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Abstract

+ Context European beech (Fagus sylvatica L.) is considered
threatened by anticipated climate change, but the physiological
causes of potential beech decline or mortality remains poorly
understood.

+ Aims The purpose of the present study was to fuel debate
about the assumption that carbohydrate depletion is involved
in the decline of mature European beech.

+ Methods The health status of beech trees from a severely
declining stand was visually assessed by examining their
crown condition. Content and radial distribution of non-
structural carbohydrates (starch and soluble carbohydrate)
were analyzed in the trunks and compared to those reported
earlier in trunks of healthy beech trees.

* Results and discussion The distribution of carbohydrate in
the beech trunks recorded here seemed affected by decline.
We found a stronger radial decrease of starch content than
those reported earlier for healthy beech trees. Carbohydrate
reserves appear partially maintained in the outermost rings
while starch depletion occurred in older wood rings in
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declining trees that may be able to mobilize carbohydrate
reserves from older wood rings in response to successive
climatic constraints.
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1 Introduction

Tree mortality is a natural process that is predicted to increase
as a result of increasing frequencies of climatic hazards com-
bined with increased pest and disease pressures (Desprez-
Loustau et al. 2006; Rouault et al. 2006; McDowell et al.
2011). Decline is characterized by symptoms that cannot be
explained by simple interpretations, as it results from multiple
abiotic and biotic stressors (Manion 1991). Tree decline is
defined by a long-lasting worsening of visible features that
would predict tree mortality. Decline symptoms include re-
duced primary and secondary growth in trunks, branches and
twigs, crown-thinning, and transparency (due to leaf loss,
twigs abscission, and reduction in leaf area), resulting in a
clumping of the foliage related to shortened internodes
(Manion 1991; Innes 1998). Therefore, these symptoms are
commonly used to assess tree vitality, from healthy to dead
trees (Innes 1998; Dobbertin 2005). Using growth reduction
and crown condition, decline has been detected in many
beech stands in Europe following each severe drought epi-
sode by the forest health monitoring program ICP Forests
(see website, reports, and references therein). Many recent
studies have related the sensitivity of beech (Fagus sylvatica
L.) to water balance and warming temperatures in terms of
radial growth (van der Werf et al. 2007; Michelot et al. 2012)
or regeneration (E Silva et al. 2012), which greatly affects
the actual distribution of beech (Badeau et al. 2010). Eco-
physiological analyses have confirmed its sensitivity to soil
water shortages (Leuschner et al. 2001; Granier et al. 2008).
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Overall, beech is likely to be highly vulnerable to a warmer,
drier climate (GeBler et al. 2007), and foresters fear that cases
of beech decline are likely to increase in coming decades.
This is a matter of concern because Fagus is one of the most
widespread temperate broadleaved species in Europe.

Beech growth is particularly sensitive to the climatic
conditions of the current growing season (Michelot et al.
2012), but Granier et al. (2008) also observed that decrease
in radial growth and foliar losses persisted for one year after
summer water shortage and may recover thereafter. In some
cases, according to Dobbertin (2005) and Bréda et al.
(2006), extreme early drought event (as in 2003) may affect
tree growth almost immediately, while leaf loss may occur
later or not at all. Thus, short-term responses may not
coincide with long-term changes of tree health. Unexpect-
edly and despite its sensitivity to drought, the mortality rate
of beech trees remains relatively low (Eichhorn et al. 2005).
Therefore, the physiological causes of beech decline that
can lead to death are poorly understood. Climatic hazards
can have long-term impacts on growth that could be linked
to the availability of carbohydrate reserves (Bréda et al.
2006), and observed growth responses of beech trees to
climatic variations indicate that changes in the allocation
of carbon in trees may be important indicators of tree health
status (Eichhorn et al. 2005; Bréda et al. 2006). Survival and
long-term growth in trees or climate-driven tree mortality
may be in part linked to the amount of available carbohy-
drates (McDowell et al. 2011).

Carbohydrate reserves are especially mobilized during
periods without net carbon gain through photosynthesis
and when demand for C arises. Carbohydrates are used:
for maintenance, growth resumption, and foliage building
during the spring; for protecting trees' physiological integ-
rity (e.g., osmotic pressure, energy status...) against envi-
ronmental stresses such as drought, waterlogging, frost, and
also as defenses against pests and pathogens (Korner 2003).
F sylvatica is a diffuse-porous tree species that lacks clear
sapwood because no true heartwood is formed, i.e., with
enhanced phenolics (Magel et al. 1997). In contrast with
heartwood or discolored wood, non-discolored trunks of
healthy beeches contain high amounts of storage carbohy-
drates even in the oldest wood rings close to the pith (Magel
etal. 1997; Hoch et al. 2003). Nevertheless, the composition
of the inner-wood rings in the trunk of adult trees has been
rarely analyzed. In the trunk of healthy beech, seasonal
variations of carbohydrate reserves are almost entirely re-
stricted to the most recent wood rings (Barbaroux and Bréda
2002; Hoch et al. 2003). However, we do not yet know the
extent to which dynamics and radial distribution of carbo-
hydrate reserves are affected in declining beech trees.

In the presented study, we investigated the carbohydrate
content in trunks of mature beech trees in a severely declin-
ing stand as evidenced by visual assessment of crown
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condition. We addressed the following question: are there
changes in the radial distribution of carbohydrate reserves in
the trunk associated with decline in this heartwood-lacking
species?

2 Material and methods
2.1 Study site, stand water balance, and stand characteristics

The study was conducted in the “Bas Bois” state forest
(329.7 ha), composed of common beech and oaks (respec-
tively, 65 % and 14 % of area) and managed as high forest in
north-eastern France (10 km south of Sarrebourg). Beech
trees were sampled in a mature stand (100 to 130 years old,
stand n°16a), located 48°37'44"N and 7°03'13"E, 350 m
a.s.l. The mean annual temperature is 9.2 °C, and the mean
annual precipitation is 820 mm (Hesse INRA weather sta-
tion, 8 km away). At the time of the study, the mean stem
diameter at breast height of the beech trees was 55 cm,
dominant height was 32 m.

The soil type is intermediate between luvisol and stagnic
luvisol, with 150 mm extractable water. In order to quantify
drought and water excess events that occurred during the
recent years, daily soil water balance was computed using
soil properties, stand inventories to derive stand leaf area
index and daily climatic data from 1999 to 2009 with the
Biljou© model (Granier et al. 1999). The model calculates
daily each elementary vertical water flux (tree transpiration,
understorey evapotranspiration, rainfall interception, water
excess) and as a result soil water content. Stand transpiration
is calculated under the big-leaf assumption using potential
evapotranspiration and stand LAI Relative soil extractable
water (REW, dimensionless) was computed to quantify
drought events, i.e., when REW drops below a 0.4 threshold.
Under this threshold, trees are submitted to water shortage
leading to stomatal closure and growth slowdown. On the
opposite, when soil water content reaches field capacity, the
water balance calculates an excess of water (EW, in millimeter).

The “Bas Bois” state forest was strongly affected by
storm Lothar on December 26, 1999. According to the forest
management plan, the monitoring plot was set up in an area
where wind-throw accounted for 25 % of the pre-storm
standing volume. Damaged trees were extracted quickly
and carelessly with heavy machinery which led to soil
compaction and areas prone to waterlogging. As a result of
soil damage, subsequent years showed development and
expansion of localized areas of sedges and rushes.

During 2005, foresters were concerned by beech decline,
with crown deterioration and various timber defects in all
surrounding beech stands in this forest. A survey plot was
established in July 2006 by the French Forest Health De-
partment (DSF, Département de la Santé des Foréts) and the
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National Forest Office (ONF, Office National des Foréts) to
monitor changes in tree condition. Two sets of beeches
growing together were selected according to their stage of
decline: trees in poor health (set A), and trees more severely
affected by dieback (set B), consisting of 8 and 10 trees,
respectively. The A set consisted of trees with leaf losses
below 55 %. Those of the B set had leaf losses above 60 %
and hence were in poor health condition. They were identi-
fied and numbered in 2006, and their health status was
visually assessed annually until 2009, according to the ICP
manual for harmonized assessment and monitoring of crown
condition used in the European survey network. Crown
transparency was assessed from the ground using binocu-
lars, and leaf losses and dead branches were recorded as
percentages of the total potential complement of the upper
tree-crown, in classes of 5 % and 10 %, respectively. During
autumn 2009, the stand was totally harvested.

2.2 Wood sampling

Wood sampling was performed on October 13, 2008 from
each selected tree at 0.3 m height. This coring height was
chosen to avoid commercial depreciation of the timber and
because sampling near the stump has been shown to be
suitable for carbohydrate status diagnosis (Barbaroux and
Bréda 2002). The sampling date was chosen when the
carbohydrate content of beech stems is maximal (end of
the growing season) and before any starch interconversion
due to chilling (Barbaroux and Bréda 2002; El Zein et al.
2011). The cores (5 mm diameter and 10 cm long) were
taken with increment borer, transported with a freeze-pack
from field to the laboratory and quickly stored at —20 °C
until freeze-drying (using a Dura-Top instrument, supplied
by Dura-Dry FTS Systems, NY, USA).

Each sampled core was fractionated into 2-cm sections
starting below the cambium (bark was removed), ground
to a fine powder (using an MM301 Mixer Mill, Retsch,
Germany) and then stored in the dark in airtight vials
until analysis.

2.3 Carbohydrate extraction and analysis

Total non-structural carbohydrates (TNC) were extracted,
according to methods adapted from Barbaroux and Bréda
(2002) and Gérard et al. (2009), from the powdered samples
containing 20 mg of dry matter (DM) by incubating them
for 20 min at 80 °C in 0.5 mL of ethanol 80 % (v/v),
centrifuging the resulting suspension (10 min at 15,000xg)
and then collecting the supernatant (containing soluble car-
bohydrates). Incubation and centrifugation steps were re-
peated three times on each sample, the three resulting
supernatants were pooled. The complete lack of soluble
sugars in the pellet was checked during the protocol

development and then during each starch analysis. The
pellets and pooled supernatants were dried, for 15 min and
overnight, respectively, in a speed vacuum evaporator
(Maxi-Dry Plus, Heto model DW1, Denmark) to eliminate
ethanol.

The dried extracts of soluble carbohydrates were rehydrated
in 1.5 mL of distilled water, polyvinyl-polypyrrolidone was
added to 20 % of the powdered dry mass sampled, and the
resulting suspensions were subjected to sonication and agita-
tion to ensure that the soluble carbohydrates were completely
dissolved. After centrifugation (5 min at 3,000xg), 1 mL of the
supernatant was filtered through a 0.2-um Acrodisc Supor
filter (VWR, USA) and stored in vials at =20 °C until analysis.
Soluble carbohydrates were quantified with high-pressure lig-
uid chromatography system (Gold Beckman Coulter, Software
32 karat) equipped with a HyperRez XP Carbohydrate Pb**
separation column (8 pm, 300 7.7 mm) and HyperRez Pb*"
5%3 mm precolumn (both from Thermo Electron, France),
according to El Zein et al. (2011). The soluble carbohydrate
peaks were detected using a Sedex 45 ELSD light scattering
monitor (Sedere, Vitry sur Seine, France) and identified
according to the retention times of commercial sucrose, glu-
cose, and fructose standards. No other soluble carbohydrate
compounds were detected. Their concentrations were deter-
mined from their peak heights after standard calibrations.

Starch was extracted and analyzed as described by Gérard
et al. (2009). Briefly, starch was extracted from the ethanol-
insoluble fraction of the samples (dried pellets) in a 0.2-N
KOH solution containing 100 mM ethanol. The extracted
starch was then hydrolyzed with amyloglucosidase (from
Aspergillus niger, Sigma, EC 3.2.1.3) and the obtained glu-
cose was assayed colorimetrically with an enzymatic method
using A. niger Type II glucose oxidase (Sigma, EC 1.1.3.4)
and horseradish Type I peroxidase (Sigma, EC 1.11.1.7) in
the presence of o-dianisidine dihydrochloride (Sigma, EC
243-737-5). After adding 6 N hydrochloric acid, absorbance
was measured at 530 nm, using glucose as a standard. The
starch concentration was expressed as glucose equivalents on
a dry matter basis.

The consistency of the methods used in the current study
for the analyses of soluble carbohydrates and starch with
those of Barbaroux and Bréda (2002), Genet et al. (2010)
and El Zein et al. (2011) has been tested using standard
samples.

2.4 Statistics

All statistical analyses were performed with R version
2.11.0 (R Development Core Team 2010). Datasets did not
follow normal distribution (Shapiro and Wilk test), thus
non-parametric Mann—Whitney—Wilcoxon or Kruskal—
Wallis tests were used to compare means between two or
more than two groups, respectively.
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3 Results
3.1 Stand water balance

Water excess occurred after the storm of December 1999,
especially in springs 2000 to 2002 (Fig. 1), inducing
possible waterlogging due to windblown trees removing.
Four successive years exhibited soil water deficit (i.e.,
REW<0.4): 2003 to 2006, the earliest, longer and more
severe one clearly occurred in 2003. This succession of
drought episodes during the growing season was preced-
ed and followed by wet years. After the dry years, 2007
was wet with high water excess in soil during the grow-
ing season, which was exceptional in that pedo-climatic
context. The two last years (2008-2009) exhibited a
more favorable water balance, with neither excess nor
shortage of water.

3.2 Symptomatic condition of the beech crowns

In 2006, leaf loss and dead branch percentages were signifi-
cantly higher in set B than set A (»p<0.001 and 0.007, respec-
tively). Thus, crowns of beech trees in set B were more
damaged, overall, than those of set A (Fig. 2). During the
years 2006 and 2007, leaf loss and fraction dead branches
were on average 1.6- and 2.8-fold higher, respectively, in set B
than in set A. Crown condition of set B remained almost stable
throughout the observation period; leaf loss was on average
70 % to 80 %, fraction dead branches was 45 % to 60 % (with
a large variability among trees), and there were no significant
(»<0.05) between-year change in these variables. In contrast,
a clear worsening of the crown condition occurred in set A:
both leaf loss and fraction dead branches increased signifi-
cantly (p=0.021 and 0.007, respectively) from 2006 to 2009;
leaf deficit became larger than 50 % and fraction dead
branches doubled compared to previous years (Fig. 2).

3.3 Radial distribution of carbohydrate reserves in the trunk

No significant difference (p>0.05) was detected in the
radial distribution of either starch or soluble carbohy-
drates between trees from sets A and B (Fig. 3), i.e., no
effect of crown condition on TNC contents and distri-
bution was detected. TNC content was highest in the
most recent and outer rings, in the first 2 cm of wood
below the cambium. Beyond that point, TNC content
decreased sharply, by about 50 %, mainly due to a
sharp drop in starch content. Over 85 % of the starch
was located in the outer 2 c¢m, and this decrease was
highly significant (p<1.610"%). In contrast, soluble car-
bohydrate content remained relatively high even in the
oldest inner rings, up to 10 cm below the cambium
(Fig. 3). However, the decrease of total soluble carbo-
hydrates with distance below the cambium was signifi-
cant (p<0.001). This decrease was due to a significant
drop, of about 40 %, in the sucrose content (p<5.7
107°). However, whatever the radial section of the
trunk, sucrose represented about half TNC content and
was the main carbohydrate. Beyond 2 cm from the
cambium, the significant drop in starch content (p<1.6
10®) was accompanied by slight increases in glucose
and fructose contents, whose proportions increased as
the starch content fell. However, the contents of both
fructose and glucose remained stable and did not vary
between wood sections (p>0.05).

The results obtained from comparable trunk sections
of the Bas Bois trees (averaged concentrations for 0-
8 ¢cm or 0—10 cm radial trunk sections, Table 1) showed
that TNC content was relatively low, with a tenfold
lower starch content than that of the healthy beeches
analyzed by Hoch et al. (2003). The radial reduction in
TNC from the outermost wood ring to the pith was less
pronounced in healthy trees than in the current study
(Table 1). Barbaroux et al. (2003) and Hoch et al.
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Fig. 1 Time course of modelled daily Relative Extractable soil Water
(REW, dimensionless, 1 corresponds to field capacity, 0 to permanent
wilting point) and water excess (WE, in millimeter) from 1999 to 2009.
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The dashed line points out the threshold of REW=0.4, below which drought
is defined (gray areas). Computed with Biljou©, daily climatic data from
Hesse weather station, INRA. Gray bands delineate the leafless periods
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Fig. 2 Symptomatic crown parameters (leaf loss and numbers of dead
branches, as percentages of the total potential complement of leaves
and all branches, respectively; means and standard deviations) of
beeches in the A and B sets in each year from 2006 to 2009. The
symbols above the bars indicate significant differences between sets A
and B at each date. The symbols under the dates indicate significant
changes in the parameters for the set throughout the study period.
Probability: ***<0.001 <**<0.01<*<0.05<not significant (ns)

(2003) found radial reductions in TNC contents of about
20 % to 30 % between 0 and 4 cm below the cambium,
while we detected a stronger radial drop of about 55 %.
This was especially due to the starch content that was
extremely low (0.14 gl100 g ' in the 2-4 cm radial
section). The 0-2 cm radial section contained almost
90 % of the starch reserves of the trunks in the declin-
ing beeches from Bas Bois, compared to less than 50 %
in the healthy trees from earlier studies (Table 1).

setA & B
Fructose
Glucose R
40 Sucrose | |
Starch

TNC (9.100g " o)

0-2) (2-4) (4-6) 6-8)
trunk radial section (cm)
below the cambium

(8-10)

Fig. 3 Total non-structural carbohydrates (TNC), divided into starch
and soluble carbohydrates (sucrose, glucose, and fructose), in grams
per 100 g dry mass (DM), in 2-cm radial wood sections up to 10 cm
deep below the cambium, in trunks of beeches of sets A and B,
sampled at 0.3 m height in October 2008. Means with standard
deviations

4 Discussion

4.1 Beech decline at Bas Bois related to multi-year adverse
events

The heavy thinning of the stand due to the storm of December
1999 impacted the crown status of the standing trees, because
of sudden increase in the crown spacing, often associated with
increasing leaf loss (Eichhorn et al. 2005). Excess water oc-
curred in the soil occurred as heavy rainfalls coincided with
canopy opening (Fig. 1) due to reduced leaf area index, rainfall
interception, and stand transpiration. Moreover, physical soil
properties were worsened by soil compaction after tree harvest-
ing while the soil was saturated (Schmuck, pers. comm.).
Residual trees near skid trails may have suffered from soil
compaction (Kozlowski 1999) leading to hypoxia that is high-
ly damaging for beech (Dreyer 1994). After these successive
wet years, the 2003 growing season was exceptionally hot and
dry and mild droughts then followed, during which photosyn-
thesis was restricted by stomatal closure. This reduced the net
primary productivity and radial growth of beech trees (Gefller
et al. 2007; Granier et al. 2008). Adding possible hydraulic
failure in twigs during exceptional water shortage in 2003,
both water and carbon relations were impaired, leading to
worsening crown condition (Fig. 2, leaf losses, twig dieback),
as reported by previous studies (Power 1994; Innes 1998).
Crown thinning reduced in turn carbohydrate allocation to
growth and storage (Bréda et al. 2006). None of these events
was sufficiently harmful to cause sudden death; nevertheless,
alternative periods of water shortage and excess, cumulated
since 1999, have weakened the beech trees thereby leading to
the stand decline, while TNC reserves were likely impaired.

4.2 The beech trees appear to preserve their TNC reserves

Although essential, TNC amounts required for spring
growth recovery are relatively low in diffuse-porous species
(Holl 1997; Palacio et al. 2011), including common beech
(Barbaroux and Bréda 2002; Barbaroux et al. 2003; Genet et
al. 2010; El Zein et al. 2011). Stem growth begins after leaf
expansion and thus after the phase of C autotrophy has
started early in spring. Moreover, radial growth may totally
stop in some years in beech (resulting in missing rings)
without endangering its survival. In many cases, cambial
activity recovers completely in the following years if trees
are not damaged by additional adverse events (Power 1994;
van der Werf et al. 2007). Further, long-term monitoring of
crown condition showed that beech trees exhibiting strong
leaf losses after a drought event are able to recover in a few
years (Dittmar and Elling 2007; Nageleisen, pers. comm.).
In addition, C allocation to reserves is maintained, while
allocation to growth decreases or completely ceases under
soil water deficit (Barbaroux and Bréda 2002). Further,
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Table 1 Radial distribution of total non-structural carbohydrates (TNC), soluble carbohydrates (sC) and starch in beech trunks (expressed in gram
per 100 g dry mass (DM)) at the end of growing season (late October), based on data from the studies in which radial analysis was performed

Reference Forest stand location Age® Diameter Sampling  Trunk radial Carbohydrate concentration
(year)  (cm) height (m) section (late October) in g100 g '
TNC SC Starch
Barbaroux and Bréda (2002), Hesse (Sarrebourg, France) 35 15 1.3 0-2 cm® 33 1.1 2.2
Barbaroux et al. (2003) 2.4 cm® 23 1.0 1.3
4-8 cm® 22 1.6 0.6
0-8 cm 2.5 1.3 1.2
Hoch et al. (2003) Hofstetten (Basel, Switzerland) 70-100 32 1.3 0-10 cm 4.2 1.0 32
0-2 cm 6.3 - -
2-4 cm 5.0 - -
4-10 cm 33 - -
Current study Bas Bois (Sarrebourg, France) ~110 55 0.3 0-2 cm 3.48 1.90 1.57
24 cm 1.59 1.43 0.14
4-8 cm 1.25 1.20 0.04
4-10 cm 1.19 1.15 0.03
0-8 cm 1.88 1.43 0.45
0-10 cm 1.73 1.36 0.36

The radial wood sections analyzed are specified as centimeter below the cambium, from the most recent to the oldest rings. To facilitate
comparisons between studies, wherever possible, carbohydrate concentrations were calculated for wood sections of similar length

*Trees exhibited contrasted ages, but ca. 20 years TNC contents of beech wood appear to be relatively stable during further ageing (Genet et al.

2010)

®In this study, the ten most recent rings were analyzed spanning about 4.2 cm; values for the 02 and 2—4 cm sections are averages for the five most

recent and five following rings, respectively

¢ Estimated by subtracting the 0—4 c¢m section values from the 0-8 c¢m section values

— Missing information

carbon costs for reproductive functions increase with age-
ing, while stem growth declines, thereby maintaining a
steady carbohydrate state (Genet et al. 2010). This view of
carbohydrate management may partly explain the lack of
relationships between crown conditions and carbohydrate
reserves and is consistent with the idea of carbohydrates as
active carbon reserves (Sala et al. 2012). Moreover, accord-
ing to the ICP manual, the lower tree-crown is not taken into
account for crown condition assessment, whereas it contrib-
utes positively to C assimilation. Therefore, as all the stud-
ied trees were declining, the range of health status might be
insufficiently contrasted to result in significant changes of
carbohydrate reserves. To some extent, the growth flexibil-
ity of beech trees may ensure carbohydrate reserve saving
under adverse conditions, which could prevent carbohydrate
depletion. Without additional adverse events, this strategy
may enable high resilience when growing conditions im-
prove. Nevertheless, over the accumulation of constraints
that affect the growth, C assimilation and C allocation,
during several consecutive years as in the current study
could cause a prolonged C imbalance. The demands for
carbohydrates to maintain metabolism may then require an
extra-mobilization of reserves.

) Springer f ﬁif;é IN%

4.3 The radial distribution of TNC reserves in the trunk
of beeches is likely affected by decline

Considering only the most recent, outer rings (in the 0-2 cm
section below the cambium), TNC contents measured in the
declining beech trees appear to be similar to those in many
healthy ones (Barbaroux and Bréda 2002; Barbaroux et al.
2003; Bréda et al. 2006; Genet et al. 2010; El Zein et al.
2011). However, even in the outer rings of the current study,
soluble carbohydrate content was fairly high, while starch
content was low compared to healthy trees. We observed
particularly low starch contents in comparison to Barbaroux
et al. (2003) and even more in comparison to Hoch et al.
(2003). In the beech trunks examined by Hoch et al. (2003),
starch reserves were abundant, while soluble carbohydrate
content was similar to that reported in further studies. How-
ever, these high levels of starch do not seem to be outliers
and were almost the same as those measured at 0.3 m by
Barbaroux et al. (2003). In addition, the beeches studied by
Hoch et al. (2003) were in very good health, growing in a
highly fertile site, with high growth rates thanks to absence
of climatic constraints. The reported carbohydrate content
could therefore be regarded as optimal reference values for
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mature, healthy beech trees. TNC distribution in trunk of the
studied declining beech trees showed a stronger radial de-
crease than healthy ones, especially for starch content which
abruptly decreased. From these observations, it appears
possible that the current long-term decline may be accom-
panied by a depletion of the carbohydrate reserves in the
older wood rings of the trunk, while they were maintained in
the outermost wood rings.

Ray parenchyma cells serve as prominent sites of starch
storage in beech wood (Essiamah and Eschrich 1985) and
the most efficient radial translocation routes (Sauter and
Witt 1997). In beech trunks, ray parenchyma is multiseriate
and large (up to 20 cells) and accounts for 20 % of total
woody tissue (Burgert and Eckstein 2001), and TNC can be
detected in the oldest wood rings close to the pith (Magel et
al. 1997; Hoch et al. 2003). In the current study, the high
proportion of soluble carbohydrates, with very small
amounts of starch, may indicate high hydrolysis and mobi-
lization of starch reserves, especially in older rings. Fructose
and glucose are intermediates in starch—sucrose conversion,
and sucrose is considered to be the main transport carbohy-
drate in the ray parenchyma (Sauter and Witt 1997). Con-
trary to the assumption that most starch stored in old rings is
sequestered and unusable (Millard et al. 2007), beech would
be able to use its deep carbon that could help to sustain the
carbon balance in case of multi-year carbon limitation. This
hypothesis was discussed in coniferous or tropical species,
but up to now never mentioned in beech. Thereby, Vargas et
al. (2009) demonstrated that some tropical tree species allo-
cate older carbon pools to growth recovery after extreme
conditions causing severe damage to crowns and roots.
Similarly, carbohydrates in spruce heartwood can be
recycled to support growth of outer tree rings (H61l 1997),
and Galiano et al. (2011) observed almost complete deple-
tion of TNC stored in the bole sapwood of Scots pine after
several years of extreme drought. Horizontal transfers
through the parenchyma rays, from the oldest rings, provide
connections with the sieve elements in the phloem, allowing
steady carbohydrate contents to be maintained in the most
recent rings when replenishment from phloem carbohydrate
is limited.

5 Conclusions

After cumulated climatic events, the studied beech trees
exhibited severe crown conditions. Despite the limited liter-
ature available on the TNC of beech, its radial distribution in
the trunk seemed to be affected by decline. Starch depletion
was more pronounced in the older rings, while carbohydrate
contents appear partly maintained in the outermost rings.
During long term, under adverse growing conditions, car-
bohydrate reserves depletion could take place probably

together with a gradual increase of C limitation. Finally,
whatever the health status, it should be recommended to
assess TNC contents in beech trees over the whole radial
cross sections. Further investigations are needed on mature
beech trees to understand the impact of adverse events on
their carbon allocation scheme.
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