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Abstract. Appropriate branch angle is an important technical parameter in the man-
agement of new trees to balance vegetative and reproductive growth. However, the ef-
fects of different branch angles on shoot growth and fruit quality of pear trees under
flat trellis cultivation mode are poorly known. This study was done on Pyrus pyrifolia
Nakai cv. ‘Cuiguan’ pear trees using the flat-type trellis cultivation mode in the
“Double Primary Branches along the Row” (or, “double-arm”) orchard. The three
base angles (T1 = 60°, T2 = 30°, T3 = 0°) of 2-year-old branches were tested, and
the length and cross-sectional area of branch base (CSAB) of the current-year shoots
and fruit quality were monitored over time. The relationship between fruit quality
and shoot growth under different treatment conditions was analyzed. The results
showed that the length of new shoots decreased in the order T2 > T1 > T3 and that
CSAB decreased with an increase in the base angle (T3 > T2 > T1). The rapid growth
of current-year shoots started earlier with a decrease in branch angle. The maximum
relative growth rate (v,,) in CSAB occurred 6.14 days earlier in the T3 than T1 group,
with the overall trend being T3 > T2 > T1. In terms of fruit quality, the greatest relative
change in daily growth rate regarding fruit weight, transverse and longitudinal diameter,
and soluble solids in different treatment groups was recorded between 95 and 110 days af-
ter full bloom. The average solid-to-acid ratio in fruit at full maturity was T3 > T2 > T1,
titratable acid content was T1>T3>T2 (P < 0.05), and the fresh firmness was T1>T3>T2
(P < 0.05). There was no significant correlation (at « = 0.05) between fruit weight, trans-
verse diameter, longitudinal diameter, soluble solids, and fruit shape index across the
treatments. This study clarified the relationship between shoot growth rate and fruit qual-
ity formation under different branch-base angles of trellised pear trees, contributing to
the improvement of the double-arm pear tree—growing system.

The pear industry occupies an important
position in Chinese agriculture. With the ris-
ing labor costs year by year, it is crucial to
develop a suitable and efficient cultivation
mode. The flat-type trellis “Double Primary
Branches along the Row” (also referred to as
“double-arm”) cultivation mode represents
a standardized, low-density, bi-axis pear or-
chard management approach (Qi et al. 2023;
Wu et al. 2014). However, the transformation of
pear tree management from three-dimensional
to flat trellis cultivation alters the light in-
terception by the leaf canopy and the
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microenvironment of fruit development,
thus influencing tree growth and fruit quality.
Under this new cultivation mode, evaluating
the effects of different tree management meth-
ods on the growth status of fruit trees and pre-
dicting their production potential are important
issues. The accurate and quantitative simula-
tion analysis of indicators of fruit tree growth
and development over time is essential for im-
proving tree management and fruit quality
(Rizzolo et al. 2021; Tudela and Santibanez
2016). Clarifying the relationship between
the dynamics of branch growth and fruit

quality formation of trellised pear trees can
provide a theoretical basis for efficient and
high-yield cultivation of pears.

It is common to manage vegetative growth,
enhance light utilization rate by the canopy,
and improve the productivity of fruit trees by
opening the base of branches to keep them at a
suitable angle (Jung and Choi 2010; Jung
et al. 2012; Samant and Kishore 2021; Zhang
et al. 2023). However, different varieties have
different physiological responses to the time,
or angle, of shoot bending, altering the propor-
tion of long and short branches (Lauri and
Lespinasse 2001; Qin et al. 2011). In fruit tree
management practices in China, it is common
to manipulate branch orientation in the upward
vertical direction to regulate vegetative vigor
and enhance fruit quality. For example, when
the branch angle of ‘Pingguo’ pear (Pyrus
bretschneideri Rehd.) trees is maintained at
80° to 90° (i.e., a horizontal angle of ~0° to
10°), a balance between vegetative growth and
fruiting can be achieved (Wu et al. 2008). A
branch angle of 60° significantly increases
both the yield per branch and per branch
group, as well as fruit size in hybrid apricot
plum (Prunus domestica X armeniaca) (Zhen
et al. 2024). In contrast, walnut (Juglans regia
cv. Lvling) branches positioned above 1.2 m
and trained at a 30° angle exhibit greater
advantages in terms of fruit yield, average
fruit weight, and disease resistance (Ma
et al. 2019). Moreover, high-density plant-
ing and training systems adopted for the
cultivation of European pear (Pyrus com-
munis L.) have been reported to signifi-
cantly improve light utilization and fruit
quality by optimizing branch angles and can-
opy spatial distribution (Musacchi et al. 2021;
Sansavini et al. 2008). Collectively, these find-
ings suggest that appropriate branch angle
management not only improves nutrient allo-
cation within the tree but also extends the eco-
nomic lifespan of the orchard.

The mathematical models (e.g., based on
polynomial, logistic, or linear equations) are
used to simulate and predict the tree growth
and changes in various indices in the fruit
growth cycle (Peng et al. 2021). Among vari-
ous models, the univariate polynomial equation
was suitable for the growth and development
dynamics of apricot (Bao et al. 2007), Taiwan
pineapple sakya (Cai et al. 2016), and olive
(Yang et al. 2020), whereas the logistic equa-
tion could better fit the growth and develop-
ment dynamics of sour cherry (Hillmann et al.
2021), guava (Panghal et al. 2019), macadamia
(Han et al. 2023), and pecan nut (Panta et al.
2023), as well as the changes in metabolites as
influenced by environmental conditions (Dai
et al. 2009; Genard et al. 1999).

The growth models can determine the key
factors influencing the formation of market-
able quality fruits and the growth of fruit
trees. However, there is a paucity of reports
on the growth model of trellised pear trees.
Therefore, based on the logistic growth curve
and polynomial equations, this study applied
treatments with horizontal branch angles of
0°, 30°, and 60° to flat-trellised pear trees and
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analyzed the multiple indicators of growth
during the development of new shoots and
fruits to establish an explanatory mathemati-
cal model under different branch-pulling an-
gles. The relationship between the growth
rate of shoots and the formation of fruit qual-
ity was explored for the first time to provide
a scientific basis for improving the standard
technology of double-arm trellised pear trees.

Materials and Methods

Overview of test site

The experimental site (114°8'55"E, 30°
17'24"N, altitude 30 m) is in Jiangxia Dis-
trict, Wuhan City, Hubei Province (in the
area between Jianghan Plain and southern
Hubei Hills) and features yellow-brown soil.
The site has a subtropical monsoon climate
with an annual average temperature between
15.9 and 17.9°C and an average annual pre-
cipitation of 1260.6 mm.

Experimental material

This experiment was carried out in the
double-arm standard trellised pear orchards
of the Fruit Tree Tea Research Institute of
Hubei Academy of Agricultural Sciences.
The test trees species were 4-year-old ‘Cui-
guan’ (Pyrus pyrifolia Nakai) grafted onto
Pyrus calleryana Decne. rootstocks, with
‘Wonhwang’ pear (P. pyrifolia Nakai) used
as the pollinator. ‘Cuiguan’ pear trees with
strong and uniform tree vigor were se-
lected, and standardized management was
carried out according to the technical regula-
tions of the “Double Primary Branches along
the Row Flat Type” standard trellised pear or-
chard (Wu et al. 2015). All test branches se-
lected in this study were all lateral branches,
which, in their natural growth state, formed an
angle of ~20° with the upward vertical axis.

Experimental design
Three experimental plots were arranged in
a double-arm trellised pear orchard (3-m X
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4-m spacing, 825 trees/ha). Each experimen-
tal plot included eight or nine ‘Cuiguan’ pear
trees (experimental units) with strong growth
and consistent tree vigor, (plot al, 9 trees;
plot a2, 9 trees; plot a3, 8 trees) (Fig. 1A).
The 2-year-old branches (on each the two
main tree arms) with the same orientation,
similar diameter, length, and natural growth
angle were selected for different treatments.
The base angle of 2-year-old branches was
fixed in early Feb 2023 (Fig. 1B). The angles
were 60° (T1), 30° (T2), and 0° (T3) with re-
spect to the horizontal line (Fig. 2). Each test
group (T1 to T3) treated 70 to 100 branches,
and the measurement position was marked.
The length and diameter of the newly emerged
shoots on the branches were measured and re-
corded at 6- to 10-d intervals. The CSAB mea-
surement was done about 1 cm from the base
of the branch, and the shoot length was the
distance from the base of the branch to the top
bud.

Experimental methods

Determination of branch properties. The
initial emergence of ‘Cuiguan’ shoots in
2023 was on 18 Mar, which was marked as
DO (the start of growth). The full-bloom stage
was on 20 Mar 2023 (defined as the

beginning of fruit growth; 0 d after full
bloom). The number of branches (including
vegetative and fruiting shoots) on the test
trees and the length and diameter of the
newly germinated shoots were recorded. The
length was measured by a ruler, and the di-
ameter was measured by electronic digital
calipers. Then, the cross-sectional area of the
branch-base (CSAB) was calculated accord-
ing to the equation CSA = .
Determination of fruit quality index.
Healthy trees with uniform growth and no
visible signs of disease or pest infestation
were selected for each treatment plot, and the
treatments were applied in triplicate (al, a2,
and a3) (see Fig. 1A). Fruit samples were col-
lected at various developmental stages, with
three representative fruits randomly selected
from each tree. Fruit quality indices were de-
termined according to the respective treatment
conditions. The ‘Cuiguan’ fruits without obvi-
ous mechanical damage and pests were picked
according to the experimental group, and the
single fruit weight was determined using an
electronic balance (0.001 g). The longitudinal
or transverse diameters of the fruits were mea-
sured by electronic digital calipers, and the
fruit shape index was calculated (fruit shape

A .
O 0 0 0O O o¢o|ljlcoo 0 0o © ¢lJloo o 4#
o0 o T 0o oljloeT o o o olloT2 ©o ©
OMTM © ¢ T20||]0o 0 0 Mo of|llco M o ©
Qo O (@) o) &5 O Qo O T2 @, T O Qo O (@) QO QO O
© 0 T2 ¢ o oOo|l]jJo0 0 0 O Cfjlo™Mm o ™M O O
0 0 0 0 o0o|l]jJcoo T o 0 ¢of|jloo T2 © O ©
T3 © 0O MOoO|J||l[oo 0 T2 o ofloo © © T2 O
OO0 O 0 Oo0|l]joT2 0 0 ©0 ©OfjloMT™da 0 © O ©
0O 0o T ™M O o|l]jo o 0 0 ©0 Oof|loo © 13 O ©
0 © O TIO||loTa O O T3 C o o O o 0
e © (@) @ o O Q@ B (@] Q Qo O Q o O

ail a2 a3
B

Fig. 1. Diagram of the experimental design (A) and the trellised pear trees before branch treatments
(B). Individual trees were used as experimental units with three replicates in each of the three
blocks al to a3 in (A). T1 (60°), T2 (30°), and T3 (0°) represent different treatments. The tree spac-
ing was 3 m within rows and 4 m between the north-south—oriented rows.
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Fig. 2. Schematic diagram of different branch angle treatments on trellised pear trees. (A) 60°, (B) 30°, and (C) 0°.

index = the maximum longitudinal diameter/
the maximum transverse diameter) (Wu et al.
2018). The fruit hardness was measured by a
GY-4 digital fruit hardness tester (Zhejiang
Topyun Agricultural Science and Technology
Co. Ltd., Hangzhou, China). The firmness of
the peeled pulp was measured at the fruit’s
maximum horizontal diameter. Each fruit was
measured three times, and the results were
averaged. The soluble solids content was
determined by a PAL-1 portable digital
sugar meter [ATAGO (Aituo) Scientific In-
strument Co. Ltd., Tokyo, Japan] (Li et al.
2024). The content of titratable acid was
determined by a PAL-Easy portable digital
acidity meter [ATAGO (Aituo) Scientific
Instrument Co. Ltd.] (Cao et al. 2013). Each
sample was measured three times, and the av-
erage value was taken.

Statistical analysis

Excel 2013 was used for data collation,
and the logistic model of branch growth was
calculated according to equations reported by
Yin (2002). The logistic regression graph of
branch length and diameter (as measures of
growth) over time was drawn by Origin 9.0
software (with the date as the independent
variable and branch length/CSAB as the de-
pendent variable). The values of new shoot
growth are calculated according to Egs. [1] to
[6] below. The bar charts of fruit weight, lon-
gitudinal and transverse diameters, fresh firm-
ness, and other data were drawn by GraphPad
8 software.

Based on the measured data, including
fruit quality determination, shoot length, and
CSAB, one-way analysis of variance was
performed using SPSS 22.0 software.
Pearson’s method was used for correlation
analysis. The Tukey test was applied to
evaluate differences between average val-
ues (P < 0.05).
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Taking the number of days after full
bloom as the independent variable and each
fruit quality index as the dependent variable,
the growth rate equation corresponding to
each fruit index was obtained by Wolfram
Alpha online derivation. The inflection point
was predicted by —b/2a (applicable quadratic
equation) and the second derivative f"(x) = 0
(applicable cubic equation). The growth pro-
cesses of branch length and CSAB were
modeled using the logistic equation, as pre-
sented in Eq. [1]. Eq. [1] was transformed
into the linear model /na + bt = In(f —1),
defined as Eq. [2].

_ k
1 + aeb

y (1]

y'=lna+bt= ln(}f -1 [2]
y

The parameters of the model were calcu-
lated by linear regression y' = Ina+bt and
then transformed into the logistic equation.
Taking the second derivative of Eq. [1] yields
the following expression:

d*y  kab*e"(ae” — 1)
dr? (1+aet)’
By setting ‘(’;—jzy =0, the time of maximum

relative growth rate f,, (Eq. [3]) can be ob-
tained:

Ina
tn = — 3
: 3]
Taking the third derivative of Eq. [1]
yields;
&y  kabe(a?e®' — 4ac® +1)
dr’ (1+aeb)?

By setting %=0, the fast growth start
time #; (Eq. [4]) and fast growth end time #,
(Eq. [5]) can be determined:

1. 2+V3
th=-In
b a

(4]

1 2-43

t b In P [5]

By taking the first derivative of Eq. [1],

the growth rate equation is obtained as fol-
lows:

bt
- @ _ —k-abe [6]

dt (H—aeb’)2
The maximum rate v,, occurs at the
extreme point of the derivative. When
m = 1, the corresponding growth or
change rate reaches its maximum, and v,,
can be calculated using Eq. [6] as shown

in Eq. [7],

_ |plk
=

where y is the length or thickness of the
branch; ¢ is the shoot growth time; k is the
theoretical maximum value of shoot length;
a, b are parameters; #; is the starting time of
rapid shoot growth; #, is the termination time
of rapid shoot growth; v,, is the maximum
relative growth rate; #,, is the maximum rela-
tive growth time; #; and #, are the two points
with the fastest rate of daily change, i.e., the
time points at which shoot emergence changed
to rapid growth and then to slow growth; and
t, — t; is the peak growth period.

The k value was determined according to
the three-point rule. We took the 7-equidistant
observations (¢4, Va), (ts,¥5), and (¢, y.) that
meet the following conditions:

(7]

t, + 1t
== [8]
2 a+ c 72(1 c
i = YsUatVe) = 2yayey, 9]
ylzyfyayc

The growth period was separated into the
carly growth stage (1 =0 to 19=1317) d; rapid
growth stage (1= =13l o batl3lT) g
and late growth stage (1 = 241317 to Jater), d.
According to the values of & and y, a series of )’
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values corresponding to different time points
were obtained. Then, the linear regression equa-
tion was fitted with time as the independent vari-
able and y” as the dependent variable, and the R*
value was obtained.

Results and Analysis

Construction of new shoot length and
CSAB growth model under different
branch-base angle treatments

The time-course changes in the new shoot
length and diameter of trellised pear can be char-
acterized by Eq. [1] (Fig. 3). The growth of new
shoots showed an S-shaped trend over time
regardless of the treatment. The results on the
proportion of branch types indicated that branch-
angle treatments significantly affected shoot veg-
etative development. When the horizontal angle
of branches approached 0°, the proportion of
short shoots increased significantly (P < 0.05),
while the proportion of medium-length shoots
decreased correspondingly. However, no statis-
tically significant difference was observed in
the proportion of long shoots among the
three treatments (P > 0.05) (Table 1).

The correlation coefficients of the rela-
tionships shown in Fig. 3 were more than 0.9,
indicating high significance; moreover, the
theoretical maximum value k was very close
to the measured value (Table 2). Therefore,
the constructed logistic model provided a rel-
atively reliable prediction of the growth of
new shoots during the period monitored.

Total shoot numbers were recorded on ex-
perimental branches subjected to different
branch angle treatments at the end of the
growing period (mid-Jul 2023). The data are
presented as means =+ standard error (SE)
(n = 3, representing three replicate plots).
Different letters within the same column in-
dicate statistically significant differences
among treatments (P < 0.05).

Stages of new shoot growth under

different branch-base angle treatments
The shoot growth rate was assessed using

Eqgs. [3] to [6] (Table 3). The growth of new

shoots (length and CSAB) can be divided
into three stages: early growth stage (0,7),
rapid growth stage (#1,%,), and late growth
stage (f2,1,) (Table 4). The results showed
that in terms of elongation growth, although
the T1 group entered the rapid growth period
about 2 d later (16th April) compared with
T2 and T3, there was no significant differ-
ence in the duration of the initial growth pe-
riod and the rapid growth period among the
three treatments. In addition, there was no
significant difference in the maximum growth
rate v,, (at @ = 0.05). In terms of CSAB, in
the T3 group, the termination of rapid growth
(t;) was significantly (P < 0.05) earlier, and
the duration of the rapid growth period was
significantly shorter than in the T1 and T2
groups.

Under different treatments, with the de-
crease of branch-base angle, the rapid shoot
elongation growth (#,) gradually started ear-
lier (Table 3). On the contrary, the starting
time of rapid shoot thickening (i.e., increased
CSAB) was gradually delayed from T1 to
T3. In terms of CSAB growth, the maximum
growth time (#,) was nearly a week earlier
(6.14 d) in T3 than in T1, and the maximum
relative growth rate v,, of T3 was about 2.02
times greater than in T1. There were no sig-
nificant differences (at o = 0.05) in the maxi-
mum growth time and the maximum relative
growth rate regarding shoot length growth.

t, is the starting time of rapid growth; #, is
the termination time of rapid growth; v,
is the maximum relative growth rate; and ¢,
is the maximum growth time. The values are
means = SE (n = 3). For specific measure-
ments, different letters in each column indi-
cate significant differences among treatments
(P < 0.05).

Time-course changes in length and
CSAB of new shoots in different branch-
base angle treatments

The two main branches of the “double-arm”
trellised pear trees extend in the north—south
direction, with symmetrical distribution of
branches. The growth rate of shoots on the

main branches determines the expansion of
its crown width. Table 5 showed that in the
carly stage of growth, there was no signifi-
cant treatment difference in the average shoot
elongation rate (at o = 0.05), but the average
growth rate of CSAB was significantly higher
in T3 than in T1 and T2.

During the rapid growth period, the aver-
age shoot elongation rate decreased in the or-
der T2 > T1 > T3, and there was a significant
difference between T2 and T3 (P < 0.05). The
average growth rate of CSAB was signifi-
cantly higher in T3 than in T1 and T2,
which was similar to that in the early stage
of growth.

At the late growth stage, the average shoot
elongation rate was T2 > T1 > T3, and there
was a significant difference between T2 and
T3 (P < 0.05). The average growth rate of
CSAB decreased in the order T3 > T2 > T1,
with significant differences among the three
groups (P < 0.05). In general, in terms of the
shoot elongation rate, the difference between
T1 and T3 groups was not obvious in the
three periods, and the average shoot elonga-
tion rate of T2 was relatively high in the rapid
growth and the late growth stages. In terms
of CSAB growth rate, the T3 group was sig-
nificantly faster than the T1 and T2 groups,
especially in the late growth stage.

Construction of mathematical model of
fruit growth under different branch-base
angles

We measured three growth indices (longi-
tudinal diameter, transverse diameter, and
weight) and two indicators of fruit ripening
(total soluble solid content and fresh firm-
ness) during fruit growth (78 to 127 d after
full bloom) under three different branch-base
angle treatments and fitted the appropriate
time-course curves. The corresponding fitting
curves and derivative function diagrams are
shown in Table 6.

The quadratic equation was used to fit the
four indices of fruit quality (weight, total sol-
uble solid content, transverse diameter, and
longitudinal diameter), whereas the cubic
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Fig. 3. The fitted curves of average length (A) and cross-sectional area of branch base (B) of new shoots developed on treated branches of trellised ‘Cuiguan’
pear trees. T1 = 60° branch-base angle, T2 = 30° branch-base angle, T3 = 0° branch-base angle. Each point represents the average value

(n = 3, three repeated experimental plots).
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Table 1. Proportion of shoot types (short, medium, and long) in response to three branch-angle treatments in ‘Cuiguan’ trellised pear trees cultivated in

Wuhan, China.

Total number

Medium
Short shoots shoots (>50 to Long shoots Short Medium Long
Treatment (=50 cm) =100 cm) (>100 cm) shoots (%) shoots (%) shoots (%)
Tl 425 144 13 73.01 £0.70 b 2478 £1.74 a 221+152a
T2 541 159 24 7483 £2.10 b 21.99 £ 2.30 ab 3.18+0.23 a
T3 480 117 18 78.84 £ 1.50 a 1921 £2.15b 1.96 £ 0.78 a

Table 2. Logistic model parameters and the test indices of average growth of shoot length and cross-sectional area of branch base (CSAB) on 1-year-old

branches of trellised pear trees.

Correlation Coefficient of Theoretical Measured

Measurement Treatment Logistic equation coefficient r Determination R’ value k value k
Length (cm) Tl y = 231.78/(1 + 26.66¢ 00 0.96 0.93 232 232
T2 y = 280.91/(1 + 21.37¢ 00665 0.97 0.94 281 281
T3 y = 214.07/(1 + 22.15¢ 006881 0.97 0.94 214 214
CSAB (mm?) Tl y = 478.54/(1 + 5.79¢ 00334 0.99 0.97 479 456
T2 y = 552.84/(1 + 6.44e 0376 0.98 0.97 553 527
T3 y = 745.72/(1 + 7.35¢ 00459 0.96 0.93 746 738

Table 3. Growth parameters of shoot length and cross-sectional area of branch base (CSAB).

Measurement Treatment t (d) t (d) t — t (d) tn (d) v, (cm/d, mm?/d)

Length (cm) T1 2841 £3.19a 66.47 +1.70 a 38.06 +3.10 a 4744 £8.12a 401 £0.15a
T2 2624 +217a 65.85 +0.99 a 39.61 £3.04 a 46.05 + 588 a 4.67 +0.65 a
T3 25.88 £2.63 a 64.17 £3.96 a 3828+ 197 a 4503 £ 564 a 3.68+0.39a

CSAB (mm?) T1 1241 £+ 1.80 a 86.82 + 6.93 a 744 £ 476 a 4961 +345a 424 +0.52b
T2 1453 £ 1.26 a 84.58 £ 0.74 a 70.05 £ 1.31 a 49.55+1.39a 520+ 0.67b
T3 1478 £ 1.78 a 72.16 £3.15b 5738 +579b 4347 +199b 8.56 £ 1.54 a

Table 4. Duration of developmental stages (in days) regarding the shoot length and cross-sectional area of branch base (CSAB) growth.

Measurement Treatment

Early growth stage

Rapid growth stage

Late growth stage

Length (cm) T1

CSAB (mm?) Tl

18 Mar to about 15 Apr
18 Mar to about 13 Apr
18 Mar to about 13 Apr
18 Mar to about 30 Mar
18 Mar to about 2 Apr
18 Mar to about 2 Apr

About 16 Apr to 24 May
About 14 Apr to 24 May
About 14 Apr to 22 May
About 31 Mar to 13 Jun
About 3 Apr to 11 Jun
About 3 Apr to 31 May

From 25 May onward
From 25 May to onward
From 23 May to onward
From 14 Jun to onward
From 12 Jun to onward
From 1 Jun to onward

The starting date was 18 Mar.

equation fitted the remaining index (flesh firm-
ness). Over time, in all treatments, the fruit
transverse and longitudinal diameter and fruit
weight showed an increasing trend, while the
daily growth rate showed a decreasing trend
(Figs. 4-6). The relative treatment differences
in the daily growth rate of these three indica-
tors appeared only after about 95 to 105 d after
full bloom (Figs. 4B-6B).

For total soluble solid content, the fitted
curves were similar for T1 and T2. By contrast,
the daily growth rate was lower in T3 than T1
and T2 in the early stage, but the reverse was
obvious in the late growth stage (Fig. 7). The
growth curve of flesh firmness under T2 and
T3 treatments was fitted with a cubic equation,
indicating that the trend of fruit flesh texture
development was subject to more complex in-
fluences from branch bending angles (Fig. 8).

Comparison of quality characteristics of
mature fruits under different branch-
base angle treatments

According to the results (Fig. 9), there was
no significant difference (at o« = 0.05) in
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single fruit weight, fruit shape index, trans-
verse and longitudinal diameters, and soluble
sugar content across the three branch-pulling
angles. The average content of titratable acid
in T1 group was significantly higher than that
in T2 and T3 groups (P < 0.05), but there was
no difference between T2 and T3. In terms of
solid-to-acid ratio, T3 group was significantly
(P < 0.05) higher than T1 group but not sig-
nificantly different from T2. Regarding the
flesh firmness of the ‘Cuiguan’ fruit, it was
significantly (P < 0.05) lower in the T2 and
T3 treatments than in T1. Taking into account
all the fruit quality indices, the quality of the
‘Cuiguan’ fruit was better in T3 than in T1
and T2 groups.

Discussion

Branch-base angle trainings significantly
altered the vegetative growth patterns in
new formed shoots

The results demonstrated that branch
bending angles had a significant impact on
the proportion of short shoots in pear trees.

This observation aligns with the reported
physiological mechanism whereby horizon-
tal branch orientation disrupts auxin trans-
port, thereby weakening apical dominance and
promoting lateral bud development (Balla et al.
2016). Our findings are consistent with those
from ‘Pingguo’ pear orchards, where vertical
bending at 80° to 90° (i.e., a horizontal angle
of 0° to 10°) significantly increased the forma-
tion of medium and short shoots compared
with 60° and 120° angles (Wu et al. 2008).
However, they contrast with results from high-
density apple orchards, where a vertical angle
of 110° (i.e., a horizontal angle of —20°) re-
sulted in the highest proportion of medium and
short shoots compared with 70°, 90°, and
130° (Gao et al. 2022). This divergence
suggests species-specific sensitivity to branch-
angle manipulation. Furthermore, planting
density may also contribute to these differ-
ences. In low-density orchards, a horizontal
branch angle of 0° may optimize vegetative
growth and fruiting efficiency, whereas in
high-density systems, this configuration may
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Table 5. Comparison of average growth rates of shoot length and cross-sectional area of branch base
(CSAB).

Measurement Treatment Early growth stage Rapid growth stage Late growth stage

Length (cm/d) 60° (T1) 1.72£0.24 a 3.52 £ 0.25 ab 3.37 £ 0.54 ab
30° (T2) 226+032a 4.09 £038 a 4.05+0.14 a
0° (T3) 1.75+ 022 a 323+020b 3.02+0.13b

CSAB (mm?%d) 60° (T1) 8.15+025b 371+ 025b 947 +0.34 ¢
30° (T2) 8.05+0.10b 456 +020Db 10.54 £ 0.33 b
0° (T3) 10.67 £ 044 a 75+0.58a 11.69 + 0.46 a

The values are means + standard error (n = 30 to 45 branches/treatment). For a given measurement,

different letters in each column indicate significant differences among treatments (P < 0.05).

Table 6. Curve fitting equations of the main indicators constructed based on the days of fruit development.

Coefficient
Equation of R* of
Classification Treatment fitting curve determination P value
Weight T1 yl = —54228 + 9.38x + —0.017x° 1.00 P <0.01
T2 )2 = —682.63 + 11.82x + —0.03x° 0.99 P < 0.01
T3 3 = —1006.31 + 18.21x + —0.06x> 0.97 P <0.01
Total soluble solid T1 1 =120 + 0.14x + —0.0004x" 0.98 P < 0.01
T2 2 =0.69 + 0.12x + —0.0002x> 0.98 P < 0.01
T3 3 = 8.46 + —0.004x + 0.0003x> 0.99 P <0.01
Transverse diameter T1 yl = —87.56 + 2.47x + —0.009x> 0.98 P < 0.01
T2 y2 = —79.82 + 2.35x + —0.008x> 0.99 P < 0.01
T3 ¥3 = —109.78 + 2.9688x — 0.0111x* 0.99 P < 0.01
Longitudinal diameter T1 y1 = —60.04 + 1.92x + —0.006x> 1.00 P < 0.01
T2 y2 = —98.81 + 2.73x + —0.0102x" 1.00 P < 0.01
T3 ¥3 = —7471 + 221x + —0.0076x" 0.97 P < 0.01
Flesh firmness Tl yl = 5428 + —0.79x + 0.003x> 0.92 P < 0.01
T2 2 = 16.66 + —0.07x — 9.44e %> 0.88 P =0.04
T3 ¥3 = 3198 + —0.29x + 5.17¢7 %003 1.00 P <001

not be optimal for maintaining tree vigor and
economic productivity.

Branch-base angle greatly affected the
CSAB and length growth of the new
shoots of the trellised pear trees

In general, the smaller the horizontal an-
gle of branches, the smaller the growth of
branch length, making it more conducive to
the transformation from vegetative growth to
reproductive growth. In this study, the three
branch-base angle treatments [60° (T1), 30°
(T2), and 0° (T3)] all resulted in rapid growth
of new shoots from mid-April to mid-to-late
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May, which slowed down after early June
(Fig. 3A); these findings were consistent with
the trend of new shoots growth of ‘Huang-
guo’ pear trees under natural conditions (Liu
et al. 2020). There was almost no CSA
growth peak in T1 and T2 treatment groups
(Fig. 3A), and the average length of new
shoot growth in T2 (30°) group was the lon-
gest, followed by T1 (60°) and T3 (0°)
(Fig. 3B). These findings contradict the re-
sults reported by Wu et al. (2008) for
‘Pingguo’ pear trees, in which branch aver-
age length decreased with increasing stretching
angles of 50° to 60° (the horizontal angle is
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~30° to 40°), 80° to 90° (the horizontal angle
is ~0° to 10°), and 120° (the horizontal angle
is about —30°), showing a consistent pattern.
The discrepancy may be attributed to differ-
ences in varieties and cultivation practices.

Specifically, in terms of elongation growth,
the vegetative growth of shoots in the T3
group was most inhibited, and the average
length of new shoots was consistently shorter
than that in the T1 and T2 groups (Fig. 3A).
Regarding CSAB growth, compared with the
T1 and T2 treatment groups, the maximum
relative growth rate v, of branches in the T3
group was significantly higher (P < 0.05)
(Table 3), and the rapid growth period was
shortened by 11 to 16 d (Table 4). This may
be related to the carbon transport capacity of
short branches being greater than that of long
branches (Rosati et al. 2018; Sansavini and
Corelli 1992). Under such conditions, the T3
group entered a period of slow CSAB growth
11 d earlier than the T2 group and 13 d earlier
than the T1 group.

Different branch angles influenced the
fruit quality formation on trellised
‘Cuiguan’ pear

The results of this study confirmed that
the regulation mechanism of pear fruit quality
under different branch angles may be closely
related to the growth rhythm of the branches.
Wei et al. (2018) carried out branch pulling
experiments at different angles on Korla fra-
grant pear trees in spindle-shaped close plant-
ing mode. Contrary to the present study on
‘Cuiguan’ pear, the content of soluble solids
and the sugar-to-acid ratio in Korla fragrant
pear significantly increased at a vertical angle
of approximately 75°, whereas flesh firmness
decreased and titratable acid content remained
unchanged. These differences may be attrib-
uted to variations in fruit cultivars or the
spatial distribution of endogenous hormones
under different angles. Branch angle not only
affects the transport pathway of photosynthetic
products but also alters the distribution of en-
dogenous hormones through mechanical stress

4 Tl
e T2
T3

120 130

~J1
(=]

80

90 100 110 120 130

Days

Fig. 4. Time-course changes in the fruit longitudinal diameter of ‘Cuiguan’ pear under different branch-base angle treatments. (A) Longitudinal diameter of
fruit. (B) Growth rate of vertical diameter. Tl = 60° branch-base angle, T2 = 30° branch-base angle, T3 = 0° branch-base angle. Each point represents
the mean =+ standard error of fruit growth measurements (n = 3, three repeated experimental plots).
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Fig. 5. Time-course changes in the transverse diameter of ‘Cuiguan’ pear under different branch-base angle treatments. (A) Transverse diameter of fruit. (B)
Growth rate of transverse diameter. T1 = 60° branch-base angle, T2 = 30° branch-base angle, T3 = 0° branch-base angle. Each point represents the
mean + standard error of fruit growth measurements (n = 3, three repeated experimental plots).

signals, thereby influencing plant growth and
productivity (Reis et al. 2018). This creates
conditions that inhibit vegetative growth while
promoting fruit ripening and the formation of
sugar and acid content (Batista-Silva et al.
2018; He et al. 2005). From the analysis of
shoot growth dynamics, the T3 group ended
its rapid growth stage earlier than the T1 and
T2 groups (Table 4) and exhibited a signifi-
cantly faster growth rate.

This adjustment of growth rhythm may
affect fruit development through two aspects.
First, the early cessation of shoot growth re-
duces nutrient competition with fruit develop-
ment, allowing more carbon assimilates to be
allocated to the fruit and accelerating the con-
version of organic acids to carbohydrates in
pulp cells, thereby improving the sugar-to-
acid ratio (Fig. 9G). Second, the T3 group
showed a stronger inhibitory effect on apical
growth, which greatly promoted lateral branch
development, improved the overall growth

rate, and accelerated the expression of genes
related to fruit ripening, resulting in decreased
flesh firmness (Fig. 9H). In addition, through
the determination of fruit quality parameters
for 4 consecutive months, it was found that
the three branch angle treatments did not influ-
ence the overall trend of daily growth rate of
fruit longitudinal and transverse diameters and
weight, which all decreased during fruit devel-
opment. However, for fruit and flesh firmness,
the T3 and T2 groups showed an increasing
(rather than decreasing) trend (Figs. 7B and
8B). Overall, it was found that 95 to 110 d af-
ter full bloom was an important period result-
ing in changes in the relative daily growth rate
of the above five quality parameters, while the
branches achieved more than 90% of the an-
nual growth in this period (Fig. 3), just before
the late growth stage. Therefore, coordinating
and enhancing the nutritional management
of shoots and fruits before this period (mid-
to-late June) may be important to both

ensuring optimal fruit quality and stabilizing
tree vigor.

Conclusions

Different branch-base angles of trellised
pear trees influenced the growth rate of new
shoots and the fruit quality parameters (titrat-
able acid, flesh firmness, and solid-to-acid ra-
tio). Before mid-to-late June is an important
period for the implementation of interven-
tions to balance the nutritional management
of shoots and fruits. The curve-fitting equa-
tions and functions of ‘Cuiguan’ shoots and
fruits grown in the “Double Primary Branches
along the Row” orchard with the flat-type trel-
lis system cultivation mode can accurately re-
flect the growth dynamics of branches and
predict the key growth periods. It provides a
basis for accurately and quantitatively study-
ing the dynamic changes in branch growth and
nutrient regulation and also provides important
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Fig. 6. Time-course changes in the weight of ‘Cuiguan’ pear fruits under different branch-base angle treatments. (A) Fruit weight. (B) Growth rate of fruit
weight. T1 = 60° branch-base angle, T2 = 30° branch-base angle, T3 = 0° branch-base angle. Each point represents the mean + standard error of fruit
growth measurements (n = 3, three repeated experimental plots).
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Fig. 7. Time-course changes in the total soluble solids (TSS) content of ‘Cuiguan’ pear fruits under different branch-base angle treatments. (A) Content of
TSS. (B) Growth rate of TSS. T1 = 60° branch-base angle, T2 = 30° branch-base angle, T3 = 0° branch-base angle. Each point represents the mean +
standard error of fruit growth measurements (n = 3, three repeated experimental plots).
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Fig. 8. Time-course changes in fruit flesh firmness of ‘Cuiguan’ pear under different branch-base angle treatments. (A) Fruit firmness. (B) Growth rate of
firmness. T1 = 60° branch-base angle, T2 = 30° branch-base angle, T3 = 0° branch-base angle. Each point represents the mean + standard error of fruit
growth measurements (n = 3, three repeated experimental plots).
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Fig. 9. The effects of different branch base angle treatments on various quality parameters of mature ‘Cuiguan’ pear fruits. (A) Fruit shape index. (B) Titratable
acid content. (C) Soluble solids content. (D) Transverse diameter. (E) Longitudinal diameter. (F) Flesh firmness. (G) Solid-to-acid ratio. (H) Weight. T1 =

60° branch-base angle, T2 = 30° branch-base angle, T3 = 0° branch-base angle. Bars indicate the means of fruit growth measurements + standard error

(n = 3, three repeated experimental plots). Different letters indicate statistically significant differences at the P = 0.05 level.
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support for predicting the quality changes of
pear fruit under different management condi-
tions. It can provide a theoretical reference for
optimizing the management of trellised pear
trees in production.
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