
2020, vol. 84, 1–11

https://doi.org/10.12657/denbio.084.001

Ertugrul Bilgili, Kadir Alperen Coskuner*, Murat Ozturk

Leaf area – sapwood area relationship in 
Scots pine (Pinus sylvestris L.) under mistletoe 
(Viscum album ssp. austriacum) infection

Received: 14 June 2020; Accepted: 18 September 2020

Abstract: Leaf area is linearly correlated with sapwood area in trees. The linearity of this relationship can 
be affected by some biotic and abiotic factors. Mistletoes are hemi parasitic plants that take up water and 
mineral nutrients from their hosts and affect host physiological responses. There is no conclusive evidence 
to show the effect of pine mistletoe (Viscum album ssp. austriacum) on leaf area and sapwood area relation-
ship in Scots pine trees (Pinus sylvestris L.) at tree level. The aim of this study is to determine and quantify 
the effect of pine mistletoe on the structural variation of leaf area and sapwood area relationship at tree 
level in Scots pine. A total of 18 mistletoe infected and 12 uninfected Scots pine trees were destructively 
sampled. All needles and mistletoes were completely removed from sampled trees to determine needle and 
mistletoe characteristics, biomass and leaf area. Sapwood areas at breast height (BH) and at crown base 
height (CBH) were determined from wood discs taken from BH (1.3m) and CBH. Sapwood area was delin-
eated by benzidine staining method. Pearson correlation, t-test and regression analyses were conducted to 
determine the relationship between sapwood area and needle-mistletoe leaf area relationships. The results 
indicated that both the relationships between sapwood area and leaf area in uninfected, and sapwood area 
and total leaf area (needle plus mistletoe leaf only) in infected trees were linear. However, the slope of 
regression equation for mistletoe infected trees was considerably lower when compared to the uninfected 
trees. As for the variation of the sapwood area along the stem below live crown, there was a slight difference 
between sapwood area at BH and CBH. The study showed also that mistletoe infection led to a significant 
reduction in needle size (length, width, area and weight) in Scots pine trees. Significant relationships were 
found between the sapwood area and leaf area in this study. The results of this study may help fill the gap 
in the knowledge concerning the impacts of pine mistletoe on the dynamics of Scots pine trees. 
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Introduction

Leaf area or leaf biomass is linearly correlated with 
sapwood area in trees (Albrektson, 1984; Mäkelä et 
al., 1995; Whitehead, 1978). This is based on the pipe 
model theory (Shinozaki et al., 1964), which states 

that a given unit of foliage requires a given unit of sap-
wood area to supply water (Kendall & Brown, 1978; 
Waring et al., 1982; Whitehead, 1978). Linear rela-
tionship between sapwood cross sectional area and 
leaf area/biomass has been used to estimate leaf area 
for a number of conifer and hardwood tree species 



2	 Ertugrul Bilgili, Kadir Alperen Coskuner, Murat Ozturk

(Bartelink, 1997; Grier & Waring, 1974; Meadows 
& Hodges, 2002; Whitehead, 1978). However, a cor-
rection is required for the change in sapwood area at 
different levels from the base of the crown down to 
ground, as the amount of conducting area at the base 
of the crown and at different heights below crown 
base can differ greatly (Morikawa, 1974; Waring et al., 
1982). Moreover, the linearity of this relationship can 
be affected by some biotic and abiotic factors and this 
effect particularly appears in the slope of regression 
lines (Lambers et al., 1998). The slope of this rela-
tionships is known to vary with species (Kaufmann & 
Troendle, 1981; Waring et al., 1982) and such abiotic 
factors as site quality (Whitehead, 1978) and growing 
condition (Brix & Mitchell, 1983). Brix and Mitchell 
(1983) found that thinning and fertilizer treatments 
significantly increased the slope of the regression of 
leaf area and sapwood area. It is also affected by stand 
density, age and site quality (Pearson et al., 1984). 
Pearson et. al., (1984) found that the leaf area per unit 
sapwood area ranged from 0.20 to 0.57 m2 in lodge-
pole pine stands. Whitehead (1978) reported that 
the relationship between leaf area and sapwood area 
was independent of tree spacing in Scots pine stands. 
Dean and Long (1986) analyzed the variation of the 
sapwood-leaf area ratio for mature stand and saplings, 
and found the slope of the regression for saplings %40 
greater than that of mature trees. Results from other 
researchers suggest that the leaf area to sapwood area 
ratio vary with water availability and average vapor 
pressure deficit (Mencuccini & Grace, 1995). Howev-
er, less attention has been given to the investigation 
of biotic factors such as mistletoe, which might influ-
ence leaf area and sapwood area relationship of mis-
tletoe-infected trees.

Mistletoes are a group of obligate vascular hemi 
parasites that reduce the growth and productivity of 
their hosts (Mathiasen et al., 2008). These parasitic 
plants directly take up water and mineral nutrients 
from their hosts and affect host physiological re-
sponses such as photosynthesis and transpiration. 
The transpiration rate and stomatal conductance of 
mistletoes are higher than those of hosts (Mathiasen 
et al., 2008; Ullmann et al., 1985). Drought stress ex-
acerbated by mistletoes (Glatzel & Geils, 2009) and 
coupled by higher transpiration rate developing with 
decreasing xylem water potential in host branches 
lead to reduced photosynthetic rate of host (Mathi-
asen et al., 2008). Therefore, increased growth loss 
(Barbu, 2012; Bilgili et al., 2020; Bilgili et al., 2018; 
Ozturk et al., 2019), altered resource allocation (Tin-
nin & Knutson, 1980) and mortality (Rigling et al., 
2010) are the typical results of mistletoe infection. 
In addition, mistletoe infection causes crown deg-
radation by reducing the number of needles, needle 
length and width and the longevity of needles on the 
infected branches (Barbu, 2012; Rigling et al., 2010).

Previous studies have clearly shown the effects of 
mistletoe on tree growth (Bilgili et al., 2020; Bilgili et 
al., 2018; Kanat et al., 2010), wood anatomy (Gol et 
al., 2018; Ozturk et al., 2019), biology (Mutlu et al., 
2016b; Persoh et al., 2010), physiology (Ehleringer et 
al., 1986; Glatzel & Geils, 2009; Mutlu et al., 2016a) 
and morphology (Rigling et al., 2010) of host plants. 
In addition, the relationship between leaf area and 
sapwood area have been examined and documented 
in many broadleaved (Meadows & Hodges, 2002) 
and conifer species (Bancalari et al., 1987; Waring 
et al., 1982) including Scots pine (Albrektson, 1984; 
Berninger & Nikinmaa, 1994; Whitehead, 1978). To 
our knowledge, there are few studies available (e.g., 
(Rigling et al., 2010; Tennakoon & Pate, 1996) on 
the effect of mistletoe on structural balance of host 
trees. However, these studies have branch level ex-
periments and, thus, may underestimate the effect of 
mistletoe on structural variation of leaf area or bi-
omass and sapwood area relationship at the whole 
tree level. Moreover, there is no conclusive evidence 
to show the effect of pine mistletoe on leaf area and 
sapwood area relationship in Scots pine trees at tree 
level. 

The main objective of this study was, therefore, to 
determine and quantify the effect of pine mistletoe 
(Viscum album ssp. austriacum) on the structural varia-
tion of leaf area and sapwood area relationship at tree 
level in Scots pine (Pinus sylvestris L.). We hypothe-
sized i) that pine mistletoe infection has an effect on 
the structural variation of leaf area and sapwood area 
relationship in Scots pine, and ii) that sapwood areas 
differ along the stem below crown base in mistletoe 
infected Scots pine. In addition, we analyzed the ef-
fect of pine mistletoe on leaf characteristics of Scots 
pine.

Materials and Methods
Study Area

The study was conducted in Torul State Forest En-
terprise, Gumushane, Turkey located at 40°37'20"N 
and 39°14'49"E (Fig. 1a). The altitude of ten sam-
pling plots varies between 990 and 1780 m and the 
mean altitude was about 1470 m with an average 
slope of about 67 percent (Table 1). Soils in the area 
are shallow, and loam and sandy loam. The study 
area has a humid continental climate with cold and 
snowy winters and warm summers. Average annual 
air temperature varies from 4.3 to 16.4 °C and, the 
average annual precipitation is 463.7 mm (TSMS, 
2020). The study site was composed of natural, pure 
stands of Scots pine (Pinus sylvestris L.) (Fig. 1b) with 
few Oak (Quercus ssp.) and Juniper (Juniperus ssp.) 
individuals in the understory. The mean stand basal 
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area was 7.7 m2 ha−1 and the mean stand volume was 
47.7 m3 ha−1. 

Stands were even-aged, and the overall site quali-
ty of the study area was medium (Site index = 15–17 
m). Site description and characteristics of sampled 
stands and trees are given in Table 1.

Tree sampling and mistletoe infection 
level determination

A total of 30 Scots pine trees were destructive-
ly sampled from ten plots representing different site 
conditions. Of the trees sampled, 12 were uninfect-
ed and 18 were infected with mistletoe. All the trees 

Fig. 1. Locations of ten sampling plots in in the Torul State Forest Enterprise (a) and one of the sampling plots (b)

Table 1. Summary statistics (maximum, minimum, mean and standard error of means (between brackets)) of ten sampled 
site, stand and mistletoe uninfected-infected tree characteristics

Stand characteristics Unit Max Min Mean (±SE)
Crown closure % 90 15 50.3 (3.1)
Altitude m 1780 990 1468.8 (41.2)
Slope % 100 25 67.7 (4.0)

Tree characteristics
Uninfected (n=12) Infected (n=18)

Unit Max Min Mean (±SE) Max Min Mean (±SE)
Diameter at breast height cm 31.0 13.0 21.2 (1.6) 36.0 12.0 21.0 (1.1)
Tree height m 19.0 6.3 12.7 (1.1) 13.1 6.1 8.9 (0.4)
Crown base height m 12.8 0.1 5.5 (1.4) 4.4 0.3 1.8 (0.2)
Crown length m 8.7 4.6 7.2 (0.3) 10.2 4.8 7.1 (0.2)
Crown width m 6.3 2.5 4.4 (0.3) 12.8 2.8 5.3 (0.4)
Age Year 91.0 42.0 42.0 (4.8) 84.0 28.0 55.9 (3.0)
DMRS Upper part – – – 2.0 0.7 1.6 (0.1)

Middle part – – – 1.7 0.5 1.2 (0.1)
Lower part – – – 1.3 0.3 0.8 (0.1)
DMRS (6 Class) – – – 4.5 0.9 2.9 (0.2)
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were either open grown or those participating in the 
upper storey with other trees (i.e., dominant trees 
according to Kraft System) (Kraft, 1884). This was to 
eliminate the effect of competition and of other en-
vironmental factors. The selection of trees was made 
such that sampled trees represented a range of diam-
eter at breast height (DBH) and mistletoe infection 
level determined according to six-class dwarf mistle-
toe rating system (DMRS) (Hawksworth, 1977). In 
DMRS, the crown is visually divided into three equal 
parts. Each third is rated as 0 for no mistletoe infec-
tion, 1 for light mistletoe infection (less than 50 per 
cent of the branches infected) and 2 for heavy mistle-
toe infection (more than 50 per cent of the branches 
infected). Ratings for each third section are summed 
up to obtain a total value for the whole tree. All trees 
were felled in autumn at the end of the needle expan-
sion period.

Needle and mistletoe leaf area 
determination

All needles and pine mistletoes (Viscum album ssp. 
austriacum) were completely removed from sampled 
trees and weighed. Subsamples of needles (up to 
10% of total fresh biomass) and all mistletoes were 
placed in nylon bags and taken to the laboratory for 
leaf area and dry-weight determinations. The sam-
ples of one-year-old needles were also sampled and 
packed for specific leaf area measurements in the 
laboratory. Needle samples were equally taken from 
mistletoe infected and uninfected branches. Results 
were based on average values. A total of 2394 mistle-
toes were collected from 18 mistletoe infected trees. 
Of these, 90 mistletoes were sampled and separated 
into mistletoe branch and leaf to determine mistle-
toe leaf/branch biomass ratio. Mistletoes were also 
aged morphologically (Dawson et al., 1990). The 
needle samples and mistletoes were dried to a con-
stant weight for 24 hours at 105 °C and weighed to 
the nearest 0.01 g in the laboratory. Final needle and 
mistletoe biomass determinations were made on the 
basis of oven-dry measurements.

Needle characteristics (needle length, width and 
weight) were determined based on 30 randomly se-
lected one-year old needles (Mencuccini & Bonosi, 
2001). Needle length, width and areas were deter-
mined from digital images. To do this, the selected 
one-year-old needles were placed in white papers 
with invisible adhesive tape. All papers were placed 
in an incubator and dried for 24 hour at 105°C. The 
papers including needles were scanned using a scan-
ner (Hewlett Packard Scanjet G2410) at 1200 dpi res-
olution. Then, these digital images were processed 
with the Bs200ProP image analysis software (BAB 
Imaging Systems Ltd, Ankara, Turkey) to determine 

needle length, width and area. Needle area of each 
tree was calculated from the one-sided needle area 
and dry needle weight (Long & Smith, 1988).

Specific leaf area of mistletoe was determined 
based on 30 randomly selected mistletoes. The 
leaves and branches of selected mistletoes were sep-
arated and 30 randomly selected leaves were placed 
in white papers. Then, the same procedure employed 
for the needles was followed for the determination of 
specific mistletoe leaf area. Total needle and two-sid-
ed mistletoe leaf areas (kg m−2) were then calculated 
using oven dry weights of needle and mistletoe leaf 
samples. 

Sapwood area measurements 

Sapwood area of sampled trees was determined 
from 5 to 10 cm thick wood discs taken from breast 
height (1.3m) (BH) and crown base height (CBH). 
Sapwood and heartwood were differentiated by ben-
zidine staining method (Holz, 1959). In this method, 
a reagent was prepared by mixing aqueous solutions 
of benzidine and sodium nitrite. Benzidine solution 
was prepared by dissolving 5 g benzidine in 25 g hy-
drochloric acid (25%) and adding the solution to one 
liter of water. Sodium nitrite solution was prepared 
by dissolving 100 g sodium nitrite in one liter of wa-
ter (Rust, 1999). Solutions were then mixed shortly 
before the application. The reagent was applied with 
spray atomizer with air compressor on cross section-
al area of wood discs and dyed the heartwood dark 
red and the sapwood yellow.

The area of sapwood was then calculated on each 
disc for BH and CBH. Basal area and sapwood thick-
ness of each disc were recorded to the nearest 0.5 
mm with the average of two to four measurements 
taken at right angles. Then, sapwood cross-section-
al area was calculated by subtracting heartwood area 
from the total cross-sectional area for each disc (Ban-
calari et al., 1987). 

Data analysis

Pearson correlation analysis was undertaken to 
investigate the relationships between sapwood area 
at crown base and breast height, needle and mistle-
toe biomass, projected leaf area for needles and mis-
tletoes and distance between BH and CBH values 
for each mistletoe infected and uninfected sampled 
trees. Spearman correlation analysis was undertaken 
to investigate the relationships between needle char-
acteristics and mistletoe infection level (DMR) as the 
DMR is ordinal in measurement. An independent 
samples t-test was used to determine whether there 
was a significant difference between the means of 
tree, needle and mistletoe characteristics of infected 
and uninfected Scots pine trees (P < 0.05). Before the 
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analyses, Kolmogorov-Smirnov normality test was 
conducted on all variables. Linear regression analysis 
was conducted, and equations were developed using 
sapwood area as independent variable to predict nee-
dle and mistletoe biomass and projected leaf areas. 
All statistical analyses were performed using the sta-
tistical software SPSS, Version 23.0 (SPSS, 2015).

Results 

A total of 30 trees (18 mistletoe- infected and 12 
uninfected) were sampled in 10 representative plots. 
The sampled stands were almost homogeneous with 
regard to provenance, site and growing conditions 
(Fig. 1, Table 1). In mistletoe infected trees, sapwood 
area at CBH ranged from 105.6 to 461.6 cm2, sap-
wood area at BH from 91.2 to 596.6 cm2, needle bi-
omass from 1.2 to 13.3 kg, specific leaf area (SLA) 
from 41.7 to 66.2 cm2 g−1, projected leaf area 7.7 to 
63.5 m2, mistletoe biomass from 0.1 to 12.9 kg, mis-
tletoe leaf biomass from 0.1 to 4.8 kg and mistletoe 
leaf area (two-sided) from 0.1 to 16.1 m2.

In uninfected trees, sapwood area at CBH ranged 
from 80.1 to 282.9 cm2, sapwood area at BH from 
70.1 to 371.0 cm2, needle biomass from 2.2 to 14.6 
kg, specific leaf area (SLA) from 38.6 to 56.5 cm2 g−1 
and projected needle area from 12.2 to 76.3 m2. Mean 
values of sampled tree characteristics and t-test re-
sults were given in Table 2. 

Sapwood area – leaf area relationship

The Pearson correlation analysis indicated that 
significant relationships exist between sapwood area 
at crown base and leaf area in uninfected and infect-
ed trees. The sapwood area at CBH had a significant 
positive correlation with projected needle area (r = 
0.950, p<0.01) in uninfected trees. The sapwood 
area at CBH had a significant positive correlation 

Table 2. Summary statistics (means and standard error of means (between brackets)) and t-test results for uninfected and 
mistletoe infected trees. Significance values are indicated as: *p<0.05, and ns = p≥0.05. Percent change is calculated 
from the mean values of mistletoe uninfected and infected tree characteristics

Sampled tree characteristics Unit
Uninfected Infected 

Effect (p) Percent change from uninfected trees
Mean (±SE) Mean (±SE)

Diameter at breast height cm 21.2 (1.8) 21.0 (1.5) ns −1.1
Tree height m 12.7 (1.5) 8.9 (0.5) * −29.5
Crown base height m 5.5 (1.5) 1.8 (0.3) * −66.2
Crown length m 7.2 (0.4) 7.1 (0.3) ns −1.7
Crown width m 4.4 (0.3) 5.3 (0.5) ns 21.9
Age year 65.3 (5.4) 55.9 (4.0) ns −14.4
Sapwood area at CBH cm2 169.5 (16.6) 215.4 (24.1) ns 27.0
Sapwood area at BH cm2 217.5 (27.3) 217.6 (28.1) ns 0.1
Needle biomass1 kg 8.0 (1.1) 6.9 (0.8) ns −13.5
Projected needle area1 m2 37.2 (5.0) 36.7 (4.1) ns −1.6
Total leaf biomass2 kg 8.0 (1.1) 8.4 (1.0) ns 4.7
Total leaf area2 m2 37.2 (5.0) 41.5 (4.6) ns 11.5
Total green biomass3 kg 8.0 (1.1) 10.8 (1.5) ns 35.4
Needle characteristics

unit
Uninfected Infected

Effect (p) Percent change from uninfected trees
Mean (±SE) Mean (±SE)

Needle length cm 4.58 (0.26) 3.22 (0.13) * −29.7
Needle width cm 0.39 (0.02) 0.31 (0.01) * −22.0
Needle area4 cm2 22.08 (1.61) 12.94 (0.51) * −41.4
Needle weight4 g 0.49 (0.05) 0.24 (0.01) * −50.3
Specific leaf area4 cm2 g−1 47.08 (1.72) 54.89 (1.62) * 16.6

1Scots pine needles, 2Scots pine needles plus mistletoe leaves, 3Scots pine needles plus mistletoe leaves and branches, 4The values belong 
to 30 sampled needles.

Fig. 2. The relationships between sapwood area at crown 
base height and total leaf (mistletoe leaf plus needle) 
area. Dashed line represent the relationships for unin-
fected trees. Solid line represent the relationships for 
pine mistletoe infected trees
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with projected needle area (r = 0.666, p<0.01) and 
total leaf area (needle and mistletoe leaf) (r = 0.790, 
p<0.01) in mistletoe infected trees. The relation-
ship between sapwood area at CBH and total leaf 
area (needle and mistletoe leaf) was linear for unin-
fected trees (dashed line), and infected trees (solid 
line) (Fig 2). No correlation was observed between 
sapwood area and total leaf area calculated using 
one-sided mistletoe leaf area plus needle area.

The results of regression analysis indicated that 
sapwood area at CBH alone explained 90% of the 
variability in total leaf area in uninfected and %62 of 
the variability in infected trees (Fig 2).

The results of the Pearson correlation analysis in-
dicated a positive, linear correlations between sap-
wood area at CBH and needles in uninfected (r = 
0.925, p<0.01), and total green biomass (total mis-
tletoe and tree needles) in infected trees (r = 0.939, 
p<0.01). The results of regression analysis indicat-
ed that sapwood area at CBH alone explained 86% 
of the variability in total leaf biomass in uninfected, 
and, 88% in infected trees (Fig 3). There was no sig-
nificant difference in total green biomass between 
infected and uninfected trees (Table 2).

The relationship between sapwood area 
at crown base and breast height

Mean sapwood area was lower at crown base 
height than that at breast height. The difference be-
tween sapwood areas at CBH and BH increased as 

the distance between CBH and BH increased for in-
fected and uninfected trees. The mean sapwood area 
was 169.5 cm2 at CBH and 217.5 cm2 at BH in unin-
fected, and 215.4 cm2 at CBH, and 217.6 cm2 at BH in 
infected trees. The percent changes in sapwood area 
from BH to CBH were 1.0% in infected and 22.1% 
in uninfected trees. The mean distance from BH to 
CBH was 0.5 and 4.2 m in infected and uninfected 
trees, respectively. The t-test results showed that 
there was no significant differences in sapwood ar-
eas at CBH and BH in uninfected and infected trees 
(Table 2). However, the correlation analysis indicated 
that there was a significant positive correlation be-
tween sapwood area at CBH and BH level (r = 0.673, 
p<0.01) in uninfected and infected trees. The regres-
sion analysis indicated that distance between BH and 
CBH and sapwood area at BH were the best predictor 
of sapwood area at CBH, explaining 89% of the vari-
ability in sapwood area at CBH (Table 3).

Mistletoe characteristics and leaf / 
branch biomass relationship

Mistletoe leaf biomass varied from 0.09 to 162.71 
g, branch biomass from 0.06 to 336.93 g and mis-
tletoe age from 2 to 14 in the sampled mistletoes 
(n=90). Mistletoe sampling results showed that 
mistletoe leaf/branch biomass ratio decreased expo-
nentially as the mistletoe age increased (Fig 4). The 
relationship was not linear. A nonlinear relationship 
indicated that mistletoe age explained 61% of the 
variability in mistletoe leaf/branch biomass ratio in 
sampled mistletoes. (Fig 4).

Table 3. Regression equation and coefficients (a, b, c) for model to predict sapwood area at CBH in all trees

Variable (Y) Unit Model form*
Coefficients

R2
adja b c

Sapwood Area at CBH cm2 Y=a+b(ASBH)+c(Dist (CBH-BH)) 60.367 0.699 −11.157 0.89

*ASBH= Sapwood area at breast height (cm2), Dist (CB-BH) = Distance between crown base and breast height (m).

Fig. 3. The relationship between sapwood area at CB and 
total green (mistletoe plus needle) biomass. Dashed 
line represent the relationship for uninfected trees. 
Solid line represent the relationship for pine mistletoe 
infected trees

Fig. 4. The relationships between mistletoe leaf/branch bi-
omass ratio and mistletoe age
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Effects of mistletoe on needle 
characteristics

Results show that mistletoe infection causes sub-
stantial decrease in needle characteristics. The mean 
needle length was 4.58 and 3.22 cm, and needle width 
was 0.39 and 0.31 cm in uninfected and infected trees, 
respectively indicating that the mean needle length 
and width in mistletoe infected trees were 29.7 and 
22.0% lower than those in uninfected trees (Table 2). 
Needle area was 22.08 and 12.94 cm2, needle weight 
was 0.49 and 0.24 g, and specific leaf area was 47.08 

and 54.89 cm2 g−1 in uninfected and infected trees, 
respectively (Table 2), showing that mean needle area 
and needle weight were 41.4 and 50.3 % lower, mean 
specific leaf area were %16.6 higher in infected trees, 
respectively. The t-test results indicate that needle 
length, needle width, needle area, needle weight and 
specific leaf area were significantly different in unin-
fected and infected trees (p < 0.05) (Table 2). 

There was also significant negative correlation 
between mistletoe infection level (DMR) and nee-
dle length (r = −0.651, p<0.01), needle width (r 
= −0.579, p<0.01), needle weight (r = −0.805, 

Fig. 5. The relationships between needle length (a), needle width (b), needle area (c) needle weight (d), and specific leaf 
area (e) and mistletoe infection level (DMR). Solid black lines represent the relationship between mistletoe infected 
trees, only. Note that needle area (c) and needle weight (d) graphs are based on 30 needle values
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p<0.01), needle area (r = −0.716, p<0.01) and pos-
itive correlation between DMR and specific leaf area 
(r = 0.533, p<0.01). But, the t-test results (Table 
2) and the graphical representation of needle length 
(Fig 5a), needle width (Fig 5b), needle area (Fig 5c), 
needle weight (Fig 5d) and specific leaf area (Fig 5e) 
indicated that there were significant differences be-
tween uninfected trees and infected trees for all in-
fection classes. There was no significant differences 
among infection classes (Fig. 5, black solid lines). 

Discussion
Sapwood area – leaf area relationship

Significant correlation was observed between sap-
wood area at crown base height and leaf area in un-
infected and infected Scots pine trees (Fig. 2). Many 
researchers have observed and reported a strong cor-
relation between sapwood area at crown base and 
leaf area (Kaufmann & Troendle, 1981; Mäkelä et 
al., 1995; Mencuccini & Bonosi, 2001; Waring et al., 
1982) or leaf biomass (Albrektson, 1984; Berninger 
& Nikinmaa, 1994; Eckmullner & Sterba, 2000; Van-
ninen et al., 1996) in Scots pine. The high similarity 
between sapwood area at CBH and needle biomass 
in uninfected trees, and sapwood area at CBH and 
needle biomass plus the mistletoe biomass in mistle-
toe infected trees indicate that the area of water-con-
ducting xylem (Rigling et al., 2010) is proportional 
to the total foliage supported as suggested by pipe 
model theory (Shinozaki et al., 1964).

The relationships between sapwood area at CBH 
and leaf area for uninfected and total leaf area (nee-
dles plus mistletoe leaves) for infected trees were 
linear, but with different slopes (Fig. 2). The slope of 
regression equation for mistletoe infected trees was 
considerably lower than that of uninfected trees. It 
should be noted, however, that these relationships 
are based on needle and mistletoe leaf area, only. 
Pipe model theory suggests that sapwood area is pro-
portional to the photosynthetic organs (Shinozaki et 
al., 1964). Therefore, taking only needle and mistle-
toe leaf area into account may have led to this dis-
crepancy in the slopes (Fig. 2). When total mistletoe 
biomass (including mistletoe leaves and branches) 
was included in the analyses, the slopes of regression 
lines were almost similar. In these relationships, sap-
wood area at CBH alone explained 86% of the varia-
bility in total green biomass in uninfected, and 88% 
in infected trees (Fig 3). This result clearly indicate 
that the shedding of mistletoe leaves is compensat-
ed for by the branch component of mistletoe. Field 
observations and the results showed that mistletoe 
leaf/branch ratio decreased exponentially as the mis-
tletoe age increased (Fig. 4).

The relationship between sapwood area 
at crown base and breast height

Although t-test results showed no significant dif-
ference, the results of the correlation analysis indi-
cated a significant positive correlation between sap-
wood area at CBH and BH (r = 0.673, p<0.01) in 
uninfected and infected trees. These findings are in 
agreement with the results of a comprehensive study 
in Scots pine across Europe (Mencuccini & Bonosi, 
2001). They reported that sapwood measurements 
taken at breast height and at crown base were signif-
icantly related (r = 0.80, P < 0.05) and that signifi-
cant differences existed in the sapwood areas at the 
two levels. 

As for the changes in sapwood areas along the 
bole between BH and CBH, there was a gradual de-
crease in sapwood areas from BH to CBH in both in-
fected and uninfected trees (Table 2). The magnitude 
of the difference in sapwood areas was related to the 
distance between BH and CBH. The average distance 
and the associated decrease in sapwood area between 
BH and CBH for the infected trees was only 0.5 m 
and 2.2 cm2. But, the difference in sapwood areas was 
more pronounced in the uninfected trees for which 
the average distance and the associated decrease in 
sapwood area between BH and CBH were 4.2 m and 
48 cm2, respectively (Table 2). These results concur 
well with some studies indicating a taper (Waring et 
al., 1982) and a variation in sapwood areas at a meas-
uring point down from the crown base (Albrektson, 
1984; Bancalari et al., 1987; Keane & Weetman, 
1987; Mencuccini & Grace, 1995). Some other stud-
ies involving fairly small trees with live crowns down 
to near breast height reported no differences in the 
sapwood areas at BH and CBH levels (Kaufmann & 
Troendle, 1981). This may explain the lack of differ-
ence in sapwood areas in the current study as the 
infected trees have low crown bases and are usually 
found in open stands with low crown closure (Bilgili 
et al., 2020). Therefore, it may be concluded that the 
results of the study do not provide a conclusive ev-
idence to accept the hypothesis that sapwood areas 
differ along the stem below crown base in the mis-
tletoe infected Scots pine trees. The dataset provided 
herewith is limited, and further studies are required 
to justify the effects of mistletoe infection, if any, on 
the variation of sapwood along the bole below crown 
base.

The regression analysis indicated that distance 
between BH and CBH, and sapwood area at BH were 
the best predictors of sapwood area at CBH, explain-
ing 89% of the variability in sapwood area at CBH 
(Table 3). The results indicated that sapwood area 
at CBH is more useful for explaining foliage area/
biomass than that at BH. This result is in an agree-
ment with the findings of Makela et al. (1995) whose 
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findings indicated that sapwood area at crown base 
was a better predictor of foliage biomass and area 
than that measured at any point below the live crown 
base in Scots pine.

Effects of mistletoe on needle 
characteristics

Pine mistletoe infection influences the anatomi-
cal (Ozturk et al., 2019) and morphological (Barbu, 
2012; Rigling et al., 2010) characteristics of needles. 
The results indicated that mean needle length, width 
and needle area decreased significantly (p<0.05) as a 
result of mistletoe infection (Table 2). However, the 
mean specific leaf area was significantly (p<0.05) 
higher in infected trees, and the difference was up to 
16.6% (Table 2). The increase was mainly caused by 
the substantial decrease in needle weight in infected 
trees, and similar results were reported in a study 
on dwarf mistletoe infected spruce trees (Xia et al., 
2012).

The changes in average needle characteristics for 
the whole tree were 29.7% in needle length, 22.0% 
in needle width, 41.4% in needle area and 50.3% in 
needle weight (Table 2). The percent change was 
greater when needles on branches distal to the mis-
tletoe were considered. These results are in accord-
ance with other similar studies (e.g.,(Barbu, 2012; 
Rigling et al., 2010). 

It is known that needle length is related to wa-
ter availability (Rigling et al., 2010). The effect of 
drought on needle size has been documented in 
many studies in pine species (Dobbertin et al., 2010; 
Grill et al., 2004; Irvine et al., 1998). The reduction 
in needle length observed in this study may there-
fore be ascribed to water stress on trees due to mis-
tletoe infection. Because, it is known that mistletoe 
exacerbates drought stress (Glatzel & Geils, 2009; 
Sanguesa-Barreda et al., 2012) which hinders wa-
ter availability, and the photosynthetic rate in host 
leaves is reduced due to mistletoe induced stoma-
tal regulation (Meinzer et al., 2004). Meinzer et al. 
(2004) found that photosynthetic rate reduction due 
to mistletoe infection were up to 50%, and corre-
spondingly leaf nitrogen content was 35% lower in 
infected trees, and infected branches had only half 
as much leaf area as did uninfected branches. Simi-
lar findings were obtained in the present study. Leaf 
area reduction in the infected trees was up to 43.4% 
in relation to the degree of infection, suggesting 
that mistletoe related drought stress (Rigling et al., 
2010) and altered leaf nitrogen content (Reblin et al., 
2006) might be responsible for the reduction in the 
size of needles. However, the change in the needle 
length (Fig. 5a), width (Fig. 5b), area (Fig. 5c) and 
weight (Fig. 5d) reduction with respect to the degree 

of infection was rather sudden and constant, indicat-
ing almost no change throughout the infection levels 
(DMR). It may thus be suggested that the response 
of the Scots pine trees is the same irrespective of the 
mistletoe infection level. 
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