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Abstract: Carbon stocks provide information that is essential for analyzing the role of forests in
global climate mitigation, yet they are highly vulnerable to wildfires in Mediterranean ecosystems.
These carbon stocks’ exposure to fire is usually estimated from specific allometric equations relating
tree height and diameter to the overall amount of aboveground carbon storage. Assessments of
vulnerability to fire additionally allow for specific fire resistance (bark thickness, crown basal height)
and post-fire recovery traits (cone mass for regeneration, and fine branches or leaves mass for
flammability) to be accounted for. These traits are usually considered as static, and their temporal
dynamic is rarely assessed, thus preventing a full assessment of carbon stocks’ vulnerability and
subsequent cascading effects. This study aimed to measure the pools of carbon stocks of individual
trees varying between 30 and 96 years old in the Djbel Mansour Aleppo pine (Pinus halepensis) forest
in semi-arid central Tunisia in the southern range of its distribution to fit a sigmoid equation of the
carbon pools and traits recovery according to age as a vulnerability framework. Allometric equations
were then developed to establish the relationships between fire vulnerability traits and dendrometric
independent variables (diameter at breast height, height, and live crown length) for further use in
regional vulnerability assessments. The total carbon stocks in trees varied from 29.05 Mg C ha−1

to 92.47 Mg C ha−1. The soil organic carbon stock (SOC) at a maximum soil depth of 0–40 cm
varied from 31.67 Mg C ha−1 to 115.67 Mg C ha−1 at a soil depth of 0–70 cm. We could identify
an increasing resistance related to increasing bark thickness and basal crown height with age, and
enhanced regeneration capacity after 25 years of age with increasing cone biomass, converging
toward increasing vulnerability and potential cascading effects under shorter interval fires. These
results should be considered for rigorous forest carbon sequestration assessment under increasing
fire hazards due to climate and social changes in the region.

Keywords: Pinus halepensis mill; mediterranean forest; carbon stock; vulnerability; allometric
equations; plant traits

1. Introduction

Forests have been identified as the primary terrestrial carbon sink and pool, seques-
tering more carbon than any other terrestrial ecosystem [1]. As a result, they are expected
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to play a key role in the global carbon cycle [2]. Aleppo pine (Pinus halepensis) has gar-
nered significant interest in the Mediterranean basin due to its ecological and conservation
properties. Its wide distribution and ability to protect soils make it important in regions
where other species struggle to survive or adapt to drought and fire [3]. Moreover, this
species plays a significant role as a carbon sink, particularly in stands with low site quality
in the Mediterranean region [4]. In addition, Aleppo pine forests are among the species
most affected by wildfires in the Mediterranean basin [5], with increasing concerns due
to climate changes prolonging drought and increasing heat waves [6]. In turn, wildfires
may actually jeopardize the carbon sink provided by these pine forests by combusting litter
and fine fuel located in the aboveground part of the ecosystem, as well as producing dead
biomass in the form of unburned trunks and roots, which decompose after the fire and
emit CO2 to the atmosphere by heterotrophic respiration [7]. Potential carbon sinks in the
form of forests must then not only be seen in terms of their carbon stocks and productivity,
but also through the lens of their susceptibility to burn, be affected by, and recover from
wildfires.

From the conceptual framework of ecological vulnerability to wildfires developed
for Europe [8], carbon stocks’ vulnerability can be defined by their potential loss (how
much carbon is actually on site), their resistance (how much of the available carbon stock
was not affected by the fire), and their recovery rate (how fast the carbon stock can be
reconstructed after a fire) (Figure 1). In addition, fire intensity affecting trees is driven
by flammability traits [9] such as the amount of fine fuel, bulk density, and crown height,
which can propagate a surface fire to a crown fire. Recovery is driven by seed amount
(or a resprouting strategy, but this is not the case for Pinus halepensis, which is an obligate
seeder species [10]), and carbon accumulation across time is usually assessed through
trunk biomass. Belowground root biomass development and pre-fire root carbon stocks
being decomposed are hardly ever quantified. They are, however, related to the concept of
absorbance, defined as post-disturbance losses that are not directly due to the disturbance
but occur afterwards, according to Linkov and Trump [11]. These species-specific traits are
assumed to determine their vulnerability and are considered to be static over time. Little
attention has been devoted to intraspecific trait variations within tree aging other than
the tree age maturity threshold which represents when individuals are able to produce
seeds [12]. These time varying trait values could, however, be a keystone aspect [13]
potentially leading to cascading effects when one fire event promotes a second one [14],
and potentially prolonging the recovery period and enhancing vulnerability.
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Figure 1. Conceptual scheme of carbon stock vulnerability to fire. Carbon stock (black line) is
affected by fire over time according to combustion completeness (CC) and resistance (fraction of
individual surviving the fire). Dead material C stock, not lost to the atmosphere during combustion,
is then decomposed after the fire and constitutes the absorption phase [11] followed by a recovery
phase according to plant growth and regeneration strategy. Aboveground fine fuel (Canopy) is fully
combusted, while trunk and root systems are killed but not combusted. Increased severity (through
canopy biomass and climate) can impact resistance and CC. Availability of fruits (cones) can delay
regeneration, and low crown base height can increase new crown fire likelihood.
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Although fine resolution remote sensing now allows for large scale biomass potential
loss assessments [15], some key aspects of the amount of biomass within organs and
resistance/regeneration potentials based on bark thickness or seed mass are hardly ever
assessed or are only derived from generic allometric equations. Numerous studies have
been conducted to estimate the pine aboveground biomass in Mediterranean countries,
such as Pinus pinea in Italy [16], Pinus brutia in Turkey [17], or Pinus halepensis and Pinus
nigra in Spain [18], among others. Accurate assessments of forest biomass then became
the fundamental basis for evaluating ecosystem productivity and carbon stocks. Various
methods have been utilized by foresters to obtain such estimates [19], including tree-level
allometric equations aimed to be generic enough to be applied over large areas, but still
reliable for various species and site conditions [20,21]. These equations typically utilize
diameter at breast height (DBH) as a key parameter for estimating tree biomass [22], while
total height can be incorporated as an additional covariate to enhance accuracy [23]. In
Tunisia, previous studies on the genus Pinus have mainly focused on tree biomass [24,25],
without considering litter and soil organic carbon stocks. To fully cover the vulnerability
assessment framework, plant traits related to fire resistance (bark biomass), regeneration
(cone biomass), and flammability (crown height, fine fuel fraction, bulk density, combined
with landscape level assumptions on canopy cover continuity) [26] should be investigated,
but are rarely performed due to time-consuming and destructive methods.

With the recent increase in the number of fires Tunisia (North Africa) since the political
collapse in 2011 [27], the important coverage of Pinus halepensis forests in this country with
many human and forestry applications [28], and the high fire susceptibility to Saharan
heatwaves controlling fire events [29], we proposed here to investigate the carbon stock
vulnerability of this species through all these aspects of potential loss, resistance, and
recovery. We then constructed our study on a thorough field sampling of above and
belowground carbon pools and keystone compartments on tree pines of different ages to
capture the maximum potential loss and recovery rate near a recently burned area in the
central Tunisian (Southern Mediterranean basin, North Africa) pine forests. We aimed to
(1) capture the growth rate of all carbon pools in Pinus halepensis trees, (2) to assess the
time course of resistance, regeneration and fire susceptibility traits across time as a time-
since-last-fire-varying vulnerability assessment, and (3) to produce non-linear allometric
equations for estimating the aboveground and belowground biomass and fire-related plant
traits for regional applications.

2. Materials and Methods
2.1. Study Area

This study was conducted in the Djebel Mansour forest (36◦16′0′′ N, 9◦42′0′′ E), sit-
uated in the semi-arid region of central Tunisia in North Africa (Figure 2). The area of
the Djebel Mansour forest covers 5800 hectares, predominantly occupied by Aleppo pine
(Pinus halepensis). Soils vary from shallow to deep (Table 1). The overstory is primarily
composed of Aleppo pine, while prominent shrubs include rosemary (Rosmarinus officinalis
L.), phillyrea (Phillyrea latifolia L.), mastic tree (Pistacia lentiscus L.), or a sparse shrub layer
of prickly juniper (Juniperus oxycedrus). In the study area, the soil type was generally
represented by carbonate soils (calcic-magnesic) covering calcareous parent material [30].
The Djebel Mansour forest, located in the upper semi-arid region, exhibits a typical Mediter-
ranean climate with distinct wet and dry seasons. During the study period (2020–2021), the
average temperature ranged from 11.60 ◦C in January to 29.68 ◦C in August. The annual
precipitation reached 438.2 mm.
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Figure 2. Location of Tunisia in the Mediterranean basin, and the study sites: (S1, 9.8136 N, 36.2353 N)
young stand and (S2, 9.7823 E, 36.2249 N) old stand.

Table 1. Stand parameters and characteristics of the research sites. (Means ± SE).

Stand Parameters Young Stand (S1) Old Stand (S2)

Tree density (tree ha−1) 2234 645
Tree height (m) 5.03 ± 0.14 10.81 ± 0.18
Diameters at breast height (cm) 8.61 ± 0.22 17.32 ± 0.8
Soil depth (cm) 40 70
Soil texture Silt loam Clay loam
Soil water holding capacity (WHC) (mm) 41.03 77.55

The soil water holding capacity (WHC) was 77.55 mm and 41.03 mm, respectively, in
two of the stands, S1 and S2 (Table 1), chosen for their tree height and age difference. The
soil physicochemical properties of the two sites are presented in Table 2. In the upper 10 cm
layer, and the clay content is higher in S2 (16%) compared to S1 (10%). However, S1 had a
greater percentage of coarse fragments (65%) than S2 (35%).

Table 2. Chemical and physical properties of soil in various layers of Aleppo pine forests in Djebel
Mansour, NE Tunisia.

Young Stand (S1) Old Stand (S2)

Depth (cm) 0–10 10–30 0–10 10–70

BD (g cm−3) 1.40 ± 0.05 a 1.64 ± 0.06 a 1.08 ± 0.08 b 1.22 ± 0.20 b

Gravel (%) 64.94 ± 2.4 a 81.2 ± 2.39 a 35.19 ± 2.09 a 72.22 ± 1.96 b

Clay (%) 10.84 ± 0.24 a 9.44 ± 0.17 a 16.68 ± 0.17 b 14.62 ± 0.17 b

Silt (%) 37.01 ± 0.37 a 32.50 ± 0.27 a 37.37 ± 0.19 b 43.25 ± 0.16 b

Sand (%) 52.15 ± 0.18 a 58.06 ± 0.18 a 45.95 ± 0.2 b 41.13 ± 0.1 b

N (%) 0.40 ± 0.01 a 0.22 ± 0.0 a 0.71 ± 0.0 b 0.61 ± 0.0 b

C (%) 2.09 ± 0.06 a 1.51 ± 0.07 a 6.48 ± 0.04 b 3.44 ± 0.04 b

SOCs (MgCha−1) 10.36 ± 1.08 a 14.11 ± 2.46 a 45.28 ± 3.9 b 70.38 ± 7.3 b

WHC (mm) 9.99 ± 0.47 a 31.04 ± 2.17 a 11.40 ± 0.96 a 66.15 ± 1.52 b

BD: Bulk Density; C: Carbon; N: Nitrogen; SOCs: Soil Organic Carbon stock; WHC: Water Holding Capacity.
Data represent means ± standard error (SE). For each parameter, different letters (a and b) indicate statistically
significant differences at p-values < 0.05 (one-way ANOVA) between the two stands.

2.2. Sampling Design and Tree Biomass Data Collection

Six plots measuring 25 × 25 m were randomly selected to cover young (S1) and old
(S2) stand conditions. Within each plot, measurements were taken for Aleppo pine trees
including tree height (H), stem diameter at breast height (DBH) and live crown length
(LCL). A total of fifteen trees from various diameter classes and ages were selected and
harvested. Prior to tree felling, the DBH, LCL, and H of all sampled trees were measured.
The trees were then harvested by cutting them from the stump. Each tree’s stem was
divided into 0.5 m sections and weighted fresh. The branches were separated from the
needles and their total fresh weight was measured. The bark was also separated from the
wood of each stem section and branch. The weights of the stem and branches of each tree
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were measured fresh in the field, using a mechanical platform weighing scale for samples
> 1 kg and a balance (Kern 440-47N, 0.1 g accuracy) for samples < 1 kg, with or without
bark to calculate the weight of the wood and bark. After felling the trees, an elliptical area
was determined on the ground, taking into account the projection of the tree crowns and
the half-distance from neighboring trees. The entire area of the ellipse was excavated to
estimate root biomass [31]. The complete root system was removed using an excavator,
and any remaining parts were carefully lifted out with a hand digger. Fresh belowground
samples were weighed in the field after cleaning.

For each tree compartment, five subsamples of plant material, including wood, bark,
needles, cones, and roots, were collected, dried at 70 ◦C for 48 h, crushed, and then sieved
to determine the dry weight (laboratory electronic precision balance at 0.01 g accuracy) and
the carbon concentration using CHN(O)S elemental analysis in the Laboratory of Chemical
Metrology at National Research Institute of Physical chemical Analysis (INRAP) of Tunisia.
Tree compartment dry weights and carbon masses were then deduced from these ratios to
their fresh weight collected in the field, thus assembling the whole tree weight exhaustively.

2.3. Litter, Soil Sampling and Analysis

In each site, litter samples were collected from five 25 × 25 cm squares to estimate
litter stock. The collected samples were then taken to the laboratory and dried in an oven
at 70 ◦C for 48 h. The same method used for analyzing plant samples was applied to
determine the organic carbon content of the litter.

To gather soil samples for physical and chemical analyses, pits were excavated at
each site. The particle size distribution was determined using the international pipette
method [32] and the proportion of the stone fraction was determined through sieving.
Organic carbon content was analyzed following the method described by [33]. Total
organic nitrogen was measured using the Kjeldahl method according to [34]. Soil bulk
density was determined by collecting five pseudo replicates of soil samples at each soil
profile and within each soil layer, using 100 cm3 stainless steel rings. Water content was
measured using a pressure plate. The soil organic carbon stock (SOCs) in the mineral soil
was calculated using the following equation:

SOCs = Σ (Dbi × Ci × Di) × (1 − CE), (1)

where SOCs is the soil organic carbon stock (kg C m−2), Dbi is the bulk density (g cm−3) of
layer i, Ci is the soil organic carbon concentration (%) in layer i, Di is the thickness of this
layer (cm), and CE is the percentage of coarse elements [35].

2.4. Statistical Analysis and Allometric Model Fitting

Modeling of biomass Y in relation to dendrometric variable Xj was carried out using
the general nonlinear structural form:

Y = β0 Πj(Xj)
βj, (2)

where Π denotes the product mathematical operator, Xj is dendrometric variable with index
j, β0 and βj are model parameters; βj is specific coefficient to variable Xj in the allometric
model. This model structure was previously applied to estimate tree biomass components
from the dendrometric variables DBH, H, and CR (Crown Ratio = LCL/H) [36], LCL, Life
Crown Length. In our study, we applied this model to the nine biomass components Y
(kg) provided by the analytic equations depending on two or three dendrometric variables
including DBH, H, and CR:

Y = β0DBHβ1Hβ2, (3)

Y = β0DBHβ1CRβ2, (4)

where β0, β1, β2 are regression parameters. Model (3) provided the best fitting for five of the
biomass components including total tree, aboveground, stem wood, stem bark, and root. Bi
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et al. [37] mentioned a significant improvement in the performance of DBH-based biomass
equations after addition of tree height (H). Model (4) fitted four of the biomass components
the best including branch wood, branch bark, needles, and pine cones. LCL (directly
associated with CR) has been proven to be one of the best predictor variables for crown
length [38]. Allometric equations were evaluated based on the following goodness-of-fit
statistics: high coefficient of determination (R2) vs. low root mean square error (RMSE),
mean absolute error (MAE), and significance levels of parameter estimators (p < 0.05). The
equations with the highest adjusted R2 values were selected and proposed for biomass
estimation. Normal distributions of residuals were checked by the Shapiro–Wilk test.
Homogeneity of variances was checked by the White (W) and Breuch–Pagnan (B-P) tests
referring to a Chi-square distribution (χ2). Nonlinear allometric equations were performed
using JMP statistical software, version 8.0. The effects of categorical soil depth (shallow
soil vs. deep soil) on soil characteristics were tested using a one-way ANOVA. The SPSS
statistical software 23.0 (IBM Corp., Armonk, NY, USA) was used. Descriptive results were
provided as variation ranges of mean values ± standard error (SE).

2.5. Recovery Model Fitting

Carbon stock dynamics across tree age were fitted to a sigmoid function (Equation (5),
using nls_gls function of the glsnsl v1.3.2 package in R cran v4.4.1), as a standard equation
for ecosystem resilience assessments [39].

Cstock = K/(1 + a · exp (−R . t)) (5)

where Cstock is the carbon stock of a given pool, K is the maximum value of this carbon
stock reached by the sigmoid function, and a and R are the growth parameters according to
time (t in years).

We finally used this temporal dynamic of traits to readjust the static vulnerability
conceptual framework (Figure 1), by extracting trait values for tree ages 20, 50, and 80 years
old and deduced their adjusted resistance and recovery dynamics during and after a fire
according to age. We then combined this result with the variations in flammability traits
throughout time to assess any potential cascading effects when a first fire promoted a
second fire in young stands with lower fire tolerance capacities.

3. Results
3.1. Carbon Stock Dynamic
3.1.1. Litter and Soil Carbon Stocks

We obtained the litter and SOC stocks from the S1 and S2 sites, with average ages
of 57.12 ± 10.76 years and 76 ± 10.08 years, respectively. The litter carbon stock in S2
was 6.90 Mg C ha−1 vs. 4.25 Mg C ha−1 in S1 (Table 3). Regarding soil organic carbon
stocks (SOC stocks), S2 had a higher value of 115.67 Mg C ha−1 (0–70 cm) compared to S1
with 31.67 Mg C ha−1 (0–40 cm, Table 3). The SOC content in the upper layer in S2 was
approximately four times higher than that in S1, being 45.28 Mg C ha−1 in S2 and 10.36 Mg
C ha−1 in S1.
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Table 3. Biomass of the total tree and its various components and carbon (C) pools of Aleppo pine
forests in Djebel Mansour, NE Tunisia. (Means ± SE). For each parameter, different letters (a and b)
indicate statistically significant differences at p-values < 0.05 (one-way ANOVA) between the two
stands. Bold numbers represent total tree and soil, both summing up to the ecosystem carbon stock.

Young Stand (S1) Old Stand (S2)

Components Biomass (Mg ha−1) C (Mg C ha−1) C (%) Biomass(Mg ha−1) C (Mg C ha−1) C (%)

Total tree 57.62 ± 20.35 a 27.03 ± 9.80 a 42.77 178.46 ± 19.43 b 84.65 ± 9.09 b 40.85
Aboveground 42.04 ± 15.83 a 19.98 ± 7.65 a 31.61 131.11 ± 14.9 b 63.22 ± 7.20 b 30.51

Stem wood 18.34 ± 6.45 a 8.18 ± 2.88 a 12.94 59.89 ± 6.24 b 26.72 ± 2.78 b 12.89
Stem bark 4.15 ± 1.33 a 1.85 ± 0.59 a 2.92 12.79 ± 1.17 b 5.70 ± 0.52 b 2.75

Branch wood 11.04 ± 3.31 a 5.78 ± 1.73 a 9.14 35.28 ± 1.76 b 18.49 ± 0.92 b 8.92
Branch bark 2.35 ± 0.70 a 1.05 ± 0.70 a 1.66 7.47 ± 0.37 b 3.33 ± 0.16 b 1.61

Needle 4.00 ± 1.13 a 2.07 ± 0.59 a 3.27 12.43 ± 0.59 b 6.45 ± 0.31 b 3.11
Pine cone 2.17 ± 0.25 a 1.05 ± 0.12 a 1.66 5.25 ± 0.19 b 2.53 ± 0.14 b 1.22

Belowground 15.58 ± 4.82 a 7.05 ± 2.18 a 11.15 47.35 ± 4.24 b 21.43 ± 1.92 b 10.34

Roots 15.58 ± 4.82 a 7.05 ± 2.18 a 11.15 47.35 ± 4.24 b 21.43 ± 1.92 b 10.34
Soil 36.17 57.23 122.57 59.15

Litter 8.06 ± 0.26 a 4.25 ± 0.14 a 6.72 13.09 ± 0.29 b 6.90 ± 0.15 b 3.33
SOCs 31.67 50.11. 115.67 55.82

Ecosystem 63.20 100 207.22 100

3.1.2. Aboveground Biomass

From the field measurements, it was seen that the whole tree aboveground biomass
reached a maximum value of 856 kg.DW at the age of 96 years. When fitting this to a logistic
curve, we reached a K value of 3762 kg.DW, much higher than the observed maximum
value which was theoretically reached at an age of 421 years when prolonging the curve.
Among the different modules composing the tree, trunk biomass reached 256 kg.DW at age
96 years, with a K value of 313 kg.DW which was reached at the age of 117 years. The trunk
biomass remained below 50 kg.DW until a tree age of 50 years, before sharply increasing
until it reached an asymptotic value at a recovery age of around 100 years old. The fine fuel
pool recovery (leaves and branches) was a little bit delayed, reaching 100 kg DW at 82 years
of age. A value of 626 kg.DW was observed at 96 years of age, which is much higher than
the trunk biomass at the same age (250 kg.DW) (Figure 3).
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Figure 3. (a) Total aboveground biomass (AGB), (b) trunk biomass, and (c) fine fuel biomass (leaves
& branches) (in kg.DW) according to tree age (X axis, in years). Red line represents the fitted sigmoid
curve, with its 95% confidence interval (grey lines). K: carrying capacity, r: growth rate, RMSE: root
mean squared error. Red dots represent tree individuals from the young stand S1 and black dots from
the old stand S2.
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The belowground root biomass reached a maximum value of 150 kg.DW at 96 years
of age, with a K value of 186 kg.DW which was reached at 112 years of age. The root
biomass followed the same pattern as the trunk biomass recovery but with a decreasing
root/shoot ratio from 1.5 at age 30 years which stabilized at a value of 0.6 at an age of
90 years, meaning that root development seems to happen faster than trunk development
in the earliest growing period (Figure 4).
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3.1.3. Combustibility

Leaf biomass, the most combustible part of the tree, reached a maximum value of
59 kg.DW, at an age of 78 years, and followed a logistic curve (r = 1.2) with K= 55.2 kg.DW
being reached at 100 years of age. The branches alone reached 58 kg.DW at age 80, and
increased further up to 500 kg.DW at age 96 years, an extreme value obtained for one tree.
When converting the leaf biomass into the bulk density (crown height) we observed a
stable value around 0.15 (SD = 0.19), which did not significantly vary across time. Canopy
combustibility then tends to increase across time (Figure 5).
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Figure 5. (a) Leaf biomass, (b) branch biomass (in kg.DW), and (c) leaf bulk density (in kg.DW.m−3)
according to tree age (X axis, in years). Red line represents the fitted sigmoid curve, with its 95%
confidence interval (grey line). K: carrying capacity, r: growth rate, RMSE: root mean squared error.
Red dots represent tree individuals from the young stand S1 and black dots represent trees from the
old stand S2.

Tree height was the fastest recovering parameter with a highest value of 12 m which
was reached at 78 years of age, and a K value of 11.4 m which was reached at 87 years of



Fire 2024, 7, 204 9 of 17

age as the recovery time. The crown base height reached a maximum value of 5 m and
a maximum K value of 3.45 m, reached at the same age of 87 years. The mean crown
base height was 0 m before 40 years of age when the tree height was below 3 m, and then
maintained a constant proportion of the tree morphology representing 30% of the total tree
height (Figure 6)
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Figure 6. (a) Tree height (m), (b) crown base height (m), and (c) crown base height/tree height ratio
according to tree age (X axis, in years). Red line represents the fitted sigmoid curve, with its 95%
confidence interval (grey line). K: carrying capacity, r: growth rate, RMSE: root mean squared error.
Red dots represent tree individuals from the young stand S1 and black dots represent individuals
from the old stand S2.

3.1.4. Resistance and Regeneration

Bark biomass reached a maximum value of 58 kg.DW at an age of 96 years, with a K
value of 127 kg.DW which was reached at 130 years of age. Bark biomass remains a constant
fraction of trunk biomass across time. When converting it to bark thickness, we obtained
an increasing value with age, reaching a maximum value of 4 kg.DW.m−2 (Figure 7).
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Figure 7. (a) Bark biomass (kg.DW), (b) bark thickness (kg.DW.m2), and (c) branch bark biomass
(kg.DW) according to tree age (X axis, in years). Red line represents the fitted sigmoid curve, with
its 95% confidence interval (grey line). K: carrying capacity; r: growth rate; RMSE: root mean
squared error. Red dots represent tree individuals from the young stand S1 and black dots represent
individuals from the old stand S2.

For branches, bark biomass reached 10 kg.DW at 82 years of age with a maximum
value of 80 kg DW at 96 years of age. Bark represents 24% of the total branch biomass with
an increasing proportion across the years (Figure 7).

Regeneration ability, seen through cone biomass, varied between 1 kg.DW at 40 years
andto 15 kg.DW at 96 years (Figure 4), with no cones being present below age 20.
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3.2. Allometric Biomass Equations for Regional Applications

In order to provide traits and biomass estimates based on simple morphology mea-
surements, we computed allometric equations. Table 4 provides estimated coefficients
estimates and goodness of fit statistics (R2, RMSE, Adj. R2, MAE) for all of the biomass
models for the two sites S1 and S2. These statistics were significant with p-value < 0.05,
indicating that the fitted biomass equations performed well. The most reliable model fitting
was obtained for total (Yt), aboveground (Ya), belowground (Yr), and stem biomass (Ysb,
Ysw), while the needle (Yn) and branch biomass (Ybb, Ybw) models showed less reliable
fittings with relatively lower R2 (0.77 ≤ R2 ≤ 0.82) and higher RMSE values. The pine cones
particularly showed a minimal model fitting aspect with R2 = 0.51.

Table 4. Best fitting biomass equations and their statistics for tree components of Aleppo pine forests
in Djebel Mansour, NE Tunisia. Yt: total biomass, Ya: aboveground biomass; Ysw: stem wood
biomass; Ybw: branch wood biomass; Ysb: stem bark biomass; Ybb: branch bark biomass; Yn: needle
biomass; Yc: cone; Yr: belowground biomass. W, white test; B-P, Breush–Pagnan test. RMSE: root
mean squared error. MAE: mean absolute error.

Components Allometric Equations Pr B-P Test W Test Pr (Sh-W) RMSE MAE R2 Adj. R2

Total tree Yt = e−2.5550(DBH2H)0.9446 0.8392 0.9678 0.8236 0.2320 0.1715 0.9781 0.9765
Aboveground Ya = e−2.9469(DBH2H)0.9579 0.5137 0.9758 0.6194 0.2428 0.1673 0.9768 0.9750
Stem wood Ysw = e−3.9761(DBH2H)0.9736 0.8978 0.9558 0.6193 0.1225 0.0987 0.9942 0.9937
Stem bark Ysb= e−5.0221(DBH2H)0.9091 0.1110 0.9727 0.8957 0.3389 0.2695 0.9511 0.9474

Branch wood Ybw = e−3.5850(DBH2CR)1.2486 0.2830 0.9185 0.1825 0.7358 0.6055 0.8117 0.7973
Branch bark Ybb = e−5.1000(DBH2CR)1.2419 0.6638 0.9494 0.5155 0.7586 0.6114 0.8010 0.7857

Needle Yn = e−4.4060(DBH2CR)1.2084 0.6638 0.9331 0.3031 0.7970 0.6416 0.7754 0.7582
Pine cone Yc = e−3.0134(DBH2CR)0.7710 0.4777 0.9822 0.9857 0.8124 0.6150 0.5125 0.4719

Root Yr = e−3.5452(DBH2H)0.8875 0.7831 0.9285 0.2591 0.3404 0.2852 0.9485 0.9445

DBH: diameter at breast height (cm); H: total tree height (m); LCL: Life Crown Length (m); CR: Crown Ratio (CR
= LCL/H). All equation parameters were statistically significant at α-level ≤ 5%.

The adjusted R2 values indicated that fitted models explained between 47% and 99%
of the biomass variance per tree component, explaining 75%, 79%, 97%, and 99% of the
variance in needles, branch wood, aboveground, and stem wood biomass, respectively.
The stem bark and belowground biomass equation explained, on average, 95% of the total
observed variance. The total, stem wood, stem bark, above, and belowground biomasses
(Yt, Ysw, Ysb, Ya, and Yr) were better estimated using DBH and H. However, for the biomass
of branches, needles, and cones (Ybw, Ybb, Yn, and Yc) better estimations were provided
using DBH and the Crown Ratio (CR) as predictive variables. The best fitting biomass
equations are presented in Table 4.

3.3. Adjusted Vulnerability Framework

Based on the time course of fire-related traits (3.1), we could obtain the resistance
trait values at 20, 50 (mean age of young stand S1), and 80 (mean age of old stand S2)
years of age. Bark thickness (resistance trait) varied, respectively, between 0.25, 0.8, and 2.0
kg.DW.m−2, thus increasing resistance during fire in older stands and leading to a lower
biomass decrease (Figure 8a). Root biomass (not affected by fires but decomposing after the
fire as an index of absorbance) varied between 3.1, 11.2, and 73.5 kg.DW for 20-, 50-, and
80-year-old trees, respectively, thus increasing absorbance in older stands (Figure 8b). Cone
biomass (regeneration trait) varied between 0, 2.5, and 7.1 kg.DW, thus suggesting a more
efficient start to the recovery and enhanced regeneration in older stands (Figure 8c). An
example of the potential cascading effect is the occurrence of an early second fire leading to
no recovery when the cones are not sufficient in very young stands (Figure 8e).
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Figure 8. Vulnerability curves of carbon stock in Pinus halepensis forest (young stand, grey line (d))
adjusted to increasing resistance (a), absorbance (b), and recovery (c) traits in old growth stands
(black line). Potential cascading effect to second early fire is also shown (e).

4. Discussion
4.1. Allometric Equations and Regional Applications

Site- and species-specific allometric equations provide an efficient way to estimate
both biomass and carbon stocks in forests. Nonlinear equations were developed to predict
above and belowground biomass (stem and branch wood, stem and branch bark, needle
and root) of Aleppo pine trees from dendrometric independent variables including DBH, H,
and the Crown Ratio (CR). DBH represents keystone information, since it is easily measured
in the field compared with the tree height and other variables. Previous studies revealed a
significant relationship between DBH and aboveground biomass worldwide [40]. In the
present study, the interaction between height and squared diameter significantly improved
the stem wood and stem bark biomass predictions with adjusted R2 values of 0.99 and 0.97,
respectively (Table 3). The R2 values were very high indicating the performance of the
models in predicting the biomasses of all of the tree compartments. The predictive ability of
(DBH2H) was reported in a Brazilian ecosystem study [41]. The inclusion of tree height (H)
in the regression model may increase the potential applicability of the equation to different
sites since the height is often used as an index of site growing conditions [42] and together
with DBH it can be used to define the main structural patterns of forest systems. Here,
we assumed homogeneous site conditions, although deeper soils and more nitrogen were
measured in the older S2 stand (Table 2). For branches and needles, it is important to add a
parameter that describes the shape and architecture of the crown and branching patterns
to accurately estimate the biomass at the tree canopy level. In our study, for branches and
needles, the combined effect of DBH and the Crown Ratio (CR = LCL/H) as independent
variables resulted in higher R2 values (Table 4). Here, we here independent allometric
relationships for each compartment, which cannot ensure an accurate additivity to the total
biomass estimate. Using an additive system of equations where parameters are estimated
with seemingly unrelated regression (SUR) would ensure this additivity [21].

Tree morphology-based relationships were shown to be able to capture the amount of
biomass in different tree compartments, with each of these compartments being related
to the total biomass (or potential loss) affected by fires but also the resistance, absorbance,
and resilience of the trees. With the increased resolution of and precision in measuring
tree height [43] and the tree crown area [44] at the regional scale with remote sensing, local
allometric relationships will allow for landscape-scale applications of tree compartment
assessments [45]. From this information, at a fine resolution and over extended areas,
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regional impacts [15] and ecosystem vulnerabilities to fires could then be easily evaluated
to drive post-fire management and restoration plans.

4.2. Forest Biomass Stocks in Mediterranean Pine Forests

Based on the allometric equations developed in this study, the estimated aboveground
biomass of the Aleppo pine (46.02–148.08 Mg ha−1) was in the range reported in other
studies examining Pinus species in Tunisia (80 Mg ha−1, [46], 93–113 Mg ha−1, [24]) and in
Portugal (63 Mg ha−1, [47]). Similar variations were reported for mixed forests containing
Pinus nigra in Turkey (29.4 Mg C ha−1, [48] and Pinus pinea stands in Spain (30–63 Mg C
ha−1, [49]).

Similarly, the estimated belowground biomass (15.58–47.35 Mg ha−1) falls within the
range of values reported for Aleppo pine forests in Tunisia (21.8 Mg ha−1, [46]). The carbon
stocks in the belowground biomass (roots), ranging from 7.05 Mg C ha−1 to 21.43 Mg C
ha−1 (Table 3), aligns with the reported range for analogous forest types in Turkey (14.8 Mg
C ha−1, [50]).

Moreover, the root/shoot ratios observed in this study (S2, 0.32, and S1, 0.34) align
with the findings for Portuguese pine stands (0.30, [47]). However, it is higher than the
ratios previously reported for Aleppo pines in Tunisia (0.26, [46]), conifer forests in Turkey
(0.18, [50]), and stone pines in Spain (0.24, [51]). The variation in root/shoot ratios may
be attributed to differences in root excavation methods and potential differences in site
fertility. Furthermore, these discrepancies could be explained by the plants’ strategies to
mitigate water deficiency episodes, such as the development of a taproot system to avoid
water stress and competition from understory vegetation [52].

In forest ecosystems, the deposition of litter fall is the primary mechanism for returning
organic matter and nutrients to the soil [53]. The rates of litter input in forest soils are
influenced by vegetation types, composition, and site conditions [54]. In the present study,
the estimated carbon stocks of litter ranged from 4 to 7 Mg C ha−1. These findings align
with the reported range for the same forest type in Turkey (2–7 Mg C ha−1, [55]). The
quantity of litter carbon varies according to the age and density of trees [56] making older
forests more prone to lose carbon stocks during fires. Forest litter is indeed flammable and
combusted during fires [57], particularly in Pinus halepensis forests [58].

The soil organic carbon (SOCs) content in the deep soil S2 (0–70 cm) was higher
(115.67 Mg C ha−1) compared to that reported for the same soil depth in conifer forests in
Spain (76 Mg C ha−1, [59]). However, in the shallow soil S1 (0–40 cm), the SOC content
(31.67 Mg C ha−1) was closer to values reported for Aleppo pine forests at the same depth
in Spain (37.32 Mg ha−1, [18]). These results, in conjunction with the carbon stocks of
different biomass components, emphasize the significant role of soil depth. Several factors,
including tree species, stand age, soil fertility, stand management practices, previous land
use, and climate, can contribute to the observed differences in carbon stocks among forest
ecosystems [60]. The amount of SOC is also influenced by the rate of organic matter inputs
and accumulation as well as the rate of mineralization in different organic carbon pools [61].
The SOC’s contribution to the total forest carbon stock was found to be 48.74% to 53.79%
(Table 4). The total carbon stocks (64.97–215.04 Mg C ha−1) in the studied ecosystem,
including living aboveground biomass, belowground tree biomass, litter, and soil, are
comparable to those reported in other pine forests across the Mediterranean region. It has
been shown that forested ecosystems with shallow soils often exhibit lower carbon stocking.
Another study reported carbon stocks of 23.96 Mg C ha−1 for Pinus halepensis and 58.09 Mg
C ha−1 for Pinus nigra at a soil depth of 40 cm in a conifer forest in south-eastern Spain [18].
On the other hand, the estimated total carbon stock in the deep site was in the range of
higher values observed in Mediterranean pine forests, such as those reported for conifers
in Turkey (265.7 Mg C ha−1, [40] and Pinus sylvestris in Spain (252 Mg C ha−1, [62]).
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4.3. Implication of Carbon Pools Dynamic on Vulnerability Assessment to Fire and
Cascading Effects

Our results could capture the time course of functional traits related to Pinus halepensis’
vulnerability to fire, including resistance, absorbance, and recovery, as a contribution to
the understanding of tree traits in relation to resistance and resilience to fires [63], as well
as potential cascading effects in promoting a new fire through flammability traits [14]. We
must deplore here the few very old (>70 years) and very young (<30 years) individuals
used for our analysis which might induce more uncertainties at these early and late stages
of forest development.

As a first result, we showed that Pinus halepensis resistance related to the bark thick-
nesses [26] of the trunk and branches increases over time, making older forests more
resistant (Figure 8), as has been observed for most species [64]. During fires, leaf and
branches carbon stocks are usually fully combusted and emitted to the atmosphere. The
trunk carbon stock is only partly affected depending on resistance traits and flame intensity,
and either survives the fire or is killed and submitted to decomposition. Additionally,
carbon can remain on site as black pyrogenic carbon after wood smoldering combustion
and could constitute a long-standing form of carbon storage [65]. However, smoldering is
a rare event within Mediterranean climate conditions [66].

At the same time, root biomass, which is hardly affected by direct combustion, also
increases with time, as is the case for most tree species [67], so that the post-fire absorbance
time taken for the root carbon stock to fully decompose in an old growth forest would
be more important than that in the young stands [68]. With regard to this root C stock,
old growth forests would then be less vulnerable (Figure 8). For Mediterranean species,
root biomass takes between 5 and 15 years to fully decompose [69,70] with exponential
decay. We limited our study to root biomass within the first 50 cm, below which the root
system might take longer to decompose [71], so that older trees might have even a longer
absorbance time and a lower vulnerability.

Regarding the regeneration potential of seeds, we were able to quantify the increasing
cone biomass with age, but this started at 25 years old, before which no cones were observed
in our area. This maturity threshold is higher than that previously reported for this species
which was around 15 years old [72], but fire frequency has been shown to stimulate earlier
maturity [73,74] and more cone biomass [10]. A relationship between cone biomass and
DBH was previously demonstrated [75], so that older forests have an increased ability to
regenerate as a consequence of there being more cones to germinate [76], although seed
number was also not always considered as a limiting factor once the trees had passed the
maturity threshold [77]. We should note here that there is a potential tipping point at this
age of maturity, below which the trees would not be able to regenerate (and would take a
lot of time from seed dispersal), a vital attribute related to fire as identified by Noble and
Slatyer [12]. Recurrent fires with a return interval below this maturity threshold would
result in a cascading effect which significantly increase the vulnerability of carbon stocks.

Finally, the dynamics of crown basal height revealed that Pinus halepensis trees experi-
ence vertical fuel continuity in their first 30 years with a crown basal height of 0 m, thus
favoring crown fires during the early stages of tree development [78]. Then, the crown basal
height followed a fixed ratio with tree height, a feature implemented in tree height/crown
basal area models [79–82] which has an impact on flammability [83]. However, the dynam-
ics of horizontal fuel continuity and litter amount, as major drivers of ignition and fire
spread, which were not assessed in our study, may reduce this crown fire probability during
the very early stages of forest development through horizontal discontinuity [84]. We as-
sumed here a continuous canopy cover as observed in the study area, but fuel discontinuity
in the canopy layer and reduced bulk density at the landscape level could locally reduce
fire spread and should be accounted for in a full flammability assessment. Nevertheless,
our results could contribute to the conceptual framework of carbon stock vulnerability
to fires in Mediterranean Pinus halepensis forests (summarized in Figure 8), revealing an
increasing vulnerability under short-interval reburning as observed in other coniferous
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forests [85], and causing potential cascading effects in the face of successive fires [85–87],
which are becoming more frequent in the country with increasingly frequent and intense
heatwaves [6] such as that during the summer 2023, and recent social troubles [88].

5. Conclusions

The present study has developed nine allometric models that estimate the above-
ground and belowground biomasses of Pinus halepensis based on the tree’s diameter at
breast height (DBH), height (H), and Live Crown Length (LCL) as independent variables.
These equations can be utilized as a valuable resource for assessing the carbon stocks in
various carbon pools in Mediterranean Aleppo pines. In particular, we provided detailed
information on the different carbon pools, including root biomass, a rarely assessed tree
compartment due to methodological constraints [89]. We also showed the value of the
information provided by these different pools in an evaluation of the fire-related traits that
contribute to resistance, absorbance, and recovery for a dynamic vulnerability assessment
according to the time since last fire (TSLF). From this information, we can conclude that
the carbon stock in young forests has a higher vulnerability to fire, because of its reduced
resistance and regeneration potential. This pattern was coupled with higher flammability
in the young stands, thus enhancing crown fire danger and cascading effects and reducing
the forests’ ability to recover, making protecting these young forests from fire a priority.
Landscape assessments of tree height could provide additional fruitful information for a
regional assessment of forests’ vulnerability to fire, driving fire management policies to
their secure carbon sequestration abilities and the other ecological values of these forests.
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