Research paper

Age dependence of xylogenesis and its climatic sensitivity in Smith
fir on the south-eastern Tibetan Plateau

Xiaoxia Li', Eryuan Liang'®, Jozica Gricar?, Peter Prislan3, Sergio Rossi* and Katarina Cufar3

'Key Laboratory of Tibetan Environment Changes and Land Surface Processes, Institute of Tibetan Plateau Research, Chinese Academy of Sciences, Beijing 100101, China;
Department of Yield and Silviculture, Slovenian Forestry Institute, Vecna pot 2, 1000 Ljubljana, Slovenia; *Biotechnical Faculty, Department of Wood Science and Technology,
University of Ljubljana, Rozna dolina, 1000 Ljubljana, Slovenia; “Département des Sciences Fondamentales, Laboratoire d'Ecologie Végétale, University of Quebec in
Chicoutimi, 555, Boulevard de I'Université, Chicoutimi (QC) G7H2B1, Canada; Corresponding author. Institute of Tibetan Plateau Research, Chinese Academy of Sciences,
Building 3, Courtyard 16, Lin Cui Road, Changyang District, Beijing 100101, China (liangey@itpcas.ac.cn)

Received June 7, 2012; accepted October 8, 2012; published online November 25, 2012; handling Editor Annikki Makela

An age effect on growth trends and climate/growth relationships of trees can possibly be discovered by analysing the sea-
sonal dynamics of xylem development. The aims of this study, therefore, were to compare xylem formation of young (43 + 4
years) and old (162 £ 26 years) Smith fir (Abies georgei var. smithii (Viguie & Gaussen) W. C. Cheng & L. K. Fu) trees in the
Sygera Mountains, south-eastern Tibetan Plateau and, to identify the association between wood formation and climate. The
seasonal radial growth dynamics of young and old trees was monitored on microcores collected at weekly intervals during two
growing seasons. Transverse sections through phloem, cambium and outermost xylem of 9—12 um thickness were observed
with a light microscope under bright field and polarized light to follow the cambial activity and differentiation of the develop-
ing xylem. Young trees were characterized by an earlier onset of xylogenesis, a longer growing season and a higher growth
rate, resulting in a higher number of xylem cells. Both young and old trees responded fast to changes of the minimum air
temperature, confirming that this factor was dominant by controlling Smith fir growth on the south-eastern Tibetan Plateau.

Keywords: Abies georgei var. smithii, age dependence, dendroclimatology, minimum temperature, south-eastern Tibetan

Plateau, tree ring, weekly wood formation, xylogenesis.

Introduction

Tree-ring chronologies are considered suitable tools for recon-
structing past climate (Fritts 1976, Schweingruber 1996,
Hughes et al. 2011). Their reliability is based on the assump-
tion that the processes linking climate with tree-ring growth
remain unaltered over time (Hutton 1788). However, several
recent studies have demonstrated that the relationships
between growth and climate differ with tree age (e.g., Eckstein
and Krause 1989, Carrer and Urbinati 2004, Linderholm and
Linderholm 2004, Mencuccini et al. 2005, Yu et al. 2008, De
Luis et al. 2009, Rozas et al. 2009, Vieira et al. 2009, Wang
et al. 2009), but such evidence was not generally confirmed
(Esper et al. 2008). As tree rings are the most widely

distributed and best replicated proxies for reconstructing cli-
mate, it is necessary to evaluate the age dependence of growth
responses to climate and to confirm the assumption that envi-
ronment affects tree-ring formation independently of tree age.

An increasing number of studies on the temporal dynamics of
cambial activity have been conducted with various tree species
worldwide during the past three decades (e.g., Eckstein 1983,
Sass et al. 1995, Deslauriers and Morin 2005, Gricar et al. 2005,
Rossi et al. 2006, Camarero et al. 2010), enhancing our under-
standing of wood formation and its association with climate. It has
also been shown that both intra- and inter-annual growth—climate
associations may provide more climatic information than those
derived from either of them (Cufar et al. 2008, 2011, Makinen
et al. 2008, Oberhuber and Gruber 2010, Seo et al. 2011).
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On the Tibetan Plateau, dendroclimatic investigations have
considerably increased in number over the last decade (see a
brief review by Liang et al. 2012), but basic knowledge on the
temporal dynamics of xylem development is still limited. A
main limitation is retrieving climatic signals from tree rings
from a physiological point of view. Smith fir (Abies georgei
var. smithii (Viguie & Gaussen) W. C. Cheng & L. K. Fu) is one
of the dominant tree species with a strong dendroclimatic
potential on the south-eastern Tibetan Plateau (Liang et al.
2009). However, information on its intra-annual wood forma-
tion dynamics and age-related xylogenesis is lacking.
Important questions remain whether the xylem in young trees
is able to record useful climatic signals, and whether this
information remains stable during the lifespan of the trees.

The aims of the present study, therefore, were to compare
the timing and duration of different phases of wood formation
and their relationships with climate between two age classes
to investigate the age-dependent dynamics of xylem formation
in Smith fir. Based on the recent findings (e.g., McMillan et al.
2008, Rozas et al. 2009, Copenheaver et al. 2011, Haavik
et al. 2011), we challenged the hypotheses that cambial phe-
nology changes with age and that age increases the sensitivity
of trees to climate.

Materials and methods

Study area and tree species
The study was conducted on the eastern side of the Sygera

Mts. on the south-eastern Tibetan Plateau, China (Figure 1).
The climate is semi-humid, with abundant monsoon rainfall
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during summer. According to the meteorological records in
Nyingchi (Linzhi, 29°34’N, 94°28’E, 3000 m a.s.l) for the
period 1960-2009, mean annual precipitation is 673 mm,
72% of which falls during the monsoon season from June to
September (Liang et al. 2010). The annual mean temperature
is ~8.8°C, with snow cover usually persisting from November
until May.

Smith fir (A. georgei var. smithii) grows along an altitudinal
gradient from 3550 to 4400 m a.s.l. (Liang et al. 2011a). The
study site is located at 3850 m a.s.l. (Figure 1) on a south-east
facing slope with an angle of 15° and characterized by acid
brown forest soils with a thickness of >0.5 m. The forest can-
opy coverage is around 0.6.

Sampling design and determination of wood formation

Two age classes were defined and five trees per class were
selected on the same site in April 2007, resulting in young and
old trees with a mean age of 43 £ 4 and 162 * 26 years, and
diameter at breast height of 11 £2 and 54 +9 cm, respec-
tively. Only healthy and undamaged trees were selected, while
trees with polycormic stems, partially dead crowns or obvious
reaction wood were avoided.

Wood formation was weekly monitored from May to October
in 2007 and 2008. Microcores (15 mm long, 2 mm in diame-
ter) were sampled around the stem at breast height using
Trephor (Rossi et al. 2006) and fixed in formalin—ethanol—
acetic acid solution. In the laboratory, the microcores were
rinsed with water, dehydrated in a graded series of ethanol and
embedded in paraffin. Transverse sections, 9—12 um thick,
were cut with a Leica RM 2245 rotary microtome (Leica

29° 45'N

94° 45'E

Figure 1. Map showing the location of the forest sampling site and of the meteorological station at Nyingchi; inset (upper right corner) shows the

location of the study area on the Tibetan Plateau.
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Microsystems, Wetzlar, Germany), using Feather N35H knives
(Osaka, Japan), and stained with 3% safranin (Merck,
Darmstadt, Germany) and 0.5% astra blue (Sigma-Aldrich,
Steinheim, Germany), both in 95% ethanol. The sections were
observed with a Nikon Eclipse 800 light microscope under
bright field and polarized light to follow the cambial activity and
to differentiate the developing xylem.

In spring, when at least one cell was observed in the enlarg-
ing phase, xylem formation was generally considered to have
begun (Rossi et al. 2006). For most microcore cross-section
slides, three radial files were randomly selected for observa-
tions, in few cases we chose the files in which xylem differen-
tiation phases could be easily identified. Considering a weekly
sampling interval in our study, an occurrence of 1-2 enlarging
xylem cells along any of the checked three radial files was a
threshold to identify the onset of wood formation. The phases
of xylem differentiation (Figure 2) were defined as follows:
cells in the phase of enlarging (EM) and of wall thickening and
lignification (WT) and mature cells (MC) (Gricar et al. 2005,
Rossi et al. 2006, Oladi et al. 2011). In a cross section, cambial
cells were characterized by thin cell walls and small radial
diameters. During cell enlargement, the tracheids contained
protoplast and had thin primary walls but their radial diameter
was at least twice the size of cambial cells (Rossi et al. 2006).
Measurements in five young and five old Smith fir trees showed
that the radial diameters of the first mature earlywood tra-
cheids were 31.80 £ 1.05 and 30.65 + 1.75 um in 2007, and
25.54 +1.34 and 29.01 £ 3.32 um in 2008, respectively. The
dimensions of tracheids showed no significant age-dependent
differences (analyses of variance (ANOVA), P> 0.05). Thus,
tree age should have no effect on identifying the first enlarging
cells according to the above definition. Observations under
polarized light enabled us to discriminate between enlarging

and cell-wall-thickening tracheids. When all walls of the
tracheids were lignified and the protoplast was lost, cells were
mature and wood formation was considered complete (Rossi
et al. 2006). The numbers of tracheids in each of the develop-
mental stages were counted along three radial files. We should
keep in mind that they can be different along the three checked
radial files. The mean rate of xylem-cell production was esti-
mated as a ratio between the final number of cells and the
duration of xylogenesis.

Statistical analyses

Air temperature and precipitation have been recorded daily by
a meteorological station (linear distance ~50 km from the
study site) in Nyingchi, which suitably represented variations in
temperature and precipitation of the study area (Liang et al.
2011b), and Pearson’s correlations with xylem-cell production
(including cells in enlarging and wall-thickening phase and
mature cells) were calculated. To verify the presence of time-
lag effects, cross-correlations were used. The daily weather
data were averaged for various 7-day periods, where the first
one corresponded to the period between two subsequent
sampling dates (referred to as PO), and then to the periods
which were successively shifted backwards by 1-10 days
before the sampling date (referred to as P1 to P10). Herein,
weekly minimum and maximum temperatures represented the
lowest and the highest temperature of the average 7-day
period (Deslauriers and Morin 2005).

Timing and duration of xylogenesis, the final number of
xylem cells and the rate of cell production were compared
between the age classes and study years using ANOVA (SAS
Institute Inc., Cary, NC, USA). Before, the data were checked
for normal distribution and uniformity of variance using the
Shapiro—-Wilk and Bartlett’s test, respectively (Zar 1999).

¥
W

100 pm

+

Figure 2. Phases of xylem formation in Smith fir: (a) cambial cells (CZ) on 21 April, (b) enlarging (EM) and wall-thickening (WT) cells, under polar-
ized light, on 16 June, (c) cell-wall-thickening (WT) and mature cells (MC) on 19 August, (d) mature cells on 30 September.
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Results
Xylem differentiation

The timing of cell differentiation differed between young
and old trees in both years. In the first samples collected on
24 May 2007, eight and two layers of enlarging (EM) cells
were detected in young and old trees, respectively. Because of
too high snow level, the sampling area could not be accessed
and therefore we missed the onset of wood formation in 2007,
but higher number of newly formed tracheids in young trees

Age dependence of xylogenesis in Smith fir 51

suggested that wood formation started earlier in young than in
old trees (Figure 3). In 2008, cell enlargement started in young
trees on 10 May and in old trees on 31 May (Figure 3; Table 1)
(ANOVA, P < 0.001); in both cases, we observed 1-2 EM cells.
Heavy snowfall between 10 and 31 May prevented us from
sampling, but small number of EM cells and no cells in the
phase of wall thickening indicated that cell production in old
trees started at the end of May.

In 2007, the highest numbers of enlarging cells in both age
classes were observed from the end of May to mid-June, while
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Figure 3. Number of cells in different stages of xylem differentiation in young and old trees along days of the year (DOY) in 2007 and 2008; error

bars indicate £ SD for five trees per sampling date.

Table 1. Timing and duration of xylem differentiation and cell production in young and old Smith fir trees in 2007 and 2008 (n =5 trees per age
group); onset and end of xylem formation phase are given in days of the year.

Age group Enlargement Wall thickening Xylem differentiation
Onset End Onset End Duration Xylem cells (n)
(days)
2008 2007 2008 2007 2008 2007 2008 2008 2007 2008
Young 1310 235+ 4 2433 153+0 159+ 0 2737 2790 148+ 0 47 £8 492
Old 1520 2323 241 £ 4 165+7 1660 272+8 2725 119+3 21+5 21 £ 1

Tree Physiology Online at http://www.treephys.oxfordjournals.org
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in 2008 the highest values were observed in mid-June. The
end of cell enlargement lasted from late August to early
September in both young and old trees (Figure 3; Table 1). No
significant difference in the date of termination of cell enlarge-
ment was detected between the two age classes in 2007 and
2008 (ANOVA, P > 0.05).

In both years, wall thickening in young trees started in early
June, ~1-2 weeks earlier than in old trees. In 2007, the maxi-
mum number of cells in the stage of wall thickening was
observed at the end of June, with 10—-14 and 6—7 cell layers in
young and old trees, respectively. In 2008, the maximum num-
ber of wall-thickening cells was observed during July, with
9-13 and 7-9 layers in young and in old trees, respectively.
Cell wall thickening and lignification ended between late
September and early October. No significant difference in the
date of cessation of this differentiation phase was found
between the two age classes (ANOVA, P> 0.05) and years
(Figure 3; Table 1). In 2008, the duration of wood formation
lasted ~5 and 4 months in young and old trees, respectively.

The period when there was no cambial division lasted from
August 2007 through April 2008; during dormancy the cam-
bium consisted of 6-8 cells in both age classes. At the top of
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the growing seasons, between the end of May and mid-June,
the cambial zone reached a maximum number of cells, around
10 cell layers.

Significant differences were found in the number of xylem
cells and in the rate of cell production between young and old
trees (ANOVA, P < 0.001). Young trees produced up to 50%
more cells than old trees (Figure 4a, c and d; Table 1). The cell-
production rate in young trees was also higher by 54 and 47%
in 2007 and 2008, respectively (Figure 4b). An earlier onset
of cell differentiation, and consequently a longer growing sea-
son and a higher rate of cell production in young trees led to a
higher number of xylem cells along the radial files than in old
trees in both study years.

Relationship between xylogenesis and climate

Throughout the two growing seasons, the number of xylem
cells produced (Figure 4) up to the sampling date in compari-
son with the situation 1 week earlier was significantly and posi-
tively correlated with the minimum air temperature with a time
lag in both age groups (Figure 5). The temporal pattern of the
correlations was rather similar in both age classes. Minimum
temperature during the week when the cells were produced
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Figure 4. Xylem growth in young (closed circles and black bars) and old (open circles and open bars) trees in 2007 and 2008: (a) number of
xylem cells; (b) average cell production (number of cells/day) in young and old trees; (c, d) increasing number of produced xylem cells (including
enlarging, wall-thickening and mature xylem cells) vs. time in 2007 and 2008; error bars indicate £SD for five trees in (a,b) and for five trees per

sampling date in (c,d).
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respectively.

had no significant influence on cell production. However, we
observed significant correlations between cell production and
temperatures with time lags. In old trees, positive correlations
were found with minimum temperatures at time lags =5 days
(r=0.33, P<0.05), whereas in young trees the correlations
were significant with time lags >3 days (r=0.35, P<0.05).
Cell production was not significantly correlated with maximum
temperature, except at P8 in young trees. Correlations between
cell production and mean temperature were significant in case
of time lags from P7 to P10; they can be explained by an effect
of minimum temperature. However, no significant correlation
was found between cell production and precipitation from PO
to P10.

Discussion

Age-dependent xylogenesis

Our results supported the hypothesis that xylogenesis differed
with tree age. Although high snow levels in May made it diffi-
cult to reach the sampling area, we could show that the onset
of cell production and differentiation (cell enlargement and wall
thickening) occurred earlier in young trees, as also reported by
Deslauriers et al. (2003) and Rossi et al. (2008a, 2008b).
However, in contrast to Rossi et al. (2008a, 2008b), no differ-
ences were observed for the end of cell differentiation between
the two age classes. As reported by several authors (e.g.,
Thibeault-Martel et al. 2008, Gricar et al. 2009, Lupi et al.
2010, Rathgeber et al. 2011), we also observed that the higher
the amount of xylem produced, the longer was the period of

wood formation. In young trees, xylem differentiation started
earlier and, as a result, more xylem cells were formed than in
old ones, notwithstanding the fact that wood formation in both
age classes ended at the same time.

Timing and duration of wood formation are closely related to
the resumption of xylogenesis (Rossi et al. 2012). The onset of
cell production is affected by several external and internal fac-
tors, and is related to age (genetic control) or size (physiological
control) of the trees. In fact, the supposed age-related timing
of xylogenesis, as found by Rossi et al. (2008a, 2008b), was
detected in the observed trees of both ages and sizes. Thus,
the older trees analysed by Rossi et al. (2008a, 2008b) exhib-
ited also larger diameters and thicker barks, which could nega-
tively influence the spring dynamics of warming of the stems.
Rathgeber et al. (2011) avoided the problem of age by analys-
ing even-aged trees, and found that cambial activity started
earlier and ended later in dominant trees than in intermediate
and suppressed ones; consequently, they deduced that cell dif-
ferentiation could be affected by tree height and crown area. In
our study, however, xylem differentiation started earlier in
young and less high trees, which had smaller crowns than the
old trees. Xylem development is regulated by auxin, which is
produced in activated buds and exported basipetally along the
stem (Uggla et al. 1998, Aloni 2001). According to this hypoth-
esis, one possible explanation for the earlier onset of xylogen-
esis in young trees is that the base of the stem is closer to the
crown—and hence to the source of auxin—than in old trees
(Rossi et al. 2008a). However, no robust pattern for the pro-
gression of the onset of cambial activity was observed between
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stem and roots, nor along the stem (Savidge 2000, Thibeault-
Martel et al. 2008, Anfodillo et al. 2012). As observed by
Sundberg et al. (2000), auxin concentration was similar
between dormant and active cambia, indicating that auxin
transport from young shoots may not be a prerequisite for
cambium reactivation (Rossi et al. 2009). The gene expression
in meristems may be fundamentally altered as the trees get
older and larger (Woo et al. 1994, Day et al. 2002). As a con-
sequence, tree age could influence the seasonal reorganization
of the xylem transcriptome (Li et al. 2010), genetic control of
cell anatomical traits (Lenz et al. 2010) and tree physiology
(Vanninen and Makeld 2000, Li et al. 2009). The actual knowl-
edge of age-related xylem differentiation therefore still remains
fragmentary and could be related to possible complex interac-
tions among gene expression, hormonal signals and environ-
mental factors.

Influence of climatic factors on wood formation

Throughout the two growing seasons, minimum temperature
positively influenced wood formation in both young and old
trees. This is in agreement with results from high latitudes and
altitudes (Deslauriers and Morin 2005, Rossi et al. 2008b,
Moser et al. 2010, Zhu et al. 2011) and also with previous den-
droecological and dendroclimatological studies in Smith fir in
the Sygera Mts. (Liang et al. 2010). Cambium is a carbon sink
(Deslauriers et al. 2009) and xylem formation is a complex
process involving cell divisions and differentiation for several
weeks during the year, which requires a continuous supply of
sucrose. Rossi et al. (2008b) reported that there is evidence
for a temperature threshold above which tree growth occurs,
although the effects of minimum and maximum temperatures
were not disentangled. In our work, the key factor limiting the
production and differentiation of xylem cells of high-elevation
Smith fir was minimum temperature, while no significant results
were observed with maximum temperature. Comparing the
daily growth responses of conifers to maximum and minimum
temperatures, stronger correlations were observed with the
latter (Antonova and Stasova 1993, Deslauriers and Morin
2005, Xiong et al. 2007, Rossi et al. 2008b, Boulouf Lugo
et al. 2012). Moreover, the cell-doubling time remains quite
constant at temperatures of 10 — 25 °C, but triplicates when
temperatures fall from 10 to 5 °C (Koérner 2003), which could
correspond to the situation at our site. As suggested by Hosoo
et al. (2002), cell growth is assumed to occur mainly during
night, when temperature is low. There is increasing evidence
that minimum rather than maximum temperature plays the
most important role in constraining growth by acting on tissue
formation in cold environments, such as at alpine timberlines
across the Tibetan Plateau (e.g., Brauning and Mantwill 2004,
Liang et al. 2009, Zhu et al. 2011).

Both young and old Smith firs are sensitive to climate during
xylem formation, which rejects the initial hypothesis that old

trees were more sensitive to climate than young trees.
Compared with young trees, old trees have a higher hydraulic
resistance and lower photosynthetic rates, which might poten-
tially increase the climatic sensitivity reflected in their growth
(Carrer and Urbinati 2004, Mencuccini et al. 2005, Wang et al.
2009, Mérian and Lebourgeois 2011). However, in our case,
both young and old Smith firs significantly responded to tem-
perature. This is in agreement with conclusions by Shi et al.
(2011), who demonstrated that tree-ring 8'80 series from
young Linzhi spruce trees (Picea likiangensis var. linzhiensis
W. C. Cheng & L. K. Fu) in south-eastern Tibet record similar
climatic signals as old ones. Due to a higher cell-production
rate, young trees might respond faster to changes in minimum
temperature. A more direct response of young trees was found
by Begum et al. (2010), who observed new cell plates in the
cambium of 55-year-old Cryptomeria japonica (L.f) D. Don.
after 4 weeks and of 80-year-old trees after 5 weeks of artificial
heating. This indicated that young trees were more ready to
respond to changes in temperature, and helped to explain their
early onset of xylogenesis in spring. This work will help one to
understand better the recent studies based on tree-ring width
and climate relationships which report that the growth of young
trees is also climatically sensitive (McMillan et al. 2008, Rozas
et al. 2009, Copenheaver et al. 2011, Haavik et al. 2011).

Conclusions

Despite an increasing number of dendroecological and den-
droclimatological studies in the recent decades, this is to date
the first study on intra-annual xylem development of high-
elevation forests on the Tibetan Plateau. The results represent
an important step towards a better understanding of xylem
growth and factors affecting tree-ring formation. The duration
of wood formation was shorter in old than young trees. Both
young and old trees were sensitive and responded rapidly to
changes in minimum air temperature. This investigation dem-
onstrated that minimum rather than maximum temperature
was the dominant climatic regulator for Smith fir growth in the
Sygera Mts. However, long-term monitoring of age-dependent
xylem development of Smith fir at various elevations in the
Sygera Mts. will be necessary to confirm these preliminary
results.
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