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OPEN Elevation, climate, and soil

characteristics influence Juniperus
procera dieback and restoration
efforts in Southwestern Saudi
Arabia

Hatim M. Al-Yasi

Dieback episodes in Juniperus procera, driven by climate and soil characteristics, are documented
across forest ecosystems worldwide. However, these phenomena remain underexplored in Saudi
Arabia, especially concerning elevation gradients. We conducted an analysis of the environmental
characteristics that led to dieback events impacting the Juniperus procera scrublands in the
southwestern mountainous region. This study was carried out across three sites in Saudi Arabia:

Taif (L1-L4), Al-Baha (L5-L7), and Aseer (L8-L12). Our approach included efforts toward biological
restoration by applying NPK fertilizer at concentrations of 10 and 15 g/L to the threatened J. procera
trees. The data revealed that the peak concentrations of nitrogen, potassium, phosphorus, calcium,
and organic matter, alongside the lowest pH value, were observed at an elevation of 3238 m (L10)

in the Aseer region. In contrast, the minimum levels of nitrogen, potassium, phosphorus, calcium,

and organic matter, alongside the highest pH value, were observed at an elevation of 2672 min L1

of the Taif region. Interestingly, Juniper populations presented the most favorable health status,

with a dieback rate of only 5% at an elevation of 2966 m in the Taif region. In contrast, the most
significant dieback, reaching 72%, was observed at an elevation of 2780 m in the same region. A
notable negative correlation was identified between juniper dieback and elevation, as well as between
soil variables, including N, K*, Na*, P, Ca*2, and OM (r = -0.48, -0.63, -0.46, -0.48, -0.63, -0.41, and
-0.48, respectively). Furthermore, notable relationships were identified between elevated terrains and
the concentrations of nitrogen (N), potassium (K*), sodium (Na*), phosphorus (P), and calcium (Ca*?)
and magnesium (Mg*?) in the soil, alongside a significant association with the pH. Thus, this research
revealed that variations in climate and soil adversely affect juniper dieback.
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The genus Juniperus L. represents the second most prevalent category of conifers globally, encompassing
coniferous evergreen trees and shrubs that are part of the Cupressaceae family. As a result, it is located in the
Enemas region of southern Saudi Arabial? (Mujwah et al., 2010; Salih et al., 2021). This species is referred to as
“Arar” in Arabic and is indigenous to the mountainous regions of eastern Africa, extending from eastern Sudan
to Zimbabwe and the southwestern part of the Arabian Peninsula. It is widely found in southern Saudi Arabia,
typically at altitudes ranging from 1750 to 2500 m above sea level?*. Juniper forests are crucial for establishing
habitats, as they prevent soil erosion, regulate hydrographic conditions, and delay the development of debris-
mud rivers®.

The primary applications of Juniperus procera Hochst. ex Endl. wood encompass residential building, fence
posts, poles, floors, and outdoor wooden structures necessitating toughness, such as beehives and pencils.The
wood of the Juniperus procera tree possesses a distinctive yet nonirritating aromatic scent, which becomes more
pronounced when freshly cut.The wood of J procera is highly fragrant, possessing a distinctive and enduring
aromatic cedar scent’. Essential oil mostly extracted from the sawdust of J procera wood (Cedarwood oil) and
utilised in the cosmetic industry for soaps and perfumes®.
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Juniper resurgence faces dioecy-related reproductive loss, population decrease, and tree dieback. Conversely,
climate influences have caused forest dieback and mortality worldwide. However, climate change has caused
forest dieback and mortality worldwide”®. Given their greater height and biomass accumulation than shrubs
do, trees are viewed as more resilient to drought conditions, which may explain this observed bias®. Moreover,
as noted by Gazol and Camarero!?, the growth of shrubs is influenced more by the specific conditions of their
microsites than by tree meristems, which are more closely associated with air temperatures. While drought-
resistant shrubs may face dieback during extreme water shortages'""12, the precise mechanisms behind drought-
induced mortality in these plants and the potential for recognizing early indicators of dieback from growth
patterns are still unclear. In this context, Camarero et al.” characterized dieback as the slow yet continuous
decline of individual branches or shoots, starting from the tips and extending to the main stem.

The concepts seek to rehabilitate river dynamics, facilitate direct restoration, and establish process regimes
rather than static states. Conditions ought to differ instead of being uniform!?. Restoration involves removing
human-induced structures such as levees that impede channel migration or dams that obstruct the movement
of water, sediment, and biota, so allowing natural variability to govern habitat formation and ecosystem
functionality. Partial process restoration reinstates natural system characteristics while retaining human impacts.
Restoring environmental flows in regulated rivers emulates natural hydrologic patterns by reinstating floods
to low flow conditions. The causes and consequences of salt marsh-to-mudflat dieback events that resulted in
prolonged plant loss and their susceptibility to sea level rise. Salt marsh trajectories have been employed to
forecast and evaluate marsh persistence in the context of climate change and other ecological disturbances, as
well as to investigate ecosystem recovery following restoration or marsh building!'*. We investigated the impact
of vegetation dieback on the resilience of salt marshes to sea level rise utilising mechanistic models. Immediate
restoration of marsh dieback is essential to avert additional damage. Neglecting the heightened frequency and
severity of catastrophic climatic events that cause irreversible marsh diebacks underappreciates the susceptibility
of salt marshes to climate change'.

The landscape of the Kingdom of Saudi Arabia features a variety of natural features, including mountains,
plateaus, plains, valleys, and dunes. Its predominantly arid characteristics profoundly influence the physical
environment, as well as the diversity of plant life, agricultural practices, and ecosystemsl6. The elevated terrains
in the Kingdom of Saudi Arabia are found within the Sarawat Mountain range, stretching 1550 km from the
Taif region in northern China to Yemen in southern China, with elevations varying between 800 and 3000 m'”.
Highlands are composed of igneous and metamorphic rocks, which are known for their durability and
adaptability to erosive processes'®!?. Moreover, dieback is particularly noticeable in the northern mountainous
region of Aseer adjacent to a recently built road. The majority of juniper populations, with their roots nestled in
delicate soils, either perish or show clear signs of distress. Consequently, numerous dead or weakened juniper
populations are observable in these areas®.

Nonetheless, a defining feature of mountain ecosystems is the sudden change in vegetation and temperature
that takes place from the base of a mountain to its peak!”. A variety of interconnected biological, environmental,
and historical elements influence how species are distributed across elevation gradients?'. A multitude of
environmental factors fluctuate concurrently across a complex gradient: altitude?”. Variations in altitude create
distinct climates, which in turn contribute to soil diversity and promote the richness of plant species. The
relationships between species distributions and altitude ranges provide insights into the potential consequences
of environmental changes. For example, by utilizing fundamental data, we can assess the impacts of human
activities and climate change on plant cover®. Simultaneously, in mountainous regions, factors such as elevation,
slope side, and slope angle contribute to primary topographical features, which affect soil patterns and properties
by altering the local climate, water flow patterns, local drainage capacity, movement of soil materials along
hillside slopes, and distribution and decline of plant communities'®?*, In a similar vein, soils are fundamental
to the operation of terrestrial ecosystems. The production of biomass is essential, but it also plays a crucial
role in regulating environmental interactions. This includes the transformation of substances, the purification
and supply of water, and the accumulation of carbon. Furthermore, it acts as a biological habitat and genetic
reservoir for a diverse array of organisms!'®. This research focused on examining how variations in elevation and
soil properties influence the decline in Juniperus procera populations in the mountainous areas of southwestern
Saudi Arabia.

Materials and methods

Study area and climate indices

The mountainous highlands of Saudi Arabia are divided into three sections: the Sarawat, Hijaz, and Midian
Mountains. The Sarawat Mountains are distinguished by high altitudes, which rise approximately 3,700 m above
sea level near Abha (Aseer) and decrease gradually northward. This mountainous area is associated with heavy
rains, high relative humidity, and low temperatures. However, the slopes of the highlands and foothills of the
Sarawat Mountains are distinguished by coarse pink granite mixed with gray diorite and granodiorite; it has
largely exposed rock and a steep frontage with almost no soil cover, sparsely dotted with vegetation primarily
confined to small crevices or depressions, where fine sediments accumulate in pockets. However, it is also found
on large boulders, small stones, gravel, and steep streams®.

Moreover, the study was conducted at 12 locations in 3 districts (Taif, Al-Baha, and Aseer) along the Al-
Sarawat Mountain chain to characterize the environmental changes associated with the presence of Juniperus
procera plants as illustrated in map (Fig. 1). However, the meteorological station (Al-Sooda Station) located inside
the study area provided the rainfall data. In contrast, the meteorological station is situated approximately 20 km
to the southwest in terms of temperature data. (Station Al-Baha). The temperature, rainfall, and relative humidity
statistics were obtained and maintained by the Saudi Arabian Presidency of Meteorology and Environment
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Fig. 1. Location map showing the sampling locations (Asser, Al-Baha, and Taif) in the Sarawat Mountains,
southwestern Saudi Arabia.

(PME) and the Ministry of Environment, Water, and Agriculture. The climatic elevation at different locations is
summarized in (Fig. 2).

Data collection

For the present study, three main districts (Taif, Al-Baha, and Aseer) in the Sarawat Mountains were chosen
as the locations to estimate the impacts of climatic and edaphic factors, as well as the impact of the elevation
gradient, on the survival of juniper trees (Fig. 1). In total, there are 12 locations in the three districts, with four
sites in Taif, 3 in Al-Baha, and 5 in Aseer (Table 1; Fig. 1). A geographical position system (GPS) determines
each site’s coordinates and elevation. The percentage of dieback of juniper trees was determined visually for each
recorded tree as a cover percentage of the withered area compared with the total crown cover. The total average
of all trees recorded at each site was subsequently calculated. Dieback symptoms included foliage being lost from
outside the crown and moving toward the center.

Soil sampling and analysis

Six soil samples from a 0-50 cm soil profile were collected from each of the 12 sites selected in the Sarawat
Mountains. The soils were air-dried and sieved (2 mm sieve). Soil-water extracts (1:5 w/v) were prepared to
measure the pH via a pH meter (JENWAY Model 3510)%. In accordance with Jackson?” method, the organic
matter in the soil (OM) was assessed via oxidation with potassium dichromate and titration with ferrous sulfate?s,
The total nitrogen (N) content was assessed via the Kjeldahl method®. In contrast, available phosphorus (P) was
extracted with a sodium bicarbonate solution (0.5 M) at pH 8.5 and then measured with a spectrophotometer
(Unico 2000UV, Unico photometers, and spectrophotometers, Ontario, Canada) at 660 nm (26 Burt, 2004).
The soluble Na, Ca, K, and Mg were detected via inductively coupled plasma-optical emission spectrometry
(ICP-OES, Thermo iCAP 6000 series, Germany). The methods mentioned above for cation analysis are
described by Allen et al.*. The different heavy metals as zinc, lead, cupper, manganese, cadmium and iron (Zn,
Pb, Cu, Mn, Cd & Fe) were determined by using GSC on the ECA flow 150 GLP device. Samples of hydro-soil in
addition to water were analyzed using the same method according to Allen et al.>.

Statistical analysis

After testing for data heterogeneity, significant variance in the investigated soil variables and the percentage
of dieback of J. procera populations among the studied sites was estimated via one-way analysis of variance
(ANOVA) via SPSS software (SPSS 2012). In addition, the interrelationships among the soil variables, elevation,
and dieback percentage were estimated by calculating the simple linear correlation coefficient (r). Principal
component analysis (PCA) and the color Pearson correlation among various soil parameters effectively illustrated
the degree of similarity among different soil properties and elements on the basis of the Dice coefficient via the
R Studio interface and R software (R Studio Team?'; R Core Team?®2.

Results

Soil properties

The findings of the present study demonstrated substantial variations (p <0.05) in every soil variable examined
across several sites (Fig. 3). Notably, L10 had the highest soil contents of N, K*, P, and Ca*? (0.16+0.03,
645.23+5.20, 44.77+2.06, and 545.53+17.37 mg kg™, respectively), with the highest organic matter (OM)
content. The soils in the study area were mostly alkaline, with pH values ranging from 7.03+0.15 to 7.97+0.21,
with elevations of 3670 and 2742 m a.s.l. for L10 and L1, respectively. Similarly, the highest value of OM (8.03%)
was recorded at L10, and the lowest value (3.02%) was observed at lower elevations at L2.
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Fig. 2. Climatic data (1999-2021) showing the monthly variations in ambient air temperature, relative
humidity, and precipitation rates through meteorological stations in Taif, Al-Baha, and Asir. The maximum
and minimum values in each row are underlined.
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location
Region | Location Code | No. of sites | Altitude Latitude Elevation (m)
Al-Shafa 1 L1 1 21°04°35.0"N | 40°21’42.4"E | 2742
Taif Al-Shafa 2 L2 1 21°03°40.8"N | 40°19°56.8"E | 2962
all
Haddad Bani-Malik L3 1 20°36°25.6"N | 41°02°27.1"E | 2672
Jadarah L4 1 20°53’45.5"N | 40°46’04.8"E | 2966
Almandaq L5 1 20°07°33.5"N | 41°17’10.5"E | 2830
Al-Baha | Al-Baha-Taif Road L6 1 20°00°’58.1"N | 41°29°28.9"E | 2780
Al-Baha-Baljurashi Road | L7 1 20°09°47.5"N | 41°23°06.8"E | 3000
18°45’55.1"N | 42°15’04.1"E | 3239
Ballasmer L8 2
18°46’18.8"N | 42°14’52.0"E | 3248
18°37°21.2"N | 42°20°01.9"E | 3211
Ballahmer L9 2
18°37°32.8"N | 42°19'44.4"E | 3165
18°16°'17.9"N | 42°22°03.0"E | 3670
Aseer Al-Soudah Lo |2
18°1624.8"N | 42°22’18.9"E | 3603
17°59°45.9"N | 42°45’42.9"E | 3238
Tamniah L11 2
17°59°49.4"N | 42°45’33.8"E | 3226
19°01°06.5"N | 42°07°34.9"E | 3071
Tanumah L12 2
19°01°06.3"N | 42°07°40.7"E | 3195

Table 1. Characteristics of the sampling locations used to study the dieback of Juniperus procera populations.

In parallel, L8 had the highest Na* content (367.13 +29.56 mg kg~!), whereas L7 had the highest Mg*? content
(77.40 £8.50 mg kg™!). However, L1 had the lowest N, Na*, P, and Ca*? contents (0.05+0.01, 100.00 + 5.40,
15.27+1.12, and 100.67 £2.66 mg kg~ !, respectively). Moreover, the lowest K* (100.13+3.70 mg kg!) was
recorded in the soils of L3, whereas the lowest Mg*? (23.63 +6.50 mg kg™!) was recorded along L8.

For heavy metals zinc, lead, manganese, cadmium, cupper and iron; Fig. 4 illustrated that, L1 had the highest
cupper concentrations (0.76+0.01 ppm), while the L7 showed the highest concentrations from Mn, Pb and Zn
(0.065+0.001, 0.686+0.2, and 0.566 +0.01ppm respectively). In parallel, L8 had the highest contents from Fe
(0.736+0.11 ppm) and Cd (0.093+0.001 ppm).

Plant population dieback

Figure 5 shows a significant decline in the J. procera population below 2800 m a.s.l,, characterized by unhealthy
trees, relatively low production of berries and male cones, and instances of tree mortality. In contrast, the plant
populations exhibited robust health effects at elevated altitudes. The dieback data of J. procera populations
revealed notable differences across various elevations in the western highlands of Saudi Arabia. The populations
exhibiting the most significant decline, with a dieback percentage of 72%, were observed in L3 at an elevation
of 2780 m a.s.l. In contrast, the populations that displayed the least decline, at just 5%, were documented in
L6 at 2966 m a.s.l. Analyzing the differences between healthy and unhealthy soils revealed that the former are
enriched with essential nutrients (N, P, Na*, Ca*?, Mg*z, and OM) and possess greater water retention than their
unhealthy counterparts (Fig. 6).

Environment-plant dieback relationships

The Pearson simple linear relationship between the environmental variables and the dieback percentage of J.
procera revealed a noteworthy negative correlation (r = -0.48) between elevation and plant dieback (Table 2).
Additionally, notable negative correlations were observed between the percentage of dieback and various soil
variables, including nitrogen (N), potassium (K*), sodium (Na*), phosphorus (P), calcium (Ca*?2), and organic
matter (OM), with correlation coefficients of r = -0.63, -0.46, -0.48, -0.63, -0.41, and —0.48, respectively.
Additionally, notable increases were observed in the soil contents of nitrogen, potassium, sodium, phosphorus,
and calcium (r=0.71, 0.93, 0.45, 0.55, and 0.47), whereas a significant decline in soil pH (r = -0.57) was recorded
with increasing elevation. Conversely, certain soil variables, including organic matter, nitrogen, phosphorus,
calcium, and magnesium (Mg*z), presented positive correlations (r=0.75, 0.77, 0.74, and 0.51, respectively).
Furthermore, elevation was strongly correlated (r=0.71, 0.93, 0.45, 0.55, and 0.47) with N, K*, Na*, P, and Ca*?
respectively.

The statistical analysis employing color Pearson correlations for the soil components, illustrated in Fig. 7,
revealed the highest positive correlation (0.98) between zinc (Zn) and manganese (Mn), similar to the correlation
observed between lead (Pb) and manganese, with a subsequent correlation of 0.96 between cadmium (Cd) and
iron (Fe). The most significant positive correlation observed was 0.95 between Zn and Pb. The most notable
negative correlation observed was —0.73 between pH and cupper (Cu), closely followed by -0.7 between Zn
and K. In parallel, the lowest negative correlation was —0.02 between Na and Mn and also between Mn and Ca.

Figure 8 illustrates the outcomes of principal component analysis (PCA), where PCAL1 represents 31.1%
of the variance and PCA2 accounts for 25.4%. Principal component analysis (PCA) revealed that twelve sites
from three regions (Taif, Al-Baha, and Aseer) were systematically organized and classified into three distinct
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Fig. 3. Differences in soil properties along the altitudinal gradient alongside Juniperus procera populations in
Sarawat Mountain areas.

categories. The initial cluster in the left quadrant of the PCA consists of three locations in Al-Baha, distinguished
by the key identifying metrics rainfall, zn, and pb. The size of the arrow indicates the strength of the variable,
whereas the orientation of the arrow represents the peak value of the variable. The second group included five
Asser sites situated in the upper quadrant of the PCA, employing soil metrics such as humidity, temperature,
Ca, Mg, and pH. The third group included four sites from Taif that were completely intermingled with the Asser
group, utilizing soil elements such as Cd, Mn, and Cu.

Discussion

Soil properties

The differences in soil characteristics across altitudinal gradients in the mountainous regions of Saudi Arabia
remain underresearched because of the challenges associated with accessing these locations'”*. The findings
of the current study highlighted notable variations in all the examined soil indices across the various locations,
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likely attributed to the buildup of organic compounds and the extent of vegetation damage®*. In a similar vein,
the documented values for soil pH, K, Na, P, Ca, Mg, and OM align with those noted in the research conducted
by El-juhany and Aref*® and Yasir et a

The pH of soil is a crucial indicator that significantly influences the dissolution of various nutrients and their
accessibility for plants, thereby impacting overall plant growth'8. The findings indicated that the soils in the study

1.36

in the southwestern highlands of Saudi Arabia.
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gradient across the study locations.

pH -0.36

K 0.70** | -0.45*

Na 0.65** | -0.10 | 0.58"

P 0.84** | —0.48* | 050" | 0.37

Ca 0.68* | -0.37 044" | 027 | 0.83"

Mg 0.25 0.18 |-0.23 | 0.05 | 045 | 057"

OM 0.75** | -0.36 029 | 023 | 0777 | 074" | 0.51°

Elevation | 0.71** | -0.57" | 0.93" | 045 | 0.55" | 047 |-0.22 | 037
Dieback | -0.63** | 0.16 |-0.46" |-0.48" | -0.63" | -0.41" | -0.34 | —0.48" | —0.48*

Table 2. Simple linear correlation coefficient (r) between the environmental variables and the percentage of
Juniperus procera dieback.

area were predominantly alkaline, likely due to the beneficial influence of the significant accumulation of organic
matter at the surface®®. The observed increase in soil organic matter may be attributed to the ongoing release of
basic cations, which results from the gradual decomposition of the accumulated organic matter in a cool, moist
environment®. In this context, Al-Ghamdi et al.!® highlighted that the soils of southwestern highlands presented
low organic matter and nutrient levels. Nonetheless, the soils exhibited slight alkalinity and were nonsaline,
with the elevated area at Al-Souda showing the highest organic matter content and the lowest pH value. Thus,
the reduction in pH at elevated altitudes can be linked to the buildup and gradual breakdown of organic matter,
along with the increased precipitation observed in those regions*’. The accumulation of runoff from the upper
regions might be linked to the leaching of vital cations from the solum soil*®. Additionally, there was a decrease
in soil phosphorus with increasing altitude, whereas sodium and potassium increased, with no distinct pattern
noted for calcium and magnesium. The influence of soil organic matter on the chemical, physical, and biological
properties of soil is substantial, as noted by Kumar et al.¥’. Additionally, organic matter plays a crucial role in
replenishing what is lost from the soil due to the thick vegetation cover, which could eventually result in soil
degradation®.
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Fig. 7. Color Pearson correlation among the soil properties for the twelve sites collected from three locations
(Taif, Al-Baha & Aseer); (blue = positive, red = negative).

Plant population dieback

The occurrence of juniper dieback has been extensively documented across different mountain forest regions
and is linked to changes in altitude and soil characteristics that can influence the composition and biomass of
vegetation, especially in populations of J. procera, due to their broad distribution in the southwestern mountainous
zone?’. Furthermore, deficiencies in soil nutrients play a crucial role in influencing the growth of trees*’. The
J. procera population significantly decreased below 2800 m a.s.l., characterized by unhealthy trees, whereas
the plant populations thrived at relatively high altitudes?®!. The latest assessment indicates that the optimal
elevations for the growth and thriving of the examined populations are above 3000 m a.s.l., which is correlated
with the highest levels of rainfall and cooler temperatures. The decline in population was significant at lower
elevations characterized by reduced rainfall and elevated temperatures. Nonetheless, the boundary between a
thriving and deteriorating forest, aligned with a reduced altitudinal threshold, indicates that the decline in the
forest could be linked to climatic factors. These findings align with those of Negash*’, who noted that natural
regeneration beneath trees and at lower elevations tends to be somewhat limited, likely because of factors such as
animal grazing, human activities, challenges in seed growth, shifts in land use, and adverse climatic conditions.
Moreover, Allen et al.¥* reported that a variety of elements, including diseases and pathogens, insect infestations,
and challenging climate conditions, typically lead to dieback.

The primary factors contributing to dieback appear to be environmental stressors and a global decline;
drought stands out as a significant cause affecting rural areas and forests’. In this context, the data revealed
that optimal conditions for the growth and thriving of J. procera occur at elevations exceeding 3000 m a.s.l,
which is correlated with the highest levels of rainfall and cooler temperatures*®. When comparing the soils
of healthy and unhealthy populations, it was observed that healthy soils contained higher levels of common
nutrient elements (N, P, Na, Ca, Mg, and OM) and greater water content than their unhealthy counterparts
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Fig. 8. Principal component analysis (PCA) of samples collected from three studied sites (Taif, Al-Baha &
Aseer) on the basis of soil properties, soil elements and climatic data.

did®. Jurskis*® demonstrated that in response to water scarcity, trees undergo temporary physiological changes
to increase their survival, which can inadvertently increase their susceptibility to various biotic and abiotic
stresses, including pests, diseases, and other environmental factors. Furthermore, the diminished resilience of
landscapes caused by climate alterations could lead to extensive dieback?!. The existing tree population might
be on the brink of decline due to factors such as aging, drought, or disease; in this context, climate change
could serve as the ultimate catalyst for extensive mortality*’. Additionally, owing to their lower vulnerability to
xylem cavitation, evergreen needle leaves, such as those of junipers, might experience increased dieback during
prolonged droughts in dry regions*’. Furthermore, regardless of rainfall, rising temperatures can intensify forest
drought and considerably accelerate the mortality rate attributed to drought.

The greatest risk of dieback was observed at the lower elevations in the Taif dry region, with this risk
diminishing as one ascended to higher elevations in the Aseer wet area. Allen et al.** documented various cases
of mortality due to drought that can affect trees across multiple forest ecosystems. Previous dieback events during
periods of drought have been extensively recorded across the globe. Examples of significant mortality events can
be observed in various regions: the extensive loss of Callitris, Eucalyptus, and Acacia species in northeastern
Australia®; the decline of Nothofagus in New Zealand®’; the mortality of Picea meyeri in northern China®’; and
the die-off of multiple pine species in the southwestern United States®!>2.
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Environment-plant dieback relationships

Although “high-altitude dieback” is characterized as a natural progression of rainforests>>>?, it occurs in areas
that are unsuitable for rainforest growth®. The alteration of tree root systems resulting from shifting soil
conditions® hinders the growth of trees alongside understory vegetation as the sapwood area diminishes. With
an abundance of water in the soil, trees struggle to utilize it effectively, given the overly saturated conditions®.
The Pearson simple linear relationship between the environmental variables and the dieback percentage of J.
procera revealed a noteworthy negative correlation between elevation and plant dieback. Furthermore, notable
negative correlations were observed between the percentage of dieback and various soil variables, including
nitrogen, potassium, sodium, phosphorus, calcium, and organic matter. Additionally, notable increases in the
soil contents of nitrogen, potassium, sodium, phosphorus, and calcium were detected, whereas a significant
decrease in the soil pH was detected with increasing elevation. Elevated nitrogen levels in soils coupled with
diminished phosphorus availability in trees could heighten the likelihood of dieback®”*%. Tree sap and leaves
gain increased nutrient density, making them more appealing to pests, parasites, and diseases®. These alterations
also hinder beneficial fungi and encourage detrimental soil microorganisms®. Additionally, Wardle et al.>®
noted that elevated N/P ratios in degraded forest soils globally lead to prolonged tree degradation. Furthermore,
the potassium content in the soil observed in this study was found to be highest in the region with the greatest
elevation, which is correlated with a reduced incidence of dieback. This phenomenon may be attributed to the
role of potassium in influencing tree growth and enhancing tissue degradation®.

The present investigation revealed favorable relationships among soil characteristics, including organic
matter and essential nutrients such as nitrogen, phosphorus, calcium, and magnesium. Comparable findings
were reported by Agbeshie and Abugre®, Mukhopadhyay et al.®!, and Sidari et al., who reported notable
relationships between soil organic matter and essential nutrients such as nitrogen, phosphorus, and potassium,
highlighting the importance of these factors for nutrient accessibility and the subsequent absorption of these
crucial soil elements by plants. Furthermore, elevation was strongly correlated with N, K, Na, P, and Ca. Huang
et al.%® noted that the important relationships between elevation and soil physicochemical characteristics
significantly influence tree growth outcomes. In a similar vein, Paoli et al.%reported that enhanced tree growth
and traits are found in nutrient-dense soils, corroborating the findings of the current study.

Soil studies exemplify a field where multivariate analysis techniques, including principal component analysis
(PCA) and Pearson color correlation, are widely utilized. These methods are employed for identifying, classifying,
and modeling data®>%. Principal component analysis (PCA) is a statistical technique that adeptly uncovers the
most crucial principal components responsible for the bulk of information within a dataset, thereby reducing
the number of features present in the dataset®”:%, The current study classified the examined sites from three
locations into three groups; the Al-Baha location stood out from the other two locations because of differences
in soil pH and specific soil elements (Pb and Mn), whereas the Taif location was situated between Aseer locations
on the basis of climatic data and various soil elements (K, Mg, and Ca).

The findings provide light on the environmental variables causing J. procera scrubland dieback, notably in
the southwestern mountainous region. The researchers found strong relationships between juniper dieback rates
and environmental variables by analyzing elevation gradients effects on soil properties and nutrient levels. For
biological restoration, NPK fertilizer at varying doses could be applied to vulnerable J. procera trees. The study’s
extensive investigation of soil characteristics and juniper health status at different elevations improves our
understanding of forest ecosystem dieback episodes. This research illuminates the mechanisms of juniper dieback
in Saudi Arabia and emphasizes the relevance of climatic and soil conditions in conservation and restoration.
This work could improve future conservation measures and help preserve regional juniper populations.

53,54

Conclusion

The highest concentrations of nitrogen, potassium, phosphorus, calcium, and organic matter, alongside the
lowest pH levels, were observed in elevated areas of the Aseer region, which also presented the lowest risk of
dieback. In contrast, the minimum levels of nitrogen, potassium, phosphorus, calcium, and organic matter, along
with the lowest pH values, were observed at the lower elevations of the Taif region, which corresponded with a
higher percentage of dieback. The substantial negative correlation observed between juniper dieback and various
factors, such as elevation and soil components, including nitrogen, potassium, sodium, phosphorus, calcium,
and organic matter, supports this finding. These findings indicate that variations in climate and soil adversely
affect juniper dieback. The primary causes of juniper dieback are highlighted, which can aid in the conservation
of these vital highland species. Nonetheless, the insights gained from the early warning metrics established at
that location could be applicable to other regions within Saudi Arabia. Also, recommend this Saudi Arabian
Juniperus procera dieback study to forestry and environmental researchers, policymakers, and conservationists.
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