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Abstract

Aim of study: The aim of this study was to analyze the effects of initial spacing on early growth and carbon sequestration rates
in Turkish red pine plantations up to 12 years old, established with improved seeds and deep soil cultivation.

Area of study: The study was conducted on experimental sites established in two locations within the Turkish red pine natural
distribution areas, namely Duac1 and Nebiler close to Antalya city.

Material and methods: Data were collected from the experimental sites established as a Nelder design (fan-shaped), with 72 rays
and 18 arcs (circles), and trees were planted (almost square) at distances ranging from 1.15 to 4.77 m. Soil type of both sites is
loamy, with soil clay content varying between 70-87% in Duact and 51-70% in Nebiler. Soils are deep being more than one m in
both sites, but rockier in Nebiler, providing better soil drainage in this site.

Main results: The results showed that mean total height was greater at closer spacing than those of wider spacing until age eight.
Growth retardation at wider spacing in early years may be related to water loss due to evaporation in hot summer days and weed
suppression. Following the age eight, competition among trees appears to be the major factor reducing the growth and carbon fixa-
tion. Diameter at breast height and individual tree volume increased, while stand volume, mean annual volume increment and an-
nual carbon storage per hectare considerably decreased for wider spacing. Our results suggest that in order to obtain higher yield
and more carbon fixation, short rotation plantations should initially be established in closer spacing, followed by thinning in sub-
sequent years as required by silvicultural concerns. In this context, spacing 3.0 x 1.0 m or 3.0 x 1.5 m (3.0 and 4.5 m* growing area
per tree, respectively) seems to be more plausible, providing farm machinery for maintenance and harvesting. We also found that
mean annual volume increment per unit area can be considerably increased by using improved seed and deep soil cultivation in
plantations.

Research highlights: Results encourage managers for short rotation management in industrial plantations using closer spacing
in terms of carbon sequestration as well as wood production.
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Introduction

Initial spacing affects the stand growth rate and mean
tree size (Zhang et al., 1996; Harms et al., 2000;
Sharma et al., 2002; Harrington et al., 2009; Amateis
& Burkhart, 2012) and determines the timing and in-
tensity of competition among trees for resources (Har-
rington et al., 2009). Therefore, quantitative evaluations
of effects of initial spacing on stand growth rates are
needed for a better understanding of the effects of spac-
ing in achieving specific management objectives. Ad-

ditionally, determination of proper spacing is important
for producing not only more wood, but also to increase
its quality. A closer spacing induces branch mortality,
which consequently leads to production of higher qual-
ity stem volume (Kerr, 2003; Rais et al., 2014).
There have been rather limited studies on the effects
of spacing on various stand parameters on Turkish red
pine (P. brutia Ten.) native to Turkey. For example,
Boydak (1982) investigated the effects of spacing on
growth of P. brutia in Northwestern part of Turkey on
different soil types and ecological conditions using
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seedlings from different provenances. He found that
growth of plantations on different soil types was also
different, and that depending on the soil types optimal
spacing ranged from 1.00 x 2.25 m to 2.25 x 2.25 m.
He suggested that further studies are needed on spacing
using the most adapted seed sources in a given local-
ity. A study by Usta (1991) focused on typical growth
and yield performances of Turkish red pine plantations
established in conventional ways. However, evaluations
of the effects of spacing in tree plantations established
with genetically improved seeds and with the aid of
deep soil cultivation are scarce in Turkey. Westfall ef al.
(2004) found that predicted mean volume growth of
loblolly pine per unit area for various site preparations
(including bedding, disking, herbaceous weed control
and fertilization practices) applied prior to start of inter-
tree competition was considerably higher than control
at age 30.

Although most of the forests in Turkey have been
naturally regenerated, reinforced by establishing planta-
tions on limited areas, there has been a considerable
change in Turkish forestry about wood production
policy. In recent decades, the Turkish Forest Service
(TFS) has started a strong plantation program to provide
an ever increasing industrial wood demand (i.e. indus-
trial plantations) and increase carbon sequestration. The
TFS adapted an action plan to establish short rotation
(in average 25 years, depending on targeted wood pro-
duction) plantations in relatively good sites (I. and II.
site classes, considering the five class classification),
both inside and outside forested areas with suitable
spacing and deep (more than 60 cm) soil cultivation
using fast growing species. While there is a number of
natural and introduced tree species suitable for these
plantations, Turkish red pine appears to be the best op-
tion for this purpose, especially for southern and west-
ern parts of the country. Turkish red pine is a fast grow-
ing (Eraslan, 1983; Usta, 1991; Koski & Antola, 1993;
Erkan, 1996; Isik & Kara, 1997) and the most important
tree species in Turkish forestry with its approximately
5.8 million ha of natural and planted forest areas (OGM,
2012) and 4.3 million m*/year of wood production
(OGM, 2013) that represents about 31% of total wood
production of the country. In 2000, the Turkish red pine
plantations accounted for approximately 707,000 ha
which represented almost 40% of the total plantation
areas (1.8 million ha) (Konukgu, 2001).

Forestry is also a major issue for climate change.
Plantation forests have been identified as one of the
most cost-effective ways to mitigate high atmospheric
carbon dioxide (CO,) concentrations and thus preven-
tion of global warming. In this context, fast growing
tree plantations are considered highly efficient carbon
sinks (IPCC, 2001; Laclau, 2003; Malmsheimer ef al.,
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2011). It is clear that higher carbon sequestration rate
is directly related to more wood production, which can
be manipulated by initial spacing in plantations. To
assess the carbon sequestration, potential contribution
of Turkish red pine plantations to the above- and be-
low-ground biomass at stand level needs to be studied.
The main objective of this study is to investigate the
effects of planting spacing on individual tree growth
(diameter, height, and wood volume) of Turkish red
pine stands in young ages (4 to 12 years-old). We ex-
pect that the most appropriate initial spacing will be
determined for future short rotation plantation areas in
order to get more wood production. In addition, we
aimed at assessing carbon sequestration based on
above- and below-ground biomass calculations of the
species, depending on initial spacing at stand level.

Material and methods

The experimental sites were established in two loca-
tions within the Turkish red pine natural distribution
areas, namely Duaci and Nebiler (Duact: 36°57°52.96”
N, 30°39°19.60” E, elevation: 290 m, Nebiler:
36°57°40.03”N, 30°36°59.09”’E, elevation: 294 m) close
to Antalya city (Figure 1). Based on site index values
presented by Usta (1991) on P. brutia, both sites are
productive for conifers and site indexes are very high,
both being site class I (i.e., 23 m at index age of 30
years). Duaci was used for agriculture purposes before
plantation while Nebiler was previously occupied by
a 70 year-old P.brutia stand. Top soil contained 1.8%
and 3.3% organic matter with soil pH of 6.6 and 7.8
for the sites, respectively. Long term (for the period of
1950-2014) annual average temperature is 18.6°C and
total precipitation 1,075.4 mm per year for both sites
(TSMS, 2015). Soil type of both sites is loamy, with
soil clay content varying between 70-87% in Duac1 and
51-70% in Nebiler. Soils are deep being more than one
m in both sites, but rockier in Nebiler, providing better
soil drainage in this site.

Figure 1. Locations of the experimental sites near Antalya city,
Turkey.
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The experiments in both study sites were established
as a Nelder design (fan-shaped) (Nelder, 1962), with
72 rays and 18 arcs (circles) in total, and trees were
planted (almost square) at distances ranging from 1.15
to 4.77 m (Figure 2). Trees on the first two arcs near
the center of the plot and trees on the most outside arc
were used as buffers, providing a range of growing
areas from 1.78 to 18.54 m? per tree (5,618- 539 trees
per ha, respectively). The Nelder experimental design
has been described as a good approach to evaluate the
effects of spacing on a relatively small area with rela-
tively uniform sites (Stape & Binkley, 2010). Both sites
selected for the experiment were uniform, flat and
without any notable within-site variation in soil prop-
erties. The sites were deeply (60 cm) tilled and culti-
vated before planting. Seeds were obtained from a first
generation seed orchard originated from Alanya-Kargi
and Cameli-Goldag provenances, which are the recom-
mended origins for plantation sites in the region (Oz-
tiirk et al., 2004). Seedlings were grown in 2004 in
plastic pot trays with 9 x 5 =45 cells, each cell 4 x 5
x 10 cm in size, and then planted when they were 1+0
years old in February 2005 in both test sites.

Data in this study are based on measurement of
trees at different ages (from 4™ to 12" years) and 15
different spacings. There were about 72 trees meas-
ured by age eight, after which about 36 trees were
measured on each test sites for each treatment (spac-
ing). The reduction in the number of measured trees
was due to removal of certain trees under a thinning
trial linked with this experiment. Data on dead (or
missing) trees were excluded from evaluation. Fur-
thermore, data on neighboring trees surrounding the
dead trees were also excluded so that neighborhood
effects due to opened spaces by dead trees are mini-
mized or eliminated.

Each tree was annually measured starting at age 4"
years for total height (cm). We started measuring dbh
following age 5 years when all the trees reached at
breast height (1.30 m). A CRAIN® telescopic device
was used for height measurements.

Figure 2. Diagrammatic representation of the Nelder design as
applied in this study, with 72 rays and 18 arcs. The diameter of
the outmost circle is 109.4 m, with an area of 0.94 ha [each dot
at intersections of rays and arcs (as shown in detail within an
ellipse) represents a tree].

Stand density, which is one of the important factor
affecting the growth of even-aged stands, can be ex-
pressed as crown cover, basal area and number of trees
per ha (Husch et al., 1982; Kalipsiz, 1984). Basal area
is the most appropriate measure commonly used for
natural stand growth and yield modeling when stand
history is considered, while the number of trees (spac-
ing) is used for planted stand modeling (Avery & Bur-
khart, 1994; Laar & Akga, 1997). Therefore, growing
area is an important criterion for each tree in a planta-
tion. In Nelder experimental design, the distances be-
tween trees are not in square shape, but close to square
shape (Figure 2). We calculated individual tree growing
area by considering the distances to all four closest
neighboring trees. Equation 1 was used to calculate the
growing area of the i tree. We used growing area as a
base for individual tree- and stand level calculations.
Table 1 shows the growing areas that correspond to a
given spacing as calculated with Equation 1.

Table 1. Size of individual tree growing area as related to distances between neighboring trees planted in a Nelder design.

Distance (m) . Distance (m) . Distance (m) .
No. of between two Growing No. of between two Growing No. of between two Growing
arcs from area per arcs from area per arcs from area per
trees on the N trees on the 5 trees on the 5
center tree (m?) center tree (m?) center tree (m?)

same arc same arc same arc

1 1.15 1.32 7 1.90 3.48 13 3.14 9.49

2 1.25 1.51 8 2.07 4.11 14 342 11.22

3 1.36 1.78 9 2.25 4.86 15 3.71 13.27

4 1.48 2.11 10 2.44 5.75 16 4.04 15.68

5 1.61 2.49 11 2.66 6.79 17 4.39 18.54

6 1.75 2.94 12 2.89 8.03 18 4.77 2191
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Individual tree growing area on a specific ray and
arc was calculated as followings:

A,:n[( "'*‘2”" ) —( ! +2"'*‘ ) Vn 0]

where: 4; is growing area of i” tree (m?), 7, is the ra-
dius of i arc (m), is the number of rays (n = 72).

Height / maximum-height ratio was calculated for
each spacing (growing area) within each age, where
height being the mean height for a given spacing, and
maximum height being the maximum height value
among spacing values within a given age. Values from
these ratios were used to observe relative change of
growth over time depending on growing area.

Usta (1991), by taking 45 sample plots in areas cov-
ering all over the distribution range of P. brutia in
Turkey, prepared an empirical yield table based on site
index, age and spacing for P. brutia plantations. This
yield table has been used as a standard reference point
for comparing growth of various P. brutia stands. Stem
volume of individual trees was estimated by equation
2 (Usta, 1991), using dbh and height measurements
that were taken at both sites:

InV =In(-2,0775)+ 1,6768 In dbh+ 0,8451Inh [2]

where: V'is volume of individual tree (dm?); In is natu-
ral logarithm; dbh is diameter at breast height (cm);
and / is tree height (m) (Correction factor was
1.007987).

In order to compare growth parameters in our study,
we also calculated MAI per unit area, which is the most
important parameter for spacing evaluation. We calcu-
lated MAI by dividing total stem volume to age, and
analyzed it and compared with the yield table values
presented by Usta (1991).

Annual carbon stock changes for the AFOLU (Ag-
riculture, Forestry and Other Land Use) sector are
estimated as the sum of changes in all land-use catego-
ries. For land use “forest land remaining forest land”,
changes in ecosystem carbon stocks consist of: 1)
above-ground and below-ground biomass, 2) dead
organic matter (i.e., dead wood and litter), and 3) soil
organic matter. Annual carbon stock changes in any
pool can be estimated using the Gain-Loss Method
(IPCC, 2006). We calculated total annual Carbon stor-
age (in above-ground + below-ground biomass) at the
stand level by spacing using the Equations 3 and 4
(IPCC, 2003; IPCC, 2006):

ACq = (Iv* BCER)*(1+R) [*CF [3]

BCEF, = BEF, * D [4]
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where: ACg is annual increase in biomass carbon stocks
due to biomass growth, tons C yr' ha'; Iv is average
net annual increment, m?® ha! yr'; BCEF, is biomass
conversion and expansion factor for conversion of net
annual increment in volume (including bark) to above-
ground biomass growth, dimensionless; R is root-to-
shoot ratio appropriate to increments, dimensionless;
and CF is carbon fraction of dry matter (default = 0.5),
tons C (tons dry matter)'; BEF, is biomass expansion
factor for conversion of annual net increment (includ-
ing bark) to above-ground tree biomass increment,
dimensionless; D is basic wood density, tons dry mat-
ter m

In Equation 4, for BEF, factor we used 1.2209 as
calculated by Sun et al. (1980) for P. brutia, R ratio =
0.32 as suggested by IPCC (2003) guidance for conifers
in temperate zones covering Turkey, and D = 0.53 as
calculated by As et al. (2001) for P.brutia.

Statistical analysis, mostly based on ANOVA tests
and correlation analyses, were performed with SPSS
statistical software v. 22.0%, and the following ANOVA
model was used to test for the effect of spacing on tree
growth:

Vg SHT O+ E; [5]

where y; is growth trait (dbh, height, volume) of k™
tree within i spacing intensity; is overall mean; is the
effect of spacing intensity; and g, is the error term.

Results and Discussion

Height Growth

Correlation (Spearman’s) analyses showed a sig-
nificant negative relationship (¢=0.01) between spacing
and total height until age eight. Height was consider-
ably greater at closer spacing than those of wider spac-
ing (Figure 3), and ANOVA results indicated significant
differences (0=0.05) in total height due to spacing until
age eight.

Spacing-height growth relationships for ages four to
twelve are shown as the ratio of height to maximum
height (% of maximum height) to observe relative
progressive change of height growth in time (Figure 4).
This height/maximum height ratio reached the peaks
at younger ages in closer than in wider spacing. For
example, at age four the ratio was 99.99 for closer spac-
ing [1.78 m? (1.36 x 1.36 m)], and it was 91.32 for
wider spacing [4.86 m? (2.25 x 2.25m)]. However, the
highest value of this ratio shifts from closer to wider
spacings starting at age eight (Figure 4), so that at age
nine the ratio was 99.99 for wider spacing [4.86 m2

August 2016 * Volume 25 « Issue 2 « e064



Spacing and carbon sequestration in Pinus brutia plantations 5

[120 | [80 260
. Age-04 = 0.975" 2 Age-05 = 0.968% ” Age-06
110 48 % 240 1 %Q
S 160 - &Q‘.
. * e 2
100 + o * 220 1 -
5 %
"3‘-3-_9__._‘_’_‘__‘ 140 4 S ¢ T
20 200
¥=0,1309%3,7458 + 11746 ¥=0,1354x-2,1953+ 174,77 ¥=0,1967%-6,1791 + 25721
R =0,9199 RP=0,9324 R = 10,9502
80 120 180
o 5 10 15 20 | o 5 10 15 20 o 5 10 15 20
i 460 510
. Age-07 i Age-08 = 0671 Age-09
e | 3s0+ o« 440 | R, 2 590 + 9
S | et R T %
= . . - 570 g
5, | 510 4 * _— 20 1 P - A g
D . 550 ‘}‘--.__
= |80 . .
= o | [y=0.0837x 20508+ 3505 400 1 * = PN
[+ 270 1 v = -0,1135x¢ - 0,2831x + 440,04 ) 530 [ =0.2097x + 1,7a56x+ 569.51
L |50 R? = 0,7107 Ri= 0,5391
= S g | fpeo 4 ; s10 +
o > 10 b 0 0 5 10 15 20 0 5 10 15 20
700 [Bo0 [eoe
*e+ Age-10[ o3 | o  Age-11 *e, Age-12 [0z
580 'S p— * 850 -
e % * ¢ A .
560 s * \3\ ‘/—1———-;_&\ aso - + » =
540 —* \\'\‘ e "':0 = + N . 840 k. —
. * N re
T40 - =y
520 T{y=-0.31664 + 8, 3707x +657.97 by = 0,3709%" + 6,5442x + 740,73 B0 T 0,3905x + 7,806+ 83187
R1=04339 * R=0,2778 = 10,2205
500 720 800
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Growing area per tree (m?)

Figure 3. Relationships between mean height and growing area (spacing) per tree at different ages
at Duaci test site (N=15, **: significant at the 0.01 level) (Regression equations and R? values are

shown for each age in the figures).

(2.25 x 2.25 m)] and 93.00 for closer [1.78 m? (1.36 x
1.36 m)] spacing. This result was consistent with that
of found by Scott et al. (1998) for coast Douglas-fir
(Pseudotsuga menziesii(Mirb.) Franco var menziesii),
by Knowe & Hibbs (1996) for young red alder (Alnus
rubra Bong) and by Kerr (2003) for ash (Fraxinus
excelsior L.), and with other similar researches.
Larger height values at early ages in closer spacing
compared to wider spacing may be due to better micro
ecological conditions in closer spacing. It is because
wider spacing at early ages appears to increase water

loss due to evaporation caused by wind, resulting in
less water content of the soil, which leads to growth
retardation in trees especially in hot summer days
(Kerr, 2003; Harrington et al., 2009). In fact, the ex-
perimental sites have typical Mediterranean climate,
which already has water deficiency in June-September
period. Indeed, long term meteorological data for the
period of 1950-2014 for June, July, August and Sep-
tember for the sites show that total monthly precipita-
tion are 7.7, 2.8, 3.1, 13.5 mm, respectively. Monthly
mean temperature for the same months are 25.4, 28.4,

105

100

90

85

Height (% of max.)

80

75

70 T T T T
0 2 4 6 8

10 12 14 16 18 20

Growing area per tree (m?)

Ahr04 Ohr05 @ hr06 m hr07 X hr08 >x hr09 <+ hr10

hri1 + hri2

Figure 4. Change of height/maximum height ratio over time depending on growing area per tree (hr04,
hr05, ...= height/maximum height ratio at age 4, age 5, etc.).
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28.2, 24.8 °C respectively (TSMS, 2015), which leads
to serious water deficiency in the region. Another effect
may be due to more weed suppression on trees at wider
spacing, which, in addition to competition for nutrient
elements, also affects water budget negatively in early
ages (Westfall ez al., 2004).

Diameter at breast height (dbh) growth

Diameter growth is the most sensitive tree charac-
teristic affected by stand density, such that number of
trees and spacing are effective predictors of individual
tree diameter growth in even aged stands (Kalipsiz,
1982). ANOVA results showed that mean diameter was
significantly (¢=0.05) affected by initial spacing fol-
lowing crown closure and thereby the initiation of inter-
tree competition about at age eight. This effect was
clearer in the years following age eight, depending on
severity of competition (Figure 5). These trends showed
consistency with previous studies performed on sev-
eral conifer species (Usta, 1991; Sharma et al., 2002;
Hummel, 2000; Harms et a/., 2000; Timothy et al.,
2009). However, there was a significant positive effect
of closer spacing to induce dbh growth before age
eight, which was also the case for height growth. Sev-
eral studies also indicated that there is a strong positive
correlation between height and diameter for a given
spacing and growing area on forest trees (Kalipsiz,
1984; Husch et al., 1982; Erkan, 1996). Following the
beginning of competition at about age eight, wider
spacing provides higher dbh growth rate (Figure 5).
For instance, at Duac1 site at age 12, average dbh is
only 77.5 mm for 1.78 m? growing area per tree, while
at the same age average dbh is 154.8 mm for 18.54 m?
growing area. A similar trend is also observed in the
Nebiler site where average dbh for the corresponding

180
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spacings are 70.0 mm and 139.0 mm, respectively
(Figure 5).

Volume Growth

Individual tree stem volume showed similar growth
pattern as diameter growth due to the fact that tree
volume is strongly correlated with tree diameter. Thus
tree volume increases with wider spacing mainly due
to decreasing competition (Figure 6).

ANOVA results indicated significant differences
(0=0.05) in total individual stem volume, stand volume
per hectare and mean annual volume increment follow-
ing age eight.

Our results showed that individual tree volume in-
creased (Figure 6) while stand volume per hectare
decreased as spacing becomes wider (Figure 7). There-
fore, before any decision on spacing in plantations, it
is necessary to consider not only the volume growth of
individual trees, but also production of higher volume
(and volume growth) per unit area. Volume growth
behavior of individual trees as compared with volume
growth of a stand for a given spacing is directly re-
lated to area use efficiency and number of trees per unit
area (Zhang et al., 1996; Sharma et al., 2002; Har-
rington et al., 2009; Amateis & Burkhart, 2012). By
age twelve, even if the competition has already started
at closer spacing, area use by trees was still effective.
By age 12" years, we observed no dead trees due to
negative effects of closer spacing. However, in the
absence of thinning, the shape of the curve would
change due to increasing number of dead trees in ad-
vanced ages and for longer rotations. In such cases stem
volume per unit area will decrease, being more heav-
ily so, as the spacing becomes closer (Amateis & Bur-
khart, 2012).

(Duaci) (Nebiler)
160 1y 20 2472¢¢ + 8.8381x + 71,026 + 160 Ty =20 2127 + 7.4627x + 66,67
140 R? = 0,9683 | +/<r/’/+— 140 R=09125 | -
e—
£ 120 S £ 120 " -
S X £ +
= o x = |
= 100 5 +/;/ - = 100 "
5 P 5
= &0 ; = W e
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40 40
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+d06 md07 .d08 xd09 xd10 «d11 +di12 +d06 m=d0o7 d08 xd09 xd10 di1 +d12
Figure 5. Development of the mean dbh over time depending on growing area per tree (d06, d07, ... = mean diameter at age 6, age

7, etc) (Regression equations and R? values are shown only for age 12 in the figures).
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per hectare at age 6, age 7, etc.) (Regression equations and R? values are shown only for age 12 in the figures).

Mean annual volume increment (MAI) per unit area
is the most important criterion in terms of forest man-
agement when wood production is prioritized. There-
fore, MAI has been used to set an optimal rotation
age to maximize total wood production in even aged
stands (Kalipsiz, 1982; Avery & Burkhart, 1994). Our
results showed that MAI decreased with increasing
spacing in both test sites by age 12 (Figure 8). A
closer spacing provides much more wood production
and seems to be advantageous for short rotation for-
estry. Our overall results are consistent with those of
various reports (Harms et al., 2000; Timothy ef al.,
2009; Amateis & Burkhart, 2012). For instance, Am-
ateis & Burkhart (2012) found that closer spacing
(1.22 x 1.22 m), in a loblolly pine plantation, pro-
duced more total volume yield through age 13 than
the other spacing treatments. However, at age 15 of
the same species, volume yield was reduced in closer
spacings compared to wider spacings, mostly due to
increased mortality.

Forest Systems

Comparison to yield table

Empirical yield table prepared by Usta (1991) are
based on data obtained from plantations which were
established by conventional methods; i.e., without
deep soil cultivation and using ordinary seeds col-
lected from natural forests. However, our test sites
(Duact and Nebiler), which were chosen from among
good sites (I. class), were established using im-
proved seeds from first generation seed orchards,
and the soil was cultivated deeply, which are ac-
cepted as essential activities in commercial tree
plantations. We compared our volume growth results
with Usta’s (1991) yield table presented for good
sites (Figure 9).

As illustrated in Figure 9, there were statistically
significant (a=0.05) differences in growth perfor-
mances (MAI) between Usta’s Yield table values and
those of the experimental sites. Main differences
between the test sites and Usta’s Yield table values
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Figure 8. Mean annual volume increment (MAI) per hectare for different growing areas per tree at different ages (dv06, dv07, ...
= MAI per hectare at age 6, age 7, etc.) (Regression equations and R? values are shown only for age 12 in the figures).

may be originated by two reasons: The main reason
may arise from the use of improved seeds in the test
sites, along with site preparation implemented with
deep soil cultivation (Boydak, 1982; Urgeng, 1986;
Westfall et al., 2004). It appears that additional site
treatments (such as site preparation, weed control and
fertilization practices) prior to plantation establish-
ment would have long term positive effects on growth
and increase of final crop (Westfall et al., 2004). The
second reason might be that, Usta’s table values are
the averages of measurements of 45 good sites, having
a range of values around the averages as reflected in
Figure 9. As to growth difference between Duaci and
Nebiler test sites, which were again significant
(0=0.05), it might be due to minor site-quality differ-
ences among the test sites. Indeed, top height at age
12 was 10.0 m in Duaci, and it was smaller (8.9 m)
in Nebiler.
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Figure 9. Comparison of mean annual increment (at age 12) of
the test sites (Duaci, Nebiler) with Usta’s Yield table values
(Usta, 1991) (Regression equations and R? values are shown
only for age 12 in the figures).
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Carbon sequestration depending on spacing

Carbon (C) storage per hectare in tree biomass
(above-ground + below-ground) in a stand changed
with spacing (Figure 10). Total C storage (above-
ground + below-ground) in a tree decreased drasti-
cally from 5.11 to 1.57 tons year" ha™ for tree growing
areas of 1.78 and 18.54 m?, respectively in Duacr site.
C storages were 3.63 and 1.18 tonsyear” ha! for the
corresponding growing areas in Nebiler.

Forest management that aims for maximizing wood
production looks for maximum MAI to determine opti-
mal rotation ages. Carbon sequestration is closely re-
lated to yield and particularly to the volume increment
of a stand. Although rotations shorter than maximum
MALI lead to reduced C sequestration, it can provide
earlier revenue that could be invested to increase growth
(consequently, C storage) in other forests. Thus, longer
rotation may both reduce the long-term mean annual
wood production and increase the risk of carbon losses,
such as through wildfires (Malmsheimer et al,, 2011).

Conclusion
As a result of this study, we can conclude that;

— Height growth was greater in closer spacing than
in wider spacing in early stages of the plantation sites,
namely before inter-tree competition starts. Closer
spacing could lead to maximize industrial wood pro-
duction especially for short rotations. In this context,
growth stimulating measures at closely spaced planta-
tions in young ages, namely before inter-tree competi-
tion starts, should be exploited. Such measures may
include implementing site preparations, herbaceous
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weed control and fertilization before the onset of inter-
tree competition, each of which alone or in combination
would induce considerable increase in mean volume
per unit area at final crop.

— Spacing directly affects mean annual increment
which is an important criterion to maximize total
wood production in even aged stands. Based on the
results of this study, quantity of end-product could be
increased in short rotation management by controlling
initial spacing. If short rotation management objective
focuses on realizing industrial wood (i.e. pulpwood
or chip wood), more wood could be produced from
industrial plantations established with closer spacing.
In this context, assuming no thinning, spacings 3.0 x
1.0 m and 3.0 x 1.5 m (3.0 and 4.5 m? growing area
per tree, respectively), which allow farm machinery
use for maintenance and harvesting, would provide
more wood production per unit area. We expect that
the results of this study would encourage managers
for short rotation management in industrial plantations
using closer spacing. Even if our results based on
nearly square spacing as dictated by Nelder design,
for operational reasons such as machinery application
in industrial forestry, we would recommend rectan-
gular spacing. Results of several studies evaluating
square and rectangular spacings indicate that, as long
as individual trees has more or less equal growing
area, a ratio of between-row to within-row planting
spacing of less than 3:1 does not affect significantly
average tree size and yield production (Sharma et al.,
2002; DeBell & Harrington, 2002; Amateis et al.,
2004; Amateis & Burkhart, 2012).

— Mean annual increment (MAI) can considerably
be increased by using improved seed and deep soil cul-
tivation, even without any other silvicultural implemen-
tations.

Forest Systems

— Carbon sequestration potential, highly related to
wood production, explicitly varied depending on spac-
ing. Closer spacings are more effective than that of
wider to maximize carbon sequestration along with
wood production for short rotation in Turkish red pine
plantations.
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