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species with different shade tolerances

Ting Zhang'~, Qiaoling Yan'*'®, G. Geoff Wang® and Jiaojun Zhu'*

Abstract

Background: To restore secondary forests (major forest resources worldwide), it is essential to accelerate the
natural regeneration of dominant trees by altering micro-environments. Forest gaps are products of various
disturbances, ranging from natural storms or wildfires to anthropogenic events like logging and slashing-and-
burning, and sprouts of most tree species with non-structural carbohydrates (NSCs) storage can regenerate from
stumps after gap formation. However, how the stump sprouts with diverse NSCs storages and stump sizes (i.e,,
diameters) adapt to various micro-environments of within-gap positions remains unclear. Therefore in this study, we
monitored the stump sprout regeneration (density, survival, and growth) and NSCs concentrations of three
dominant tree species with different shade tolerances and varying stump diameters at five within-gap positions for
the first two consecutive years after gap formation.

Results: Stump diameter was positively correlated with sprout density, growth, and survival of all three tree species,
but insignificantly related with sprout NSCs concentrations at the early stage after gap formation. The effect of
within-gap position on sprout NSCs concentrations was different among species. After an environmental adaptation
of two growing seasons, the north of gap (higher light availability and lower soil moisture habitat) was the least
conducive for shade-intolerant Quercus mongolica to accumulate leaf NSCs, and the east of gap (shadier and drier
habitat) was conducive to increasing the leaf NSCs concentrations of shade-tolerant Tilia mandshurica.
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Stump size

Conclusions: Within-gap position significantly affected leaf NSCs concentrations of all three tree species, but most
of the sprout growth, survival, and stem NSCs concentrations were independent of the various within-gap
positions. Besides stump diameter, the NSCs stored in stump and root systems and the interspecific differences in
shade tolerance also contributed more in sprout regeneration at the early stage (2 years) of gap formation. A
prolonged monitoring (> 10 years) is needed to further examine the long-term effects of stump diameter and
within-gap position on sprout regeneration. All of these findings could be applied to gap-based silviculture by
promoting sprout regeneration of dominant tree species with different shade tolerances, which would help
accelerate the restoration of temperate secondary forests.

Keywords: Non-structural carbohydrates, Sprout regeneration, Sprout growth, Sprout survival, Within-gap position,

Background

Secondary forests have become main body of forest re-
sources, accounting for 60% and 72% of the forest area
in the entire world and Northeast China, respectively
(Thompson and Donnelly 2018; Yan et al. 2019). How-
ever, secondary forests, which regenerated from the pri-
mary forests after natural or anthropogenic disturbances,
have been degraded with the problems of stand structure
(e.g., lack of dominant tree species, and simpler vertical
stand structure) and declined ecosystem services (e.g.,
lower water conservation) (Zhu et al. 2007a; Yan et al.
2010, 2019). One critical approach for solving these
problems above is to accelerate the natural regeneration
of dominant tree species in secondary forests (Woo et al.
2011; Kang et al. 2012; Yan et al. 2019).

As a dominant form of small-scale disturbance in sec-
ondary forests, forest gap plays an important role in for-
est dynamics (Gendreau-Berthiaume and Kneeshaw
2009; Zhu et al. 2015). According to the concept of
close-to-nature silviculture, emulating natural disturb-
ance to create artificial gaps is a useful way to promote
forest regeneration (Streit et al. 2009; Lu et al. 2018a,
2018b). This is because once artificial gaps are created,
the micro-environments within a gap will vary with di-
verse within-gap positions (Ritter et al. 2005; Albanesi
et al. 2008; He et al. 2012), and the natural regeneration
of desired tree species within a gap would relate to the
within-gap positions where they located. After gap for-
mation in temperate secondary forest, there are two
types of natural regeneration (i.e., seed regeneration and
sprout regeneration) within a gap. Many previous re-
searches have reported that within-gap position strongly
affected seed regeneration process (i.e., seed rain, seed
dispersal, soil seed bank, seed germination, seedling
emergence, seedling establishment, and seedling/sapling
growth) (Wang et al. 2017; Lu et al. 2018a, 2018¢; Bua-
jan et al. 2018; Yan et al. 2019). The studies on the
sprout regeneration (i.e., sprout density, survival, and
growth) mainly focus on sprout mechanisms (Zhu et al.
2007b), effects of stump traits (e.g., stump diameter) on

sprout regeneration (Wang et al. 2004), and sprout re-
generation after a fire (Vesk and Westoby 2004). How-
ever, few studies pay attention to the effects of within-
gap positions on sprout regeneration.

After gap formation in temperate secondary forests,
many sprouts can regenerate from stumps or fallen logs
and then grow quickly to occupy spaces with appropriate
within-gap environment (Bellingham and Sparrow 2000;
Bond and Midgley 2001). Sprout regeneration plays a
critical role in restoring temperate secondary forests at
the early stage of gap formation (Zhu 2002; Zhang et al.
2018). Therefore, the within-gap position with appropri-
ate micro-environment may be beneficial to restore tem-
perate secondary forests by promoting sprout
regeneration.

Non-structural carbohydrates (NSCs), including sol-
uble sugar, starch, and total NSC (the sum of soluble
sugar and starch), are stored in plant tissues (e.g., leaves,
stems, roots). NSCs are involved in plant metabolism
and play an important role in plant survival and growth
(Imaji and Seiwa 2010; Takahashi and Goto 2012; Zhang
et al. 2013; Richardson et al. 2013). Soluble sugar forms
in leaves and is transported from leaves to other tissues
of a plant, while starch is considered as primary storage
polysaccharide in plant (Dietze et al. 2014; Takahashi
and Furuhata 2016). Therefore, NSCs concentration is
recognized as an indicator of a balance between carbon
sources (i.e., photosynthesis) and sinks (ie., growth)
(Hoch et al. 2003; Dietze et al. 2014). Leaf NSCs storage,
especially in deciduous trees, is transported to phloem
before leaf falls and is utilized for growth in the next
year (Wong et al. 2003; Dietze et al. 2014). Soluble sugar
is directly used for cold tolerance, while starch accumu-
lated late in the growing season and converted to soluble
sugar during dormancy period, and then converted to
starch when the dormancy ends (Dietze et al. 2014).
Therefore, the storage of NSCs, especially in the stems
of deciduous trees, is advantageous for survival and
growth of trees under stress conditions (e.g., shade en-
vironment and cold season), and affects sprouting ability
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of trees after cutting or above-ground biomass loss (Latt
et al. 2001; Zhang et al. 2013).

Poorter and Kitajima (2007) have indicated that it is
important to focus on the changes of NSCs concentra-
tions in relation to various environmental conditions.
However, previous studies mainly focus on the seedlings
originated from seed regeneration (Zhang et al. 2013) or
mature trees (Wong et al. 2009; Klein et al. 2016), and
little is known about the effects of diverse environments
(e.g., varying within-gap positions) on sprout NSCs con-
centrations and consequently on sprout regeneration.
Additionally, characteristics of tree residues (e.g., stump
diameter) can also affect sprout regeneration, but the re-
sults vary among different tree species (Mwavu and Wit-
kowski 2008; Knapp et al. 2017).

Here, we use a flow chart (Fig. 1) to illustrate the idea
of our research, and test following hypotheses. Right
after the creation of gaps, sprouting happens around
stumps. Stump diameter and within-gap position can
affect sprout density, growth, and survival after stump
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sprouting (hypothesis 1). After sprouting, leaves start to
accumulate NSCs, and the leaf NSCs concentrations will
be affected by species and within-gap position (hypothesis
2). After a period of growth, assimilated carbon reallo-
cated to other parts. Thus, the ratio of leaf NSCs to stem
NSCs, and the stem NSCs concentrations will be affected
by within-gap position and species (hypothesis 3).

To test these hypotheses, we conducted this work in
temperate secondary forest gaps in a mountainous re-
gion of eastern Liaoning Province, Northeast China.
Three dominant tree species with different shade toler-
ances (shade intolerant species: Quercus mongolica
Fisch., intermediate shade tolerant species: Acer mono
Maxim., shade tolerant species: Tilia mandshurica
Rupr.) were selected as objects of this study. We moni-
tored sprout survival, growth, and the NSCs concentra-
tions in leaves and stems at five within-gap zones for the
first two consecutive years after gap creation. We hope
this study could provide some new insights into the gap-
based silviculture by promoting sprout regeneration of
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Fig. 1 Flow chart of the current understanding and missing holes regarding secondary forest sprout regeneration in gaps
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dominant tree species with different shade tolerances,
which would help accelerate the restoration of temperate
secondary forests.

Methods

Study site

This study was carried out in Qingyuan Forest CERN
(Chinese Ecosystem Research Network), Chinese Acad-
emy of Sciences (CAS), located in a mountainous region
of eastern Liaoning Province, Northeast China (41°51°'N,
124°54°E, 500—1100 m above sea level). The climate is a
continental monsoon climate, with a strong windy
spring, a hot and humid summer, and a dry and cold
winter. The annual mean air temperature is 4.7 °C with
the coldest month in January and the warmest month in
July. The mean annual precipitation ranges from 700 to
850 mm, of which 80% falls during summer (from June
to August). The growing season lasts from early April to
late October (Yan et al. 2019; Lu et al. 2019). The soil is
a typical brown forest soil consisting of 25.6% sand,
51.2% silt, and 23.2% clay (Yang et al. 2013). Historically,
the study area was covered by mixed broadleaved-
Korean pine forests until the 1950s. Most of the primary
forests degraded over decades of exploitive timber har-
vesting and were completely cleared by a large fire in the
early 1950s. Currently, the study area was covered by
naturally regenerated secondary forests and dominated
by broadleaved tree species such as Q. mongolica, A.
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mono, Fraxinus rhynchophylla Hance and Juglans man-
dshurica Maxim. (Lu et al. 2018¢; Yan et al. 2019).

Gap description

Twelve artificial gaps (including eight experimental gaps
and four non-experimental gaps of this study) (Fig. 2)
were created on the snow-covered ground in a typical
secondary forest in March 2015. The establishment of
these forest gaps was served in a series of studies on the
effect of forest gap on secondary forest regeneration (Lu
et al. 2018a, 2018c¢, 2021). These forest gaps were estab-
lished with different sizes referred to Zhu et al. (2015),
based on the upper and lower limits of forest gaps and
the actual situation of sample plots. During gap creation,
all trees (including saplings) and shrubs taller than 30
cm within gaps were harvested and removed out of gaps
to create a uniform forest floor only with grasses. In
order to minimize the negative effects of logging on
stand environments (i.e., forest soil and other canopy
trees), the chainsaws instead of large harvesting ma-
chines were used to remove the logging materials. The
size and shape of each experimental gap was measured
using a total station (TKS-202, China), which can record
the distance and direction between the center point and
each border tree of gap. We used the total station to cre-
ate approximately circular gaps (Lu et al. 2018c). Gap lo-
cations were randomly chosen in forests with similar site
conditions, such as similar soil type, alike topography
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(mountains with slope of 18-28°, slope aspect of 158-
220°, and mid-slope position), similar vegetation com-
position, and the same history of forest management.
The area of these experimental gaps ranged from 476
m® to 984 m> The mean height and DBH (the diameter
at breast height) of the border trees of all experimental
gaps were 19.08 m and 29.88 cm, respectively. The basic
description of experimental gaps is shown in Table 1.

Experimental design

According to a preliminary survey of the basic informa-
tion (e.g., within-gap position, tree species, sprout num-
ber per stump, stump height and diameter, sprout
height and basal diameter) for all within-gap stumps at
the beginning of growing season in 2015, we counted
the number of stumps per tree species and took the
within-gap position of stump and the shade tolerance of
species into account. Finally, three dominant tree species
with different shade tolerances were selected as our
study objects (i.e., shade intolerant species: Q. mongolica,
intermediate shade tolerant species: A. mono, and shade
tolerant species: T. mandshurica) (Shi et al. 2006; Lu
et al. 2015; Yan et al. 2016). The stumps of Q. mongolica,
A. mono and T. mandshurica accounted for 16%, 36%,
and 7% of the total number of stumps within all eight
experimental gaps, respectively.

Nine points were set up in each experimental gap
along four directions (i.e., southeast-center-northwest
and northeast-center-southwest), of which one point lo-
cated in the center of gap (i.e., center point), four points
in northwestern, southeastern, northeastern, and south-
western edge of the gap (i.e., edge points), and four
points in the middle of gap center point and gap edge
points (i.e., midpoints) along southeast-northwest line
and northeast-southwest line (Fig. 2). The center zone of
gap was identified as the circular area formed by the dis-
tances from center point to midpoints. The annular area
formed by the distances from midpoints to its corre-
sponding edge points was divided into four subareas
(north, south, east, and west) by the northeast-southwest
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line and the southeast-northwest line. Thus, each gap
was divided into five within-gap zones, including center
zone (center), north zone (north), south zone (south),
east zone (east), and west zone (west). The partition of
five within-gap zones is shown in Fig. 2.

Three experimental stumps of each tree species in
each within-gap zone were chosen for the study. Thus,
we had a total of 45 stumps for the experiment (3
stumps per species for each zone x 3 species x 5 within-
gap zones = 45 stumps). Three replicates of stumps for
each tree species in the same within-gap zone should be
chosen from different experimental gaps. To minimize
the difference of sprouting ability among experimental
stumps, we only chose the stump with 10-30 sprouts at
the beginning of growing season in 2015. The stump
height and diameter (mean + SE) for Q. mongolica, A.
mono and T. mandshurica were 20.38 + 2.78 cm and
21.54 + 3.70 cm, 21.67 + 3.61 cm and 546 + 0.63 cm,
and 23.85 + 2.91 cm and 8.96 + 1.73 cm, respectively.

Sprout density, survival, and growth measurement
Sprout density (the number of sprouts per stump) was
examined at the beginning and the end of growing sea-
son for two growing seasons. Sprouts were considered
alive when at least one green tissue was present on the
stem (Obrien et al. 2014). The sprout survival in each
growing season (R.;,) was represented by the ratio of the
number of sprouts per stump at the end of growing sea-
son to the number of sprouts per stump at the beginning
of the same growing season.

At the end of growing season in 2015 and in 2016, we
randomly selected three 1-year-old sprouts and three 2-
year-old sprouts from each experimental stump, respect-
ively, and the selected sprouts were measured and har-
vested for NSC analysis. The mean value of each variable
of three sprouts was considered representative of the
sprouts on each experimental stump. Two measurements
of sprout growth characteristics (i.e., sprout height and
basal diameter) were conducted. We measured the sprout
height and basal diameter at the end of the growing

Table 1 Basic description of experimental secondary forest gaps created in March 2015

Forest Gap size Altitude Aspect  Slope  Height of gap border trees DBH of gap border trees  Stump number per
gaps (m?) (m) ©) ©) (m) (cm) gap

Gap1 984 678 191 22 20.0 273 93

Gap2 688 679 170 25 19.8 30.8 69

Gap3 968 653 195 19 175 289 67

Gap4 658 672 220 25 20.1 326 55

Gap5 476 664 168 18 194 288 1

Gapb 484 726 170 25 185 316 61

Gap7 512 731 158 28 17.2 26.5 101

Gap8 492 762 170 26 189 325 66
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season in 2015 and 2016 for 1-year-old sprouts and 2-
year-old sprouts, respectively. The sprouts were harvested
and divided into leaves and stems at the end of the grow-
ing season in 2015 and 2016. Then, the harvested leaf and
stem samples were killed at 105 °C for 30 min and then
dried at 65 °C for at least 72 h to a constant mass in a dry-
ing oven.

Non-structural carbohydrates determination

The dry samples were ground and sifted by sieves with 0.25
mm mesh for NSCs measurement. In this study, NSCs was
defined as soluble sugar plus starch (Hoch et al. 2003). The
measurement methods of soluble sugar and starch referred
to Li et al. (2011) with a little improvement. The stem sam-
ples and leaf samples of three tree species (each sample of
50 mg) were extracted three times with 25 ml of 75% etha-
nol at 80 °C for 30 min. The supernatants were combined
in a 100 ml volumetric flask and diluted with 75% ethanol
to volume. The solution was used to measure the amount
of soluble sugar. The remaining pellets with 25 ml of 1%
HCI were boiled for 2 h to decompose the starch. The
anthrone colorimetry with glucose as the standard was
adopted to determine the amount of soluble sugar and
starch (Yemm and Willis 1954).

Environmental condition monitoring

We randomly chose two gaps from the eight experimental
gaps, and set up data loggers (WatchDog 1650 Micro Sta-
tion, Spectrum Technologies) to monitor environmental
conditions (i.e., light availability, air temperature and rela-
tive air humidity, soil temperature, and soil moisture) at
five within-gap positions in each gap during two growing
seasons (2015 and 2016). Light availability (PAR: Photo-
synthetically Active Radiance), air temperature, and rela-
tive air humidity were automatically monitored at a height
of 1.0 m above ground. Soil temperature and moisture
were determined by External Temperature Sensors and
SM 100 Soil Moisture Sensor, respectively, and the probes
were buried at 5 cm below ground. All environmental
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factors were recorded per 30 min. The mean values (+
S.E.) of each environmental factor at five within-gap posi-
tions during two growing seasons are shown in Table 2.

Data analysis

A linear mixed model (LMM) was used to examine the
effects of within-gap position and tree species on the
concentrations of NSCs (total NSC, soluble sugar, and
starch) in leaves and stems, the sprout growth character-
istics (sprout height and basal diameter), sprout density
and survival (i.e., R.s,), and the ratio of leaf NSCs (total
NSC, soluble sugar and starch) concentrations to stem
NSCs (total NSC, soluble sugar, and starch) concentra-
tions for 1-year-old sprouts and 2-year-old sprouts. In
the model, within-gap position, tree species and the
interaction of within-gap position and tree species were
taken as fixed factors, and gap and stump diameter as
random factors. The degrees of freedom for within-gap
position, tree species and within-gap position x tree spe-
cies were 4, 2, and 8, respectively. Tukey’s post hoc tests
were used to further test differences among within-gap
positions or among tree species.

Correlation analyses with the Pearson coefficient were
conducted using all experimental stump data of each species
at the end of these two growing seasons to test the correla-
tions between stump diameter and concentrations of NSCs
(total NSC, soluble sugar, and starch) in leaf and stem, and
sprout density and survival (R.,), and sprout growth (height
and basal diameter) at the end of each growing season.

All of the statistical tests were performed using R (ver-
sion 4.0.2) and significance was examined at the level P
< 0.05. Log transformation was used when necessary to
achieve normality and homogeneity of variance.

Results

Sprout density, survival, and growth

Significantly positive correlations were found between
stump diameter and sprout survival of 1-year-old A.
mono (r = 0.54; P = 0.04), and between stump diameter

Table 2 Mean (+ SEE) values of environmental factors at five within-gap positions during two growing seasons

Within-gap Photosynthetically active radiance (PAR) (uM Soil temperature  Soil Air temperature  Air relative

position m2s7) (°C) moisture  (°C) humidity
(%) (%)

North 152.75 + 8.04 1892 + 041 1579 + 1944 + 0.52 71.71 £ 1.89
173

South 105.67 + 830 1740 £ 048 2512 £ 19.00 = 0.55 7481 £ 1.90
3.74

East 12946 + 644 19.27 £ 046 1528 1935 £ 0.53 7181 £ 1.85
1.55

West 13807 + 6.59 1804 + 048 28.26 + 1949 + 0.54 7408 + 1.94
235

Center 15796 + 7.22 1942 +1.02 2842 + 1943 + 0.55 7341 £ 1.88

2.56
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and sprout density of 2-year-old A. mono (r = 0.79; P <
0.001) (Table 3). For Q. mongolica, stump diameter was
positively correlated with the density and height of 1-
year-old sprouts and the basal diameter of both two
ages’ sprouts (r > 0.50; P < 0.05) (Table 3). For T. man-
dshurica, only the 2-year-old sprout density was posi-
tively related to stump diameter (r = 0.75; P = 0.00)
(Table 3).

There were no significant effects of within-gap pos-
ition, tree species, and their interactions on sprout dens-
ity, basal diameter, and survival of both 1-year-old
sprouts and 2-year-old sprouts (P > 0.05) (Table 4). Only
tree species significantly affected the height of both two
ages’ sprouts (P < 0.05) (Table 4). For 1-year-old sprouts,
the sprout height of A. mono was significantly higher
than that of T. mandshurica at the east of gap, and that
of Q. mongolica at the west of gap (P < 0.05) (Fig. 3b).
For 2-year-old sprouts, the sprout height of A. mono was
significantly higher than that of Q. mongolica at the
north of gap, and that of T. mandshurica at the center
of gap (P < 0.05) (Fig. 3f).

Sprout NSCs concentrations

No significant relationship was found between stump
diameter and NSCs concentrations of both two ages’
sprouts for all three tree species (P > 0.05). The within-
gap position significantly affected the concentrations of
leaf starch and NSC of 1-year-old sprouts and the con-
centrations of leaf soluble sugar and NSC of 2-year-old
sprouts (P < 0.05) (Table 5). There were significant ef-
fects of tree species on the concentrations of leaf NSCs
(soluble sugar, starch and NSC) in both two ages’
sprouts (P < 0.05) (Table 5). The interaction of within-
gap position and tree species significantly affected leaf
starch concentration of 1-year-old sprouts (P = 0.01)
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(Table 5). For 1-year-old sprouts, the maximum leaf sol-
uble sugar concentration and total NSC concentration of
T. mandshurica occurred at the south of forest gap, and
significantly higher than those at the east, west, and cen-
ter of gap (P < 0.05) (Fig. 44, c); and the leaf starch con-
centrations of A. mono at the north and center of gap
were significantly lower than those at the south, east,
and west of gap (P < 0.05) (Fig. 4b). For 2-year-old
sprouts, leaf soluble sugar and NSC concentrations of Q.
mongolica at the north of gap were significantly lower
than those at the other four within-gap positions, except
for the leaf NSC concentration at the east of gap (P <
0.05) (Fig. 4d, f); and the maximum of leaf NSCs con-
centrations of T. mandshurica occurred at the east of
gap (P < 0.05) (Fig. 4d—f).

Only tree species significantly affected stem NSCs con-
centration of both two ages’ sprouts (P < 0.05) (Table 5).
The stem NSCs concentrations of 1-year-old T. man-
dshurica were significantly higher than those of 1-year-
old A. mono and Q. mongolica (P < 0.05) (Fig. 5a—c).
The stem NSCs concentrations of 2-year-old T. man-
dshurica were significantly higher than those of 2-year-
old A. mono (P < 0.05) (Fig. 5d—f). Only the stem starch
concentration of 2-year-old Q. mongolica was signifi-
cantly affected by within-gap position, ie., the stem
starch concentration at the west of gap was significantly
higher than that at the north of gap (P < 0.05) (Fig. 5e).

Tree species significantly affected the ratio of leaf to
stem NSC concentrations (Rationgc) and the ratio of leaf
to stem starch concentrations (Ratios) of both two ages’
sprouts (P < 0.05) (Table 5). There was a significant
interaction effect of within-gap position and tree species
on the Ratiog of 1-year-old sprouts (P = 0.04) (Table 5).
Within-gap position significantly affected the ratio of
leaf to stem soluble sugar concentrations of 2-year-old

Table 3 Relationships between stump diameter and sprout density/growth/survival in both two growing seasons

Tree species Variables One-year-old sprouts Two-year-old sprouts
r P r P
Acer mono SD 049 0.06 0.79 <0.001
SH - 007 0.82 0.30 0.28
SBD - 001 097 0.12 0.68
Re/b 0.54 0.04 - 023 043
Quercus mongolica SD 0.54 0.04 0.35 0.28
SH 0.58 0.03 051 0.06
SBD 0.58 0.03 0.59 0.02
Reo 0.12 0.70 0.15 061
Tilia mandshurica SD -0.10 073 0.75 0.00
SH -0.16 0.58 0.26 040
SBD -017 0.54 051 0.08
Re/o 0.05 0.87 -0.20 0.50

Significant relationships (P < 0.05) are bolded. SD sprout density, SH and SBD sprout height and basal diameter, respectively, R,/ sprout survival
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Table 4 Effects of within-gap position and tree species on the sprout density, growth, and survival of 1-year-old and 2-year-old

sprouts
Factors df Sprout density Sprout height Sprout basal diameter Sprout survival
F P F P F P F P
One-year-old
WGP 4 1.18 044 1.20 046 1.22 045 0.39 0.81
TS 2 6.85 0.05 21.92 0.02 037 0.72 3.30 0.18
WGP x TS 8 032 0.92 0.66 0.72 139 043 1.93 032
Two-year-old
WGP 4 033 0.85 372 0.16 240 025 093 0.55
TS 2 3.09 0.16 18.82 0.02 113 043 0.07 093
WGP x TS 8 1.31 042 0.88 0.61 1.38 0.46 142 043

Significant effects (P < 0.05) are bolded. WGP within-gap position, TS tree species
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Table 5 Effects of within-gap position and tree species on the concentrations of NSCs (soluble sugar, starch, and total NSC) and the
ratios of leaf NSCs to stem NSCs in 1-year-old sprouts and 2-year-old sprouts

Factors df Css Cs Cinsc Csss Css Csnsc Ratio nsc Ratio ss Ratio s
F P F P F P F P F P F P r P r P r P
One-year-old
WGP 4 589 006 1772 0.01 667 0.04 154 034 125 042 131 040 454 009 259 0.19 6.08 0.05
TS 2 7757 0.00 13556 0.00 5292 0.00 7618 0.00 17823 0.00 25067 0.00 1348 0.02 163 030 8937 0.00
WGP xTS 8 480 007 1955 0.01 533 006 112 049 177 030 242 021 489 007 39 010 705 0.04
Two-year-old
WGP 4 1270 0.02 175 030 785 0.04 339 013 062 067 103 049 219 023 902 0.03 115 045
TS 2 40705 0.00 1663 0.01 17167 0.00 5003 0.00 15848 0.00 18360 0.00 4280 0.00 036 072 16991 0.00

WGP xTS 8 424 009 353 012 424 009 132 042 305 0.15 152 036 081 063 223 023 107 0.51

Significant effects (P < 0.05) are bolded. C;ss soluble sugar concentration in leaves, C;s starch concentration in leaves, C;nsc NSC concentration in leaves, Csss
soluble sugar concentration in stems, Css starch concentration in stems, Csysc NSC concentration in stems, Ratios,, Ratios, and Ratioysc the ratio of leaf to stem for
soluble sugar, starch, and NSC concentrations, respectively, WGP within-gap position, TS tree species

sprouts (P = 0.03) (Table 5). The Ratiog and Rationsc of — Ratiog and Rationsc of A. mono were higher than those
A. mono at the north of gap were significantly lower of Q. mongolica and T. mandshurica (Fig. 6e, f).
than those at the south of gap (P < 0.05) (Fig. 6b, c). The
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three tree species. The data are presented as the mean + S.D. Different capital letters indicate significant differences (P < 0.05) among tree
species. Different lowercase letters indicate significant differences (P < 0.05) among within-gap positions




Zhang et al. Ecological Processes (2021) 10:25

Page 10 of 14

v

[ (a) One-year-old sprouts

I North

I south

[ East

9 [ West

[ ] Center an aA

0
T

aB aB
aB 3B B

Soluble sugar concentration (%)

Acer mono Tilia mandshurica

Quercus mongolica

[ (b) One-year-old sprouts
20

10 -

aA |
aA 8A aA ap
5 -
aB ,p aB aB aB aB aB aB aB
0

Tilia mandshurica

3

=

<

=

S

g

=

= L
s 15
Q

=

S

Q

<

o

=

<

8

7]

Acer mono Quercus mongolica

35
(¢) One-year-old sprouts

28

2B aB 3B aB

Total NSC concentration (%)

Acer mono Tilia mandshurica

Quercus mongolica

Tree species

Fig. 5 Concentrations of stem NSCs (soluble sugar, starch, and total NSC) in 1-year-old and 2-year-old sprouts at different within-gap positions for
three tree species. The data are presented as the mean + S.D. Different capital letters indicate significant differences (P < 0.05) among tree
species. Different lowercase letters indicate significant differences (P < 0.05) among within-gap positions

[ (d) Two-year-old sprouts

Acer mono Tilia mandshurica

Quercus mongolica

[ (e) Two-year-old sprouts

Acer mono Quercus mongolica Tilia mandshurica

(f) Two-year-old sprouts

Acer mono Tilia mandshurica

Quercus mongolica

Tree species

Discussion

The temperate deciduous trees must accomplish all their
physiological activities before the end of growing season
(i.e., before dormancy), because carbon storage must be
maintained during the dormant period to ensure carbon
supply for the bud break and growth and refoliation in
the spring of next year (Klein et al. 2016). In this re-
search with the data of NSCs concentrations at the end
of two growing seasons, we chose three temperate de-
ciduous tree species with different shade tolerances to
explore how the within-gap position (i.e., micro-
environment) and stump size affect the survival, growth,
and NSCs concentrations of stump sprouts at the early
stage of gap formation.

The dormant buds or adventitious buds on the resi-
dues (e.g., stumps) of woody plants germinate to form
sprouts, and the residues can provide nutrients and en-
ergy for sprout regeneration (Bond and Midgley 2001).
Therefore, the stump size may affect sprout regeneration
processes of woody plants. Stump diameter is an import-
ant predictor of sprout regeneration (Keyser and

Zarnoch 2014; Knapp et al. 2017). We examined the re-
lationships between stump diameter and sprout density,
growth, and survival of all three tree species, and found
that all significant correlations were positive. The sprout
survival and growth of two ages’ A. mono and Q. mongo-
lica were related to stump diameter, but stump diameter
only significantly affected sprout density of 2-year-old T.
mandshurica. These results indicated that the influence
of stump diameter on sprout regeneration varies signifi-
cantly among different tree species (Mwavu and Wit-
kowski 2008; Knapp et al. 2017).

There is a trade-off between seedling growth and sur-
vival, and a fast growth rate is important for successful
regeneration in gaps (Poorter and Kitajima 2007). How-
ever, our study found that the trade-off between sprout
growth and survival was not significant at the early stage
after gap formation. Moreover, sprout density, basal
diameter, and survival presented insignificant difference
among within-gap positions or tree species. These re-
sults are partly consistent with hypothesis 1, which is
that the effect of stump diameter on sprout density,
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growth, or survival of all three tree species was signifi-
cant, but the effect of within-gap position was slight.

The leaf NSCs concentrations of all three tree species
were sensitive to the changes of micro-environment
within a gap (i.e, within-gap positions) in both two
growing seasons. According to the monitoring results of
environmental condition within gap, the change of
within-gap position mainly and directly affects the light
condition (PAR value) and soil moisture (Table 2), and
further can affect the process of photosynthesis in plant
leaves (Ritter et al. 2005; He et al. 2012; Dietze et al.
2014). The NSCs accumulation depends on the photo-
synthesis (i.e., carbon source) (Hoch et al. 2003). There-
fore, the leaf NSCs concentrations are more likely to be
affected by the change of within-gap position, but there
were interspecific differences in the response of leaf
NSCs concentrations to the within-gap positions. Our
result indicated that at the end of the first growing sea-
son after gap formation, the leaf NSCs concentration of
Q. mongolica was independent of various within-gap

position. The concentrations of leaf soluble sugar and
leaf total NSC of T. mandshurica were significantly
higher at the south of gap (i.e., shadier and wetter
micro-environment, Table 2), and the concentrations of
leaf starch of A. mono were lower at the north of gap
(i.e., lighter and drier micro-environment). To be better
survival or growth, the seedling performances either
conform to carbon gain hypothesis (maximize net car-
bon gain) or conform to stress hypothesis (resist biotic
or abiotic stresses) (Valladares and Niinemets 2008).
NSC storage is advantageous for seedlings survival and
growth in stressful habitats (e.g., shaded habitats) (Iwasa
and Kubo 1997; Myers and Kitajima 2007), and the car-
bon gain hypothesis also indicates that the shade-
tolerant species should invest more in building leaf mass,
leaf area, and leaf chlorophyll content to maximize the
ability of light capture (Givnish 1988; McConnaughay
and Coleman 1999; Zhang et al. 2013). Thus, compared
with the shade intolerant Q. mongolica, the leaf carbohy-
drates storage performance of shade tolerant T.
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mandshurica was consistent with carbon gain hypoth-
esis. The lower leaf starch concentration of intermediate
shade tolerant A. mono at the north of gap may be more
consistent with stress hypothesis, since the lower soil
moisture with the higher light condition at the north of
gap (Table 2) might force the starch accumulation.

After an environmental adaption for two growing sea-
sons, the effect of within-gap position on leaf NSCs con-
centrations of A. mono vanished, but the leaf NSCs
concentrations of Q. mongolica and T. mandshurica ex-
hibited significant differences among within-gap posi-
tions. The leaf NSCs concentrations of Q. mongolica
showed a minimum value at the north of gap. However,
the sprout height and basal diameter of Q. mongolica
were higher at the north of gap. This may be because
the habitat with higher light availability but lower soil
moisture might lead to faster conversion of NSCs to
structural carbon assimilation for promoting sprout
growth (ie., height and basal diameter increase) of shade
intolerant Q. mongolica. The concentrations of leaf sol-
uble sugar and leaf total NSC of 2-year-old T. man-
dshurica were maximum at the east of gap (i.e., shadier
and drier micro-environment). This phenomenon might
partly indicate that the shadier habitat was more benefi-
cial for shade tolerant T. mandshurica to obtain leaf
NSCs, and with the adapting to the environment, the
soil moisture condition became the limiting factor.
These results support hypothesis 2 that leaf NSCs con-
centrations are significantly affected by within-gap pos-
ition and tree species.

In this study, the effect of within-gap position on the
stem NSCs concentrations of all three tree species was
not as significant as that on the leaf NSCs concentra-
tions. This might be because the reserve carbohydrate
levels in the boles and structural roots of trees would
affect its ability to sprout and grow (Latt et al. 2001),
and at the early stage of gap formation, the remaining
stumps and roots retained a large amount of carbohy-
drates that could be used to partly compensate for the
NSCs of stem growth. Only the influence of within-gap
position on the stem NSCs concentrations of Q. mongo-
lica began to appear at the end of the second growing
season, and stem starch concentration showed the max-
imum value and minimum value at the west (i.e., moder-
ate light and wetter micro-environment) and north (i.e.,
lighter and drier micro-environment) of gap, respect-
ively. Kozlowski (1992) indicated that growth and devel-
opment of cold hardiness were two of the essential roles
of the storage carbohydrates for woody plants. NSCs re-
served in stems supported plants to overcome the pe-
riods of stress and could promote the survival of plants
(Poorter and Kitajima 2007). We tested the allocation of
NSCs in leaves and stems of all three tree species.
Within-gap position only significantly affected starch
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and total NSC allocation of 1-year-old A. mono and sol-
uble sugar allocation of 2-year-old Q. mongolica. The
Ratio, and Rationsc of both two ages’ sprouts varied
among tree species. After two growing seasons’ adaption,
compared with A. mono, Q. mongolica and T. mandshur-
ica allocated more starch and total NSC in stems than in
leaves. The different responses of these three tree species
might because tree species with different shade toler-
ances would show varying carbon allocations to growth,
defense, and storage in their natural habitats (Imaji and
Seiwa 2010). Moreover, carbohydrates storage in the
early autumn plays a crucial role in the carbon
utilization of temperate deciduous tree species to man-
age the maintenance of respiration in the subsequent
cold winter and bud break, leaf expansion, and growth
in the next early spring (Wargo et al. 2002; Wong et al.
2003, 2009; Klein et al. 2016). Thus, from the perspective
of stem NSC storage, our results partly indicated that Q.
mongolica and T. mandshurica were easier to go
through the winter and the vernal growth. These results
were partly consistent with hypothesis 3, which is that
stem NSCs concentrations were significantly affected by
tree species, and the ratio of leaf to stem NSCs concen-
trations was significantly affected by tree species, but
partly affected by within-gap position.

Conclusions

At the early stage (2 years) after gap formation, stump
diameter was positively correlated with sprout density,
growth, and survival of all three tree species, but insig-
nificantly related with sprout NSCs concentrations.
Within-gap position significantly affected leaf NSCs con-
centrations of all three tree species, but most of sprout
growth, survival, and stem NSCs concentrations were in-
dependent of the various within-gap positions. There
were interspecific differences in the effects of within-gap
position on sprout NSCs concentrations. At the end of
the first growing season, leaf NSCs concentrations of
shade intolerant Q. mongolica showed no significant dif-
ference among within-gap positions, but the leaf NSCs
concentrations of intermediate shade tolerant A. mono
and shade tolerant T. mandshurica were higher in the
shadier micro-environment (e.g., south of gap). After 2
years environmental adaption, the influence of within-
gap position on leaf NSCs concentrations changed. The
effect of within-gap position on leaf NSCs concentra-
tions of A. mono vanished. Habitat with higher light
availability and lower soil moisture (i.e., north of gap)
was not helpful for shade-intolerant Q. mongolica to ac-
cumulate leaf NSCs, and the shadier and drier habitat
(i.e., east of gap) was conducive to increasing leaf NSCs
concentrations of 7. mandshurica. In conclusion,
within-gap position significantly affected leaf NSCs con-
centrations, but had limited influence on sprout
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regeneration (density, growth, and survival) of all three
tree species. Besides stump diameter, the NSCs stored in
stump and root systems and the interspecific differences
in shade tolerance also contributed more to sprout re-
generation at the early stage (2 years) of gap formation.
A prolonged monitoring (> 10 years) is needed to fur-
ther examine the long-term effects of stump diameter
and within-gap position on sprout regeneration.

Abbreviations
NSCs: Non-structural carbohydrates; DBH: Diameter at breast height;
WGP: Within-gap position; TS: Tree species; LMM: Linear mixed model
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