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Abstract

A first study analyzed the effect of the presence of a highly frequented tourist trail on the
size and reproductive capacity of Globularia alypum, a Mediterranean shrub of conservation
interest. In Sardinia, this species is a typical example of a plant with Extremely Small
Populations (PSESPs), restricted to a natural area embedded within an urban matrix, which
makes it particularly vulnerable to ecological pressures. In this second contribution, the
investigation expands to the entire population of the species distributed across different
habitats. The possible correlations between vegetative and reproductive traits of the plant
are examined, along with the influence exerted by both habitat type and varying levels
of human disturbance. To evaluate potential drivers of its persistence, morphological (H,
diameter and plant volume) and reproductive traits (number of flowers, number of fruits
and number of seed per plant) were recorded at the individual level. Additionally, to assess
human disturbance (consisting mainly of trampling), the presence of trails was used as a
proxy and, accordingly, each plant was categorized following its relative position to the
nearest path according to three categories: Near Trail (NT), Mid-Trail Distance (MTD), or
Far from Trail (FT). A total of 114 individuals distributed across four habitat types were
measured. Statistical analyses revealed only marginal associations between habitat type
and vegetative or reproductive traits. While trail proximity did not influence flower and
fruit production, plant volume tended to be greater in individuals located farther from trails,
suggesting a potential, albeit limited, effect of reduced human pressure on plant growth.
These findings highlight the importance of understanding subtle ecological interactions
that shape the persistence of PSESPs in urban close to nature area and provide valuable
insights for developing targeted conservation and management strategies.
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species [6-10]. Urban environments can support biodiversity conservation by incorporating
a diverse mosaic of semi-natural and human-made habitats that host unique assemblies
of native, introduced, and endemic species, many of which rely on these green areas as
refugia [11]. However, semi-natural areas within urban landscapes are often character-
ized by fragmentation and spatial isolation, creating distinct ecological conditions and
functioning as habitat isolates or ecological “islands” embedded within highly modified
urban matrices. In conditions of isolation and limited population size, species must adapt
to restricted resources, increased competition, and heightened vulnerability to external
disturbances [12].

In such characteristic environments, the unique adaptations and ecological roles of
certain species become especially valuable. An example are Plants with Extremely Small
Populations (PSESPs), whose presence represents a distinctive feature of the Mediterranean
Basin. These plants persist in small, isolated populations located on the margins of natural
habitats [13], frequently near urban areas. Because their isolation and restriction to marginal
habitats make them particularly vulnerable and prone to local extinction [14-16], these
populations represent a critical resource for biodiversity and should be integrated into
conservation programs [17-19].

Although PSESPs are not necessarily globally threatened, their occurrence in urban
ecosystems requires particular attention, as their persistence may be rapidly affected by
site-specific disturbances associated with increasing human presence, land-use transforma-
tion, infrastructure development, and intensive recreational use of natural areas. Urban
environments, defined by a combination and mix of natural and anthropogenic factors,
can increase the vulnerability even of otherwise common species through habitat fragmen-
tation, pollution, invasive species, and human disturbance [20-22]. As a result, PSESPs
in urban close to nature area are not only indicators of ecological integrity but also serve
as focal species for understanding biodiversity dynamics in complex socio-ecological sys-
tems [23,24]. In these areas, habitat quality reflects soil conditions, degree of isolation,
and human pressure, with larger, structurally complex sites supporting higher species
richness [1,10,25].

Within this context, understanding how habitat types interact with anthropogenic
factors, particularly those related to human access and disturbance, is essential for develop-
ing effective conservation strategies. Anthropogenic pressures can directly or indirectly
alter habitat conditions, affecting species” composition, distribution, and resilience. Areas
near trails, for example, often experience trampling, soil compaction, and invasive species
introduction (e.g., Carpobrotus spp.), which can threaten native plant communities. In con-
trast, buffered and structurally complex habitats may mitigate these impacts by providing
lower-disturbance microrefugia that support native biodiversity [26-30].

This study arises from the need to better understand the interaction between habi-
tat types and anthropogenic disturbance on PSESPs within urban close to nature area
characterized by heterogeneous ecological structures.

This study investigates how the Mediterranean habitats and human disturbance
influence the vegetative and reproductive traits of Globularia alypum L. (Plantaginaceae)
a PSESPs of high conservation value in Mediterranean ecosystems and builds upon a
previous study that had investigated the effect of the presence of a highly frequented
tourist trail on the same plant. Although widely distributed across the Mediterranean,
G. alypum populations in urban and peri-urban areas are particularly vulnerable, as local
human-driven changes can compromise population stability and long-term persistence. In
Sardinia, this phytogeographically significant species [24] is restricted to the Capo Sant’Elia
promontory, a natural and recreational site within the city of Cagliari (Sardinia). The urban
context and ecological relevance of this site make G. alypum an ideal case study for assessing
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the combined effects of habitat type and anthropogenic pressures on a PSESP species.
The area, widely used for mountain biking, hiking, and free climbing, has experienced
substantial urban expansion over the past 50 years, which has substantially affected these
natural habitats. Nevertheless, parts of the hills retain relatively high ecological integrity
with remnant patches of native vegetation functioning as local biodiversity hotspots [24].

Under natural conditions, vegetative and reproductive traits of plants are influenced
by species-specific adaptations, interspecific competition, and habitat quality Plant volume
can be considered a proxy for vegetative vigor, growth rate, and resource allocation, while
flower and fruit production are widely recognized indicators of reproductive success and
long-term population viability [31,32]. These traits are known to be influenced by abiotic
factors, as well as biotic pressures including herbivory and interspecific competition [33].
In Mediterranean environments, where G. alypum is typically found, variations in these
traits can signal adaptive responses to stress and may reflect the species’ long-term ability
to persist under changing environmental conditions. Prior studies on Mediterranean shrub
species suggest that reduced reproductive output is often associated with habitat degrada-
tion and human disturbances (e.g., [34-37]), emphasizing the importance of monitoring
these functional traits to assess the ecological health of populations in both natural and
urban contexts. For this reason, quantifying these variables under different habitat condi-
tions and degrees of human disturbance is essential to understanding how urban pressures
shape the ecological dynamics and conservation status of G. alypum populations.

Building upon the abovementioned study conducted in 2024, which focused on fine-
scale trampling effects along a heavily visited trail and quantified impacts on plant struc-
tural traits, the present research expands the spatial and ecological scope of investigation. In
contrast to the earlier study, which assessed fine-scale trampling impacts within a restricted
spatial domain, this work examines sites located in a distinct area and relies on a different
set of monitored individuals, thereby allowing the evaluation of broader ecological and
reproductive responses. The aim of this study was to evaluate the effects of habitat type
and distance from the trail, used as a proxy of human disturbance, on the vegetative and re-
productive performance of G. alypum. In particular, we analyzed variations in plant volume
as an indicator of vegetative growth, and in the number of flowers and fruits as indicators
of reproductive output across different habitat conditions and levels of disturbance.

2. Materials and Methods
2.1. Study Species and Study Area

G. alypum is a nanophanerophyte shrub reaching 0.3-1 m in height. It has sclero-
phyllous, perennial leaves arranged alternately along the stem. The plant produces small
hermaphroditic flowers in hemispherical inflorescences (2-3 cm in diameter), and its fruit is
a nutlet containing seeds (1-2 mm). Little is known about its reproductive mechanisms and
seed dispersal strategies. Flowering occurs from autumn (October-November) to spring
(March-May) [38] (Figure 1).

Adapted to calcareous soils, G. alypum mainly thrives in thermophilous shrublands and
is heliophilous and xerophilous. It is primarily distributed across the eastern Mediterranean
Basin, including Crete, Cyprus, Greece, Israel, Italy, Jordan, Lebanon, Libya, Palestine,
and Turkey. In Italy, it is found in Sicily, Sardinia, and the islands of Elba, Egadi, and
Lampedusa, growing from sea level up to 600 m a.s.l. in western Liguria and Tuscany [38];
for a distribution map of the species in Italy, see the Portal to the Flora of Italy at https://
dryades.units.it/floritaly /index.php?procedure=taxon_pageé&tipo=all&id=5076, (accessed
on 14 April 2026). Its westernmost, highly isolated population is on the Capo Sant’Elia
promontory (Sardinia), first recorded by Moris in 1827 [39]. Capo S. Elia, a limestone
outcrop in southeastern Sardinia, is a biodiversity hotspot within the calcareous hills of
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the southern Campidano plain [40]. This promontory, covering 200 hectares and reaching
136 m a.s.l,, is near Cagliari (39°11’ N, 9°10’ E), Sardinia’s largest city. It hosts endemic
species and plants of significant biogeographic interest, including Sarcopoterium spinosum
(L.) Spach and G. alypum, which are exclusive to this promontory in Sardinia [24,41].

Figure 1. Globularia alypum L. details.

2.2. Sampling and Statistical Analysis

The number of flowers, the number of fruits, and plant volume were recorded for
114 sampled G. alypum individuals in relation to two main factors: habitat type and distance
from trails. Sampling was conducted across four habitat types within a Mediterranean
landscape: Shrubland, dominated by Pistacia lentiscus L. (18 plants); Garrigues, repre-
senting open garrigue shrubland (12 plants); Micro-forest, dominated by Juniperus spp.
*(34 plants); and Grassland, mainly dominated by herbaceous plants (open areas, 50 plants)
(Figure 2). Individuals were also classified according to distance from trails: Near Trail
(28 plants), Mid-Trail Distance (38 plants), and Far from Trail (48 plants). The selection
of plants within each habitat and distance category was performed randomly based on
the presence of individuals and their accessibility, ensuring a representative sample of the
local population structure.

Figure 2. Characteristic habitats where the species grows.

Field surveys were conducted in February, during the reproductive period of G.
alypum, when flowers and fruits were simultaneously present on the plants. For each
individual, all open flowers and developed fruits were counted to provide a complete
census of reproductive output. Plant height () was measured from ground level to the
highest vegetative point using a measuring tape, while the major crown diameter was
measured at the widest horizontal extent of the canopy. The radius (r) was calculated as
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half of the major diameter, and plant volume (V, expressed in cm?), understood as the
smallest solid containing the entire individual, was estimated using the formula

(V=mtx 1 xh)

where r indicates the “radius”, calculated as half of the major diameter, and & the “plant
height” (cm) of a single plant.

Flower and fruit counts served as proxies for reproductive success, while plant volume
provided an estimate of vegetative growth. As a poxy of the human disturbance the distance
to the nearest trail was considered.

The distance of each plant from trails was classified into three levels: “Near Trail”
(hereafter NT, positioned at a distance < 1.5 m from the trail), “Mid-Trail Distance” (here-
after MTD, positioned at a distance > 1.5 m and <3.5 m from the trail), and “Far from Trail”
(hereafter FT, positioned at a distance > 3.5 m from the trail).

Before analysis, the assumptions of normality of variances were evaluated using
the Shapiro-Wilk. These measurements were analyzed using a non-parametric Kruskal—-
Wallis test, suitable for data that do not meet the assumptions of normality, and multiple
comparisons among the groups were conducted post hoc to identify differences between
specific habitat types and trail proximity categories. The test was performed using the
software package “Statistica” (8.0 software [42]).

3. Results
3.1. Effect of Habitat Type on Vegetative and Reproductive Traits of G. alypum

The Kruskal-Wallis test indicated a marginally non-significant variation in flower
numbers across habitat types (p > 0.05). Although mean ranks differed among habitats,
these differences were not statistically significant (Table 1). Mean ranks for the number of
flowers were highest in Garrigues, followed by Shrubland, Micro-forest, and Grassland
(Table 1). Fruit production did not vary significantly among habitat types (p = 0.556).
Mean rank differences among habitats should therefore be interpreted as descriptive only
(Table 1). Mean ranks were 64.21 in Garrigues, 62.41 in Micro-forest, 54.05 in Grassland,
and 53.33 in Shrubland (Table 1). Plant volume showed no significant variation across
habitat types (p > 0.05) (Table 1). Despite variation in mean ranks, no statistically supported
differences among habitat types were detected. The highest mean rank for plant volume
was recorded in Micro-forest, followed by Garrigues, Grassland, and Shrubland. (Table 1).

Table 1. Results of the Kruskal-Wallis one-way analysis of variance on ranks for morphological
and reproductive traits of Globularia alypum across habitat types. Sample size (n) is reported for
each habitat. The significance level was set at p = 0.05. p-values in bold indicate statistically sig-
nificant overall Kruskal-Wallis tests. Pairwise z' values represent post hoc comparisons and are
reported for descriptive purposes; they were not interpreted when the overall Kruskal-Wallis test
was non-significant.

Multiple
Parameter Comparisons 2’ Habitats
Values;
Kruskal-Wallis Test
Shrubland  Garrigues Grassland ~ Micro-forest
R: 52.528 R: 60.417 R: 55.170 R: 62.529

Plant volume H(3,N=114) = 1.536 Shrubland 0.640 0.290 1.038

p=0.673 Garrigues 0.640 0.493 0.190

Grassland 0.290 0.493 1.001

Micro-forest 1.038 0.190 1.001
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Table 1. Cont.

Multiple
Parameter Comparisons z’ Habitats
Values;
Kruskal-Wallis Test
Shrubland  Garrigues Grassland ~ Micro-forest
R: 64.861 R: 78.333 R: 52.400 R: 53.750
Flower H (3,N =114) = 7.364 Shrubland 1.093 1.371 1.153
number p = 0.061 Garrigues 1.093 2.4403 2.215
Grassland 1.371 2.440 0.183
Micro-forest 1.153 2.215 0.183
Shrubland Garigues Grassland ~ Micro-forest
R: 53.333 R: 64.208 R: 54.050 R: 62.412
Fruit number H (3, N =114) =2.077 Shrubland 0.882 0.078 0.942
p =0.556 Garrigues 0.882 0.956 0.161
Grassland 0.078 0.956 1.138
Micro-forest 0.942 0.161 1.138

3.2. Effect of Distance from Trail on Vegetative and Reproductive Traits of G. alypum

No significant differences were detected in flower numbers based on trail proximity
(p > 0.05) (Table 2). Observed differences in mean ranks among distance classes were not
statistically significant. Plants in NT had a mean rank of 63.65, those in MTD had a mean
rank of 58.70, and those in FT had a mean rank of 51.94 (Table 2).

Table 2. Results of the Kruskal-Wallis one-way analysis of variance on ranks for morphological and
reproductive traits of Globularia alypum at different distances from the trail. The significance level was
set at p = 0.05. p-values in bold indicate statistically significant overall Kruskal-Wallis tests. Pairwise
7' values represent post hoc comparisons and are provided for descriptive purposes only; they were
not interpreted when the overall Kruskal-Wallis test was non-significant.

Multiple Comparisons z’

Parameter Values; Kruskal-Wallis Test

Distance from the Trail

NT MTD FT
R: 63.645 R: 58.695 R: 51.938
Flower number H (2, N =114) =2.737 NT 0.601 1.631
p=0254 MTD 0.601 0.859
FT 1.631 0.859
NT MTD FT
R: 62.750 R: 54.304 R: 55.208
Fruit number H (2, N =114) = 1452 NT 1.026 1.050
p=0483 MTD 1.026 0.115
FT 1.050 0.115
NT MTD FT
R: 57.382 R: 45.571 R: 64.552
Plant volume H (2, N =114) = 5832 NT 1.434 0.999
p=0054 MTD 1434 2414
FT 0.999 2414

Similarly, no significant relationship was found between fruit production and trail prox-
imity (p > 0.05) and mean rank differences should be considered descriptive only (Table 2).
Mean ranks for fruit production were highest in NT, followed by FT and MTD (Table 2).

Plant volume approached significance in relation to trail distance (Table 2). Although
plants located farther from the trail showed higher mean ranks, pairwise comparisons
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were not interpreted because the overall Kruskal-Wallis test was not statistically significant.
Plants in FT exhibited the highest mean rank in volume, followed by plants in NT and in
MTD (Table 2).

4. Discussion

The findings of this study revealed new insights into the responses of the highly
isolated population of Globularia alypum in Sardinia, a typical example of PSESPs, to specific
ecological and anthropogenic pressures. Although urban close to nature area frequently
experience considerable disturbances due to human activity and recreational use, our
results indicate that G. alypum shows only limited and non-significant associations between
habitat type or trail proximity and its vegetative and reproductive traits highlighting the
complexity of plant responses in urban ecological contexts.

Habitat type appears to exert a marginal influence on the reproductive performance.
of G. alypum, and, despite plants in Garigue habitats tending to produce more flowers
and fruits compared to those in other habitats, this trend did not show statistical signifi-
cance. Garigue habitat is a semi-arid Mediterranean shrub ecosystem [43] characterized
by high light exposure, high dryness, and low nutrient levels, conditions that generally
favor stress-tolerant species such as G. alypum [44]. The observed marginal increase in
flower and fruit production in the Garigue may be associated with the ecological charac-
teristics of this habitat; however, further analyses including environmental variables such
as light availability, soil properties, and moisture would be necessary to better explain
the processes underlying this pattern. The lack of a significant difference across habitats
suggests that G. alypum is broadly adaptable to heterogeneous environmental conditions,
potentially due to physiological or morphological traits that buffer against resource limita-
tions. Indeed, drought resistance is a survival strategy of this particular species especially
in Mediterranean ecosystems where this strategy is very common among plants [24,44,45].

The timing of flowering and fruiting in G. alypum during autumn and early spring
reflects a potential adaptation to Mediterranean environmental conditions, which are
characterized by hot, dry summers and mild, wetter winters. By concentrating reproductive
activity in these transitional seasons, the species may optimize resource use in response
to seasonal variability [24]. As extensively demonstrated by numerous studies on other
plant species (e.g., [46—48]), this reproductive timing is consistent with the phenological
pattern described for the species in Mediterranean environments and may contribute to its
persistence under seasonal climatic variability, as the species aligns its reproductive timing
with periods of greater resource availability, such as higher soil moisture and moderate
temperatures [49].

Although phenology was not directly investigated in the present study, this seasonal
reproductive timing may contribute to the ecological persistence of the species under
Mediterranean climatic conditions, as suggested for other taxa.

Importantly, the lack of statistically significant differences among habitats should
be interpreted cautiously. Our results suggest that, within the range of environmental
conditions examined, vegetative and reproductive traits remained relatively stable. Further
studies explicitly addressing phenological responses and environmental drivers would be
necessary to clarify the mechanisms underlying this pattern.

Regarding human disturbance, our findings show no significant effect on flower
or fruit production and only a weak, non-significant trend of larger plant volume with
increasing distance from trails. These results demonstedthe limited impact of trail proximity,
used here as an indirect proxy of disturbance intensity, on reproductive traits that remain
robust under trampling stress [24,50]. The non-significant trend observed in which plants
farther from trails exhibited greater volume, may suggest an influence of trail-associated
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disturbances on vegetative growth, but the lack of statistical significance implies that
these effects are relatively context-dependent. Indeed, in the previous study [24], which
investigated a frequently used path crossing the core population of the species, it had
emerged that trampling caused significant reductions in plant size, underscoring the
vulnerability of the species” morphological traits to mechanical disturbances. By contrast,
the present study reveals that when disturbance is considered as a gradient of trail proximity,
rather than direct trampling, its effects are far less pronounced and statistically undetectable.
This highlights the importance of disturbance intensity: while heavy trampling severely
impacts plant morphology, lower-intensity disturbances associated with trail edges do not
necessarily translate into measurable effects on growth or reproduction.

This study shows that G. alypum The absence of statistically supported differences in
reproductive traits across the disturbance categories considered suggests that reproductive
output remained relatively consistent under the conditions examined, indicating that the
species was able to maintain reproductive performance across the disturbance gradient
considered in this study. In fact, its reproductive capacity appears remarkably resilient, even
when individual plants are physically damaged or reduced in size, ensuring population
continuity even when vegetative growth is compromised. These characteristics are critical
for the persistence of the species in human-impacted landscapes such as urban natural
areas. Nevertheless, the previously observed susceptibility of morphological traits to direct
trampling [24] underscores the need to carefully regulate human activities in areas where
small and isolated populations are concentrated.

5. Conclusions

This study provides a population-level assessment of the vegetative and reproductive
performance of Globularia alypum within an urban Mediterranean natural area, expanding
previous fine-scale research that focused on the effects of direct trampling along a single
heavily frequented trail. By analyzing individuals distributed across multiple habitat types
and along a gradient of trail proximity used as a proxy of disturbance intensity, this work
contributes new information on the broader ecological responses of a plant species with
an Extremely Small Population occurring in a heterogeneous urban natural context. Our
results indicate that neither habitat type nor trail proximity significantly affected reproduc-
tive output or plant volume under the conditions examined. These findings suggest that,
at the spatial scale considered here and under moderate levels of disturbance, the species
maintains relatively stable vegetative and reproductive performance across different mi-
crohabitat conditions. At the same time, comparison with a previous study of significant
size reduction under direct trampling highlights the importance of disturbance intensity
in shaping plant responses in small and isolated populations. Although the study was
designed to explore the potential role of both habitat variability and human disturbance,
it did not formally test their interaction. Nevertheless, the results provide useful baseline
information on how a peripheral and spatially restricted population responds to environ-
mental heterogeneity within an urban natural area. Hence, it is important to emphasize
the conservation relevance of small and isolated plant populations embedded in urban
landscapes, which can persist even under moderate anthropogenic pressure but remain
vulnerable to localized high-intensity disturbance. From this conservationist perspective,
management measures aimed at limiting direct trampling in core population areas, while
maintaining the ecological functionality of urban natural sites as refugia for plant species
with extremely small populations, are therefore relevant. Long-term monitoring too, will
be essential to detect future changes in population performance and to guide adaptive
conservation strategies in urban Mediterranean environments.
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