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" Department of Renewable Resources, University of Alberta, Edmonton, AB, Canada, 2 EnviroStats Solutions Inc.,
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We studied the seasonal dynamics of xylem and phloem formation in four boreal tree
species that differed in leaf phenology (evergreen vs. winter-deciduous) and wood
anatomy (angiosperms vs. gymnosperms). We sampled branch cuttings of balsam
poplar (Populus balsamifera), trembling aspen (Populus tremuloides), lodgepole pine
(Pinus contorta), and Siberian larch (Larix siberica) in bi-weekly intervals from the
beginning to the end of the growing season. Cross sections were stained with astra blue
and safranin in order to assess the width of the current year’s phloem and to distinguish
between the current year’s mature and enlarging/wall-thickening xylem. After enzymatic
clearance of cytoplasmic components, we used scanning electron microscopy to
observe seasonal patterns of callose deposition in sieve plates of balsam poplar. The
sieve plate pores were not blocked by callose in April (prior to the start of the growing
season) and in July. In October, after the end of the growing season, we found only
minor callose accumulation, and only in a subset of samples. In three of the four species
studied here, phloem formation in spring began before the start of xylogenesis, but the lag
was shorter than what was previously reported for temperate environments with longer
growing seasons. New xylem cells were first produced in trembling aspen, followed by
lodgepole pine, balsam poplar and Siberian larch. Most of the xylem was produced in
June and July, and all cells were mature in early September. Phloem production was
mostly completed by early August. Balsam poplar had the shortest growing season in
terms of cambial activity and leaf presence, suggesting a risk avoidance strategy with
regards to frost damage.

Keywords: xylem, phloem, callose, phenology, xylogenesis, populus

INTRODUCTION

The growth of boreal tree species is limited by their short growing season. Differences among
species can be observed in leaf phenology and seasonal dynamics of cold hardiness (Sakai
and Weiser, 1973; Morin et al., 2009; Chuine, 2010). Within species, susceptibility to late and
early frost events differs with latitude of the seed source (e.g., Montwé et al., 2018). Winter
temperatures in the boreal forest often exceed —40°C and at the same time can frequently rise
above 0°C for short periods (Schreiber et al., 2013b). Such freeze-thaw events expose boreal tree
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species to significant mechanical stress in their wood. Frost
damage often affects the wood in the form of cankers and
frost-cracked stems as well as through dieback when living cells
are permanently damaged by ice formation in the protoplasm
(Burke et al., 1976; Zalasky, 1976). Woody trees in the boreal
forest, however, can cope with this through various physiological
adaptations such as the timing of bud break and leaf senescence
(Howe etal., 2003) as well as by dehydrating living cells to prevent
ice formation (Burke et al., 1976).

Much of the carbon produced by trees is transported in the
phloem and is then used by the vascular cambium to produce
vascular tissue, primarily wood. Since the cambium is a large
carbon sink in trees, it requires the delivery of carbohydrates
from leaves and/or ray cells. Utilizing reserve carbohydrates,
proteins, and lipids from ray cells is especially important in spring
when buds open and leaves unfold (Zamski and Zimmermann,
1979; Sauter and van Cleve, 1994; Sauter, 2000; Savidge et al.,
2000; Sanz-Perez et al., 2009; Plavcovd and Jansen, 2015). Leaf
phenology, vascular transport, and cambial activity are all linked,
not just via photosynthesis and the subsequent transport and
consumption of carbohydrates, but also by the hormonal signals
that are originating in expanding buds and leaves. Auxin in
particular is likely to play a key role in synchronizing leaf and
cambial development (Hacke et al., 2017; Johnson et al., 2018).

Here, we study the seasonal dynamics of vascular tissue
production in four boreal tree species that differ in leaf phenology
(deciduous vs. evergreen) and vascular tissue anatomy (i..,
sieve cells and tracheids in conifers vs. sieve tubes and vessels
in angiosperms). Previous studies focused on xylogenesis (e.g.,
Rossi et al., 2011), while much less is known about the seasonal
dynamics of phloem production. This is surprising, given the
importance of the phloem in delivering photosynthates to the
cambium and the role of the phloem in distributing signaling
molecules across plant organs (Lucas et al., 2013). Much of what
we know about seasonal phloem development comes from the
pioneering studies of Evert and co-workers (Evert, 1990, and
literature cited therein); only recently have researchers focused
their attention on the phloem again (e.g., Prislan et al., 2018).

Seasonal changes of xylem transport capacity in trees have
been measured in many studies (Sperry et al., 1988, 1994;
Hacke and Sauter, 1996), providing us with a fairly thorough
understanding of trade-offs and transport challenges. By contrast,
questions remain about the seasonal dynamics of phloem
transport. In many temperate woody angiosperm species, the
sieve elements “function only during the season in which
they are formed, becoming [irreversibly] non-functional in the
fall” (Evert, 2006, p. 392). In other woody angiosperms, sieve
elements may function for two or more seasons, becoming
dormant in late fall and becoming reactivated in spring
(Evert, 1990, 2006).

Callose deposition on sieve plates has a major influence
on phloem transport rates (Stanfield et al., 2018), so it would
follow that this may be an indication of transport cessation.
To date, few studies have demonstrated changes in callose
deposition on sieve plates on a seasonal basis (but see Davis
and Evert, 1970; Prislan et al., 2018). Given that seasonal callose
deposition remains poorly documented, many questions remain

regarding the functionality of callose deposition on sieve plates.
For example, at what time of year is callose deposited on sieve
plates? How does this deposition coincide with the halt of
seasonal phloem development, and do overwintered sieve tubes
become reactivated by removing callose from plates? Despite
its potential importance, we currently lack a comprehensive
understanding of the plant-internal and environmental cues that
may trigger callose formation in sieve plates at the end of the
growing season. A good first step is to understand when this
formation begins.

In the present study, we collected young branches from
four boreal tree species at regular intervals throughout the
2018 growing season to study the development of the xylem
and phloem and to assess the phenology of the leaves. We
studied two angiosperms, balsam poplar (Populus balsamifera)
and trembling aspen (Populus tremuloides; “aspen” from here
on), and two conifers, lodgepole pine (Pinus contorta), and
Siberian larch (Larix siberica). Balsam poplar and aspen both
have a wide distribution across North America (Peterson and
Peterson, 1992). While the northern limits are similar for both
species, aspen’s distribution extends into Mexico, while balsam
poplar only reaches into the northern United States. Lodgepole
pine is an evergreen conifer and occurs across western North
America, separated into three subspecies. We studied the interior
subspecies, P. contorta subsp. latifolia, which has a northern
distribution limit in the Yukon Territory (Little, 1971). Siberian
larch is a deciduous conifer; it originates from central Russia and
has been introduced to Canada mainly as an ornamental plant
(Shuman et al., 2011).

Our first objective was to assess whether species had different
patterns of vascular tissue production over the growing season.
We expected to find differences between the two conifer species
due to their contrasting leaf phenology. The production of new
leaves may bind resources and may therefore cause a delay in
the production of xylem and phloem. Our second objective
was to better understand how phloem production coincides
with xylogenesis. Based on previous work on diffuse-porous
species (Tucker and Evert, 1969) and conifers (Alfieri and Evert,
1968; Swidrak et al., 2014), we hypothesized that phloem cell
production would start before xylem cell production. Due to
the short growing season in boreal environments, however, we
expected that the lag in xylem development would be shorter
than what has been described for temperate regions. The third
objective was to study if sieve pores in the sieve tubes of the
most recent phloem increment would be blocked by callose
prior to the start, during, and after the end of the growing
season. We hypothesized that sieve pores would be blocked
before and after the growing season, but that they would be
open during the summer. Due to the time-consuming nature
of these measurements, this was only evaluated in one species,
balsam poplar.

MATERIALS AND METHODS

Sampling Sites and Procedure
Seven sampling sites were selected: Three sites represent pairs of
balsam poplar and aspen, three sites covered pairs of lodgepole
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pine and Siberian larch (Supplementary Table 1). Due to limited
resources and logistics, one additional site was selected in close
proximity to the University of Alberta to infer callose formation
over the season in balsam poplar. The sampling sites were within
the city limits of Edmonton, Alberta, Canada, located near the
edge of the Canadian prairies and the boreal plains. Climate data
was retrieved from the University of Alberta Climate Station
(Station code: CA00301FFNJ, 53.52N, —113.53E, 668.0 m). The
climate of this region is continental, with an average annual
temperature of 2.2°C and an average coldest month temperature
of —14.7°C. This region is also characterized by a relatively
low annual precipitation of 466 mm, although most of this
precipitation occurs during summer. At each site, one to five
twigs from one tree per species were cut at ~2m in height. We
aimed to standardize sampling as much as possible, targeting 2—
3 year old twigs of similar diameter. On average, sampled twigs
were 2.92 years old, with a standard error of 0.15. The average
twig diameter was 3.93 mm with a standard error of 0.13. A mixed
model, implemented with ImerTest (Kuznetsova et al., 2017),
with species as a fixed effect and unique tree id as a random effect,
did not show significant differences in twig age or twig diameter
(p = 0.5754 and p = 0.4773). Trees ranged in approximate age
from 30 to 60 years, 8-18 m in height, and 15-30cm in stem
diameter at 1.3 m height. Sampling began prior to flushing, with
the first sampling date occurring on April 8th, 2018. Sampling
continued every second week until after snowfall, with the last
sampling date occurring on September 24th, 2018.

Sampling of five balsam poplars for callose formation
assessment occurred three times during the growing season: Prior
to leaf flush (April), in the middle of the growing season (July)
and after the growing season had finished (October). Since callose
may form rapidly after cutting (Evert, 1990; Mullendore et al.,
2010; Kalmbach and Helariutta, 2019), these samples were placed
in liquid nitrogen for 1 min immediately after cutting. They were
then placed in test tubes filled with chilled 100% ethanol, again
submerged in liquid nitrogen for 1 min, and transported on ice
to the laboratory.

Preparation of Microsections

In the laboratory, sections of ~2-3 cm in length were cut from
the twigs, placed in tubes filled with isopropanol alcohol and
stored under cool conditions (1-2°C) until further processing.
Thin cross-sections, between 10 and 20 um in thickness, were
cut from each of these twig sections using a GSL-microtome
(Gértner et al., 2014). These micro-sections were stained with a
50:50 mixture of astra blue and safranin. Astra blue dyes cellulose
blue while safranin stains lignified cell walls, and hence, tissue
lacking lignin results in a blue stain. After staining, the micro-
sections were washed with distilled water and dehydrated first
with ethanol and then with isopropanol. After excess isopropanol
had evaporated, the sections were embedded using Canada
balsam, which was preheated to decrease viscosity for easier
application (Isaac-Renton et al., 2018). The glass slides were
dried in an oven at 60°C for 12-24h. Using a Leica DM3000
microscope at 200x magnification, digital images were taken of
each micro-section, capturing all cells from the pith to the bark.

Single images were stitched with Microsoft Image Composer
(Microsoft Corporation).

Phloem and Xylem Width

To assess the seasonal development of the xylem and phloem
rings of 2018, the width in pm of these tissues was measured in
ImageJ on calibrated micrographs. Only the phloem increment
of 2018 was measured, without separating the phloem ring
into early and late phloem. The phloem increment of 2018
was identified by the presence of large phloem cells being
produced after the smaller late phloem cells of the previous
year. The xylem ring was separated into mature xylem and a
combined category for enlarging/wall-thickening xylem based
on the color of the tissue after double staining with safranin
and astra blue (Girtner and Schweingruber, 2013). Following
Cufar et al. (2008), we classified xylem cells as mature when they
were clear of cell contents and when they had walls that were
completely stained red. We assigned tracheids or vessels to the
enlarging/wall-thickening xylem when cell content was present
in the lumen and/or when the walls were stained partially or fully
blue (Figure 1).

Leaf Phenology

At each of the biweekly sampling dates, the leaf development
stage was assessed to derive dates for budburst, bud set and
leaf senescence following Way (2011) and protocols outlined in
Wesolowski and Rowinski (2006). Budburst was defined as the
beginning of leaf unfolding. In cases where the leaves had already
unfolded, approximate dates of budburst were estimated based
on the stage of unfolding. Leaf senescence was defined as the
date on which most of the leaves appeared yellow. In cases where
trees had turned yellow within the biweekly sampling window,
the senescence date was approximated based on the proportion
of yellow leaves.

Assessment of Callose Formation With

Scanning Electron Micrography

Sieve plates were imaged according to the protocol of Mullendore
et al. (2010) to assess seasonal callose formation. After samples
were collected they were stored in a —20°C freezer for 24h.
After overnight freezing, stem samples were thawed for 2h
at room temperature. Next, the segments were put into fresh
deionized water and allowed to sit for 2h. Samples were then
rinsed twice more in deionized water, and cut into ~1 mm thick
transverse sections using a fresh razor blade. The cut segments
were then put into a 0.1% proteinase K (Life Technologies,
Carlsbad, California, USA) protein digestion solution for 2-3
weeks. Samples were kept on a hot plate at 55°C and shaken
at 100 rpm using an orbital shaker. Sample tubes were inverted
daily. After this enzyme treatment, samples were washed in 100%
ethanol before rinsing in deionized water. Next, samples were put
in a 0.1% amylase solution for 24 h at 60°C to digest any starch
from the sieve plates. After, samples were freeze-dried overnight,
placed upon aluminum stubs and sputter coated with gold for
Scanning Electron Microscopy (SEM) using a Zeiss EVO MA
15; accelerating voltage on the microscope was set to 20 kV and
accelerating current to 50 pA.
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FIGURE 1 | Micro-sections of trembling aspen (A) and lodgepole pine (B) branches collected on June 17, 2018. Red stain is from safranin and indicates lignified
tissue. Blue stain is from astra blue and indicates tissue that has not (yet) been lignified. In aspen, mature fibers and vessels are stained red while rays and axial
parenchyma cells are blue. There was a narrow zone near the cambium in which the color of fiber and vessel walls changed from blue to red; i.e., cell walls underwent
lignification. The 2018 phloem increment already had some large, more or less circular sieve tubes and a distinct layer of fibers. By contrast, sieve tubes that were
formed in the previous year (2017) looked crushed. In lodgepole pine, there was a very narrow band of enlarging/wall-thickening tracheids near the cambium. Phloem
cells produced in 2018 looked functional while phloem formed in the previous year appeared crushed.
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Statistical Analyses

Gompertz functions were fit to the tissue widths averaged over
the three individual trees per species (Rossi et al., 2003). The
parameters for the Gompertz functions were estimates using the
non-linear weighted least square approach as implemented in
the nls() function of the R base package. Initial values for the
models were estimated with the nls_multstart() function of the
nls.multstart package. Critical dates such as the start and end
of cambial activity were extracted from the curves, based on
threshold values (Rossi et al., 2003; Rathgeber et al., 2018). The
start of xylem and phloem formation were estimated as the day
of year at which 1% of the curve maximum was exceeded. The
end of xylem formation was specified as the day of year at which
the width exceeded 90% of the curve maximum. For these critical
dates, standard errors were calculated based on the model fits

using the Delta method as implemented in the car package for R.
Based on these standard errors, z-tests were conducted to test for
significant differences among species. P-values were adjusted for
the false discovery rate with the Benjamini & Hochberg method
(Benjamini and Hochberg, 1995).

RESULTS

Timing of Wood and Phloem Formation

Species differed slightly in the start date of wood formation
(Figures 2, 3C, Table 1). Lodgepole pine was first to start
xylogenesis, followed by aspen and Siberian larch. Balsam
poplar took significantly longer to start forming new xylem
(Figures 2, 3C, Table 1). Notably, the start of wood formation
varied by 13 days among species. The time from the start
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FIGURE 2 | Timing of xylem and phloem traits in four boreal tree species by day of year over a growing season inferred through Gompertz fits. The width of total
xylem is indicated by the solid lines. Mature xylem that has completed the enlarging and wall-thickening states is indicated as dashed lines. The width of the 2018
phloem increment is indicated by dotted lines. Species are aspen, balsam poplar, Siberian larch, and lodgepole pine. The vertical lines, from left to right, show the time
of budburst, bud set, and leaf senescence (not shown for lodgepole pine, which is evergreen).

of wood formation, to the first mature xylem was similar
among species. Mature xylem occurred after 12 days in
aspen, and 13 days in balsam poplar and larch, and 11 days
in pine. Balsam poplar was first to cease wood formation,
followed by lodgepole pine and aspen. Siberian larch formed
wood latest into the fall. Consequently, species differed in
the length of the wood formation period, with balsam poplar
having the shortest and Siberian larch having the longest
growing season.

Siberian larch and aspen were the first species to
produce new phloem cells, followed by lodgepole pine.
Balsam poplar started the latest to produce new phloem.
Phloem formation started 27 and 19 days earlier than wood
formation in larch and aspen, respectively. By contrast,
phloem and xylem production started at a similar date in
balsam poplar and lodgepole pine (Figures2, 3). However,
these two species differed considerably in the magnitude
of phloem production. Lodgepole pine produced new
phloem more quickly, with the majority being formed after
31 days.

Timing of Leaf Phenology

The time of budbreak was very similar in all species (Figure 3).
Nonetheless, significant differences existed within this narrow
timeframe, which is mainly attributed to a later start of balsam
poplar (Table 1). Lodgepole pine broke bud first, followed by
Siberian larch and aspen (Figure 3). Siberian larch set bud
latest (Figure 3). Similarly, leaf senescence occurred last for
Siberian larch. Balsam poplar lost their leaves first, followed by
aspen. After adjustment for multiple comparisons, significant
differences were found among species (Table 1). Budbreak and
the beginning of wood formation coincided in all species. The
beginning of phloem formation was the first developmental
process we could document in spring (Figure 3C).

Phenology Related to Climate

Precipitation patterns in the study area are characterized
by generally low rainfall, with occasional heavy rain events
(Figure 3A) caused by thunderstorms. In the year 2018, there
were notable snow or rain events on April 11th, May 31st,
and June 10th. These were interrupting longer periods without
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FIGURE 3 | Climate related to critical dates for leaf phenology, phloem and wood formation. (A) Bars represent daily precipitation sums for the period of 1987-2017
(light blue) and the year 2018 (dark blue). (B) Lines represent 5 days running means of the previous 5 days of maximum, average, and minimum temperature for the
period of 1987-2017 (light blue) and the year 2018 (dark blue). (C) Dots indicate the date of activity. The dates are based on Gompertz-fits to biweekly measurements
of xylem and phloem development. The dates for leaf phenology are based on biweekly assessments of leaf formation and senescence. Dots are colored by species.
Of all four species, balsam poplar had the shortest growing season as defined by the period between the start and end of wood formation and the duration of leaf
presence while larch had the longest duration of wood formation and leaf presence. The start of wood formation and the date of bud break were similar in all species.
By contrast, the end of phloem formation, wood formation, and the date of bud set were highly variable across species.

substantial precipitation. Compared to the 30-years climate
average, the year 2018 was characterized by a cold spell with
minimum temperatures of —20°C in early April, followed by a
steep increase of temperatures in the middle of April (Figure 3B).
This was followed by above-average temperatures during the
summer. In the fall, temperatures dropped sharply around mid
September, with the first frost occurring shortly after. All four
species mostly avoided the cold conditions at the beginning
and end of the growing season in terms of xylem and phloem
formation activity (comparing Figures 3B,C). In case of Siberian
larch and aspen, phloem formation began on the upward slope
of a cold spell in early April. However, bud break occurred
after minimum temperatures had increased beyond 0°C. In
contrast, leaf senescence appears to have been triggered by cool
temperatures in the fall, as full senescence was reached only after
the first frost.

Callose Presence on Sieve Plates of

Balsam Poplar

Scanning electron microscopy was used to assess callose
formation on the sieve plates of sieve elements of five balsam
poplar trees (Figure 4). The first phloem samples were collected
in April, prior to the beginning of wood formation. We only
found open sieve pores without callose accumulations blocking
or narrowing the sieve pores in the 2017 phloem (Figures 4A,B).
The second samples were taken in July, in the 2018 phloem, and

TABLE 1 | Multiple comparisons among species in dates (Day of Year) of phloem
and wood formation as well as leaf phenology.

Species SPF SWF FMX EPF EWF BB BS LS
Trembling aspen ab a a a a a a a
Balsam poplar [¢] b a ab a b a b
Siberian larch b a a b a a b c
Lodgepole pine ac a a o] a a a

Different letters indicate significant differences (o = 0.05) after accounting for the false
discovery rate with the Benjamini and Hochberg method. Variables are Start of phloem
formation (SPF), Start of wood formation (SWF), date of first mature xylem (FMX), End
of phloem formation (EPF), End of wood formation (EWF), Bud break burst (BB), Budset
(BS), Leaf senescence (LS). Due to the evergreen nature of lodgepole pine, this species
was not included in comparisons for LS.

showed open sieve pores as well (Figures 4C,D). In October, after
balsam poplar had dropped its leaves, callose was still mainly
absent from sieve pores. Only a subset of samples in the 2018
phloem showed callose deposition (Figures 4E,F). For October,
we found that about 20% of the investigated sieve plates had some
callose formation. Callose formation was more apparent in the
late phloem (26%) than in the early phloem (10%).

DISCUSSION

Our first objective was to evaluate if species differed in the
seasonal dynamics of vascular tissue production. In all of the
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FIGURE 4 | Scanning electron microscopy images showing the state of sieve plates in balsam poplar throughout the year. Samples were collected prior to the start of
the growing season in April (A,B), at the peak of the growing season in July (C,D) and after the end of the growing season in October (E,F). In April and July, there
was no or little callose deposition and pores were open. Samples collected in October had experienced several freeze-thaw cycles (minimum temperature: —5°C).
Nonetheless, only two out of 21 observed plates in early phloem and 6 out of 23 observed plates in late phloem showed appreciable callose deposition; an example
for plates with partially blocked pores is shown in F. Callose deposition will decrease translocation rates because the size and shape of the pores in sieve plates is

highly influential for phloem transport capacity.

10 um

species considered in this study, the timing of bud burst and
the start of wood formation coincided, and species differed by
days, rather than weeks. This is likely caused by the boreal
climate with high temperature differences between winter and
summer and a short growing season, which minimizes the time
difference between the start of wood formation and bud burst.
Nonetheless, we found striking differences between the two co-
occurring species in the genus Populus. Balsam poplar stood
out as it was the last species to start with phloem and xylem
formation, yet it was the first species to end wood formation.

As a result, balsam poplar had a shorter growing season
compared to aspen when defined by the time period between
budburst and leaf senescence as well as the duration of vascular
tissue production. This suggests that balsam poplar should be
less likely to experience frost damage in late summer or early
autumn compared to aspen in the same location. However, this
remains speculative since there are only a few studies that tested
the vulnerability to frost damage directly between co-occurring

aspen and balsam poplar populations (Man et al., 2014). Most
studies focused on a growth rate vs. cold hardiness trade-off
within species or very closely related species (Hawkins and
Stoehr, 2009; Keller et al., 2011; Koehler et al., 2012; Schreiber
etal., 2013a,b; Montwé et al., 2018; Sebastian-Azcona et al., 2019).
Nonetheless, the frost tolerance ratings for aspen and balsam
poplar are high and very high, respectively (Krajina et al., 1982).
This is consistent with our findings that balsam poplar started
wood and phloem formation later and ended earlier, which, in
turn, reduces risk of exposure to frost in the shoulder seasons.
Surprisingly, there are not many studies available that directly
compare aspen and balsam poplar growth rates in order to better
understand the growth characteristics of those two boreal species
(Peterson and Peterson, 1992). This highlights an opportunity
for further research to compare and link growth rates of these
species to climatic and other abiotic factors. All four species
avoided the late and early frost events in the 2018 growing season,
indicating a general adaptation to the growing conditions at the
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sampled sites. However, Siberian larch had the longest period of
wood formation and the longest leaf presence. As a non-native
species, it utilized the growing season to a greater extent than
the other deciduous species. This was especially apparent through
the comparatively late date of leaf senescence. While budburst is
more related to temperature, leaf senescence is mainly related to
photoperiod (Liittge and Hertel, 2009). While the origin of the
planting stock is unknown, one could speculate about a mismatch
in latitude between seed origin and planting site in Edmonton.
This is because of the long period of wood and phloem formation,
which would indicate an adaptation to a longer growing season.
Hence, the climate of Edmonton in conjunction with this species’
phenology involves greater exposure to frost damage in the spring
and late summer/early fall. However, since the growing season
length in boreal environments overall is projected to increase
(Morin et al., 2009), this may be a beneficial strategy.

Our second objective was to determine if, and to what
extent phloem production preceded xylem production. Previous
studies in temperate environments found that phloem formation
started up to 3-5 weeks before xylem formation in conifers
(Alfieri and Evert, 1973; Gricar et al,, 2014; Swidrak et al.,
2014) and some diffuse-porous trees (Tucker and Evert, 1969;
Davis and Evert, 1970; Prislan et al., 2013). In ring-porous
species, by contrast, phloem and xylem differentiation began
more or less simultaneously (Derr and Evert, 1967; Davis
and Evert, 1970; Cufar et al, 2011). In three of the four
species studied here, phloem formation began before the start
of xylogenesis, but as hypothesized, the lag was shorter than
what was reported for temperate environments with longer
growing seasons. Again, balsam poplar stood out; it was the only
species in which phloem and xylem production began nearly
simultaneously.

We observed mature xylem after a shorter period than
reported by Rossi et al. (2013), but our findings agree with
Deslauriers et al. (2009) who recorded 10-14 days between the
onset of xylem differentiation and the occurrence of the first
mature vessels in poplar species. In contrast to these studies,
we used samples from twigs as opposed to samples from the
main stem. Differences in phenology among different parts of the
tree are possible. However, insight into the phloem and xylem
formation dynamics of twigs is valuable because of the proximity
to the photosynthesizing leaves, and for the comparison with the
tree physiological literature that is also often based on twigs (e.g.,
Hacke, 2015).

Expedited phloem development in spring serves the tree
during the important period of bud burst when there may
only be a small population of functional phloem cells near the
cambium to support the unfolding leaves and other meristematic
zones with food (Zamski and Zimmermann, 1979; Lavric et al.,
2017; Prislan et al., 2018). Radial translocation of sugars in rays
will also be important at that time (Zamski and Zimmermann,
1979). The formation of new xylem may not be as urgent
in diffuse-porous and conifer species, because water transport
occurs in older xylem rings. The situation is different in ring-
porous species, because their leaves tend to unfold later, and
because xylem transport is severely impaired in older growth
rings as a result of freezing-induced embolism (Zimmermann,

1983). We generally found a relatively high variability in the
end of phloem and xylem formation within species. This agrees
with findings of Heinrichs et al. (2007) who reported that the
end of xylem cell production in six boreal tree species was
“somewhat scattered among ... the species,” varying by as much
as 2 months. Prislan et al. (2013) suggested that this variability
may be due to the physiological condition of a tree as well as
external conditions.

We studied phloem development in balsam poplar in more
detail to learn whether sieve plates would be blocked by
callose prior to the start, during, and after the end of the
growing season; this was our third objective. Davis and Evert
(1970) studied the seasonal cycle of phloem development in P.
tremuloides trees growing in Wisconsin, USA. They reported
that all of a season’s phloem increment functioned for that
season only. All sieve elements were collapsed between late
November and late March. Zamski and Zimmermann, 1979,
p. 654) also state that “During the dormant period most
sieve tubes are sealed with callose; the exception is those
which are very close to the cambial zone and have not yet
fully developed.”

Callose is a polysaccharide that stains blue with resorcin blue
and aniline blue. It plays a critical role during the formation
of plasmodesmata and sieve plate pores (Esau and Thorsch,
1985; Xie and Hong, 2011). Callose is also deposited in sieve
plates in response to wounding or other kinds of injury (Evert,
1990; Kalmbach and Helariutta, 2019). Evert (1990) distinguishes
between “definitive” and “dormancy” callose. Definitive callose is
found on senescing sieve elements until their death. Dormancy
callose may be found in sieve elements that function for two or
more years. This has been described for a few woody species
including Tilia americana and Vitis riparia. In these species,
dormancy callose is deposited in the fall and then removed
in early spring as overwintering sieve elements are reactivated
(Evert, 1990).

Based on these reports, we expected to find blocked sieve
plates in mid-April, three weeks prior to the beginning of cambial
activity, and in mid-October, 8 weeks after wood formation
ended. Trees had experienced below-freezing temperatures
(—=5°C) and snow earlier by the end of September. In
October, some callose formation was observed, which may
indicate the beginning of blocking of the sieve elements over
the winter. Nonetheless, callose formation was only found
in some sieve plates, indicating that freezing temperatures
per se did not trigger the consistent formation of callose
in the current year’s phloem. Our findings agree with a
recent study on Fagus sylvatica (Prislan et al., 2018). These
authors found open sieve pores in phloem formed in the
previous year, prior to the beginning of cambial activity
in March.

We chose balsam poplar for studying callose deposition
patterns, but in retrospect we caution that this species
may not be representative for other boreal species. This is
because phloem production began relatively late in balsam
poplar (which is consistent with open sieve pores in the
older phloem) and because this species had the shortest
growing season of all species considered in our study.
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Clearly, more data using high resolution SEM imaging
in a variety of species is needed to establish sieve plate
over-wintering patterns.
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