s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PMC Funders Group
Author Manuscript
Tree Physiol. Author manuscript; available in PMC 2016 March 31.

Published in final edited form as:
Tree Physiol. 2013 October ; 33(10): 1076-1083. doi:10.1093/treephys/tpt088.

Seasonal dynamics of mobile carbohydrate pools in phloem and
xylem of two alpine timberline conifers

A. GRUBER, D. PIRKEBNER, and W. OBERHUBER
Institute of Botany, University Innsbruck, Sternwartestra3e 15, A-6020 Innsbruck, Austria

Abstract

Recent studies on non-structural carbohydrate (NSC) reserves in trees focused on xylem NSC
reserves, while still little is known about changes in phloem carbohydrate pools, where NSC
charging might be significantly different. To gain insight on NSC dynamics in xylem and phloem,
we monitored NSC concentrations in stems and roots of Pinus cembraand Larix decidua growing
at the alpine timberline throughout 2011. Species-specific differences affected tree phenology and
carbon allocation in the course of the year. After a delayed start in spring, NSC concentrations in
Larix decidua were significantly higher in all sampled tissues from August until end of growing
season. In both species NSC concentrations were five to seven times higher in phloem than in
xylem. However, significant correlations between xylem and phloem starch content found for both
species indicate a close linkage between long term carbon reserves in both tissues. In Larix
decidua also free sugar concentrations in xylem and phloem were significantly correlated
throughout the year, while missing correlations between xylem and phloem free sugar pools in
Pinus cembra indicate a decline of phloem soluble carbohydrate pools during periods of high sink
demand.
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Introduction

Non-structural carbohydrate (NSC) reserves are considered a measure for tree carbon
surplus or shortage (Kdérner 2003) and are used as an indicator for vitality and sink source
balance of trees growing in extreme environments. High NSC concentration found in trees
growing at the alpine treeline (cf. Hoch et al. 2002; Hoch and Koérner 2003) support the
growth limitation hypothesis (Kérner 1998), while NSC starvation is discussed as
mechanism for the worldwide phenomenon of drought-related tree mortality (e.g. McDowell
et al. 2008; Sala et al. 2012).

In the temperate zone NSC reserves play an important role in the annual cycle of trees.
Carbohydrate pools fuel respiration during winter and in periods of low photosynthetic
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activity, they initiate tree growth after dormancy, but also provide energy for adaptive
responses to pathogen attacks and soil water deficits (Lyr 1992; Barbaroux et al. 2003).
Allocation of tree NSC reserves during the year is determined by phenological changes
(Hoch et al. 2002, 2003; Gruber et al. 2012). Therefore, repeated evaluation of NSC
concentrations throughout the year is necessary, to gain insight into tree carbon supply status
(Woodruff and Meinzer 2011). However, during the last years studies focused on xylem
NSC reserves, whereas only little attention has been put on the NSC content of phloem
during the growing season. Giovannelli et al. (2011) sampled cambial region and
differentiating phloem in Populus x canadensis (Mdnch) and found higher concentrations
than in xylem, as did Landh&user and Lieffers (2003) and Anderegg et al. (2012), when
measuring NSC content in bark of Populus tremuloides (Michx.).

The phloem plays a key role in long distance carbohydrate and signal transport in trees and
during the last years much effort has been made for better understanding the complex
mechanisms linking source and sink (for review see van Bel 2003; Minchin and Lacointe
2004; Turgeon and Wolf 2009). While sieve cell and sieve element/companion cell
complexes are the major pathway for osmotically driven transport (Miinch 1930), phloem
parenchyma fulfil functions in defence, wound healing (cf. Franceschi et al. 2005;; Nagy et
al. 2004) and storage (Zimmermann and Brown 1971; Evert 2006). Carbohydrates are also
transported via transpiration stream. Xylem transport of carbohydrates contributed for up to
28% of the total C budget of leaves in Populus canescens (AITON.) SM. (Mayrhofer et. al.,
2004) and the significance of xylem-carbohydrate transport was also proofed in labelling
experiments (Kreuzwieser et al., 2002, Ghirardo et al., 2011). It’s established that there is
exchange and lateral transport between phloem and xylem ray parenchyma (van Bell 1990;
Zwieniecki et al. 2004), and a within plant cycling of carbohydrates via phloem and xylem
transport as hypothesized by Heizmann et al. (2001) could be another effective pathway
linking xylem and phloem carbohydrate reserves. However, still little is known about
changes in phloem carbohydrate reserves throughout the year and carbohydrate charging
might be significantly different in phloem than in xylem. To gain insight on NSC dynamics
in xylem and phloem, we monitored NSC concentrations in stems and roots of two conifer
species growing at the alpine timberline throughout the year. We hypothesized, that (/) there
is a close correlation between long term carbon reserves (starch) in phloem and xylem in
both species and organs (stem and root), whereas (7)) differences in turnover rates will lead
to missing correlation between phloem vs. xylem free sugar content.

Materials and Methods

Study site and climatic conditions

The study was conducted at the timberline (1950 m a.s.l.) of Mt. Patscherkofel (2246 m
a.s.l.) near Innsbruck, in western Austria (47.120 N and 11.270 E). Mt. Patscherkofel is
located in the Central Austrian Alps within an inner-alpine dry zone. During the period
1967-2004, mean annual precipitation at the top of Mt. Patscherkofel was 890 mm with a
maximum during summer (June—August: 357 mm) and minimum in winter (December—
February: 147 mm). Air and soil temperatures at 5 cm soil depths (CS 215 and T107
temperature probes, Campbell Scientific, Shepshed; UK) were monitored at the sampling
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site. Data were collected automatically at 30-min intervals using a CR 10x Datalogger
(Campbell Scientific, Shepshed; UK). Daily precipitation was recorded at the meteorological
station on top of Mt. Patscherkofel. The geology at the Mt. Patscherkofel is dominated by
gneisses and schists. According to the World Base for Soil Resources (FAO 1998), the soil at
the study site is classified as a haplic podzol.

Sampling for NSC analysis

The study was conducted on Pinus cembra (L.) and Larix decidua (Mill.). Pinus cembra is
the dominant conifer species at the timberline of the eastern central Alps, whereas Larix
deciduais scattered at some sites. Samples were taken from six pre-selected dominant trees
from each species (Tab. 1), on six sampling dates (March 30, May 23, June 27, August 2,
September 13, November 3) in 2011. At each sampling date, the following tissues were
collected: (i) sapwood of stem xylem, (ii) stem cambium and phloem (hereafter called stem
phloem), (iii) xylem from coarse roots and (iv) root cambium and phloem (hereafter called
root phloem). Samples (cubes with a side length of approximately 1 cm) were cut out of the
trees using a sharp chisel. Stem xylem was sampled at breast height at the north facing site
of the trees following a spiral trajectory up the stem. A distance of ¢. 4 cm in tangential and
longitudinal direction was kept to avoid lateral influence of wound reactions on adjacent
sampling positions. Root tissue was sampled from 5 to 10 cm soil depths, 0.5t0 1 min
distance from the stem. All sampling spots were sealed with a tree wound dressing to
minimize effects on the trees. Samples were always collected around noon to minimise
possible effects of diurnal fluctuations. The sampled material was stored in a cool box
immediately after collection. Within 3 h, enzymes in the samples were denatured by heating
the samples in a microwave at 600 W for 90 s (Hoch et al. 2002; Hoch and Kdrner 2003).
The sampled tissues were carefully separated under the reflecting microscope using a
scalpel. Due to suberisation and changes in cell structure the outer dead bark showed a
darker pigmentation than the living inner bark. This change in colour was used to separate
the tissues. Afterwards, the sampled tissues were dried to weight constancy at 60°C, ground
to powder and stored dry until they were analysed. Mean radial width of living phloem was
calculated from four micro-cores (diameter 2.5 mm) taken at different expositions of each
sampling tree (Tab. 1).

Analysis of NSC

For binding plant phenols, 0.5 mg polyvinylpyrrolidone was added to approximately 10 mg
of finely ground plant material. Soluble carbohydrates were extracted from the samples
twice in 80% (v/v) acetone for 15 min at 50°C. After vaporising the acetone, the residue of
the soluble fraction was resolved in distilled water. After resolving, glucose was converted to
glucose-6-phosphate catalysed by hexokinase. The concentration of glucose was determined
photometrical at 340 nm, as NADPH+ H+ formation during enzymatic conversion of
glucose-6-phosphate to gluconate-6-phosphate by the enzyme glucose-6- phosphate
dehydrogenase. Aliquots of the resolved extract were treated with hexokinase and
phosphoglucose isomerase, to convert fructose to fructose-6-phosphate and subsequently to
glucose-6- phosphate, which was then measured as described above. Sucrose was
hydrolysed by the enzyme B-fructosidase to glucose and fructose. The sucrose content was
calculated from the difference of glucose concentrations before and after enzymatic

Tree Physiol. Author manuscript; available in PMC 2016 March 31.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

GRUBER et al.

Page 4

inversion. For starch measurements, extraction was carried out by incubating the insoluble
fraction with hydrochloric acid for 2 h at 60°C. After pH adjustment (pH 4.6),
amyloglucosidase was used to hydrolyse starch to glucose, which was subsequently
measured as described above. The photometric analyses were conducted using test solutions
from Boehringer Mannheim (Mannheim, Germany).

Radial growth

For tracing the radial stem growth electronic band dendrometers (DMS dendrometer type
D-6 with measuring amplifier t8.MV, UMS, Munich, Germany) had been installed at breast
height at two trees per selected species. Dead outermost layers (periderm) of the bark were
slightly removed to reduce the influence of hygroscopic swelling and shrinkage of the bark
and to ensure close contact with the stem (cf. Zweifel and Hésler 2001). Data were recorded
with a DT-6 data logger (Delta-T Devices Ltd., Cambridge, U.K.) every 30 minutes. Daily
means were calculated by averaging all daily measurements (48 values/day). Dendrometer
traces were set to zero on April 16, when after rehydration (first soil thawing occurred on
April 8, Fig. 1), soil stayed permanently unfrozen. Time of maximum radial growth was
determined by applying Gompertz modelled growth functions (e.g. Zeide 1993; Deslauriers
and Morin 2005).

Statistical analyses

Results

Differences in NSC concentrations between sampling dates were tested for significance by
applying post-hoc multiple comparison (Tukey HSD test). Differences in NSC
concentrations in respective tissues of Larix deciduaand Pinus cembra during the year were
tested for significance using repeated measures analysis applying a Bonferroni correction.
The correlations between NSC concentrations in phloem and xylem were tested for
significance by calculating Pearson correlation coefficients. All tests were performed using
SPSS 18 (IBM, New York, NY, USA).

Environmental variables during growing season 2011

At the study site, climate during growing season 2011 was characterised by exceptional high
temperatures (Fig. 1). From April to November mean air temperatures exceeded long term
means (LTM) by more than 4°C. Soil (at 5 cm soil depths) was unfreezing early in spring
(permanently unfrozen from April 16) and was not freezing again till begin of December.
Spring precipitation was rather low (March and April 40.4 mm, LTM 125.2 mm), while
from May to October precipitation was around LTM. Even though there was no precipitation
from October 19 till beginning of December, we could not detect soil dryness at the study
site during this period.

Radial growth

Radial growth in Pinus cembra started around April 20, more than two weeks earlier than in
Larix decidua (around May 7) (Fig. 2C and 3C). Maximum increment growth was reached
on May 23 and June 17 in Pinus cembraand Larix decidua, respectively. Pinus cembra had
produced 90% of annual increment on July 1, Larix decidua one month later on July 31.
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Ring width in the sampled trees during the last ten years was significantly higher in Pinus
cembrathan in Larix decidua (Tab. 1).

NSC concentrations in Larix decidua and Pinus cembra

Concentrations of free sugars (i.e. sucrose, glucose and fructose) and starch changed
significantly during the year in all sampled tissues (p< 0,001 for all tissues, Figs. 2 and 3). In
March NSC reserves in stem xylem and phloem were significantly higher in Larix decidua
than in Pinus cembra (2.8 and 1.7 % of dry matter in xylem and 7.2 and 5.1% in phloem of
Larix deciduaand Pinus cembra, respectively), while in roots there were no significant
differences. At this time, all sampled tissues show high fractions of free sugars. In May NSC
concentrations had not increased significantly in any of the sampled tissues in both species.
At the end of June NSC values peaked in Pinus cembrain all sampled tissues (3.2 and 3.1%
of dry matter in stem and root xylem; 16.2 and 13.0 in stem and root phloem). At this time
NSC concentrations in Pinus cembra where significantly higher than in Larix decidua,
except in stem phloem where values were at same level. After June NSC concentrations in
Pinus cembra were decreasing while in Larix decidua values kept rising. In Larix decidua
NSC concentrations in stem phloem were highest in September (21.2 % of dry matter),
while in all other tissues maximum concentrations were reached at beginning of November
(3.3 and 4.0% of dry matter in xylem of stem and roots; and 17.6 % in root phloem). From
August till November NSC concentrations in Larix decidua were significantly higher in all
sampled tissues (Tab. 2). This can mainly be assigned to accumulation of starch in tissues of
Larix decidua.

Relation between xylem and phloem NSC concentrations

NSC concentrations were significantly higher in phloem than in xylem, in both studied
species and at all sampling dates (Figs. 2 and 3). In Pinus cembra NSC concentration in stem
and root phloem was about five times higher than in xylem throughout the year. In Larix
decidua average phloem content was around six times higher in stems and five times higher
in roots. Highest differences between phloem and xylem during the year were found for
stem starch concentrations (7.0 and 7.4 times higher in Pinus cembraand Larix decidua,
respectively), while differences in free sugars where considerable smaller in both species.

In both studied species xylem and phloem starch concentrations throughout the year were
significantly correlated in stems and roots (Fig. 4). In Larix decidua also concentrations of
free sugars in xylem and phloem were significantly correlated throughout the year, while in
Pinus cembrano significant correlation over all sampling dates could be detected. However,
xylem and phloem free sugar concentrations in stems were significantly correlated in the
period from March to end of June and from beginning of August to November, whereas no
significant correlation was detected for roots. The increased concentrations of free sugars in
phloem of Pinus cembra after the third sampling date (Fig. 3), have their reason in higher
glucose and fructose concentrations from forth sampling date till end of season (data not
shown).
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Discussion

Species-specific differences and strategies affect carbon allocation and NSC reserves in the
course of the year. In spring, Larix deciduahas to set its priority on the production of new
needles which starts three- to four weeks before radial growth commences (Moser et al.
2010). Accordingly, the onset of radial growth in spring is delayed for several weeks if
compared with evergreen Pinus cembra. (Figs. 2¢ and 3c, Rossi et al. 2006). For deciduous
Larix decidua, NSC reserves in spring are crucial for leaf development (Kagawa et al.
2006a), while in evergreen conifers like Pinus cembra, bud break and sprouting is supplied
by the recent photosynthates (Hansen and Beck 1994), which makes them less dependent on
preceding year’s reserves. However, the production of masses of thin layered photosynthetic
very active needles, with up to twofold greater photosynthetic rates (Gower and Richards
1990), gives larch a competitive advantage over other conifer species.

Phenological changes trigger the allocation of tree NSC reserves during the year (Hoch et al.
2002, 2003; Gruber et al. 2012). When first samples were taken in March, both species were
still dormant and high fractions of free sugars can be associated with winter freezing
tolerance (e.g. Oleksyn et al. 2000; Hoch et al. 2002). High consumption during leaf flush
and onset of radial growth in Larix decidua as well as maximal radial growth in Pinus
cembra, impede an accumulation of NSCs till May (Kagawa 2006a, 2006b; Begum et al.
2010). The reduction of growth investments at the end of June led to an accumulation of
carbohydrates and a peak of NSC concentrations in Pinus cembra (cf. Gruber et al. 2012),
while in Larix decidua still active radial growth mitigated the increase of carbohydrate
reserves. The high NSC concentrations in Larix decidua during late summer, especially the
increase of starch concentrations, indicate an accumulation of reserves for winter and spring,
while evergreen species like Pinus cembra appear to be less dependent on stored
carbohydrates (Kuptz et al. 2011). However aside of higher photosynthetic carbon gain
(Matyssek 1986; Wieser et al. 2009) also reduced above and below ground carbon
investment (e.g. Gower and Richards 1990; Montague and Givnish 1996, Kajimoto et al.
1999) enable Larix deciduato establish this substantial reserves. The high percentage of free
sugars in the above ground tissues in November indicates the transition to dormancy and
development of winter freezing tolerance (e.g. Hoch et al. 2002; Gruber et al. 2012), while
root growth might have continued until soil freezing (Oleksyn et al. 2000).

Only few studies have evaluated the carbohydrate concentrations in both phloem and xylem
of trees. Landh&user and Lieffers (2003), found about ten fold higher NSC concentrations in
phloem (including bark) of Populus tremuloides and the significantly higher NSC
concentrations in bark of Pinus cembrabranches found by Li et al. (2002) confirm the high
differences in NSC concentration between xylem and phloem measured in our study. These
high phloem NSC concentrations can be ascribed to the high density of phloem storage
tissue (Kramer and Kozlowski 1979), while in xylem NSC-storage is restricted to scattered
ray and axial parenchyma. NSC concentrations in xylem differ strongly from the cambium
towards the pith (Hoch et al. 2003) which makes an estimation of whole tree xylem
carbohydrate reserves difficult. However, considering a trees total amount of xylem and
phloem (cf. Tab. 1) xylem carbohydrate pools might still represent a major part of whole tree
carbohydrate reserves.
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As xylem and phloem long term carbon reserves follow the same whole tree source sink
balance a coupling of xylem and phloem NSC reserves could be expected. Besides, there is
active exchange between these tissues and parts of the carbohydrates accumulating in
phloem are transported to xylem and vice versa (for review see van Bel 1990). The
significant correlations between starch content in xylem and phloem found in both species
during this study (Fig. 3) support this hypothesis of an active exchange and a close coupling
of long term carbon reserves. Accordingly, Landhduser and Lieffers (2003) found similar
seasonal patterns of starch concentrations in stem xylem and phloem of Populus
tremuloides.

A significant amount of phloem transported carbohydrates might be translocated to the
transpiration stream via phloem-xylem exchange along the stem, to balance fluctuations of
photosynthetic incomes (Heizmann 2001). However, the missing correlation for free sugar
content in xylem and phloem of Pinus cembrathroughout the year indicate differences in
phloem and xylem carbohydrate loading and mobilisation. As the lack of correlation was
caused by low glucose and fructose levels in phloem from first to third sampling date, we
suppose that high sink demand during radial increment and respiration during winter
reduced glucose and fructose reserves in phloem parenchyma located adjacent to the
cambium, while sucrose levels were less affected due to fast turnover by phloem transport,
where sucrose is the only carbohydrate translocated in conifers (Lyr et al. 1992).
Nevertheless, a coupling of xylem and phloem free sugar pools is not only indicated by the
significant correlations found for Larix deciduathroughout the year, but also by significant
correlations between free sugars in stem xylem and phloem of Pinus cembra calculated for
the first three sampling dates and again after replenishing of free sugar pools.

The high starch reserves throughout the year confirm that both examined timberline species
face no risk of carbohydrate depletion (e.g. Hoch et al. 2002). On the other hand, periods of
high sink demand can lead to a decline of phloem soluble carbohydrate pools which can not
be compensated by xylem-phloem exchange or carbohydrate transport. Today, vascular
transport is thought to be associated with continuous and simultaneous leakage and
reloading along the transport pathway (Minchin and Lacointe 2004; Turgeon 2010).
Therefore, depending on season and phenology, only parts of the carbohydrates measured in
phloem and xylem can be considered long term reserves while others may be in transition or
stored in short-term storage pools with changing half-lives (Lehmaier et al. 2008). Labelling
experiments (e.g. Hansen and Beck 1990, 1994; Kuptz et al. 2011) together with a
determination of phloem and xylem sap carbohydrate contents (Heizmann et al. 2001) will
be necessary to gain insight on the changing carbohydrate turnover rates in phloem and
xylem during the year.
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Fig. 1.

Mean daily air temperature (black line), mean daily soil temperature (gray line) and daily
precipitation sums (bars) during the growing season 2011 and long term mean monthly air
temperatures (1969 -2004) (dotted line), within the study area.
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Fig. 2.

Mgan concentrations of free sugars (open sections of bars) and starch (filled sections of bars)
in xylem (black bars) and phloem (gray bars) of stems (A) and coarse roots (B) of Pinus
cembra, at six sampling dates during 2011. Different letters indicate significantly different
NSC concentrations among sampling dates (P < 0.05, lowercase letters: xylem; upper case
letters: phloem). (C) Dynamics of xylem growth in 2011 modelled using the Gompertz
function. The open arrow denotes time of maximal radial growth. The filled arrow denotes
the time when 90% of increment were produced. Asterisks indicate time of bud break.
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Mean concentrations of free sugars (open sections of bars) and starch (filled sections of bars)
in xylem (black bars) and phloem (gray bars) of stems (A) and coarse roots (B) of Larix
decidua, at six sampling dates during 2011. Different letters indicate significantly different
NSC concentrations among sampling dates (P < 0.05, lowercase letters: xylem, upper case
letters: phloem). (C) Dynamics of xylem growth in 2011 modelled using the Gompertz
function. The open arrow denotes time of maximal radial growth. The filled arrow denotes
the time when 90% of increment were produced. Asterisks indicate time of bud break.
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% Dry matter in xylem

Pearson correlations between carbohydrate concentrations (free sugars and starch) in xylem
and phloem for stems and roots of Pinus cembra (grey triangles) and Larix decidua (black

squares). Regarding soluble carbohydrate content in Pinus cembra, correlations were

separately calculated for the first and last three sampling dates (open and filled triangles,
respectively). Significant correlations are denoted by asterisks (***p < 0.001; ** p< 0.01; *

p<0.05.)
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Table 1

Characteristics of Larix deciduaand Pinus cembra trees selected for sampling (n=6) throughout 2011. Mean
values * standard deviations; (RW = ring width).

Diamaerl(cm) Agez(yr) RW3(mm) Sapwood width (mm) Phloemwidth4(mm)

Larix decidua  22.0 + 1.6 56.8+11.3 1.76+0.47 29.2+6.5 2.73+0.36
Pinus cembra  30.5 £ 8.0 526+81 3.02+0.78 52.8+19.9 2.34+0.37

'ZRange of tree diameter measured at sampling height.
ZNumber of counted tree rings from increment cores taken at ¢.1.3 m.
3Mean ring width during the period 2000-2010.

4Width of phloem in March 2011
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Table 2

P-values from repeated measures analyses for effects of species (Pinus cembraversus Larix decidud) on the
NSC concentrations in stem and root, xylem and phloem. Mean carbohydrate concentrations were higher in
Larix decidua, except mean concentrations of free sugars in root tissues (gray fields); (ns = not significant).

March - November  August - November

xylem phloem xylem phloem

stem  free sugars ns <0.001 0.001 ns
starch 0.001 <0.001 <0.001 <0.001
NSC 0.003 <0.001 0.001 <0.001

root  free sugars ns ns ns <0.001
starch ns ns 0.001 <0.001
NSC ns ns 0.001 0.004
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