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Highlights
• Birch trees along the forest edge exude more xylem sap but less concentrated than the trees 

from the interior.
• Radial bending strength of wood in birch trunk is higher in the trees from forest edge.
• Trees exhibit higher bending strength in western side of the trunk, where the number of ves-

sels and the wood potential conductivity index are smaller.

Abstract
It is commonly accepted that the period of early-spring xylem sap exudation marks a stage during 
which a positive pressure builds inside the tree trunks. This state changes when leaves appear, 
initiating water transport within the trunk. It is unknown, however, how the wood anatomical 
structure and its mechanical resistance influences the sap. We present the results of research on the 
relationship between exudation of sap from Betula pendula Roth trees from the interior of a forest 
stand and from its edge, and the anatomical structure of the trunk wood and its bending strength. 
During the period between March 21 and April 18, we performed five sets of measurements of 
sap exudation from trees at the edge of the stand and from the forest interior. The resulting radial 
wood samples were tested for bending strength using a fractometer. We tested the sap for elec-
trolytic conductivity and sugars content. For the anatomical analysis of the wood, we determined 
the number of vessels per 1 mm2, average vessel lumen area and potential conductivity index. 
We found that the trees along the edge of the stand exude more sap, but it is less concentrated 
than the sap from the trees from the interior. Bending strength perpendicular to wood fibres is 
higher in the trees from the stand edge and in the western side of the trunk, where the number 
of vessels per 1 mm2 and conductivity index are smaller. Seemingly, this is the result of western 
winds, which are dominant in Poland.
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1 Introduction

In the spring, before the leaves develop, in many trees a physiological positive pressure system 
activates that can cause sap exudation when the trunk or branch is cut (Cirelli et al. 2008; Sevanto 
et al. 2012). This phenomenon has been a subject of interdisciplinary studies, with most works 
concerning Acer saccharum Marshall due to the unique character of its sap. However, few works 
have focused on the phenomenon in birch trees (Betula spp.), despite the extraction of sap from 
these trees being a tradition in eastern and north-eastern Europe (Tyree 1983; Sperry et al. 1988; 
Svanberg et al. 2012; Graf et al. 2015). Positive pressure within the trunk is the result of the inter-
action of various physiochemical phenomena. The most important of them seem to be the freezing 
and thawing of sap, the lowering of the osmotic potential of the sap, the freeing of osmotic-active 
elements to tracheal elements by living cells of rays or axial parenchyma, the lack of transpira-
tion, and the root pressure (Johnson 1945; Zimmermann 1958; Wegner 2014; Charrier et al. 2014; 
Steppe et al. 2015). The atmospheric air temperature is an important environmental parameter that 
influences the metabolic level of living wood cells as well, and thus affects the osmotic pressure 
of water within the wood (Westhoff et al. 2008).

When the temperature gradient within the trunk is too high, the alignment of the various 
internal pressures within the stem may shift and the trunk might split deeply. This phenomenon is 
observed when, for example, ice forms within the trunk and tangential directional tension stress is 
generated, or conversely – during the thaw expansion – when daily environmental temperatures 
increase (Zweifel and Häsler 2000; Pearce 2001; Turcotte et al. 2009; De Swaef et al. 2015). This 
type of thermal split is more frequently seen in forest-edge trees, mainly due to uneven warming of 
the trunks. The forest edge is a very specific transitional zone between the environments. The trees 
in this zone grow partially immersed in a dense stand with increased humidity and with limited 
access to light, and partially in conditions of dispersed light, in a space with decreased humid-
ity. This is manifested in asymmetrical tree crowns, eccentric piths, and the frequent occurrence 
of reaction wood inside the trunk (Timell 1986; Gardiner et al. 2014). The forest edge is thus an 
important zone in regard to the stability of the entire stand (Young and Hubbell 1991; Matlack 
1994; Zajączkowska 2013; Tomczak et al. 2014).

So far, the idea of linking xylem sap properties with the wood strength and the anatomy 
concerning antagonistic consequences of increased osmotic pressure inside the stem during the 
early spring has not been studied. With respect to the wood resistance, it is especially interesting 
to compare the wood from silver birch trees from the edge and from the inside of the stand, as 
this is an especially light-demanding and pioneering species and thus often forms the forest edge. 
The aim of this work is to test the variation of early-spring sap exudation in mature birch trees 
growing both at the edge and inside a stand. The diversity of anatomical structures and the rela-
tive resistance of wood to bending, with respect to the side of the tree trunk from which it comes, 
were also investigated.

2 Methods

2.1 Study area

The study was carried out in the early spring of 2014 in a temperate-warm transitional climate 
zone in central-eastern Poland. The site has an average annual air temperature of 8 °C, a minimum 
average temperature in January of –3.7 °C, a maximum average temperature in July of 18.2 °C 
and an average annual precipitation of 500 mm. The average perennial air temperatures for March 
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and April are 1.5 °C and 7.9 °C, respectively; the relevant data for average perennial precipita-
tion are 25 and 33 mm. Poland is located in a changing winds zone, with the majority of winds 
hailing from the west (60%) (Błażejczyk 2006). A 60-year-old silver birch (Betula pendula Roth) 
stand was chosen for the study. It is located in the Drewnica Forestry Management District, GPS: 
52°29´N; 21°23´E. The southern edge of the study stand is adjacent to a forest cultivation site and 
the northern sides of trunks of all trees at the forest edge were oriented to the inside of the forest. 
The trees for the research were chosen from an experimental plot located in the stand in a shape 
of rectangle with side dimensions 250×50 m with one of the longest sides adjacent to the forest 
edge. The remaining sides were located inside the birch forest stand. Average diameter at breast 
height of the trees used for the experiment was 36.0 (SD ± 2.1) cm.

2.2 Sap exudation measurement

On six different dates (March 21, March 28, April 4, April 11, April 18, and April 25, 2014), six 
trees were tested from the forest edge and six from the interior of the same stand, located at about 
30–50 meters from the forest edge. At any given time, the distance between adjacent trees tested 
ranged from 20 to 50 meters. Exudation of sap was observed on the first five dates and on the last 
sampling date, April 25, no sap was exuded from trees, hence, this date is not included in further 
analyses. Each of the tested trees was drilled with a Pressler incremental drill at a height of 1.3 m. 
Four holes were made in each tree trunk, penetrating it to the pith. The drilling was started every 
time from the northern (N) side of the trunk and then successively from the southern (S), eastern 
(E), and western (W) sides. Each hole had a silicone tube fed through it, with the other end placed 
in a container located on the ground next to the tree trunk. This installation for sap collection was 
left next to the trees for 20 hours (Fig. 1a). Within an hour from the collection, the sap was analyzed 
in a laboratory. The measurement of sugars (summary glucose, fructose, and sucrose) was done 

Fig. 1. Illustration of the birch sap exudation experiment. (a) Tree-trunk from 
the edge of the forest stand during sap exudation. (b) Mechanical tests using a 
fractometer. (c) Scheme of a bending strength measurement in a fractometer, 
consecutive 14 mm fragments of the core are broken across the fibres.
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using an optical refractometer (Carl Zeiss Jena 725202, T-VI-50, Germany), and the ionic content 
were measured with a conductivity (Siemens/cm) probe (Vernier Software and Technology, USA). 
At each date of the sample collection, bud bursting and emergence of young leaves was observed, 
and the results were as follows: March 21 – swollen buds, March 28 – swollen buds with broken 
scales, April 4 – broken scales with tips of leaves visible, April 11 – broken scales with small 
leaves with folded blades, April 18 – small partly unfolded leaves, April 25 – expanded young 
leaves. The temperature span during the measurement period was obtained from the Institute of 
Meteorology, Hydrology and Water Management in Warsaw (Table 1). The average data of air 
temperature for March and April 2014 was 6 °C and 10 °C, respectively and the relevant data for 
precipitation were 10 and 22 mm.

2.3 Mechanical testing of wood

Immediately after each incremental core was made with the Pressler drill, the bending strength 
perpendicular to wood fibres was tested, using a Fractometer II (IML GmbH, Wiesloch, Ger-
many) (Mattheck et al. 1995; Chiu et al. 2006; Barij et al. 2007). The core was placed into the 
device, aligned perpendicular to wood fibres, and broken with the bending lever (Fig. 1b, c). 
The maximum force necessary for the core break was recorded. The tests were carried out along 
the entire length of the incremental core at equal distances of 14 mm. The results from meas-
urements of the incremental cores were averaged according to the side of the trunk from which 
they were taken, keeping the distinction between forest edge trees and those from the inside of 
the forest stand.

2.4 Anatomical studies of wood

At the end of October, six trees from the edge and six from the interior of the stand were cut 
down. Five cm thick discs were cut from the trunks at a height of 1.3 m, where the sap tests had 
been previously performed. From the discs, wood fragments with the dimensions of 2×10×5 cm 
were cut and boiled with glycerin (3:1). Next, using a sliding microtome, cross-section micro-
scopic slices were made of each sample. Photographs of the slices were taken using an Olympus 
BX61 microscope and digitalized, and the images were analyzed in Wincell™ (Deslauriers et 
al. 2003). Anatomical measurements were performed on ten recently formed annual wood rings. 
The number of vessels per 1 mm2 of the cross-section area was determined, as was the aver-
age field of vessel lumen. With these parameters, the relationship between the vessel size and 
the number of vessels per 1 mm2 (S) and the vessel fraction (F) was calculated. F determines 
the area of the wood cross-section formed by the vessels. The higher the S value, the higher the 
participation of the wide vessels active in water transportation in the given area. Conversely, the 

Table 1. Daily temperature within the test period.

Temperature [°C]
Date Avg. Max. Min.

March 21 13 22 4
March 28 11 17 6
April 4 7 12 2
April 11 6 11 1
April 18 6 9 3
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lower the F indicator, the lesser the conductivity and, usually, the higher the wood mechanical 
resistance. The obtained parameters were then used to determine the potential conductivity index  
(PCI = F1.5×S0.5), used in wood conductivity measurements (Ks), where Ks α F1.5×S0.5 (Zanne et 
al. 2010; Zheng and Martinez-Cabrera 2013).

2.5 Statistical analysis

Three-factor mixed model ANOVA was applied to test the differences between the means of the 
studied xylem sap characteristics. The tests were performed separately for each of the three xylem 
sap parameters: volume, electrolytic conductivity, and sugar content. In each case, the within-
subjects factor was the sample position around the stem circumference (E vs S vs W vs N) and the 
between-subjects factors were: (i) the dates of samples collections (March 21 vs March 28 vs April 
4 vs April 11 vs April 18) and (ii) the location of trees at the forest edge or in the forest interior (FE 
vs FI). The effects of following factors were tested: (1) main within-subjects factor of the sample 
position on the tree stem, (2) main between-subjects factor – the date of sample collection, (3) 
main between subject factor – the location of the tree in the forest, (4) interaction between the date 
of sample collection and the location of tree in the forest, (5) interaction between the sample posi-
tion on the tree stem and the date of sample collection, (6) interaction between sample position on 
the tree stem and the location of the tree in the forest. The two-factor mixed model ANOVA was 
applied to test differences between wood bending strength and anatomical characteristics of the 
xylem. In this case, the within-subjects factor was the sample position around the stem circumfer-
ence (E vs S vs W vs N) and the between-subjects factor was the location of the trees at the forest 
edge or in the forest interior (FE vs FI).

The standard error of mean (SEM) is presented in the figures as the variability parameter. 
Pearson’s correlation coefficient was used to examine the relations between sap characteristics.

3 Results

3.1 Sap exudation dynamics

Over the course of the study, the quantity of sap exuded from tree trunks at the forest edge (FE) 
was larger than from the trees in the forest interior (FI) (Fig. 2a). The highest total quantity of sap 
from the readings from all four sides of the tree trunk collectively was noted on March 28 and 
subsequent readings yielded lower total volumes of sap. This decrease was especially marked in the 
trees from the interior of the forest stand. On the final date of the measurements, April 25, no sap 
flow was detected from any tree at either the edge or within the stand and this date is not included 
in figures and tables. Among the trees at the forest edge, the highest sap flow yield was recovered 
from core holes made in the northern side of the tree trunk, which was turned to the inside of the 
forest (Fig. 2b); this was also the point where the drilling was started. Similarly, the lowest sap 
flow yield was recovered from the core holes made in the western side of the trees, which was the 
final point of the measurement.

The values for electrolytic conductivity and sugars content of the wood sap varied over the 
study period. At each date, the conductivity of the sap collected from the trees on the forest edge 
was, on average, about 10–25% lower than that from the trees in the interior of the stand (Fig. 3a). 
On the date of the first measurement, March 21, the electrolytic conductivities had the lowest 
average values. During the three following weeks (until April 11), the conductivity value increased 
slightly and then decreased on the last noted day of sap flow on April 18 (Fig. 3b).
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Fig. 2. Xylem sap flow from birch trunks. (a) Dynamics of sap flow from tree trunks from the 
interior (FI) and from the edge (FE) of the forest stand, at consecutive dates in the early spring. 
(b) Xylem sap flow from birch trunks from the interior (FI) and from the edge (FE) of the forest 
stand from the samples collected from four sides around the stem circumference (N, E, S and 
W). The means from 6 trees for (a) and from 30 trees sampled during the study period from 
March 21 to April 18 (b). Standard errors of means are indicated.



7

Silva Fennica vol. 53 no. 2 article id 10048 · Zajączkowska et al. · Birch sap exudation: influence of tree position…

Fig. 3. Electrolytic conductivity of xylem sap. (a) Dynamics of electrolytic conductivity of 
the sap from birch trunks from the interior (FI) and from the edge (FE) of the forest stand, at 
consecutive dates in early spring. (b) Electrolytic conductivity of sap from birch trunks from 
the interior (FI) and from the edge (FE) of the forest stand from the samples collected from four 
sides around stem circumference (N, E, S and W). The means from 6 trees for (a) and from 30 
trees sampled during the study period from March 21 to April 18 (b). Standard errors of means 
are indicated.
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Sugar content was the highest in xylem sap samples collected on the first date, March 21, 
and then gradually decreased until the last date of xylem sap flow, April 18 (Fig. 4a). During the 
period of four weeks of xylem sap flow collection, the sugar content differed among the trees at 
the forest edge and in the interior of the forest; and slightly higher sugar concentrations were found 
in the sap from trees inside the stand (Fig. 4b).

Fig. 4. Sugar content in the xylem sap. (a) Dynamics of sugar content in the sap from birch 
trunks from the interior (FI) and from the edge (FE) of the forest stand, at consecutive dates in 
the early spring. (b) Sugar content in the xylem sap from birch trunks from the interior (FI) and 
from the edge (FE) of the forest stand from the samples collected from four sides around the 
stem circumference (N, E, S and W). The means from 6 trees for (a) and from 30 trees sampled 
during the study period from March 21 to April 18 (b). Standard errors of means are indicated.
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Results of the ANOVA test concerning significance of main and interaction factors are 
summarized in Table 2 in which the F and p values are shown for each of the tested xylem sap 
characteristics. All studied main within-subjects and between-subjects factors concerning three 
xylem sap characteristics seemed significant. It means that the xylem sap characteristics signifi-
cantly differed depending on sample position around the tree trunk circumference, the date of the 
sample collection, and the location of the trees in the forest. Similar results were obtained when 
interaction between the sample position on the tree stem and the date of the sample collection or 
the location of the tree in the forest were tested. Analogous significant effects were observed for 
sap conductivity and sap sugars when interaction between the date of the sample collection and 
the location of the tree in the forest was tested. However, no significant effect of this interaction 
(p = 0.088) was found for the xylem sap volume.

Pearson correlation for parameters of wood sap collected from 30 tree trunks over the full 
measurement period (March 21 – April 18) showed significant correlation coefficients (r) at p < 0.05 
as follows: (i) between the sap volume and sap conductivity (r = –0.58, (ii) between the sap volume 
and sap sugars (r = 0.61), and (iii) between sap conductivity and sap sugar content (r = –0.34). 
Detailed data concerning Pearson correlation coefficients with respect to the sample position on 
the stem circumference are presented in Table 3.

Table 2. Results of the three-factor mixed model ANOVA for testing differences between the means of xylem sap 
characteristics. ANOVA  F and p values are shown for three tests performed separately for each of the three xylem sap 
parameters: volume, electrolytic conductivity and sugar content.

Type of effect Source of variable Xylem sap  
characteristics

ANOVA estimates
F, p 

Main  
within-subjects

Sample position on tree stem 
E vs S vs W vs N

Volume F (3, 50) = 61.93; p < 0.001
Conductivity F (3, 50) = 15.26; p < 0.001
Sugars F (3, 50) = 25.83; p < 0.001

Main  
inter-subjects 

Date of sample collection 
21.03 vs 28.03 vs 04.04 vs 11.04 vs 18.4

Volume F (4, 50) = 86.95; p < 0.001
Conductivity F (4, 50) = 48.12; p < 0.001
Sugars F (4, 50) = 386.39; p < 0.001

Main  
inter-subjects

Location of tree in forest 
(FE vs FI)

Volume F (1, 50) = 27.65; p < 0.001
Conductivity F (1, 50) = 207.42; p < 0.001
Sugars F (1, 50) = 26.89; p < 0.001

Interaction Date of sample collection × location of 
tree in forest

Volume F (4, 50) = 2.15; p = 0.088
Conductivity F (4, 50) = 8.43; p < 0.001
Sugars F (4, 50) = 4.57; p = 0.003

Interaction Sample position on tree stem × date of 
sample collection

Volume F (12, 50) = 42.19; p < 0.001
Conductivity F (12, 50) = 4.50; p < 0.001
Sugars F (12, 50) = 13.08; p < 0.001

Interaction Sample position on tree stem × location 
of tree in forest

Volume F (3, 50) = 3.46; p = 0.018
Conductivity F (3, 50) = 15.18; p < 0.001
Sugars F (3, 50) = 12.25; p < 0.001
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Table 3. Pearson-r correlation coefficients between xylem sap characteristics: volume, conductivity and sugar content 
in four sample positions (E, S, W, N) around stem circumference; * p < 0.050, **p < 0.001.

XYLEM SAP VOLUME XYLEM SAP CONDUCTIVITY XYLEM SAP SUGARS
E S W N Mean E S W N Mean E S W N Mean

X
Y

LE
M

 S
A

P 
V

O
LU

M
E

E

S 0.29*
W 0.74** 0.49**
N 0.65** 0.64** 0.58**

Mean 0.82** 0.72** 0.83** 0.90**

X
Y

LE
M

 S
A

P 
 

C
O

N
D

U
C

TI
V

IT
Y E –0.55**–0.53**–0.53**–0.68**–0.70**

S –0.49** –0.39* –0.24 –0.55**–0.53** 0.59**
W –0.34* –0.27* –0.20 –0.34* –0.36* 0.72** 0.58**
N –0.41* –0.34* –0.26* –0.36* –0.42** 0.74** 0.55** 0.79**

Mean –0.52**–0.44** –0.37* –0.56**–0.58** 0.89** 0.76** 0.89** 0.91**

X
Y

LE
M

 S
A

P 
SU

G
A

R
S

E 0.67** 0.32* 0.42** 0.70** 0.67** –0.58**–0.49** –0.32* –0.35* –0.50**
S 0.65** 0.14 0.30* 0.67** 0.57** –0.53**–0.46** –0.32* –0.38* –0.49** 0.94**
W 0.41* 0.06 0.25* 0.52** 0.41* –0.23 –0.18 0.08 0.07 –0.07 0.73** 0.71**
N 0.60** 0.18 0.25 0.66** 0.56** –0.58**–0.55** –0.40* –0.49**–0.58** 0.85** 0.89** 0.53**

Mean 0.65** 0.20 0.33* 0.70** 0.61** –0.54**–0.48** –0.29* –0.34* –0.48** 0.97** 0.98** 0.78** 0.92*

Fig. 5. Bending strength of birch trunk wood from the interior (FI) and from the edge (FE) of 
the forest stand; samples from four sides around the stem circumference (N, E, S and W). The 
means from 30 trees sampled during the study period (March 21 to April 18). Standard errors 
of means are indicated.
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3.2 Mechanical testing of wood

The results of measurements of 30 trees from the forest edge and 30 trees from the forest interior 
were averaged according to the side of the tree trunk and keeping distinction between the two loca-
tions in the forest (Fig. 5). When means across all measurements were compared, it was observed 
that the bending strength of tree trunks from the forest edge was higher as compared to those from 
inside the forest. Additionally, it was also noted that regardless of the location of the tree in the 
forest stand, the wood on the western side of the trunk had the largest average bending strength. 
The largest difference in resistance between the trees from inside the stand and the edge trees was 
noted in the wood samples from the north side of the trunk.

For more detailed statistical analysis of the biomechanical data, the two-factor mixed model 
ANOVA was applied to test the differences between wood bending strength characteristics. In this 
case, the within-subjects factor was the sample position around the stem circumference (E vs S vs 
W vs N) and the between-subjects factor was the location of trees at the forest edge or in the forest 
interior (FE vs FI) (Table 4). Analysis of variance showed a significance of both within-subjects 
and between-subjects main factors. This indicates that the samples of wood collected from the 
western side of the trunk (W) and from the trees located at the forest edge (FE) have significantly 
higher bending strength values than the samples from other sides of tree trunks and the trees from 
the forest interior (FI). No significant effect of interaction between the sample position around the 
stem circumference and the location of trees in the forest was found.

Table 4. Results of the two-factor mixed model ANOVA for testing differences between the means of xylem structure 
characteristics. ANOVA  F and p values are shown for four tests performed separately for each of the four xylem struc-
ture parameters: bending strength, average vessel lumen area, vessel number per 1 mm2 of wood cross-section and 
potential conductivity index (PCI).

Type of effect Source of variable Wood characteristics NOVA estimates
F, p

Main effect of within- 
subjects factors

Sample position on tree stem 
(E vs S vs W vs N)

Bending strength F (3, 58) = 3.70; p = 0.013
Vessel area F (3, 10) = 0.22; p = 0.884
Vessel number  F (3, 10) = 57.20; p < 0.001
PCI F (3, 10) = 6.20; p = 0.002

Main effect of between 
subjects factors

Location of tree in forest 
(FE vs FI)

Bending strength F (1, 58) = 7.18; p = 0.010
Vessel area F (1, 10) = 0.52; p = 0.487
Vessel number F (1, 10) = 33.36; p < 0.001
PCI F (1, 10) = 0.21; p = 0.654

Interaction Sample position on tree stem 
× location of tree in forest

Bending strength F (3, 58) = 2.59; p = 0.054
Vessel area F (3, 10) = 0.06; p = 0.979
Vessel number F (3, 10) = 24.18; p < 0.001
PCI F (3, 10) = 1.14; p = 0.350
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Fig. 6. Average vessel lumen area (a), number of vessels (b), and potential conductivity index 
(c) calculated for 1 mm2 of cross-sections area of wood in birch trunks from the interior (FI) and 
from the edge (FE) of the forest stand; samples from four sides around stem circumference (N, 
E, S and W). The means from 6 trees felled in October. Standard errors of means are indicated.
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 3.3 Anatomical studies

Anatomical analysis of the wood from the twelve trees (six trees from FI and six trees from FE) 
showed a visible heterogeneity of the wood structure in relation to the side of the trunk from which 
it was sampled. When means across all measurements were compared, it was observed that wood 
of the trees from the forest edge had a smaller number of vessels per 1 mm2 of cross-section area, 
a slightly lower potential conductivity index (PCI), and a slightly higher average vessel lumen 
area (Fig. 6). In all cases, the wood from the western side had a smaller number of vessels and a 
lower PCI. In addition, despite a relatively high variation, the average vessel lumen area was also 
the smallest in wood from this side of a tree trunk.

The two-factor mixed model ANOVA was applied to test the differences between the 
anatomical characteristics of xylem. The analysis was performed separately for each of the three 
studied wood characteristics: vessel cross-section surface area, number of vessels per 1 mm2, and 
potential conductivity index (PCI). Results of the test are presented in Table 4. Analysis of vari-
ance revealed a significant effect of main within-subjects factor (the position of the sample on the 
stem circumference) in the case of the number of vessels and the potential conductivity index. The 
main between-subjects (the location of trees in the forest) factor appeared significant only with 
respect to the number of vessels. This indicates that the samples from the western sides of tree 
trunks have a significantly lower number of vessels per 1 mm2, and the trees from the forest edge 
are characterized by a lower value of the PCI index. Because of the high variability, no significant 
effect of main within-subjects and between-subjects factors was revealed with respect to the aver-
age cross-section vessel lumen area. A significant effect of interaction between the position of the 
sample on the stem circumference and the location of trees in the forest was found only when the 
number of vessels per 1 mm2 was tested.

4 Discussion

In the early spring, the water-transport system of trees is activated and the positive pressure builds 
in the trunks (Cirelli et al. 2008; Sevanto et al. 2012). Our results suggest that this pressure varies 
according to the tree’s position within a forest stand. Trees on the periphery of a stand had a higher 
internal pressure, as these trees produced larger quantities of sap than the trees inside the stand.

The maximum quantity of sap flow was observed on March 21 and 28 when daily air tem-
perature reached the maxima. This period corresponded to the time of swelling and bursting of 
the leaf buds. Further stages of bud bursting and young leaves development were accompanied by 
the decrease in the xylem sap exudation, which ceased when young leaves with unfolded blades 
developed. This process was probably associated with decreasing xylem sap pressure due to the 
initiation of transpiration from the bursting buds and newly formed leaves. It is worth noting, 
however, that air temperature in the early spring of 2014 was higher than the average perennial 
values for March and April. It could have sped up the breaking of dormant period spring initiation 
developmental processes. Temperature has a considerable influence on the dynamics of sap flow 
from the tree trunks, along with the condensation of osmotic-active compounds (Merwin and Lyon 
1909; Hacke and Sauter 1996; Westhoff et al. 2008). Here we found a negative correlation between 
the quantity of sap and its level of electrolytic conductivity, which is a measure of the content of 
diluted, dissociated compounds. Trees from the edge of the stand produced a larger output of sap, 
yet the sap collected had a lower concentration of electrolytes. Similarly, the content of sugars in 
the sap varied by sampling location and date, but overall the recorded values of 1–2% correlate with 
works by other authors (Kallio and Ahtonen 1987; Łuczaj et al. 2014). Interestingly, the sap sugar 
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concentrations from the trees on the edge of the stand were slightly lower than the concentrations 
found in the sap from trees inside the stand.

The highest value was observed at the first measurement date (March 21) and at consecu-
tive measurements dates, the sap had sequentially lower concentrations of sugars. This suggests 
a correlation between the activity of live cells within the wood and phloem (axial parenchyma, 
ray parenchyma, phloem cells) and their role in decreasing the osmotic potential of water in tra-
cheal elements as one strategy of refilling embolized xylem (Zwieniecki et al. 2004; Nardini et al. 
2011; Brown 2013). Light-demanding species dynamically react to increased quantities of light. 
For example, with increased light, the relative transpiration and assimilation of carbon per leaf 
area increases, as does the radial growth of phloem (Zhang et al. 2015). Thus, we hypothesize 
that trees growing on the edge of a forest stand could also have a higher living cell activity rate – 
despite having the same breast height diameter but a larger crown – thus releasing active osmotic 
compounds at the highest rate. After this initial high-positive pressure period, the pressure will 
decrease as a result of the initiation of transpiration from developing buds, as well as from water 
uptake from the soil, resulting in a decreased sap sugar concentration.

Wood mechanical properties depend mainly on its anatomical structure and the amount of 
bounded moisture, and these properties change very little at moisture contents above fibre satura-
tion point (FSP) (Simpson and TenWolde 1999). In our experiment, the samples from living trees 
had a very high content of water, significantly above the FSP. Therefore, we may assume that 
the measured values of the bending strength in the samples of wood collected on the consecutive 
dates resulted from the variability of individual trees with respect to wood anatomical structure 
but not from the seasonal changes of the wood strength parameter. Thus, the relations between 
the xylem sap characteristics which show pronounced seasonal dynamics and the mechanical and 
anatomical properties of wood can be analyzed only when the average values of the characteristics 
from various dates for different sides of the tree trunks are compared. It is interesting to note that 
the results concerning anatomical characteristics of wood coincide with the quantity of flowing 
sap as well as with the wood resistance properties that are recorded from the various sides of the 
trunk. Regardless of the tree’s position in the forest stand, the wood on the western trunk side had 
a smaller (although statistically insignificant) average vessel lumen area and a lower number of 
vessels per 1 mm2 of cross-section area, which resulted in a lower potential conductivity index 
(PCI). This is probably connected to the western winds, which are dominant in Poland. Seemingly, 
the effects of these winds are reflected in the trunk anatomy and also the differential tension of the 
wood, that is higher on the western side. The trees from the forest edge exhibited this difference in 
anatomy more strongly than those from inside the stand. Dominant winds are considered to be one 
of the important factors causing the formation of tension wood which differs from the normal or 
opposite wood with respect to vessel and fibre anatomy as well as mechanical properties (Ruelle 
2014; Ruelle and Thibaut 2014). It is interesting to note that although the edge of the forest stand 
was exposed to the south, the trees have the highest PCI values on the opposite (north) side, the 
lowest PCI values and the average vessel areas were not observed on the south side, but instead 
on the western sides of the trees. This was reflected in the results of the bending strength mea-
surements in which, on average, the western side of the trunk was the most resistant. Barij et al. 
(2007) observed a negative correlation between topsoil water content around a tree and the wood 
compression strength (determined using a fractometer) with trees growing on a slope. Forest stand 
edges are also known to have a larger deficit of soil water than the area inside of a stand. This might 
have also influenced the mechanical characteristics of the wood. The present results illustrate that 
trees on the edge of the forest stands function in a different micro-climate and form an important 
physio-ecological boundary (Davies-Colley et al. 2000), which is physically expressed through 
their physiology and anatomical parameters.
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