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Abstract

Wildfires significantly alter soil properties and result in vegetation shifts; therefore, rapid
reforestation activities are needed in the forests affected by wildfires. The decreased nutri-
ent in the soil is the obvious effect of wildfires; however, little is known about the reforesta-
tion of Juniper (Juniperus procera) forests with application of NPK fertilizers. Juniper forests
are common in Asir and Taif regions of Saudi Arabia and vulnerable to wildfires; thus, refor-
estation is needed after the onset of fires. This study assessed the impact of different doses
of organic NPK fertilizer (0, 5 and 10 g/L) on growth and nutrient accumulation of Juniper
trees grown on fire-damaged and intact soils. Data relating to tree height, number of leaves
per plant, fresh and dry biomass accumulation in shoot and root, chlorophyll contents and
uptake of N, P, K, and Na were recorded. Individual and interactive effects of soil types and
fertilizer doses significantly altered all measured traits with minor exceptions. Overall, higher
values of the measured traits were recorded for intact soil and 10 g/L fertilize dose. The
increasing fertilizer doses improved the growth and nutrient acquisition and application of 10
g/L fertilizer on intact soil recorded the highest values of growth traits. Juniper trees grown
on fire-damaged soil accumulated higher amount of nitrogen than intact soil. Similarly, the
trees grown on intact soil accumulated lower amount of Na and maintained comparable K/
Na ratio to intact soil. It is concluded that supplying 10 g/L fertilizer could improve the estab-
lishment of Juniper trees on fire-damaged soil. Therefore, organic fertilizer can be used to
improve the reforestation of wildfire-affected Juniper forests in the Asir province.
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Introduction

Forests are of significance importance globally due to their valuable ecosystem services and
provision of quality wood. However, the ecosystem services are still far below than the poten-
tial of intact forest ecosystems because of several reasons. Forests protect environment and
watersheds, stabilize land, control desertification, fix sand dunes, restore soil fertility, and miti-
gate microclimatic changes around the world [1, 2]. The other valuable services include provi-
sion of timber wood and non-wood products, as well as grazing place for animals.
Furthermore, forests serve as an important habitat for wildlife and native vegetation. Liveli-
hoods of numerous global communities are derived from various goods and services provided
by forest ecosystems. Besides, significant amount of global carbon stock is stored in forest eco-
systems [1, 3, 4].

Globally forest ecosystems are exposed to wildfires. Wildfires naturally occur in the forest
ecosystems and their frequency increases with increasing human development [5]. Moreover,
global warming is also increasing the frequency and intensity of wildfires due to rising temper-
ature [6]. Soil and associated biological systems are significantly altered by wildfires. The
extent of alterations in the biological systems and soil properties is dependent on the frequency
and severity of the wildfires [7]. Increasing temperature coupled with humid environment
results in the occurrence of wildfires at different spatial scales. Wildfires can be originated
from natural or anthropogenic sources. Rapidly changing climate would increase the occur-
rence of wildfires due to increased temperature, which would burn above-ground biomass,
alter soil and vegetation, carbon dynamics and composition of the species [8, 9]. Flora, fauna,
and soil characteristics have been altered in Asian and European regions by wildfires [8, 9].
The risk of wildfires is often reduced through prescribed burning [10]. Vegetation loss,
shrubby and grassland vegetation, and soil degradation are the main outcomes of wildfires [7,
11-13].

The predicted climate changes would increase the occurrence of wildfires in a warming
world [14-16], particularly in highly productive areas [17]. The increased fires will burn plenty
of vegetation resulting in severe negative ecological effects [15, 18]. The burning would result
in high soil erosion, adverse environmental conditions, and extensive vegetation burning/
shifts. These all factors would result in failed regeneration events [19-21]. Therefore, sound
ways to improve the growth of tree species on fire-damaged soils should be established.

Wildfires are both beneficial and harmful for forest ecosystems depending on their severity
and intensity of return. Wildfires maintain diversity and stability of forest ecosystems and
affect numerous soil properties [22]. Soil organic matter, macro and micro-nutrients, soil tex-
ture, color, pH, and soil biota are altered by forest fire [12]. Combustion of litter and organic
matter during low intensity fires results in increased availability of plant nutrients. However,
high intensity fires result in complete loss of soil organic matter, volatilization of nutrients and
death of microbes [22]. The increased availability of nutrients due to low intensity fires results
in rapid recovery of the forests, whereas recovery under high intensity fires takes longer time
and requires concrete efforts. Supplying plant nutrients to the forests affected by high intensity
fires could accelerate their recovery. However, different forest species require varying amounts
of nutrients. Therefore, determining optimum nutrient requirements for species could help in
their rapid recovery.

Nitrogen (N), phosphorus (P) and potassium (K) are primary nutrients required by the
plants for proper growth and development. Growth and development of plants is negatively
affected by deficiency of any of these nutrients during the life cycle. Nitrogen plays a key role
chlorophyll synthesis and subsequently in photosynthesis [23]. Nitrogen plays an important
role in vegetative growth of plants; thus, should remain available during vegetative stage [24].
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The P increases cell division and stimulates root growth and flowering [25]. The P is found in
the plant parts having high metabolism and rapid cell division; therefore, plays a role in the
storage and transfer of energy released during photosynthesis and its deficiency delays plant
maturity [26]. Rational/artificial fertilization could improve soil nutrient status which would
increase crop productivity and alter C and N input from crop residues [27]. The fertilization
also influences soil C and N accumulation through changing soil structure, soil organic C and
N component [28], and soil aggregation [27]. However, optimum amount of these nutrients
should be determined prior to their application.

The Juniperus genus comprises of 60 species with the widest distribution in northern hemi-
sphere excluding Juniperus procera Hochst. ex. Endl. which is frequently observed in southern
hemisphere [2]. Juniperus ranks 3" in in terms of numbers among the conifers [29]. Juniperus
procera can grow both in northern and southern hemispheres [2]. It can reach to 40 m height
and a 3 m diameter [30]. It is distributed in Asir mountains in Saudi Arabia apart from some
mixed populations around Taif. Trees are few meters tall in slopy areas, whereas reach 10-15
m height in plain areas [3, 4, 31]. The J. procera communities are observed between 2000 and
3000 m altitude [32]. Juniperus have a narrow genetic diversity, small population size, and low
population density [33, 34]. Sudden die-off of Juniperus could be an outcome of drought stress
caused by global warming. In Saudi Arabia, populations of J. procera in Asir Mountains are
more severely affected by the dieback incidence than J. phoenicea in Hijaz Mountains. How-
ever, the most problem faced by J. procera forests in the Asir province is wildfires, which result
in the burning of trees. Reforestation of the wildfire-affected forests is necessary to maintain
the ecosystem services. However, the impact of fertilizer addition on the growth of J. procera
trees grown on fire-damaged and intact soils has not been tested.

This study assessed the effect of organic fertilizer (NPK 20-20-20) on the growth and nutri-
ent uptake of Juniper plants grown in fire-damaged and intact soils. It was hypothesized that
increased dose of NPK fertilizer will increase the growth and nutrient uptake of trees com-
pared to low dose. Furthermore, it was hypothesized that trees would have better growth and
nutrient accumulation on intact soil compared to fire-damaged soil. The results will help to
restore the forest areas affected by wildfires in the Asir province of Saudi Arabia.

Materials and methods
Experimental site

The current experiments were conducted at Research Center of Advanced Materials
(RCAMS), King Khalid University (KKU), Saudi Arabia during 2020-2021.

Experimental soils and species

Two different soils, i.e., fire-damaged (S1) and intact (not damaged by the fire) (S2) were col-
lected from the forests of mountain Ghulamah in the Asir region (Tanomah). Soil samples
(three from each fire-damaged and intact soil) were collected from 0-30 cm soil depth and
physicochemical properties were determined. The samples were air-dried and passed through
2-mm sieve. Organic matter was determined by Walkley and Black method [35]. Particle size
distribution (texture) was determined by hydrometer method in a sedimentation cylinder
using sodium hexametaphosphate as the dispersing agent [36]. The pH and electrical conduc-
tivity (EC) were measured in a saturated soil paste [37]. Total P and K were analyzed by follow-
ing Olsen [38] and Carson [39], respectively. Total N in the soil was determined by Kjeldahl
method [40]. The soil properties of both soils are given in Table 1. Juniper (Juniperus procera)
trees were obtained from the Ministry of Agriculture in the Asir region, Abha. The trees were
15 cm tall upon collection from the Ministry.
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Table 1. Soil properties, carbon and nitrogen stock in fire-damaged and intact soils used in the study at the time

of initiation of the experiment.

Soil property

Sand (%)

Silt (%)

Clay (%)

Bulk density (gm ™)
pH

EC(dSm™)
Available N (kg ha™")
Available P (kg ha™")
Available K (kg ha™)
Carbon stock (t ha™)
Nitrogen stock (t ha™)

Fire-damaged soil
51.21 £ 0.56
34.12 £ 0.41
14.67 £ 0.48
1.45+£0.12
8.13 £ 0.09
0.21 + 0.04
188.45 +10.21
14.45 +£1.21
167.89 + 12.45
14.45+1.94
1.46 £ 0.03

https://doi.org/10.1371/journal.pone.0262685.t001

Experimental procedures

Intact soil
50.90 £ 0.72
32.70 £ 0.62
17.40 £ 0.45
1.47 £ 0.11
8.01 £0.19
0.24 £ 0.03
22591 +11.23
2341 +1.15
23323 +11.32
23.98 £2.32
2.21£0.08

Juniper trees were transferred to plastic pots (25 cm diameter and 25 cm height) perforated
from the bottom, filled equal amounts of soil (either damaged or undamaged soil) and peat-
moss in a 1:1 ratio. The pots were placed in the greenhouse and the temperature was set to

25 +2 °C. All pots were irrigated 3 times a week with 400 ml water for 1 month. The trees were
treated with fertilizer NPK (20-20-20) after one month with three concentrations (0, 5 and 10

g/liter) by foliar spray three times a week for 90 days.

The pots were divided into six groups, i.e., intact soil with three NPK concentrations and
fire-damaged soil with three NPK concentrations. The NPK treatment continued for 90 days
and NPK was foliar sprayed three times a week. At the end of the experiment, the trees were
removed from the pots and washed to remove the suspended soil/debris prior to morphologi-
cal and physiological measurements (photosynthetic pigments, relative water content (RWC)
and concentration of N, K, P, and Na.

Experimental design

The experiment was conducted according to randomized complete block design with facto-
rial arrangements. Soil types were kept in main plots, whereas NPK concentrations were
randomized in sub plots. Each treatment has three replications and each replication had

two pots.

Data collection

Growth traits were recorded 120 days of after the initiation of experiment (30 days of irrigation
for plant establishment and 90 days of fertilizer treatment). The measurements included tree
height (cm), number of leaves (leaves/tree). Fresh and dry weight of shoot and root (g) was
recorded by weighing the freshly harvested and dried root and shoot samples.

For measuring photosynthetic pigments, 0.2 g fresh leaf sample was digested with 80% ace-
tone and homogenized. The homogenized sample was filtered, and the resulting filtrates was
raised to 25 mL by adding 80% acetone in each sample. The absorbance of the filtrates was
determined at various wavelengths (663, 645, and 480 nm) by using an UV-1900 BMS (Ger-
many) spectrophotometer. The chlorophylls (a and b), and total chlorophyll (total chls), were
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determine and expressed in mg/g FW following Arnon [41] formula.

Chla = [(12.7 x OD 663) — (2.69 x OD 645)] x V/1000 x W.
Chl b = [(22.9 x OD 645) — (4.68 x OD 663)] x V/1000 x W.
Total chls = [(20.2 x OD 645) — (8.02 x OD 663)] x V/1000 x W.

Relative water contents (RWC) were measurement according Farooq et al. [42]. The leaves
were weighed fresh, then kept in distilled water for 24 hours and again weighed to record tur-
gid weight. The turgid leaves were dried in an oven and weighed to record dry weight. The
RWC were measured according to the formula given by Cornic [42].

RWC = [(FW — DW)/(TW — DW)] x 100

Here, FW = fresh weight, DW = dry weight and TW = turgid weight.

The N contents were measured according to micro-Kjeldahl method described in the
AOAC [40]. The molybdenum-reduced molybdophosphoric blue color method in sulphuric
acid (with reduction to exclude arsenate) was used to determine P content. Sulphomolybdic
acid (molybdenum blue), diluted sulphomolybdic acid, and 8% (w/v) sodium bisulphite-
H,SO, solution were used as reagents. The K and Na contents were determined using 0.2 g of
dried leaves digested with sulphuric acid in the presence of H,O, [43]. Total leaf contents of
Na and K contents were measured using Flame Spectrophotometry.

Statical analysis

The collected data were tested for normal distribution [44] which resulted that all measured
variables were normally distributed. Therefore, the original data were used in statistical analy-
sis. Two-way analysis of variance (ANOVA) was used to test the significance in the data [45].
The means were compared with least significant difference test where ANOVA indicated sig-
nificant differences. The analysis was conducted on SPSS V.21 [46]. The minimal dataset used
in the analysis is given as S1 File.

Results

The individual and interactive effects of soil types and NPK concentrations significantly
altered tree height, number of leaves per plant, stem and root fresh and dry weights and rela-
tive water contents of J. procera tree with some exceptions (Table 2). Soil type had the only
non-significant impact on relative water contents, whereas the rest of the traits significantly
affected all the measured growth traits during the study (Table 2).

Regarding the individual effects of soil types, the higher values of tree height, number of
leaves per plant, and fresh and dry weights of stem and root were recorded for the trees grown
on intact soil compared with fire-damaged soil. Nonetheless, relative water contents were not
altered by different soil types (Table 3).

Increasing NPK dose linearly improved all measured traits of Juniper tree during the study.
The highest values of tree height, number of leaves per plant, fresh and dry weights of stem
and root, and relative water contents were recorded for the trees sprayed with 10 g/L NPK
solution, whereas the lowest values of these traits were recorded for the plants receiving no
NPK throughout the growing season (Table 3).

Regarding soil types by NPK concentrations interaction, higher values for tree height, num-
ber of leaves per plant, fresh and dry weights of stem and root, and relative water contents
were recorded for the trees grown on intact soil with 10 g/L NPK, whereas the lowest values
for these traits were noted for the trees grown on fire-damaged soil with 0 g/L. NPK (Figs 1-3).
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Table 2. Analysis of variance of different growth traits of Juniperus procera trees as affected by different soil types and NPK concentrations.

Source of variation DF Sum of squares Mean squares F value P value

Tree height

Soil Type (S) 1 202.74 202.74 518.22 < 0.0001*
Nitrogen doses (N) 2 97.94 48.97 125.17 < 0.0001*
SxN 2 10.72 5.36 13.70 0.0008*
Number of leaves per plant

Soil Type (S) 1 40.38 40.38 72.12 < 0.0001*
Nitrogen doses (N) 2 446.31 223.16 398.53 < 0.0001*
SxN 2 6.46 3.23 5.77 0.0176"
Stem fresh weight

Soil Type (S) 1 299.23 299.23 523.50 < 0.0001*
Nitrogen doses (N) 2 486.56 243.28 425.62 < 0.0001*
SxN 2 12.15 6.08 10.63 0.0022*
Root fresh weight

Soil Type (S) 1 239.22 239.22 546.36 < 0.0001*
Nitrogen doses (N) 2 246.71 123.36 281.73 < 0.0001*
SxN 2 27.33 13.67 31.21 < 0.0001*
Stem dry weight

Soil Type (S) 1 135.85 135.85 761.25 < 0.0001*
Nitrogen doses (N) 2 255.00 127.50 714.48 < 0.0001*
SxN 2 20.71 10.35 58.02 < 0.0001*
Root dry weight

Soil Type (S) 1 86.51 86.51 617.70 < 0.0001"
Nitrogen doses (N) 2 218.58 109.29 780.39 < 0.0001*
SxN 2 24.20 12.10 86.40 < 0.0001*
Relative water contents

Soil Type (S) 1 0.01 0.01 0.02 0.8771N8
Nitrogen doses (N) 2 83.37 41.69 111.32 < 0.0001*
SxN 2 13.23 6.62 17.67 0.0003*

NS = non-significant,

* = significant

https://doi.org/10.1371/journal.pone.0262685.t002

Table 3. The influence of different NPK doses on growth and biomass accumulation of juniper tree grown on two different soil types.

'TH (cm) Nicaves (plant™) SFW (g) 'RFW (g) 'SDW (g) 'RDW (g) 'RWC (%)
Soil types
Fire damaged 33.30b 52.50 b 26.68 b 14.84b 13.29b 7.89b 86.45 NS
Non-damaged 40.02 a 55.49a 34.83a 22.13a 18.78 a 12.28 a 86.49
LSD 0.05 3.45 2.12 3.45 4.58 2.23 4.19 NS
Nitrogen doses
0 33.79 ¢ 48.11¢ 2442 ¢ 1433 ¢ 11.81 ¢ 6.14 ¢ 84.06 ¢
5 36.71b 53.59b 30.72b 17.83b 15.36 b 9.51b 86.09b
10 39.50 a 60.29 a 37.15a 23.32a 20.96 a 14.62a 89.29a
LSD 0.05 2.91 4.56 5.1 2.31 3.98 3.51 1.90

Means with different letters significantly differ from each other (p<0.05). Here, Nje,yes = number of leaves per plant, SFW = shoot fresh weight, RFW = root fresh
weight, SDW = shoot dry weight, RDW = root dry weight, RWC = relative water contents, NS = non-significant

https://doi.org/10.1371/journal.pone.0262685.t003
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Fig 1. The impact of different NPK doses on tree height and number of leaves per plant of Juniper tree grown on
fire-damaged and non-damaged soils.

https://doi.org/10.1371/journal.pone.0262685.9001

The individual and interactive effects of soil types and NPK concentrations significantly
altered chlorophyll a, chlorophyll b, total chlorophyll, accumulation of nitrogen, phosphorus,
potassium, sodium, and potassium sodium ratio of J. procera tree with some exceptions
(Table 4). Soil type had the only non-significant impact on potassium sodium ratio, whereas
the rest of the traits significantly affected all the measured biochemical and nutrient acquisition
traits during the study (Table 4).

Regarding soil types by NPK concentrations’ interaction, higher values for chlorophyll a,
chlorophyll b, total chlorophyll, phosphorus, potassium and sodium accumulation, and potas-
sium sodium ratio were recorded for the trees grown on non-damaged soil with 10 g/L NPK,
whereas the lowest values for these traits were noted for the trees grown on fire-damaged soil
with 0 g/L NPK (Figs 3-5). However, tress grown on fire-damaged soil with the highest NPK
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Fig 2. The impact of different NPK doses on fresh and dry biomass accumulation in roots and shoots of Juniper tree grown on fire-
damaged and non-damaged soils.

https://doi.org/10.1371/journal.pone.0262685.9002
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Fig 3. The impact of different NPK doses on relative water and chlorophyll (a, b and total) contents of Juniper tree grown on fire-
damaged and non-damaged soils.

https://doi.org/10.1371/journal.pone.0262685.9g003
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Table 4. Analysis of variance of different soil types and NPK doses for chlorophyll contents and nutrient acquisition traits of juniper tree.

Source of variation DF Sum of squares Mean squares F value P value
Chlorophyll a

Soil Type (S) 1 44.94 44.94 152.81 < 0.0001*
Nitrogen doses (N) 2 621.22 310.61 1056.28 < 0.0001*
SxN 1.48 0.74 2.52 0.1220N8
Chlorophyll b

Soil Type (S) 1 2191 2191 67.26 < 0.0001*
Nitrogen doses (N) 1052.11 526.05 1614.79 < 0.0001*
SxN 2 62.83 31.42 96.44 < 0.0001*
Total chlorophyll

Soil Type (S) 1 20.14 20.14 42.21 < 0.0001*
Nitrogen doses (N) 2180.13 1090.07 2284.35 < 0.0001*
SxN 324.48 162.24 339.99 < 0.0001*
Nitrogen accumulation

Soil Type (S) 1 83.51 83.51 643.51 < 0.0001%
Nitrogen doses (N) 241.32 120.66 929.83 < 0.0001*
SxN 17.56 8.78 67.65 < 0.0001*
Phosphorus accumulation

Soil Type (S) 1 61.09 61.09 158.31 < 0.0001*
Nitrogen doses (N) 400.86 200.43 519.42 < 0.0001*
SxN 2.75 1.37 3.56 0.0610 ™
Potassium accumulation

Soil Type (S) 1 79.13 79.13 315.94 < 0.0001*
Nitrogen doses (N) 2 171.62 85.81 342.63 < 0.0001*
SxN 4.27 2.13 8.52 0.0050*
Sodium accumulation

Soil Type (S) 1 10.16 10.16 160.40 < 0.0001%
Nitrogen doses (N) 12.12 6.06 95.74 < 0.0001*
SxN 3.81 1.91 30.10 < 0.0001*
Potassium Sodium ratio

Soil Type (S) 1 0.37 0.37 7.88 0.0159 N8
Nitrogen doses (N) 2 27.82 13.91 299.35 < 0.0001*
SxN 0.41 0.20 4.41 0.0367*

* = significant,

NS = non-significant, DF = degree of freedom

https://doi.org/10.1371/journal.pone.0262685.1004

concentration recorded the highest nitrogen accumulation compared to the rest of the treat-
ments included in the study (Fig 4).

Discussion

The individual and interactive effects of soil types and NPK doses significantly altered growth
and biochemical attributes and nutrient accumulation in Juniper tree as hypothesized. The

lowest values for these traits were noted for the trees grown on fire damaged soil with no NPK
application, whereas application of 10 g/L NPK on intact soil resulted in the highest values for
these traits. Interestingly, N uptake was increased in fire-damaged soil compared to intact soil.
Nitrogen is considered as the most limiting factor for plant growth, and it was the most deficit
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Fig 4. The impact of different NPK doses on nutrient accumulation of Juniper tree grown on fire-damaged and non-damaged soils.
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in fire-damaged soil (Table 1). Similarly, the P and K concentration in the fire-damaged soil
was lower than the intact soil. Nevertheless, the intact soil has higher C and N stocks compare
to the fire-damaged soils. Several earlier studies have reported that wildfires significantly lower
nutrient concentration in the soils [7, 9]. The application of NPK increased the availability of
nutrients in both soil types which enabled Juniper trees to extract the nutrient and improve
their growth. The higher values of observed traits on non-damaged soil under the highest NPK
concentration are directly linked with the continuous supply of essential nutrients throughout
the growth period which resulted in better tree growth.

Plants exploit nutrient acquisition to persist in different habitats and higher acquisition of
nutrients results in better growth [47]. Similar results were obtained in the current study
where plants with higher nutrient acquisition resulted in better growth. The nutrient acquisi-
tion ability of plant species considerably varies depending upon the nature of species and habi-
tat where they are being established [47]. Successful restoration of forests can be achieved by
selecting the species with better nutrient acquisition traits [48].

Plant species possess numerous growth traits which enable them to persist in various eco-
systems [49]. Higher nutrient acquisition is among the most important traits of tree species
enabling them to persist under various environments [50]. Juniper trees grown with the high-
est NPK concentration achieved higher nutrients, which enabled them to successfully grow on
both soil types. The growth of the tress was significantly increased with increasing NPK levels
on fire-damages soils indicating that addition of NPK could accelerate the growth of Juniper
trees on damaged soils. Higher growth and biomass accumulation are considered important
traits for the successful establishment of plants [51]. Tree height is another important trait as
taller trees could produce more offspring compared to the trees having shorter height [47].

Nitrogen (N), phosphorus (P) and potassium (K) are primary nutrients required by the
plants for their proper growth and development. Growth and development of plants is nega-
tively affected by the deficiency of any of these nutrients during their life cycle. Nitrogen plays
a key role chlorophyll synthesis and subsequently in photosynthesis. Nitrogen plays an impor-
tant role in vegetative growth of plants; thus, should remain available throughout this stage
[52]. The P increases cell division and stimulates root growth and flowering. The P is found in
the plant parts having high metabolism and rapid cell division; therefore, plays a role in the
storage and transfer of energy released during photosynthesis and its deficiency delays plant
maturity [26]. Rational/artificial fertilization could improve soil nutrient status which would
increase crop productivity and alter C and N input from crop residues. The fertilization also
influences soil C and N accumulation through change on soil structure, soil organic C and N
component and soil aggregation [27]. However, optimum amount of these nutrients to be sup-
plied should be determined prior to their application.

Conclusions

Increasing NPK doses significantly increased growth and biochemical attributes and nutrient
acquisition of Juniperus procera grown on fire-damaged and intact soils. The highest values of
these traits were recorded with 10 g/L NPK spray. Hence, 10 g/L NPK can be used to improve
plant growth and establishment in fire affected areas of Asir province, Saudi Arabia.

Supporting information

S1 File. Minimal dataset of the study used to build graphs and analyze the data reported
and interpreted in the manuscript.
(XLSX)
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