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Abstract

This study investigated the influence of both shaking duration and number of
trees per bale on postharvest needle characteristics such as percentage needle
loss, needle retention duration and explored the physiological roles of endo-
genous ethylene and volatile terpene compounds (VTCs). To accomplish
these objectives, 25 six-year-old trees were detached and exposed to a range of
shaking durations (0 to 60 sec.), and 30 six-year-old detached trees were ex-
posed to baling treatments from 0 to 5 trees. Response variables measured
were percent needle loss, needle retention duration, average water use, ethy-
lene and volatile terpene compound evolution. Trees shaken for 60 seconds
lost 16% less needle compared to control, which was consistent with the de-
crease in percent needle loss with increasing shaking duration. Baled trees lost
13% more needles compared to control, but percent needle loss was observed
to decrease with increasing number of trees in a bale. These trends corres-
ponded with increasing ethylene and VTC evolutions, where the longer the
shaking duration or larger number of trees in a bale, the higher the ethylene
and VTC evolutions. One can therefore draw inference that mechanical per-
turbation as a result of shaking and baling induce biosynthesis and regulation
of ethylene and VTC in balsam fir trees in an effort to regulate postharvest
needle abscission.

Keywords

Shaking, Baling, Ethylene, Volatile Terpene Compounds, Needle Loss,
Thigmomorphogenesis

1. Introduction

Common practices among Christmas tree growers and exporters are shaking
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and baling of the trees. Shaking of trees is done in an attempt to meet interna-
tional-market quarantine standards since the practice is known to reduce or re-
move dust, pollen, debris and molds off the trees, and remove any dead needles,
broken branches and hidden insects [1]. Baling of trees help shrink the sizes of
trees, for easy handling and create more room for storage and transportation
leading to eventual cut in storage and transportation costs. However, postharvest
shaking and baling of trees have been suggested to cause mechanical stress, con-
tributing to a significant negative effect on postharvest qualities of trees [2].
Mechanical stresses caused through shaking and baling of trees can cause physi-
ological perturbations, which may cause postharvest needle abscission. Such a
mechanically-induced postharvest stress has been reported in several species [3]
[4] [5]. Mechanical perturbations as a result of wind, rain, handling and preda-
tions are among the many environmental stimuli to which plants respond [4]
(6].

Plants have the ability to sense a range of forces from very intense and physi-
cal damage to more moderate ones, and respond to these mechanical stimuli
immediately or over time, depending on the level of stress perceived [7] [8] [9]
by a phenomenon called “Thigmomorphogenesis” [4] [6]. Plants mostly do so
by synthesizing an array of phytohormones and other VTCs in addition to ex-
pressing defense-related genes [4] [10] mostly resulting in growth retardation,
leaf senescence and possibly organ abscission [11]. It has been reported that
shaking of cocklebur plants causes an increase in the rate of leaf senescence [12].
Similar studies have shown that plants respond to mechanical stimuli by altera-
tion in chlorophyll content and stomata closure leading to senescence and ab-
scission [3]. It has also been established that mechanical damage of balsam fir
trees through harvesting results in increase in ethylene evolution, a major con-
tributing factor to postharvest needle abscission in balsam fir trees [13].

A similar phenomenon of mechanical perturbation is speculated to occur in
root-detached balsam fir trees, from harvesting, shaking to baling of the trees.
The trees go through mechanical perturbation and then initiate immediate sur-
vival responses such as stomatal closure with the consequence of lower photo-
synthetic rate, initiating the synthesis of phytohormones such as ethylene [13] in
the long term, and volatile terpene compounds (VTCs) [14] all leading to the
process of senescence and abscission in an attempt to communicate distress to
immediate surrounding ecosystem in attempt to survive [5] [15]. It is hypothe-
sized that shaking and baling of root-detached trees negatively impact needle re-
tention of balsam fir Christmas trees. The objective of this study was to establish
physiological effect of mechanical shaking and baling on postharvest needle ab-

scission of balsam fir trees.

2. Materials and Methods

Full root-detached 6-year-old trees of 91 cm average height were used in this

study. All the trees were harvested during the regular harvesting season of
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Christmas trees in November. Prior to harvesting, visual inspection was con-
ducted to avoid pest or disease infestation on the trees. Harvesting of trees was
done using a handheld chainsaw as per the normal practice. In this study, there
were two separate experiments. The first experiment which focused on the effect
of shaking durations on postharvest needle retention followed a completely
randomized design. Tree shaking durations ranged from 0 (control), 10, 15, 30
and 60 seconds. Each of the 5 experimental units had five trees, hence a total of
25 trees were selected for the experiment. After treatment, trees were weighed
and set up in 4 L glass jars containing 3 L of water. The glass jars were refilled
whenever water levels dropped significantly and the amount of water added rec-
orded, and factored into the estimation of water uptake by trees.

The second experiment focused on the effect of baling on postharvest needle
retention and followed a randomized experimental design with the number of
trees in a bale as the only factor. Six levels of tree baling were selected and these
were 0 (no baling-control), 1, 2, 3, 4 and 5 trees per bale and replicated 5 times,
bringing the total to 30 trees selected. Trees were weighed and set up in 4 L glass
jars containing 3 L of water. Glass jars were refilled whenever water levels
dropped significantly and the amount of water added recorded, and factored in-
to the estimation of water uptake by trees.

Response variables measured were (i) percent needle loss—PNL (%), (ii)
needle retention duration—NRD (day), (iii) average water use (AWU) per gram
of fresh weight (mL-g'-d™"), (iv) ethylene evolution (uL-g"-h™') and (v) VTC
evolution (mM-g"-h™"). These variables were measured following modified pro-

cedures tested to be effective in achieving the target results as detailed below;

2.1. Percentage Needle Loss (PNL)

To account for the needle loss on each tree, newly dropped needles were
weighed. Since balsam fir needles have the ability to stay connected to the
branches even after abscission, a process known as ‘finger runs test’ has been
adopted. This is achieved by rubbing fingers through the tree to cause abscised
needles to drop. Dropped needles are weighed and placed in oven for 48hrs at
80°C [13]. Needle loss was monitored throughout the experimental duration to

estimate the percentage needle loss for each treatment.

2.2. Needle Retention Duration (NRD)

The primary assessment of needle abscission used in this study was by NRD,
which is defined as the number of days for a complete needle abscission per tress
[13].

2.3. Average Water Use (AWU)

Average water use (mL-g™'-d™") is also monitored as the sum of the change in
mass of the apparatus (excluding mass loss due to abscission) per unit fresh

weight of needles over the duration of the experiment or until a branch had lost
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all needles [13]. AWU was estimated daily and calculated by the following equa-
tion:
(Initial Mass — Final Mass) — Needle Mass

AWU = -
Tlme(Days to complete needle Ioss)

2.4. Ethylene Evolution (pnL-g-1-h-1)

Ethylene evolution was determined by first incubating trees in airtight plastic
bag chambers for 12 hours. 1 yl air samples were collected from the chamber
and analyzed using gas chromatography (GC) equipped with flame ionization
detector (FID). Evolution rates from the trees were calculated by the following
equation:

Ethylene evolution

Ethylene concentration ( Initial — Final ) x Volume of incubation chamber (L)
- 12 h x Mass(weight of tree)

where ethylene evolution is in pL-g™"-h™, concentration is in pL-L™', and mass is
the fresh weight (g) of a tree. Volume of airtight incubation plastic bag (109.21
L).

2.5.VTC Evolution (mM-g-1-h-1)

To analyze VTC, whole trees were sealed in airtight plastic bag chambers for 30
mins. Within that period, solid phase micro-extraction (SPME) fiber was ex-
posed to the headspace for VTC extraction. GC analysis was performed and the
chromatographic data of peak area (PA) against retention time (minutes) for
each of the samples were defined. Confirmation of terpene compounds were es-
tablished by comparison of retention times and peak areas with that of known
standard. The respective relative abundances for each sample were normalized
against S-pinene standard (Sigma-Aldrich Co. LLC, Canada). Concentration of
individual and total VTCs in mM per fresh weight of trees in g was estimated
and the evolution was calculated per the incubation period of 30 mins.

For all analyses, statistical assumptions such as, constant variance, indepen-
dence and normality were tested prior to ANOV A using Minitab 17 (Minitab 17,
Minitab Inc., PA, USA). The main effects tested were shaking and baling. PNL.
NRD, AWU, ethylene and VTC evolutions met normality assumptions and
hence ANOVA was performed on these parameters. A Tukey’s least significant
difference (LSD) test was used to establish the treatment differences upon sig-

nificant effects.

3. Results

1) Percent needle loss (PNL)—ANOVA test performed showed that dura-
tion of tree shaking and number of trees in a bale had a significant effect on PNL
(Table 1). A significant needle loss was observed when trees were shaken com-

pared to the control, resulting in the control losing approximately 16% more
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needles than trees shaken for 60 seconds at the end of the experiment. Trees
shaken for 10, 15 or 30 seconds loss 66.2%, 62.0% and 57.2% needles, respec-
tively (Figure 1). Baling of trees was influenced PNL (Table 1). A significant de-
cline in PNL with increase in number of trees per bale, and the control loss 13%
less needles compared to the bale of 1 tree which loss the highest percent of
needles (Figure 2). PNL was 2.5-fold higher in shaken trees compared to baled
trees (Figure 5(a)). Cumulative PNL trends in both shaken and baled trees
showed that peak needle loss commenced 3 weeks postharvest. Within that pe-
riod a significant increase, up to 35% in needle loss of shaken trees was recorded.

Contrary, baled tress loss 10% needles. It was also observed that shaken trees

Table 1. Statistical p values for the main effects of shaking duration, hydration condition
and number trees per bale on postharvest characteristics of balsam fir based on ANOVA.

Source of variation PNL NRD AWU Ethylene Evo. VTC Evo.
Shaking duration <0.001"  <0.001 0.587 0.041"-
Number of trees per bale <0.001" 0.002" 0.444 0.048" 0.034"

**denotes a significant effect where p < 0.05.
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Figure 1. (a) Percent needle loss (%) and (b) Ethylene evolution (pL-g-h™") of shaken
balsam fir trees for a duration with standard error bars (2 = 5). Any two means followed
by same letters are not significantly different (p < 0.05).
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Figure 2. (a) Percent needle loss (%) and (b) Ethylene evolution (uL-g™"-h™") of baled bal-
sam fir trees with their standard error bars (2 = 5). Any two means followed by same let-
ters are not significantly different (p < 0.05).

lasted for 7 weeks after harvest losing 80% of needles, while baled trees lasted 9
weeks, losing a total of 57% needles (Figure 3).

2) Needle retention duration (NRD)—NRD was estimated as number of
days to 10% needle loss since most trees lose their market value by 10% needle
loss. The data showed that duration of tree shaking and hydration condition had
a statistically significant effect on NRD (p < 0.001) (Table 1). A pattern of in-
creased days to 10% needle loss by shaking up to 15 seconds was seen. After 15
seconds of shaking there was a decline in needle loss as days progressed. The
best performed trees were those shaken for 15 seconds, which took almost
two-fold increase in days to lose 10% of its needle, compared to the unshaken
control (Figure 4). Baling of trees had a significant effect on NRD (p = 0.002)
(Table 1). A linear trend of increased days to 10% needle loss with increasing
number of trees per bale until 3 trees in a bale was seen. After that, a decline in
days to 10% needle loss in 4 and 5 trees per bale was observed. Among the 5 le-
vels of treatments, approximately two-fold increase in days to 10% needle loss in

the bale of 3 trees compared to the control was observed (Figure 5).
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Figure 3. Cumulative PNL of shaken tree (TS) and baled tree (TB). The continuous line
indicate trend observed with PNL of the baled treatment. The broken lines indicate the
PNL of shaking treatment.
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Figure 4. Days to 10% needle loss of shaken balsam fir trees for a duration with standard
error bars (2 = 5). Any two means followed by same letters are not significantly different
(p =0.05).

3) Average water use (AWU)—Water consumption increased by 11% (0.11
mL-g-day™") in baled trees compared to control (0.09 mL-g""-day™'). On the
other hand, there was no significant difference in water consumption when sha-
ken trees were compared to control. However, there was an increase in water
consumption by 2.5% (0.11 mL-g '-day™") when shaken trees were compared to
baled trees (0.10 mL-g™"-day™") (Figure 6).

4) Ethylene evolution—Data showed that shaking of trees had a significant
effect on ethylene evolution (Table 1). We observed that on average, the control
trees emitted 32.65% more (0.65 pL-g-h™") of ethylene compared to the shaken
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Figure 5. Days to 10% needle loss of baled balsam fir trees with standard error bars (2 =
5). Any two means followed by same letters are not significantly different (p < 0.05).
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Figure 6. (a) Average water use of shaken and baled balsam fir trees. (b) Percentage
needle loss of shaken and baled balsam fir trees with standard error bars (22 = 5). Any two
means followed by same letters are not significantly different (p < 0.05).
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trees (0.49 pL-g~"-h™"). There was no significant difference between the different
levels of shaking duration. However, an increase in ethylene emission with in-
crease in shaking duration (Figure 1(b)) was observed. On the other hand, data
on baling showed that baling of trees had a significant negative effect on ethylene
evolution (Table 1). The data showed that baling of only one tree resulted in
two-fold increase in ethylene concentration (0.48 pL-g”"“h™") compared to the
control (0.21 pL-gh™). There was also a decrease in ethylene evolution with
increase in number of trees per bale with five trees per bale recording the lowest
ethylene evolution of 0.20 uL-g™"-h™" (Figure 2(b)).

5) Volatile terpene compound evolution—Baling of trees had a significant
effect on VTC evolution (Table 1). It was evident that baled trees emitted 10%
more total VTCs (7.25 mM-g -h™") compared to the control (6.61 mM-g"-h™")
(Figure 7). The maximum VTC concentration was observed in baling of 2 trees
(11.24 mM-g""h™"), on the contrary the lowest was observed in baling of 4 trees
(5.04 mM-g "h™") (Figure 7).

6) Relationship between ethylene, VT'C and postharvest needle characte-
ristics

There was a significant positive relationship between ethylene evolution and
NRD. A significant correlation was observed between NRD and ethylene evolu-
tion in baled balsam fir trees with R* value of 0.052 and p value of 0.048 (Table
2). Ethylene evolution showed to increase to a peak evolution of 3.36 pL-g”"“h™
four weeks postharvest, nonetheless decreased after that until complete needle
loss was reached (Figure 8). On the other hand, a significant correlation was de-
tected between NRD and VTC evolution with R* value of 0.159 and P value of
0.019 (Table 2). Similar to ethylene, a peak in VTC evolution was observed on
the fourth week to a rate of 13.45 mM-g "-h™' (Figure 8).
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Figure 7. Volatile terpene compounds evolution of baled balsam fir trees with standard
error bars (2 = 5). Any two means followed by same letters are not significantly different
(p <0.05).
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Table 2. The R* and statistical p values for the relationship between ethylene and total
volatile terpene compound evolution and NRD of baled balsam fir trees.

NRD of trees

R? p
Ethylene 0.052 0.048"
VTC 0.159 0.019"

**denotes a significant effect where p < 0.05.
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Figure 8. Dynamics of postharvest ethylene and VTC evolution in relation to needle ab-
scission of balsam fir (Abies balsamea L.) trees.

4. Discussion

It has been studied that the ability of a tree to withstand any postharvest stress
depends largely on the ability to rehydrate [16] [17], therefore, it has been sug-
gested that any mechanical activity such as shaking or baling could lead to cavi-
tation of water columns in the xylem or disrupt the pathway of water transport,
which will negatively influence the postharvest quality of the tree [18] [19]. One
would expect that increasing the duration for shaking trees and number of trees
in a bale will result in a significant decrease in water use compared to their re-
spective controls, resulting in significant needle loss. Data from our study did
not support this theory. There were no significant differences in AWU among
treated and untreated trees observed, therefore we cannot speculate water stress
in treated trees. A possibility could be that water stress and early postharvest
needle loss was not observed in our study because the level of shaking and baling
imposed on trees were not intense enough to cause significant mechanical dam-
age, and consequent loss of turgor of the epidermal cells of needles as reported
by Grace et al. [18].

Data showed significant decrease in PNL of both shaken and baled trees by

16% and 13%, respectively in comparison to control. A decrease in PNL with the
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increase in shaking duration and number of trees in a bale was observed. This
can be explained by physiological perturbation where plants respond to me-
chanical-induced stress (MIS) by going through several physiological changes
[4]. One way plants respond to MIS is through stomatal regulation, we can
therefore speculate that in response to both shaking and baling these trees
maintained open stomata to allow both water and CO, uptake. This is beneficial
to trees’ survival, which is evident in reducing postharvest needle loss and also
increasing NRD. Similar results have been reported by Grace et al [18] and
Grace [20] where MIS in F. arundinacea through exposure to wind had more
widely opened stomata than control. Other studies in the past have supported
this phenomenon, where plants like Prunella vulgaris have been reported to re-
cover from stress by rubbing of stem [5]. Suge [21] also concluded that stroked
leaves of Phaseolus vulgarisloss less water and reduced leaf abscission compared
to untreated plants.

Historically, ethylene evolution has been reported to significantly increase
with drought in jack and white pines [17] [22], with biotic stresses in silver fir
[23], and ozone stress in Norway spruce [24]. Though it is involved in a host of
physiological processes, ethylene evolution due to stress is often associated with
senescence and abscission as a stress response [13] [17] [25]. Although there was
no indication of water stress in this study, we recorded significant increase in
ethylene evolution (0.05 - 3.36 uL-g"-h™") from the beginning to the end the
study and in baled trees compared to the control. One would then ask if there
could be an alternative signal (s) other than water stress that can trigger ethylene
evolution. Some studies have suggested that ethylene independently or together
with JA serve as signal molecules to regulate the pin gene expression in response
to wounding of plants [26] [27] [28]. Ethylene release has also been found to in-
crease in many different plant species following mechanical perturbation [29]
[30]. This could explain the detection of ethylene in our study as a result of plant
wounding through shaking and baling. A slow ethylene evolution was observed
in the first few weeks, but reached a peak several weeks after harvest. This pat-
tern of ethylene evolution is also similar to studies by Alvarez-Montezuma et al.
[31] and McDonald et al. [13].

Prior to peak needle loss a peak in VTC evolution, irrespective of the treat-
ment was observed. We also observed a higher VTC evolution in treated trees
than the control. VTCs have been described as protective secondary molecules
biosynthesized to protect the photosynthetic apparatus against oxidative damage
[32] [33]. Mechanical stress, wounding and environmental stress such as
drought have been shown to trigger the active production of reactive oxygen in-
termediates (ROIs) by NADPH oxidases [34] [35]. This has been known to pose
a threat to cells and act as a signal for the activation of stress response and de-
fense pathways [36]. Since oxidative stress is known to be linked to cell degrada-
tion and abscission [37], VTCs have been speculated to be synthesized and or

evolved by plants during cell degradation in an effort to slow down or stop ab-
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scission. This could explain the increase in VTC evolution prior to peak needle
abscission. The trend of VTC evolution in this study is similar to trends reported
by Korankye et al [14].

5. Conclusion

In summary, shaking and baling of balsam fir trees affect the postharvest needle
retention characteristics. PNL was significantly lower when trees were generally
shaken, however, there is physiological benefit of lower PNL and higher NRD
when trees are shaken for 30 sec. PNL was significantly low in non-baled trees
compared to the baled trees. It is therefore undoubtedly better not to bale the
trees at all, however, if baling is imperative it is therefore recommended to bale
at least 5 trees since our study showed that trees from the bale of 5 retained the
highest amount of needles for longer period. Ethylene and VTC evolution were
consistent with the trends in PNL. We observed a decreasing evolution of ethy-
lene and VTC when percentage needle loss decreased with increase in either
baling period or number of trees per bale. We also observed a peak in both ethy-
lene and VTC evolution in week four, a weak prior to peak needle loss. These
findings on ethylene and VTC and their impact on postharvest abscission signif-
icantly enhance our understanding of the intricate relationship between post-
harvest handling processes of shaking, and baling and endogenous hormonal

and secondary metabolite changes in balsam fir trees.
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