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Abstract

Wood formation requires a continuous supply of carbohydrates for structural growth and
metabolism. In the montane belt of the central Austrian Alps we monitored the temporal dynamics
of xylem growth and non-structural carbohydrates (NSC) in stem sapwood of Pinus sylvestris L.
during the growing season 2009, which was characterized by exceptional soil dryness within the
study area. Soil water content dropped below 10 % at the time of maximum xylem growth end of
May. Histological analyses have been used to describe cambial activity and xylem growth.
Determination of NSC was performed using specific enzymatic assays revealing that total NSC
ranged from 0.8 to 1.7 % dry matter throughout the year. Significant variations (P < 0.05) of the
size of the NSC pool were observed during the growing season. Starch showed persistent
abundance throughout the year reaching a maximum shortly before onset of late wood formation
in mid-July. Seasonal dynamics of NSC and xylem growth suggest that (/) high sink activity
occurred at start of the growing season in spring and during late wood formation in summer and
(77) there was no particular shortage in NSC, which caused P. sy/vestristo draw upon stem
reserves more heavily during drought in 2009.

Introduction

In dry inner Alpine valleys of the European Alps several tree ring studies revealed that
drought occurring during the growing season has a strong impact on radial stem growth and
tree mortality of Scots pine (Pinus sylvestrisL.) (e.g., Oberhuber 2001; Rebetez and
Dobbertin 2004). Recently, wood formation dynamics in P. sy/vestris exposed to drought
was analysed by repeatedly taking small punched cores of the outermost tree rings during
short time intervals (cf. Rossi et al. 20064, Gruber et al. 2010). Authors concluded that the
dynamics and duration of cell differentiation processes in P. sy/vestris was strongly
influenced by drought, which is in agreement with the general assumption that cell division
and cell enlargement are more sensitive to drought, than are photosynthesis and stomatal
closure (Larcher 2003). In this regard, the assessment of the size and seasonal variability of
the mabile (or non-structural) carbon pool during the growing season is a straightforward
approach to analyse the balance between carbon supply by photosynthesis and demand by
growth and metabolism (Hoch et al. 2002; Kdrner 2003). Non-structural carbohydrates
(NSC) and lipids are the most important carbon compounds for storage (Chapin et al. 1990),
whereby the lipid pool (in P. sylvestris mostly triacylglycerols, Fischer and Holl 1992) is
assumed to act mainly as long-term store and was found to be far more stable throughout the
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growing season than is the NSC pool (Hoch et al. 2002; Hoch and Korner 2003). Hence, the
pool of NSC is a measure of the carbon source-sink relationship within a plant (Chapin et al.
1990; Hoch 2007). Recently, several studies found that the NSC pool, especially starch and
low molecular weight sugars like glucose, fructose and sucrose, increased in conifers in
response to growth-limiting low temperatures at tree line sites (e.g., Hoch and Korner 2003;
Solfjeld and Johnsen 2006) indicating that sink activities (i.e., structural growth) were more
restricted by low temperatures during the growing season than source activities (i.e., carbon
assimilation). In mature temperate conifers at low altitude where favorable growing
conditions prevail, NSC did not vary significantly throughout the growing season (Hoch et
al. 2003). On the other hand, occurrence of abiotic stresses during the growing season, such
as drought, might cause an imbalance between carbon availability and carbon loss, which
can lead to a depletion of carbon reserves (McDowell et al. 2008; Sala et al. 2010). Within
the study area the phase of radial stem growth in P. sy/vestris in spring coincides with
frequent drought periods (cf. Oberhuber and Gruber 2010) and therefore might be a period
of potential carbon shortage. To our knowledge assessment of seasonal variations of NSC in
stem sapwood concurrently with determination of temporal dynamics of cambial activity
and xylem cell differentiation under drought stress is still lacking. Therefore, we analyzed
seasonal variations in NSC in comparison to crucial phenological stages of xylem growth,
i.e., onset, maximum and ending of early wood and late wood formation in stem sapwood of
P. sylvestris exposed to a dry inner Alpine environment. We hypothesized that drought
during the growing season causes a depletion of stored carbohydrates in stem sapwood.

Materials and methods

Site description

The study site (for the geographical location, see Oberhuber et al. 1998) is part of a
postglacial rock-slide area situated in the montane belt (¢. 750 m asl) within the inner Alpine
dry valley of the Inn River (Tyrol, Austria, 47° 14’ 00” N, 10° 50" 20” E) and has a
relatively continental climate with mean annual precipitation and temperature of 716 mm
and 7.3 °C, respectively (long-term mean during 1911-2008 at Otz, 812 m asl, 5 km from
the study area). Pinus sylvestris forms widespread forest ecosystems in the lower montane
region within dry inner Alpine valleys in the central Austrian and Swiss Alps (Ellenberg and
Leuschner 2010).

A dry-mesic site in a hollow (partly facing north, slope < 10°) was selected. Stand height
was 10-12 m with a canopy-coverage of about 66 %. Spring heath (Erica carneaL.),
crowberry (Vaccinium vitis-idaea L.) and a thick moss layer dominate the understory, which
indicates slightly moist conditions. Soils of protorendzina type—i.e. rendzic leptosols
according to the FAO classification system (FAO 1998)-are developed and consist of
unconsolidated, coarse-textured materials with low water holding capacity (soil depth 20-30
cm). All measurements were carried out on dominant mature trees with mean tree age of c.
165 yr at sampling height (Table 1).

Xylem sampling and determination of wood formation

Seasonal wood formation dynamics was monitored during the growing season 2009 by
taking small punched cores from five trees of the outermost tree rings (micro-cores) with a
diameter and length of 2.5 mm and ¢. 2 cm, respectively (Rossi et al. 20066; Gruber et al.
2010). Micro-cores were taken from March to October in weekly to 10-day intervals to
include the whole dynamics of xylem formation. 19 samples were taken throughout the
growing season 2009 from each selected tree. Samples were taken on the slope-parallel side
of the stem following a spiral trajectory up the stem starting at ¢. 1 m stem height. A
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distance of ¢. 2 cm in tangential and longitudinal direction was kept to avoid lateral
influence of wound reactions on adjacent sampling positions.

Immediately after extraction, cores were placed in a solution of 70% ethanol, propionic acid,
and 40% formaldehyde (mixing ratio: 90/5/5), subsequently embedded in
glycolmethacrylate (Technovit 7100) and polymerized after adding an accelerator.
Transverse sections of ¢. 12 um were cut with a rotary microtome, stained with a water
solution of 0.05 % cresy!| fast violet and observed under a light microscope with polarized
light to differentiate the development of xylem cells—i.e. the discrimination between
tracheids in enlarging and cell-wall thickening phase (Deslauriers et al. 2003; Rossi et al.
20064). The number of cambial cells (i.e., fusiform cells lacking radial enlargement), radial
enlarging cells, cells undergoing secondary wall thickening and lignification, and mature
xylem cells were counted on all sampled cores in three radial rows. Because dynamics of
wood formation may vary within the tree circumference, number of cells were standardized
based on the total cell numbers of the previous three tree rings (cf. Rossi et al. 2003, Gruber
et al. 2010). The increase in tree-ring width over time was determined to the nearest 0.001
mm by image analysis (ProgRes CapturePro 2.5, Jenoptik, Germany) and included cells in
radial enlargement, cell-wall thickening and mature xylem cells (means of three radial rows
and five trees per date).

Short-term variation in intra-annual increase in ring width was modelled with a Gompertz
function (cf. Rossi et al. 2003) using the nonlinear regression procedure included in the
Origin software package (OriginLab Corporation, Northampton, MA, USA). Based on the
finding that the beginning and end of cambial activity is closely related to the beginning and
end of the enlargement phase (Gri€ar et al. 2009) and in accordance with suggestions made
by Rathgeber et al. (2011), onset of cambial activity and wood formation were defined as the
date at which more than 50 % of the observed radial files had at least one first enlarging cell.
Cambial activity and wood formation were considered to have ended when less than 50 % of
the observed radial files showed at most one last enlarging cell and cell wall thickening and
lignification were completed, respectively. The early wood — late wood transition within an
annual ring is generally abrupt in P. sylvestris and was defined as two times double wall
thickness equal or greater than the width of the lumen (Denne 1988). Accordingly, the date
of onset of late wood formation was determined when this criterion was detected in more
than 50 % of the observed radial files.

Phenology of shoot growth in the upper crown was recorded at the same trees selected for
micro-coring. Onset of shoot elongation was assessed weekly and defined as readily
identifiable swelling of buds and extension of the terminal shoot by > 5 mm. At this time,
bud scales were still covering the new needles, which broke free about one week later.

Analysis of non-structural carbohydrates (NSC)

In accordance with Hoch and Kdrner (2003) NSC are defined as the sum of free, low-
molecular-weight sugars (glucose, fructose and sucrose) and starch. Since Fischer and Holl
(1992) and Hoch et al. (2003) reported only weak seasonal variations of lipids in 2.
sylvestris throughout the growing season, we concentrated on determination of seasonal
variability in NSC. From the sapwood fraction of stem xylem, samples were taken at breast
height from March through December 2009 at eight dates from 6 to 7 trees using an
increment corer (5 mm diameter). All samples were collected around noon to minimise
effects of diurnal NSC changes (Li et al. 2008) and were stored in a cool box immediately
after collection. Within three hours enzymes in the samples were denatured by heating the
samples in a microwave at 600 W for 90 seconds (Hoch et al 2002; Hoch and Kdrner 2003).
Afterwards the samples were dried to weight constancy at 60°C, grained to powder and
stored dry until they were analysed.
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For binding plant phenols 0.1 mg Polyvinylpyrrolidon was added to approximately 10 mg of
fine ground plant material. Soluble carbohydrates were extracted from the weight in samples
twice in 80 % acetone (v/v) for 15 minutes at 50 °C. After vaporizing the acetone, the
residual of the soluble fraction was resolved in distilled water and 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. Aliquots of the
resolved extract were treated with hexocinae and isomerase as well as invertase to convert
fructose and sucrose into glucose, which was subsequently measured as described above.
Starch extraction was carried out by incubating the insoluble fraction with hydrochloric acid
for 2 h at 60 °C. After pH adjustment starch was hydrolyzed enzymatically to glucose and
subsequently measured. The photometric analyses were conducted using enzymatic
BioAnalysis kits for starch and sucrose/D-glucose/D-fructose from Boehringer Mannheim
(Mannheim, Germany). To avoid influence of frequent wounding on tree physiology, trees
selected for monitoring dynamics of xylem growth and NSC within the study plot were
different but had similar age, stem diameter and annual increments (Table 1). Differences in
NSC and its components (soluble carbohydrates and starch) between sampling dates were
tested for significance by applying one-way repeated measures ANOVA using SPSS18
(IBM, NY, USA). Kendall’s rank correlation coefficient (t; Sheskin 2007) was calculated to
analyse the relationship between NSC and wood formation.

Microclimate records

During the study period, daily precipitation and air temperature were collected automatically
at 2 m height (ONSET, Pocasset, MA, USA). Long-term records (LTM) of total monthly
precipitation and mean monthly temperatures since 1911 were available from a nearby
meteorological station (Otz, 812 m asl, 5 km from the study area). Soil moisture dynamics
(volumetric water content) in the upper 10 cm of the soil layer were continuously monitored.
Moisture sensors are based on a capacitive method (Cyclobios, proprietary development at
University of Innsbruck, Austria). Due to small-scale variability of soil structure and soil
depth, records of three soil moisture and temperature sensors were averaged. Measuring
intervals for all sensors were 30 min. Mean daily air temperature and soil water content (vol
%) were calculated by averaging all measurements (48 values/day).

Environmental variables during growing season 2009

Results

Climate in 2009 was characterized by mild temperatures and dry conditions in spring (Fig.
1). Only scattered rainfall was recorded in April and total monthly precipitation reached 11
mm, i.e. about one-third of LTM in April amounting to 39 + 20 mm (mean + standard
deviation). While in May precipitation sum of 60 mm corresponded to LTM (64 + 26 mm),
precipitation during summer (June-August; 258 mm) was about 20 % below LTM (317 + 65
mm). Mean air temperature in April (11.5 + 1.9 °C), May (15.5 + 3.7 °C) and during
summer (17.8 £ 3.4 °C) exceeded LTM by 3.9 °C in April (LTM 7.6 £ 1.8 °C), 3.5°C in
May (LTM 12.0 + 1.8 °C) and 2 °C during summer (LTM 15.8 + 1.0 °C). During periods
with scattered low rainfall events in April and May soil water content dropped to less than
10 vol% for several weeks. Soil moisture temporarily reached 20 vol% in the selected stand
after more extensive rainfall events occurred in June (Fig. 1).

Dynamics of tree-ring growth

The dormant cambium consisted of ¢. four cells (Fig. 24). In mid-April the number of cells
in the cambial zone rapidly increased, whereby maximum values were reached in late April
through early May. In mid July cambial cell number and shape appeared to be the same as
before reactivation after winter dormancy. Based on number of enlarging cells cambial
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activity lasted from mid-April (107 £ 2 day of the year [doy]) to early August (214 + 4 doy).
Hence, in 2009 cambial cells divided throughout ¢. 107 d (Table 2). Bud swelling and onset
of shoot elongation in the upper crown occurred in early April (98 = 6 doy). Delayed bell-
shaped curves (enlarging and wall-thickening cells) and a growing S-shaped curve (mature
xylem cells) characterize the dynamic of cell differentiation (Figure 26-d). First tracheids
were undergoing wall thickening on 19 May (139 doy) and cell maturation, i.e. wall-
thickening and lignification was completed in mid-September (261 + 3 doy). First mature
early wood tracheids were detected on 28 May, while mean onset of late wood formation
(i.e., formation of radially flattened tracheids) started on 17 July (198 + 2 doy). In 2009
mean duration of wood formation, including all developmental phases from cell enlargement
to the end of wall-thickening and lignification lasted for 155 + 3 days. Measurement of the
developing xylem (including cells in enlarging and wall-thickening phase and mature xylem
cells) during the growing season 2009 is depicted in Fig. 3a. The intra-annual dynamic of
wood formation followed a sigmoid-shaped curve. Based on modeled xylem growth by
applying the Gompertz function, the maximum radial growth (mm d=1) occurred at the end
of May and annual increment in 2009 amounted to 0.47 + 0.011 mm (Table 2, Fig. 3).

NSC in stem sapwood amounted to 1.2 % dry matter in March before onset of cambial
activity occurred in mid-April (Table 2, Fig. 3¢). The largest NSC fraction within the non-
structural carbon pool was starch throughout the growing season (April — September).
Soluble carbohydrate content decreased significantly after onset of early wood formation,
which was followed by a significant increase in NSC and its components (soluble
carbohydrates and starch) in June. Starch content was quite stable from March through June
and peaked in early July shortly before onset of late wood formation. Cambial activity
ceased about 2 weeks later (Table 2, Figs. 2 and 3). During the period of late wood
formation a statistically significant drop in both, soluble carbohydrates and starch was
detected. After completion of late wood formation in mid-September starch content
remained stable, while content of soluble carbohydrates increased slightly. Concentrations
of soluble carbohydrates were significantly higher before onset of shoot elongation than
after growth cessation in mid-September and during dormancy in December. Correlation
coefficients (Kendall t) between daily radial increment and NSC and its components starch
and soluble carbohydrates amounted to 0.733 (£ < 0.05), 0.348 (P> 0.05) and 0.733 (P<
0.05), respectively, when a time lag of 16 days in NSC content was considered.

Discussion

Temporal dynamics of cambial activity and xylem growth in 2009 are comparable to
recently published data for 2007 and 2008 at the same dry-mesic site (see Gruber et al.
2010). While several findings indicate that onset of cambial activity is highly responsive to
temperature (e.g., Oribe et al. 2001; Gri€ar et al. 2006), the early peak in daily growth rate in
late spring (end of May) led to the suggestion that a strong sink competition for carbon to
mycorrhizal root and shoot growth exists (cf. Oberhuber and Gruber 2010) as an adaptation
to cope with extreme environmental conditions, i.e., recurring drought periods in spring
combined with limited water holding capacity and nutrient deficiency of shallow, stony soils
prevailing within the study area. In agreement with our results maximum growth rates
around end of May were also found for several deciduous tree species, e.g., Acer platanoides
(Marion et al. 2007), Fagus sylvatica (Cufar et al. 2008) and Populus sp. (Deslauriers et al.
2009). Latter authors, however, related early achievement of maximum growth rates to high
transpiration of developing leaves, which requires rapid production of xylem elements in
spring to adequately sustain water transport.

Carbon is involved in radial stem growth as structural material (i.e., cell wall thickening and
lignification) and as source for metabolic energy. Hansen et al. (1996) reported that in A.
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sylvestris photosynthetic activity during winter causes minimal loss of NSC and stored C-
compounds peak at bud break. In our study, concentrations of soluble carbohydrates were
also found to be significantly higher in March (before bud break) than after growth cessation
in mid-September and during dormancy in December. Significant depletion of soluble
carbohydrates after onset of xylem growth in April might indicate the use of stored
carbohydrates for early wood formation. Using 14C pulse-labeling Hansen and Beck (1994)
demonstrated that in P. sy/vestris stored carbohydrates of the previous year contribute to
tree-ring growth of the current year. Carry-over effects of stored products in tree ring
formation from one year to the next were also detected by Helle and Schleser (2004) and
Keel et al. (2007). However, as demonstrated by several authors (Maunoury-Danger et al.
2010; Maier et al. 2010) a seasonal shift in substrate use from reserves to recently fixed
carbohydrate during active radial growth might occur.

At our study site, mean NSC concentration in stem sapwood throughout the year amounted
to ¢. 1.13 % dry matter, which is similar to findings reported by Hoch and Kérner (2003) for
P. sylvestris stands at their northernmost distribution in Sweden, whereas slightly higher
NSC values were found in a mixed forest stand with a mean canopy height of approximately
30 m at low altitude in Switzerland (Hoch et al. 2003). Quite favorable environmental
conditions might reasonably explain the higher NSC pool at the latter site. Accumulation of
NSC was detected in our study in stem sapwood in early July at the time when cambial
activity decreased. This finding might indicate that growth declined faster than
photosynthesis, i.e. during drought periods in spring, when soil water content dropped to ¢
10 % for several weeks, sink activity (structural growth) was more impaired than source
activity (carbon assimilation). Correspondingly, the time lag found between daily radial
increment and soluble carbohydrate content of ¢. two weeks might be due to primary use of
currently produced photoassimilates for wood formation (cf. Eilmann et al. 2010) and
successive accumulation of carbohydrates in stem sapwood after cambial activity decreased.
Several studies support this explanation by demonstrating that cell division is generally
more sensitive to drought than is the rate of photosynthesis (e.g., Frensch 1997; Abe and
Nakai 1999). Furthermore, it is unlikely that the accumulation of NSC during the growing
season reflects osmotic adjustment in response to drought stress (for a review see Morgan
1984), because not only osmotically active low molecular weight carbohydrates, but also
starch concentration increased significantly in early July. The subsequent decrease in NSC
from July through September indicates an increased demand of NSC for late wood
formation, which is supported by results of Eilmann et al. (2010), who found a tight
coupling between wood formation and currently produced photoassimilates. However, a
high demand of cell wall material as a sink for carbohydrates is questionable due to rather
low numbers of differentiating xylem cells found throughout the growing season. Rather, in
addition to respiration losses and/or carbon storage in other tissues, importing tissues below
ground (roots and mycorrhiza) have to be considered, because carbon allocation to roots in
response to drought is a well known phenomenon (for a review see McDowell et al. 2008;
Brunner et al. 2009) and the allocation of current photosynthate-carbon to below ground is
known to be at maximum in late summer and autumn (e.g., Hansen and Beck 1990;
Bhupinderpal-Singh et al. 2003). Small-scale variability of environmental conditions (e.qg.,
soil structure and depth) might have differently influenced carbon allocation patterns and
dynamics of wood formation of trees selected for monitoring NSC and xylem growth
throughout the year. However, we regard this possibility to be negligible, because all trees
were located within the same stand and showed similar age and growth characteristics.

Starch is considered the most important reserve carbohydrate and accumulates as a storage
compound during times of surplus carbon supply (Chapin et al. 1990; Pallardy 2008). Hoch
et al. (2003) reported that the largest NSC fraction in woody tissues of mature temperate
forest trees was starch throughout the growing season. Because we also detected persistent
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high starch concentrations throughout the growing season and the size of a plant’s mobile
carbon pool is assumed to reflect its carbon supply status (Chapin et al. 1990; Kérner 2003),
we conclude that carbon was not a limiting resource for radial stem growth in £. sy/vestris at
the dry-mesic inner Alpine study site in 2009, which possibly indicates that photosynthesis
was less affected by moisture shortage than xylem growth. Hence, we reject our hypothesis
that drought during the growing season 2009 caused a depletion of stored carbohydrates in
stem sapwood of A. sylvestris. However, a prolonged drought will constrain both, xylem
growth and photosynthesis (Eilmann et al. 2010) and Galiano et al. (2011) reported that in
dying P. sylvestristrees a depletion of carbon reserves occurred, which was most likely the
result of drought-induced leaf shedding. Hence, whether carbon starvation within the study
area is restricted to more xeric sites with higher canopy transparency and/or is associated
with the occurrence of multi-year drought events needs to be elucidated in future studies
lasting over several successive growing seasons and including different stands along a soil
moisture gradient.
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Fig. 1.
Climate variables recorded during the growing season 2009 within the study area. a Mean
daily air temperature b Daily precipitation sum (bars) and soil water content.
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Fig. 2.

Number of cells a in the cambial zone, b in radial enlargement, ¢ in secondary wall
thickening and lignification and d mature xylem cells during 2009. Bars represent
confidence intervals at £< 0.05. Horizontal thin line in a indicates the number of dormant
cambial cells (bs = bud swelling and onset shoot elongation).
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Fig. 3.

a Dynamics of xylem growth modelled by applying the Gompertz function, b daily xylem
growth rates calculated on the basis of modelled growth and ¢ dynamics of non-structural
carbohydrate content (NSC) and its components starch (filled bars) and soluble
carbohydrates (open bars; soluble c) in stem sapwood. Ewf and Iwf indicate time of onset/
end of early wood and late wood formation, respectively (cf. Table 2). In a parameters of the
Gompertz function for xylem growth and R< of the model are indicated (A = upper
asymptote, I = inflection point, x = rate of change parameter, mean values + standard
deviation).Bars in a represent standard deviations and in ¢ confidence intervals at £< 0.05.
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Lowercase and uppercase lettering above bars in ¢ denote significant differences (P < 0.05)

among sampling dates for soluble carbohydrate (a-h) and starch content (A-H), respectively.
Sampling dates for determination of NSC are indicated in italics.
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Table 1

Characteristics of Pinus sylvestris trees selected for monitoring dynamics of xylem growth and non-structural
carbohydrate content (RW = ring width, SD = standard deviation).

Method Tree age1 (yr) Stem diameter2 (cm) RW3 (em)
mean = SD mean = SD mean + SD

Xylem growth (micro-cores) 166 + 23 30.6 £3.0 534 +99

Non-structural carbohydrate content 162 + 28 29946 583 + 183

1 . . .
Cambial age at sampling height
2Mean tree diameter measured at 1m stem height

3Mean values for the period 2004-2008
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