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Abstract

The Numidian cypress (Cupressus sempervirens var. numidica, C. numidica hereafter) is a rare,
almost unknown, endemic taxon of Tunisia whose conservation has long been hampered
by human activities, taxonomic uncertainty and limited ecological knowledge, with only
64.33 ha of its populations remaining. Although recent genetic studies have confirmed its
native status and long-term isolation, detailed information on its distribution, population
structure and threats remain lacking. This study provides the first comprehensive assess-
ment of C. numidica across its remaining range. Field surveys revealed that the species
persists in only three small, fragmented forests, Bou Abdallah, Sidi Amer, and Dir Satour,
covering a total of 64.33 ha. Soil analysis revealed some differences among sites, with
Bou Abdallah showing higher clay content and Dir Satou exhibiting the highest levels of
nitrogen, organic carbon, Olsen P, and available Mn and Mo. Climatic analyses indicate
a semi-arid Mediterranean environment with pronounced summer droughts and a clear
warming trend. Trees showed widespread damages, due to intensive grazing, tree cutting,
crown dieback (drought), and pest and pathogen attacks. Natural regeneration was limited,
and the condition of affected trees ranged from moderate to severe, with Bou Abdallah
showing the highest levels of degradation. Notably, the severe fungal pathogen Seiridium
cardinale, causal agent of cypress canker, was detected on C. numidica for the first time,
highlighting an urgent conservation concern. Our results point to a staged conservation
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approach over time. In the immediate term (within 1 year), urgent monitoring and man-
agement of S. cardinale is needed. In the short term, efforts should focus on protecting
carefully selected areas, about 5-10 regeneration microsites per forest, from grazing to
support natural regeneration, reduce ongoing soil degradation, and establish clonal and
seed-production plantations along with long-term seed storage. In the long term, the sur-
vival of C. numidica will only be possible with the active involvement of local communities,
through awareness campaigns, adapting traditional practices such as gdel, and developing
small-scale ecotourism that provides sustainable livelihoods while reinforcing support
for conservation.

Keywords: conservation biology; endangered species; threatened taxon; tree; forest; fungi;
Cupressus

1. Introduction

Tunisia hosts one of the richest floras in the southern Mediterranean basin, with nearly
2700 vascular plant taxa recorded [1,2]. Despite this high diversity, strict plant endemism
remains relatively low, with about 39 taxa considered endemic to the country, representing
roughly 2.3% of the national flora [2,3]. This proportion contrasts with neighbouring North
African regions, where endemism is considerably higher. For instance, Morocco hosts close
to 930 endemic vascular plant taxa, corresponding to around 25% of its flora [4], while
recent reassessments report about 65 Mediterranean endemic taxa in Egypt [5]. Algeria, by
comparison, includes approximately 32 strictly endemic plant taxa according to regional
floristic syntheses [6]. These contrasts underline the distinctive biogeographical situation
of Tunisia, where endemic species are fewer in number but often highly localized and
relictual, which makes their conservation particularly important.

For a rare, relict taxon, nomenclature is of utmost importance. The attribution of
species or subspecies rank can make a difference, especially in classifications such as the
TUCN Red List (https:/ /www.iucnredlist.org/ (accessed on 18 February 2025) and WWF
(https:/ /www.worldwildlife.org/species/ (accessed on 15 January 2025), which determine
the level of “danger” for taxa. Among the Cupressaceae, for instance, Cupressus dupreziana
Camus (with only 233 specimens left) and Cupressus atlantica Gaussen (with several tens
of thousands of individuals) were erroneously considered together as a single species (C.
dupreziana subsp. dupreziana and C. dupreziana subsp. atlantica) until October 2025 [7-9].
Therefore, species attribution impacts the efforts and investments devoted to the protection
of the taxa as the perceived risk may vary dramatically.

This issue is particularly relevant for the almost unknown woody phanerophyte
Numidian or Tunisian cypress (in French Cypres de Maktar) (Cupressus sempervirens var.
numidica), one of the most emblematic endemic taxa in Tunisia whose taxonomy is debated.
In this work, for the sake of clarity, we will refer to Numidian cypress as Cupressus numidica.
C. numidica is an evergreen tree growing to 20 m tall with a conical crown, bluish-green scale-
like leaves arranged in flattened sprays, and globose woody cones (*22-3 cm) composed of
8-12 peltate scales (Figure S1).

According to Mathez [1], the native status of this taxon in Tunisia has long been
discussed. Indeed, Trabut (1909) [10] and Xenopoulos S. G. (1990) [11], mentioned by
Brofas et al. (2006) [12], claim that this taxon is a species naturally occurring in Tunisia.
Conversely, Roques et al. (1999) [13] suggest that this tree originated in Crete and was
introduced to Tunisia by the Romans. Le Floc’h and Boulos (2008) [1] identified C.
sempervirens var. numidica Trab. as a separate taxon, characterized by individuals with a

https://doi.org/10.3390/£17040438


https://www.iucnredlist.org/
https://www.worldwildlife.org/species/
https://doi.org/10.3390/f17040438

Forests 2026, 17, 438

30f 32

distinctive branching pattern resembling old Phoenician junipers and showing strong
drought tolerance. A decade later, Bagnoli et al. (2020) [14] clearly demonstrated that
this tree is indigenous to Tunisia and genetically separated from natural populations
of C. sempervirens in the eastern Mediterranean since the Middle Pleistocene (between
200,000 and 900,000 years ago). In fact, the Mediterranean Cupressus species form a
well-supported Afro-Mediterranean clade that diverged from a common ancestor during
the Pliocene, with subsequent differentiation among lineages occurring in the Pleis-
tocene. According to Bagnoli et al. (2020) [14], Cupressus numidica clusters within this
Mediterranean group and is phylogenetically closer to C. atlantica than to C. semper-
virens, representing a distinct North African lineage that reflects historical isolation and
diversification across the southern Mediterranean basin.

Observing the remaining C. numidica stands provides a preliminary understanding of
the threats this taxon still faces. They generically include habitat fragmentation and limited
regeneration, recurrent drought and global warming, overgrazing and anthropogenic dis-
turbance, as well as increased risk of fire. However, no in-depth qualitative or quantitative
study of these threats, either past or present, has ever been conducted and there is no
specific study for this taxon. The Numidian cypress was first brought to the attention of
foresters by the agronomist Barrion in 1897, who first reported its presence in the Tunisian
region of Makthar [15]. By the 1960s, the Numidian cypress plantations covered around
1050 hectares, mainly in the Kesra region, in Makthar [16]. However, by 2013, the largest
remaining natural population, located in Bou-Abdallah, occupied only 4 hectares [17]. This
restricted area lies within the Siliana governorate, and is bordered by Siliana to the north,
Makthar to the southwest and Oueslatia to the southeast.

This taxon is not only interesting from a conservation biology perspective as a rare and
endangered endemism, but also as a forestry (the species is resilient and pioneering and the
wood is highly prized and very durable) and ethnobotanical resource for local populations.

Efforts to raise awareness of the importance of conservation have emerged in Tunisia.
Regular assessments of forest vegetation cover and biodiversity and preservation of moun-
tain forest ecosystems, with an emphasis on the conservation of a few key plant species
including C. numidica [18], are essential. In parallel, the Tunisian National Institute of Her-
itage is pursuing the inclusion of the Kesra region into a cultural tourism itinerary to secure
UNESCO World Heritage Site designation. Indeed, the Kesra region is well-recognized
as a hosting area of C. sempervirens var. numidica. Hence, while promoting ecotourism for
the historical and cultural importance of this region, this initiative also aims to protect
biodiversity. To the best of our knowledge, no studies analyzed this taxon at ecological,
structural, and conservation levels comprehensively.

The aims of this study are to (i) characterize and expand scientific knowledge on the
Numidian cypress as a relict tree species and its related populations, focusing on dendro-
metric characteristics, health status, and population structure, (ii) deliver a comprehensive
climatological and pedological description of the sites of the Numidian cypress, (iii) identify
and characterize the biotic and abiotic factors threatening the conservation of this taxon,
and (iv) provide essential management strategies to enhance the conservation of Numidian
cypress, while mitigating its threats.

2. Materials and Methods

2.1. Study Area
2.1.1. Natural Distribution of Cupressus numidica Forests

The boundaries of the nuclei were verified through a two-phase approach, both based
on ground surveys.
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First, following a thorough review of the literature [15,19], interviews were conducted
with staff from the Regional Directorate of Forests (DGF) in Siliana, local forestry agents,
and residents living in areas where Cupressus numidica occurs. These discussions provided
detailed information on the number and distribution of remaining cypress groves, as
well as their fragmentation, exact locations, and historical management. This process
confirmed three distinct locations: Bou Abdallah on the north-eastern slope of the Kesra
plateau; Khanguet Ezzalga—-Sidi Amer (hereafter Sidi Amer) along the Siliana—Oueslatia
road between kilometre points 25 and 23 towards Siliana; and Dir Satour, also called
Fom El Afrit, on Jebel Satour east of the road along Oued Ej-Jelf. Second, for each site,
the perimeter was mapped using a Trimble Mobile Mapper 50 Android-based GNSS
receiver, with a maximum horizontal precision of +3 m. Local residents and staff from the
Regional Agricultural Development Authority (CRDA) and DGF assisted in delineating
the boundaries accurately.

The largest trees of C. numidica are concentrated in a portion of Bou Abdallah forest
outside the three plots surveyed. Following numerous surveys, the tallest and largest
diameter trees, preferably the oldest, in the entire population were identified and measured
as an element for assessing the trees’ growing potential. In the absence of a complete
inventory, we collected commonly used parameters in dendrometry studies (i.e., the cir-
cumference (c), plant height (h), and two diameters of the crown projection (cd) of the three
largest trees are reported: (1st) c = 6.50 m, h =21.9 m, cd = 13.20-14.30; (2nd) ¢ =5.70 m,
h=172m, cd = 14.10-14.20; (3rd) c = 4.83 m, h = 14.7 m, cd = 9.50-12.90). These trees may
be considered for classification as monumental trees, raising awareness of the socio-cultural
value and legal protection of this taxon.

2.1.2. Pedology and Soil Analysis

Soil analyses were conducted to assess the conditions in which the C. numidica is
currently vegetating and to determine if these factors may limit its survival and growth.
Within each of the three forest areas (Bou Abdallah, Sidi Amer, Dir Satour), three inde-
pendent soil samples were collected, each at least 5 m apart. Each sample was obtained
by pooling five individual subsamples of approximately 1 kg each. Prior to sampling,
the litter layer and any grass cover (if present) were removed, and soil was collected at
5-20 cm. This depth was selected because the study site is characterized by a very shallow
and highly skeletal soil profile with a discontinuous mineral horizon. Soil Africa (2013) [20]
maps were also consulted for a general overview of soils by referring to WRB (2023) [21].
The characterization of the soil from a physical-chemical point of view is important for
describing the habitat and establishing the soil requirements of the species for possible
future replanting of C. numidica.

Samples were air-dried and sieved at 2 mm before physical and chemical analysis.
Size distribution of aggregates (0.02-2000 um) was measured using a laser granulometer
Mastersizer 3000 (Malvern Panalytical Ltd., Malvern, UK) equipped with a wet sample
dispersion unit. Afterwards, soil samples were sonicated in the granulometer recirculation
system and measured again. Ultrasound was applied until the size distribution of dispersed
particles was constant. The aggregate granulometric curve was compared to the curve
obtained at the end of ultrasound application. Thus, the index of aggregate stability
(ASI) was determined as the difference between the median diameter of soil samples
before and after sonication. Soil pH and EC were measured in water extracts at 1:2.5
and 1:2, respectively, using specific electrodes calibrated with standard solutions [22,23].
Total organic carbon (TOC) and total nitrogen (TN) were determined by dry combustion
using a Flash Smart NC Soil elemental analyser (Thermo Fisher Scientific, Waltham, MA,
USA) calibrated with standard reference materials. Soil samples for TOC measures were
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previously treated with HCL:H,O (1:1 v:v). Olsen P was calorimetrically determined using
the molybdenum blue method using a calibration curve with a reference solution [22,23].
Exchangeable cations (Ca, K, Mg, Na) were measured using inductively coupled plasma
spectrometry (ICP-OES 5900 Agilent, Santa Clara, CA, USA) after extraction with 1 M
H3COONHy, at pH 7. Available micronutrients (Cu, Fe, Mn, Mo, Zn) were determined
using the DTPA extraction method and also measured using ICP-OES [24]. Finally, heavy
metals (As, Cd, Hg, Pb, Tl) were measured by ICP-OES after sample digestion using a
microwave (ETHOS 900, FKYV, Torre Boldone, BG, Italy) and a HNO3:H, O, mixture (5:2 v:v),
following EPA Method 3051a. All ICP-OES analyses were validated using a soil standard
reference material.

2.1.3. Climatic Conditions

The climatic analysis was carried out in the area in which the largest C. numidica forest
(Bou Abdallah) grows and where the largest and visually oldest specimens are found, as it
is considered to be most indicative/representative of the ecological optimum for the taxa.
The climatological study was carried out using data from the ERA5-Land dataset. This
dataset provides high-resolution (9 km, hourly) global reanalysis data, developed by the
European Centre for Medium-Range Weather Forecasts (ECMWF) [25]. ERA5-Land was
specifically designed to capture land surface processes, benefiting from enhanced spatial
and temporal resolution. The dataset includes a wide range of meteorological parameters,
such as temperature, precipitation, and other climatic variables, obtained by combining
simulation models and ground-based observations through data assimilation methods. In
this study, daily and monthly data on temperatures (minimum, maximum, and average)
and precipitation were collected for the period from 1981 to 2024. This approach allowed
for the analysis of both long-term trends and seasonal variability. Temporal trends were
analyzed using the Mann-Kendall trend test, complemented by linear regression analysis
to quantify variations. A Walter—Lieth diagram was produced to represent the climatic
regime, while cumulative monthly and annual precipitation series were examined to assess
interannual variability. The robustness and intrinsic consistency of the ERA5-Land dataset
ensure the reliability of the climatic trends and variability patterns obtained for the study
site. Since the three known stands of Cupressus numidica are located very close to each other,
within roughly 10 km, they all fall within the same broad climatic grid of this dataset. At
such a scale, ERA5-Land captures the regional macroclimate but cannot resolve fine-scale
differences related to local topography or microsite conditions. For this reason, we extracted
climate data using the coordinates of the Bou Abdallah forest, which is also the largest and
best-preserved stand. Although the three sites differ in structure, soils, and disturbance
regimes, they are exposed to the same regional climatic dynamics, and the Bou Abdallah
time series can therefore be considered representative of the climatic conditions influencing
all remaining populations.

2.2. Woody Species and Forest Stand Data Collection and Analysis

Three circular plots of 15 m radius (706.5 m?) were designated for each site (except for
Sidi Amer where only one plot was analyzed) to describe and characterize single woody
species and forest stand structure. The plots were located in areas that, in terms of tree
density, vegetation cover structure and terrain morphology, were broadly representative
of the conditions of each of the three forest locations. Dendrometric parameters were
determined (height, diameter, diameter of the canopy projection to the ground and height
of canopy insertion to the trunk) and spatial measurements (distance from the centre of
the subplot, angle in relation to north) were conducted for all woody species (minimum
diameter at 1 m above the ground of 2.5 cm) within each subplot in the three forests. Due
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to the frequency of multi-stemmed trees branching from a low height, the diameter of the
woody species was measured one metre above the ground instead of the traditional breast
height. Height was assessed using the ipsometer Haglof Vertex IV-360 (Haglof Sweden AB,
Léangsele, Sweden).

Each individual was evaluated according to 42 predetermined criteria based on
the Field Survey Guide for the Italian National Forest and Carbon Sinks Inventory
INFC2015 (https:/ /www.inventarioforestale.org /wp-content/uploads /2017 /10/INFC201
5_Guida_per_i_rilievi_in_campo_2016-12.pdf) (accessed on 24 March 2026) and ICP Forests
Manual of the International Co-operative Programme on Assessment and Monitoring of
Air Pollution Effects on Forests (https://forest.eea.europa.eu/resources/national-resource-
catalogue/resources/guide-for-field-surveys-infc2015-third-national-forest-inventory) (ac-
cessed on 24 March 2026). For clarity, these criteria were grouped into six structural
categories: roots, collar, trunk, crown, branches, and twigs/leaves. The assessment focused
on key indicators of tree health, including structural damage, signs of decay or disease,
canopy condition, and evidence of pest activity. Reproductive status was additionally
evaluated based on cone production and male flowering abundance. The complete list of
assessed variables is provided in the Supplementary Material (Table S1). All data were
documented in a binary format (1 = presence, 0 = absence), with the exception of some
parameters. Foliage transparency was assessed in percentages, classified in 5% classes.
Foliage mortality was categorized into five stages: from negligible mortality (0) to complete
crown loss (4). The decline was evaluated according to severity, ranging from minor leaf
loss (1) to significant stem damage (4) or branch-specific damage (5). The occurrence of
epicormic branches was assessed on a scale from 0 (absent) to 4 (plentiful). The abundance
of cypress cones and male flowers was evaluated using a five-tier classification, ranging
from 0 (absent) to 4 (very copious).

Additionally, a comparison of key morphological traits of C. numidica with those of the
two geographically closest species C. sempervirens and C. dupreziana was carried out. For
this purpose, fifty mature cones were collected from each of the three forests of C. numidica.
For each cone, the length, width, petiole length, number of scales, number of seeds, and the
weight of 1000 seeds were measured. The results were then compared (one-way ANOVA,
unequal N HSD post hoc test using the software Statistica 10.0) with those of the other two
taxa collected in Ingharoane, Djanet, Algeria (C. dupreziana), and Sesto Fiorentino, Florence,
Italy (C. sempervirens var. horizontalis), respectively.

Stand structural parameters such as mean diameter (MD), mean quadratic diameter
(QMD), density (N ha~!), basal area (G ha!), and volume (Vol ha~!) were calculated
for all living woody individuals (stems). The diameter variability of living individuals
was evaluated using the Gini index [26]. Gini index quantifies the deviation from perfect
equality, and has a [minimum value of zero, when all woody individuals are of equal size,
and a theoretical maximum of one in an infinite population in which all trees except one have
a value of zero. Moreover, woody species per hectare (N ha~!) and basal area (G ha~!) were
calculated only for C. numidica trees, splitting values for trees with “good” (vitality classes:
1-2) and “bad” (classes: 3-5) vitality status. Tree volume was calculated using allometric
models for C. sempervirens in Ali et al. (2023) [27]. All the analyses and elaborations were
performed through R Statistical Software (v. 2024.9.1.394, R Core Team, 2024).

2.3. Floristic Biodiversity

In each of the three forests, an inventory of the herbaceous and shrub species was made
to detail the floristic diversity and possible associated species. The species were carefully
photographed, and samples were taken to the laboratory for detailed observation and
subsequent identification using botanical keys and reference texts on Tunisian flora [1,28].
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In particular, reference was made to the work of El Hamrouni-Aschi (2016) [15] who studied
the phytosociological aspects of C. numidica forests. The Pl@ntNet app [29] was also used
as an additional support tool.

Ecological roles, including indications of disturbance and grazing pressure, as well as
species of particular conservation significance, were assessed using online databases and
resources such as the Plants of the World Online (POWO) [30], Euro + Med PlantBase [31]
and the book Important Plant Areas of the south and east Mediterranean region: Priority sites for
conservation [32].

2.4. Dendrochronological Analyses

In February 2025, two core samples were taken from six trees within each of the three
forest areas (Bou Abdallah, Sidi Amer, Dir Satour). Using a corer with 0.5 cm diameter,
18 cores were taken from 9 Cupressus numidica individuals (two cores from each tree) at
breast height (1.3m). The samples were transported to the laboratory, mounted on plastic
holders, and progressively sanded with increasingly fine sandpaper up to 2000 grit to
enhance ring visibility. Tree-ring boundaries were then identified under a stereomicroscope
(Wild M3Z Leica, Wetzlar, Germany) at 60 x magnification. High-resolution digital images
of the cores were acquired using the Skippy imaging system [33]. Individual images were
captured along each core and subsequently stitched together with PTGui 13.7 software to
produce a panoramic image of the sample, achieving a final resolution of approximately
6500 dpi. Tree-ring widths were then carefully cross-dated and measured using the software
9.8.4 CooRecorder (Cybis Elektronik & Data AB, Saltsjobaden, Sweden) and TSAP-win
(Frank Rinn, Heidelberg, Germany).

2.5. Threats Assessment and Risks Evaluation
2.5.1. Threat Assessment

A threat assessment was conducted after a thorough evaluation of each tree inside
the plots, according to specific criteria developed by Madéra et al. (2024) [34] (Table 1), a
careful and detailed assessment of the vast area through direct observations of C. numidica
forest areas and their surroundings, and finally conducting interviews with local people
and forest rangers.

Table 1. Categories and indicators of evaluated threats to cypress stands (adapted from Madéra et al.,
2024) [34].

Category

Description

Grazing Impact

Evaluated according to the intensity of current grazing, primarily by goats and
sheep, utilizing markers such as direct consumption of leaves as well as the
subsequent sprouting of epicormic shoots.

Tree Cutting

Characterized by the presence of cut sections or stumps of branches, and cormes,
which have been broken off manually or cut with sharp tools.

Active Roads

Assessed in relation to the proximity of roads (<50 m; 51-200 m; >200 m),
encompassing new road developments intersecting the examined regions.

Infrastructure/Establishments

Evaluated according to the closeness of trees to infrastructure developments,
encompassing rural houses (<50 m; 51-200 m; >200 m).

Agricultural Activities

Assessed based on the proximity of agricultural fields or plantations in the middle
of the cypress populations (<50 m; 51-200 m; >200 m).

Landslides

Documented via observable indicators of erosion, soil destabilization, exposed
rock formations, and revealed roots. Tree uprooting.

https://doi.org/10.3390/£17040438


https://doi.org/10.3390/f17040438

Forests 2026, 17, 438

8 of 32

Table 1. Cont.

Category Description
Damages recognized by insects such as bark beetle infestations, indicated by trunk
Pests perforations, predominantly impacting elderly or compromised trees, as well as
aphids, xylophagous, and phyllophagous.
Diseases Damage from pathogenic fungi has been evaluated in terms of foliage blight,

needle reddening and trunk depressions and resin exudation by visual inspections.

The aim was to carry out comprehensive evaluation and create a pragmatic benchmark
for the analysis of current and prospective threats to Numidian cypress.

Based on the methodology applied by Madéra et al. (2024) [34] for each of the eight
categories of threat reported in Table 1, intensity was established through visual obser-
vations as follows: absent (no observable indications of threat), minimal (indicators of
stress/damage are evident on individual trees or within the entire area, with a 30% inten-
sity), moderate (stress indications are evident on individual trees or throughout the area,
with an intensity between 30% and 60%), and severe (pronounced indicators of stress are
seen on individual trees or across the entire region, with an intensity ranging from 60%
to 100%). Subsequently, threat intensity for C. numidica populations was estimated as a
percentage based on the proportion of affected trees among the total number of inventoried
individuals within the circular plots of each of the three forest areas (Bou Abdallah, Sidi
Amer, Dir Satour). Importantly, the same trees assessed in Section 2.2 were used for this
threat assessment, ensuring an integrated and consistent analysis.

2.5.2. Pathogen Detection

In addition, since dead twigs or branches were observed on some trees across the three
C. numidica forests, sampling was conducted to explore the possible phytopathological
causes of these symptoms (leaf discoloration, cankers, resin exudation). Depending on
the accessibility of the trees and the reachability of symptomatic organs, twig or branch
symptomatic samples were taken from 8 trees—seven in the Sidi Amer forest and one in
the Bou Abdallah forest. Upon collection, the samples were promptly dispatched to the
plant pathology laboratories of the CNR-IPSP (Florence, Italy) and INSAT (Tunis, Tunisia)
for further analysis.

Fungal isolation was performed by cutting portions of symptomatic tissues under
sterile conditions; ten fragments per sample were taken from the area across necrotic and
healthy portions of each tissue and placed on PDA plates at 24 °C. Morphological (mor-
phology, colour and texture of the mycelium; shape and size of the spore) and molecular
identification of the resulting fungal isolates were done in accordance with the proto-
col established by Chtioui et al. (2025) [35]. Briefly, fungal mycelium grown on PDA
was scraped and lyophilized. Afterwards, DNA was extracted using a NucleoSpin Plant
II kit (Macherey Nagel GmbH and Co., Diiren, Germany) and used as a template in PCR
reactions. The amplified genomic DNA regions were the 5.85 rDNA Internal Transcribed
Spacer region (ITS), according to White et al. (1990) [36] for all the isolates and part of the
beta-tubulin (B-tub) region with the primers T1/Bt2b [37,38] only for the Seiridium genus.

The isolation frequency (IF) of genera/species of the isolated fungi was obtained
according to Franceschini et al. (2005) [39] as follows:

IF = Ni/Nt x 100
with Ni (number of fragments colonized by a fungus) and Nt (total number of plated

fragments).
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Algeria

Local communities offered significant insights into the dynamics and history of tree
populations, enhancing field observations. Furthermore, temporal visual comparisons
were conducted by analyzing satellite imagery from various years using Google Earth
software 7.3.6.10201. Images with sufficient definition were available for the periods March
2002—October 2023 for Bou Abdallah, August 2010-October 2023 for Sidi Amer, and October
2001-October 2023 for Dir Satour. The comparison of the images was aimed at detecting
tangible changes in the size and density of the three Numidian cypress forests, as well as
changes in the surrounding landscape due to fires, the construction of new infrastructure
such as houses, roads and firebreaks, or changes in cultivation or mining activities that
could constitute a disturbance or risk to C. numidica.

3. Results

3.1. Study Area
3.1.1. Natural Distribution of Cupressus numidica Forests

Cupressus numidica stands are distributed across three distinct forest areas in north-
western Tunisia (Figure 1): Bou Abdallah and Sidi Amer, located in the Governorate of
Siliana, and Dir Satour, situated in the Governorate of Kairouan (in the city of Oueslatia,
near the border with the Governorate of Siliana), approximately 120 km southwest of the
capital, Tunis. This region is part of the Dorsale Tunisienne, the eastern extension of the
Atlas Mountains.

J K'o

Q&!

Sidi Amer

Cupressus num:d/ca forests
"?" e R ety T

Figure 1. Mapping of the three Cupressus numidica (Dir Satour, Sidi Amer, Bou Abdallah) forests in
the geographical context (Tunisia).
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The species distribution is confined to these three forests within a 10 km radius, apart
from a few scattered trees nearby. Within this range, the forests are further divided into ten
nuclei, collectively covering an area of 64.33 ha and encompassing a combined perimeter
of about 14 km (see Table 2 for a summary of descriptive features of the ten nuclei). The
altitudes at the centres of gravity of these plots range from 518 to 1070 m, indicating
considerable topographic diversity.

Table 2. Geographic coordinates, altitude, and dimensions of the nuclei studied in the Bou Abdallah,
Sidi Amer, and Dir Satour C. numidica forests.

Latitude Longitude Altitude m.a.s.l.
Forests Nuclei Surface (ha) Perimeter (m) (Centroid of (Centroid of (Minimum-—
Polygon) Polygon) Maximum)
Bou Abdallah BA1l 3.39 1124 35.85 9419 930-1010
Bou Abdallah BA2 22.61 35,713 35.845 9424 900-1070
Bou Abdallah BA3 0.14 141 35.842 9427 1065-1070
Sidi Amer SA1l 12.32 2416 35.894 9466 720-760
Sidi Amer SA2 0.24 187 35.899 9464 715-720
Sidi Amer SA3 0.22 227 35.879 9473 710-720
Sidi Amer SA4 2.02 750 35.886 9,47 740-750
Dir Satour DS1 3.67 912 35.867 9528 545-595
Dir Satour DS2 19.06 4250 35.884 9547 500-540
Dir Satour DS3 0.69 422 35.863 9523 560-575

Bou Adallah (Figure S2) is a north-facing slope with rugged morphology, with marl
outcrops due to intense water erosion with boulder rolling also due to the considerable
slope (average measured slope of 33% with maximum of 51%). Bou Abdallah forest
(Figure 2A) hosts three separated nuclei (BA1-3) covering a total area of 26.33 ha, located
at altitudes ranging from 930 to 1070 m. Such conditions make the Bou Abdallah forest
the highest site of C. numidica. The largest nucleus, BA2, spans 22.61 ha with a perimeter
of 3.57 km, representing more than 33% of the total area of the C. numidica range. The
two remaining plots are smaller: nucleus BA1 covers 3.39 ha, while nucleus BA3 occupies
just 0.14 ha. This marked difference in surface area reflects a fragmented forest dynamic,
characterized by a substantial central core surrounded by smaller peripheral formations.

The Sidi Amer forest (Figures 2B and S2) consists of four distinct nuclei (SA1-4) along
the regional road C73 south of Seliana, situated at altitudes between 710 and 760 m.a.s ],
with a total area of 16.79 ha. The largest plot, SA1, forms a linear axis in the northern
part of the site, covering 12.32 ha with a perimeter of 2.42 km. In contrast, the other plots
(SA1-3) are smaller in size, ranging from 0.21 to 2.02 ha. This site exhibits a fairly uniform
and gentle topography and almost flat morphology (average slope of 2.5%), where there
are occasional outcropping marl slabs where C. numidica is concentrated. C. numidica is
particularly present also on the sides of the road C73, on the stone embankment, in the side
drains, and in areas of rock outcrops due to earthworks.

The Dir Satour forest (Figures 2C and 52) is situated on a southeast- facing barren,
rocky shoulder of marl with high average slope (48.9%) (Figure 2C) characterized by a very
thin and discontinuous soil layer. It is divided into three nuclei, covering a total area of
23.42 ha, at elevations ranging from 500 to 595 m.a.s.1., representing the lowest altitudinal
limit of the C. numidica range. The largest nucleus, DS2, forms a narrow, elongated strip,
occupying 19.06 ha and extending over a perimeter of 4.25 km. The smaller nuclei, DS1
and DS3, are separate and cover areas of 3.67 ha and 0.69 ha, respectively.
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Figure 2. Mapping of Cupressus numidica nuclei across the three forests. (A): Cartographic overview
of C. numidica nuclei in the Bou Abdallah area. (B): Distribution of C. numidica nuclei in the Sidi Amer
forest. (C): Distribution of C. numidica nuclei in the Dir Satour forest. Note: Scales differ between

panels for graphical clarity.
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3.1.2. Pedology and Soil Analysis

The geological substrate of the massif, where the forests of C. numidica are located,
is limestone marl. According to the Soil Atlas of Africa (2013) [20], the soils in all the
forests are classified as Eutric Cambisols (CMeu). Physical characterization highlighted
a sandy loam soil in Sidi Amer and Dir Satour and a loam soil in Bou Abdallah, where
the clay fraction was on average 14% higher than in the other two areas, in parallel with a
decrease of 18% in sand fraction. Soils of the Bou Abdallah and Sidi Amer areas showed a
lower aggregate stability index compared to Dir Satour soil (ASI, Table 3). The chemical
characterization showed an alkaline pH and a low EC in all study areas. Despite the higher
clay fraction of Bou Abdallah soil, the exchangeable cations were similar in all study areas.
The Dir Satour forest soil showed higher TN and TOC content compared to the other two
study areas, highlighting a similar C/N ratio. Moreover, soil in Dir Satour had higher
Olsen P, available Mn and Mo compared to Bou Abdallah. The analysis of heavy metals
did not show inorganic contaminants in all study areas (As, Cd, T1, Hg below the limit of
quantification, low Pb concentrations, i.e., on average 7.3 mg kg 1).

Table 3. Soil physical and chemical parameters. One-way ANOVA p-values are reported in the table
(ns = not significant, * = p < 0.05, ** = p < 0.01, *** = p < 0.001). If one-way ANOVA is significant,
Tukey’s test post hoc results are reported in the table as different letters. ASI = aggregate stability
index; EC = electrical conductivity; TN = total nitrogen; TOC = total organic carbon.

Parameter Unit Sidi Amer Bou Abdallah Dir Satour ANOVA
ASI 176 +13b 174+ 19b 298 £63a *
pH 8.10 +0.18 8.25 + 0.61 8.01 & 0.08 ns
EC dSm™! 0.81 £+ 0.37 0.61 +0.30 0.79 £ 0.35 ns

Exchangeable Ca mg kg ! 3721 £ 241 3924 + 242 3953 £ 276 ns
Exchangeable K mg kg ! 252 +121 242 + 114 222 423 ns
Exchangeable Mg mg kg ! 317 £ 50 287 +£77 354 + 34 ns
Exchangeable Na mg kg ! 58 £8 77+ 6 76 £ 11 ns
Available Cu mg kg ™! 122 £1.51 0.43 +0.22 0.48 4 0.22 ns
Available Fe mg kg ™! 10.3 £+ 6.42 2.80 +0.86 8.74 +1.20 ns
Available Mn mg kg ! 1.35 £ 0.56 ab 0.66 +0.32b 2294+ 055a *
Available Mo mg kg ! 0.09 & 0.02 ab 0.07 £ 0.08 b 0.19+0.02a *
Available Ni mg kg ! 0.32+0.16 0.03 +0.01 0.30 £ 0.21 ns
Available Zn mg kg ! 4.02 +1.65 1.81 £0.20 3.03 +£0.17 ns
Olsen P mg kg ! 6.86 &= 1.09 ab 5204+3.46b 11.74 +£0.80 a *
TN % 0.37 +0.08 b 0.17+0.13b 0.73+0.03a o
TOC % 420+095b 219+ 146D 792+ 1.14a o

3.1.3. Climatic Conditions

Figure 3 illustrates the long-term trends of minimum (T Min), maximum (T Max),
and average (T Avg) temperatures, as well as annual cumulative precipitation for the Bou
Abdallah forest. The temperature data reveal a statistically significant increase, as indicated
by the results of the Mann-Kendall test (p = 0.000) and linear regression analysis. These find-
ings confirm upward trends in minimum (slope = 0.04, R? = 0.60), maximum (slope = 0.04,
R? = 0.37), and average temperatures (slope = 0.03, R? = 0.48) (see Table 4). These results
highlight a continuous warming trend in the region throughout the examined period.
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Figure 3. Evolution of annual mean, maximum, minimum temperatures and cumulative annual
precipitation in Bou Abdallah (1981-2024). Evolution of minimum (yellow), mean (green), and maxi-
mum (red) temperatures, and cumulative annual precipitation (blue). The dotted lines represent the
linear trends calculated for each variable. Mann-Kendall tests indicate the trends for minimum, mean,
and maximum temperatures, as well as precipitation (p-value). The coefficients of determination (R?)
and the slopes of the linear regressions are shown in boxes for each time series.

Table 4. Results of the Mann—Kendall test and linear regression applied to climate series (mini-
mum, maximum, mean temperatures and annual precipitation) recorded at the Bou Abdallah site
between 1981 and 2024. The Mann-Kendall test is used to detect a monotonic trend in time series; a
p-value < 0.05 indicates a significant trend. The slope represents the estimated annual rate of change
based on linear regression, while the intercept corresponds to the estimated initial value. The Tau
coefficient expresses the strength of the trend, and the z-score indicates its statistical significance.

Name Mann-Kendall Test p-Value z Tau Slope Intercept
T. min. Increasing 9.34 x 1077 5.74 0.59 0.04 8.09
T. max. Increasing 0.000112 3.86 0.4 0.03 19.69
T. mean Increasing 7.06 x 107 4.95 0.51 0.03 13.72
Precipitations No trend 0.228889 1.2 0.12 1.23 352.75

However, the analysis of the precipitation time series does not reveal any statistically
significant trend, as indicated by the Mann-Kendall test (p = 0.229) and the low R? value
(0.03) from the linear regression (slope = 1.23). This implies that, despite a significant
increase in temperatures, there is no clear trend regarding precipitation, indicating a lack of
correlation between rising temperatures and precipitation patterns in the studied region.

The Walter-Lieth climate diagram, developed for the 1991-2020 period, was specifi-
cally designed for the Bou Abdallah site, 969 m a.s.l. (Figure 4). This diagram illustrates the
seasonal fluctuations of temperature and precipitation, providing insight into the region’s
specific climate. The annual mean temperature is 14.3 °C, reaching a monthly peak of
32.2 °C during the summer season and dropping to 1.9 °C in winter. The total annual

precipitation amounts to 347 mm.
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Walter Lieth Diagram - Climatology: 1991-2020;
Site: Dechret Bou Abdallah (Tunisia)

Elevation: 969 m a.s.l.

Longitude: 9° 42' 30 Average Yearly Temperature: 14.3°C
Latitude: 36° 25' 51 Cumulated Yearly Precipitation: 347 mm 566
Max:
32.2°C
Min: 50 100
1.9°C
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Figure 4. Walter-Lieth climate diagram for Bou Abdallah site (1991-2020). The average monthly
temperature is represented by the red line, while the average monthly precipitation is shown by the
blue line.

The diagram clearly highlights the dry season, which extends from mid-May to the end
of September, during which temperatures exceed precipitation levels—indicative of the arid
conditions typical of Mediterranean climates. Conversely, the rainy season occurs mainly
in winter and early spring, marked by precipitation levels more than twice the temperature.
The pronounced summer drought and relatively wet winters are characteristic features
of a semi-arid Mediterranean climate, underscoring the significant seasonal variability
in the climate of the region. The distribution area of C. numidica is considered upper
and mean semi-arid [40] and belongs to the arid, steppe, hot (BSh) climate following the
Koppen-Geiger classification [41].

The monthly cumulative precipitation data from the ERA5-Land dataset for Bou
Abdallah, covering the period from January 2020 to December 2024 (Figure 5), highlight
significant interannual variability in rainfall amounts, reflecting the climatic fluctuations
typical of semi-arid Mediterranean regions. In 2023, the highest annual precipitation was
recorded, reaching 449 mm, closely followed by 2020 with 448 mm. In contrast, 2021 regis-
tered the lowest annual total with 297 mm, while 2024 recorded a similarly low amount of
306 mm. It is worth noting that the highest monthly precipitation levels were observed in
March 2020 (116 mm) and October 2022 (199 mm), indicating episodes of intense rainfall.
The data reveal a marked seasonal variability, with most precipitation concentrated in late
autumn and winter, while summer months consistently show low rainfall levels. This
pattern aligns with the regional climate context, characterized by pronounced summer
droughts and sporadic heavy rains during transitional seasons. These observations empha-
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size the impact of seasonal climate fluctuations and interannual variability on precipitation
patterns in the Bou Abdallah.

Monthly Precipitation, since Jan 2020
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Figure 5. Cumulative monthly precipitation at Bou Abdallah from January 2020 to December 2024,
based on ERA5-Land data.

3.2. Woody Species and Forest Stand Description
3.2.1. Tree Level Assessment

Interestingly, we can observe different patterns of damage distribution among sites:
in Bou Abdallah there is a clearly higher proportion of all types of “collar” damages,
with respect to the other sites. However, no root, twig or leaf damage is observed in Sidi
Amer (Figure 6). Branch and trunk damage is widespread in all sites, with exceptions for
“depressions/necrosis” and “cracked bark” that are present in low proportions only in
Bou Abdallah. Among types of branch damage, open and healed wounds are the most
(positively) correlated with tree diameter (Figure S3). Regarding tree crowns (Table S2a),
trees in Sidi Amer are the healthiest, according to the presence of almost 30% of the trees
with very abundant reproductive cones (Table S2b). Contrarily, the Dir Satour site presents
44% of trees with damage to the entire crown.

Concerning cone morphological traits (Table 5), C. numidica showed smaller cones
than C. sempervirens (similar to those of C. dupreziana) with a significantly lower number of
scales and a shorter peduncle. The number of seeds per cone of C. numidica was similar
to that of C. sempervirens, while C. dupreziana showed a very reduced number of seeds.
Conversely, the weight of the seeds of C. numidica was the smallest among the other
Afro-Mediterranean taxa.

Table 5. Cone and seed traits of Cupressus numidica, C. sempervirens var. horizontalis and C. dupreziana.
For each parameter, the average is reported followed by the standard error. Different letters indicate
significant differences (one-way ANOVA, unequal Unequal N HSD post hoc test).

Species Cone Length (mm) Cone Width (mm) N° of Scales Cone Peduncle N of Seeds
Length (mm) per Cone
Cupressus numidica 239+02a 226 +02b 10.7+0.1a 37+02a 153 £ 6b
Cupressus sempervirens 34£07b 264 +04c 131+02c 51+0.5Db 172+ 5b
Cupressus dupreziana 23+£02a 16.7£02a 119+ 0.1b 53£0.1b 57+2a
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Figure 6. Damage (binary data) type proportions among sites for Cupressus numidica, divided into
damage categories. See Table S1 for code explanations.

3.2.2. Forest Stand Assessment

Considering woody individuals’ diameter frequency distribution, Figure 6 highlights
different distribution patterns among sites: a roughly bell-shaped distribution for Bou
Abdallah and Dir Satour, with C. numidica covering almost all diameter classes in Bou
Abdallah, and a two-layered stand for Sidi Amer, where the lower tree layer is entirely
composed of Pinus halepensis (see Figures 7 and 8). Cupressus numidica is generally charac-
terized by trees with high mean diameter (Figure 7) and very low heights (Figure 9), except
for Bou Abdallah where very high trees are growing in the lowest part of the forest near a
watershed, outside the sampled areas (see Section 2.1). The graphs clearly highlight the
lack of a regeneration layer of C. numidica in Dir Satour, and of intermediate classes for Sidi
Amer. Figure 8 shows no regular or clumped horizontal distribution patterns of trees. The
structural and productivity characteristics of the sampled plots varied across plots and sites
(Table 6). Tree density ranged from 70.77 to 184.01 trees ha~!, with Bou Abdallah and Dir
Satour plots showing the highest values. Quadratic mean diameter (QMD) and mean diam-
eter (MD) also differed among plots, reflecting variability in stand structure; for example,
QMD ranged from 55.07 cm in Bou Abdallah 2 to 95.83 cm in Bou Abdallah 1. Basal area
per hectare (G ha~!) was markedly higher in Bou Abdallah 1 (112.30 m? ha~!) and lowest
in Dir Satour 3 (26.14 m? ha~!). The Gini index, indicating structural inequality in tree
diameters, ranged from 0.18 to 0.42, with more homogeneous stands showing lower values
(Dir Satour 3, Bou Abdallah 3). Bou Abdallah 2 is the most structurally heterogeneous plot.
Total stand volume per hectare (Vol ha~1) followed a similar pattern, with Bou Abdallah
1 reaching 517.06 m3 ha~1. Overall, these data illustrate substantial spatial variation in
stand structure and productivity across the studied sites. Finally, for the Bou Abdallah site,
we can observe the highest percentage (up to 100%) of tree volume of bad vitality status,
followed by Dir Satour and Sidi Amer (Table 7).
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Figure 7. Stem diameter (1 m above ground) frequency distribution (number of trees ha~!) in the
three sites: Cupressus numidica in blue, all the other tree species in red.

Bou Abdallah 1

- -
-

Bou Abdallah 2

@

Bou Abdallah 3

g S ; )
10 4 s A o — B & "
: ‘a A + .
’ W v )
/ ! f) L
4 T . L
I ' L 1 .
0 4 1 1 ! O 1 i H
1 ’ e ? bl ¢
Al 4 L ’ 1 4
L ) \ i . )
1) - )
S <
. .
.

Dir Satour 3

.
¢
L)
o ! “.
1
1

O
&

-
h

“
4
*

-
-

20 10 0 10 20 10 0 10
Crataegus sp.
Olea europaea
Cupressus numidica

Pinus halepensis

X (m)

Figure 8. Crown diameter projection and position in each surveyed plot of Bou Abdallah, Dir Satour
and Sidi Amer C. numidica forests divided into woody species. The different sizes and shapes of the
crowns are proportional to the real measurements taken on the ground (crown diameter). X (m) and
Y (m) represent the spatial coordinates in metres within the sampled circular plot. Dashed circle
represents the plot area.
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Figure 9. Woody species height distribution (number of woody species with diameter above 1 m from
the ground > 2.5 cm) in each surveyed plot of Bou Abdallah, Dir Satour and Sidi Amer C. numidica
forests divided for into woody species. In Dir Satour 1, the red colour of Crataegus sp. appears dark
blue due to transparency colour blending.
Table 6. Cupressus numidica stand structural parameters for each surveyed plot of Bou Abdallah,
Dir Satour and Sidi Amer C. numidica forests. N ha~! = number of trees per hectare; QMD = mean
quadratic diameter; MD = mean diameter; G ha—! =basal area; Vol ha=! = tree volume per hectare.
Plot PlotID N ha-1 QMD MD Gha! Gini Index Vol ha—1
1 Bou Abdallah 1 155.70 95.83 88.42 112.30 0.23 517.06
2 Bou Abdallah 2 169.85 55.07 44.06 40.46 0.42 146.74
3 Bou Abdallad 3 155.70 78.75 73.05 75.84 0.21 283.58
1 Dir Satour 1 113.23 62.95 58.00 35.24 0.24 127.82
2 Dir Satour 2 184.01 57.64 51.45 48.01 0.29 205.59
3 Dir Satour 3 70.77 68.58 65.10 26.14 0.18 123.03
1 Sidi Amer 1 99.08 65.59 58.64 33.47 0.27 168.75

Table 7. Cupressus numidica trees per hectare (N ha~1) and basal area (G ha—1) divided into “good”
(vitality classes: 1-2) and “bad” (classes: 3-5) vitality status proportion (in percentage).

N ha1 Gha1
PlotID % Good % Bad % Good % Bad
Bou Abdallah 1 0.0 100.0 0.0 100.0
Bou Abdallah 2 16.7 83.3 40.6 59.4
Bou Abdallad 3 0.0 100.0 0.0 100.0
Dir Satour 1 12.5 87.5 2.0 98.0
Dir Satour 2 30.8 69.2 23.1 76.9
Dir Satour 3 40.0 60.0 15.4 84.6
Sidi Amer 1 429 57.1 53.3 46.7

3.3. Floristic Biodiversity

Floristic surveys across the three study sites revealed noticeable differences in species
richness and composition. Bou Abdallah was the least diverse, with 13 species recorded,
dominated almost entirely by C. numidica, alongside a few shrubs and herbaceous plants.
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Sidi Amer showed the highest species richness, with 22 species in a mixed forest
dominated by Pinus halepensis and scattered C. numidica.

Dir Satour contained nine species, with mature C. numidica stands growing alongside
olive trees.

Some species were present at more than one site. For example, Olea europaea subsp.
oleaster occurred in all three sites, Juniperus oxycedrus subsp. oxycedrus and Rhamnus lycioides
were found in both Bou Abdallah and Sidi Amer, and Marrubium vulgare occurred in Sidi
Amer and Dir Satour.

Overall, across the three sites, 41 species from 21 families were recorded. A detailed
floristic inventory for each site is provided in the Supplementary Material (Table S3).

The floristic composition also features ten species that serve as useful indicators of
ecological disturbance and grazing pressure. In addition, four taxa stand out for their
ecological and conservation significance (Table 54).

3.4. Dendrochronological Analyses

Tree rings of only 6 out of the 18 cores were clearly identified (Figure S4) and dated,
because of the presence of many intra-annual density fluctuations, probably caused by
a summer stop in tree growth induced by extreme dry conditions [42,43]. The oldest
innermost ring was dated back to 1883, whereas the youngest was dated to 1966. Some
of the trees are therefore older than 150 years. Tree-ring width measurements across the
analyzed period ranged from 0.08 to 6.13 mm (Figure 10).
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Figure 10. The tree-ring width (mm) time series of C. numidica from 1883 to 2024. The coloured lines
represent individual growth curves, while the darkest line indicates the mean value. The mean curve
was derived from a minimum of three individuals. (1.1a) Sidi Amer, Tree 1, core a; (1.2a) Sidi Amer,
Tree 2, core a; (1.2b) Sidi Amer, Tree 2, core b; (2.1a) Bou Abdallah, Tree 1, core a; (2.3b) Bou Abdallah,
Tree 3, core b; and (3.1b) Dir Satour, Tree 1, core b.

3.5. Threats Assessment and Risks Evaluation
3.5.1. Threat Assessment

Direct observation and numerous in-depth interviews with local forestry staff provided
all the information reported. Officially, there have been no silvicultural activities since
the 1970s. The C. numidica forests are protected by a national forest protection law, so no
silvicultural practices are allowed. However, occasional illegal cuts of trees have been
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observed, especially branches and trunks due to mule pack logging. Bou Abdallah is
subject to heavy pressure from domestic animals (goats and sheep), with high trampling
and grazing pressure, which causes marked erosion processes, lack or growth limitations of
herbaceous and shrub layers and widespread damage to trees (root damage, exposed root
collars and uprooting) (Figure 11). Agricultural activities include barley cultivation on the
Kesra plateau, at the top of BA2 and BA1, and a fig tree plantation below BA1 (Figure 12).
According to the testimonies collected, the forest of Bou Abdallah benefited from protection
during the French colonial period, thanks to the installation of fences and continuous
monitoring by forest rangers. After independence, these protective measures were lifted,
and a gradual exploitation of the forest ecosystem has taken place, including tree/branch
felling (still active, as evidenced by recent cuts), and the conversion of certain wooded areas
into agricultural land. The complete absence of wood on the ground indicates intensive

wood gathering for domestic use by the local population.

Figure 11. Grazing pressure on Bou Abdallah C. numidica stands: (a—d). Illustration of intensive
grazing activity observed at the study sites: (a,c). Flock of sheep grazing at the base of the trees,
(b). Donkey tied in the shade of a cypress tree, (d). Signs of repeated trampling by animals at the foot
of the trees.

Figure 12. Agricultural activities within and along the edges of Cupressus numidica stands at Bou
Abdallah: (a,b). Visual evidence of agricultural pressure on the forest habitat. (a). Cereal field in
the sprouting phase, integrated within the stand, (b). Fig orchard cultivated at the periphery of the
cypress stand.
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The Sidi Amer forest currently appears to be the least threatened (Table 8), although
its proximity to the C73 road provides easy access for potential logging and deforestation
and a possible starting point for forest fires. The proximity to the road poses a threat in
itself because it facilitates anthropogenic threats that must be considered for the future
survival of this C. numidica nucleus. In this forest, both domestic and wild grazing appears
to be minimal; the soil is of good quality and biodiversity is higher than in the other stands.
Human logging seems also limited to Aleppo pines, while cypress trees appear to have
been untouched for many years. However, the potential expansion of existing agricultural
areas in the vicinity of the forest could raise an additional risk.

Table 8. Severity of threats in the three remaining Cupressus numidica populations.

Category Bou Abdallah Sidi Amer Dir Satour

Grazing Impact Severe Minimal Moderate

Trees Cutting Severe Moderate Moderate
Proximity to Active Roads Minimal Severe Moderate
Infrastructure/Establishments Absent Moderate Moderate
Agricultural Activities Moderate Moderate Moderate

Landslides Severe Absent Absent

Pests Minimal Minimal Minimal

Diseases Minimal Minimal -

The main problems observed in the forest of Dir Satour (Table 8) are of a geomor-
phological nature, limiting the availability of microsites favourable to the establishment
of natural regeneration. Grazing by domestic animals is still present, although relatively
limited, as is timber harvesting (cutting of branches and logs). Furthermore, the morphol-
ogy of the site, a homogeneous rocky slab, and the surrounding land use (rural homes and
cultivated fields, mainly olive groves) severely limit any possibility of territorial expansion
of C. numidica on the surface. This relatively accessible topographical context also increases
the vulnerability of the forest to direct human pressure, particularly logging.

The presence of young cypress trees is in general extremely limited and damaged
by livestock grazing. The pressure from livestock is so high in Bou Abdallah that the
herbaceous and shrub layers are practically absent. At Sidi Amer, there is little evidence
of grazing by domestic or wild animals. Although there has been some moderate felling
of branches and trees, the presence of young individuals and some natural regeneration
indicate a relatively dynamic forest condition. Finally, Dir Satour is the only site where
recently dead trees can be found, possibly because of a combination of limited soil and
lower altitude exacerbating droughts.

The comparison of satellite images in Google Earth Pro allowed us to identify mining
activities in the vicinity of Bou Abdallah, involving the movement of stone materials. These
activities were particularly active in the area between August 2010 and April 2017, at an
altitude to the west—southwest of the core of C. numidica BA2 and between BA2 and BAL.
Also, near Bou Abdallah, less than 2 km away from BA2, a large forest fire broke out
between February 2014 and April 2017, which completely destroyed the vegetation in the
area. In the Sidi Amer area, right at the intersection with SA1, between February 2021 and
May 2022, a firebreak strip was widened, doubling its width to the current approximately
32 m. Other minor forest roads were widened in 2018. Although necessary, all these
activities have had an impact on the natural area of Sidi Amer and may have resulted in the
felling of some C. numidica trees. Finally, in the area surrounding Dir Satour, intense olive
tree planting was recorded in the plain below between October 2001 and August 2010, but
limited to a few dozen metres from the forest. At the same time, many hedges surrounding
rural houses in the area were cut down. Finally, between August 2013 and March 2013, the
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local road running along the bottom of the DS2 area was widened and asphalted, and some
C. numidica plants closest to the road disappeared.

3.5.2. Pathogen Detection

One of the main phytopathological findings was the isolation of the canker fungus
Seiridium cardinale from 14.3% of the symptomatic trees in Bou Abdallah. Several other fun-
gal species were also recovered, with Holmiella junipericola clearly predominating (38.1%),
followed by Paraconiothyrium hakeae (12.7%). Additional genera belonging to different fami-
lies were detected at lower frequencies, particularly members of the Didymosphaeriaceae,
including Pseudocamarosporium and Didymosphaeria. Overall, a total of 14 species were
identified based on combined molecular and morphological characterization (Table 9).

Table 9. The isolation frequency (IF) of fungal species from symptomatic branches/stems of C.
numidica (8 trees; 14 fungal species) assessed in Sidi Amer and Bou Abdallah.

Species IF (%)
Holmiella junipericola 38.1
Seiridium cardinale 14.29
Paraconiothyrium hakeae 12.7
Pseudocamarosporium brabeji 9.52
Didymosphaeria variabile 6.36
Foliophoma camporesii 3.17
Penicillium sumatrense 3.17
Cytospora cedri 1.59
Fusarium equiseti 1.59
Fusarium incarnatum 1.59
Fusarium solani 1.59
Pestalotiopsis funereoides 1.59
Pseudocamarosporium pini 1.59
Sarea resinae 1.59

4. Discussion

This study provides an updated field-based overview of the remaining populations of
the endemic relict conifer C. numidica, highlighting their extremely restricted distribution.
Now limited to three small and fragmented forest patches covering only a few hectares,
these populations represent the last reservoirs of the species” genetic diversity and call for
integrated restoration and conservation actions.

Importantly, C. numidica is a unique biological and cultural treasure: one of the few
surviving relict cypress taxa in North Africa, with distinctive morphological and genetic
traits that set it apart from other Mediterranean cypresses. Its presence not only strengthens
ecosystem resilience but also shapes the landscape’s identity and offers opportunities for
nature-based tourism. Moreover, the presence of large, long-lived individuals further
enhances the landscape value of these forests and may also offer potential for nature-
based tourism.

By studying its ecological preferences, such as soil types, slope, microclimate, and
water availability, we can identify the optimal conditions where the species naturally
thrives. This knowledge directly informs conservation strategies, enabling us to select
suitable sites for in situ protection, guide ex situ plantations, and plan assisted migration
efforts in areas that mimic the species’ natural habitats. In other words, understanding
the species’ ecology allows us to target conservation actions precisely where they are most
likely to succeed, rather than applying generic measures.
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4.1. Climatic and Edaphic Constraints

The climatic assessment of temperature and precipitation regimes are fundamental
ecological drivers for Mediterranean conifers. Numerous studies have demonstrated that
warming, reduced rainfall, and extreme drought events strongly influence conifer physiol-
ogy, affecting photosynthetic performance, radial growth, regeneration capacity, and vul-
nerability to abiotic stressors such as water scarcity and heat waves [44]. In Mediterranean
forests, conifers typically show negative growth responses to rising temperatures and
drought conditions, with drought-induced photosynthetic downregulation, morphological
acclimation, and increased crown dieback documented across several species. Precipitation
patterns are similarly critical, as water availability explains a large proportion of variation
in growth, stand productivity, and natural regeneration in Mediterranean conifer forests,
with Pinus halepensis showing growth responses primarily driven by rainfall inputs and
increased sensitivity under arid conditions. These climatic constraints directly underpin
many of the ecological patterns observed in C. numidica, including limited regeneration,
reduced vitality, and the presence of intra-annual density fluctuations in tree rings.

For these reasons, the climatic analysis constitutes an essential ecological result rather
than a descriptive attribute of the study area, supporting the overarching goal of identifying
environmental limitations affecting the persistence of this endangered species [45].

Our site-level warming estimate (0.03-0.04 °C yr~!) aligns with Mediterranean-basin
assessments that identify the region as a climate-change hotspot, warming faster than
the global average and experiencing intensified summer heat and drought. These basin-
scale findings [46] corroborate the magnitude and direction of the ERA5-Land trend we
document. The warming signal is consistent with the field evidence observed across
our forests: crown dieback and recent mortality in Dir Satour, scarce recruitment, and
progressively narrower tree rings, in line with basin-wide reports of hotter, drier summers
and increasing drought stress on Mediterranean woody vegetation.

Understanding seasonal and interannual variations and trends in precipitation and
temperature is essential for informing decisions related to forest species conservation, land-
use planning, and climate change adaptation, particularly in vulnerable Mediterranean
regions too. The climate of Bou Abdallah reveals significant seasonal variation in precip-
itation, with rainfall concentrated mainly in late autumn and winter, while the summer
months consistently show low precipitation levels typical of Mediterranean climate. The
uneven distribution of rainfall directly impacts the hydrological regime of forest ecosys-
tems, especially in regions characterized by rugged terrain and erosion-prone soils. The
combination of prolonged summer droughts and intense precipitation during transitional
seasons intensifies water erosion processes [47-49], particularly on the steep slopes of Bou
Abdallah. Soil erosion weakens the trees, undermining both their anchorage (i.e., in Bou
Abdallah) and nutrient uptake capacity, while also making them more vulnerable to biotic
stressors. In addition, the yearly fluctuations in precipitation, but above all the increasing
trend of temperatures, may be linked to the impacts of global climate change, which exacer-
bate seasonal contrasts and increase the frequency of extreme weather events [50,51]. These
changes increase the vulnerability of those forest ecosystems by disrupting tree growth
cycles, affecting natural regeneration, and intensifying prolonged water stress [52-54] as
observed especially in Dir Satour where few trees or upper parts of other trees are dying
because of the drought. Recognizing these environmental pressures is crucial for guiding
conservation efforts that protect the genetic diversity of C. numidica while also maintaining
the ecosystem services these forest patches provide.

Under future scenarios, continued warming and drought intensification projected for
the Mediterranean Basin—especially over its southern margins—are expected to reduce
water availability and amplify heat extremes, exacerbating hydraulic stress, regeneration
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failure, and vulnerability to pathogens in C. numidica. Targeted conservation (protection of
recruitment microsites, control of browsing, soil/erosion stabilization, fuel-load manage-
ment, and ex situ safeguarding) will be crucial to sustain population viability [55,56].

4.2. Stand Degradation and Health

Consistently, dendrochronological analyses revealed a declining trend in tree-ring
width over the last decade (Figure 10), with progressively narrower rings that generally
reflect less favourable growing conditions [57-59]. Nevertheless, this pattern may also be
partially influenced by age-related growth dynamics, as ring width commonly decreases as
trees mature, regardless of external environmental constraints [60].

The interaction between climatic and anthropogenic factors leads to a complex process
of soil degradation, threatening the ecological balance of forests [61,62]. The analysis
of soil traits highlighted an overall higher quality of soil in Dir Satour despite being
limited to accumulations in cracks in the bedrock. This area showed higher TN and
TOC contents and 2-3 times higher available concentrations of other important nutrients
such as P, Min, and Mo. This result was further corroborated by the texture analysis that
showed a higher aggregate stability of soil in this area compared to Sidi Amer and Bou
Abdallah. Indeed, the organic matter component is one of the main factors influencing
soil stability [63] and TOC was about twice that of the other sites. On the other hand,
Bou Abdallah soil showed the highest clay fraction but the lowest concentration of TN,
TOC, and several nutrients, probably due to the lower stability and higher susceptibility
to the erosion processes [64]. Besides soil quality, structural attributes of forest stands,
beyond helping differentiate structural types, are also valuable indicators for assessing
forest ecosystem health [65]. A combined analysis of structural characteristics (density,
basal area, average height, quadratic mean diameter, Gini coefficient), health parameters
(vitality classes), and species composition reveals distinct ecological trajectories across the
three study sites. Bou Abdallah shows the most advanced signs of degradation, followed
by Dir Satour, while Sidi Amer displays relatively higher overall tree vitality. Oliver and
Larson (1996) [66] highlighted that both stand density and vitality tend to decline with
age due to the progressive mortality linked to reduced resilience to disturbance. The three
forests are not very dense; the crowns of the trees rarely touch each other, and consequently
the canopy coverage is almost never complete. In all three forests, the trees have been more
or less severely mutilated in the past (large branches or trunks cut at various heights), but
to a greater extent in Bou Abdallah and Dir Satour than in Sidi Amer. This is in agreement
with the lowest values of all elements measured in soil considering the importance of
deadwood in promoting the accumulation of organic carbon and other nutrients [67]. Sidi
Amer is the least degraded forest core, where human impact is minimal and ecosystem
complexity is more balanced. This is undoubtedly an important factor in planning the
protection of C. numidica, which should prioritize this area as a potential core for the species
to spread to neighbouring areas.

Collectively the results about stand structure and health status highlight that the
threats to C. numidica cannot be attributed to a single cause but result from a combination
of limiting factors: edaphic and hydric, mechanical injuries of natural or anthropogenic
origin, and opportunistic pathogens. The diversity of observed symptoms, their variable
distribution across sites, and the presence of a diverse fungal complex support the need for
an integrated health management approach that considers both local ecological conditions
and the biological interactions at play.
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4.3. Anthropogenic and Biotic Pressures

During the French colonial period, the studied forests were subject to strict oversight,
including fencing (Bou Abdallah). This protection system contributed to the preservation
of the ecosystems for several decades. However, Tunisian independence (1956), coupled
with increased poverty among rural populations, led to intensified exploitation of forest
resources (unauthorized land clearing, logging, intense grazing, and land-use changes for
agricultural purposes). These practices, often driven by subsistence needs, resulted in a
notable reduction in the geographical range of C. numidica, as well as a decline in plant
density and diversity within these stands, highlighting the close correlation between socio-
economic vulnerability of rural population and surrounding forest ecological degradation.
In particular, the local ranger from the General Directorate of Forestry of Seliana reported
that both BA1 and BA3 nuclei are remnants of a formerly wider distribution of C. numidica,
possibly connected to the BA2 nucleus, which persisted until the area was progressively
clear-cut for illegal stone quarrying or agricultural purposes from the 1960s until about
20 years ago, when protection measures were enforced. Among the key drivers of long-
term persistence for C. numidica, continuous grazing is particularly critical. Livestock
browsing prevents seedling establishment and interrupts the natural regeneration cycle,
while trampling accelerates soil erosion on steep slopes, weakening mature trees over time.
Maintaining regeneration processes and soil integrity is therefore central to the survival of
this taxon.

Human-induced disturbances exert a significant and variable influence on forest
ecosystem dynamics, whether chronic or occasional. Regular disturbances such as grazing
lead to the gradual evolution of plant communities, resulting in reduced floristic diversity
and the survival of only the most resilient species. However, if the frequency and intensity
of such disturbances decrease, ecological resilience may allow for partial restoration of
forest structure. In contrast, irregular disturbances such as unplanned logging, wildfires,
or stump removal can cause permanent alterations, like matorralization or steppization,
and may ultimately lead to the complete disappearance of forest ecosystems [61]. This
highlights the importance of striking a balance between the coexistence of C. numidica
and local populations who rely on basic subsistence activities such as gathering wood
for cooking and heating. These populations must be made aware of the situation and
involved in order to successfully protect the taxon. Based on the floristic composition,
El Hamrouni-Aschi (2016) [15] proposed two new association for the C. numidica forests:
Astragalo numidici—Erinacetum shoenenbergeri (especially in Bou Abdallah and Sidi amer),
and Cupresso numidicae—Asparagetum albi (especially in Dir Satour) as an advanced status
of degradation of Quercetalia ilicis. The association in Sidi Amer (and partially in Bou
Abdallah) was expressed as open matorral with two levels: one with Cupressus numidica
and Pinus halepensis, and a second dominated by Mediterranean shrubs such as Asparagus
albus L., Calicotome villosa subsp. intermedia (C. Presl) Quézel and Santa, Quercus ilex
subsp. ballota (Desf.) DC, Phyllirea latifolia L., Juniperus oxycedrus L. subsp. oxycedrus,
Rosmarinus officinalis L., and Erica multiflora L., while in Dir Satour an intermediate layer of
Olea europaea subsp. oleaster (Hoffmanns and Link) Negodi and few ancient specimens of
Ceratonis siliqgua L. are also present with a very reduced appearance of shrubs and grass due
to the soil limitation.

Bark stripping marks and open or healed wounds were observed on more than 80%
of the trees, both on trunks and branches across the three studied sites. These alterations
are the result of direct human activities, both past and present [68]. The high frequency
of multi-stemmed trees, a trait linked to repeated browsing and induced regrowth [69],
reflects the adaptive capacity of C. numidica in the face of intensive grazing, as reported for
many tree species [70].
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In addition to the anthropogenic, animal-related, and abiotic pressures, field obser-
vations revealed a high incidence of symptoms indicative of wood-boring insect activity,
as reported by Roques et al. (1999) [13]. Among these, Phloeosinus aubei, a beetle of the
Scolytinae subfamily identified on C. numidica [71], is considered one of the most harmful
insect pests of cypress. Our field observations reveal a significant prevalence of symptoms
associated with fungal disease such as resin exudation, lesions, and necroses affecting
trunk, branches, and twigs. Fungal infection symptoms were also observed, particularly at
Bou Abdallah, Dir Satour and, to a lesser extent, Sidi Amer. In Tunisia, several pathogenic
fungi have been identified on C. sempervirens, including Diplodia cupressi, Diplodia seriata,
Phaeobotryon cupressi, Seiridium cardinale, Pestalotiopsis funereoides, and Didymosphaeria vari-
abile [35,72,73]. Our study confirms the presence of S. cardinale and P. funereoides on C.
numidica, marking the first official record of these pathogens on this rare endemic taxon.
Importantly, this is also the first report of S. cardinale in a natural Cupressus population in
the Mediterranean. Finding it in Sidi Amer and Bou Abdallah, over 120 km from the coastal
areas where it was previously detected [35], is surprising, especially given the lack of
continuous cypress populations linking these sites. S. cardinale, the fungus behind cypress
canker disease (CCD), is one of the most aggressive and deadly pathogens of cypresses [74].
It has caused serious losses in planted cypress populations elsewhere, and its presence in
native stands of C. numidica represents a real threat to the survival of this species. Because
of the severity and potential spread of S. cardinale, immediate monitoring and management
are crucial to prevent further decline. We also found that Holmiella junipericola was quite
common, representing 38% of observed fungi. Its role is less clear; it could be a secondary
pathogen rather than a primary pathogen, but its dominance suggests it deserves further
attention to understand its impact on C. numidica.

4.4. Integrated Conservation Framework

Although the study area is nowadays formally designated as protected under the
authority of the General Directorate of Forests, field evidence suggests that current measures
are insufficient and, in many cases, poorly adapted to local contexts. While part of the
challenge lies in the lack of personnel for on-the-ground monitoring and a systematic
scientific monitoring framework, the broader issue appears to be the exclusion of local
communities from environmental governance structures that significantly undermines the
effectiveness of conservation efforts. As noted by Van Damme and Banfield (2011) [75] and
Madeéra et al. (2024) [34], raising awareness among local communities about the ecological
and cultural value of native forest species, while ensuring they derive tangible benefits
from conservation efforts, is a prerequisite for long-term sustainability and regeneration
success. In this context, immediate and practical in situ measures could include locally
driven awareness initiatives and participatory actions aimed at limiting illegal logging
while encouraging a sense of shared responsibility for the protection of remaining stands.

Field observations further suggest that the long-term persistence of C. numidica de-
pends on a small number of key ecological factors. Among them, grazing pressure appears
to play a central role in limiting population renewal, as continuous browsing prevents
seedling establishment and disrupts the natural regeneration cycle. At the same time, live-
stock trampling accelerates soil erosion on steep slopes, reducing soil stability and water
retention capacity, which gradually weakens mature trees. Maintaining both regeneration
processes and soil integrity therefore emerges as a fundamental condition for ensuring the
long-term survival of this taxon within its native habitats.

Current conservation strategies, whether implemented in situ or ex situ, aim to safe-
guard both species-level biodiversity and the ecosystems that support it [76,77]. These
measures have become central to integrated conservation frameworks [78] and are espe-
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cially critical for rare or narrowly distributed species [77,79]. The creation of arboretums
for seed collection or vegetative propagation material such as grafting scions, strength-
ening local forest nurseries, and reforestation in neighbouring areas, as already done for
other extremely endangered conifers [80] could be part of the conservation strategy for
C. numidica. Alongside these efforts, establishing clonal and seed-production plantations,
together with long-term storage of seeds in dedicated conservation banks, would help
preserve the original genetic material and secure resources for future restoration actions.

In addition, the removal of non-native cypress trees (young plantations of C. serm-
pervirens var. stricta have been noted near Bou Abdallah) and their replacement with C.
sempervirens var. numidica is essential to prevent hybridization and genetic pollution.

As such, the conservation of endemic C. numidica stands cannot succeed without a
strong and constructive partnership with local populations. Indeed, local people’s lives and
culture are inextricably linked to this tree. Its wood has high-quality carpentry qualities
and was used for hedge constructions. The tree is also included in the traditional pharma-
copoeia: a kind of tea is obtained from the dried leaves and used for stomach pain treatment,
as we directly observed in Bou Abdallah. The essential oils derived from this tree have
considerable economic value [81]. This principle is supported by successful case studies
such as those on Socotra Island in Yemen, where the preservation of Boswellia species has
been shown to rely heavily on the active involvement of local communities [34,75]. Other
complementary strategies should be explored to secure sustainable income for local popu-
lations, particularly through the development of ecotourism integrating C. numidica into
eco-cultural tourism routes. The presence of large, ancient, and visually striking trees could
be promoted as a unique natural heritage feature, enhancing both conservation awareness
and local economic benefits. A multifaceted sustainable land management initiative, with a
particular focus on the endangered taxa C. numidica, is needed to support the conservation
of its mountain forest ecosystems [18]. However, implementing this approach requires
the regulation of grazing activities as a priority component of the conservation strategy.
Short-term actions may include managing grazing intensity and protecting small, carefully
selected regeneration sites through temporary fencing, allowing them to function as natural
recruitment and dispersal zones for the species. Although fencing forest areas can be
effective in promoting regeneration [82], this method has important limitations: it may shift
pressure to other zones, and restrict local communities” access to vital resources [34,83]. A
more flexible alternative could involve individual shelter to protect individual seedlings.
Effective grazing management could play a decisive role in vegetation recovery [84], par-
ticularly by mitigating deadwood removal and soil degradation, an especially pressing
concern in Bou Abdallah. In this regard, a study conducted in arid Tunisian regions high-
lighted the relevance of a traditional local practice long used by communities to manage
grazing pressure and support vegetation regeneration. Known as gdel, this method is based
on the principle of temporary pasture rest, allowing natural vegetation cover to recover.
Successfully applied in various contexts, including rangeland restoration, dune stabiliza-
tion, and protected area management, it has proven effective in Tunisia’s arid and even
desert environments [85,86]. However, gdel has not yet been tested in forested ecosystems,
and its success depends on several key factors, including annual rainfall, soil characteristics,
the initial level of degradation, and the duration of rest periods [85]. Site-specific feasibility
assessments are therefore essential to adapt the technique to local forest conditions. Field
studies remain a critical source of up-to-date information to guide conservation actions,
as emphasized in the WWF (2021) report [87]. In line with this, Khatteli et al. (2023) [88]
demonstrated that an integrated approach, combining fencing, vegetation restoration, re-
forestation programs, adaptive grazing management, and active community involvement,
provides a promising ecological and economic pathway for the long-term rehabilitation
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of degraded forest ecosystems. All proposed actions should nevertheless be carried out
in agreement with local authorities and communities and remain subject to the necessary
permits and approvals.

5. Conclusions

This study presents an updated field-based assessment of the last remaining popu-
lations of C. numidica, confirming that human activities, particularly grazing and cutting,
combined with climatic and edaphic constraints, strongly shape the structure, health, and
regeneration of these populations. The mapping of forest stands, dendrometric analyses,
and identification of threats provide a clear scientific basis for targeted conservation actions.

In the immediate term (i.e., within 1 year), priority should be given to protecting
carefully selected areas, approximately 5-10 microsites per forest, from grazing in order to
allow natural regeneration and limit ongoing soil degradation. Safeguarding both regenera-
tion processes and soil stability appears essential for the persistence of this taxon, especially
under increasingly restrictive climatic conditions. Establishing clonal and seed-production
plantations, combined with long-term seed storage in dedicated conservation banks, would
help secure the species’ original genetic resources and support future restoration efforts. In
parallel, and with equal priority, regular monitoring and management of Seiridium cardinale,
recently detected in these populations, should be implemented to reduce the risk of further
spread of the severe disease.

In the long run, conservation will only work if local communities are actively involved.
Without their support, any protection efforts are likely to fail. This means raising aware-
ness and working together with communities to adapt traditional practices like gdel to
better manage grazing. Small-scale ecotourism focused on these remarkable ancient trees
could also give local people new economic opportunities while building stronger support
for conservation.

Ultimately, the long-term survival of C. numidica will rely on coordinated actions that
link protection, restoration, and sustainable land-use practices aligned with the species” eco-
logical requirements. These results call for policymakers, forest managers, and conservation
practitioners to translate scientific knowledge into practical, site-specific measures capable
of securing the future of this unique relict species. Last but not least, it would be desirable to
recognize C. numidica as a species. Giving species identity to a taxon means strengthening
interest in and protection of it. Consequently, it is also urgent that C. numidica be included
in the IUCN Red as a Critically Endangered (CR) taxon based on criteria Blab(i,ii,iii,iv,v) +
2ab(i,ii,iii,iv,v), given its extent of occurrence <100 km?, area of occupancy <10 km?, severe
fragmentation, and continuing decline.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/f17040438 /s1, Table S1. Field evaluation sheet used to assess
characteristics and status of each C. numidica tree within 3 subplots of 706.5 m? of each forest
(Boud Abdallah, Sidi Amer, Dir Satour). Table S2. Non- binary damages evaluation. (a) Crown
crown damages as percentage values for each site (transparency, mortality, type of mortality) and
(b) other features such as cones production, male flowers production, and epicormic shoots for C.
numidica. Table S3. Floristic inventory of shrub and herbaceous species in Bou Abdallah, Sidi Amer,
and Dir Satour. Table S4. Ecological significance of selected plant species in Numidian cypress
stands. Figure S1. Key morphological features Morphological Features of C. numidica. Figure S2. Bou
Abdallah, Sidi Amer and Dir Satour natural forests of C. numidica. Figure S3. Correlations and its
significance levels among tree diameters and damage types for C. numidica (binary data). Figure S4.
Tree-ring cores of C. numidica. (1.1a) Sidi Amer, Tree 1, core a (Sample 1); (1.2a) Sidi Amer, Tree 2, core
a (Sample 1); (1.2b) Sidi Amer, Tree 2, core b (Sample 2); (2.1a) Bou Abdallah, Tree 1, core a (Sample 1);
and (3.1b) Dir Satour, Tree 1, core b (Sample 2). Scale bar corresponds to a 1 mm grid.
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