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Abstract

Key message Stem guying to prevent wind-induced
swaying of radiata pine trees resulted in significant
changes in radial growth, but did not affect the fre-
quency of compression wood or resin features.
Abstract Mechanical stress resulting from wind forces
acting on trees can cause a number of direct and indirect
effects ranging from microscopic changes in cambial
activity through to stem breakage and uprooting. To better
understand these effects on radial stem growth and wood
properties, an experiment was established in a 13-year-old
radiata pine (Pinus radiata D Don) stand in which 20 trees
were guyed to prevent them from swaying. Radial growth
was monitored in these trees and 20 matched controls at
monthly intervals for 5 years. The trees were then felled
and radial growth, resin features and compression wood
were assessed on cross-sectional discs taken at fixed
locations up the stem. There was a significant reduction in
radial growth at breast height (1.4 m above the ground) in
the guyed trees, but an increase in growth immediately
above the guying point. A total of 277 resin features were
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observed in the growth rings formed following guying. The
overall frequency of such features was related to height
within the stem and annual ring number. No effect of stem
guying was found on the incidence of compression wood.
Interestingly, the distribution of resin features also did not
differ between guyed and un-guyed trees. There was no
evidence of a link between stem restraint as a result of
guying and the incidence of resin features, suggesting that
other factors, such as soil moisture may be more influential.

Keywords Biomechanics - Wind sway - Wood
properties - Stem form - Resin

Introduction

Tree stems are dynamic organisms, reacting to both general
site conditions and to their local environment (Larson
1965; Telewski 1995). Apart from edaphic factors, rainfall
and temperature, the direction, frequency and intensity of
wind can be some of the most influential factors affecting
tree survival, growth and morphology (Zhu et al. 2004).
The damaging effects of wind range from large-scale cat-
astrophic damage in which whole trees are uprooted or
broken, through to malformation of stems resulting from
branch or leader breakage (Telewski 1995). Operationally,
wind exposure can be a constraint on silvicultural options,
particularly thinning and also affects the choice of rotation
length (Savill 1983; Quine et al. 1995).

Wind exposure can also have a strong influence on stem
and crown shape, and wood properties. A number of
studies have shown that trees subjected to mechanical
stimulus such as wind loading typically have reduced
height growth and increased radial growth, leading to a
more tapered form (Burton and Smith 1972; Rees and
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Grace 1980; Telewski and Jaffe 1986; Holbrook and Putz
1989; Telewski 1995; Meng et al. 2006). There has also
been much debate in the literature about the influence of
wind on stem shape, with a number of authors arguing that
the shape of tree stems results in uniform stress in the outer
fibres when a tree is subjected to wind loading (the so-
called “uniform stress hypothesis™). This in turn helps to
prevent weak points being created at localised regions of
high stress (Metzger 1893; Larson 1963; Mattheck 1991;
Dean and Long 1986; Morgan and Cannell 1994). Trees
can also respond by adopting a more streamlined crown
shape, which results in less wind drag and is assumed to
reduce the risk of wind-induced failure (Telewski 1995,
2012). Sellier and Fourcaud (2009) demonstrated that tree
sway and response to high winds is more sensitive to
changes in the geometry of tree axes, including length,
diameter and branch insertion angles, than to alterations of
material properties. However, thigmomorphogenetic
responses have been observed in a number of wood prop-
erties. These include: altered cell dimensions (Bannan and
Bindra 1970), compression wood formation (Cown 1973a,
1974; Nicholls 1982; Timell 1986), resin pockets (Frey-
Wyssling 1938; Cown 1973b; Temnerud 1997; Watt et al.
2009), spiral grain (Kubler 1991; Eklund and Sall 2000;
Skatter and Kucera 1997), increased organic extractives
content (Telewski and Jaffe 1986) and a reduction in
stiffness (Telewski 1989; Pruyn et al. 2000; Bascufan et al.
2006; Bruchert and Gardiner 2006).

In order to better understand the effects of wind-induced
swaying on tree morphology and wood properties, several
studies have compared different traits on guyed and un-
guyed trees (Jacobs 1939, 1954; Burton and Smith 1972;
Holbrook and Putz 1989; Meng et al. 2006; Valinger
1992). Arguably, the most notable of these studies was
carried out by Jacobs (1954) who compared the growth and
stem form of guyed and un-guyed radiata pine (Pinus
radiata D. Don) trees for 19 years. He observed that guy-
ing decreased radial growth in the lower bole, but increased
it higher up above the guy point, a result confirmed in
loblolly pine by Burton and Smith (1972). These authors
also observed a reduced incidence of compression wood in
the lower stems of guyed trees, but a progressive increase
above the guying points.

Wind-induced stem bending resulting in damage to the
cambium has been suggested as one possible mechanism
responsible for the rupture of resin canals and formation of
resin features in wood (Frey-Wyssling 1938; Temnerud
et al. 1999). In radiata pine, along with other softwoods,
resin features (hereafter taken to include resin pockets and
other resinous defects) have been observed to be univer-
sally present at a low level (Park 2004) and can occa-
sionally be a serious defect in clear lumber and veneer
(Cown et al. 2011; Temnerud 1996; Watt et al. 2011).
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Resin features have been observed to be random with
respect to directional orientation within stems, but tend to
increase outwards from the pith and vertically from the
base (Gjerdrum and Bernabei 2007; Wernsdorfer et al.
2002). In addition to wind-induced damage to the cam-
bium, drought and pathogens have been suggested as
potential causal mechanisms (Cown 1973b; Temnerud
1997, Seifert et al. 2010; Tsoumis 1991; Larson 1994). In
some radiata pine forests, notably those on the Canterbury
Plains of New Zealand where high winds and drought are
common, the incidence of resin features can reach “epi-
demic” proportions (Clifton 1969; Cown 1973b; Watt et al.
2009). A recent analysis of resin feature data from 281
radiata pine stands sampled in four regions of New Zealand
(Woollons et al. 2008) found that their frequency was
positively associated with vapour pressure deficit, solar
radiation, wind and negatively associated with available
water. This analysis used the frequency of broken tree tops
as a surrogate for wind exposure; therefore, the direct
influence of wind-induced swaying on the formation of
resin features in radiata pine was not examined.

In order to better understand and quantify the effects of
wind-induced sway on resin features in radiata pine, guying
trials were established at three sites in 2006. Two of these
trials were installed at locations on the Canterbury Plains
(McLeans Island and Balmoral Forest), while the third was
installed at a more productive site in the North Island.
Results from the guying study at McLeans Island (Lat.
43.47° S, Long. 172.39° E; Elev. 90 m a.s.l.), which was
the site with the highest incidence of resin features, have
already been presented by Watt et al. (2009). They found
that there was a significant reduction in stem growth after
guying, accompanied with a decrease in incidence of resin
features, particularly in the lower stem. In this paper, we
present the results from the guying study at Ohurakura
Forest, which had the highest productivity and the lowest
incidence of resin features in the lower stem of the three
sites (Watt et al. 2011).

Materials and methods
Site description and treatments

This guying trial was established in an existing radiata pine
“female tester trial” located at Ohurakura Forest, Hawke’s
Bay, New Zealand (Lat. 39° 15’ S; Long. 176° 42" E, Elev.
425 m a.s.l.). The trial was planted in 1993 at an initial
density of 625 trees/ha and was pruned to 2.0 m. It was
designed to test the general combining ability of progeny of
five female clones with candidate pollen parents and has
not been thinned. The trial is a first rotation stand growing
on an ex-pasture site of high fertility, which is a mixture of
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flat and sloping terrain with a southeast aspect. The site is
exposed to strong northwest winds, has an average annual
rainfall of 1,675 mm and contains some swampy patches.
The average annual temperature at the site is 11.8 °C,
average relative humidity 81 %, and average wind speed of
4.1 m s~ (National Institute of Water and Atmospheric
Research Ltd). The soil type is Puketitiri sandy silt, which
is classified as an Orthic Pumice Soil under the NZ Soil
Classification (Hewitt 1998).

In 2006, at age of 13, 40 trees consisting of 20 pairs of
guyed and un-guyed trees of similar height and diameter at
breast height, located in close proximity, were selected for
the study. Trees were selected on the flatter areas of the
stand order to facilitate guying. All trees were also selected
on the basis that they exhibited some signs of external resin
bleeding, which is often an indicator of internal resin fea-
tures (Kumar 2004; Cown et al. 2011). Trees were not
selected on the basis of their genetic origin, but the genetic
origin of each tree was noted. Tree heights ranged from
17.5 to 23.0 m at the time of selection, and average breast
height diameter (DBH) of selected stems was 395 mm with
a range of 303-469 mm. Each tree was guyed using three
wire ropes attached to metal stakes driven into the ground
to a depth of 1,200 mm at 120° intervals around the stem
base. A collar was placed on the stem directly above the
branch whorl located closest to one-third of total tree
height, corresponding to a position up the stem of
~10-12 m. Collars comprised an 8-mm braided wire rope
contained inside a 15-mm plastic tube and were only
placed on the guyed stems. The guy ropes were attached to
this collar and moderately tensioned to reduce tree sway. A
comparison of DBH measurements at the time of trial
initiation indicated that the guyed trees and their un-guyed
controls were not significantly different. Manual band
dendrometers (Agricultural Electronics Corporation, Tuc-
son, Arizona, USA) were installed at breast height (1.4 m
above the ground) on each of the 40 sample trees, and
growth data were collected at monthly intervals for
59 months (i.e. ~5 years).

Disc collection and assessment

Two guyed trees were removed in 2010, because the collars
to which the guy ropes were attached had partially girdled
the stems and caused the tree tops to break off. The
remaining 38 trees were felled in May 2012 and wood
samples collected. At the time of felling, all guyed stems
showed some signs of trauma such as greatly increased
radial growth immediately above the guy point and reduced
crown health; two trees were dead at the time of final
sampling and had to be harvested earlier. A 1-m section
centred about the point of guy-rope attachment was cut
from each stem. These sections were then divided

longitudinally along the pith and surfaced using the disc
skimming tool (Lee 2009). The annual rings were identified
to better understand the pattern of growth allocation
immediately above and below the point of guying.

In contrast to the previous study (Watt et al. 2009,
2011), cross-sectional discs (50-mm thickness) were
removed from all the sample trees at consistent intervals up
the stem (i.e. 0, 1.4, 3,5, 7,9, 11, 13, 15 and 20 m). The
11-m discs were taken from below the point of guy wire
attachment, while the 13-m discs were taken from above
this point. Bar code labels were attached to each disc so
that they could be tracked. All discs were surfaced in the
fresh green condition using a specifically constructed disc
skimming tool (Lee 2009), to yield a smooth and clean
surface on which to measure growth rings and the number,
type and location of resin features. While previous studies
in radiata pine have classified resin pockets into three types
(Type 1, Type 2 and Type 3) based on size, shape and
occlusion characteristics (Somerville 1980; Donaldson
1983), no distinction is generally made between Type 2
and Type 3 resin pockets (Watt et al. 2009). Therefore, in
this study resin features were grouped into two classes:
Type 1 resin pockets and “other”. Type 1 resin pockets are
radially narrow discontinuities in the wood that are oval in
the tangential-radial plane and filled with oleoresin and
callus tissue (Frey-Wyssling 1938). There is a continuum
of expressions of “other” resin features arising from
obvious physical cambial damage to unspecified causes—
epicormic shoots, galls, needle traces, insect damage
(Cown et al. 2011).

Each disc was placed in a purpose-built photo booth and
photographed using a high-resolution camera at a fixed
distance to create a permanent record of visible features.
For each disc sampled from 9 m and above, the location of
annual growth rings was identified from these images using
digitizing software (Engauge Digitizer V4.1). The basal
area of each growth ring was calculated along with diam-
eter under bark. In some cases, it was difficult to identify
the outermost growth rings in the discs from the guyed
trees. In these cases, the best estimate of the annual ring
corresponding to the year of guying was made, so that the
basal area following guying could be calculated. For discs
sampled from below 9 m, the diameter at 2006 and the
diameter under bark were determined from the images. The
amount of compression wood in each disc (on a percentage
area basis) was assessed visually on all discs, without
regard to severity. For those discs taken from 9, 11, 13, 15
and 20 m from the base of the stem, compression wood
content was assessed separately for the periods before and
after the guying treatment was applied as this part of the
stem was assumed to be most affected by guying. The
distance between the pith and the geometric centre of the
disc was determined for each disc as this provides an

@ Springer



1200

Trees (2014) 28:1197-1207

indirect measure of the effects of wind-induced sway on
the formation of compression wood and eccentric growth.

Data analysis

The cumulative diameter increment at breast height was
determined from the dendrometer data for the 59-month
period following the application of the guying treatment.
The main and interactive effect of treatment and time since
guying on cumulative diameter increment was examined
using a mixed effects model that accounted for the repeated
nature of measurements. The study was considered to be a
randomised complete block experiment with repeated
measurements on the experimental units in a block/cluster
of two trees. There were missing data points due to missed
measurements or death of trees in some of the blocks. The
data were analysed using the SAS MIXED procedure,
which adjusts the hypotheses tests accordingly to account
for the missing data points. The following linear model was
fitted to the data:

dbhrel,-jk =u+o+ bj + Tk + ((Z‘C)ik + ydbhO,-j + Eijk (1)

where dbhrel;j, is the diameter increment in the jth cluster
G =1, 2, ... 20) of the ith treatment (I = 1,2) at the kth
time (k = 1,2,.. 59); ; is the effect of the ith treatment; b;
is the random effect of the jth cluster; («7); is the ith
treatment by kth time interaction effect; y is the effect of
the initial dbh of the treatment i tree in cluster j (dbh0;);
and g is the random error due to the kth time measure-
ment on the treatment i tree in the jth cluster. The Ken-
ward—Roger denominator degrees of freedom adjustment
method was used to correct for possible across treatments’
constant variance issues and the spatial power correlation
model [a generalisation of the autoregressive first-order
(AR (1)) model when measurement time intervals are not
equal] used to model the correlations among residuals from
the same tree. The treatment by time least square means
predicted by model 1 and their 95 % confidence intervals
were recovered from the SAS MIXED procedure and used
to determine when the guying treatment started to have a
significant effect on diameter increment.

The effect of guying on stem form was examined by
normalising the under-bark diameter of each disc by the
breast height diameter of the corresponding tree. The ver-
tical profile of normalised diameter was determined for
guyed and un-guyed trees and the effect of the guying
treatment was examined using two-way ANOVA. The basal
area increment between 2006 and 2012 was determined for
each disc, while the basal area of each annual ring was also
determined on discs sampled from 9 m and above.

Data on the number of resin features were summarised
by type, year of formation and height up the stem for guyed
and un-guyed trees. The frequency of resin pockets was
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expressed on a unit area basis using the basal area of each
ring and disc. Mixed effects models with a nested structure
were used to test the main and interactive effects of guying
treatment, year, and height on incidence of resin features.
Separate models were developed for Type 1 resin pockets
and other resin defects. In these models, the effect of
guying on resin feature incidence was examined for the
59-month period following the application of guying
treatments in 2006. A generalised linear mixed effects
model was used in which the frequency of resin features
was assumed to follow a Poisson distribution. These data
were analysed using the R open source statistical software
(R Development Core Team 2013). The temporal trend in
resin feature occurrence was compared with annual trends
in rainfall and wind speed to look for any obvious patterns.
Meteorological data for these comparisons were obtained
from the National Climate Database (National Institute of
Water and Atmospheric Research Ltd) for the nearest
meteorological station to the experimental site.

Results
Growth and stem form

Data from the breast height dendrometer bands showed that
for some pairs of guyed and un-guyed trees there was little
or no difference in diameter increment following guying,
while for other pairs of trees differences of 30-50 mm
were observed 5 years after the application of the guying
treatment (Fig. 1). Overall, there was a significant treat-
ment by time interaction (p < 0.001). Thus, the effect of
the guying treatment depended on the time interval since
the guying treatment was applied. Diameter increment did
not show a relationship with initial DBH at the time of
guying (p = 0.13). The effect of guying treatment on
diameter increment became significant after 26 months
(Fig. 2). After 59 months since the treatments were
applied, the guyed trees had on average 17.7-mm less
diameter growth at breast height compared with the un-
guyed controls. No obvious genetic differences in the
response to guying were observed.

On average, the guyed trees at the time of sampling had
lower relative diameter just below the guying point com-
pared with the un-guyed trees, but had increased relative
diameter immediately above the guying point (Fig. 3).
Radial-longitudinal sections through the point of guy wire
attachment to the stem showed the substantially greater
radial growth immediately above the point of attachment
(Fig. 4). These sections also showed that in some trees, the
outermost annual rings appeared to stop at the point of
attachment where the collar had girdled the stem and
interrupted the phloem flow in particular.
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Fig. 2 Average diameter increment at breast height for the 59-month
period following the application of the guying treatments. Values are
based on the model given by Eq. 1 in the text

Comparison of the basal area increment between 2006
and 2012 for the discs sampled between 0 and 20 m up the
stem shows that immediately above the guying point (i.e. at
13 m), the guyed trees had on average 10 cm® more basal
area growth per year than the un-guyed controls (Fig. 5).
The increase in basal area increment became apparent
~2 years after the application of the guying treatment and
is responsible for the change in shape that was observed in
the guyed trees. On some of the surfaced discs from the
guyed trees, there appeared to be a significant reduction in
or even cessation of growth. In the most extreme cases,
annual rings were absent from part of the circumference of
the disc. This was assumed to be due to the girdling effect
of the collar that the guy ropes were attached to, which
likely limited the cambial activity of the tree.
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Fig. 3 Vertical profiles of normalised stem diameter for guyed and
un-guyed trees. Stem diameter for each tree was normalised by the
diameter at breast height. Lines pass through the mean value for
guyed and un-guyed trees at each sampling height

Resin features
A total of 728 resin features were observed on the disc

surfaces, which corresponded to a frequency of 24.3 fea-
tures m~ 2. There were 28 Type 1 resin pockets and 700
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Fig. 4 Longitudinal-radial section through the region of the stem
centred about the guying point. The growth rings have been
highlighted to show the increased radial growth in the region
immediately above the guying point

other resin defects (Table 1). The overall Type 1 resin
pocket frequency was 0.94 m 2. The mean frequency of
resin features increased with height up the stem, reaching a
peak of 65.7 m ™2 in the discs taken from 15 m. However,
the variability in resin feature frequency also increased
with height up the stem (Fig. 6). The maximum number of
resin pockets in the breast height discs was observed in the
annual ring formed in 2005 (Fig. 7). Because the area of

12000
10000

Fig. 5 Comparison of the total
basal area increment from 2006
to 2012 at different heights up
the stem for the guyed and un-
guyed trees (fop graph). The
basal area of each annual ring in
the guyed and un-guyed trees

the innermost rings was lower, the frequency of resin
pockets per m” was highest in the rings formed in 2001 and
2002 (data not shown). There was no obvious effect of
climate on the incidence of resin features as both rainfall
and wind speed in the 2004 years were close to the long-
term means for the site.

In the period following the application of the guying
treatment a total of 277 resin features were observed,
which consisted of 18 Type 1 resin pockets and 259 other
resin defects. Four of the Type 1 resin pockets were in the
un-guyed control trees and the remaining 14 were in the
guyed trees (Table 1). Seven of these were observed in the
discs taken from 13 and 15 m in the guyed trees, i.e.
immediately above the guying point where there is the
highest bending stress. In the region below the guying
point, four Type 1 resin pockets were observed in control
trees and six were observed in the guyed trees. However,
the small number of observations of type resin pockets
meant that meaningful comparisons between guyed and un-
guyed trees could not be made. Of the 259 other resin
defects that were observed, 140 were found in the control
trees and 119 in the guyed trees. The generalised linear
mixed model fitted to these data showed that there were
significant positive effects of ring number and disc height,
but no significant effect of guying treatment (Table 2).

Compression wood

The proportion of total cross-sectional area of the sampled
discs containing visible compression wood ranged from
0 % up to 50 %. Approximately one-third (36 %) of discs
contained no more than 5 % visible compression wood,
and the overall mean proportion of compression wood was
14 %. There was no trend in the occurrence of compression
wood in wood formed after 2006 with height up the stem

|
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Taple 1 Occurrence of TyPe 1 Disc height (m) Control Guyed
resin pockets and other resin
features in guyed trees and un- Post-2006 Total Post-2006 Total
guyed controls
Other Type 1 Other Type 1 Other Type 1  Other Type 1
0.15 6 (5.5) 1(0.9) 25(7.6) 2(0.7) 0(0.0) 0(0.0) 23(8.6) 1(0.4)
1.4 2 (2.5) 2(2.5) 53(21.9) 2(08) 3(3.8) 0(0.0) 34(16.0) 1 (0.4)
3 3 (4.0) 0(0.0) 46 (21.6) 0(0.0) 3 (3.6) 1(12) 38 (20.6) 2(1.2)
5 10 (13.7) 1(1.4) 56 (30.2) 2(0.9) 22(1299) 3@4.1) 44(288) 5.9
7 15(19.3) 0(0.00 51(34.1) 0(@0.0) 11(158) 1(1.4) 23(19.4) 1(0.8)
9 9 (14.3) 0(0.0) 33 (@25.1) 0(0.0) 6(9.78) 1(1.6) 12 (10.0) 1 (0.6)
Val ) for both th 11 24 (359) 0(0.0) 45@2.1) 0(@©.0) 1423.1) 0(@©.0) 19231 0¢(.0
alues are given Ior oth the
entire tree and for the wood 13 21 (3277) 0(0.0) 43 @417 0(0.0) 28404) 4(5.8) 38379 5@4.3)
formed after 2006. The 15 33(550) 0(0.0) 51(80.7) 0(0.0) 2644.0) 3(5.1) 35(43.1) 4(6.0)
frgqucncies of resin features per 20 17 (44.1) 0(0.0) 23 (51.2) 0(0.0) 6(18.2) 1(3.0) 8(26.5) 2(5.5)
m” of transverse section are Total 140 (19.8) 4 (0.6) 426(35.7) 6(0.2) 119(17.3) 14 (2.0) 274 (23.3) 22 (2.1)
given in parentheses
movement. This study confirmed the results from a number
204 [L_J--—- °© o oo of earlier studies (Jacobs 1939, 1954; Burton and Smith
14 LL__J----m--- 1 ° ° 1972; Holbrook and Putz 1989; Watt et al. 2009; Valinger
£ 17 (L_J----- do @ 1992), which showed that tree sway can influence the
— 11 - D:,_--q o o o . : M
S o M-+ diameter growth at different points along the stem. Com-
£ 74 I_}--+ oo pared with the control trees, radial growth was reduced in
8 57 IF---40 o the lower part of the guyed stems, but was greater for the
0 37 ~fee o region of the stem extending for several metres above the
147 EH_{'* ° point of guy-rope attachment. In the earlier guying study on
015 : ] | | | | radiata pine, Jacobs (1954) observed similar enhanced
0 100 200 300 400 500 radial growth, or swelling, immediately above the point at

Resin Feature Frequency (Number m"z)

Fig. 6 Box and whisker diagram showing the overall frequency of
resin features at different heights in the stem. The edges of the boxes
correspond to the upper and lower quartiles of the distribution of resin
features, while the median is shown by a thicker black line. The
whiskers correspond to +1.96 standard deviations from the mean and
values outside this are shown as open circles

(p = 0.60) and no effect of treatment (p = 0.55). The
distance between the pith and the geometric centre of the
disc decreased with height up the stem (Table 3). There
was a significant effect of the interaction between guying
treatment and disc height on the pith offset distance
(p = 0.02). Those discs taken from the bottom 3 m of the
guyed stems had an offset distance that was 4—7 mm less
than in discs taken from the same heights in the un-guyed
controls.

Discussion and conclusions
The main emphasis of the study was to document aspects of

wood formation, particularly radial growth and resin fea-
tures as they are affected by the elimination of stem

which the trees were guyed. A similar result was also
observed in Scots pine (Pinus sylvestris L.) by Valinger
(1992). This is assumed to be a physiological response to
the increased bending stress that occurs in the outermost
part of the stem at this point. A number of studies have
suggested that new wood is accumulated more rapidly in
regions subject to higher mechanical stress to keep the
stress more or less uniform along the length of the stem
(Riech and Ching 1970; Metzger 1893; McMahon 1975;
Dean et al. 2002). While the uniform stress hypothesis is a
matter of some debate in the literature (Niklas and Spatz
2000a, b; Mattheck 2000), the results from the study
reported here indicate that radial growth is lower in regions
of lower stress (i.e. the lower part of the stem of guyed trees)
and higher in regions of high stress (immediately above the
point of guy rope attachment). However, it is not possible to
conclude that the differences in radial growth that were
observed are solely a response to altered patterns of
mechanical stress along the stem. The collar to which the
guy ropes were attached eventually acted to girdle the stem,
which would have interrupted the phloem transport to the
lower stem and roots. This could have elicited a response
similar to that resulting from stem girdling in which car-
bohydrate produced by the crown is retained in the region of
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Table 2 Results from significance tests on the parameters included in
the generalised linear mixed effects model examining the effects of
guying treatment, disc height, ring number and their interactions on
the incidence of other resin features

Source of variation p value
Treatment 0.846
Disc height <0.001
Ring number <0.001
Treatment x disc height 0.304
Treatment x ring number 0.830

The analysis was not run for Type 1 resin pockets due to the low
number of these features observed in the study

2000

2010

2002 2004 2006

Year

2008 2012

the stem above the girdle and is used for growth (Wilson
1968; Wilson and Gartner 2002; Daudet et al. 2005; de
Shepper et al. 2010). After several years following the
application of the guying treatment, many of the guyed trees
began to show some signs of distress such as a loss of vigour
and missing growth rings. In the most extreme cases two of
the guyed trees died, while the stems of another two broke
immediately above the point of guy-rope attachment. For
future studies, it is recommended that either an expanding
collar or eye-bolts are used to avoid the problems that were
encountered here. In addition, the collar or bolts should be
applied to the control as well as the guyed trees.

Table 3 Occurrence of visible
compression wood and the

Disc height Control

Guyed

m
distance between the pith and (m) Visible compression wood — Off-centre pith  Visible compression wood  Off-centre pith
the geometric centre of sampled (%) (mm) (%) (mm)
discs from guyed trees and un-
guyed controls Pre- Post- Whole Pre- Post- Whole
2006 2006 disc 2006 2006 disc

0.15 - - 16 30 - - 11 26

1.4 - - 15 31 - - 12 23

3 - - 15 31 - - 10 24

5 - - 10 25 - - 9 25

7 - - 13 24 - - 11 18

9 23 19 10 20 19 15 11 19

11 16 23 16 21 13 21 18 20

13 14 21 16 19 14 24 18 18
Values are given for both the 15 15 29 21 15 9 17 15 16
entire tree and for the wood 20 ) 18 15 6 10 18 13 7

formed before and after 2006
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While guying affected both radial growth and stem
form, it did not significantly affect the incidence of resin
features or compression wood. There were few resin fea-
tures close to the pith in the lower stem, which is in
agreement with the results of the study by Watt et al.
(2011), but an increasing frequency with height up the
stem, as was noted previously by Clifton (1969). Only a
small number of Type 1 resin pockets were observed in this
study and “other” resin features, which are sometimes
classified as Type 2 and Type 3 resin pockets (Somerville
1980; Donaldson 1983; Cown et al. 2011) outnumbered
Type 1 resin pockets by a factor of ten in the guyed trees
and 70 in the un-guyed controls. This is similar to some
past studies which have differentiated between different
types of resin features (Watt et al. 2011). The incidence of
resin features was related to both year of annual ring for-
mation and height up the stem. Across all trees, the inci-
dence of resin features was greatest in the 2004-2005
annual ring, which was the same year that the peak was
observed in trees sampled in a related study at McLeans
Island in Canterbury (Watt et al. 2009). Both stands of trees
were planted at a similar time, i.e. 1992 and 1993, but there
was no obvious climatic signal that appeared to be asso-
ciated with the high incidence of resin features in the
2004-2005 annual ring. In contrast to recent studies (Watt
et al. 2009, 2011) which only sampled the lower 5 m of
trees, we collected information on resin feature frequency
up to a height of 20 m in the stem. The observation that the
frequency of resin features increased with height up the
stem was in broad agreement with Clifton (1969) who
found higher concentrations of Type 1 pockets in the sec-
ond log (i.e. ~6-12 m up the stem) in radiata pine trees.

In contrast to other studies (Frey-Wyssling 1938; Te-
mnerud 1997; Watt et al. 2009; Jones et al. 2013) that have
found a positive relationship between stem bending and the
incidence of resin pockets, we found no effect of stem
guying on the incidence of resin features. A similar result
was found by Seifert et al. (2010) who could not establish a
connection between resin pocket incidence and wind
direction or speed. While the Ohurakura site had a higher
mean wind speed than the other sites sampled in the study
by Watt et al. (2011), it also had the highest rainfall—more
than double the average annual rainfall of the McLeans
Island site, where a significant effect of guying was
observed on the frequency of Type 1 resin pockets (Watt
et al. 2009). In comparison to the study at McLeans Island
in which the trees were guyed for 2 years before being
destructively sampled, the trees in this study were guyed for
5 years. Therefore, it was assumed that any response to
guying would have been more pronounced. However, ear-
lier results presented by Watt et al. (2011) showed that the
trees growing at the McLeans Island site had almost ten
times the resin feature frequency as those at the Ohurakura

site. The low incidence of Type 1 resin pockets observed in
this study meant that any effect of guying was not able to be
detected, but could also mean that moisture deficit is a key
factor affecting the occurrence of resin features (Cown
1973b; Woollons et al. 2008; Seifert et al. 2010). By
comparing the results of this study with those from the
McLeans Island study (Watt et al. 2009), a tentative con-
clusion could be drawn that prevention of wind-induced
stem sway only affects the occurrence of resin features on
those sites where trees are subjected to prolonged moisture
stress due to low rainfall. While guying, the trees had a clear
influence on stem growth and form in this trial, there is no
evidence to suggest the reduction in tree sway influenced
the formation of resin features or compression wood.
Sampling of the trees in the guying experiment at Balmoral
Forest on the Canterbury Plains, which has the lowest mean
annual rainfall and mean wind speed of the three sites that
guying experiments were established at, would provide
more evidence to support or refute this conclusion.
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