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Abstract

In the context of climate change, alterations to the physico-chemical properties of soils,
particularly in Mediterranean regions, are a growing source of preoccupation. This study
analyzes the ecological plasticity and biochemical adaptability of Thymus saturejoides to
changes in soil physico-chemical properties in four contrasting environments in Morocco’s
western High Atlas (TM: Tidili msfioua, SF: Sti fadma, TA: Taouss, TN: Tisi ntast). It
highlights the influence of edaphic characteristics on the physiology and metabolic com-
position of the species, revealing marked soil heterogeneity between sites. The results for
the physico-chemical characteristics of the soil revealed marked heterogeneity between
sites. Tisi ntast and Taouss soils had the highest values in terms of electrical conductivity
(TN: 0.25 dS/m, TA: 0.18 dS/m), available phosphorus (TN: 18.58 ppm and TA: 26.06 ppm)
and total nitrogen (TN: 0.27% and TA: 0.14%), associated with a silty texture, suggesting

) Check for updates ‘ higher fertility. Conversely, the soil at the TM site was characterized by low total nitro-

gen content (0.09%), a high C/N ratio (24.4) and a sandy-silty texture, indicating more
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content and reduced polyphenol oxidase and peroxidase. In contrast, TM plants showed
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significant accumulation of total soluble sugars (30 mg g~! FW), proline (22.53 pmol g~!
FW), hydrogen peroxide (1.33 nmol g~ ! FW) and malondialdehyde (62.97 nmol g~! FW),
reflecting strong activation of oxidative stress responses. On the other hand, plants from
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interactions between edaphic and environmental conditions in modulating plant physio-
logical and biochemical responses, shedding light on the ecological adaptation mechanisms
of plant species to the contrasting ecosystems of the Western High Atlas.

Keywords: Thymus saturejoides; soil physicochemical variability; biochemical adaptability;
ecophysiological plasticity; Mediterranean mountain ecosystems

1. Introduction

The impact of climate on soil is crucial as it directly influences soil health, microbial
diversity, and the overall functioning of the ecosystem. Climate change—primarily driven
by rising temperatures and altered precipitation patterns—is disrupting soil systems by
affecting both their biological and physical properties [1]. In recent years, Morocco has been
increasingly exposed to significant climatic changes, including a succession of drought
years, which have led to an estimated 5-30% decrease in rainfall [2]. These climatic phe-
nomena exert significant pressure on soil quality, undermining its fertility and threatening
the long-term sustainability of vegetation cover and agricultural productivity.

In this context, it is essential to assess how these environmental pressures may af-
fect native plant species that are of ecological and economic value. The Moroccan High
Atlas, a biodiversity hotspot, is distinguished by exceptionally diverse vegetation and a
high rate of endemism [3]. Its forest landscapes are primarily dominated by holm oak
(Quercus ilex L.) and juniper species (Juniperus phoenicea, . oxycedrus) [2], while medicinal
and aromatic plants also play a central role in local livelihoods. Among these Thymus
saturejoides Cosson, an aromatic and medicinal plant endemic to Morocco, stands out for
its ecological significance and traditional therapeutic value [4]. This species is particularly
well adapted to the arid and semi-arid soil conditions of the mountainous regions of the
High Atlas, where it contributes to soil stabilization thanks to its dense and extensive
root system, thereby reducing the risks of erosion [5]. It also helps maintain local floral
biodiversity, serving as a melliferous plant for pollinators and occupying specific ecological
niches that are often nutrient-poor [6]. Its ability to adapt to low-fertility, carbonate-rich or
water-stressed soils illustrates a high degree of ecological plasticity, making it a sentinel
plant representative of environmental change in Mediterranean areas [7]. Morphologically,
T. saturejoides is an erect, highly branched shrub that can grow up to 60 cm in height, with
spatulate leaves, loose glomerular inflorescences, and pale pink corolla [8]. Therapeuti-
cally, this species plays a central role in traditional Moroccan medicine, notably in the
treatment of digestive (gastrointestinal) and respiratory disorders, in the form of infusion,
decoction or inhalation [9-12]. Pharmacological studies have confirmed its powerful an-
tioxidant [13], antimicrobial [14,15], antifungal [16], and even anti-inflammatory properties
attributed to its richness in phenolic compounds, essential oils, flavonoids and terpenes [17].
These properties make it a plant of interest for the development of natural pharmaceutical
and cosmetic products, while reinforcing its economic importance for local populations.
However, increasing environmental pressures induced by climate change—such as rising
temperatures, changing rainfall patterns and alterations in the physico-chemical properties
of soils—represent a serious threat to the survival, spatial distribution and biochemical
integrity of this species of interest [18,19].

Although T. saturejoides is widely recognized for its traditional uses and biological and
pharmacological properties, current scientific knowledge remains fragmentary regarding its
ecological responses to environmental constraints, particularly in relation to the pedological
characteristics of its natural habitat [20,21]. To date, most studies on this endemic Moroccan
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species have primarily focused on its phytochemical composition, antimicrobial activity,
and therapeutic potential, providing valuable insights into its bioactive compounds [22,23].
However, comparatively little attention has been paid to the ecological drivers that govern
its establishment, performance, and spatial distribution in situ.

In Mediterranean arid and semi-arid ecosystems, such as the Ourika watershed located
south of Marrakech (Morocco), soil properties play a decisive role in shaping plant commu-
nity structure and species persistence. This region is characterized by strong altitudinal
gradients, heterogeneous lithology, and pronounced variability in soil physico-chemical
properties, including texture, pH, organic matter content, nutrient availability, salinity,
and water-holding capacity. These factors directly influence plant growth, physiological
functioning, and metabolic expression, particularly for perennial aromatic and medicinal
plants that are exposed to recurrent water and nutrient limitations. Despite the ecological
significance of soil-plant interactions in such environments, the influence of soil properties
on the adaptability of T. saturejoides has not yet been comprehensively investigated. Existing
literature provides little information on how variations in soil fertility, mineral composition,
or organic matter content affect its growth strategies, resource-use efficiency, or adaptive
responses across contrasting edaphic conditions. This gap is especially critical in the Ourika
watershed, where increasing anthropogenic pressure and climatic variability exacerbate soil
degradation processes, potentially threatening the long-term persistence of endemic species.
The absence of an integrated edaphic and ecological framework for T. saturejoides limits
our ability to accurately predict its response to environmental change and constrains the
development of effective conservation, restoration, and sustainable exploitation strategies.
Therefore, improving our understanding of the relationships between soil properties and
plant performance is of high scientific and practical relevance. By explicitly addressing the
role of soil physico-chemical characteristics in shaping the adaptability of T. saturejoides,
this study aims to fill a critical knowledge gap and provide a more holistic perspective on
the ecological functioning and resilience of this species within its native range.

Against this backdrop of climatic variability, this study was carried out to better un-
derstand how environmental changes—particularly those affecting soil physico-chemical
properties—influence the physiological behavior and biochemical composition of T. sature-
joides. Focusing on four contrasting sites in Morocco’s western High Atlas, this research
aims to analyze the dynamics between local edaphic conditions including pH, electrical
conductivity, organic carbon, total nitrogen and available phosphorus—and the metabolic
responses of this endemic species. The ultimate objective is to assess how soil alterations,
potentially induced by climate change, modulate biochemical adaptation mechanisms and
physiological markers of stress in T. saturejoides. This integrated approach is expected to
provide new insights into the vulnerability or resilience of this medicinal plant to global en-
vironmental change, while contributing to its sustainable development and the preservation
of fragile Mediterranean ecosystems.

2. Materials and Methods
2.1. Study Area

The study area is located in the Ourika watershed, south of Marrakech (Morocco),
between longitudes 8°22" and 7°36’ W and latitudes 30°52" and 31°27’ N. The altitude in
this region ranges from 1232 m to 2155 m above sea level (Figure 1, Table 1). This area was
selected primarily for its remarkable biodiversity, and the presence of a well-documented
medicinal plant species, T. saturejoides, widely used in traditional pharmacy for its active
ingredients in human medicine. The climate of the area is characterized by average annual
rainfall ranging from 541 mm to 700 mm. Average monthly maximum temperatures
range between 21.5 °C and 32 °C while average monthly minimum temperatures vary
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between 4 °C and 5.7 °C. The average annual temperature is approximately 17.6 °C. These
climatic data were obtained from records taken at the Aghbalou station between 1970
and 2014 [24]. However, in 2023, a marked decline in precipitation was observed, with
annual rainfall dropping to 212-243 mm-—Iless than half the historical average. While the
average annual temperature remained relatively stable (between 17.1 °C and 17.5 °C), the
pronounced reduction in rainfall highlights increasing aridity and growing stress on local
ecosystems [25].

Figure 1. The study area map: TM: Tidili mesfioua; SF: Sti Fadma; TA: Taous; TN: Tizi ntast in Morocco.

Table 1. List of sites surveyed with latitude, longitude and altitude.

Sites Longitude Latitude Altitude (m)
™ 31°26'42.0" N 7°36/00.0" W 1232

SF 31°16'41.85" N 7°41'29.57" W 1342

TA 30°57'04.9" N 8°15'43.5" W 1336
TN 30°51'53.9" N 8°22/43.0" W 2155

TM: Tidili msfioua, SF: Sti Fadma, TA: Taouss, and TN: Tisi ntast.

2.2. Soil Analysis

Soil sampling was carried out at the four study sites (TM, SF, TA and TN) in the
rhizosphere zone of T. saturejoides, at a depth of between 10 and 40 cm. For each site, 40 spot
samples were taken around the targeted plants, then homogenized to form a representative
composite sample. The samples were transported in polyethylene bags, then air-dried at
room temperature, sieved to 2 mm and stored in airtight containers for subsequent analysis.
Physico-chemical analyses were carried out after soil drying at ambient temperature. The
pH (pH meter, HI 9025, Hanna Instruments, Padova, Italy) and electrical conductivity
(conductivity meter, HI-9033, Hanna Instruments, Padova, Italy) were measured using a
1:2 (w/v) diluted soil suspension [26]. Total organic carbon (TOC) and total organic matter
(TOM) were quantified by oxidizing the organic matter in the presence of sulfuric acid,
followed by the determination of excess potassium dichromate [27]. Available phosphorus
(AP) was measured using the Olsen method [28]. Total Kjeldahl Nitrogen (TKIN) was
measured using the Kjeldahl method [29]. Finally, soil texture was determined using
Robinson’s method, based on the sedimentation of suspended particles. After dispersing
the soil using a chemical dispersant, the sand, silt, and clay fractions were quantified by
measuring the settling velocity of the particles in a solution. These results were then used
to classify the soil according to the textural triangle.
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2.3. Collectoin of Plant Samples

The aerial parts of the studied species were collected from four separate sites (TM,
SF, TA, and TN) between 26 April and 14 May 2023. A total of 40 samples were collected
from each site, with plant heights ranging from 11 to 22 cm. Immediately after harvesting,
the samples were placed in ice-cooled containers maintained at a temperature of 4 °C to
preserve their biochemical integrity before the intended analyses.

2.4. Physiological Measurement
2.4.1. Water Content Assessment

The water content (WC) of T. saturejoides samples was determined using the gravimet-
ric method. Fresh leaf samples (2 g) were weighed immediately after harvesting to obtain
the mass of fresh matter (FM). These samples were then oven-dried at 70 °C for 72 h until a
constant total chlorophyll was obtained, then weighed again to determine the mass of dry
matter (DM). The WC was expressed as a percentage using the following formula [30]:

FM —-DM
— X

WC (%) = ——7

100 )

2.4.2. Chlorophyll Pigments Content

The concentrations of chlorophyll a, b, total chlorophyll, and carotenoids were deter-
mined using the method described by Arnon [31]. Approximately 50 mg of fresh leaves
were carefully weighed, and then ground using a mortar and pestle in 4 mL of 80% (v/v)
acetone, in cold conditions and protected from light to prevent pigment degradation. The
resulting homogenate was filtered through a double layer of gauze to remove plant residues,
then centrifuged at 10,000x g for 10 min at 4 °C. The clear supernatant was collected, and
its absorbance was measured using a UV-visible spectrophotometer (model UV-3100PC
or equivalent) at wavelengths of 663 nm, 645 nm and 480 nm, corresponding, respec-
tively, to the absorption peaks of chlorophyll a, chlorophyll b and carotenoids. Pigment
concentrations were subsequently calculated using the following equations:

Chlorophyll a mg g_1 =[(12.7 x A663) — (2.69 x A645)] x V /1000 x FW (2)

Chlorophyll b mg g~ ! = [(22.9 x A645) — (4.68 x A663)] x V/1000 x FW  (3)

Total Chlorophyll mg gfl =[A480 + (0.114 x A663) — (0.638 x A645)] x V /1000 x FW 4)

where A is the optical density, V is the final volume of the extract, and FW means fresh weight.

2.5. Proteins, Soluble Sugar and Proline Content

The soluble protein content was determined using the colorimetric method of Brad-
ford [32]. 0.05 g of fresh leaves previously frozen at —20 °C were cold homogenized in 2 mL
of 1 M phosphate buffer (pH 7.2), then the mixture was centrifuged at 18,000 g for 15 min
at4 °C. A volume of 0.1 mL of the resulting supernatant was mixed with 2 mL of Bradford
reagent and 0.1 mL of distilled water. After incubation for 10 min at room temperature, the
absorbance was measured at 595 nm using a spectrophotometer.

The total soluble sugar (TSS) content of T. saturejoides leaves was determined using
the colorimetric method of Dubois [33]. Fresh leaves previously stored at —20 °C were
cold-ground in 80% ethanol, and then centrifuged at 5000 rpm for 10 min. A volume of
0.25 mL of the resulting supernatant was mixed with 0.25 mL of phenol and 1.25 mL of
sulfuric acid. After incubation at room temperature, the absorbance was measured at
485 nm using a spectrophotometer.
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Proline was quantified from 0.1 g of fresh leaves extracted in 4 mL of 40% ethanol and
stored overnight at 4 °C. A 0.5 mL aliquot was mixed with 1 mL of acetic acid—ninhydrin—
ethanol solution, heated at 90 °C for 20 min, and absorbance was read at 520 nm [34].

2.6. Lipid Peroxidation and Hydrogen Peroxide Content

The malondialdehyde (MDA) content was determined using the method described by
Heath and Packer [35]. 0.05 g of frozen leaves were homogenized in a mixture of 1 mL of
10% (w/v) trichloroacetic acid (TCA) and 1 mL of acetone. The solution was centrifuged at
8000 g for 15 min. 2.5 mL of supernatant was mixed with 0.5 mL of 0.1% (v/v) H3POy
and 0.5 mL of 0.6% thiobarbituric acid (TBA). The mixture was heated in a water bath at
100 °C for 30 min, then immediately cooled in an ice bath. 0.75 mL of 1-butanol was added
and the solution was centrifuged at 8000x g for 15 min. After recovering the butonolic
layer, the absorbance was read at 532 nm and 600 nm.

The hydrogen peroxide (H,O,) content of the leaves was assessed following the
protocol of Velikova et al. [36]. 0.05 g of frozen leaf samples were treated with 1.5 mL of
10% (w/v) trichloroacetic acid (TCA) and then centrifuged for 15 min at 15,000x g. The
0.5 mL of supernatant was mixed with 0.5 mL of potassium phosphate buffer (10 mM, pH
7.0), to which 1 mL potassium iodide solution (1 M) was added. After incubation for one
hour in the dark at room temperature, the absorbance at 390 nm was recorded and plotted
against a standard curve of HyO;.

2.7. Antioxidant Enzymes Activities

Polyphenol oxidase (PPO) activity was examined using the Gauillard method [37].
The reaction mixture consisted of an enzyme extract, 50 mM catéchol, and 100 mM tampon
phosphate pH 6. Absorbance was measured at 410 nm, and the PPO activity was calculated
in units per milligram of protein. Peroxidase (POX) activity was evaluated by mixing
phosphate buffer (100 mM), 40 mM guaiacol, 10 mM HpO,, and 0.1 mL of enzyme extract.
The mixture was incubated for 3 min at room temperature and read at 740 nm. The results
obtained were expressed in units per mg of protein [38].

2.8. Data Analysis

All data were subjected to statistical analysis using SPSS version 20 (SPSS Inc., Chicago,
IL, USA). A one-way analysis of variance (ANOVA) was performed to assess differences
among treatments, followed by the Student-Newman-Keuls post hoc test for pairwise
comparisons. The significance level was set at p < 0.05. Prior to conducting the ANOVA,
data were tested for normality and homogeneity of variances to ensure compliance with
the statistical assumptions. All figures were generated using GraphPad Prism 9 Software.

3. Results
3.1. Soil Characteristics

Physico-chemical soil analyses revealed significant variations between the four studied
sites (Table 2). pH values measured at the TM and SF sites were significantly closer to
neutral. In contrast, the TN and TA sites had the highest electrical conductivity (EC). Total
organic carbon (TOC) was most abundant in the soils from TN site, while the TA site showed
the lowest values. Total nitrogen (TKN) peaked at the TN site. As for available phosphorus,
the highest concentrations were recorded at the TA and TN sites. This increased phosphorus
availability seems to be correlated with the silty texture of their soils. Conversely, the TM
and SF sites, characterized by a sandier texture, had not only the lowest phosphorus levels,
but also the highest C/N ratios.
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Table 2. Physico-chemical properties of soil samples from the studied regions in Morocco.
PH EC (dS/m) TOC (mg/g) AP (ppm) TKN (%) C/N Texture
™  6934+0.14P 0.13+£0.01b¢ 220+£020° 16.65+2.56° 0.0940.004 24.4 Sandy-silty
SF 6.89 +£0.02° 010+0.01¢ 2434+0.00° 14.89 +025° 0.174+0.00°¢ 14.3 Sandy-silty
TA 7244004 018+£006% 150+020° 26.06+171° 0.14+0.01° 10.7 Silty
TN 7154+0.022 025+0.032 3.66+067% 18584+ 1.62° 0.27+£0.022 13.5 Silty
EC: Electrical conductivity; TOC: Total organic carbon; AP: Available phosphorus; TKN: Total Kjeldahl-nitrogen;
C/N: carbon/nitrogen ratio. TM: Tidili Mesfioua; SF: Seti Fadma; TA: Taous; TN: Tizi ntest. Means (+standard
error) within the same column, followed by different letters (a, b, ¢, d), are significantly different at p < 0.05.
3.2. Physiological Responses
3.2.1. Water Content in the Plant
Analysis of the water content of samples collected at the four sites revealed statistically
significant variations between the areas studied (Figure 2). At all sites, water content ex-
ceeded 40%. The highest values were recorded at the TA and SF sites, differing significantly
from those measured at the TM and TN sites (p < 0.05).
%k % %k
60— * *k
e | [ ]
€
©
Y 40 —
=
t
2
S 20-
o
3]
=
0 T
™ SF TA TN
Figure 2. Water content levels in the plant (%). TM: Tidili Mesfioua, SF: Seti Fadma, TA: Taous, TN:
Tizintest. * p < 0.05; ** p < 0.01; *** p < 0.001.
3.2.2. Chlorophyll Pigment Content
Chlorophyll a and b levels were highest in samples from the TN site, with values
significantly higher than those from the other sites (Table 3). In general, leaves from this
site had the highest concentrations of chlorophyll a, b and total chlorophyll. Conversely,
samples from the TA site had the lowest levels of chlorophyll pigments, with a statistically
significant difference from the other sites. Leaves from the SF and TM sites showed
intermediate and relatively similar concentrations of chlorophyll a and b. Leaves from the
TM site showed high concentrations of carotenoid, while those from the TA site recorded
the lowest concentrations.
Table 3. Chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophyll (T Chl) and carotenoid (car)
content in the leaves of T. saturejoides.
Chl a (mg g—1 FW) Chlb (mg g~1 FW) T Chl (mg g~1 FW) Car (mg g1 FW)
™ 1530 +0.36 10.21 4+0.23P 2551 +0.39° 48.08 +5.89 2
SF 15.07 +0.17° 9.46 +0.11° 24.53 +0.06° 38.87 £2.14°
TA 10.62 £1.31°¢ 6.47 £0.84 ¢ 1710 £2.16 ¢ 2570 £1.79°¢
TN 18.75 £ 0.122 12.32 £0.012 31.08 £0.132 40.90 4 0.76 P

TM: Tidili Mesfioua, SF: Seti Fadma, TA: Taous, TN: Tizi ntest. Means (£standard error) within the same graph,
followed by different letters (a, b, c), are significantly different at p < 0.05.
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3.3. Proteins, Soluble Sugar and Proline Content

Soluble protein concentrations reached their highest levels in samples from the TN
and TA sites, with values significantly higher than those observed in the other localities
(Figure 3A). In contrast, samples taken from the SF site showed the lowest soluble protein
concentrations, with a highly significant difference (p < 0.001) compared to the other sites.
With regard to total soluble sugars, no statistically significant differences were found be-
tween sites (Figure 3B). Nevertheless, samples from the TM site recorded the highest value,
while those from the SF site showed the lowest concentrations. Regarding proline content,
significant variations were observed between the different sites (Figure 3C). Samples from
the TM site exhibited the highest proline concentration, followed by those from SF and
TA, while the lowest levels were recorded in samples from TN. These differences were
statistically significant (p < 0.001), indicating a site-dependent accumulation pattern that
may reflect differential exposure to environmental stressors.
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Figure 3. Percentage of soluble proteins (A), Total soluble sugar (B), and Proline (C). TM: Tidili
Mesfioua, SF: Seti Fadma, TA: Taous, TN: Tizi test. * p < 0.05; ** p < 0.01; *** p < 0.001.

3.4. Hydrogen Peroxide and Malondialdehyde Levels

Results for oxidative stress markers show notable variations (p < 0.001) between
samples from different sites (Figure 4A). Plant leaves collected from TM and TN showed the
highest concentrations of hydrogen peroxide (H,O;), with levels approximately 30% higher
than those measured at the TA and SF sites. On the other hand, malondialdehyde (MDA)
levels are highest in samples collected at TM, while plants from TA and TN showed reduced
MDA levels by approximately 50% compared to those observed at the TM and SF sites
(Figure 4B).

3.5. Antioxidant Enzyme Content

Enzyme test results revealed highly significant variations (p < 0.01) in antioxidant
activities between samples from different study sites (Figure 5). Polyphenol oxidase (PPO)
activity was highest in samples from the TM and TA sites, reaching levels almost 50% and
40% higher, respectively, than those measured at SF (Figure 5A). As for POX, a significant
increase (p < 0.001) in its activity was recorded at TM and SF, reaching levels nearly 60%
higher than those observed at TA and TN, respectively (Figure 5B).
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Figure 4. Hydrogen peroxide (H,0O,) (A) and malondialdehyde (MDA) (B) levels. TM: Tidili Mesfioua,
SF: Seti Fadma, TA: Taous, TN: Tizi ntest. * p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 5. Polyphenol Oxidase (PPO) (A) and peroxidase (POX) (B). TM: Tidili Mesfioua, SF: Seti
Fadma, TA: Taous, TN: Tizi ntest. * p < 0.05; ** p < 0.01; ** p < 0.001.

3.6. Principal Component Analysis and Heat Mapping

Principal component analysis (PCA) integrated both the soil physicochemical param-
eters and the plant biochemical and physiological parameters (Figure 6). Two principal
components explained 74.57% of the variability in the data, with 43.01% for the first prin-
cipal component (PC1) and 31.56% for the second (PC2). The first principal axis (PC1)
clearly separates the TN site, which is positively correlated, from the TM and SF sites,
which are negatively correlated. The TA Site, on the other hand, is close near TN along PC1
but is oriented differently along PC2. The variable distribution on the biplot highlights
strong positive associations at the TN site between soil edaphic properties (pH, electrical
conductivity, total organic carbon, total nitrogen and available phosphorus) and chlorophyll
pigments (chlorophyll a, chlorophyll b, total chlorophyll, carotenoids) as well as organic
osmolytes (total soluble sugars and soluble proteins) of TN site plants. The TA site stands
out for its positive correlation between plant tissue water content and soil available phos-
phorus content. In contrast, SF and TM show higher levels of stress-related compounds
such as proline, malondialdehyde (MDA) and the enzyme peroxidase (POX), along with
a predominance of sandy soil texture. Hydrogen peroxide (H,O,) is also associated with
TN, suggesting moderate oxidative activity under favorable conditions. Furthermore, the
distribution of sites according to texture shows a clear distinction: TN and TA have a
sandy-loamy soils, while TM and SF are associated with a sandier texture, reflected in their
opposite orientation along PC1.
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Figure 6. Principal Component Analysis (PCA). TM: Tidili Mesfioua, SF: Seti Fadma, TA: Taous,
TN: Tizi ntest. TKN: Total Kjeldahl nitrogen, EC: Electrical conductivity, SP: Soluble protein, AP:
Available phosphorus, TSS: Total soluble sugar, A: Clay, S: Sand, L: silt, PPO: Polyphenol Oxidase,
POX: peroxidase, TOC: Total organic carbon, WC: Water content in plant, Chl a: Chlorophyll a, Chl
b: Chlorophyll b, T Chl: Total chlorophyll, Car: Carotenoide, Pro: Proline, MDA: Malondialdehyde,
H,0O,: hydrogen peroxide.

The PCA demonstrates that soil texture and fertility are major drivers of plant bio-
chemical and physiological variation. TN and TA, with more fertile sandy-loamy soils,
support healthier plants with higher photosynthetic pigments and osmolytes. In contrast,
TM and SF, with sandy soils, elicit stronger stress responses in plants. This highlights a
clear soil-plant interaction and differentiated adaptive strategies of T. saturejoides according
to local environmental conditions.

On the basis of two-way hierarchical clustering analysis (HCA) and the parameters
analyzed (Figure 7), the study sites were classified into three distinct ecological profiles,
reflecting both the physico-chemical properties of the soil and the physiological and bio-
chemical responses of T. saturejoides. Level I, comprising the SF and TM sites, is character-
ized by high sand content, high levels of TKN and TOC, and increased plant chlorophyll
pigments. These characteristics suggest an environment with limited water retention but
active photosynthetic processes. Moderate levels of oxidative stress markers (MDA, H,0O5,
proline), antioxidant enzyme activities (PPO, POX), total soluble sugars (TSS) and silt con-
tent were also observed, indicating an adaptive physiological response to the constraints
of soil poverty. Level II, represented by the TN site, is distinguished by high values of AP,
pH, EC and plant WC, reflecting a more balanced soil structure with good nutrient avail-
ability and moisture retention. These conditions favor efficient physiological functioning
and improved stress tolerance. Level III, corresponding to the TA site, is characterized
by particularly high levels of PA, pH, EC and clay content, as well as high levels of WC
and SP. This combination indicates a fertile, fine-textured soil environment that ensures
an optimal supply of water and nutrients, thus promoting enhanced physiological and
biochemical plant performance under stressful environmental conditions. This stratification
highlights the essential role of soil quality and composition in modulating the responses
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Figure 7. Two-way hierarchical clustering analysis (HCA). TM: Tidili Mesfioua, SF: Seti Fadma, TA:
Taous, TN: Tizi ntest. TKN: Total Kjeldahl nitrogen, EC: Electrical conductivity, SP: Soluble protein,
AP: Available phosphorus, TSS: Total soluble sugar, A: Clay, S: Sand, L: silt, PPO: Polyphenol Oxidase,
POX: peroxidase, TOC: Total organic carbon, WC: Water content in plant, Chl a: Chlorophyll a, Chl
b: Chlorophyll b, T Chl: Total chlorophyll, Car: Carotenoide, Pro: Proline, MDA: Malondialdehyde,
H,O,: hydrogen peroxide.

4. Discussion
4.1. Influence of Pedo-Climatic Constraints on T. saturejoides in the Western High Atlas

In Morocco’s western High Atlas, a region subject to severe environmental constraints
such as low soil fertility, high summer markers, and irregular precipitation [39], these factors
and others generate a progressive alteration in the soil’s physico-chemical properties. This
edaphic degradation can induce a series of physiological adjustments in plants aimed at
preserving their water balance and cellular integrity. These adaptive responses commonly
include the accumulation of osmoprotective solutes such as proline and soluble sugars,
oxidative stress markers, and antioxidant enzymes, which play a key role in tolerance to
stress conditions [40]. In this context, we aimed to assess the extent to which pedo-climatic
constraints accentuate the physiological and biochemical responses of T. saturejoides in its
natural habitat. This approach aims to understand the better adaptation mechanisms of
this endemic species in ecosystems subjected to increasing environmental stress, in order to
contribute to its conservation and sustainable development.

4.2. Soil Physico-Chemical Variability and Nutrient Availability Across Sites

The results of this study highlighted significant variations in soil physico-chemical
parameters between the different sites studied, which appear to induce differentiated phys-
iological and biochemical responses in T. saturejoides. Soils at TN, TM and SF have a slightly
more acidic pH than those at TA. Similar patterns have been reported in Mediterranean
and semi-arid ecosystems, where soil heterogeneity strongly controls nutrient dynamics
and plant performance [41,42]. In the present study, soils at TN, TM, and SF exhibited a
slightly more acidic pH compared to those at TA. This relative acidity could be linked to a
greater accumulation of organic matter, whose decomposition and mineralization release
organic acids that can lower soil pH [43]. Such observations are consistent with previous
studies showing that organic matter-rich soils often tend toward acidification [44,45].
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Furthermore, the predominantly sandy texture of the soil at site TA could contribute to
a lesser buffering effect, thus influencing pH stability. The predominantly sandy texture of
the TA site may contribute to a reduced buffering capacity, as sandy soils generally exhibit
lower cation exchange capacity and high porosity, making them less effective at stabilizing
pH fluctuations than soils richer in clay or organic matter [46]. The relative acidification of
soils at the TN, TM and SF sites could also have an impact on the bioavailability of AP [47].
Indeed, under acidic conditions, phosphorus tends to form poorly soluble complexes
with iron and aluminum, thereby limiting its availability to plants [48]. This limitation
is particularly marked at the TM site. Conversely, at the TA site, where soil pH is close
to neutral, phosphorus is less subject to precipitation, making the available fraction more
readily available [49]. At neutral pH, calcium-phosphorus interactions are also reduced,
limiting the formation of insoluble calcium phosphates and favoring optimal phosphorus
solubility [50]. These observations are in line with previous work demonstrating that soils
at neutral pH are more favorable to phosphorus solubilization and reduce the formation
of insoluble complexes with other elements, thus optimizing phosphorus nutrition for
plants. However, our results further suggest that this effect is strongly modulated by
local soil characteristics, emphasizing the site-specific nature of phosphorus dynamics in
T. saturejoides habitats.

Beyond phosphorus, optimum TKN availability also varied markedly among sites,
reflecting the combined influence of pH, organic matter content, and C/N ratio. Previous
research has shown that optimal TKN availability is generally associated with slightly
acidic to neutral soils rich in organic matter, as observed at the TN site, where microbial
activity involved in nitrogen mineralization is likely enhanced [51]. In our study, sites with
a moderate to balanced C/N ratio (between 10 and 15) appear to offer optimal conditions
to support dynamic microbial activity, promote efficient mineralization of organic matter
and limit nitrogen losses through leaching or volatilization [52-54]. This balanced ratio
ensures a simultaneous supply of carbon, chlorophyll a, b, and, and nitrogen, necessary for
microbial cell synthesis.

On the other hand, the TM site, characterized by a C/N ratio of over 20, suggests a
relative excess of carbon over nitrogen. Such conditions are known to limit the activity
of nitrogen-solubilizing microorganisms [54,55]. This finding partially explains the lower
TKN content observed at this site and aligns with earlier studies reporting nitrogen immobi-
lization under high C/N conditions. Nevertheless, our study highlights that this limitation
is further amplified by soil texture.

Indeed, soil texture plays a key role in the retention and availability of nutrients, par-
ticularly AP and TKN [56-59]. The coarse structure of sandy soils at TM and SF sites favors
rapid water drainage, increasing the risk of nitrogen leaching and reducing TKN avail-
ability [60,61]. By contrast, the silty soils of the TA and TN sites exhibit higher water- and
nutrient-holding capacities, which promote nutrient retention and create a more favorable
environment for the microbial activity involved in organic matter mineralization [61,62].
Thus, in our study, the differences observed in TKN content between sites could be partly
explained by the variation in soil texture, directly influencing the nitrogen cycle and
its bioavailability.

4.3. Soil Texture and Water Availability as Drivers of Plant Water Status

Soil physicochemical properties, such as nutrient availability, water retention and tex-
ture, strongly influence plant growth, physiology and biochemistry [63]. A well-structured
soil, rich in organic matter and balanced in terms of texture, enables optimal water retention
and promotes efficient water and nutrient uptake [64]. Texture plays a key role in the soil’s
ability to retain moisture: silty soils, with their intermediate composition of fine and coarse
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particles, offer good water retention capacity while ensuring adequate aeration [65,66].
Conversely, sandy soils, characterized by coarse particles and low cohesion, drain water
rapidly, reducing its availability to plants [67]. In this context, plants harvested from sites
TM and SF, with a sandy-loam texture, had lower leaf water content, probably due to the
soil’s low water retention capacity. On the other hand, plants from sites TA and TN, with a
silty texture, showed a higher water content, reflecting better water conditions linked to a
soil texture more favorable to water retention and availability.

4.4. Effects of Soil Properties on Photosynthetic Pigments and Physiological Performance

Variations in plant water content and photosynthetic pigment composition in T. sature-
joides are broadly consistent with previous studies reporting that water scarcity and nutrient
limitation strongly affect plant water status and photosynthetic efficiency in Mediterranean
environments. Several authors have shown that water stress disrupts cellular hydration,
leading to reduced photosynthesis and enhanced oxidative stress [68-70]. In line with these
observations, the present study demonstrates that plant water status, together with soil nu-
trient availability, plays a decisive role in modulating photosynthetic pigment composition
in T. saturejoides across the different study sites. Specifically, chlorophyll and carotenoid
levels varied significantly as a function of both water availability and soil nutrient levels,
notably total nitrogen and available phosphorus. Plants from the TN and TM sites exhibited
the highest concentrations of chlorophyll a, chlorophyll b, and total chlorophyll, which
is consistent with their relatively higher soil fertility, characterized by elevated nitrogen,
organic carbon, and electrical conductivity. These results corroborate previous studies
highlighting the fundamental role of nitrogen in chlorophyll biosynthesis, as nitrogen is
a core structural component of the chlorophyll molecule and is directly involved in the
synthesis of photosynthetic proteins [71]. In parallel, phosphorus availability supports
chloroplast development and function by facilitating nucleic acid synthesis, membrane
phospholipid formation, and energy transfer processes essential for photosynthesis [72].
However, our study extends previous knowledge by showing that pigment accumulation
is not solely driven by water availability, but rather by the combined effects of plant water
status and site-specific soil nutrient profiles, particularly TKN and AP,

The SF site also shows a high carotenoid content, a response frequently reported under
conditions of moderate to severe water and nutrient stress. Similar increases in carotenoid
content have been documented as adaptive strategies that enhance photoprotection and
mitigate oxidative damage through the scavenging of reactive oxygen species [73,74].
Furthermore, plants at the TN site have the highest concentrations of chlorophyll a, b,
and total, consistent with their high nutrient levels (AP and TKN). Nitrogen plays a
fundamental role in the biosynthesis of chlorophyll pigments, as it is a key element in
the structure of chlorophyll [75-77]. Similarly, phosphorus is essential for the synthesis
of nucleic acids and membrane phospholipids, supporting cell division and the proper
functioning of chloroplasts [78]. Good water absorption facilitates the transport of these
nutrients, enhancing pigment stability and photosynthetic efficiency [71]. This translates
into improved plant physiological health and a greater capacity to capture light energy
for conversion into biochemical energy. In contrast, plants at site SF have a relatively
higher carotenoid content. This increase can be interpreted as an adaptive mechanism
to enhance cellular protection against oxidative damage induced by reduced water and
nutrient content [79-81]. Carotenoids, in addition to their role in light capture, act as
powerful antioxidants capable of neutralizing reactive oxygen species generated in excess
under water or nutrient stress [82,83]. Thus, the adjustment of pigment levels in plants
reflects their ability to adapt to environmental constraints by modulating their physiological
and biochemical balance [84].
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4.5. Biochemical Stress Responses Induced by Soil Constraints

Complementing this pigment defense, plants can also accumulate certain compatible
metabolites, such as soluble sugars and proline, which play a central role in osmoregulation
and protection against oxidative damage [85,86]. Soluble sugars act as both energy sources
and signaling molecules, stabilizing cellular structures (proteins, membranes) and trapping
ROS [87]. Prolines, for their part, in addition to their osmotic function, protect enzymes,
maintain membrane integrity, chelate metal ions, and mitigate the toxic effects of oxidative
stress [88]. In our study, plants from site TM, subjected to more constraining pedo-climatic
conditions, showed a significant accumulation of proline and soluble sugars, reflecting an
adaptive response aimed at limiting oxidative damage, as evidenced by the parallel increase
in HyO, and MDA levels. Conversely, plants at sites TA and TN recorded lower levels of
proline, reflecting a less constrained physiological state. Furthermore, these plants showed
a notable accumulation in proteins compared to those at sites TM and SF, suggesting
better nucleic acid stability and enhanced cell membrane integrity. Indeed, proteins play
a multifunctional role in responses to oxidative stress: they participate in the repair of
damaged cell structures, stabilize enzyme complexes, regulate ionic balance, and act as
protective buffers against redox imbalances. Their accumulation is often correlated with
reduced lipid peroxidation and lower levels of hydrogen peroxide (H,0,), as noted in TA
plants, reflecting a more efficient antioxidant state and reduced exposure to oxidative stress.

4.6. Antioxidant Defense Systems Under Contrasting Edaphic Conditions

Antioxidant enzymes such as PPO and POX play a central role in cellular defense
against excessive ROS accumulation [82,89]. Plants at site TM, subjected to greater stress
due to a sandy-silty texture less favorable to water retention, showed high levels of HyO,
and MDA, accompanied by high PPO and POX enzyme activity. Conversely, the site TA,
characterized by a more favorable silty texture, showed the lowest levels of these oxidative
stress markers, consistent with less solicitation of enzymatic defense mechanisms. Thus,
protein accumulation and modulation of antioxidant enzymes form part of a complex
network of biochemical adaptations enabling T. saturejoides plants to maintain cellular
integrity in the face of variable soil and climatic conditions.

4.7. Ecological Implications for Adaptability and Conservation

These findings highlight the critical role of soil physico-chemical properties in shap-
ing the physiological and biochemical adaptability of T. saturejoides. Understanding
these soil-plant relationships provides essential insights into the resilience and vulner-
ability of this endemic species under ongoing environmental change, supporting the
development of targeted conservation and sustainable management strategies in fragile
Mediterranean ecosystems.

5. Conclusions

The decisive influence of soil physico-chemical properties on the physiological and
biochemical responses of T. saturejoides in contrasting environments was demonstrated.
The results reveal a close correlation between soil texture, nutrient availability (particularly
phosphorus and nitrogen), pH, electrical conductivity, and the plant’s adaptation mecha-
nisms in the face of environmental constraints. Indeed, the TN site stood out as the most
favorable for growth, with a nutrient-rich loamy soil, good water retention capacity and a
balanced C/N ratio. These characteristics favored efficient photosynthetic activity, reflected
in high levels of chlorophyll and protein, and moderate oxidative stress, reflected in low
concentrations of H;O, and MDA. In contrast, plants from the TM site, characterized by a
nitrogen-poor sandy-loam soil and a high C/N ratio, showed clear signs of oxidative stress.
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This is reflected in a high accumulation of stress compounds such as proline, hydrogen
peroxide and MDA, and a strong induction of antioxidant enzymes (PPO, POX). These
adaptive responses suggest a significant metabolic effort to maintain redox balance and
cell viability in a more constrained environment. On the other hand, site TA, although also
provided with a favorable loam soil, displays a distinct biochemical profile, marked by a
lower accumulation of stress markers and a high protein content, suggesting alternative,
less energetically costly tolerance mechanisms. As for site SF, it displays an intermediate
profile, in terms of both edaphic constraints and plant responses. These observations high-
light the crucial importance of soil-plant interactions in regulating physiological resilience.
They open up concrete prospects for the valorization of T. saturejoides: The TN and TA
sites appear to be promising locations for enhancing biomass production and bioactive
compound accumulation., which can be valorized in the pharmaceutical, cosmetics and
agri-food sectors for their antioxidant and adaptive properties.

Populations from the TM and SF sites, due to their stress resilience, may serve in
breeding programs or as bio-indicators. Sustainable use of this endemic species requires
combining agronomic practices with commercial valorization based on extract properties.
Applied research partnerships are essential to enhance the exploitation of its bioactive
compounds and expand industrial applications.
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A Clay

AP Available phosphorus
C/N carbon nitrogen ratio
Car Carotenoid

Chl a Chlorophyll a
Chlb Chlorophyll b

EC Electrical conductivity
HCA Hierarchical clustering analysis
L silt

MDA Malondialdehyde

PCA Principal Component Analysis
POX peroxidase

PPO Polyphenol Oxidase

Pro Proline

S Sand

SF Sti Fadma

SP Soluble protein
T Chl Total chlorophyll
TA Taouss

TKN Total Kjeldahl nitrogen
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