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Pruning is a necessary part of tree management both in silvicultural systems and in urban forestry. For the
wood industry’s production of high-quality timber, as well as for the urban forest’s risk reduction and ecosystem
services enhancements, it is essential that the pruning is accurately implemented. This study aimed to determine
the effect of pruning season on discoloration amount and occlusion rate in four broadleaved tree species. In
2014, 84 trees were pruned in January, May and September. Six years later, the 252 samples from the three
pruning points per tree were collected and analysed. ‘Common oak (Quercus robur L.)’ and ‘small-leaved lime
(Tilia cordata Mill.)’ showed least discoloration when pruned in January, ‘wild cherry (Prunus avium L.)’ showed
least discoloration when pruned in September and ‘Norway maple (Acer platanoides L.)’ did not show any
significant differences. All species occluded fastest when pruned in January, but at different rates. Common oak
occluded 84 per cent of the samples, Norway maple 42 per cent, small-leaved lime 32 per cent and wild cherry 13
per cent. In summary, the pruning month affected discoloration amounts and occlusion rates of the tested tree
species in varied ways. Our research suggests an important knowledge gap regarding optimal species-specific
pruning times and underlying reasons for different reactions to pruning.

Introduction
Pruning is an important part of tree management in both forestry
and urban contexts. Trees in silvicultural systems are pruned to
attain high-quality timber, and in turn higher economic return
(O’Hara, 2007; Hemery et al., 2008; Oosterbaan et al., 2008). In
urban environments, pruning is considered necessary to ensure
low risk of damage, sufficient space and maintained or improved
aesthetic values (Dujesiefken et al., 2005; James et al., 2006).
However, despite its importance, the knowledge of when to prune
is an understudied topic.

Trees react to pruning cuts internally by chemical reactions in
the wood, encapsulating discoloration, and externally by callus
wood forming over the cut, also called occlusion (Shigo and
Marx, 1977). The discoloured wood develops from the cutting
surface, resulting in decreased economic value in high-quality
timber (Oosterbaan et al., 2008). Discoloration may also develop
into decay, leading to increased likelihood of failure and reduced
tree vitality (Dujesiefken et al., 2005). Discoloured wood can be
caused by either internal cell changes or by bacteria, fungi or
algae (Smith, 2006; Schmidt, 2006a), and these different causes
often coexist. The external occlusion was described through the
Compartmentalization of Decay in Trees model by Shigo and Marx
(1977). ‘Decay’ was later exchanged for ‘Dysfunction’ since it is
a more inclusive term (Smith, 2012). Time of pruning, as well as

cut size and cut type, have been found to affect the amount
of discoloration and occlusion rate when pruning (Pietzarka,
2016).

For decades, as seen in arboriculture (Pietzarka, 2016) and sil-
viculture textbooks (Falck, 2014), there has been an assumption
that it is preferable to prune trees during the growing season after
leaf formation and before leaf senescence, an assumption that
most likely gained large influence through Shigo’s (1991) Mod-
ern Arboriculture. Shigo’s argumentation departs from Priestley’s
(1970) work, with the so-called ‘Askenasy Potential Energy Curve’
departing from studies by Akenasy (1877a; Askenasy, 1877b;
Askenasy, 1877c) on ‘wild cherry (Prunus avium L.)’. In the Aske-
nasy Potential Energy Curve, it is conceptualized that the energy
levels decrease at leaf formation, increase when the leaves are
formed and stays high during the vegetation period, leading to
the practical assumption that pruning is suitable during the trees’
active period with high energy levels (Shigo, 1991). Hirons (2012)
questions the generalizability of the Akenasy curve for guiding
pruning since it originates from studies of only one species. Hoch
et al. (2003), who studied non-structural carbohydrates (NSCs)
in 10 different tree species, found that newly formed leaves
generally become carbon sources at an early developmental
stage, implying that the time of deep energy reduction during
leaf formation assumed by the Askenasy curve might be very
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short, or not as deep as assumed. Hoch et al. (2003) also studied
wild cherry and found it to look similar to the Askenasy curve,
but in general, broadleaved tree species had an increase of NSC
in branch wood at the time of bud break, whereas NSC in stem
wood had no significant decrease. New leaves and shoots seem
to primarily use new, not stored, carbohydrates to develop (Hoch
et al., 2003).

Occlusion of pruning cuts is simplified a two-sided process
with the cambium at the cut ‘pushing’ out new wood over it and
radial growth adding new wood outside, ‘rolling’ in over the cut
(e.g. Falk, 2014). Several studies within silviculture (e.g. Hein and
Spiecker, 2007; Sheppard et al., 2016) have therefore focused
on the relation between radial growth and pruning since radial
(diameter by breast height (DBH)) growth can be controlled by
thinning (e.g. Spiecker, 2006). However, only a few former studies
focus on statistical testing of species-specific pruning month and
its relation to discoloration and occlusion. Niemistö et al. (2019)
found ‘silver birch (Betula pendula Roth)’ to occlude fastest when
pruned in spring, March to June. A similar study with ‘red alder
(Alnus rubra Bong.)’ found the occlusion rate to be fastest when
pruning was performed in spring/summer, May to June, and in
autumn, September (DeBell et al., 2006). Dujesiefken et al. (2005)
injured ‘common beech (Fagus sylvatica L.)’, common oak and
‘northern red oak (Quercus rubra L.)’ in their study and found
the occlusion rate to be fastest in spring and autumn, April and
October, respectively. Another study pruned ‘sycamore maple
(Acer pseudoplatanus L.)’ during its dormant season and found
no significant differences in occlusion rate between December,
January, February and March (Fini et al., 2013). Dănescu et al.
(2015) found a significant difference between sycamore maple
and ‘European ash (Fraxinus excelsior L.)’. The latter occluded
slightly faster than the former, but with no difference in season
of pruning.

The least discoloration was found when silver birch were
pruned in early autumn, late August (Niemistö et al., 2019).
Common oak and northern red oak showed least discoloration in
winter and spring, February and April respectively, and common
beech showed no significant results in discoloration between
months, except for in December when the discoloration was
greatest (Dujesiefken et al., 2005). Sycamore maple and Euro-
pean ash had no significant differences in terms of discoloration,
neither between seasons, nor between species (Dănescu et al.,
2015). The same was observed for ‘sandalwood (Santalum album
L.)’ (Burgess et al., 2018). Grabosky and Gilman (2007) did not
study pruning month but found no significant difference in
discoloration between ‘live oak (Quercus virginiana Mill.)’ and
‘shumard oak (Quercus shumardii Buckley)’ when pruned in
spring, April.

A limited number of studies have focused on the relationship
between pruning season and discoloration and occlusion, and
only a few broadleaved tree species from different genera have
been examined. Consequently, the question whether an ideal
pruning month exists is not fully answered. Based on this, the
aim of this study was to increase the knowledge of pruning
time optimum to support tree managers’ decision-making. The
objective was to examine the relationship between amount of
discoloration, occlusion rate and pruning month in four different
broadleaved tree species. The research question was, ‘Which
is the most suitable season of the year to prune broadleaved

trees, when aiming for fast occlusion and minimal amount of
discoloration?’

Materials and methods
Materials and experimental set up
The study was set up in 2014 in southern Sweden (55.39◦N;
13.04◦E) at the Swedish University of Agricultural Sciences in the
Alnarp landscape laboratory. This is located on former agricul-
tural land with loamy glacial till and fine sand deposits, average
pH 7.1 and uniform nitrogen level across the site (0.005 mg g dw-
1) (Bubi, 2009; Wiström and Nielsen, 2014).

The study included four native species: ‘wild cherry (P. avium
L.)’, ‘common oak (Quercus robur L.)’, ‘Norway maple (Acer pla-
tanoides L.)’ and ‘small-leaved lime (Tilia cordata Mill.)’, selected
based on the following criteria (Table 1): utilized in urban settings
(Sjöman et al., 2012), forest industry interest (Oosterbaan et al.,
2008), different wood anatomy (Baas and Schweingruber, 1987;
Schoch et al., 2004; Pigott, 2012; Crivellaro and Schweingruber,
2013; Richter and Dallwitz, 2019) and assumed compartmental-
ization ability (Schmidt, 2006b; Gilman, 2012).

Norway maple (0.27 ha) and small-leaved lime (0.25 ha) grew
in pure stands planted in 1994, and wild cherry and common
oak grew in a mixed stand (0.5 ha) planted in 1998. For the
study, 84 trees – 21 trees per species – were randomly selected
among dominate and co-dominate trees in the stands and ID-
marked. We thinned the mixed stand in the winter of 2014–2015,
to achieve similar density to the other stands; from ∼6000 to
∼3600 trees/ha (Table 2).

Experiment initiation and pruning
The experiment started in 2014, when the treatments took place.
We pruned every tree on each of the three pruning occasions;
winter: January (28 January 2014), late spring: May (08 May
2014) and early autumn: September (04 September 2014), which
resulted in three cuts per tree at the end of the year (Table 3). The
months were selected to represent pruning on dormant trees in
the winter (January), leaf-flush (May) and the latter part of the
active period (September), where the last one is considered ideal
in many pruning textbooks (e.g. Pietzarka, 2016). We adopted a
balanced randomization for the relative height between pruning
occasions. The lowest branch alive was identified as starting
point for selection of branches to cut, together with at least
two other suitable branches above that (i.e. not too close to
each other). Seven trees per species were then selected ran-
domly and cut starting with the lowest branch, seven from the
first above that (middle branch) and seven above that (highest
branch). We continued to prune seven trees per relative height for
each tree species and date (Table 3), in other words 21 pruning
cuts/species/pruning occasion, 63 pruning cuts/species and 252
pruning cuts in total.

We pruned the branches with a pole saw, using natural target
pruning as the method, i.e. cutting right outside the branch
collar (ANSI, 2017; O’Hara, 2007; SIS, 2020). We recorded the
height of the pruned branches using a measuring pole to be
able to later identify which knots were pruned on which occasion
(Table 4). Branch angle and pruning cut length were measured
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Table 1 Selection criteria of species included in the study. 1: Baas and Schweingruber 1987; Richter and Dallwitz, 2009; Schoch et al., 2004, 2: Baas and
Schweingruber 1987; Richter and Dallwitz, 2009; Schoch et al., 2004; Crivellaro and Schweingruber, 2013, 3: Baas and Schweingruber 1987; Schoch
et al., 2004; Pigott 2012, 4: Gilman 2012; Schmidt 2006a.

Species Acer platanoides Prunus avium Quercus robur Tilia cordata

Wood anatomy Diffuse porous1 Diffuse porous2 Ring porous1 Semi-ring porous3

Compartmentalization ability4 Weak Weak Strong Strong
Other characteristics Pre-leaf flowering Pre-leaf flowering

Table 2 Stand and tree attributes; stand density and DBH for each species.

Species Acer platanoides Prunus avium Quercus robur Tilia cordata

Stand density, trees/ha 2600 3600 3600 3100
2020 mean DBH, SD (cm) 13.93, 2.57 11.94, 1.92 14.66, 2.55 17.50, 3.18

Table 3 Schematic table visualizing the number of trees pruned on each occasion and the relative height for each species. The letters represent the
relative height of the branches, H = highest branch, M = middle branch and L = lowest branch.

TreeID 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

January L H L M M H H H M H L M L M L L H M H L M
May M M M L H M M L L L H L M H H M L H L H H
September H L H H L L L M H M M H H L M H M L M M L

Table 4 Branch attributes for each species. Branch angle, pruning cut length and pruning height in mm.

Min Mean Max SD

Acer platanoides
Branch angle 19.02 40.39 55.85 7.65
Pruning cut length 14.17 47.97 101.25 17.55
Pruning height 215.00 393.70 654.00 102.50
Prunus avium
Branch angle 23.23 48.46 72.21 9.19
Pruning cut length 11.14 33.09 97.76 14.07
Pruning height 105.00 449.00 720.00 114.99
Quercus robur
Branch angle 19.52 45.20 75.89 13.03
Pruning cut length 14.13 42.50 111.51 21.04
Pruning height 50.00 436.00 633.00 150.57
Tilia cordata
Branch angle 19.41 42.11 79.52 12.11
Pruning cut length 25.14 55.97 128.52 21.02
Pruning height 168.00 382.30 607.00 101.92

using ImageJ after felling (Table 4). The pruning cut length is
the diameter of the pruning cut measured in the longitudinal
direction, visualized in Figure 2. Pruning height represents the
height of the branch pruned, measured from the ground up.

Sample harvesting and preparation
Six years later, in January 2020, we revisited the stands. A pro-
fessional arborist felled the trees with a chain saw and split the
stems into sections. The pruning wounds from 2014 were thereby
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Figure 1 Illustration of how the sections were sawed to expose the
pruning knot.

cut free 10 cm above and 20 cm below the knot, resulting in
30 cm long sections as described by Dănescu et al. (2015) and Qin
et al. (2019). We marked the sections with the ID-number and a
letter, H, M or L, representing the relative height of the cuts.

To expose the insides of the pruning knots, we split the sec-
tions with a band saw in a longitudinal direction at the centre of
the knot and pith (Figure 1). A radial and another longitudinal cut
attained smaller, equally thick samples.

The samples were dried in a drying cabinet at 35◦C for
96 h (Thermo Scientific Heratherm Advanced Protocol Oven,
Heratherm OGS400). We sanded the samples using a bench belt
sander and 40 grit sanding paper to achieve the exact angle
between pith and knot, and 120 grit sanding paper was used
to polish and reinforce the wood patterns. The samples were
cleaned from sawdust using an air compressor.

Five samples were destroyed due to poor foresight during the
initial pruning, as knots were located too close together to allow
correct angle cuts. In addition, while checking for distinct pruning
cuts, we found 10 samples that were not the 2014 cuts, but had
naturally died or were broken branches. These 10 samples were
also discarded. Due to these shortcomings, 237 samples were
included in the analysis. Total samples per species were Norway
maple: 56, small-leaved lime: 62, wild cherry: 61 and common
oak: 58.

Analysis of samples
We divided the analyses into two phases. The first phase focused
on discoloration and the second phase focused on occlusion.

We scanned the samples using EPSON Perfection V800 Photo,
and the software Silverfast 8.0. The image settings were 1200
ppi, A4 format and saved as TIFF files. We analysed the images
with the software ImageJ (ImageJ 1.52a) where a calibration
was made and saved as a macro to maintain the same calibration
for all images. The measurements taken with ImageJ are repre-
sented in Table 5 and Figure 2.

We sanded the samples again with a finer sandpaper, up to
800 grit, to refine the wood structure and enhance the year
rings. We determined which year the samples fully occluded

using a stereomicroscope. We then scanned them and took new
measurements using ImageJ to measure non-occluded length
for each year and thereby attain the occlusion rate per year. Since
the trees were pruned in January, May and September, then felled
all at once in January 6 years later, they had different amounts
of time to react by occlusion and discoloration. By determining
exactly which year the samples fully occluded, we obtained more
information on how many growing seasons the samples needed
to fully occlude.

Statistics
Statistical overview

All models and statistical analyses were performed in the sta-
tistical program R (R version 3.6.1) (R Core Team, 2019) with
the software RStudio (RStudio Team, 2019) (Version 1.2.5019)
using the following functional libraries: lme4 (Bates et al., 2015),
lmerTest (Kuznetsova et al., 2017), emmeans (Lenth et al., 2019),
multcompView (Graves et al., 2019), ggplot2 (Wickham, 2016),
dplyr (Wickham et al., 2020), gt (Iannone et al., 2020) and MuMIn
(Bartoń, 2022), with a significance level of 0.05.

Modelling approach

Four different response variables were modelled separately as
mixed models: discoloration, occlusion rate, radial rate and occlu-
sion probability, as presented in each section below. The exper-
iment has a hierarchical structure with repeated measurement
within trees, often referred to as split-plot design without blocks.
This hierarchal structure was regarded in the statistical models
by nesting the species under the tree in the random part of the
models.

For all the models, the main experimental variables, i.e.
species (4 levels) and month (3 levels), including their interac-
tions, were first included as the fixed part of the model and tested
using ANOVA Type III with Kenward-Roger approximation for
the degrees of freedom. Then individual covariates of relevance
based on earlier research were included one by one to safeguard
against multicollinearity and overfitting. This gives the following
base equation for all the general linear models tested and
corresponding generalized linear model with logit as a link
function:

yijk = αi + τj + (ατ)ij + δik + covariates

+ εijk, i = 1, . . . , 4, j = 1, 2, 3, k = 1, . . . , 21

Covariates tested for inclusion in the final models were
pruning cut length (M = 44.9 mm, SD = 20.37), aspect ratio
(M = 0.33, SD = 0.16), branch departure angel (M = 44.1, SD = 11.1)
and height of the pruning cut above ground (M = 415.3 cm,
SD = 121.7), all which have shown correlation to discoloration
and occlusion in other studies (Eisner et al., 2002; Sheppard
et al., 2016; Wang et al., 2016; Niemistö et al., 2019; Qin et al.,
2019). The covariates were evaluated for their significance
using ANOVA Type III test with Kenward-Roger approximation.
The different models were compared against each other
using Akaike’s Information Criteria (AIC) values as a measure

608

D
ow

nloaded from
 https://academ

ic.oup.com
/forestry/article/96/4/605/7068953 by Sveriges lantbruksuniversitet user on 18 Septem

ber 2023
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Table 5 Measurements taken in ImageJ; the numbers correspond to those in Figure 2.

Nr Name Description Unit

1 Area 1 Total discoloration. mm2

2 Area 2 Discoloration outside the branch area. mm2

3 Area 3 Estimated branch area inside the stem. mm2

4 Branch departure angle Angle between the stems’ direction and along the branch, from pith to branch cut. ◦
5 Length of pruning cut The diameter of the pruned branch. mm
6 Length, not occluded The diameter of the pruned branch that was not occluded. mm
7 Stem radius 1 Stem radius 2014, length from pith to pruning cut. This was made to backtrack the radius

of the samples when pruned.
mm

8 Stem radius 2 Stem radius 2020, length from pith to bark. Represented the radius of samples when
felled.

mm

9 Defect free wood Defect free wood outside knot, measured between pruning cut and bark. mm
10 Defect wood Defect wood outside knot, measured between pruning cut and bark. mm

Figure 2 Image describing the measurements taken in ImageJ; the numbers correspond to those in Table 5.

of model parsimony and one final model was selected for
each of the response variables. Post hoc tests for the final
models were performed using estimated marginal means and
Tukey’s method for multiple comparisons. Model validation,
including assumptions of linearity, independence, normality and
homoscedasticity, was performed by plotting the residuals of the
models.

Discoloration

Since the trees were pruned at different times but were felled
on the same date, the reaction time differs between samples
pruned in January, May and September. Since it is not possible
to determine the exact discoloration change over time, and thus
adjust the values per individual year, the discoloration area was
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Table 6 ANOVA table for (log) discoloration per growth season of species, months, pruning cut length and the interaction of species and month.

Sum Sq Mean Sq Num DF Den DF F-value P-value

Species 35.984 11.995 3 82.683 53.8056 <0.001
Month 3.063 1.531 2 154.302 6.8698 0.001
Pruning cut length 44.191 44.191 1 217.533 198.2378 <0.001
Species:Month 9.685 1.614 6 151.227 7.2413 <0.001

divided by 5 growing seasons for September and 6 for January
and May to give an average discoloration area per year since
pruning. This average was used as response for the discoloration
model. Using the exact number of total months from pruning to
felling instead as correction for this did not affect the main results
from the models. The response was log-transformed to fulfil the
model assumptions. This gave the following linear mixed-effect
model (function lmer) with discoloration (Area 1) per growth
season log transformed as response:

discolarationijk = αi + τj + (ατ)ij + δik + covariate

+ εijk, i = 1, . . . , 4, j = 1, 2, 3, k = 1, . . . , 21

Occlusion rate

As the number of years before occlusion between the samples
differs, the observation window of occlusion length (i.e. total dis-
tance occluded of the pruning cut) varies between the different
samples. This results in an unbalanced and sparse data structure
if trying to analyse the data per individual year. To enable one
joint model for the occlusion rate, the total occluded length
was dived by the numbers of growing seasons before occlusion.
For samples not occluded, these were divided by 5 growing
seasons for September and 6 growing season for January and
May, following the same approaches as for the discoloration. This
gave the following linear mixed-effect model (function lmer) with
occlusion rate as response:

occlussion rateijk = αi + τj + (ατ)ij + δik + covariate

+ εijk, i = 1, . . . , 4, j = 1, 2, 3, k = 1, . . . , 21

Radial rate

Occlusion of pruning cuts happens both through the cambium
‘pushing’ out new wood over the cut and through radial growth
adding new wood, ‘rolling’ in over the cut. Therefore, also the
radial growth rate at the pruning cut was modelled as comple-
ment to the occlusion rate. Response for the radial rate was cal-
culated as the stem radius in 2020 subtracted by the stem radius
in 2014 (Table 5) divided by number of growth season observed
(see section above). This gave the following linear mixed-effect
model (function lmer) with radial rate as response:

radial rateijk = αi + τj + (ατ)ij + δik + covariate

+ εijk, i = 1, . . . , 4, j = 1, 2, 3, k = 1, . . . , 21

Occlusion probability

As the September cuts have had less time to grow and occlude,
we used an observation window of five growing seasons for the
probability of occlusion model. Thus, the binary outcome if the
pruning cut had occluded fully or not after five growing season
was used as the response variable using a binomial general-
ized mixed-effect model with logit as a link function. The main
fixed effects were species and month, including test of their
interaction. Interaction was non-significant and dropped to aid
model convergence and fit. Covariate in the final model was
pruning cut length as an integer to aid computation of predicted
probabilities. The use of pruning cutting length without decimals
did not affect the main results of the model. Additional to visual
evaluation of residuals-plots, we also tested for over-dispersion.
This resulted in the following final generalized linear mixed-effect
model (function glmer with logit function) with probability of
occlusion after five growing seasons as response:

logit
(
pijk

) = αi + τj + δik + covariate

+ εijk, i = 1, . . . , 4, j = 1, 2, 3, k = 1, . . . , 21

Results
Discoloration
The effect of pruning month, species and their interaction on
discoloration per growing season were all significant (Table 6).
Pruning cut length gave the best model fit (Table 7) with a sig-
nificant effect and had a clear positive relationship for all species
and pruning months (Figure 3).

The pairwise comparison of estimated means revealed both
interspecies and intraspecies differences in the amount of dis-
coloration between the different pruning occasions (Figure 4).
For Norway maple (Acer), there was no difference between the
three pruning occasions. Pruning wild cherry (Prunus) in Septem-
ber led to significantly less discoloration than pruning in May.
Pruning common oak (Quercus) in January led to significantly
less discoloration than pruning in either of the two other months.
Pruning small-leaved lime (Tilia) in January led to significantly
less discoloration than pruning in September. For Norway maple,
there were no significant differences in discoloration between
pruning months, both common oak and small-leaved lime had
least discoloration in January, and wild cherry in September.

Occlusion rate
There was a significant effect of species (F3; 82.5 = 16.06,
P < 0.001), month (F2; 157.1 = 5.96, P < 0.01) and pruning cut
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Table 7 AIC values and marginal R2 for the different covariates tested in modelling of Discoloration, Occlusion rate, Radial Rate and Occlusion
Probability. The covariate with lowest AIC was chosen for the final model.

Discolaration model Occlussion rate model Radial rate model Occlussion probability model

Covariate in model AIC R2
mar AIC R2

mar AIC R2
mar AIC R2

mar

Aspect ratio 447.5 0.356 1387.2 0.343 692.65 0.279 242.3 0.348
Branch angle 487.4 0.244 1411.1 0.294 702.99 0.259 245.1 0.342
Pruning cut length 355.4 0.585 1380.0 0.369 697.54 0.276 240.1 0.358
Height of cut 495.0 0.222 1411.8 0.292 703.11 0.259 249.1 0.318
Without covariate 496.0 0.213 1409.8 0.293 701.28 0.261 248.4 0.312

Figure 3 Discoloration by species and pruning month per growth season. Plot visualizing the relationship between pruning cut length (mm) and total
discoloration per growth season log[(mm2)] for each pruning month and species.

length (F1; 226.0 = 31.82, P < 0.001) on occlusion rate per growth
season. No interaction effects were found and pruning cut length
as covariate gave the lowest AIC value (Table 7). January cuts
occluded significantly faster per growing season (7.3 mm, 95
per cent CI (confidence intervall) [6.3–8.2]) than cuts in May

(5.9 mm, 95 per cent CI [4.8–6.9]) and September (5.2 mm,
95 per cent CI [4.2–6.3]). Common oak occluded significantly
faster per year (10.5 mm, 95 per cent CI [9.0–12.1]) than Norway
maple (5.8 mm, 95 per cent CI [4.2–7.3], wild cherry (4.1 mm,
95 per cent CI [2.6–5.7]) and small-leaved lime (4.0 mm, 95 per
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Figure 4 Discoloration per growth season by species and month. Estimated discoloration per growth season (mm2/year). The letters represent
significant difference between pruning months within the species.

cent CI [2.5–5.6]) irrespective of pruning month. When plotting
the occlusion rate year wise (data not shown), the pattern with
January having the highest rate was evident for all years except
the last, most likely due to the fact that more of them already
had occluded then. There was also a marked drop of occlusion in
the extremely dry summer of 2018.

Radial rate
There was a significant effect of species (F3; 79.1 = 8.32, P < 0.001)
and month (F2; 157.1 = 11.78, P < 0.001) on radial rate per growing
season. Both pruning cut length and aspect ratio (F1; 210.2 = 10.96,
P < 0.01) had significant effects but aspect ratio gave a lower
AIC value (Table 7). There was a small interaction effect (F6;
149.7 = 2.46, P < 0.05), with small-leaved lime having relatively
lower values for September then other species. Looking at the
main effects, January (2.5 mm, 95 per cent CI [2.2–2.7]) had a
significantly higher radial rate then May (2.1 mm, 95 per cent
CI [1.8–2.3]) and September (1.8 mm, 95 per cent CI [1.5–2.1]).
Small-leaved lime (2.7 mm, 95 per cent CI [2.3–3.1]) had the
fastest rate followed by common oak (2.4 mm, 95 per cent CI
[2.0–2.8]), wild cherry (1.8 mm, 95 per cent CI [1.4–2.2]) and
Norway maple (1.5 mm, 95 per cent CI [1.1–1.9]). Small-leaved
lime was significantly faster than Norway maple and Wild cherry,
the latter was also significantly slower than common oak.

Occlusion probability
At the time of harvest, 42 per cent of the samples were fully
occluded, but the proportion differed amongst species. Wild
cherry occluded 13 per cent of the samples, small-leaved lime
32 per cent of the samples, Norway maple 42 per cent of the
samples and common oak 84 per cent of the samples.

Probability of full occlusion after five growing seasons included
no significant interactions, and species, pruning month and prun-
ing cut length all had a significant effect (Table 8) with pruning
cut length as the covariate giving the lowest AIC value (Table 7).
Common oak had the highest probability and wild cherry the low-
est probability to occlude, regardless of pruning month (Figure 5,
Table 8). January had a higher probability of occlusion (Figure 5),
with no marked differences between May and September.

The relationship between probability of occlusion by month
and pruning cut length was evident, as well as for species
(Figure 5). This implies that the same pruning cut length made in
January compared with May or September and/or on different
species will have different probabilities to become occluded
within a certain timeframe, although irrespective of this, a
large cut increases the time until occlusion under all examined
circumstances.

Discussion
Pruning is necessary in both silviculture and urban forestry, but
is related to negative consequences. Discoloration of the wood
surrounding the cutting locations can become a problem in both
timber production in terms of less valuable wood, and in urban
forestry in terms of reduced vitality and increased damage risks.
Minimizing these negative effects of pruning is therefore of high
importance. For decades there has been a qualified guess that it
is best to prune during the growing season. This is likely based
on Shigos’work (1991) and the idea that the energy levels of
the trees, or NSCs, determine when it is best to prune. This
assumption is still widespread despite the related research-based
knowledge being very limited. To our knowledge, this study is the
first to statistically test more than two species from several gen-
era concerning discoloration and occlusion and the relationship
to pruning season.
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Table 8 Generalized linear mixed model fit by maximum likelihood (Laplace approximation). Summary of fixed effects for the hierarchical mixed
binomial model of occlusion. Norway maple is used as reference level (Species) and January for the pruning occasion (Month).

Estimate Std. Error z value P-value

(Intercept) 1.845 0.754 2.446 0.014
SpeciesPrunus −2.973 0.748 -3.971 <0.001
SpeciesQuercus 1.640 0.594 2.758 0.005
SpeciesTilia −0.851 0.584 -1.456 0.145
MonthMay −1.042 0.460 -2.266 0.023
MonthSeptember −1.017 0.468 -2.173 0.029
CutLength −0.034 0.011 -3.062 0.002
Random effects
Groups Name Variance Std.Dev.
Tree:Species (Intercept) 0.02368 0.1539
Residual 0.22292 0.4721

Figure 5 Left panel: predicted probability of occlusion by species and pruning cut length (mm) with confidence band of lower and upper quartiles.
Right panel: predicted probability of occlusion by pruning month and pruning cut length (mm) with confidence band of lower and upper quartiles.

The best pruning season, regarding both occlusion and discol-
oration, clearly differed between species. This confirms what pre-
vious studies have shown (Dujesiefken et al., 2005; DeBell et al.,
2006; Fini et al., 2013; Dănescu et al., 2015; Burgess et al., 2018;
Niemistö et al., 2019). In our study, the amount of discoloration
also varied between the species. Several authors have empha-
sized the interspecies variation in capacity to prevent spread-
ing of discoloration. Morris et al. (2019) argues that species-
specific variation in production and composition of secondary

metabolites is important for the reaction of a tree to pruning,
since secondary metabolites largely function as a defence sys-
tem. Barry et al. (2000) describes the amount and distribution
of phenols and suberins, moisture content, mineral content and
pH-value as important aspects in compartmentalization. Baum
and Schwarze (2002) agree that these chemical compounds are
important for the defence system, and that there is a variation
between species. Furthermore, Boddy’s (2001) therory of latent
propagules and fungi composition, supported by Sieber (2007)
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and Parfitt et al. (2010), and the role of stress (Boddy, 2021)
could explain why tree species developed different amount of
discoloration. If tree species have different amounts of host-
specific fungi this could affect discoloration amount. However,
to verify this, the life cycle of the latent fungi, as well as outside
pathogens, would need examination in depth. As an example, for
wild cherry, it has been proposed to avoid off-season pruning,
since the fungal silver leaf disease Chondrostereum purpureum
produces most spores during the autumn and winter (Savill and
Wise, 2019).

Wild cherry developed significantly more discoloration than
the other species, which supports the idea that species have var-
ious inherent abilities to compartmentalize (Morris et al., 2019).
Customizing timing of pruning to each species in an urban setting
is of course time consuming and somewhat inefficient from a
management perspective, at least over the short-term. However,
the results might indicate that the right timing for pruning is
more important in some species, as some have a higher general
tendency to develop discoloration. The Prunus genus is popular
both in horticultural contexts and as a timber. Reducing risk of
failure in urban settings, as well as producing as high amounts
of quality wood as possible, is desirable. It is, however, unclear
whether it is possible to generalize this finding to include an
entire genus. As wild cherry seemed to be the weakest com-
partmentalizer in this study, it might have the highest positive
effect to customize time of pruning for species comparable to
wild cherry. Our results suggest that pruning of cherry in early
autumn, September, was most favourable. Hoch et al. (2003)
studied energy levels in trees and found that wild cherry had a
non-significant decrease of NSCs before bud break. Hirons (2012)
reasons, because of this, that pruning should be done with cau-
tion for pre-leaf flowering species. However, both Hoch et al.
(2003) and Martínez-Vilalta et al. (2016) have stated that NSC
depletion is rare, which suggests that NSC concentration is not a
reliable parameter for decisions in pruning management (Hirons,
2012). Our other pre-leaf flowering species – Norway maple –
showed no significant differences in discoloration over the sea-
son. The season of pruning thus seems irrelevant with respect to
discoloration for this species, despite its pre-leaf flowering timing.
Dănescu et al. (2015) found the same result for sycamore maple.
Furthermore, Norway maple displayed no indication that spring
pruning and sap exudation had any negative effects on occlusion
or discoloration. This confirms previous statements (Shigo, 1991;
Gilman, 2012); however, in an urban context, sap exudation
might be an aesthetic disadvantage that perhaps needs to be
considered.

Small-leaved lime developed significantly less discoloration
when pruned in winter, January, than in early autumn, Septem-
ber, and common oak developed significantly less discoloration
when pruned in winter, January, than in the rest of the seasons
studied. Dujesiefken et al. (2005) found a contradicting result
when common oak was wounded by drilling, having least discol-
oration when drilled in spring, April and states that trees should
not be pruned during the winter season. The different methods,
drilling stems or pruning branches, the smaller unbalanced size
of their data set, or their statistical analysis that did not account
for different lengths of reaction time from wounding to analysis,
might be the reason for these conflicting results. The results
of small-leaved lime and common oak are rather surprising,

since trees are believed to react less and slower during the dor-
mant season (Dujesiefken et al., 2016). In contrast to our results,
Hirons (2012) discusses the results of Hoch et al. (2003) and
reasons that based on the indicated but non-significant decrease
of NSC in the beginning of the year in common oak, ring-porous
species should be pruned with caution at this time. Based on
the results of this and the study of Hoch et al. (2003), NSC does
not seem to have a large effect on discoloration. However, we
have no information on the occurrence of fungal spores at our
experimental site. Levels of spores in the air are in general low
during the winter, which might have made the winter-pruning
favourable for these species, even more so if there would be a
high amount of specialized fungi species that infect oak or lime
in our area. Furthermore, we have not investigated what caused
the discoloration of our samples. Although it commonly develops
from mix of abiotic and biotic stresses, we cannot exclude that
the higher amounts of discoloration found in the samples from
the September pruning in the species could be an effect of high
amounts of specialized spores during that time. Boddy (2001,
2021) argues that wood anatomy affects how fungi spread. How-
ever, there is no apparent correlation between wood anatomy,
discoloration and pruning month in this study, since the diffuse
porous Norway maple showed similar results to the ring-porous
oak. Moreover, the Norway maple in the present study showed
little similarities to the results reported from the studies of the
diffuse porous species silver birch (Niemistö et al., 2019) and red
alder (DeBell et al., 2006).

One possible study limitation, noted while sanding the sam-
ples, was that in some cases within a few millimetres, the dis-
coloured area changed drastically. Although we deem our preci-
sion to be in line with the methods described by Dănescu et al.
(2015) and Qin et al. (2019), there is clear risk for errors when
comparing with other study designs. This needs to be addressed
in future studies by adapting measuring protocols in line with
Dănescu et al. (2015). A future study that would measure the
changes in discolouration when sanding would be interesting to
attain knowledge about this method uncertainty.

There was a positive relationship between discoloration
amount and occlusion rate and pruning cut length, which
confirms findings from earlier studies (e.g. Grabosky and Gilman,
2007; Nicolescu et al., 2013; Niemistö et al., 2019; Qin et al.,
2019). Consequently, the necessity of minimizing pruning cut
sizes for managers seems clear, irrespective of species or the
pruning month.

Appropriate pruning season according to occlusion held
unexpected results. Pruning cuts performed in winter, January,
occluded fastest for all species. Furthermore, the suitable pruning
month according to occlusion and according to discoloration
differed. Our study found common oak to occlude fastest when
pruned in winter, which contradicts Dujesiefken et al. (2005) who
found common oak to occlude fastest when wounded by drilling
in spring, April. As mentioned above, the conflicting results might
be because of different methods. Also, the proportion of fully
occluded samples and occlusion rate per year varied widely
among the species. Common oak and Norway maple occluded
their first samples already after 1 year, while small-leaved lime
and wild cherry occluded their first samples after 3 years. What
caused this delay is unknown. These species showed lower occlu-
sion rates per year, but only slightly lower than Norway maple.
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A possible limitation is the field trial’s location, or rather the
good growing conditions at the location. Trees growing in stands
with fertile soil have a quite different upbringing than in more
xeric forests or urban environments with multiple stress factors
(Sieghardt et al., 2005; Tello et al., 2005). The environmental
differences could possibly give different outcomes in terms of
occlusion rate, as indicated by the decline in occlusion during
the extremely dry summer of 2018. Another aspect to highlight
is the age of the trees we studied. We examined young trees,
that is, 16 and 20 years when pruning took place. These trees
probably reacted faster to pruning than it might have been the
case for older trees, since overall vitality usually is higher in young
trees. However, both in silviculture and urban forestry, pruning in
early stages is recommended to increase wood quality (O’Hara,
2007; Sheppard et al., 2016) and support good structure for
street and park trees (Gilman, 2012). The stands pruned in the
study represent the phase where pruning is often advised to
accelerate the natural pruning and create a branch free trunk
faster, followed or in tandem with thinning to promote the crown
diameter of the pruned crop trees (Falk, 2014; Spiecker, 2006).
Providing more growing space to the tree crown through thinning
increases the radial growth of the tree and is central for occlusion
of the pruning cut (Hein, 2008; Hein and Spiecker, 2007; Sheppard
et al., 2016). Here it interesting that although both occlusion rate
and radial rate were fastest for all species in January, some of
the species had relative faster occlusion rate than radial rate and
vice versa. Norway maple had a relative fast occlusion rate but
a slow radial rate, whereas we observed the opposite for small-
leaved lime. Accelerating occlusion through thinning therefore
might be more effective for some species than others. Ideally
spacing should be experimentally controlled and give insight in
how thinning affects the occlusion. We did not control spacing
in this study. However, since pruning season is nested within
the trees, the overall season effect should not be affected, but
of course limits the interpretation in relations to spacing and
thinning. The stands used in the study had unequal density when
the trial started, but the mixed stand was thinned the second
year to resemble the density of the other stands. The thinning
did not affect the main result of pruning season due to the nested
structure of the experiment. Our results confirms this, since the
species in the thinned stand, common oak and wild cherry, had
such different results regarding both occlusion and discoloration.
Although the forester can accelerate occlusion through thinning
to give higher radial increment of the crop trees, the urban tree
manager often works with already free growing trees and can
only support radial increment by reducing growth stress through
actions such watering or mulching/fertilization.

The statistical models included the varying reaction time
with regard to pruning month, something previous studies often
lacked. However, this also meant using average values and rates
meaning that compensating for the different climatic conditions
for different growth seasons was not possible. With a larger
sample size than available in this study, more complex models
could include weather data.

Conclusion
The results of our study show that discoloration amount and
occlusion rate differ between species in relation to season of
pruning. The reason for this is unknown but could be connected

to wood anatomy, fungi composition and the species-specific
chemical production and composition. The result clearly goes
against the common idea in many pruning textbooks that there
is one optimal season of pruning for all species.

Common oak and small-leaved lime both had significantly
less discoloration and faster occlusion rate when pruned in
January, which contradicts previous studies. Similarly, Norway
maple had no significant differences in discoloration amount but
occluded fastest when pruned in January. Wild cherry showed
scattered results, which indicates the complexity when aiming
to come with clear recommendations on pruning months. Least
discoloration in wild cherry was seen in pruning cuts conducted
in September, but the fastest occlusion was seen in January.
Our recommendation is that pruning should primarily aim to
reduce the amount of discoloration, since this is what causes
an increased likelihood of failure and thereby might affect the
trees potential risk in an urban environment and lower wood
quality in production. Although it might be too complex for
managers in an urban context to customize pruning time for
every tree species, since species variety is often very high, it might
be relevant for species that risk high amounts of discoloration,
such as wild cherry. The management in wood production might
be easier to adjust for monocultures, but more complicated for
mixed stands including minority species as crop trees (Spiecker,
2006). Larger pruning cuts increase discoloration amount and
occlusion rate, therefore minimizing pruning cuts is of great
importance irrespective of pruning month (e.g. Grabosky and
Gilman, 2007; Nicolescu et al., 2013; Niemistö et al., 2019; Qin
et al., 2019).

Tree managers, urban and in forestry, require reliable sources
to correctly conduct their work. Results from this study, along
with previous ones, demonstrate the variation of species’ appro-
priate pruning month, but further studies to understand the
underlying factors are needed to be able to firmly conclude why
a certain time of year seems more appropriate for pruning of a
certain species.

Seasonal dynamics of NSCs do not seem to determine appro-
priate pruning month, since it has been shown in several species
that there is a constant abundance (Martínez-Vilalta et al., 2016).
However, it might be interesting to examine how NSC is affected
by pruning and what it means for compartmentalization, since
Ramirez et al. (2018) found an increase of NSC after pruning
in one of the species studied. Being an important, but perhaps
neglected, foundation for (Shigo, 1975; 1991) original ideas
about pruning seasons, the seasonal dynamics of pest and
pathogens might be an important aspect to incorporate in future
research to be able to better understand species-specific causes
and effects for different pruning months.
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