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Abstract

Calabrian pine (Pinus brutia Ten.) is the most widely distributed coniferous species in Turkey.
Forests mostly composed of Calabrian pine constitute the most flammable forests in fire sensi-
tive regions of the country. Especially, regenerated and immature stands of this species have
the most fire-prone fuel type. This study evaluates the results of vertical crown fuel distribution
and develops some crown fuel models to explain canopy fuel characteristics in natural Cal-
abrian pine stands. A total of 35 trees were cut down and crown fuels were determined verti-
cally. The highest crown fuel load was generally situated in the middle part of tree crown. The
percentage of needles in each crown section increased gradually from the beginning of lower
parts to the upper parts of tree crowns for three stand types. Total crown fuel loads were de-
termined as 5.66 kg for regenerated stands, 11.57 kg for immature stands and 17.44 kg for
middle age stands, respectively. Correlation and regression analyses were performed to deter-
mine the relationship between needles, branches, available fuels, total crown fuels and tree
properties. The results of crown fuel distribution and the allometric equations developed in
this study can be used to predict vertical fuel load at any height from ground to the top of
Calabrian pine stands. The results of this study will contribute to the verification and evalu-
ation of fuel load prediction models in use, and enhance the understanding of crown fire be-
havior mechanism in forest fires.
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1. Introduction

In forest ecosystems, fuels are the result of stand
growth and development, and are an indispensable
part and driver of fire behavior and essential compo-
nents of fire management. Forest managers are main-
ly interested in the amount of volume increment,
while forest fire researchers and fuel managers are
mostly interested in the productive parts of trees as a
flammable material. Fire managers and fire manage-
ment activities generally focus on decreasing or mod-
ifying the amount and properties of fuel (Agee et al.
2000, Agee and Skinner 2005) for the mitigation of fire
behavior (Roccaforte at al. 2008) and management of
forest fires (Hornby 1936, Ager et al. 2010, Syphard et
al. 2011). This is due to the fact that fuels are the only
parameters that can be intervened and controlled by
the foresters among the other fire behaviour parame-
ters such as topography and weather. Also, the char-
acteristics and the dynamics of crown fuel load are

essential information for effective fire behavior predic-
tion modeling (Kucuk et al. 2015) and fuel manage-
ment practises (Cruz et al. 2003, Yavuz et al. 2018).
Properties of forest fuels and fuel continuity at stand
(Bilgili 2003) and forest level (He et al. 2004) determine
fire behavior and its management (Keane et al. 2001,
Omi 2015) especially in crown fire prone conifer for-
ests (Cruz and Alexander 2017).

In conifer forests, crown fuels are the primary
sources of flammable materials of stand canopies
(Cruz et al. 2003). It is necessary to gather some infor-
mation about the main parameters of canopy fuels
(e.g., crown base height, crown fuel load and canopy
bulk densities) (Cruz and Alexander 2014) for eluci-
dating (Van Wagner 1977) and exploring of crown fire
phenomena (Keyser and Smith 2010, Alexander et al.
2013) with existing fire models (Andrews 1986, Scott
1999, Finney 1998). The crown base height is an impor-
tant parameter for the initiation of crown fire along
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with surface fire, while the density of the crown fuel
load supports the fire intensity and the spread rate of
active crown fire. Determining crown fuel load, assess-
ing canopy fuel characteristic and modeling crown
fuel components are needed for forest fire behavior
researches (Kucuk and Bilgili 2008), fire management
plans (Hornby 1936), assessment of crown fire hazard
(Scott and Reindhart 2001) and fuel management pri-
orities (Corona et al. 2015). Moreover, description and
modeling crown fuel characteristics in different stand
types have crucial importance in fire management and
forest management planning initiatives. Recent ad-
vances in predicting crown fire behavior require re-
peatable and meaningful estimation of canopy fuels
(Kucuk et al. 2007) and investigation of its vertical
distributions (Gonzalez-Ferreiro et al. 2017).

To date, most studies were conducted to investigate
the amount of crown fuel loads in some coniferous spe-
cies (Brown 1978, Stocks 1980, Johnson et al. 1990,
Mitsopoulos and Dimitrakopoulos 2007a, Kucuk et al.
2007, Bilgili and Kucuk 2009, Moore 2010). However,
crown fuel distribution by vertical distribution on tree
crowns was rarely taken into account (Kellomaki et al.
1980, Mékela and Vanninen 2001, Mitsopoulos and
Dimitrakopoulos 2007b, Kucuk et al. 2007, Gémez-
Vazquez et al. 2013). Over the last decade, crown fuel
load (Kucuk et al. 2008, Kucuk and Bilgili 2008, Bilgili
and Kucuk 2009, Giingoroglu et al. 2018) or biomass
determination studies in Calabrian pine species have
been gaining more interest in Turkey (Durkaya et al.
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2009, Sonmez et al. 2016, Eker et al. 2017, Sakici et al.
2018) and sparsely distributed areas in Europe and
elsewhere (Zianis et al. 2011, de Miguel et al. 2014).

In spite of the existence of some studies on this spe-
cies, there are no studies dealing with the characteriza-
tion of vertical crown fuel distribution in tree and stand
level from natural Calabrian pine stands. Therefore, the
main objective of this study was to investigate and
characterize vertical distribution of crown fuel in natu-
ral Calabrian pine stands. The study also focuses on the
development of crown fuel models to assess canopy
fuel characteristics of Calabrian pine stands.

2. Materials and Methods

2.1 Study Area

The study area is located at 36° 54' 36" — 37° 10' 58"
N and 31°02' 00" - 31°13' 52" W coordinates. Sampling
plots were selected from Akbas Forest Planning Unit
under the responsibilities of Serik State Forest Enter-
prise in Antalya Regional Directorate of Forestry. Ele-
vation ranges from 250 to 370 m. Soil characteristics in
the area are shallow and loam and sandy loam of lime-
stone origin. In the study area, Mediterranean climate
prevails characterized by dry and hot summer season
with mild and rainy winters (GDF 2011) (Fig. 1).

The study area covers 20 654.7 ha of land area with
10 158.2 ha of forests. Productive forest area comprises
of 7907.0 ha, while the remaining 2251.2 ha is non-
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productive. Forests of the study area are mainly com-
posed of pure Calabrian pine stands (82%) (GDF 2011).
This species has the largest distribution covering of
nearly 5.8 million ha of forest lands in Turkey (GDF
2015). Calabrian pine is critically important in forest
management studies because it is a fire prone species
(Neyisci 1986) both in the case study area (Bilgili and
Baysal 2013) and in the fire sensitive regions in Turkey
(Bilgili and Kucuk 2009). The case study area was selected
because of a few reasons. First of all, it is situated in a
highly fire-sensitive region of the country and in the
case study forests. Second, the forest is one of the most
vulnerable forest areas to forest fires both in Turkey
and Antalya Regional Directorate of Forestry. Lastly,
the species composition of the area is mostly domi-
nated by Calabrian pine prone to forest fires. Most of
the forests in the case study area was burned by Anta-
lya Serik-Tasagl forest fire in 2008 (Bilgili et al. 2010).
As aresult of frequent and large forest fires, nearly 65%
of productive forests and nearly 50% of total forested
areas in the case study area are composed of regenerated,
immature or middle age Calabrian pine stands (Bilgili
and Baysal 2013). These stands are very prone to in-
tense crown fires because of their fuel characteristics
(Bilgili et al. 2010). In this context, investigation of
crown fuel characteristics of those stands is of great
importance in fuel management and forest fire fighting
activities in Calabrian pine dominated forests.

2.2 Measurement and Data Collection

First of all, some measurements and observations
were conducted to obtain general characteristics of
regenerated, immature and middle aged Calabrian
pine stands. To do this, a total of 9 sampling plots was
selected from pure and even-aged Calabrian pine
stands with crown closure greater than 70%. All se-
lected sampled plots had been treated at least once by
commercial thinning before the study. The shape of
the sampling plots was circular with radius ranging
from 200 m” for regenerated stands to 400 m* for im-
mature and middle aged stands. In calculating mean
stand values for sampling plots, dead trees and trees
with diameter at breast height (DBH) less than 8 cm
were not taken into consideration. A total of nine sam-
ple plots, three for each stand type, were selected for
this research. For the regenerated stands, three sample
plots were taken and a total of 76 trees was measured.
For immature stands, again three sample plots were
selected and a total of 84 trees were measured. For
middle aged stands, three sample plots were selected
and a total of 79 trees were measured. In all sampling
plots, a total of 239 trees were measured. Those three
stand types are typical and representative of the case
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study area. In each sample plot, the following tree
characteristics were measured:
= tree age — A, counted increment core in
diameter at breast height
= root collar diameter — RCD, cm
= diameter at breast height - DBH, cm
= tree height - H, m
= crown base height - CBH, m
= crown width - CW, m
= crown length - CL, m
= bark thickness of the tree trunk measured with
bark gauge tool at 0.3 m above ground — BT, cm

A total of 35 trees were selected specifically to as-
sess the amount of crown fuel and its vertical distribu-
tion on trees. The subject trees were selected taking
into consideration the approximate expression for the
average properties of the stands. All trees were select-
ed from the dominant or codominant trees (Kraft
1884). Trees with defoliated branches on tree crowns
or broken tops were disregarded (Brown 1978). The
selected trees were cut at 0.3 m above forest floor and
felled carefully by a professional forest worker sup-
ported by a few people to avoid any adverse effects
such as loss of biomass. Tree height, live crown base
height and crown length were measured for the veri-
fication of primer measurement data after felling the
trees. Small trees were carefully handled as a whole
and big trees were transported in two or three pieces
to the nearest forest fire fighter team building. Trees
were sectioned and marked in two meter long pieces
from the cutting point up to the top of the tree. All
living branches and needles for each 2 meter sections
were removed from the trunk and carefully measured.
Sectioning the trees and determining fuel materials for
each section were conducted to obtain average values
of fuel and its distribution both at tree crown and
stand canopies of the sampled stands.

Needles were removed from the branches care-
fully and put into a tent cloth. The branches were then
categorized into five classes such as:

= very fine — VEB, 0-0.3 cm

= fine — FB, 0.3-0.6 cm

= medium - MB, 0.6-1 cm

= thick - TB, 1-2.5 cm

= very thick - VIB, >2.5 cm branch size (Kucuk et
al. 2007).

Different classes of branches were separated into
different buckets. The weights of all needles and
branches for each 2 meter section were determined
with precision scales (0.1 g sensitivity) in the field. For
the determination of oven dried weights of the
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measured fresh weight, sub-samples were taken,
placed in wooded bags and transported to the labora-
tory. The sub-samples were placed in an oven and
dried for 48 hours at 105 °C. Oven-dried fuel weights
were measured at 0.01 sensitivity scale in the labora-
tory. Sub-samples were taken from nearly 5-10% of
the total weight for needles and each branch class for
each 2 m section. If the amount of needles and branch-
es is quite low (i.e,, if they have a volume that can fit
in wooded bags), no sub-samples were taken. All ma-
terials were placed into wooded bags used to prevent
deterioration (i.e., mold or rot) of the needles and
branches and carry out fast drying of samples.

2.3 Statistical Analysis

All statistical analyses were performed using SPSS
Statistics 21 for Windows. Descriptive statistics were
used in order to obtain minimum, maximum, average,
standard error of the estimate and standard deviation
values of the sampled trees from the sampling plots
taken from the sampled stands. Correlation and re-
gression analysis were performed to determine tree
properties and crown fuel components. Before the cor-
relation and regression analyses, data were tested for
normality. Parametric linear regression model was
used to develop crown fuel and its components esti-
mation. In linear regression, a stepwise procedure was
followed. RCD (Root Collar Diameter), DBH (diameter
atbreast height), H (height), CBH (crown base height),
CW (crown width), CL (crown length) were consid-
ered as independent variables. The needles (N),
branches (VFB, FB, MB, TB, and VTB), available

Table 1 Some average properties of measured trees in sampling plots
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amount of fuel load (AF) (generally composed of N,
VFB and FB and usually consumed during crown fires
Stocks et al. 2004), total fuel load (TFL) (N, VFB, FB,
MB, TB, and VTB in each two meter section) and total
crown fuel load (TCFL) (needle and branches) were
considered as dependent variables. The evaluations
were performed based on oven-dried fuel weight.

3. Results and Discussion

3.1 Stand Characteristics

In sampling plots, a total of 239 trees were meas-
ured. Minimum age was measured in regenerated
stands as 7 and maximum A was measured as 24 in
immature stands with an average of 13.8 a year at DBH
level. Minimum CBH was measured in regenerated
stands as 0.4 m and maximum 12.5 m in immature
stands with an average of 3.8 m. Minimum H was
measured in regenerated stands as 3.8 m and maxi-
mum 22.5 m in middle aged stands with an average of
10.98 m. The number of trees per hectare ranges from
575 to 1550 with an average of 914 tree. Basal area
ranges from 5.47 to 28.99 m” ha" with an average of
16.9 m” ha™. Some descriptive statistics of the sample
plots and measured trees properties for three stand
types are given in Table 1.

3.2 Crown Fuel Load and Vertical Fuel
Distribution

All sampled trees in the sampling plots were mea-
sured to investigate total crown fuel loading in tree

Stand type Sampling plots Statistics | A, year | DBH,cm | H,m CBH,m | CW, m CL,m BT,cm | Trees, ha |BA, m’ha'
Min. 7.00 8.00 3.80 0.40 1.10 2.25 1.10 | 1150.00 9.53
3 Max. 14.00 16.00 12.75 5.25 4.40 9.85 4.00 1550.00 14.29
Regenerated Average 11.09 10.71 8.02 2.13 2.65 591 2.41 1266.67 11.85
Measured 76 trees g p 078 | 026 | 022 | 012 | 008 | 018 | 006 | 12019| 137
SD. 2.58 2.26 1.89 1.03 0.71 1.57 0.52 208.17 2.38
Min. 10.00 8.00 5.00 1.00 1.10 3.85 1.30 575.00 5.47
3 Max. 19.00 24.00 14.50 6.00 7.90 12.70 5.00 900.00 | 20.51
Immature Average 14.36 14.08 10.87 3.26 3.39 7.60 3.13 700.00 11.82
Measured 84 trees g ¢ 083 | 045 | 029 | 013 | 013 | 022 | 009 | 101.07| 450
S.D. 277 413 2.62 1.22 1.23 2.03 0.83 175.00 7.79
Min. 12.00 8.00 6.75 1.70 1.15 1.50 1.70 575.00 13.05
3 Max. 24.00 37.00 22.50 12.50 6.65 13.00 6.00 775.00 | 28.99
Middle aged Measured 79 rees Average 15.83 18.89 14.06 5.88 357 8.18 359 658.33 | 20.43
SEE. 1.23 0.70 0.44 0.34 0.15 0.29 0.10 60.09 464
SD. 4.26 6.26 3.90 3.04 1.32 253 0.90 104.08 8.04

*Min. — Minimum; Max. — Maximum; Av. — Average; S.E.E. — Standard Error of Estimate; S.D. — Standard Deviation; BA — Basal Area
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crowns for each stand type. The properties of the de-
structively sampled trees are given in Table 2.

To characterize and illustrate the amount of crown
fuel load and its components from the beginning of
CBH to the top of tree, crown fuels were fully destruc-
tively determined without taking sub-samples

Table 2 Sampled tree properties and crown fuel characteristics

i. Baysal

(Mitsopoulos and Dimitrakopoulos 2007a) for each 2
meter section (Tahvanainen and Forss 2008) for each
sampled tree (Table 3).

Afterwards, the percentages of each crown fuel
component was calculated in relation to total fuel load
of each section of the tree. Additionally, the percantage

Sampled tree characteristics
Stand type Statistics
A, year RCD,cm | DBH,cm H, m CBH, m CW, m CL, m BT, cm
Min. 15.00 12.00 8.00 6.90 1.50 2.00 3.80 1.60
Regenerated Max. 33.00 17.50 11.40 9.30 5.50 3.10 7.10 2.80
12 trees among Av. 21.08 14.56 9.69 8.18 2.65 2.56 5.52 2.07
76 sample trees S.EEE. 1.46 0.55 0.32 0.26 0.32 0.09 0.28 0.13
S.D. 498 1.90 M 0.89 1.02 0.32 0.96 0.45
Min. 25.00 15.20 12.40 8.95 2.80 2.50 457 1.30
[mmature Max. 38.00 22.60 16.00 11.75 6.60 485 8.85 3.40
12 trees among Av. 29.41 19.46 14.01 10.54 3.69 3.62 6.84 2.38
84 sample trees S.EE 1.46 0.75 0.34 0.28 0.33 0.20 0.33 0.17
S.D. 5.07 2.59 1.19 0.97 1.15 0.70 1.15 0.60
Min. 25.00 17.50 11.40 9.30 2.38 2.65 3.80 1.60
Middle aged Max. 41.00 28.30 20.00 15.90 8.90 4.70 10.12 4.00
11 trees among Av. 32.75 23.83 17.53 13.00 5.18 3.88 7.82 2.81
79 sample trees S.EE. 1.40 0.79 0.63 0.64 0.68 0.20 0.46 0.24
S.D. 4.85 2.74 2.19 2.21 2.35 0.68 1.61 0.83
Table 3 Sampled tree crown fuel characteristics
Crown fuel characteristics
Stand type Statistics
N, g VFB, g FB, g MB, g 1B, g VB, g AF g TCFL, g
Min. 1393.39 226.55 619.63 351.60 990.36 0.00 2293.94 3635.90
Max. 3358.91 872.45 1259.43 842.86 2475.28 241.20 4952.16 7523.35
T;i?;:gam A 221200 | 48516 | 85766 | 56397 | 145307 | 2543 | 3614.83 | 565731
S.EE. 209.58 59.77 59.27 48.53 117.19 20.32 294.94 369.84
S.D. 726.02 207.04 205.33 168.11 405.98 70.40 1021.69 1281.18
Min. 2238.54 362.74 842.67 539.03 1319.65 0.00 3660.59 5941.29
Max. 4571.07 1170.64 2247.60 1615.92 5377.15 449714 7487.41 18300.94
ETQZG AV 340425 | 70990 | 156243 | 116838 | 381380 | 907.96 | 567658 | 11566.72
S.EE 214.88 73.59 133.05 93.61 334.06 375.15 387.57 1008.16
S.D. 744.37 254.94 460.89 324.27 1157.21 1299.57 1342.56 3492.38
Min. 3258.86 431.60 912.98 44798 1216.26 64.05 4759.96 6488.24
. Max. 7852.77 2575.92 3246.05 2378.62 7626.60 5355.76 | 1337050 |26514.10
':q'if;i:ged Av 564945 | 1097.39 | 224554 | 156293 | 462450 | 226248 | 899239 | 17442.39
S.EE. 438.89 166.58 176.54 155.08 512.08 511.57 723.06 1687.95
S.D. 1520.36 577.04 611.55 538.77 1773.91 1772.12 2504.75 5847.22
Croat. j. for. eng. 42(2021)2 305
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of each crown fuel component was also calculated in
relation to total crown fuel load of each tree. Hence,
vertical distribution of crown fuels and its components
were characterized at tree crown and stand canopy
level (Mitsopoulos and Dimitrakopoulos 2007b). Dis-
tribution of crown fuel components for three stand
types are given in Table 4.

According to data, the highest fuel load was
found in needle category (39.71%) for the regenerated
stands, thick branch category (33.08%) for the imma-
ture stands, and needle category (32.54%) for the
middle aged stands, respectively. The highest avail-
able crown fuel load (Stocks et al. 2004) of 63.28% was
measured for the regenerated stands, 50.34% for the
immature stands and 51.77% for the middle aged
stands, respectively. The highest percentage in crown
fuel load was located in the middle part of tree crown
sections with 41.10% for regenerated, 37.46% for im-

Vertical Crown Fuel Distributions in Natural Calabrian Pine (Pinus brutia Ten.) Stands (301-312)

mature and 24.36% for middle aged stands, respec-
tively (Table 3). The percentages of needle values
gradually increased from the beginning of lower
parts to the upper parts of tree crown for three stand
types. The branches did not perform the general
trends as in needle fuel category. However, available
fuels performed the same trend as in needle fuel cat-
egory. The amount of needles, available fuels and
total crown fuel loads for each vertical section of tree
crowns are illustrated in Fig. 2.

For the same tree species in Turkey, no informa-
tion has been reported for the vertical distribution of
needles and branches percentage over the tree
crowns for a pre-determined length in studies in-
cluding crown fuel load (Kucuk et al. 2008, Bilgili
and Kucuk 2009, Glingoroglu et al. 2018) and biomass
determination (Durkaya et al. 2009, Sonmez et al. 2016,
Sakici et al. 2018, Eker et al. 2017). Similar information

Table 4 Average vertical fuel distribution percentages in stand canopies

Stand Type VD, m l:F N® | VFB' | VFB® | FB' | FB* | MB' | MB* | TB' | TB* | VIB' | VIB* | AF' | AF® | TCFL'|TCFL®
% % % % % % % % % % % % % % % %
14.30-1590 | - - - - - - - - - - - - - - - -
12.30-14.30 | - - - - - - - - - - - - - - - -
10.30-12.30 | - - - - - - - - - - - - - - - -
Regenerated 8.30-10.30 |57.61| 0.93 | 7.89 | 0.13 | 14.17| 0.24 | 9.72 | 0.16 | 10.61| 0.19 | — - |79.67| 130 | 100 | 1.65
6.30-8.30 |48.23|12.63| 7.04 | 1.70 | 14.09| 3.56 | 10.66 | 2.73 | 18.17| 4.73 | 1.81 | 0.51 [69.36| 17.89| 100 |25.86
4.30-6.30 |41.16(16.53 | 8.44 | 3.41 (1531 6.47 | 9.22 | 3.85 | 25.87|10.84| - — |64.91|26.41| 100 [41.10
2.30-4.30 |32.97| 888 | 9.41 | 263 |1550| 4.48 [ 10.12| 2.85 [ 32.00| 9.62 | - — | 57.88|15.99| 100 |28.46
0.30-2.30 |25.08| 0.74 [14.04| 0.41 |18.56| 0.54 [ 12.41| 037 [ 2991| 0.87 | - — |57.68| 1.69| 100 | 2.93
14.30-15.90 | - - - - - - - - - - - - - - - -
12.30-14.30 | - - - - - - - - - - - - - - - -
10.30-12.30 | 58.71| 0.75 | 6.21 | 0.09 | 18.58| 0.23 | 11.01| 0.14 | 549 | 0.07 | - — [8350| 1.07 | 100 | 1.28
mmature 8.30-10.30 |42.68| 7.20 | 6.03 | 1.02 | 14.18| 2.39 | 14.30| 2.53 | 21.93| 3.61 | 0.88 | 0.11 |62.89| 10.61| 100 | 16.86
6.30-8.30 |35.18|13.45| 6.20 | 2.34 | 14.46| 5.44 | 9.60 | 3.64 [30.01| 11.14| 4.55 | 1.45 |55.84|21.23| 100 |37.46
430-6.30 |2277| 7.89 | 6.11 | 2.05 | 12.55| 4.28 | 9.08 | 3.11 | 35.89| 12.17| 13.60| 3.76 | 41.43| 14.22| 100 |33.26
2.30-4.30 |10.15| 117 | 6.15| 0.67 | 11.84| 1.37 | 9.31 | 1.00 | 51.41| 6.09 | 11.14| 0.84 | 28.14| 3.21 | 100 | 11.14
0.30-2.30 - - - - - - - - - - - - - - - -
14.30-15.90 | 56.33| 0.63 | 6.38 | 0.07 | 12.38| 0.14 [ 15.12| 0.17 | 9.79 | 011 | - — | 75.09| 0.84| 100 | 1.12
12.30-14.30 | 50.31| 3.68 | 5.31 | 0.37 | 13.02| 0.92 | 8.40 | 0.60 | 22.96| 1.63 | — — | 6864| 497 | 100 | 7.20
10.30-12.30 | 42.35| 7.96 | 6.12 | 1.13 | 14.66| 2.88 | 9.20 | 1.73 | 22.83| 4.71 | 4.84 | 0.78 | 63.13| 11.97| 100 | 19.19
Middle aged 8.30-10.30 |34.19| 8.18 | 5.83 | 1.40 [ 13.11| 3.28 | 9.25 | 2.32 | 26.62| 6.61 | 11.00| 2.57 | 53.13| 12.86| 100 | 24.36
6.30-8.30 |29.21| 6.85 | 6.56 | 1.59 | 12.19| 2.94 | 8.60 | 2.05 | 27.31| 6.64 | 16.13 | 3.48 |47.96|11.38| 100 |23.55
4.30-6.30 |23.16| 4.10 | 6.15 | 1.06 | 11.83| 2.10 | 9.08 | 1.61 |27.16 | 4.78 | 22.62 | 4.17 |41.14| 7.26 | 100 |17.82
2.30-4.30 |16.48| 1.14 | 7.04 | 0.47 | 12.65| 0.88 | 9.03 | 0.62 |37.20| 2.54 |17.60| 1.11 [36.17| 2.49 | 100 | 6.76
0.30-2.30 - - - - - - - - - - - - - - - -

VD — vertical distance classes; ' the percentage of each crown fuel component was calculated in relation to total fuel amount for each section of the tree; > — the percentage of each
crown fuel component was calculated in relation to total crown fuel load for each tree
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Fig. 2 Distribution of average needles, available fuels and total crown fuel on sampled trees for regenerated (a), immature (b) and middle

aged (c) Calabrian pine stands

of vertical distribution of fuel or biomass on Calabrian
pine trees from other countries has not been reported
either (Zianis et al. 2011, de-Miguel et al. 2014). How-
ever, a work conducted in young Black pine Pinus
nigra Arnold trees in Turkey (Kucuk et al. 2007) pro-
vided some information to explain the vertical fuel
distribution. According to Kucuk et al. (2007), the
highest fuel load was observed in the mid-portion of
the crowns, the lowest fuel load was observed in the
upper part of the crowns and moderate fuel weight
was found in the lower part of the crowns. Our study

results are consistent with the results of Kucuk et al.
(2007) in the middle, lower and upper parts of tree
crown fuel load.

The percentage of needle weight within the live
crown weight in regenerated Calabrian pine stands
(39.71%) is close to Black pine needle weight (41%)
(Kucuk et al. 2007) and Red pine (Pinus resinosa Ait.)
needle weight (43%) (Brown 1965). These percentages
for immature (30.46%) and middle aged stands
(32.54%) are close to Calabrian pine needle weight per-
centage value (29.97%) found in the study conducted
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for the same region by Giingoroglu et al. (2018). How-
ever, Kucuk and Bilgili (2008) found this percentage
very low (19.1%) for the same tree species in the North-
western part of Turkey; Mitsopoulos and Dimitrako-
poulos (2007) also found a very low percentage
(17.24%) for Aleppo pine (Pinus halepensis Mill.) in the
northern part of the island of Evia in central Greece.
Brown (1965) also presented low needle percentage
(21%) in crown weight of Jack pine (Pinus banksiana
Lamb.) in his study. Our results indicated high fuel
percentages in regenerated (63.28%), immature
(50.34%) and middle aged stands (51.77%), compared
to the studies conducted by Kucuk and Bilgili (2008)
(34.4%) and Bilgili and Kucuk (2009) (37%) for the same
tree species. Mitsopoulos and Dimitrakopoulos (2007)
found the lowest percentage value of available fuel
(30.36%) for Aleppo pine. However, Kucuk et al. (2007)
indicated much higher available fuel percentage (74%)
in their study for Black pine species than those found
in all stands in our case study. In addition, our results
are in close agreement with the results (56.60%) pre-
sented by Giingoroglu et al. (2018). Site conditions,
silvicultural interventions, studying of the same and
different species and the sampling methods used in
collecting data may be the causes of these differences.
The differences in the study results generally stem
from the differences of site conditions, silvicultural
interventions, studying of different species or differ-
ent sampling methods (Poudel et al. 2015).

Table 5 Correlation matrix

Vertical Crown Fuel Distributions in Natural Calabrian Pine (Pinus brutia Ten.) Stands (301-312)

3.3 Some Crown Fuel Components and Total
Crown Fuel Load Prediction Models

Correlation and regression analyses were under-
taken to investigate the relationships between the
properties of sampled trees and oven dry fuel weight
of tree crown components. According to correlation
analysis results, needle fuel weight was closely re-
lated to A, RCD, DBH, H, CL, and CW (p<0.01). Very
fine, fine, medium and thick branches fuel weight
were closely correlated with RCD, DBH, H, CL, and
CW (p<0.01). Similarly, total crown fuel load was
closely related to RCD, DBH, H, CL, and CW (p<0.01).
FB and TCFL were correlated well with A (p<0.05).
Correlation analysis results are given in Table 5.

Some regression equations were developed to
predict crown fuel components regarding the
Calabrian pine tree properties. According to the
equations developed, DBH alone accounted for 74%
of the observed variation in total needle amount for
all trees (p<0.05), 77% of the observed variation in
available fuels (p<0.05) and 76% of the observed var-
iation in total biomass of branches (p<0.05). DBH and
CL together accounted for 80% of the observed vari-
ation in available fuels (p<0.05). DBH and CBH to-
gether accounted for 88% of the observed variation
in total branches weight (p<0.05). For the estimation
of total crown fuel load, DBH alone accounted for
80% of the observed variation in total crown fuel load
of sampled trees (p<0.05). DBH and CBH together

A RCD | DBH H CBH | Cw CL

N VFB FB MB 1B VB AF | TCFL

A 1 - - - - - -

RCD 4317 1 - - - - -

DBH | 5547 | 953" 1 - - - _

H 7407 | 7537 | 844" 1 - — -

CBH 7407 | 3517 | 4737 | 7877 1 - -

cw 259 | 7747 | 7677 | 6217 | .005 1 -

CL 202 | 8297 | 790" | 483" | .030 | .744” 1

N 4527 | 844" | 8517 | 7137 | 300 | .775" | 706"

VFB 212 | 708" | 667 | 4397 | -012 | 7287 | 5847 | 797" 1 - - - - - -

FB 406" | 8907 | 886" | 693" | 228 | 833" | 788" | 887 | 808" 1 - - - - -

MB 4527 | 8477 | 8637 | 6917 | 253 | 798" | 7677 | 830" | 7047 | 9347 1 - - - -

TB 226 | 864" | 8417 | 5117 | 020 | 802" | .893" | 723" | 683" | 881" | .842"

V1B -006 | 6027 | 6757 | 245 | -118 | 547" | 7117 | 683" | 562" | 6917 | 7317 | 7197 1 - -

AF 4227 | 8737 | 8707 | 6977 | 245 | 818" | 7407 | 984" | 869" | 9447 | 8757 | 7917 | 700" 1 -

TCFL | 354" | 895" | 896" | 639" | .159 | 833" | .852" | .915" | 809" | .956" | 924" | 917" | 875 | 950" 1

*Correlation significant at the 0.05 level (2-tailed)
**Correlation significant at the 0.01 level (2-tailed)
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accounted for 88% of the observed variation in total
crown fuel load (p<0.05) (Table 6).

According to the developed allometric equations
for the estimation of different fuel components of tree
crown, predicted and observed available fuel load (for
model 2b), predicted and observed total crown fuel
load (for model 4b) are given in Fig. 3. According to
the results of crown fuel load determination studies
conducted for the same tree species in fire sensitive
region of Turkey, CW and H (R*=0.944; p<0.01) (Kucuk
et al. 2008), CL and CW (R*=0.937; p<0.01) (Bilgili and
Kucuk 2009), CL and DBH (R*=0.858; p<0.01)
(Glingdroglu et al. 2018) were used to estimate total
crown fuel load in the developed regression models.
In crown fuel load determination study for young
Black pine trees in Turkey, Kucuk et al. (2007) used
DBH to estimate total crown fuel load (R*=0.941;

i. Baysal

p<0.01). Durkaya et al. (2009) used DBH and H
(R*=0.841; p<0.01) to estimate total crown biomass
on Calabrian pine species from the eastern part of
Mediterranean region in Turkey (Fig. 3).

4. Conclusions

The characteristics and vertical distributions of
crown fuels in natural Calabrian pine stands from the
very fire sensitive Mediterranean region of the country
were investigated in this study. With this study, unlike
the other studies on this species, all live crown fuels
weight of sampled Calabrian pine trees were deter-
mined with destructively labor-insensitive studies in
the field. Models were developed to estimate total crown
fuelload of foliage, available fuels and all components
that could be developed using DBH parameter with

Table 6 Regression models developed for estimation of needles, available fuel, branches and total crown fuel load

Model No. Models F e SEE Sig.
1a TCFL,.,,= -2094.97+ (426.182 x DBH) 99.294 743 +903.385 | <0.001
2a TCFL, 5= -3409.773+(691.057  DBH) 113.255 76.8 +1371587 | <0.001
2 TCFL, 0= -4762.276+ (515.752 X DBH) + (553.675xCL) 68.041 79.8 +1279.439 | <0.001
3a TCFLy e = -7678.458+(1128.916  DBH) 106.281 75.6 +2312.982 | <0.001
3b TCFLy 000 = -7578.854+(1394.867 > DBH) +(-994.575 % CBH) 123.880 87.8 +1632.022 | <0.001
4a TCFL,,= -9773.432+(1555.098 < DBH) 138.920 80.2 +2786.858 <0.001
ko) TCFL,,= -9664.563+(1845.786 < DBH) +(-1087.087 < CBH) 129.129 88.3 +2144.798 <0.001

ALy 28000 1o
(6]
@
24000
.0
e o

] e o © 20000 e P

£ 8000 5 @ @0

— @ £ e €

T (S ® ;\6’ ® Q

2 o, 316000 e

S e .o = %

> @ @ = o

= @ 312000 e

5 < = %

< 4000 o® o & o ° 0

s . 8000 *

. 8 ¢
.. ®
e 4000 L.
e O
0 0
0 4000 8000 12000 16000 0 4000 8000 12000 16000 20000 24000 28000

Observed available fuel, gritree

Observed TCFL, gritree

Fig. 3 Relationship between predicted and observed available fuel (a) and total crown fuel load (b)
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high accuracy. In fact, DBH is a convenient parameter
as it is usually measured during the field survey or
estimated from remotely sensed data for forest inven-
tory process and readily available for model develop-
ment. In addition to DBH parameter, interpreting
remote sensing data for obtaining some crown param-
eters (i.e. CBH, CL, and CW) also enhances the capa-
bilities of representing fuel characteristics. The models
developed in this study predicted weight of crown
fuel components at any height from ground to top of
tree using crown fuel components percentage. The
model enables to predict the vertical distribution of
crown fuels components and their weights for any
height in stand canopies.

The results can help in assessing the critical prun-
ing height and time for most flammable Calabrian
pine stands for preventing crown fires. In fact, the for-
est practitioners need to carry out forest thinning op-
erations (i.e., pre-commercial thinning) at the right
time with the appropriate rate, particularly for fast
growing natural trees of Calabrian pine in order to
reduce the flammable loads of trees. The study indi-
cates that timely treatment of young stands with ap-
propriate rate is highly crucial as the fire frequency
and sensitivity in young Calabrian pine stands are
high according to the history of forest fires. The results
may also be valuable for explaining and exploring
crown fire initiation and spread mechanism both in
forest fire fighting and forest fire research studies.

To enhance the functionally of the models, further
research is necessary to investigate dead fuel materi-
als in both natural or artificial Calabrian pine and
other pine stands. The results here are mainly based
on the data obtained from the range of tree properties
and stands located in fire sensitive regions of Turkey.
The regression models developed in this study works
well for the same local conditions and for the range
of measured tree properties. It was recommended
that future similar studies using remote sensing
methods be conducted for the representation of other
Calabrian pine stands and widely distributed geo-
graphical forested areas for making accurate and im-
proved predictions.
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