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PREMISE OF THE STUDY: Most dendroecological studies focus on dominant trees, but little is known
about the growing season of trees belonging to different size classes and their sensitivity to biotic factors.
The objective of this study was to compare the dynamics of xylem formation between dominant and
suppressed trees with similar ages in Abies fabri (Mast.) Craib growing in the Gongga Mountains,

southeastern Tibetan Plateau, and to identify the association between xylem growth and climate.

METHODS: The timing and duration of xylogenesis were investigated weekly on histological sections

during the 2013-2015 growing seasons.

KEY RESULTS: Our investigation found that timing and duration of xylogenesis varied with canopy
position and its associated tree size. Xylogenesis started 6-14 days earlier, and ended 5-11 days later in
dominant trees than in suppressed trees, resulting in a significantly longer growing season. Dominant trees

also exhibited higher temperature sensitivity of tracheid production rate than suppressed trees.

CONCLUSIONS: The observed differences of xylogenesis among trees suggested that competition affects
tree growth by reducing the growing period in suppressed trees. Representative climate-growth
relationships should involve trees of all size classes when evaluating the effects of the environment on

forest dynamics.

KEY WORDS: Abies fabri (Mast.) Craib; cambial activity; competition; Tibetan Plateau; secondary

growth
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Competition, as a major endogenous process, plays a critical role in moderating species’ distribution
patterns and responses to climate change (Franklin et al., 1987; Turner, 2010; Zhang et al., 2015).
Neighboring trees compete for limiting resources, resulting in different size classes, such as dominant and
suppressed trees (Chu et al., 2009). There is extensive evidence that tree growth sensitivity to climate
increases with decreasing competition intensity (e.g. Martin-Benito et al., 2011; Rozas and Olano, 2013;
Sanchez-Salguero et al., 2015). Intraspecific and interspecific competition can influence forest dynamics.
As shown by analysis of trees in plots across treeline ecotones, upslope migration rates of alpine treeline
are controlled largely by species interactions (Liang et al., 2016), and increasing competition between
adults and juveniles or seedlings could counteract positive effects of future warming on tree growth (Wang
et al.,, 2016). However, climatic sensitivity of tree growth according to competition status is variable,
species specific and site dependent (McDonald et al., 2002; Carnwath and Nelson, 2016; Tullus et al.,
2017). Most results on the effects of competition on climate-growth relationships in dendroecology are
derived from year-to-year variations in basal area increment associated with climate variability, but they
lack thorough understanding of the timing and processes of xylem growth (Fraver et al., 2014; Sanchez-
Salguero et al., 2015; Carnwath and Nelson, 2016). Furthermore, trees subjected to contrasting competition
status can differ in their xylem growth pattern, potentially influencing the responses to climate variability
(Linares et al., 2010; Castagneri et al., 2008). However, the mechanism driving intra-annual dynamics of
xylem formation among different competition statuses is still scarcely known.

The intra-annual dynamics of xylem formation in various tree species have been investigated
worldwide, contributing to a deeper understanding of the timing and duration of cell production during the
growing seasons (e.g. Oribe et al., 2001; Seo et al., 2011; Cuny et al., 2015; Pérez-de-Lis et al., 2016;
Ren et al., 2018). However, most studies have focused on dominant trees without separating the effect of
size or age. Information regarding the timing of xylogenesis among different tree sizes is rare (Rathgeber et
al., 2011). In particular, there is basically no information about the intra-annual growth of trees of different
sizes in natural forests, although several studies have reported that the reduction of competition through
thinning induces a longer growing season, higher ¢ Gottaell production rate and enhanced xylem growth
(Grotta et al., 2005; Linares et al., 2009; Lemay et al., 2017). More systematic investigation is needed

because variations of timing and duration of xylogenesis with different tree size in natural forests would be
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important to improved understanding of phenology, carbon and water cycling, informing ecosystem models,
and more accurate assessment and representation of tree-ring growth-climate relationships.

The objective of this study is to compare timing and duration of xylogenesis between dominant and
suppressed trees of similar age in a natural Abies fabri (Mast.) Craib forest in the Gongga Mountains,
southeastern Tibetan Plateau. Previous studies have found that the radial growth of this species was
correlated to April-June temperature (Liu et al., 2011). Based on the evidence that dominant trees have
larger stems, we hypothesized that 1) the timing and duration of xylogenesis varies with canopy position
and its associated tree size in a natural forest; 2) dominant trees are more sensitive to spring temperature

during growth reactivation.

MATERIALS AND METHODS

Study site and tree selection—The study site (29°34' N, 101°59" E, 3000 m a.s.l.) is located in the

Gongga Mountains, southeastern Tibetan Plateau, a region characterized by a cold-temperate and humid
climate (Chang et al., 2003). According to the weather station installed nearby the site, the annual average
temperature is 3.8 °C, with average temperatures of the coldest (January) and hottest (July) months of -7.6
and 17.5 °C, respectively. Annual precipitation is 1940 mm.

Abies fabiri (Mast.) Craib grows in natural forests mixed with Picea brachytyla, Picea likiangensis var.
balfouriana, Rhododendron spp., Populus purdomii Rehd, and Salix magnifica Hemsl. Pure natural Abies
fabiri forests occur between 2800 m and 3800 m a.s.1.

Trees belonging to two size classes of Abies fabri (Mast.) Craib were selected based on canopy positon
and the diameter at breast height (DBH). Paired suppressed and dominant trees within a distance of 3 m
were selected for weekly microcore sampling. Suppressed trees have smaller DBH and lower canopy than
dominant trees. To avoid age effects, dominant and suppressed trees with similar age were finally selected
after establishing tree age by taking tree-ring cores at DBH. Dominant and suppressed trees had a mean
DBH of 64.6+13.6 and 38.442.9 cm, and a mean height of 23.94+2.1m and 21.74+2.3m, and a mean crown
projected area of 63.0+£23.9 and 34.4+14.0 m?, respectively (Appendix S1, S2, see Supplement Data with
this article). Five trees per class with upright stem, healthy overall appearance, and similar growth patterns
were selected. Trees with polycormic stems, partially dead crowns, reaction wood or evident damage were

avoided. Tree-ring cores from each sampled tree at DBH were taken and tree ages at DBH were determined

4
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by counting the rings. The ages of dominant and suppressed trees in DBH were 187.4+18.9 and 177.6+20.4
years, respectively (Appendix S1). The differences in age between two classes were 9.8 + 5.2 years (¢ =

4.202, df =4, P=0.014), being much less than the variation among individual within class.

Sample collection and preparation—In 2013-2015, microcores (2 mm in diameter and 15-mm long) were

collected weekly between April and October at breast height using a Trephor device (Rossi et al., 2006a).
Before sampling, the outer bark was partly removed to just above the living tissues. The microcores were
stored in 50% ethanol to avoid deterioration of the tissues. In the laboratory, the microcores were marked
with a pencil on the transverse section, dehydrated in a series of ethanol and limonene solutions, and
embedded in paraffin. The transverse sections were cut with a rotary microtome, stained with safranin and
astra blue, and permanently fixed on glass slides (Gricar et al., 2006). The sections were observed under

visible and polarized light to detect cambial activity and to differentiate the developing xylem.

Analysis of xylem development—The developing xylem was divided into zones of enlarging tracheids,

secondary-wall formation, and mature tracheids (Deslauriers et al., 2014). For each sample, the radial
number of cells in the cambial zone, radial enlargement, cell-wall thickening and the mature cells were
counted along three radial files (Rossi et al., 2006b, Huang et al., 2014). Cambial cells are characterized by
thin cell walls and small radial diameters. Enlarging cells have thin primary cell walls, but a diameter twice
that of cambial cells (Camarero et al., 2010). Unlike cells with secondary walls, cambial and enlarging
cells are not illuminated under polarized light. Hence, observations under polarized light enable
discrimination between enlarging and wall-thickening tracheids. When no cytoplasm is observed in the cell,
and the color of whole cell wall changes from blue to red, lignification is complete and tracheids are mature.
In spring, when at least one row of enlarging cells was observed, xylogenesis was considered to have begun
(Li et al., 2013, 2017); in late summer-early fall, when no cells were observed in wall thickening and
lignification stages, xylogenesis was considered finished (Rossi et al., 2008). The period between the
initiation of cell enlargement and the presence of the first mature cells was calculated (Jacobsen et al.

2018). The dates of xylem phenology were computed as days of the year (DOY).
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Data analysis and statistics—Timing and duration of xylogenesis were compared between dominant and

suppressed trees using paired ¢-tests after checking the assumptions of normality.

The dynamics of total tracheids number were fitted using the Gompertz function defined as:

y=Aexp [-e/ ]

where y is the weekly cumulative sum of tracheids, t is the time of the year computed as day of the year, A
is an asymptote (constant) and B and k are constants reflecting the x-intercept placement and rate of change,
respectively (Deslauriers et al., 2003; Gruber et al., 2009).

From the estimated parameters of the Gompertz function, the date of the inflection point (#,), the
corresponding maximum tracheid production rate (rmax) and the average tracheid production rate (rm) were

computed according to Rathgeber et al. (2011) as:

t=plk
Fmax= kA/e
m~9/40 ermax
The sensitivity of tree growth to temperature was calculated as the slope of the regression between
average tracheid production rate (Nc./day) and the mean temperature of April-June, where Nee is number
of cells. A General Linear Model was applied to compare the differences in the sensitivity of tree growth to

temperature in the two classes.

RESULTS

Similar patterns of variation in the number of cambial cells were observed in dominant and suppressed
trees. The dormant cambium consisted of 4-6 cells in both classes in all years (example in Fig. lc, f for
2015). In later spring, the cambial cells started to divide and the cambial zone widened rapidly. The
number of cambial cells reached its maximum between June and July, with 8-9 cells. Cambial cell division
ended in late August.

Dominant and suppressed trees had the same trend but with different timing of xylem formation. The
number of cambial cells, enlargement and wall-thickening cells represented bell-shaped curves, whereas

mature cells exhibited a sigmoid pattern. One or two layers of enlarging cells were detected in dominant
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trees on 29 May 2015 (Fig. 1a), while no differentiating cells occurred in suppressed trees (Fig. 1d). On 5
June, three or four layers of enlarging cells were observed in dominant trees (Fig.1b) and one layer of
enlarging cells was observed in suppressed trees (Fig. 1e). In dominant trees in 2014, at the beginning of
xylogenesis (DOY 147, Fig. 2), the number of enlarging cells increased. Once wall thickening was
observed (DOY 181, Fig. 2), the number of enlarging cells gradually declined while the number of wall-
thickening cells increased. The number of mature cells gradually increased.

Significant differences were observed in the onset of growth (=-3.083, df=14, P=0.008, Appendix S3)
between dominant and suppressed trees. The dominant trees produced the first enlarging cells on DOY 143-
147, about 6-14 days earlier than suppressed trees (Table 1). The period between the initiation of cell
enlargement and the presence of the first mature cells took 38.14+5.4 and 37.7+6.9 days, respectively, for
dominant trees and suppressed trees, showing no significant differences (=0.182, df=7, P=0.901).
Significant differences were detected in the ending of cell wall thickening between the two classes (=4.443,
df=9, P=0.002, Appendix S3). The cessation of cell wall thickening in dominant trees occurred on DOY
248-261, about 5-11 days later than suppressed trees (Fig 2, Appendix S3). In three years, the duration of
xylogenesis was significantly different between classes (+=7.529, df=9, P=0.000). Overall, dominant trees
had longer growing season and hence produced more mature tracheids than their suppressed counterparts
(Table 1). No significant difference was found among years in the onset, ending and duration of
xylogenesis (ANOVA, P>0.05).

Temperature and interactions between temperature and classes showed significant effects on growth
rate of Abies fabri (Mast.) Craib trees (P<0.05, Appendix S4). Significant differences were observed in the
slope coefficient of the linear regression equation between dominant and suppressed trees (GLM, F3=4.76,
P<0.05). The temperature sensitivity of tracheid production rate in dominant trees was higher than
suppressed trees (Fig. 3). For every 1°C increase in the mean temperature during early growing seasons, the

temperature sensitivities of tracheid production rate rose by 0.07 and 0.04 Nce/day°C-!, respectively.

DISCUSSION
Our results clearly showed that dominant trees had earlier onset and later cessation of xylem growth and

hence a longer duration of xylogenesis than suppressed trees. This is in agreement with the findings based



190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

on controlled experiments. As shown by Grotta et al. (2005) and Linares et al. (2009), the reduction of
competition through thinning induced a longer growing season and enhanced xylem growth, indicating that
the dominant trees have a longer duration of xylogenesis and produced more xylem. The timing of
xylogenesis is related to tree age and size. Tree age was considered to be one of the major internal factors
controlling the onset of cell production (Deslauriers et al., 2003; Rossi et al., 2008; Li et al., 2013, 2016).
However, disentangling the influence of tree age and size on xylem growth remains a challenge. Previous
studies suggested that at least 100-year differences in tree age could affect the timing and duration of xylem

growth significantly (Rossi et al., 2008; Li et al., 2013, 2016). In our case, an average age difference of~

10 years between two classes is much less than the age variation among individuals within the class. As
shown, young trees were characterized by an earlier onset of xylogenesis and a longer growing season than
old trees (Rossi et al., 2008; Li et al., 2013). In spite of a bit younger in suppressed trees, a later onset of
Xylogenesis and a shorter growing season in suppressed trees than in dominant trees mainly reflect
competitive status rather than age effect on xylem growth. In an even-aged silver-fir and maritime pine
plantation, Rathgeber et al. (2011) and Vieira et al. (2014) also observed that cambial activity started 3/1
weeks earlier and lasted longer in dominant/fast-growing trees than suppressed/slow-growing ones. The

timing and duration of xylogenesis varied with size class in natural forests, supporting our hypothesis.

The differences of xylogenesis between the two classes suggest that intraspecific competition could
affect tree growth and potentially the responses to climate. In fact, both natural studies and control
experiments have demonstrated that competition directly or indirectly modulates climate-growth
relationships (Sanchez-Salguero et al., 2015; Wang et al., 2016). At the individual level, we found that
growth sensitivity to temperature is greater in dominant trees than suppressed trees, which is in line with
other dendroecological studies (Martin-Benito et al., 2011; Rozas and Olano, 2013). Compared with
suppressed trees, dominant trees have longer growing seasons, which is influenced by climate directly, but
the earlier onset of growth also increases their risk from extreme climatic events (Begum et al., 2013). As a
result, the dominant trees are more vulnerable to climatic stresses than suppressed individuals (Thomas and
Winner, 2002; Niinemets, 2010). This supports findings that climate sensitivity of tree growth decreases
with increasing competition intensity (Martin-Benito et al., 2011; Rozas and Olano, 2013), since the

proportion of suppressed trees increases. As shown by dendroecological analysis, after the selective logging
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in the Mongolian forest—steppe a Larix sibirica forest was associated with a high sensitivity of stemwood
formation to high summer temperatures (Khansaritoreh et al., 2017). Several authors also reported that tree
growth sensitivity to climate change is lower in a mixed-species stand than in monoculture (Kozovits et al.,
2005; Thurm et al., 2016). Such an effect might be magnified in the vegetation transition zones such as the
treeline, and offers a physiological explanation for why increased competition diminishes the positive
effects of warming at the alpine treeline (Wang et al., 2016).

In conclusion, the timing and duration of xylem growth varied according to competitive status. This
case study showed that xylogenesis started earlier and stopped later in dominant trees than in suppressed
trees, resulting in a longer xylogenesis period. Furthermore, the sensitivity of tracheid production to
temperature variation early in the growing season was greater in dominant trees than in suppressed trees.
The comprehensive xylogenesis findings demonstrate that biotic competition can affect tree growth, forest
dynamics, and ecosystems. Dominant trees are inferred to be using water, carbon, and light resources for
growth earlier and later than the growth period of suppressed trees. The timing window for correlations of
climate to tree-ring formation is therefore likewise expected to be wider for dominant than for suppressed
trees. Xylogenesis in suppressed trees of Abies fabri at our site takes place over a shorter interval than that
of the dominant trees, but we do not know how universal this response is. It will be important to conduct

similar studies with other species at different locations.
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368

369 TABLE 1. Timing and duration of xylogenesis and number of xylem cells in dominant and suppressed Abies fabri (Mast.)

370 Craib trees in 2013-2015 (n=5 trees per diameter class); onset and end of xylem differentiation phase are given as day of

371 year (DOY).

372
Tree class Enlargement Wall thickening Xylem
differentiation

Onset (DOY) End (DOY) End (DOY) Duration (days) Xylem cells (n)

2013 2014 2015 2014 2015 2014 2015 2014 2015 2013 2014 2015
Dominant 1434 14743 14744 22240  220+4  253+4 261+6 1061 11343 1744 10£2 22410
Suppressed 14949 15744 16143 22246 21543 24845 25045 9345 93+13 1146  8+3 1043
373
374
375
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Figure Legends

FIGURE 1 Phases of wood formation observed in (a-c) dominant and (d-e) suppressed Abies fabri (Mast.) Craib trees on
the following dates: a and d, 29 May, 2015; b and e, 5 June; c and £, 9 September. CZ, cambium zone; EC, enlarging cells;

MC, mature cells. Bars are equivalent to 100 um.

FIGURE 2 Numbers of cells in the cambial zone, radial enlargement, wall thickening and lignification, and mature cells

in dominant and suppressed Abies fabri (Mast.) Craib. Error bars indicate mean + SD between five trees per sampling

date.

FIGURE 3 Temperature sensitivities of the tracheid production in dominant and suppressed trees during early growing

season (April-June) in 2013-2015. p denotes the significance of the regression equation.

16



= TA;»%:;‘%\
SSSSS)

404
405

406  FIGURE 1

407

17



2013 2014 2015

10 =

Cambial cells

Enlarging cells

Wall thickening cells

w
[e]le]

—&— Dominant trees
—O— Suppressed trees

NN
[«

iy
o

Mature cells
-
8]
E g 9 5 4 5 4 5% 9 4 F

o

100 150 200 260 100 150 200 250 100 150 200 280

408
409

410  FIGURE 2
411
412
413
414
415

416



417

418
419

420

421

422

423

424

425

426

427

428

429

430

431

FIGURE 3

0.28

=

()

~
|

Tracheid production rate (N o)/day)

® Doninant trees
O Suppressed trees s

y=0.113x-0.712 ¢
R =0.81,p<0.01

y=10.053x - 0.280
o R’=0.29,p<0.05

0.08

| ' T T T T T
7.8 8.0 8.2 8.4

Mean temperature during early growing seasons(°C)

19



432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

Appendix S1. DBH, height, age and projected crown area for dominant (D) and suppressed (S) trees. Tree height was

measured using a clinometer. Crown projection area was calculated by an average crown spread from 4 cross directions.

DBH (cm) Height (m) Age (y) Crown area (m?)
Tree No. D S D S D S D S
1 81 42 26 23.8 194 186 89.2 385
2 49 35 20.5 19 169 153 29.8 23.4
3 74 40 25 24 217 206 72 24.5
4 66 36 23.8 19.5 181 179 76.4 57.2
5 53 39 243 22 176 164 47.6 28.6
Average 64.6 384 239 217 187.4 1776  63.0 344
Standard

13.6 2.9 2.1 2.3 18.9 20.4 23.9 14.0
Deviation
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448 Appendix S2. Image of the paired dominant (D) and suppressed (S) Abies fabri (Mast.) Craib trees. Paired suppressed and
449 dominant trees within a distance of 3 m were selected. Suppressed trees have smaller DBH and lower canopy than

450 dominant trees. To avoid age effects, dominant and suppressed trees with similar age were finally selected after

451 establishing tree age by taking tree-ring cores at DBH.
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454
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Appendix S3. Paired #-tests performed on the phenophase collected from dominant and suppressed Abies fabri (Mast.)

Craib trees.
Dominant*suppressed
t df P

Onset of cell enlargement  -3.083 14 0.008
End of cell enlargement 1.478 9 0.171
End of cellwall-thickening  4.443 9 0.002
Durations of xylogenesis 7.529 9 0.000
Final numbers of cell 3.554 13 0.004
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Appendix S4. Comparison of general linear models (GLM) assessing the effect of temperature, classes and their

interactions on growth rate of Abies fabri (Mast.) Craib trees.

Growth rate
F P
Temperature 35.81 0.00
Classes 3.39 0.08
TemperaturxClasses ~ 4.76 0.03
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