if RII val-
ues significantly differed from zero for each nurse species.

3   |   Results

3.1   |   Phytosociological Relevés and Vegetation 
Measurements

The studied shrub species covered a range of sizes, with larger 
species such as B. hildebrandtii, C. subaphylla, and C. balfourii; 
medium-sized species like C. hamaderohensis and L. sokotra-
num; and the smaller P. stephanocarpa (Table S1).

When looking at species richness, several differences are notice-
able between the interior of individual shrubs and the external 
plots. Specifically, mean species counts (± standard deviation), 
under the shrub canopy compared to the open areas, were as 
follows: B. hildebrandtii (45 ± 2 vs. 57 ± 3), C. balfourii (48 ± 6 
vs. 38 ± 2), C. hamaderohensis (56 ± 4 vs. 45 ± 2), C. subaphylla 
(47 ± 3 vs. 40 ± 3), L. sokotranum (60 ± 4 vs. 60 ± 3), and P. steph-
anocarpa (39 ± 3 vs. 38 ± 2). Accumulation curves show that the 
number of species found within the shrubs is variable compared 
to the open areas, but the curves do not significantly differ in 
statistical terms. Despite this, a trend can be observed where B. 
hildebrandtii hosts fewer species under its canopy when com-
pared to open areas. On the other hand, the two Cissus species 

and C. balfourii host a few more species compared to the outside 
plots (Figure S2).

3.2   |   Species-Environment Relationships

BCA analysis separates the nurse species from the outside plots 
(Figure 2) whilst the PCA analyses separate some of the under-
canopy plots and all the outside ones along the first axis, while 
the second axis distinguishes plots with higher wind speed 
and precipitation from those with higher mean temperatures 
(Figure S3). Trait loadings show a complex pattern, but it is pos-
sible to distinguish two main groups, or trait syndromes, along 
the second axis. Species typical of grasslands, such as gram-
inoid species with a tussock habit and some annual species, are 
associated with positive loadings. Conversely, tree and shrub 
species (with higher Average Maximum Height—AMH) dom-
inate the negative loadings, along with climber and rambling 
species typical of shrublands and woodlands (Figure S3).

The RLQ analysis shows significant results, confirmed by 
Monte Carlo permutation tests on Model 2 and Model 4 types, 
with p < 0.001 in both cases. Both RLQ axes contribute to the 
total co-inertia, with Axis 1 accounting for 47.77% and Axis 2 for 
30.09%. Different environmental variables (e.g., annual mean 
temperature, annual precipitation, wind) and traits (e.g., AMH, 
graminoid growth form, perennial life cycle) are significantly 
related to these axes (Figure S3). Therefore, the RLQ axes can 
be defined as gradients of different trait-environment interac-
tions or synthetic trait syndromes (Raevel et al. 2012).

Testing the relationships between environmental variables and 
functional traits using the fourth-corner analysis provides further 
insight into patterns that help characterise species-environment 
relationships. There are positive relationships between spe-
cies with higher AMH and tree growth form with C. subaphylla 
(p < 0.05 and < 0.01, respectively). Conversely, these traits are neg-
atively associated with the outside plots (both p < 0.01). In contrast, 

FIGURE 2    |    Between-Class Analysis (BCA) plot showing species groupings based on the first two principal components (PCA Axis 1: 58.62%, 
PCA Axis 2: 20.15%). Each point represents an individual sample, with ellipses highlighting the variance within species groups.
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the outside plots are significantly positively associated with traits 
such as the tussock habit and graminoid growth form (p < 0.01) 
which dominate open grassland habitats. Additionally, graminoids 
show a positive correlation with overall vegetation cover (p < 0.01). 
Finally, species with legume trait grouping exhibit a negative rela-
tionship with areas subjected to higher annual mean wind speeds 
(p < 0.05) and a positive correlation with areas characterised by 
higher mean annual temperatures (p < 0.05) (Figure S4).

Looking at the correlation between environmental variables 
and species traits with the two RLQ axes, different shrub spe-
cies and outside plots are positively and negatively correlated 
with the two axes, respectively (p < 0.05), as shown in Figure S5. 
Vegetation cover is the only variable positively correlated with 
Axis 1 (p < 0.05). On Axis 2, annual mean temperature and an-
nual precipitation amount are positively correlated (p < 0.05), 
whereas mean wind speed is negatively correlated (p < 0.05). 
The traits perennial, AMH, and Tree growth form are nega-
tively correlated with Axis 1 (p < 0.01), while tussock and gram-
inoid traits are positively correlated with Axis 1 (p < 0.01). The 
only two traits correlated with Axis 2 are legume, positively 
(p < 0.01), and shrub, negatively (p < 0.05).

The results of the ISA indicate characteristic plant assemblages 
for the outside plots and those under individual shrubs. Notably, 
there are 10 characteristic species found outside, most of which 
are grasses, along with some Leguminosae and tussock species. 
Furthermore, the results for the characteristic species of the indi-
vidual shrubs demonstrate a clear characterisation of the commu-
nities within them, ranging from a minimum of two characteristic 
species in P. stephanocarpa to a maximum of 15 in C. balfourii. 
Specific details of these assemblages can be found in the Table S2.

Models fitting the CWM per each trait as dependent on the 
different environmental variables chosen showed different 
but comparable results (Table 3). The linear mixed models re-
vealed that environmental variables play a crucial role in shap-
ing CWMs calculated per each trait, with some effects being 
particularly pronounced. For example, the Average Maximum 
Height of plants is significantly influenced by the position of 
the plot (p < 0.001), so there is an effect of the under-canopy on 
taller plants. Similarly, legume functional type is significantly 
affected by climatic variables, such as annual mean temperature 
(p < 0.05) and plot position (p < 0.05), suggesting a complex in-
teraction between climate and under-canopy vs. open areas. The 
interaction between annual mean temperature and position is 
also significant (p < 0.05), highlighting the subtle interplay be-
tween environmental conditions and plant traits (Figure 3).

For perennial plants, there was a significant reduction in Trait 
Community Weighted Means with changes in both position 
(p < 0.01) and cover (p < 0.05), pointing to the importance of 
spatial factors and vegetation density in determining the abun-
dance of these plants. Tussocks, on the other hand, were sig-
nificantly influenced by wind exposure (p < 0.05) and position 
(p < 0.01) (Figure 4).

Shrubs demonstrated sensitivity to both positional and cli-
matic interactions, with significant effects observed for posi-
tion (p < 0.01) and the interaction of annual mean temperature 
with position (p < 0.05). This suggests that shrubs are highly 

responsive to both spatial location and climatic variations, 
which may affect their growth and survival. Finally, for tree 
growth form, there is a significant effect of position (p < 0.001).

The random effects associated with “site” varied among traits, 
with some, like legume traits, showing high variability, indicat-
ing substantial differences between sites. This variability sug-
gests that while fixed effects capture significant portions of the 
overall variability, site-specific factors also play an essential role 
in shaping plant traits.

The models explained a small to moderate proportion of the 
variability in Trait Community Weighted Means, with marginal 
R2 values ranging from 0.14 to 0.52 and conditional R2 values 
ranging from 0.2 to 0.56, highlighting both the variability cap-
tured by fixed effects and the additional contribution of random 
effects. The conditional R2 values ranged from 0.2 (perennial) to 
0.56 (Average Maximum Height), highlighting that both fixed 
and random effects account for significant portions of variabil-
ity. The marginal R2 values ranged from 0.14 to 0.52, indicating 
that fixed effects alone also provide a good fit for the data, par-
ticularly for traits such as graminoid (R2m = 0.52).

The analysis of the Relative Interaction Index (RII) revealed 
significant effects of various shrub species on species richness, 
species abundance, and functional traits on Socotra Island. For 
species richness, C. balfourii showed positive RII values, indicat-
ing a significant positive effect (p < 0.01), whilst B. hildebrandtii 
showed negative values (p < 0.05). The other shrubs do not show 
significant effects on species richness (p > 0.05). Regarding spe-
cies abundance, B. hildebrandtii exhibited a significant negative 
RII value (p < 0.05) (Figure 5).

In terms of functional traits, significant statistical interactions 
were observed with specific traits. For example, B. hildebrand-
tii and C. subaphylla had significant negative effects on legume 
traits (p < 0.001), indicating a higher frequency of occurrence of 
leguminous species outside. Looking at tree growth form, all the 
shrubs except for B. hildebrandtii show a higher prevalence of 
this trait (p < 0.001) (Figure 6).

4   |   Discussion

4.1   |   Shrubs Facilitation and Patterns of Species 
Richness

Our results showed clear differences in species composition 
and some differences in species richness between under-
canopy areas of shrubs in comparison to the open plots. 
Accumulation curves highlighted non-significant differences 
in the number of species; not all shrub species hosted a higher 
number of species under their canopy. In most cases, species 
richness under or outside the shrubs was similar, with no 
significant differences. For one species, the open-area plots 
contained even more species, with B. hildebrandtii hosting 
fewer species than the surrounding plots. This finding was 
supported by the RII analyses, which indicated higher spe-
cies richness, abundance, and composition in the open areas, 
suggesting that this shrub contributes less to fostering more 
diverse communities.
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In contrast, C. balfourii, C. hamaderohensis, and C. subaphylla 
showed a higher number of species within their canopies, likely 
due to their loose canopy structure that allows more light to pen-
etrate. However, only C. balfourii showed higher species rich-
ness, albeit with lower abundance. These results suggest that 
certain species are more frequently found under the canopy of 
specific shrubs, potentially due to protection from herbivory or 
other processes, such as microclimatic conditions created by the 
canopy or non-random seed dispersal.

4.2   |   Plant Assemblages Are Influenced by 
Functional Traits and Environmental Gradients

The RLQ analysis further strengthened the distinction between 
under-canopy and open-area communities. Plant assemblages 
were arranged according to well-defined patterns based on en-
vironmental variables and functional traits. The second axis of 
the RLQ analysis described a clear gradient of altitude, defined 
by an increase in average wind speed and a decrease in annual 
mean temperature, which are negatively correlated. This was 
exemplified by the distribution of shrubs like C. subaphylla and 
P. stephanocarpa, predominantly found at altitudinal ranges be-
tween sea level and 600 m, while C. balfourii was the only shrub 
species that reached elevations of 1100 m, thriving in the moun-
tainous areas of the island.

On the other hand, the first axis of the RLQ analysis was not 
strictly defined by environmental variables but rather by plot 
location and specific functional traits. The plots were divided 
into those under the canopy and those outside, with L. sokotra-
num showing no strong preference, likely because it does not 
act as a facilitator, as seen by the minimal differences in species 
richness and functional traits between under-canopy and open 
areas. Functionally, shrubs tended to have a greater prevalence 
of trees within their canopies, while graminoids were more com-
mon in open areas, indicating a differentiation of communities 
between the two habitats. This was further supported by the 

indicator species analysis, which identified characteristic spe-
cies of open plots, particularly grasses.

Key functional traits help distinguish the plant communities 
within and outside shrub canopies, defining two distinct envi-
ronments. For instance, the presence of plants with low average 
height, tussock grasses, graminoids, and legumes character-
ise grasslands, specifically pastures (Shankarnarayan  1977; 
Kurtz et  al.  2018), like those on Socotra, which have been 
shaped by the effects of overgrazing for several centuries (Van 
Damme and Banfield  2011). One evident impact of grazing 
is the increase in tussock grasses and graminoids, as many 
species (e.g., Heteropogon contortus, Aristida adscensionis) 
are unpalatable, and some only become unpalatable after the 
early growing season (Miller and Morris  2004; Yaqoob and 
Javed  2008). Hempson et  al.  (2022) define many plant spe-
cies as ‘avoiders’ and ‘tufted attractors’, including some that 
also occur on Socotra that we encountered in the open-area 
plots; these grow in moderately disturbed, regularly grazed 
areas. In the case of extreme grazing, tussocks would entirely 
disappear, with annual species dominating instead (Noy-
Meir et al. 1989; Díaz et al. 2007). The presence of legumes, 
which are more frequent in disturbed environments, indi-
cates significant disruption caused by grazing and livestock 
trampling (Al-Rowaily et  al.  2015). Legumes are typically 
early colonisers that restore disturbed soils, facilitating con-
ditions for future plant succession (Grime  2001; Menge and 
Chazdon 2016; Wang et al. 2021). On Socotra, however, free-
roaming livestock keep maintaining these grazed areas in a 
perpetual pioneer stage.

4.3   |   Nurse Shrubs Serve as Shelters for Tree 
Regeneration and Species Conservation

Within the shrub canopies, a different set of species with dis-
tinct functional traits dominates. Species with shrub-like and 
tree-like growth forms, capable of achieving greater height, 

FIGURE 3    |    Functional trait group percentage frequencies modelled against environmental variables. (a) Legumes vs. mean annual temperature, 
(b) Graminoids vs. species cover, and (c) Shrubs vs. mean annual temperature, comparing areas inside (pink) and outside (blue) the nurse species.
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are more common here. This is evidenced by the elevated av-
erage maximum height (AMH) within shrubs, which supports 
the idea that these, or at least some of them, may facilitate the 
presence of trees by offering shelter, creating more favourable 
conditions (e.g., increase moisture) and protection from over-
grazing. Although it cannot be definitively stated that these 
shrubs function as “nurse species,” trees like Boswellia spp. and 
Commiphora spp. do germinate outside of them, albeit with a 
reduced chance of survival in grazed areas versus exclosures, as 
demonstrated by Hamdiah et al. (2024). Thus, the role of shrubs 
as protective microhabitats for plant communities remains clear, 
offering refuge from grazing and improving survival rates for 
different species. Certain shrub species play a crucial role in 
supporting the survival of several endemic and/or threatened 
trees on Socotra. For example, Boswellia elongata, Commiphora 
planifrons, Maerua angolensis subsp. socotrana, Dendrosycios 
socotranus, Barleria popovii, and Cephalocrotonopsis socotra-
nus are frequently associated with the protected environment 
of shrub canopies. The wide distribution of these shrubs across 
various altitudinal zones helps to protect endangered species, 
increasing their potential for use in future conservation efforts.

Examining individual shrub performance offers valuable in-
sights into selecting the best species for restoration ecology 

projects. Species such as C. hamaderohensis and C. balfourii 
demonstrate strong potential due to their ability to facilitate the 
regeneration of trees and shrubs. Both species have loose cano-
pies that allow sunlight to penetrate, enabling photosynthesis 
in the plants beneath them. Moreover, their intricate structures 
and unpalatability form a physical barrier, preventing livestock 
from accessing the plants beneath. It is also fascinating to note 
the ethnobotanical practice among locals, who often plant trees 
in the centre of shrubs, particularly under C. hamaderohensis 
(Miller and Morris 2004), as a way to promote growth.

The facilitative role of shrubs like C. balfourii and C. hamadero-
hensis is significant in the context of Socotra, where overgraz-
ing has severely impacted endemic tree species. These shrubs 
mitigate the effects of overgrazing by providing protective 
microenvironments, reducing herbivory, and enhancing seed-
ling establishment. This supports the findings by Hamdiah 
et  al.  (2024), who observed that seedling survival drastically 
decreases in unfenced areas, reinforcing the importance of 
natural shelters like nurse shrubs in such environments. 
Moreover, the unpalatability of the shrub species studied here 
aligns with the “repellent plant hypothesis”, where grazing-
intolerant plants are sheltered by surrounding plants more tol-
erant to grazing effect (Milchunas and Noy-Meir 2002).

FIGURE 4    |    Boxplots from linear mixed models without statistical interactions. (a) Average Maximum Height (log scale), (b) Perennial, (c) 
Tussock, and (d) Tree growth form trait frequencies, comparing inside and outside the nurse species.
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On Socotra Island, it is not possible to find natural areas unaf-
fected by grazing, since livestock freely graze across all areas. 
Consequently, stratifying the study into grazed and ungrazed 
areas was not feasible. In arid environments such as Socotra, 
facilitation by shrubs often occurs due to their ability to retain 
soil moisture, improve soil fertility, increase soil organic mat-
ter, and create favourable microclimatic conditions, thereby 
mitigating the effects of aridity (Ellis and Swift 1988; Soliveres 
et  al.  2011; Habrová and Pavliš  2017). However, in heavily 
grazed landscapes, alleviating grazing pressure can also play 
an important role in facilitation, highlighting the complex in-
terplay between mitigating resource limitations and reducing 
environmental stresses (Soliveres et  al.  2012). In our study, 
both aridity and grazing pressure are assumed to be limiting 
factors. The results suggest that the studied shrubs can facil-
itate species assemblages by mitigating the effects of these 
stresses through a combination of resource enhancement and 
stress reduction.

4.4   |   Promoting Shrub Facilitation for Long-Term 
Conservation on Socotra Island

Our results align with previous studies on the role of nurse 
plants in arid environments. Indeed, shrubs often provide shel-
ters that mitigate environmental stress and promote seedling 
establishment. For instance, Padilla and Pugnaire  (2006) doc-
umented similar facilitative effects in Mediterranean environ-
ments, where nurse shrubs enhanced diversity and vegetation 
cover in degraded areas. Similarly, studies in arid China have 
shown that shrubs like Caragana korshinskii improve seedling 
survival by moderating temperature extremes and improving 
soil moisture (Tian and Wang 2015).

Additionally, the positive relationship between shrubs and tree 
growth forms, as revealed here by RLQ and fourth-corner analy-
ses, suggests that these shrubs not only protect seedlings but po-
tentially support their development into mature trees. This has 
critical implications for conservation strategies, as using nurse 
shrubs in restoration projects could strengthen Socotra's flora 
against both biotic and abiotic stressors.

The study also highlights key interactions between environmental 
variables and plant functional traits. Shrubs like C. balfourii and C. 
hamaderohensis are more prevalent at higher altitudes, where they 
face stronger winds and lower temperatures. Their morphological 
characteristics probably allow them to buffer these harsh condi-
tions, facilitating the survival of tree seedlings. This is consistent 
with findings from other arid regions, such as Noumi (2020), who 
observed that the effectiveness of nurse plants varies significantly 
along environmental gradients like altitude and temperature.

Identifying these trait-environment interactions is essential 
for understanding plant community dynamics on Socotra and 
predicting how these communities may respond to future envi-
ronmental changes. For instance, the negative relationship be-
tween graminoid traits and shrub canopies suggests that shrubs 
suppress grasses, potentially reducing competition for tree seed-
lings, which is particularly important in grass-dominated areas 
where grasses might otherwise outcompete tree seedlings.

While C. balfourii and C. hamaderohensis facilitated higher spe-
cies richness within their canopies, B. hildebrandtii was asso-
ciated with lower species richness, possibly due to allelopathic 
effects. Although there are no specific studies on the allelopathic 
properties of Buxus species, their production of the alkaloid 
buxine—common in the Buxaceae family—suggests potential 

FIGURE 5    |    Relative Interaction Intensity (RII) index for different nurse species about species richness (a) and species abundance (b). Error bars 
indicate Standard Error (SE). Significant positive or negative effects are indicated, with ‘n.s.’ denoting non-significant results whilst asterisks indi-
cate significance levels (*p < 0.05, **p < 0.01).
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for growth inhibition in other plant species under its canopy 
(Friedman 2017; Latif et al.  2017). Further research is needed 
to determine the exact allelopathic potential of this compound.

The findings from this study offer practical recommendations 
for conservation and restoration efforts on Socotra Island and 
in other arid ecosystems with similar impacts and stressors. 
Effective nurse species like C. balfourii and C. hamaderohen-
sis should be prioritised in reforestation projects aimed at re-
generating endangered tree species. These species may protect 
seedlings from herbivores and potentially create favourable 
conditions that support their growth. It must be stressed that C. 
balfourii is not an endemic species of Socotra; its geographic dis-
tribution spans over the southern part of the Arabian Peninsula, 
where other plant species are threatened due to climate changes 
and overgrazing (Ghazanfar 2024).

While our study provides valuable insights, it is important to 
note that these findings represent a snapshot in time. Future 
studies should focus on long-term monitoring to assess the per-
sistence of the facilitative effects observed here. Additionally, 
more research is needed on the allelopathic properties of B. hil-
debrandtii and other shrub species to refine species selection for 
restoration projects.

Expanding this research to other arid ecosystems could also 
provide a broader understanding of how these facilitative in-
teractions operate under different environmental conditions 
and inform restoration efforts in similar degraded landscapes. 
In conclusion, our study underscores the importance of nurse 
shrubs in promoting species diversity and facilitating woody 
species on Socotra Island, offering valuable insights for future 
conservation and restoration initiatives.

FIGURE 6    |    Relative Interaction Intensity (RII) index calculated from traits CWMs for different nurse species. (a) Legume trait, (b) Graminoid 
growth form, (c) Tree growth form, (d) Shrub growth form, (e) Tussocks, (f) Maximum average height, and (g) Perennial species. Significant posi-
tive (RII > 0) or negative (RII < 0) effects are indicated, with ‘n.s.’ denoting non-significant results. Asterisks indicate significance levels (*p < 0.05, 
**p < 0.01, ***p < 0.001).
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5   |   Conclusion

Our study confirms the vital role of nurse shrubs in promoting 
species diversity and enhancing tree regeneration on Socotra 
Island, as a case study for arid environments. The results demon-
strate that shrub canopies create beneficial microhabitats that 
protect plant species from harsh environmental conditions and 
herbivory, distinct plant communities compared to open areas, 
with a higher percentage of woody species under the canopies. 
These findings have broader implications for ecological resto-
ration, suggesting that using nurse plants could be an effective 
strategy, particularly in arid ecosystems like those on Socotra, 
which face challenges such as overgrazing and climate stress. 
This nature-based approach offers a sustainable solution to en-
hance biodiversity, improve ecosystem resilience, and support 
long-term environmental management in arid and degraded 
landscapes.

Future research should focus on testing direct interventions 
with species from the direct surroundings (in order not to mix 
populations), such as seed planting or transplanting within 
nurse shrubs, to evaluate their effectiveness in promoting re-
generation. Long-term monitoring of these interventions will 
be crucial, along with further exploration of other facilitation 
strategies and potential nurse species to maximise the benefits 
of nurse-plant facilitation in similar ecosystems.
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