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Abstract

The tree growth, crown and branch development of four Populus tomentosa clones
(one diploid clone: 1316; three triploid clones: $86, B331 and B301) were examined in
an 11-year-old trial plantation with seven planting density (PD) treatments ranging
from 417 to 2500 stems per hectare (stems-ha™") in northern China. Significant diffe-
rences (P < 0.01) in the diameter at breast height (DBH), individual volume (V), stand
volume (SV), slenderness index (Sl), crown diameter (CD), ratio of CD to DBH (k/d) and
live branch length (BL) were found among the PD treatments. The mean DBH, V, and
CD were markedly higher under the two lowest PD treatments (417, 500 stems-ha”)
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than the two highest PD treatments (1667, 2500 stems-ha™), while SV and k/d were
much higher in the two highest PD treatments. BL decreased significantly with in-
creasing PD. Crown length (CL), the crown ratio (CR), and the numbers of all (NAB),
live (NLB) and dead branches (NDB) varied in a narrow range. All growth, crown and
branch development traits apart from k/d differed markedly among the four clones,
demonstrating that most of these traits were under genetic control. Among the four
tested clones, the three triploid clones performed better than the diploid clone for
most of the traits, implying an obvious advantage of polyploidization, with B301
being the best performing triploid clone. A significant interaction was observed bet-
ween the PD treatment and clone for V, SV and NAB. The findings of this study will
support determining the optimal stand density and will provide scientific guidelines
for the intensive management and genetic improvement of P. tomentosa plantations.

Zusammenfassung

Wachstum, Kronen- und Zweigentwicklung von vier Populus tomentosaKlonen (ein
diploider Klon: 1316; drei triploide Klone: S86, B331 und B301) wurden in einer 11
Jahre alten Versuchsplantage unter sieben verschiedenen Pflanzdichten (PD) von 417
bis 2500 Stammen pro Hektar (stems-ha) in Nordchina untersucht. Durchmesser in
Brusthohe (DBH), Einzelbaumvolumen (V), Bestandesvolumen (SV), Schlankheitsin-
dex (Sl), Kronendurchmesser (CD), Verhaltnis von CD zu DBH (k/d) und Lange leben-
der Aste (BL) zeigten signifikante Unterschiede (P < 0.01) zwischen den verschiede-
nen PD. DBH, V und CD waren bei den beiden niedrigsten PD (417, 500 stems-ha™)
deutlich hoher als bei den beiden hochsten PD (1667, 2500 stems-ha1), wobei SV und
k/d bei den beiden hochsten PD viel h6her waren. Die Kronenlange (CL), das Kronen-
verhiltnis (CR) und die Anzahl aller Aste (NAB), die Anzahl der lebenden Aste (NLB)
und die Anzahl der toten Aste (NDB), variierten hingegen wenig. Alle Merkmale des
Baumwachstums, der Kronen- und Zweigentwicklung, ausgenommen k/d, zeigten
bei den vier Klonen signifikante Unterschiede. Dies zeigt, dass die meisten dieser
Merkmale genetisch beeinflusst sind. Von den vier untersuchten Klonen zeigten die
drei triploiden Klone in den meisten getesteten Merkmalen eine bessere Leistung
als der diploide Klon, was auf einen offensichtlichen Vorteil der Polyploidisierung
schlieflen lasst. B301 war der beste triploide Klon. Es wurde eine signifikante Inter-
aktion zwischen PD und den Klontypen V, SV und NAB beobachtet. Diese Ergebnisse
erlauben eine wissenschaftlich fundierte Bestimmung angemessener Pflanzdichten
und Entwicklung von Richtlinien fir die intensive Bewirtschaftung von P. tomento-
sa-Plantagen.

1. Introduction

Populus tomentosais a native tree species in northern China (Du et al. 2014). It is natur-
ally distributed along the middle and lower reaches of the Yellow River (30°N-40°N,
105°E-125°E) in northern China (Figure 1) and covers an area of approximately one
million km?2 (Zhang et al. 2005; Du et al. 2012). Its wood is widely used for construc-
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tion, furniture and plywood production due to its straight texture, fine structure, light
weight, and easy processing properties (Zhu and Zhang 1997). Populus tomentosa
wood is also suitable for paper and fiber production due to its long fibers as well
as high holocellulose content and low lignin content (Jin et al. 2005; Zhang et al.
2010). In the last two decades, programs aimed at germplasm selection and hybrid
breeding in P. tomentosa have greatly advanced (Zhu et al. 1998; Lu et al. 2013), and
considerable gains in terms of volume or biomass have been achieved through ge-
netic improvement. However, the mean productivity of P. tomentosa plantations in
China is still far lower than that of poplar plantations around the world (Xi et al. 2016).
Studies on cultivation techniques are important to increase the productivity and to
improve wood quality of poplar plantations (Larocque 1999). For P. tomentosa, only
irrigation and fertilization have been applied so far (Xi et al. 2014; He et al. 2020), and
studies on other cultivation techniques, such as planting density have not received
considerable attention.
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Figure 1: Natural distribution area of Populus tomentosa in China and origins of clones used in this study.

Abbildung 1: Natirliches Verbreitungsgebiet von Populus tomentosa in China und Ursprung der
Klone, die in dieser Studie verwendet wurden.
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Planting density (PD) determines inter-tree competition intensity, and influences tree
growth and potential timber quality (e.g. branch characteristics, knot properties and
stem shape) (Medhurst et al. 2001; Gort et al. 2010). PD is the key technical parameter
linked to high-yield plantations with high-quality wood production (Roth et al. 2007;
Ikonen et al. 2009). The significant effects of PD on growth-related traits have been
widely confirmed in a number of tree species such as P. deltoides and P. euramericana
(Fang et al. 1999), Populus deltoides x P. nigra (Toillon et al. 2013), Acer velutinum (Naji
etal. 2015), and Betula pendula (Niemisto 1995; Lintunen and Kaitaniemi 2010). These
effects are closely related to the response of crown and branch development to PD
(Hummel 2000; Pinkard and Neilsen 2003; Wang et al. 2017; 2018), since branches
are the main component of the crown and supports for leaves and are responsible
for nutrition and water transport among leaves as well as between leaves and stems
(Ceulemans et al. 1990). The number and distribution of branches also determine the
spatial distribution of leaves and, thus, crown shape and size, which affect the photo-
synthetic efficiency of trees (Lowell et al. 2014). Additionally, branch development
directly reflects the knot properties of the stem, which determine the wood quality
(Cameron and Watson 1999; Ares 2002; Makinen and Hein 2006; Barbour et al. 2012).
As a whole, reasonable PDs play critical roles not only in making full use of forest re-
sources and increasing stand volume and stand stability, but also in improving stem
shape and reducing knot-related defects in wood.

There is abundant literature available addressing the influence of planting density
on tree growth, crown and branch development, while the genetic regime has rarely
been simultaneously taken into consideration, and almost none of the research in
this field has involved P. tomentosa. Therefore, in the present study, growth perfor-
mance and crown and branch traits were investigated in four clones of P. tomentosa,
including one diploid clone and three triploid clones, under different PD treatments.
The objectives were to evaluate the effects of the PD and clone on the tree growth,
and crown and branch development of P. tomentosa. The findings will be contributed
to the determination of reasonable planting densities, and provide evidence for the
intensive plantation management of P. tomentosa and other poplar species.

2. Materials and Methods
2.1 Experimental site

The study site was located at the tree breeding base in Wei County, Hebei Province
(37°2"N, 114°18' E), China (Figure 1). The region has a warm temperate continental
semiarid monsoon climate with four distinct seasons. The mean annual temperature
is 13.4°C. The mean precipitation is 584 mm and is normally concentrated from June
to September. The frost-free period last on average 198 days, and the annual average
sunshine duration is 2575 hours. The study site is flat with an altitude of 30-50 m.a.s.l,
and the soil is a sandy loam.
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2.2 Plant materials

Three triploid clones (2n = 3X = 57) and one diploid clone (2n = 2X = 38) of P. tomen-
tosa were involved in the present study. The triploid clones were B301 ((P. tomentosa
X P. bolleana) x P. tomentosa), B331 ((P. alba x P. glandulosa) x P. tomentosa) and S86
((P. tomentosa x P. bolleana) x (P. alba x P. glandulosa)). The parents of P. tomentosa
were selected in Shandong by Zhu in 1985. The parents of P. tomentosa x P. bolleana
were selected in Beijing by Xu in 1958, and those of P. alba x P. glandulosa were intro-
duced from Korea in 1984 (Wu et al. 2013). The diploid clone 1316 developed from
a plus tree of P. tomentosa in Hebei Province, China (Figure 1). These clones are now
widely used in commercial plantations.

2.3 Experimental design

The spacing trial was established in April 2007 using a split-plot, randomized comple-
te block (RCB) design with three replicates. Seven planting density (PD) treatments
(2500, 1667, 1111, 833, 625, 500 and 417 stems per hectare) were randomly allocated
to the main plots and the four clones (sub-factors) were then randomly arranged to
each PD treatment. In total, 84 sub-plots in 21 main plots were included in the trial
(Figure 2). Each replicate was surrounded with at least two rows as a buffer area with
the same clone as the nearest subplot.
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Figure 2: Plot layout for spacing trial.

Abbildung 2: Plotlayout fir den Abstandsversuch.
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2.4 Data collection

Tree height and diameter at breast height (DBH) were measured annually at the end
of the growing season from 2007 until 2012 and reported earlier (Wang et al. 2012). In
the present study, DBH, tree height, the height to crown base (HCB), DBH and crown
diameter (CD) were measured for all trees in each plot in July 2018. Tree height, HCB
and CD were measured with a Vertex IV-360 instrument (accuracy 0.01 m), and DBH
was measured with diameter tape (accuracy 0.1 cm). CD was measured as the hori-
zontal projection of the crown in four directions. A summary of all abbreviations of
the measured tree attributes is given in Table 1. A mean tree was then sampled in the
centre of each sub-plot with in total 84 sampled trees. The sampled trees were then
felled carefully, avoiding branch loss or damage as much as possible. Their height,
height to live crown base (HCB) and crown length (CL) were measured again with
tape (0.1 m); live branch length (BL) and live branch diameter (BD) were measured
with an electronic digital caliper (0.01 mm); and the live branch angle (BA) was mea-
sured with an electronic protractor (1°). Only the first-order branches, which were
connected directly to the stem, have been considered. BD was measured as the dia-
meter of the branch base for each live branch. This means that the largest live branch
diameter (LBD) was the diameter of the largest live branch for a tree. The numbers of
all (NAB), dead (NDB), and live branches (NLB) in the crown were recorded for each
sampled tree. The individual stem volume (V, from tree top to ground level) was cal-
culated on the basis of the function developed by Chen (1989) for P. tomentosa at
northern China regions (Equation 1). Stand volume (SV) was the product of V multi-
plied by the number of stocking per hectare (N) (Equation 2). The slenderness index
(SI) was the ratio of height to DBH (Equation 3). The ratio of CD and DBH (k/d) and the
crown ratio (CR) were calculated using Equations 4 and 5 below, respectively.

V = 0.5134 HO8269% DBH! 995375 (1)
SV=V-N 2
SI = Height/DBH 3)
k/d = CD/DBH 4)

CR = CL/Height (5)
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Table 1: Explanation of symbols and abbreviations.

Tabelle 1: Erlauterung der Symbole und Abkirzungen.

Abbreviation Attributes represent Precision
H Tree height 0.1 m
DBH Stem diameter at breast height 0.1 cm
HCB Height to crown base 0.1 m

SI Slenderness index /

v Individual stem volume 0.001 m?
SV Stand volume 0.001 m’ha’!
CD Crown diameter 0.1m

CL Crown length 0.1m
CR Crown ratio /

k/d The ratio of crown diameter and stem diameter at breast height /

BD Live branch diameter 0.01 mm
BL Live branch length 0.1m

BA Live branch angle 1°

NAB Number of all branches /

NDB Number of dead branches /

NLB Number of live branches /

LBD The largest live branch diameter 0.01 mm

2.5 Statistical analysis of the data

The growth (i.e., H, DBH, V, SV, HCB, Sl) and crown (i.e., CD, CL, CR, k/d) traits as well as
survival rate were analyzed using analysis of variance (ANOVA) for a split-plot design
and Tukey’s multiple range tests. Prior to the analyses, the data of survival rate was
arcsine transformed. The differences in the branch number (i.e.,, NAB, NLB, NDB) and
morphology traits (i.e., BL, BD, BA) were analyzed using linear mixed models (6) and
(7) below, with PD and clone as fixed effects and the block or the block and tree as
random effects, respectively.

Yaco =M+ Ba+ B+ ip+e (6)

Yacbt = W+ Ba +Bc+pp + tpe +€ M

where Y4, and Yy, the observed value; p, the overall mean; 34, effect of PD; 3, effect
of clone; u,, random effect for block; u;, random effect for tree; and ¢, the residual
error. All statistical analyses were conducted with R statistical software (R 3.5.2).
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3. Results

The results indicated that diameter at breast height (DBH), individual volume (V),
stand volume (SV), the slenderness index (Sl), crown diameter (CD), the ratio of CD to
DBH (k/d), and live branch length (BL) differed significantly (P < 0.01) among the plan-
ting density (PD) treatments. Almost all traits differed markedly among the four clo-
nes except for k/d and the survival rate; and only V, SV and the number of all branches
(NAB) showed a significant interaction between the PD treatment and clone (Table 2).

Table 2: Effects of planting density, clone and their interaction (planting density x clone) on tree growth,
crown and branch properties Populus tomentosa

Tabelle 2: Auswirkungen der Pflanzdichte, des Klontyps und deren Interaktion (Pflanzdichte x Klon)
auf Baumwachstum, Kronen- und Zweigeigenschaften bei Populus tomentosa.

Attribute

Height
DBH
Survival rate
HCB
SI

V

SV

CL
CD
CR

k/d
BD
BL
BA
NAB
NDB
NLB
LBD

Planting density

0.880
6.743
0.882
0.660
6.883
10.446
55.318
0.917
11.728
0.717
3.507
1.883
2.612
1.144
0.242
0.206
0.801
1.047

0.538
0.003
0.514
0.683
0.002
<0.001
<0.001
0.515
<0.001
0.644
0.031
0.100
0.029
0.349
0.954
0.968
0.588
0.443

6.293
18.318
0.262
8.626
7.148
59.269
54.663
10.948
5.832
10.219
1.751
8.938
7.180
4.817
5.347
8.794
14.698
10.697

_ Clc_me
. F-values i P-values | F-values

0.001
<0.001
0.853
<0.001
0.001
<0.001
<0.001
<0.001
0.002
<0.001
0.171
<0.001
0.012
0.005
0.003
< 0.001
<0.001
<0.001

F-values
1.253
0.873
0.209
0.678
0.831
2,935
5.448
1.493
0914
0.965
1.745
0.554
0.483
1.775
2.031
1.320
1.365
1.022

_ Planting density x Clone

_ P-values | i P-values

0.267
0.611
0.996
0.812
0.655
0.002
<0.001
0.141
0.568
0.514
0.069
0.916
0.953
0.053
0.030
0.225
0.200
0.457
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3.1 Tree growth performance

Mean DBH and V of 11-year-old P. tomentosa decreased, while Sl and SV increased
with increasing PD (Table 3). DBH of the 2500 stems-ha™ treatment was significantly
lower than all other PDs, while DBH of the 1667 stems-ha treatment was still signifi-
cantly lower than DBH of the two lowest PD (500 and 417 stems-ha™). DBH reached a
peak in the 500 stems-ha treatment, but it did not differ significantly from those of
the 833 and 417 stems-ha' treatments. V showed similar differences to DBH among
the PD treatments, while SV and Sl were the highest in the 2500 stems-ha™ treatment,
and was significantly higher than those under the four lower PD treatments. H, HCB
and survival rate ranged from 20.0 to 21.8 m, from 6.4 to 8.0 m and from 85 % to 92 %,
respectively, in the four P. tomentosa clones at the age of 11 years, and significant
differences were absent among the PD treatments (P > 0.05) (Table 3).

Growth performance differed greatly among the clones. H, DBH, V, SV and HCB of dip-
loid clone 1316 were generally much lower, while the Sl of this clone was significantly
higher than those of triploid clones S86, B331 and B301. Among the three triploid clo-
nes, B301 performed the best in terms of H, DBH, V and SV, followed by S86 (Table 3).

Since V and SV were significantly affected by the interaction of PD and clone, the
differences among clones in each PD treatment were further analyzed. The V of all
four clones declined, and SV increased significantly as PD increased. For any given
PD treatment, the V and SV of diploid clone 1316 were markedly lower than those
of triploid clones B331, B301 and S86, and a significant difference was always found
between diploid clone 1316 and triploid clone B301. For the other two triploid clo-
nes, the V and SV of 586 were much higher than those of B331 under all PD treat-
ments except 1667 stems-ha™. The highest V (0.455 m3) was observed under the 500
stems-ha™ treatment in triploid clone S86, and was 4.35 times greater than that of dip-
loid clone 1316 under the 2500 stems-ha™ treatment. The highest SV (520.621 m3-ha™)
was found under the 2500 stems-ha! treatment in triploid clone B301, which was 4.4
times greater than that of diploid clone 1316 under the 417 stems-ha (Table 4).
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Table 3: Growth performance of 11-year-old Populus tomentosa plantations in response to planting
density. Numbers in the parentheses are standard error of mean value. Means within the same row marked
with the same lowercase letters are not significantly different (P > 0.05).

Tabelle 3: Wachstumsleistung von 11-jahrigen Populus tomentosa Plantagen in Abhdngigkeit von
der Pflanzdichte. Die Zahlen in Klammern sind Standardfehler des Mittelwerts. Mittelwerte innerhalb
derselben Zeile, die mit denselben Kleinbuchstaben markiert sind, unterscheiden sich nicht
signifikant (P > 0.05).

Attribute
Source Height (m) ~ DBH (¢m)  Survivalrate (%) HCB (m) S1 vV (m) SY (m*-ha)
2500 20.0(0.7)a 16.1(0.9)d §5.42(093)a 7408 125883580 0.163(0.016)¢ 365.864(35.786)
1667  201(0.6%  18.9(0.9)c £9.93(1.20)a BO(09) 113073300 0.251(0.025)d  367.523(37.435)

M 20003 19.0(1.0)bc 90.83(1.49)a 6T(08)  11367(5.78)ab  02340.025)d  233.896(24.573)b
Planting density 833 21.7(0.5)a  20.9(1.4)abc 90.42(1.56)a BO0.T)2  109.1B(7.52)b  0.272(0.027)bed  204.124(20.059)be
625 21.5(10ja  20.3(0.9)bc 88.89(1.93)a 7009 1067141000 0.28%0.028)abc  162.540(15.564)cd
500 21.5(0.9)a 23.001.1)a 90.28(2.26)a 7.7(1.0) 94.58(4.12)c 0.333(0.029)a 149.733(12.9%4)d
_ 41T 21.8(04)  21.9(0.T=b 91.67(320)a  6.4(0.5e  100.83(3.8T)bc  0.32(0.021%b  120.121(7.910d
1316 20.0(0.50b  16.85(0.68)c 90.02(1.08)a S7(0.3)b  121.34{4.16)a 0.185(0.015)c 149.038(12.924)d
S86  22.0(04)a  21.65(0.68)a 88.92(207)a &1(05)b  103.51(3.37)b 0,311{0.022)a 255.218(19.911h
B33l 20.6(0.50b  19.19(0.90)b 88.95(1.03)a BO0.5m  11023(3.86)b  0.227(0.013)b 21134728777
B30I 22.3(0.5)  22.40(0.68) 90.63(1.51)a R4 T2  101.44(3.5Tb 0.341(0.015)a 105.837(32.71)a

Clone

Table 4: Comparison of individual volume (V) and stand volume (SV) for four clones of Populus tomentosa
under different planting density treatments. We show means and standard errors in brackets; lowercase
letters represent significant difference between planting densities for the same clone, and capital letters
represent the difference between clones under the same planting density treatment. Absent significant
difference between paired treatments or clones are indicated by the same letters (P > 0.05).

Tabelle 4: Vergleich des Einzelvolumen (V) und des Standervolumen (SV) fir vier Klone von
Populus tomentosa unter verschiedenen Pflanzdichten. Daten werden als Mittelwerte angezeigt
(Standardfehler in Klammer); Kleinbuchstaben zeigen signifikante Unterschiede zwischen
Pflanzdichten fir denselben Klon und GroB3buchstaben stellen den Unterschied zwischen Klonen
unter derselben Pflanzdichtebehandlung dar. Es liegt kein signifikanter Unterschied zwischen
gepaarten Behandlungen oder Klonen bei denselben Buchstaben vor (P > 0.05).

Planting density (stems-ha )
Attribute  Clones

TR 1687 i B33 615 £ 4
1316 I 08500 019E I 0.126(0.0193abC I 01650003 jaba I CISHHSIEE I 0.207(0.03 kB I 0.2240.0291aC 1 H6{0.015)C
5 886 01870001 2MdA 0.216(0.013pdBC 0.252(0.026)cd AB 031 [ 0. A 0395
v B D.163(0.011 A 0.294(0.02F AR 170,004 akl 0208001 F)abAD Q21 T0052abAR 0.25600.01 bBC QTR BB
B3 02170001 2hA LR 034400 037) mbA LELITNC Y 03I O019mA OITH001TRAR OO T AR
1314 190, 208(42 A4 jaB 210, 503028 3332 16507231 0588 145473(38 912 TIEE 16 T0T B NOOIL Il G2 Rl
sy S84 SH02MIBATNA | TLSIS00MMBBE | 28151126436cAB  P4ITITOEGECAR MOIANIRITTRAR 204827(19.2TA 148 3087 SA51A
(b’ E3ND 365892492450 HI24(MATpAR 175.507(4 34608 155.529(13 B95)bABR 121.981(29252pbAB 1152904 63bBC 103 SEN10.656)BBC

B3 ABT. 32927 95d)an S20.621(47 9140 I AG336.992ihA 1I6,520(29.96T)bcA BT RSE10.43Tpbod A 168,801 (R.340)cdAB 1362311064 AR
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3.2 Crown attributes

The crown length (CL), crown diameter (CD), crown ratio (CR) and k/d were presented
in Table 5 for the 11-year-old P. tomentosa clones under different PD treatments. CL
increased slightly from 12.5 m in the 2500 stems-ha“' treatment to 15.4 min the 417
stems-ha™ treatment. CR showed slight fluctuation around 0.66. CD increased mar-
kedly with decreasing PD and differed significantly between the high-PD (2500, 1667
stems-ha?) and low-PD (625, 500, 417 stems-ha™) treatments. The CD of the lowest PD
treatment was approximately 68.1 % higher than that of the highest PD treatment.
There was an obvious increasing trend of k/d with decreasing PD, and significant dif-
ferences were observed between the lowest (417 stems-ha”) and the two highest
(1667 and 2500 stems-ha™) PD treatments.

Regarding the variation in crown traits among the four P. tomentosa clones (Table 5),
diploid clone 1316 showed no significant difference in CL from triploid clone B301,
while their CLs were significantly higher than that of triploid B331, but lower than
that of triploid clone $86.The CRs of clones 1316 and $86 were markedly higher than
those of clones B331 and B301. The CDs of the three triploid clones were significant-
ly higher than that of diploid clone 1316. Significant difference was absent in k/d
among the four clones.

Table 5: The crown attributes of 11-year-old Populus tomentosa plantations under seven planting density
treatments. For details please see Table 3.

Tabelle 5: Die Kroneneigenschaften bei 11-jahrigen Populus tomentosa-Plantagen mit sieben
Pflanzdichtebehandlungen. Fiir Details verweisen wir auf Tabelle 3.

Attribute
Source
CL (m) CD (m) CR k/d

2500 12.5(1.0)a 4.7(0.3)d 0.63(0.04)a  29.73(1.84)bc

1667 13.2(0.7)a 5.1(0.3)d 0.63(0.04)a 27.24(1.64)c
Planting 1111 14.4(0.8)a 5.8(03)cd  0.68(0.04)a 31.11(1.50)abc
density 833 13.8(0.7)a 6.3(0.4)bc  0.63(0.03)a  30.53(1.12)abc
625 14.5(1.1)a 7.1(0.4)ab  0.67(0.04)a  35.15(1.45)ab

500 13.8(1.2)a 7.7(0.4)a 0.64(0.05)a  33.92(1.87)ab

417 15.4(0.6)a 7.9(0.3)a 0.71(0.02)a 36.17(1.79)a

1316 14.3(0.7)b 56(03)b  0.71(0.02)a  33.15(1.35)a

Clone S86 15.9(0.4)a 6.6(0.3)a 0.73(0.02)a 30.63(1.08)a

B331  11.6(0.7)c 6304)a  0.56(0.03)b  33.25(1.62)a
B30I 14.000.6)b 7004)a  0.63(0.03)b  30.89(1.29)a
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3.3 Branch Attributes

Among the seven tested traits related to branch development, only the live branch
length (BL) differed significantly among the seven PD treatments, and a considera-
ble difference was observed between the highest (2500 stems-ha') and lowest (417
stems-ha?) PD treatments in the 11-year-old trees (Table 6). However, increasing
trends with decreasing PD were observed for the mean live branch diameter and
the largest live branch diameter although significant difference was absent in them
among PD treatments.

Table 6 also showed that branch development differed significantly among the four
P.tomentosa clones. The BL, live branch diameter (BD), and the largest live branch dia-
meter (LBD) of the triploid clones were larger than those of diploid clone 1316, with
B301 showing the highest values among all four clones. For the live branch angle
(BA), significant difference was absent between the triploid clones and diploid clone,
but a significant difference was seen between triploid clones B331 and S86.

The numbers of all branches (NAB) and dead branches (NDB) in the crown were ap-
proximately 30 and 10, respectively, regardless of the PD treatment (Table 6). Ho-
wever, significant differences in NAB, number of live branches (NLB), and NDB were
found among the four clones. The NAB of clone B301 was markedly lower than those
of clones S86, B331, and 1316. The NDBs of clones B331 and B301 were significantly
higher than that of clone 1316. The NLBs of clones 1316 and S86 were significantly
higher than those of clones B331 and B301.

The NABs of the different clones responded differently to the PD treatments. Sig-
nificant differences among planting densities were only observed for diploid clone
1316 and triploid clone B301. NAB under the lower PD treatments (417, 500 and 625
stems-ha) was considerably higher than that under the higher PD treatments (2500
and 1667 stems-ha) for clone 1316, while for clone B301, the 1111 stems-ha treat-
ment showed the highest NAB, which was significantly higher than that under the
lowest PD treatment (417 stems-ha™). Regarding the NAB differences among clones,
only the highest PD treatment and the two lowest PD treatments showed notable
differences. Under the 2500 stems-ha treatment, the NAB of clones S86 and B331
was considerably greater than that of clone 1316, while the NAB of clone 1316 was
significantly higher than that of clone B301 under the 500 and 417 stems-ha-1 treat-
ments (Table 7).
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Table 6: The branch attributes of 11-year-old Populus tomentosa plantations under seven planting density
treatments. For details please see table 3.

Tabelle 6: Die Zweigmerkmale bei 11-jdhrigen Populus tomentosa-Plantagen mit sieben
Pflanzdichtebehandlungen. Fiir Details verweisen wir auf Tabelle 3.

Attribute
Source
BL (m) BD (mm) BA (%) LBD(mm}) NAB NDB NLB
2500 3.0(0.10)b  32.25(0.93)a  48.65(1.16)a 53.99(4.82)a  29(2)a  1l()a  18(1)a
1667  3.2(0.09)ab  32.19(099)a  48.31(0.97)a 65.13(6.58)a  30(2)a  1(Da  20(2)a
111 34(0.11)ab  33.91(1.2)a 49 81(1.06)a 80.78(8.42)a  31(a  11(a  20Q2)a
Plant}ng 833 34(0.11)ab  35.48(1.25)a 51.95(0.93)a 73.08(10.09%  32(3a 102  22(Q2)a
density 625 3.7(0.10)ab  37.02(1.3)a 50.07(0.93)a 821701264  3(2a  1(Da  21(3a
500 3.7(0.13)ab  38.55(1.45)a 50.54(1.11)a 82.67(9.65)a  31(2)a  11(1)a  19(2)a
417 3R(0.12)a 38.76(1.2)a 47.19%(0.87)a 78.62(5.93)a 30(2)a 9(1)a 21(2)a
| 1316 . 3.1(0.06)b I 30.49(0.59)b . 50.34(0.71)ab \ 56.06(3.05)c ‘ 32(2)a ! (1) - 24(1)a .
SB6  3.6(0.07)ab  35.81(0.68)ab  51.81(D.69)a 71.02(430be  33(1)a  10(1)be  23(1)a
Clone B33l 3.3(0.09)ab  35.01(1.06)ab  47.19(0.79)b 72.53(7.05)b  31(l)e  13(Da  18(1)b
B30l 4.2(0.13)a 43.68(1.46)a 47.48(0.85)ab 95.49(825)a  27(1)b  11(l)ab  15(1)b

Table 7: Comparison on number of all branches for four clones of Populus tomentosa under different
planting density treatments. For details please see Table 4.

Tabelle 7: Vergleich der Anzahl aller Zweige fir vier Klone von Populus tomentosa mit verschiedenen
Pflanzdichtebehandlungen. Fiir Details verweisen wir auf Tabelle 4.

Planting density (stems-ha™")
1667 | 1111 | 833 - 625 500 | 417
| 1316 23(2) bB ‘ 25(2)bA | 35(5)aA | 30(3)abA . 37(4)aA | 35(3)aA | 37(3)aA |
86 32(1)aA  32(4)aA  27(3)aA  38(6)aA  36(4)aA  33(3)aAB  33(1)aA
B331  33(1)aA  31(3)aA  31(S)aA 34(7)aA  27(5)aA  29(4)aAB  30(3)aA
B301  27(5)abAB 30(2)abA 32(2)aA 25(3)abA 26(4)abA 24(3)abB  21(2)bB

Clones
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4. Discussion
4.1 Effect of planting density

In this study, diameter at breast height (DBH) and individual volume (V) were nega-
tively influenced by the planting density (PD), while slenderness index (SI) and stand
volume (SV) were significantly positively influenced. Tree height on the other hand
was not markedly affected by PD. These findings are consistent with previous studies
on Populus simonii x P. nigra (Jiang et al. 2007), Eucalyptus pilularis (Alcorn et al. 2007),
Fraxinus excelsior and Acer pseudoplatanus (Hein and Spiecker 2008), but contradict
studies on Populus trichocarpa (Heilman and Peabody 1981) and Populus alba var. py-
ramidalis (Huang et al. 2017), where DBH and height were all markedly influenced by
PD. The disagreement with these studies indicated that the effects of PD on height
growth are more complicated and height growth is affected by multiple factors, such
as species, age, site conditions, and the range of PD treatments (Daniel et al. 1979;
Sun 1992; Hummel 2000). In an earlier study of the trial examined here, the height
of P. tomentosa was significantly influenced by PD at the age of 2-3.5 years, while
this effect was absent when the trees were four years old (Wang et al. 2012). It could
thus be deduced that P. tomentosa showed notable differences in height growth only
before 4 years of age, when canopy closure occurred. P. tomentosa is characterized by
fast growth; for example, the rapid height growth stage of its triploid occurs before
8 years of age, and its height growth rate decreases thereafter (Zhu 2006), when less
of a difference may be observed between PD treatments. This could also explain why
significant difference was absent in height among the seven PD treatments at the
age of 11-year-old trees in the present study.

Similar to DBH, crown diameter (CD) and the ratio of CD to DBH (k/d) were signifi-
cantly negatively influenced by PD, while crown length (CL) and the crown ratio (CR)
were not in the present study. These results differed to some extent from Akers et al’s
(2012) study on 12-year-old Pinus taeda plantations, which showed that CD and CL
decreased markedly with increasing PD. These results were also slightly inconsistent
with Wang et al's (2017) study on Betula alnoides, they found that CD, CL and CR dif-
fered considerably between the lowest PD treatment and the other four treatments,
while significant difference was absent in k/d. In the present study, the CDs under
the higher PD treatments (1111, 1667 and 2500 stems per hectare (stems-ha™)) were
much lower than those under the lower PD treatments, and only the CD under the
lowest PD treatment (417 stems-ha”') differed markedly from those under the two
highest PD treatments (1667 and 2500 stems-ha™). These discordances could be ex-
plained by the differences in the species involved in these studies. B. alnoides is a
valuable species with a rotation period of more than 20 years, while P. tomentosa is a
fast-growing species with a short rotation period of 5 to 10 years. These discordances
might also result from differences in age. Johnson et al. (2015) found that the CD and
CL of Pinus taeda differed significantly among different PD treatments at the age of
14 years but not at the age of 15 years.



Response of tree growth, crown, and branch development to planting density Seite 193

Wang et al’s (2017) study on B. alnoides showed that the live branch diameter (BD)
and largest live branch diameter (LBD) of 14-year-old B. alnoides tended to decrease
significantly with increasing PD, and the numbers of all (NAB), live (NLB) and dead
branches (NDB) varied within narrow ranges. In the present study, only the live branch
length (BL) of P. tomentosa was significantly affected by PD. The discordance of both
studies might be caused by the fact that inter-tree competition for resources such as
light and space intensified as tree age increased, which resulted in decreases in BL,
BD and LBD with increasing PD. It was inferred that the BL of P. tomentosa showed
quite strong plasticity in response to inter-tree competition compared to BD.

4.2 Effect of clone

Almost all examined traits differed significantly among the clones in the present
study except for k/d, which was influenced greatly by PD rather than the clone. The-
se results were in accordance with those of most previous studies that the branch
attributes of P. tomentosa were mainly controlled by genetic factors in the present
study. Taking branch traits as an example, BL, NAB and the live branch angle (BA)
were also differed markedly among the poplar clones (Nelson et al. 1981; Ceulemans
et al. 1990; Benomar et al. 2012). Some studies have also shown that NAB (Makinen
et al. 2001) and BA (Vestal et al. 1999) are subject to genetic control at moderate or
strong levels. Among the four clones included in the present study, the three triplo-
ids performed better than the diploid in terms of height, DBH, HCB, SI, V, SV CD, BL,
BD and LBD, demonstrating an obvious advantage of polyploidization. Diploid clone
1316 exhibited the most promising branch diameters values, but the lowest volu-
me growth. The triploid clones exhibited higher volume production than the diploid
clone. Given that the triploid clones performed better in most traits, they should be
applied preferentially. Considering their branch diameter is larger, artificial pruning
can be used to decrease related defects. B301 was the best triploid clone in terms
of growth performance; however, given the effect of branch traits on knot-related
defects, it is necessary to control the branches within the target height by artificial
pruning in the management of plantations to meet multiple utilization requirements
for P. tomentosa. Additionally, the considerable variation in most growth, crown and
branch traits among the four P. tomentosa clones in the present study partly explains
the insignificant differences among PD treatments.

5. Conclusion

Planting density (PD) was negatively influenced tree growth but did not significant-
ly affect branch development; triploid clones showed great advantages in growth
performance and exhibited larger branches than diploid clones, and there were
significant interactions between the PD and clone in terms of individual volume,
stand volume and the number of all branches. Therefore, the determination of op-
timal planting densities for different clones is critical for the efficient cultivation of
P. tomentosa, based on the final wood production target. The pulpwood cultivation
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of P. tomentosa is suggested to be conducted under a higher planting density, such
as 1667 stems-ha”, especially for triploid clone B301 (showing the highest SV). For
high-quality sawn timber production, planting the P. tomentosa triploid clone S86
(showing the highestV and SV, smaller BD) under a lower density (e.g., 500 stems-ha™)
would be much suitable.
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