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Abstract: The compensatory growth and defensive capabilities of woody plants after damage are
crucial to their large-scale promotion and economic value. Here, Populus talassica × Populus euphratica
were subjected to artificial defoliation treatments that simulated leaf damage [25% (D25), 50% (D50),
and 75% (D75) leaf removal] to study the growth, anatomical, and physiological characteristics. The
results showed that D25 and D50 treatments significantly increased the growth parameters, such
as leaf length, leaf area, and specific leaf area, but did not affect the distributions of root and stem
biomasses compared with the CK. However, the D75 treatment significantly decreased most growth
parameters. The time required for the chlorophyll content to recover increased along with the damage
intensity as follows: D25, high-flat-high; D50, low-high-flat; and D75, low-flat-high. Furthermore,
leaf damage significantly reduced stomatal density, whereas the stomatal width, area, opening,
and Pn significantly increased by 8.59%, 8.40%, 23.27%, and 31.22%, respectively, under the D50

treatment, generating a photosynthetic compensation response. The leaf anatomical parameters
increased along with damage intensity, except spongy tissue thickness, which decreased, while
the stem anatomical parameters showed trends of first increasing and then decreasing, reaching
maxima under the D50 treatment. The enzymes showed an increasing and then decreasing trend
as the damage time increased. After 1 d of treatment, CAT, POD, and PAL activities peak at D75,
in contrast to a peak of SOD activity at D50. Overall, these findings indicate that it is advisable to
keep the amount of leaf damage within 50%. The leaf damage can have an impact on the growth of
P. talassica × P. euphratica. They adjusted their resource allocation strategy and physiological defense
capacity by increasing the chlorophyll content, improving photosynthetic capacity, changing stem
and leaf anatomy, and increasing defense enzyme activity levels, thereby improving their damage
tolerance and adaptability.

Keywords: P. talassica × P. euphratica; leaf damage; compensatory growth; defense enzymes; biomass
allocation

1. Introduction

Plants often have to cope with complex and changing environmental challenges during
long-term growth. Climate factors, animal feeding, and management measures can cause
mechanical damage to plants, affecting their growth and development [1,2]. Studying
the ability of plants to recover from mechanical damage is of great significance for their
survival. Mechanical damage to woody plants often weakens tree growth, affecting plant
growth physiology [3], biomass allocation [4], photosynthetic characteristics [5], and carbon
sequestration capacity [6]. In severe cases, it slows lateral root or branch growth, which can
even result in tree mortality [7,8].
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For example, the same pest that causes defoliation can result in different mortality
rates in plants [9]. The same leaf removal treatments all significantly reduce plant height
and biomass; however, different genera have different tolerances [6]. Thus, plants have
evolved various compensation strategies to resist damage stress, which allow them to
repair and prevent future damage as well as increase their adaptability to environmental
changes. These strategies include changing specific leaf area (SLA), increasing chlorophyll
content, and enhancing photosynthetic rate [5,10], with the long-term maintenance of the
photosynthetic compensation capacity being related to the amount of leaf loss and tree
species [11,12]. In addition, leaf damage significantly increases the activities of defense
enzymes, such as catalase (CAT), peroxidase (POD), and phenylalanine ammonia-lysae
(PAL), in plants, in both damaged and undamaged leaves [13,14]. Consequently, exploring
the compensatory growth and defense strategies of plants after damage will help increase
our understanding of damage tolerance and provide a basis for plant management during
recovery growth.

Popular talassica × Popular euphratica, excellent tree varieties, are the result of cross-
breeding P. talassica as the female parent with P. euphratica as the male parent [15]. The tree
is widely distributed in northwest China. It is a perennial deciduous tree that is tolerant to
salinity, heat, and drought, and it provides high-quality seedlings for reforestation in saline,
arid, and sandy areas, with broad promotional prospects in the construction of artificial
forests for wind and sand control and increasing green areas. Our research group was
previously engaged in research on the adaptation of P. talassica × P. euphratica to saline
environments and artificial forests in southern Xinjiang, China. P. talassica × P. euphratica
exhibit strong salt and drought tolerance and have high adaptability in the saline alkali
regions of the Tarim Basin [16]. However, during the field investigation of the artificial
cultivation of P. talassica × P. euphratica in Xinjiang, it was determined that its planting area
and ecological functions were seriously affected by mechanical damage caused to seedlings
by thinning and defoliation, animal gnawing, and wind and sand infestation, as well as the
accompanying pest feeding. Therefore, the adaptability of this poplar to damage is related
to its extension area, economic value, and ecological role.

In this study, two-year-old P. talassica × P. euphratica seedlings served as experimental
materials to study growth and development, photosynthetic physiology, anatomical structure,
and defense enzyme activities through different mechanical damage intensities. The regulatory
mechanisms of the physiological defense capabilities of P. talassica × P. euphratica on their
damage tolerance and compensatory growth were explored in order to clarify the adaptive
strategies of P. talassica × P. euphratica under different mechanical damage intensities. The
purpose of this study was to provide a new theoretical basis for the integrated management
of P. talassica × P. euphratica plantations and further address the interactions between forest
trees and the environment.

2. Materials and Methods
2.1. Overview of the Study Site

This study site was located in the P. talassica × P. euphratica nursery of the seedling base
of the 10th Regiment of the 1st Division of the Xinjiang Production and Construction Corps,
China (81◦18′08′′ E, 40◦36′13′′ N, and an altitude of 1014 m), and the research was carried
out from May to August 2022. The area has an extreme continental, arid desert climate in a
warm temperate zone. The average annual temperature is 12.1 ◦C; the average number of
sunshine hours is 2568.5 h; and the average annual precipitation is 54.1 mm. There is sufficient
light, large temperature differences between day and night, scarce annual rainfall, and strong
surface evaporation. The soil type of the selected test sample plot is loam, and the basic
physical and chemical properties are as follows: pH, 8.03; soil conductivity, 609.43 µS/cm;
salt salinity, 2.87 g/kg; soil density, 1.55 g/cm3; organic matter content, 21.34 g/kg; and the
contents of alkali-hydrolyzed nitrogen, available potassium, and available phosphorus were
17.08 mg/kg, 143.07 mg/kg, and 22.05 mg/kg, respectively.



Forests 2023, 14, 1713 3 of 19

2.2. Plant Material and Experimental Treatments

The test materials were two-year-old P. talassica × P. euphratica seedlings, which were
selected and divided into four groups of 50 plants each with good, consistent growth and
disease-free leaves. Three of the groups were subjected to damage (cutting) treatments on a
number of leaves in a bottom-up order: D25% (D25): cutting one leaf per four leaves; D50%
(D50): cutting one leaf per two leaves and D75% (D75): cutting three leaves; per four leaves.
The damage consisted of cutting the whole leaf off with only the petiole remaining while
avoiding damage to the terminal buds so that the branches could develop fully. Healthy
plants with uncut leaves were used as the control group (CK), and all the seedlings were
labeled and marked (Table 1).

Table 1. Leaf damage treatment of Popular talassica × Popular euphratica.

Treatment Damage Treatment

CK no defoliation treatment
D25 cutting 1 leaf per 4 leaves
D50 cutting 1 leaf per 2 leaves
D75 cutting 3 leaves per 4 leaves

2.3. Measurement of Growth Indexes

From each treatment, 10 plants were randomly selected for measurement. On the
day before treatment (day 0), plant height, ground diameter, and crown width were
measured, and they were measured again every 30 d. The differences between consecutive
measurements, 0–30 d and 30–60 d after treatment, were used as the growth amounts for
plant height, ground diameter, and crown width. Three plants were randomly selected
from each treatment and taken to the laboratory at 60 d. After cleaning with deionized
water, the samples were then dried in an electrothermal constant-temperature drying oven
at 105 ◦C for 30 min and at 80 ◦C until a constant mass was attained. Then, the samples
were weighed (accurately to 0.001 g). The compensation index is the ratio of the biomass of
the treated plants to that of the control plants [17], with a compensation index greater than
one being over-compensated, less than one being under-compensated, and equal to one
being equal to compensation. The root-to-shoot ratio (R/S), seedling quality index (QI) [18],
and compensation index (CI) [17] were calculated as follows:

R
S
=

UB
AB

(1)

QI =
WB

PH
GD + AB

UB
(2)

CI =
TB
CB

(3)

where UB represents under-ground biomass, AB represents above-ground biomass, WB rep-
resents whole plant biomass, PH represents plant height, GD represents ground diameter,
TB represents treated plant biomass, and CB represents control plant biomass.

2.4. Measurement of Leaf Morphological Indexes

Healthy leaves were collected from the middle of the plant branches at the end of the
experiment, and leaf length (LL), leaf width (LW), and single leaf area (LA) were measured
using a portable leaf area meter LI-3000C (LI-COR Inc., Lincoln, Nebraska, USA). After
weighing, the leaves were placed into an oven at 105 ◦C for 15 min and at 80 ◦C until
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a constant mass was attained. They were then weighed (accurate to 0.001 g), providing the
leaf dry weights (LDWs). The specific leaf area (SLA) was calculated as follows:

SLA =
LA

LDWs
(4)

2.5. Measurements of Chlorophyll Content

Fresh leaves were collected at 5, 10, 30, and 60 d after treatment and extracted using
95% ethanol [19]. Briefly, 0.2 g of fresh leaves (avoiding the main leaf veins) were cut and
placed in 50 mL of a 95% ethanol extraction solution. Using a UV-1601 UV-Visible spec-
trophotometer [Beijing Beifen-Ruili Analytical Instrument (Group) Co., Ltd., Beijing, China]
at wavelengths of 649 nm and 665 nm, the contents of chlorophyll a (Chl a), chlorophyll b
(Chl b), and total chlorophyll (Total Chl) were calculated as follows:

Chl a =
(13.95A665 − 6.88A649)×V

W× 1000
(5)

Total Chl =Chl a + Chl b (6)

Chl b =
(24.96A649 − 7.32A665)×V

W× 1000
(7)

where A = optical density at 649 and 665 nm, V = final volume (mL), and W = leaf tissue
fresh weight (g).

2.6. Measurements of Photosynthetic Parameters

The leaf photosynthetic parameters were measured from 9:00–12:00 AM in July 2022.
Net photosynthetic rate (Pn), transpiration rate (E), intercellular CO2 concentration values
(Ci), and stomatal conductance (Gs) were measured on the 4th–6th healthy mature leaves
of the middle branch. Using a LI-6400XT portable photosynthesizer (LI-COR Inc., Lincoln,
Nebraska, USA) under a photosynthetically active radiation of 1200 µmol/m2/s (PAR), the
temperature is 25 ◦C, and the atmospheric CO2 concentration (Ca) is 390 µmol/mol. In
total, five plants were measured per treatment, and five leaves from the same part of each
plant were selected for measurements, which were averaged. Stomatal limitation values
(Ls) and water-use efficiency (WUE) were calculated as follows:

Ls = 1− Ci
Ca

(8)

WUE =
Pn
E

(9)

2.7. Measurements of Stomatal Indexes

Leaf stomata were extracted 30 d after treatment using the nail polish blotting method [20].
Briefly, functional leaves from the same parts of each treated plant were taken on a sunny day
between 10:00 and 11:00 AM. After removing the dust from the leaf surface with a skimmed
cotton pad, clear, colorless nail polish was applied evenly to the leaf epidermis. After it had
dried, transparent tape was placed on top and pressed to the surface. Then, the tape with the
leaf stomata was carefully removed with forceps and glued to a slide. Leaf stomatal features
were observed and photographed under a Nikon ECLIPSE Si light microscope (Nikon, Tokyo,
Japan) equipped with a camera (OPLENIC CORP, Hangzhou, China). Stomatal length, width,
area, density, and aperture (the widest part of the stomatal inner diameter) were measured
using ImageJ analysis software (IJ 1.46r, National Institutes of Health, Bethesda, MD, USA) [20].
For each treatment, five mature leaves were selected from the same part of each plant, five
different microscope fields were randomly selected, and five photos were taken per field. The
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stomatal area index is the total area of stomata per unit leaf area. The stomatal shape index is a
measure of the complexity of a single stomatal shape derived by calculating its deviation from
a circle having the same area. When the stomata are circular, the shape index is 1. The flatter
and longer the stomatal shape, the greater the stomatal shape index [21]. The proportion of
opened stomata, stomatal shape index, and area index were calculated as follows:

proportion of opened stomatal =
number of opened stomatal per area

number of stomatal per area
× 100% (10)

stomatal shape index =
SP

2×
√
π× SA

(11)

stomatal area index = SD× SA (12)

where SP is the stomatal perimeter, SA is the stomatal area, and SD is the stomatal density.

2.8. Measurements of Anatomical Indexes

Leaf and branch sections were made 30 d after treatment using the paraffin section
method [22]. Six plants were chosen from each treatment, and leaves and branches were
selected. Leaves were cut across the widest part (preserving the main veins), and the
branches were cut into the 1-cm stem segments lacking leaf buds. Samples were imme-
diately fixed in FAA solution (70% ethanol: glacial acetic acid: formaldehyde = 90:5:5) in
the field for preservation. The anatomy was observed and photographed under a Nikon
ECLIPSE Ci-L light microscope (Nikon Japan) with a Ds-Fi3 camera. Leaf indicators, such
as leaf thickness, upper epidermal thickness, palisade tissue thickness, spongy tissue thick-
ness, palisade/spongy tightness of leaf tissue structures, as well as epidermal thickness,
cortical thickness, phloem thickness, xylem thickness, and pith diameters of stem segments,
were measured using ImageJ analysis software. In total, five fields of view were observed
per leaf and stem section, and 10 sets of data were measured for each indicator. The
palisade/spongy and tightness of leaf tissue structures were calculated as follows [22]:

palisade/spongy =
palisade tissue thickness
spongy tissue thickness

(13)

tightness of leaf tissue structure =
palisade tissue thickness

leaf thickness
×100% (14)

2.9. Measurements of Biochemical Indexes

Fresh leaves were collected at 1, 4, 7, and 10 d after treatment. The mixed leaves were
quickly stored in an ultra-low-temperature refrigerator at −80 ◦C for use in biochemical
assays. The CAT level was determined using the micro-method [23], and the absorbance
of the reaction system was determined at 240 nm. Each gram of tissue catalyzes one unit
per minute in the reaction system, and 1 µmol H2O2 degradation is defined as an enzyme
activity unit. The levels of SOD were determined using the WST-1 method [24], and the
absorbance of the reaction system was determined at 450 nm. The SOD enzyme activity
in the reaction system was defined as one enzyme activity unit at 50% inhibition in the
xanthine oxidase-coupled reaction system. The amount of POD was determined using
guaiacol colorimetry [23], and the absorbance of the reaction system was determined at
470 nm. The A470 change of 0.005 per minute per gram of tissue in each 1-mL reaction
system is defined as an enzyme activity unit. The amount of PAL was determined by trans-
cinnamic acid colorimetry [25], and the absorbance of the reaction system was determined
at 290 nm. The A290 change of 0.05 per minute per gram of tissue in each 1-mL reaction
system is defined as an enzyme activity unit. All of the above were measured using an
enzyme activity assay kit from Solarbio Science and Technology Biotechnology Co., Ltd.,
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(Beijing, China). All the physiological index measurements were repeated three times, and
the statistical results were averaged.

2.10. Statistical Analysis

Statistical analyses were conducted using SPSS 25.0 (IBM Corp., Armonk, NY, USA).
The experimental data obtained were tested using a one-way ANOVA to examine the effects
of different mechanical damage intensities on growth and development, photosynthetic
physiology, anatomical structure, and defense enzyme activities. Each index was tested for
significance with Duncan’s method for multiple comparisons (p < 0.05 significance level).
The data were expressed as means ± SE. Origin 2022 (OriginLab, Northampton, MA, USA)
was used for creating graphs.

3. Result
3.1. Damage Treatment Effects on Growth Indicators

The effects of different damage intensities on the plant height growth, ground diameter
growth, and crown width growth of P. talassica × P. euphratica are shown in Table 2. At 0–30 d,
compared with CK, there was no significant change in the plant height growth under the D25
and D50 treatments. The maximum and minimum mean values of the ground diameter growth
were observed under the D25 and D75 treatments, respectively. The crown width growth showed
a decreasing trend, with negative growth under the D75 treatment. At 30–60 d, the plant height
growth was significantly greater in the D25 treatment than in the CK and other treatment groups.
The ground diameter growth inhibition was alleviated; therefore, the difference from the CK
decreased compared to the growth of the 0–30 d. In addition, the crown width growth still
exhibited growth inhibition.

Table 2. Effect of leaf damage on P. talassica × P. euphratica growth.

Treatment
Plant Height Growth (cm) Ground Diameter Growth (cm) Crown Width Growth (cm)

0–30 d 30–60 d 0–30 d 30–60 d 0–30 d 30–60 d

CK 12.180 ± 0.697 a 3.400 ± 0.499 b 0.969 ± 0.090 b 0.971 ± 0.090 a 15.460 ± 0.544 a 9.680 ± 0.711 a
D25 11.500 ± 1.114 a 5.640 ± 0.898 a 1.491 ± 0.070 a 1.004 ± 0.070 a 16.730 ± 0.892 a 3.910 ± 0.859 b
D50 11.080 ± 0.708 a 2.800 ± 0.042 b 1.105 ± 0.104 b 0.974 ± 0.042 a 8.700 ± 0.293 b 4.520 ± 0.590 b
D75 8.180 ± 0.491 b 2.300 ± 0.257 b 0.652 ± 0.035 c 0.568 ± 0.061 b −4.200 ± 0.110 c 3.020 ± 0.200 b

Note: The data in the table represent Mean ±standard errors, and different lowercase letters indicate significant
differences (p < 0.05).

3.2. Damage Treatment Effects on Leaf Growth Indicators

The effects of different damage intensities on the leaf traits of P. talassica × P. euphratica
are presented in Figure 1. The LL and LA showed trends of first increasing and then
decreasing after damage treatments (Figure 1A,B). Compared with CK, the LL and LA
increased significantly under the D25 and D50 treatments; however, the differences between
the two treatments were not significant. However, the LW trend was opposite and signifi-
cantly decreased under the D50 treatment compared with CK (Figure 1C). The changing
trend of SLA (Figure 1C) is similar to that of LA.

3.3. Damage Treatment Effects on Biomass

Changes in the P. talassica × P. euphratica biomass under the damage treatments are
shown in Figure 2. Compared with CK, the root and stem biomasses were significantly
lower under the D75 treatment, by 38.85% and 13.75%, respectively. However, no significant
changes were found under the D25 and D50 treatments (Figure 2A,B). Leaf biomass was
significantly lower after the three damage treatments, D25, D50, and D75, than in CK, with
reductions of 22.73%, 31.97%, and 56.03%, respectively (Figure 2C). Compared with CK,
total biomass was significantly lower after the damage treatments, by 8.99%, 12.37%, and
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30.43%, respectively, with a non-significant difference between the D25 and D50 treatments
(Figure 2D).

Forests 2023, 14, x FOR PEER REVIEW 7 of 20 
 

 

 
Figure 1. Effect of leaf damage on the leaf characters in P. talassica × P. euphratica. Different letters 
represent statistically significant differences (p < 0.05). (A): Effects of different damage treatments 
on the leaf length in P. talassica × P. euphratica. (B): Effects of different damage treatments on the 
single leaf area in P. talassica × P. euphratica. (C): Effects of different damage treatments on the leaf 
width in P. talassica × P. euphratica. (D): Effects of different damage treatments on the specific leaf 
area in P. talassica × P. euphratica. 

3.3. Damage Treatment Effects on Biomass 
Changes in the P. talassica × P. euphratica biomass under the damage treatments are 

shown in Figure 2. Compared with CK, the root and stem biomasses were significantly 
lower under the D75 treatment, by 38.85% and 13.75%, respectively. However, no signifi-
cant changes were found under the D25 and D50 treatments (Figure 2A,B). Leaf biomass 
was significantly lower after the three damage treatments, D25, D50, and D75, than in CK, 
with reductions of 22.73%, 31.97%, and 56.03%, respectively (Figure 2C). Compared with 
CK, total biomass was significantly lower after the damage treatments, by 8.99%, 12.37%, 
and 30.43%, respectively, with a non-significant difference between the D25 and D50 treat-
ments (Figure 2D). 

Figure 1. Effect of leaf damage on the leaf characters in P. talassica × P. euphratica. Different letters
represent statistically significant differences (p < 0.05). (A): Effects of different damage treatments on
the leaf length in P. talassica × P. euphratica. (B): Effects of different damage treatments on the single
leaf area in P. talassica × P. euphratica. (C): Effects of different damage treatments on the leaf width
in P. talassica × P. euphratica. (D): Effects of different damage treatments on the specific leaf area in
P. talassica × P. euphratica.
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3.4. Damage Treatment Effects on R/S, QI and CI

The R/S, QI, and CI are shown in Figure 3. Compared with CK, R/S was significantly
reduced by 14.08% in the D75 treatment, which has slightly increased under the D25 and
D50 treatments; however, there was no statistically significant difference (Figure 3A). The
QI was significantly lower after damage treatments compared with CK, by 12.93%, 11.91%,
and 36.26%, respectively. However, there was no significant difference between the D25
and D50 treatments (Figure 3B). The CI decreased as damage intensity increased, which
was significantly reduced in the D75 treatment compared with the D25 and D50 treatments.
However, the CI of all treatments was less than 1, which indicated undercompensated
growth (Figure 3C).

Forests 2023, 14, x FOR PEER REVIEW 8 of 20 
 

 

 
Figure 2. Effect of leaf damage on P. talassica × P. euphratica biomass. Different letters represent 
statistically significant differences (p < 0.05). (A): Effects of different damage treatments on the root 
biomass in P. talassica × P. euphratica. (B): Effects of different damage treatments on the stem biomass 
in P. talassica × P. euphratica. (C): Effects of different damage treatments on the leaf biomass in P. 
talassica × P. euphratica. (D): Effects of different damage treatments on the total biomass in P. talassica 
× P. euphratica. 

3.4. Damage Treatment Effects on R/S, QI and CI 
The R/S, QI, and CI are shown in Figure 3. Compared with CK, R/S was significantly 

reduced by 14.08% in the D75 treatment, which has slightly increased under the D25 and 
D50 treatments; however, there was no statistically significant difference (Figure 3A). The 
QI was significantly lower after damage treatments compared with CK, by 12.93%, 
11.91%, and 36.26%, respectively. However, there was no significant difference between 
the D25 and D50 treatments (Figure 3B). The CI decreased as damage intensity increased, 
which was significantly reduced in the D75 treatment compared with the D25 and D50 treat-
ments. However, the CI of all treatments was less than 1, which indicated undercompen-
sated growth (Figure 3C). 

 
Figure 3. Effect of leaf damage on root-to-shoot ratio, seedling quality index, and biomass 
compensation index in P. talassica × P.euphratica. Different letters represent statistically significant 
differences (p < 0.05). (A): Effects of different damage treatments on the root shoot ratio in P. talassica 
× P. euphratica. (B): Effects of different damage treatments on the seedling quality index in P. talassica 
× P. euphratica. (C): Effects of different damage treatments on the biomass compensation index in P. 
talassica × P. euphratica. 

Figure 3. Effect of leaf damage on root-to-shoot ratio, seedling quality index, and biomass compensation
index in P. talassica × P.euphratica. Different letters represent statistically significant differences (p < 0.05).
(A): Effects of different damage treatments on the root shoot ratio in P. talassica× P. euphratica. (B): Effects
of different damage treatments on the seedling quality index in P. talassica × P. euphratica. (C): Effects of
different damage treatments on the biomass compensation index in P. talassica × P. euphratica.

3.5. Damage Treatment Effects on Chlorophyll Contents

Changes in the chlorophyll content are shown in Table 3. After 5 d, the Chl a, Chl
b, and Total Chl contents under the D25 treatment were significantly greater than under
other damage treatment levels; however, there was no significant difference compared
with CK. At 10 d and 30 d, the Chl a, Chl b, and Total Chl contents in the D50 treatment
were significantly greater than in CK, whereas there was no significant difference between
other damage treatment levels and CK. After 60 d, the Chl a, Chl b, and Total Chl contents
significantly increased under the D25 and D75 treatments compared with CK, whereas the
difference between the D50 treatment and CK was not significant. As the treatment time
increased, the changes in the Chl a, Chl b, and Total Chl contents compared with CK were
as follows: D25, high-flat-high; D50, flat-high-flat; and D75, low-flat-high.

3.6. Damage Treatment Effects on Photosynthetic Parameters

After 30 d, compared with CK, under the D50 and D75 treatments, the Pn significantly
increased by 31.22% and 28.65%, respectively (Figure 4A). The Gs significantly increased
(Figure 4B). The change in Ci, compared with CK, showed a trend of first increasing and
then decreasing as the damage intensity increased. The smallest change occurred under the
D50 treatment (Figure 4C). Compared with CK, the E significantly increased only under
the D25 treatment; however, there was no significant difference in the other two treatments
(Figure 4D). Under the D50 and D75 treatments, the WUE significantly increased compared
with the CK, with an increases in 14.85% and 15.16%, respectively. The D25 treatment did not
show significant differences (Figure 4E). The changes in Ls were opposite those seen for Ci,
with the maximum mean value occurring under the D50 treatment (Figure 4F). Compared
with CK, under the D50 treatment, the Ci decreased and the Ls increased. However, when
the damage intensity continued to increase to 75%, the Ci increased and the Ls decreased.



Forests 2023, 14, 1713 9 of 19

Table 3. Effect of leaf damage on P. talassica × P. euphratica leaf chlorophyll content.

Days After
Treatment (d) Treament Chl a Content

(mg/g)
Chl b Content

(mg/g)
Total Chl Content

(mg/g)

5 d

CK 2.118 ± 0.006 ab 0.795 ± 0.026 ab 2.913 ± 0.021 ab
D25 2.242 ± 0.073 a 0.852 ± 0.039 a 3.094 ± 0.084 a
D50 2.045 ± 0.075 b 0.738 ± 0.039 bc 2.783 ± 0.114 b
D75 1.843 ± 0.013 c 0.678 ± 0.007 c 2.520 ± 0.013 c

10 d

CK 2.040 ± 0.052 bc 0.743 ± 0.015 ab 2.783 ± 0.067 bc
D25 1.972 ± 0.017 c 0.703 ± 0.024 b 2.675 ± 0.037 c
D50 2.145 ± 0.010 a 0.789 ± 0.004 a 2.934 ± 0.006 a
D75 2.122 ± 0.023 ab 0.758 ± 0.012 a 2.879 ± 0.033 ab

30 d

CK 1.431 ± 0.002 bc 0.519 ± 0.009 ab 1.950 ± 0.010 bc
D25 1.509 ± 0.028 ab 0.556 ± 0.015 a 2.065 ± 0.043 ab
D50 1.553 ± 0.011 a 0.559 ± 0.010 a 2.112 ± 0.010 a
D75 1.367 ± 0.051 c 0.497 ± 0.024 b 1.863 ± 0.075 c

60 d

CK 1.555 ± 0.081 b 0.546 ± 0.035 b 2.101 ± 0.115 b
D25 1.899 ± 0.055 a 0.708 ± 0.011 a 2.607 ± 0.065 a
D50 1.540 ± 0.041 b 0.544 ± 0.012 b 2.085 ± 0.053 b
D75 1.756 ± 0.008 a 0.698 ± 0.002 a 2.454 ± 0.007 a

Note: The data in the table represent Mean ±standard errors, and different lowercase letters indicate significant
differences (p < 0.05).
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Figure 4. Effect of leaf damage on photosynthetic parameters of P. talassica × P. euphratica. Different
letters represent statistically significant differences (p < 0.05). (A): Effects of different damage treat-
ments on the e net photosynthetic rate in P. talassica × P. euphratica. (B): Effects of different damage
treatments on the stomatal conductance in P. talassica × P. euphratica. (C): Effects of different damage
treatments on the intercellular CO2 concentration in P. talassica × P. euphratica. (D): Effects of different
damage treatments on the transpiration rate in P. talassica × P. euphratica. (E): Effects of different
damage treatments on the water-use efficiency in P. talassica × P. euphratica. (F): Effects of different
damage treatments on the stomatal limitation values in P. talassica × P. euphratica.
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3.7. Damage Treatment Effects on Stomatal Characteristics

The stomatal numbers and the proportions of opened stomata varied after 30 d of leaf
damage (Figure 5). The stomatal numbers were relatively lower in the treatment group
compared with CK, and this was essentially consistent at different damage intensities
(Figure 5A–D). The proportions of opened stomata were significantly greater, and the
stomatal openings were larger in the D25 and D50 treatments than in the CK and D75
treatments (Figure 5E–H).
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leaves. (A–H) Micortructures of leaf stomata. (A): CK (×10); (B): D25 (×10); (C): D50 (×10); (D): D75

(×10); (E): CK (×40); (F): D25 (×40); (G): D50 (×40); (H): D75 (×40).

The stomatal characteristics of P. talassica× P. euphratica leaves after damage treatments
are presented in Table 4. Leaf damage significantly increased the stomatal density; however,
there were no significant differences among the different treatments. On the contrary,
leaf damage significantly increased the stomatal width, area, and aperture of P. talassica
× P. euphratica. Among them, under the D50 treatment, the stomatal width, area, and
aperture significantly increased compared with CK, increasing by 8.59%, 8.40%, and 23.27%,
respectively, whereas the stomatal length significantly decreased by 4.53% compared with
CK. The proportions of opened stomata showed significant differences in response to leaf
damage, showing a trend of first increasing and then decreasing. The variation trend of
the stomatal shape index was similar to the former, with the smallest, which were close to
circular, occurring under the D50 treatment; however, there were no significant differences
in the stomatal area indexes.

Table 4. Effect of leaf damage on the stomatal morphological parameters in P. talassica × P. euphratica
leaves.

Treatment
Stomatal

Length (µm)

Stomatal

Width (µm)

Stomatal

Area (µm2)

Stomatal

Density

(number/mm2)

Stomatal

Aperture (µm)

Proportion of

Opened

Stomata (%)

Stomatal

Shape Index

Stomatal

Area Index

CK 26.755 ± 0.197 a 14.273 ± 0.204 b 264.358 ± 3.051 b 171.200 ± 2.133 a 7.684 ± 0.219 c 0.585 ± 0.112 c 1.173 ± 0.007 a 0.045 ± 0.017 a

D25 26.495 ± 0.363 a 14.312 ± 0.358 b 266.592 ± 3.920 b 154.000 ± 2.813 b 8.351 ± 0.139 b 0.631 ± 0.112 b 1.144 ± 0.083 b 0.041 ± 0.010 a

D50 25.544 ± 0.348 b 15.499 ± 0.367 a 286.558 ± 5.597 a 157.200 ± 1.890 b 9.472 ± 0.368 a 0.650 ± 0.192 a 1.103 ± 0.088 c 0.045 ± 0.017 a

D75 27.314 ± 0.310 a 15.215 ± 0.117 a 281.428 ± 4.735 a 151.200 ± 2.048 b 8.536 ± 0.289 b 0.500 ± 0.017 d 1.132 ± 0.073 b 0.042 ± 0.013 a

Note: The data in the table represent Mean ±standard errors, and different lowercase letters indicate significant
differences (p < 0.05).

3.8. Damage Treatment Effects on Anatomical Structure of Stems and Leaves

As shown in Figure 6, the upper and lower epidermis of P. talassica × P. euphratica
leaves are all tightly arranged monolayer cells, and the mesophyll differentiates into
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palisade and sponge tissues. The palisade tissue is arranged in two to three layers of long
columnar cells, which are relatively dense. The sponge tissue cells have irregular shapes
and loose arrangements. The vascular bundle of the main vein is composed of xylem,
phloem, and vascular cambium. There is sclerenchyma outside the vascular bundle, and
there are dark ergastic substances in the phloem and abaxial parenchymal cells to enhance
the leaf water-holding capacity. The anatomical leaf diagram shows that under the D75
treatment, the amount of dark ergastic substance decreased, and some cells ruptured. The
arrangement of the palisade tissue was loose, and the arrangement of the sponge tissue
was chaotic, with large gaps in the middle (Figure 6D,H).
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Figure 6. Effect of leaf damage on the anatomical structure and main veins in P. talassica× P. euphratica
leaves. (A–D) Microstructures of leaf vascular bundles. (A): CK (×10); (B): D25 (×10); (C): D50 (×10);
(D): D75 (×10). (E–H) Microstructures of mesophyll. (E): CK (×20); (F): D25 (×20); (G): D50 (×20);
(H): D75 (×20).

Table 5 demonstrated the effects of different damage intensities on anatomical indica-
tors of P. talassica × P. euphratica leaves. Under the D25 treatment, there were no significant
changes in the anatomical structural parameters. Under the D50 treatment, the upper
epidermis thickness, leaf thickness, palisade tissue thickness, palisade/spongy tightness,
and leaf structure tightness were significantly higher than in CK, whereas the sponge tissue
thickness did not show significant changes. Under the D75 treatment, the sponge tissue
thickness was significantly reduced compared with CK, whereas the other anatomical
structural parameters showed the opposite trend.

Table 5. Effect of leaf damage on the anatomical structures in P. talassica × P. euphratica leaves.

Treatment
Upper Epidermis
Thickness (µm)

Leaf
Thickness (µm)

Palisade Tissue
Thickness (µm)

Spongy Tissue
Thickness (µm)

Palisade/Spongy
Leaf Structure

Tightness

CK 12.782 ± 0.115 c 294.944 ± 1.417 c 135.483 ± 0.707 c 125.255 ± 0.653 a 1.082 ± 0.009 c 0.459 ± 0.002 c
D25 12.958 ± 0.100 c 297.447 ± 0.530 bc 137.116 ± 0.579 c 124.994 ± 0.364 a 1.097 ± 0.006 c 0.461 ± 0.002 bc
D50 13.714 ± 0.133 b 299.563 ± 1.144 b 140.512 ± 0.775 b 125.517 ± 0.628 a 1.120 ± 0.008 b 0.469 ± 0.004 b
D75 14.081 ± 0.125 a 310.119 ± 1.379 a 151.972 ± 0.897 a 120.861 ± 0.305 b 1.257 ± 0.007 a 0.490 ± 0.003 a

Note: The data in the table represent Mean ±standard errors, and different lowercase letters indicate significant
differences (p < 0.05).

The stem cross sections were nearly circular in P. talassica × P. euphratica, and they
are composed of the epidermis, cortex, vascular bundle, and pith. The epidermis is a
tightly arranged single layer of cells. The cortex is composed of collenchyma and cortical
parenchyma cells. The phloem is closely connected to the parenchyma of the cortex and is
narrower than the xylem. In addition, phloem fibers, phloem parenchyma cells, and other
structures can be observed. The vessels of the xylem are radially distributed, and wood
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rays, wood parenchyma cells, and vessels can be observed. The pith is located in the center
of the stem and consists of large parenchymal cells, which have a storage function. Under
the D50 treatment, the anatomical diagram of the stem segments shows that the thicknesses
of the phloem and xylem increased, as did the number of xylem vessels (Figure 7C,G).
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Figure 7. Effects of leaf damage on the anatomical structures in P. talassica× P. euphratica stems. (A): CK
(×4); (B): D25 (×4); (C): D50 (×4); (D): D75 (×4); (E): CK (×10); (F): D25 (×10); (G): D50 (×10); (H): D75

(×20).

Changes in the anatomical structural parameters of stem segments are provided in
Table 6. As the damage intensity increased, anatomical indexes such as the epidermis
thickness, phloem thickness, xylem thickness, and pith diameter increased first and then
decreased. Compared with CK, these parameters significantly increased by 7.74%, 14.15%,
51.67%, and 24.56%, respectively, under the D50 treatment, whereas the cortical thickness
did not change significantly under the damage treatments.

Table 6. Effect of leaf damage on the anatomical structures in P. talassica × P. euphratica stems.

Treatment Epidermi
Thickness (µm)

Cortica
Thickness (µm)

Phloem
Thickness (µm)

Xylem
Thickness (µm)

Pith Diameter
(µm)

CK 10.703 ± 0.189 b 115.900 ± 3.051 a 167.899 ± 1.959 b 227.513 ± 2.012 b 747.603 ± 4.088 b
D25 10.898 ± 0.239 ab 119.139 ± 1.005 a 166.229 ± 1.520 b 229.445 ± 2.751 b 743.546 ± 8.542 b
D50 11.531 ± 0.167 a 119.364 ± 1.169 a 191.663 ± 2.656 a 345.070 ± 3.861 a 931.236 ± 2.349 a
D75 11.335 ± 0.239 ab 114.504 ± 1.543 a 148.681 ± 2.189 c 226.013 ± 1.698 b 756.657 ± 8.045 b

Note: The data in the table represent Mean ±standard errors, and different lowercase letters indicate significant
differences (p < 0.05).

3.9. Damage Treatment Effects on Enzyme Activities

The effects of different damage intensities on the defense enzyme activities of P. talassica
× P. euphratica leaves are shown in Figure 8. Different damage intensities induced CAT activity
(Figure 8A). After 1 d of the D25 treatment, CAT levels were significantly higher than in CK,
reaching a maximum at 4 d and then decreasing to no significant difference from CK by 7 d.
At 1–7 d after beginning the D50 treatment, there was a significant difference in CAT activity
compared with CK, and it showed a trend of first increasing and then decreasing. However, by
10 d, there was no significant difference in CK. The CAT activity induced by the D75 treatment
reached its maximum mean value at 1 d, significantly increasing by 81.85% compared with
CK, and it was significantly higher than values under the D25 and D50 treatments. It then
rapidly decreased to no significant difference from CK by 7 d.
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As the damage intensity increased, the SOD activity showed a trend of first increasing
and then decreasing (Figure 8B). After the different damage treatments, the SOD change
trends over treatment time were similar. After 1 d of damage treatment, the SOD activity
rapidly increased, and the difference from CK reached a significant level. Subsequently, the
SOD levels decreased to no significant difference from CK at 7 d. The SOD activity induced
by the D50 treatment reached its maximum mean value, significantly increasing by 82.73%
compared with CK by 1 d. There was no significant difference in SOD activity between the
D25 and D75 treatments.

The changes in POD activities were similar to the CAT trend (Figure 8C). Under the
D25 treatment, the POD activity was highest at 1 d, being significantly higher than CK, and
then decreased to no significant difference from CK by 4 d. The POD remained high from
1 d to 7 d after the D50 treatment, but then it decreased to no significant difference from
CK by 10 d. For the D75 treatment, the most significant change was at 1 d, when the POD
activity significantly increased by 1.04-fold compared with CK. Subsequently, it rapidly
decreased to no significant difference from CK by 10 d.

The PAL activity of P. talassica × P. euphratica leaves significantly changed over time
under different damage intensities (Figure 8D). The PAL activity induced by the D25
treatment reached its maximum mean value at 4 d and then rapidly decreased to be
significantly lower than in CK by 10 d. The PAL activities induced by the D50 and D75
treatments remained high from 1 d to 7 d, being significantly different from CK, and then
decreased to no significant difference from CK by 10 d.

The activities of the four defense enzymes showed trends of first increasing and then
decreasing as damage time increased. CAT, POD, and PAL activities quickly reached their
maximum mean values after 1 d of the D75 treatment, and under the D50 treatment, the
high enzyme activity levels lasted longer than in other treatment groups.

4. Discussion
4.1. Effects of Leaf Damage on Growth and Biomass of P. talassica × P. euphratica

The regenerative capacity of woody plants is an important component in maintaining
vegetative diversity in forest ecosystems [26]. Many woody plants initiate regulatory
mechanisms to produce compensatory growth after suffering mechanical damage that
results in leaf damage and loss [27]. The compensatory growth ability of plants is related
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to factors such as species, damage intensity, and recovery time [28,29]. Compensatory
growth is a positive response to plant damage and can be divided into three types: growth
promotion after damage is termed “super-compensatory growth”, biomass change after
damage is insignificant and termed “iso-compensatory growth”, and growth inhibition
after damage is termed “under-compensatory growth” [17]. Growth indicators are the
most intuitive gauges of plant growth and reveal the adaptive capacities of plants. Biomass
accumulation reflects the carbon sequestration capacity of a plant. To compensate for
the loss of above-ground biomass, plants can adopt various strategies to restore growth.
For example, they can allocate more resources to the growth of above-ground organs or
possibly increase SLA to improve photosynthetic use efficiency [30,31].

The effects of leaf loss on growth are not uniform across plants. For example, willows of
different genotypes undergo different growth trends after defoliation, with some genotypes
showing significant changes after 75% loss [32]. In Gmelina arborea, a 50% leaf loss rate
significantly reduces plant height and biomass, but it does not significantly affect ground
diameter [33]. In Quercus acutissima, a 50% damage treatment resulted in a significant
decrease in plant height, ground diameter, and biomass, but it significantly increased the
specific leaf area [34]. The results showed that the reductions in different growth parameters
became greater with increasing damage intensity. It is worth noting that leaf damage has a
significant impact on crown width growth. Except for the 30 d after D25 treatments with
no significant difference compared to CK, other treatments were significantly reduced.
It was speculated that the loss of leaves near the terminal buds may have slowed down
the growth of the branches. Under the D75 treatment, the growth index and biomass of
P. talassica × P. euphratica were significantly reduced, crown growth was inhibited during
the first part of the treatment (30 d), and the R/S and QI values were significantly reduced.
However, under the D25 and D50 treatments, there were no effects on growth indexes
such as root biomass and stem biomass, but there was an increase in leaf length, leaf area,
and SLA. In summary, P. talassica × P. euphratica have a certain ability to compensate for
leaf damage; however, when the damage reached 75%, it inhibited plant growth, reduced
the accumulation of root, stem, and leaf biomass, and reduced the carbon sequestration
capacity. Thus, plants were unable to support the regeneration of above-ground parts,
leading to under-compensated growth, which is consistent with the results of CI.

4.2. Effects of Leaf Damage on Physiological Characteristics of P. talassica × P. euphratica

Enhanced photosynthesis is a common and important compensatory mechanism
following leaf damage [35], and studying changes in the photosynthetic capacities of plants
following damage treatments increases our understanding of the physiological basis of
plant damage responses. As early as the 1960s, it was suggested that the photosynthetic
capacity of plants was enhanced after leaf loss [36]. In Petunia nigra, changes in the
photosynthetic capacity vary according to the type of leaf damage, with the removal of leaf
margins, removal of leaf tips, and perforation all significantly increasing the photosynthetic
capacity; however, the removal of leaf margins is more effective in enhancing the Pn
and Gs of the plant than the other two treatments [37]. In Glycine max, Pn also increases
significantly after damage treatments, but Ci significantly decreases [38]. However, in
Quercus acutissima seedlings with sufficient light and soil nutrients, the Pn significantly
decreases after cotyledon damage treatments, and the chlorophyll content only decreases
after severe damage [19]. In this study, the chlorophyll content of P. talassica × P. euphratica
took longer to recover as the damage intensity increased. The chlorophyll content was not
reduced by the D25 treatment. It took 10 d to exceed the CK level under the D50 treatment,
but then it remained high. Under the D75 treatment, the chlorophyll level also increased,
but it returned to the CK level by 60 d. Under the D50 and D75 treatments, Pn, Gs, and
WUE increased significantly, and a photosynthetic compensation effect was observed. We
hypothesized that after leaf damage in P. talassica × P. euphratica, the new leaves increase
their carbon demand, stimulating the photosynthetic capacity of the remaining leaves
and contributing to the up-regulation. It may also be related to changes in leaf age and
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photosynthesis-related enzyme levels [39]. In P. talassica × P. euphratica suffering from leaf
damage, the light capture efficiency increased, which enhanced photosynthesis per unit
area by increasing the chlorophyll content, SLA, and light transmission. The effects on
photosynthesis due to the loss of leaf area were compensated for, thereby offsetting the
effects on the growth and biomass of P. talassica × P. euphratica.

Stomata, important structures composed of two Guard cells, exchange water and gas
with the outside world. Plants respond to adverse effects through stomatal regulation,
which aids in maintaining their normal growth [40]. In this study, leaf damage significantly
reduced stomatal density, possibly due to an increase in leaf area. Stomatal width, area,
and aperture significantly increased under the D50 and D75 treatments. This may have
resulted from the plants’ abilities to ensure sufficient water and air exchange for normal
photosynthesis, thereby alleviating leaf damage. However, under the D75 treatment, the
proportion of opened stomata actually decreased, likely due to excessive damage to the
plant leaves, which affected the number of open stomata. Thus, plants appear to undergo
plastic changes in morphology and physiology to adapt to environmental changes [41].

4.3. Effects of Leaf Damage on Anatomical Structures of P. talassica × P. euphratica

The leaf is an important organ for physiological metabolic activities such as photosynthe-
sis, transpiration, and respiration, and leaves often alter their morphological and anatomical
structures when habitat conditions change, thus exhibiting strong environmental sensitivity
and plasticity [42]. Leaf structure is a factor that affects the photosynthetic efficiency of plants,
and, to a certain extent, it can reflect the physiological adaptations of plants [43]. The higher
the proportion of palisade tissue in the leaf structure, the higher the chlorophyll content, the
tighter the plant tissue, and the stronger its photosynthetic performance [44]. In addition, the
increase in leaf thickness and the thickness of the upper and lower epidermis reduce water
transpiration and improve water retention capacity [45]. This study corroborated these find-
ings. In this study, anatomical parameters such as palisade tissue thickness, palisade/spongy,
and tightness of leaf tissue structure increased significantly under the D50 and D75 treatments.
We hypothesized that P. talassica × P. euphratica mitigated the effects of leaf damage on the
photosynthetic capacity by changing the intrinsic leaf structure, especially by increasing
palisade tissue thickness. When the damage intensity reached 75%, although leaf thickness
and upper epidermal thickness increased to reduce water evaporation, the palisade tissues
became loosely arranged and the cell gaps became larger, while the spongy tissues’ thickness
decreased, became disorganized, and large gaps appeared. This indicated that the reduced
carbon reserves caused by high-damage intensity may hinder water metabolism in the leaves,
which is detrimental to normal leaf growth and development.

The internal structure of a stem, an important organ for transporting water and
nutrients in plants, affects uptake and plant development. Leaf loss also affects the stem’s
ability to absorb water and reduces the resistance of the xylem to embolism [46]. These
anatomical indicators, such as xylem/phloem, a well-developed vascular bundle and pith,
and the size and density of vessels, are important factors to enhance the water and nutrients
transport efficiency of the stem [47,48]. Leaf damage treatments did not significantly affect
cortical thickness, but they significantly affected the phloem thickness, xylem thickness,
and pith diameter. Under the D50 treatment, the xylem was more developed, had more
ducts, and was nearly rounded, indicating that P. talassica × P. euphratica stems had higher
water transport efficiency and stronger resistance, so that they could better adapt to the
damage caused by leaf loss.

4.4. Effects of Leaf Damage on Defense Enzyme Activities of P. talassica × P. euphratica

Induced defense mechanisms play important roles in plant self-protection. During
long-term growth and development, plants tend to form defense mechanisms for self-
protection to avoid or reduce insect feeding or other mechanical damage, and the synthesis
of defense enzymes is an important expression of the defense system’s formation [49]. The
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important defense enzymes CAT, SOD, POD, and PAL are closely related to plant-induced
resistance and damage tolerance [13,14,50].

Partial damage to plants can induce the expression of defense signaling substances [51],
which strongly induce an increase in defense enzyme activities in a short period of time. The
amount and duration of the enzymatic expression and their maximum activities are related
to the damage intensity, kinds of enzymes, and species. For example, after mechanical
damage to the hybrid poplar, which generated the accumulation of H2O2 content in
unwounded leaves and the significant enhancement of CAT and SOD activities, the two
enzymes reached their peak at different times [52]. Under the conditions of less than 25%
and more than 25% of fallen leaves, there was a significant difference in CAT, SOD, and POD
of Pinus nigra, while only CAT activity showed a significant difference in Quercus pubescens
and Pinus halepensis [53]. This trend is the same as that of the enzymatic activity induced
by pine caterpillar feeding. After the artificial defoliation of Pinus cumerosae, the POD
activity significantly increased by 3 d; however, there was no significant change in the SOD
activity [54]. The POD activity in the leaves of Pinus sylvestris L. increases briefly at 72 h after
defoliation and then rapidly decreases [50]. In addition, mechanical damage can stimulate
an increase in PAL activity, which induces resistance in plants [55]. Here, the different
damage intensities induced an increase in defense enzyme activities in the remaining leaves,
indicating that the four defense enzymes act synergistically in resisting external damage.
However, the different damage intensities had different effects on the temporal changes in
enzymatic activities, indicating that the various defense enzymes responded differently to
the leaf damage treatments. In the D50 and D75 treatments, the CAT and POD activities
were strongly induced, reaching maximum values at 1 d. The former induced a longer
duration of CAT activity, whereas the latter resulted in a rapid decrease. A similar trend
in SOD activity, but with a relatively shorter duration, was also seen. This is probably
due to the large accumulation of H2O2 in damage-stimulated P. talassica × P. euphratica,
which promoted the enhancement of CAT and POD activities, while SOD acted to maintain
the steady-state level of reactive oxygen radicals. Thus, after damage, the activities of
the defense enzymes were rapidly stimulated to remove the oxygen radicals accumulated
in the leaves, inhibit membrane lipid peroxidation, and protect against external damage.
Although the response of the compensatory growth capacity to different damage intensities
differed, all the damage treatments activated the defense enzyme activities in the remaining
leaves. Thus, we assumed that P. talassica × P. euphratica have a certain capability to perceive
damage and activate defense mechanisms quickly when stimulated by external injury, and
this plays an important physiological role in plant growth.

Plant adaptation to damage is a very complex process. Damage induction in Populus is
currently poorly studied, and the order and coordinated roles of various associated substances
in plants need to be determined. In this study, we showed that P. talassica × P. euphratica
have a certain capability to repair damage. When the leaves are damaged, they adjust the
resource allocation strategy and physiological defense capacity by increasing the chlorophyll
content, improving the photosynthetic capacity, changing stem and leaf anatomical features,
and increasing defense enzyme activity levels, thereby improving their damage tolerance
and adaptability.

5. Conclusions

This study analyzed the effects of leaf damage on P. talassica × P. euphratica to investi-
gate compensatory growth and physiological defenses in terms of growth and development,
photosynthetic capacity, anatomical structure, and defense enzyme activities. Minor leaf
damage (D25) did not affect plant growth, although it increased defense enzyme activ-
ities in the short term. The reductions in photosynthetic area and carbon assimilation
capacity under severe damage (D75) were the main causes of the energy imbalance and
under-compensated growth. Under the D50 treatment, the plant also rapidly activated the
antioxidative defense system and improved its defense capacity, which played important
physiological protective roles in compensatory growth and strong damage tolerance. There
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are limited studies on the compensatory growth of woody plants due to leaf damage. The
processes involved in plant responses to leaf damage are very complex, and there are multi-
ple habitat variables that interact with leaf damage to affect plant growth. Consequently, it
is difficult to accurately assess the threshold of the degree of leaf damage on plant growth.
Thus, the survival risk caused by leaf damage during the initial establishment of plantation
forests should be taken into consideration.

Author Contributions: Conceptualization, Z.-J.H.; methodology, Z.-J.H. and M.-X.S.; software and
data curation, M.-X.S.; investigation and validation, M.-X.S., Y.L., Z.Z. and J.-J.W.; resources, Z.-
J.H.; formal analysis, M.-X.S. and Z.-J.H.; visualization, M.-X.S. and Z.Z.; writing—original draft
preparation, M.-X.S.; writing—review and editing, Z.-J.H. and M.-X.S.; supervision, Z.-J.H.; project
administration, Z.-J.H. and M.-X.S.; funding acquisition, Z.-J.H. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the Selection and Cultivation Project of “Talents of Xin-
jiang Production and Construction Corps” (Funding number: 380000358 and 38000020924, Funder:
Xinjiang Production and Construction Corps). This work was also funded by the Open Project of
the Xinjiang Production and Construction Corps Key Laboratory of Protection and Utilization of
Biological Resources in Tarim Basin (Funding number: BRZD1902, Funder: Xinjiang Production and
Construction Corps Key Laboratory).

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: Thank you to De-Qiang Lu of Lumao Shengyuan Agricultural Development
Co., Ltd. (Alar, China) for providing assistance with P. talassica × P. euphratica seedlings and field
experimental sites.

Conflicts of Interest: The authors declare that there is no conflict of interest regarding the publication
of this paper.

References
1. Chen, Q.; Jin, Y.; Guo, X.; Xu, M.; Wei, G.; Lu, X.; Tang, Z. Metabolomic responses to the mechanical wounding of Catharanthus

roseus’ upper leaves. PeerJ 2023, 11, e14539. [CrossRef]
2. Béland, J.M.; Bauce, É.; Cloutier, C.; Berthiaume, R.; Hébert, C. Accuracy of defoliation estimates from aerial and ground surveys

in a boreal forest during an outbreak of the hemlock looper, Lambdina fiscellaria (Guenée). Forests 2022, 13, 1120. [CrossRef]
3. Ferretti, M.; Ghosh, S.; Gottardini, E. Stem radial growth is negatively related to tree defoliation and damage in conifers, northern

Italy. Front. For. Glob. Chang. 2021, 4, 775600. [CrossRef]
4. Eyles, A.; Pinkard, E.A.; Mohammed, C. Shifts in biomass and resource allocation patterns following defoliation in Eucalyptus

globulus growing with varying water and nutrient supplies. Tree Physiol. 2009, 29, 753–764. [CrossRef]
5. Wang, N.; Ji, T.; Liu, X.; Li, Q.; Sairebieli, K.; Wu, P.; Song, H.; Wang, H.; Du, N.; Zheng, P.; et al. Defoliation significantly

suppressed plant growth under low light conditions in two Leguminosae species. Front. Plant Sci. 2022, 12, 777328. [CrossRef]
6. Helbig, C.E.; Müller, M.G.; Landgraf, D. Effects of leaf loss by artificial defoliation on the growth of different Poplar and Willow

Varieties. Forests 2021, 12, 1224. [CrossRef]
7. Alcorn, P.J.; Bauhus, J.; Smith, R.G.B.; Thomas, D.; James, R.; Nicotra, A. Growth response following green crown pruning in

plantation-grown Eucalyptus pilularis and Eucalyptus cloeziana. Can. J. Forest Res. 2008, 38, 770–781. [CrossRef]
8. Willaume, M.; Pagès, L. How periodic growth pattern and source/sink relations affect root growth in oak tree seedlings. J. Exp.

Bot. 2006, 57, 815–826. [CrossRef] [PubMed]
9. Corona, C.; Leeper, A.C.; LaMontagne, J.M. Differential defoliation and mortality of white spruce and balsam fir by eastern

spruce budworm. Forest Ecol. Manag. 2022, 508, 120042. [CrossRef]
10. Quentin, A.G.; O’Grady, A.P.; Beadle, C.L.; Mohammed, C.; Pinkard, E.A. Interactive effects of water supply and defoliation on

photosynthesis, plant water status and growth of Eucalyptus globulus Labill. Tree Physiol. 2012, 32, 958–967. [CrossRef]
11. Eyles, A.; Smith, D.; Pinkard, E.A.; Smith, L.; Corkrey, R.; Elms, S.; Beadle, C.; Mohammed, C. Photosynthetic responses of

fild-grown Pinus radiata trees to artificial and aphid-induced defoliation. Tree Physiol. 2011, 31, 592–603. [CrossRef] [PubMed]
12. Gleason, S.M.; Ares, A. Photosynthesis, carbohydrate storage and survival of a native and an introduced tree species in relation

to light and defoliation. Tree Physiol. 2004, 24, 1087–1097. [CrossRef] [PubMed]
13. Tang, F.; Zhao, W.L.; Gao, X.W. Communication between plants: Induced resistance in poplar seedlings following herbivore

infestation, mechanical wounding, and volatile treatment of the neighbors. Entomol. Exp. Appl. 2013, 149, 110–117. [CrossRef]
14. Wang, Q.W.; Jia, L.Y.; Shi, D.L.; Wang, R.F.; Lu, L.N.; Xia, J.J.; Sun, k.; Feng, H.Q.; Li, X. Effects of extracellular ATP on local and

systemic responses of bean (Phaseolus vulgaris L) leaves to wounding. Biosci. Biotechol. Biochem. 2018, 83, 417–428. [CrossRef]

https://doi.org/10.7717/peerj.14539
https://doi.org/10.3390/f13071120
https://doi.org/10.3389/ffgc.2021.775600
https://doi.org/10.1093/treephys/tpp014
https://doi.org/10.3389/fpls.2021.777328
https://doi.org/10.3390/f12091224
https://doi.org/10.1139/X07-185
https://doi.org/10.1093/jxb/erj059
https://www.ncbi.nlm.nih.gov/pubmed/16449379
https://doi.org/10.1016/j.foreco.2022.120042
https://doi.org/10.1093/treephys/tps066
https://doi.org/10.1093/treephys/tpr046
https://www.ncbi.nlm.nih.gov/pubmed/21697147
https://doi.org/10.1093/treephys/24.10.1087
https://www.ncbi.nlm.nih.gov/pubmed/15294755
https://doi.org/10.1111/eea.12114
https://doi.org/10.1080/09168451.2018.1547623


Forests 2023, 14, 1713 18 of 19

15. Su, M.; Zhang, M.; Liu, Y.; Han, Z. Abscisic acid, paclobutrazol, and salicylic acid alleviate salt stress in Populus talassica × Populus
euphratica by modulating plant root architecture, photosynthesis, and the antioxidant defense system. Forests 2022, 13, 1864.
[CrossRef]

16. Sun, Y.; Liu, Y.; Su, M.X.; Han, Z.J.; Shi, J.Y. Evaluation of salt and drought tolerances of Populus talassica × Populus euphratica
seedlings using leaf anatomical structures and physiological processes. Pak. J. Bot. 2023, 55, 1205–1214. [CrossRef]

17. Belsky, A.J.; Carson, W.P.; Jensen, C.L.; Fox, G.A. Overcompensation by plants: Herbivoreo ptimization of red herring? Evol. Ecol.
1993, 7, 109–121. [CrossRef]

18. Yang, Z.J.; Wu, X.H.; Grossnickle, S.C.; Chen, L.H.; Yu, X.X.; EI-Kassaby, Y.A.; Feng, J.L. Formula fertilization promotes Phoebe
bournei robust seedling cultivation. Forests 2020, 11, 781. [CrossRef]

19. Chen, H.; Zhao, M.; Qi, L.; Sun, X.; Li, Q.; Liu, X.; Wang, N.; Zwiazek, J.J.; Zhang, W.; Guo, W.; et al. Shading reduced the
compensation and enhancement effects of soil nutrition on the growth of cotyledon-damaged Quercus acutissima seedlings. Plant
Soil 2022, 482, 665–678. [CrossRef]

20. Martínez-Sancho, E.; Vásconez Navas, L.K.; Seidel, H.; Dorado-Liñán, I.; Menzel, A. Responses of contrasting tree functional
types to air warming and drought. Forests 2017, 8, 450. [CrossRef]

21. Fan, X.; Cao, X.; Zhou, H.; Hao, L.; Dong, W.; He, C.; Xu, M.; Wu, H.; Wang, L.; Chang, Z.; et al. Carbon dioxide fertilization effect
on plant growth under soil water stress associates with changes in stomatal traits, leaf photosynthesis, and foliar nitrogen of bell
pepper (Capsicum annuum L.). Environ. Exp. Bot. 2020, 179, 104203. [CrossRef]

22. Hu, Y.; Yang, L.; Gao, C.; Liao, D.; Long, L.; Qiu, J.; Wei, H.; Deng, Q.; Zhou, Y. A comparative study on the leaf anatomical
structure of Camellia oleifera in a low-hot valley area in Guizhou Province, China. PLoS ONE 2022, 17, e0262509. [CrossRef]
[PubMed]

23. Wang, Y.; Liang, C.; Meng, Z.; Li, Y.; Abid, M.A.; Askari, M.; Wang, P.; Wang, Y.; Sun, G.; Cai, Y.; et al. Leveraging Atriplex
hortensis choline monooxygenase to improve chilling tolerance in cotton. Environ. Exp. Bot. 2019, 162, 364–373. [CrossRef]

24. Peskin, A.V.; Winterbourn, C.C. A microtiter plate assay for superoxide dismutase using a water-soluble tetrazolium salt (WST-1).
Clin. Chim. Acta 2000, 293, 157–166. [CrossRef]

25. Rösler, J.; Krekel, F.; Amrhein, N.; Schmid, J. Maize phenylalanine ammonia-lyase has tyrosine ammonia-lyase activity. Plant
Physiol. 1997, 113, 175–179. [CrossRef]

26. Fukushima, M.; Kanzaki, M.; Hara, M.; Ohkubo, T.; Preechapanya, P.; Choocharoen, C. Secondary forest succession after the
cessation of swidden cultivation in the montane forest area in Northern Thailand. For. Ecol. Manag. 2008, 255, 1994–2006.
[CrossRef]

27. Li, C.; Barclay, H.; Huang, S.; Roitberg, B.; Lalonde, R.; Xu, W.; Chen, Y. Modelling the stand dynamics after a thinning induced
partial mortality: A compensatory growth perspective. Front. Plant Sci. 2022, 13, 1044637. [CrossRef]

28. Quijano-Medina, T.; Covelo, F.; Moreira, X.; Abdala-Roberts, L. Compensation to simulated insect leaf herbivory in wild cotton
(Gossypium hirsutum): Responses to multiple levels of damage and associated traits. Plant Biol. 2019, 21, 805–812. [CrossRef]

29. Wang, Z.; Zhou, Z.; Wang, C. Defoliation-induced tree growth declines are jointly limited by carbon source and sink activities. Sci.
Total Environ. 2021, 762, 143077. [CrossRef]

30. Jansen, M.; Zuidema, P.A.; van Ast, A.; Bongers, F.; Malosetti, M.; Martínez-Ramos, M.; Núñez-Farfán, J.; Anten, N.P.R. Heritability
of growth and leaf loss compensation in a long-lived tropical understorey palm. PLoS ONE 2019, 14, e0209631. [CrossRef]

31. Iván, D.C.; Rosalinda, T.; Juan, N. Ecotypic variation in growth responses to simulated herbivory: Trade-off between maximum
relative growth rate and tolerance to defoliation in an annual plant. AoB Plants 2015, 7, plv015.

32. Powers, S.J.; Peacock, L.; Yap, M.L.; Brain, P. Simulated beetle defoliation on willow genotypes in mixture and monotype
plantations. Ann. Appl. Biol. 2006, 148, 27–38. [CrossRef]

33. Ambebe, T.F.; Mendi, A.G.; Shidiki, A.A. Influence of simulated defoliation and N fertilization on compensatory growth of
Gmelina arborea seedlings. J. Appl. Life Sci. Int. 2020, 3, 59–66. [CrossRef]

34. Wang, N.; Song, M.; Zhang, Y.; Liu, X.; Wu, P.; Qi, L.; Song, H.; Du, N.; Wang, H.; Zheng, P.; et al. Physiological responses of
Quercus acutissima and Quercus rubra seedlings to drought and defoliation treatments. Tree Physiol. 2023, 43, 737–750. [CrossRef]

35. Zheng, J.; Zhang, T.J.; Li, B.H.; Liang, W.J.; Zhang, Q.L.; Cai, M.L.; Peng, C.L. Strong response of stem photosynthesis to defoliation
in Mikania micrantha highlights the contribution of phenotypic plasticity to plant invasiveness. Front. Plant Sci. 2021, 12, 638796.
[CrossRef] [PubMed]

36. Sweet, G.B.; Wareing, P.F. Role of plant growth in regulating photosynthesis. Nature 1966, 210, 77. [CrossRef]
37. Li, W.H.; Luo, J.N.; Tian, X.S.; Peng, C.L.; Zhou, X.Y. Patterns of defoliation and their effect on the plant growth and photosynthetic

characteristics of Ipomoea cairica. Weed Biol. Manag. 2012, 12, 40–46. [CrossRef]
38. Raza, M.A.; Gul, H.; Yang, F.; Ahmed, M.; Yang, W. Growth rate, dry matter accumulation, and partitioning in soybean (Glycine

max L.) in response to defoliation under high-rainfall conditions. Plants 2021, 10, 1497. [CrossRef]
39. Aguirre, N.M.; Grunseich, J.M.; Lima, A.F.; Davis, S.; Helms, A.M. Plant communication across different environmental contexts

suggests a role for stomata in volatile perception. Plant Cell Environ. 2023, 46, 2017–2030. [CrossRef]
40. Jordi, W.; Schapendonk, A.; Davelaar, E.; Stoopen, G.M.; Pot, C.S.; De Visser, R.; Van Rhijn, J.A.; Gan, S.; Amasino, R.M. Increased

cytokinin levels in transgenic PSAG12-IPT tobacco plants have large direct and indirect effects on leaf senescence, photosynthesis
and N partitioning. Plant Cell Environ. 2000, 23, 279–289. [CrossRef]

https://doi.org/10.3390/f13111864
https://doi.org/10.30848/PJB2023-4(4)
https://doi.org/10.1007/BF01237737
https://doi.org/10.3390/f11070781
https://doi.org/10.1007/s11104-022-05719-4
https://doi.org/10.3390/f8110450
https://doi.org/10.1016/j.envexpbot.2020.104203
https://doi.org/10.1371/journal.pone.0262509
https://www.ncbi.nlm.nih.gov/pubmed/35051236
https://doi.org/10.1016/j.envexpbot.2019.03.012
https://doi.org/10.1016/S0009-8981(99)00246-6
https://doi.org/10.1104/pp.113.1.175
https://doi.org/10.1016/j.foreco.2007.12.022
https://doi.org/10.3389/fpls.2022.1044637
https://doi.org/10.1111/plb.13002
https://doi.org/10.1016/j.scitotenv.2020.143077
https://doi.org/10.1371/journal.pone.0209631
https://doi.org/10.1111/j.1744-7348.2005.00035.x
https://doi.org/10.9734/jalsi/2020/v23i1230205
https://doi.org/10.1093/treephys/tpad005
https://doi.org/10.3389/fpls.2021.638796
https://www.ncbi.nlm.nih.gov/pubmed/34025690
https://doi.org/10.1038/210077a0
https://doi.org/10.1111/j.1445-6664.2012.00432.x
https://doi.org/10.3390/plants10081497
https://doi.org/10.1111/pce.14601
https://doi.org/10.1046/j.1365-3040.2000.00544.x


Forests 2023, 14, 1713 19 of 19

41. Õunapuu-Pikas, E.; Sellin, A. Plasticity and light sensitivity of leaf hydraulic conductance to fast changes in irradiance in common
hazel (Corylus avellana L.). Plant Sci. 2020, 290, 110299. [CrossRef] [PubMed]

42. Zhang, L.; Du, J.; Ge, X.; Cao, D.; Hu, J. Leaf size development differences and comparative transcriptome analyses of two Poplar
Genotypes. Genes 2021, 12, 1775. [CrossRef] [PubMed]

43. Holloway-Phillips, M. Illuminating photosynthesis in the mesophyll of diverse leaves. Plant Physiol. 2019, 180, 1256–1258.
[CrossRef]

44. Knapp, A.; Carter, G. Variability in leaf optical properties among 26 species from a broad range of habitats. Am. J. Bot. 1998, 85,
940–946. [CrossRef] [PubMed]

45. Buckley, T.N.; John, G.P.; Scoffoni, C.; Sack, L. How does leaf anatomy influence water transport outside the xylem? Plant Physiol.
2015, 168, 1616–1635. [CrossRef]

46. Hillabrand, R.M.; Hacke, U.G.; Lieffers, V.J. Defoliation constrains xylem and phloem functionality. Tree Physiol. 2019, 39,
1099–1108. [CrossRef]

47. Stratton, L.; Goldstein, G.; Meinzer, F.C. Stem water storage capacity and efficiency of water transport: Their functional significance
in a Hawaiian dry forest. Plant Cell Environ. 2000, 23, 99–106. [CrossRef]

48. Shafqat, W.; Mazrou, Y.S.A.; Sami-ur-Rehman; Nehela, Y.; Ikram, S.; Bibi, S.; Naqvi, S.A.; Hameed, M.; Jaskani, M.J. Effect of
three water regimes on the physiological and anatomical structure of stem and leaves of different citrus rootstocks with distinct
degrees of tolerance to drought stress. Horticulturae 2021, 7, 554. [CrossRef]

49. Shah, A.Z.; Ma, C.; Zhang, Y.; Zhang, Q.; Xu, G.; Yang, G. Decoyinine induced resistance in rice against small brown planthopper
Laodelphax striatellus. Insects 2022, 13, 104. [CrossRef]

50. Andersone, U.; Samsone, I.; Ievinsh, G. Neodiprion sertifer defoliation causes long-term systemic changes of oxidative enzyme
activities in Scots pine needles. Anthropod-Plant Interact. 2009, 3, 209–214. [CrossRef]

51. Arimura, G.; Kost, C.; Boland, W. Herbivore-induced, indirect plant defences. BBA-Mol. Cell Biol. Lipids 2005, 1734, 91–111.
[CrossRef] [PubMed]

52. An, Y.; Shen, Y.; Zhang, Z. Effects of mechanical damage and herbivore wounding on H2O2 metabolism and antioxidant enzyme
activities in hybrid poplar leaves. J. Forestry Res. 2009, 20, 156–160. [CrossRef]

53. Lucija, L.; Ivana, R.R.; Ivan, L.; Nenad, P.; Ivan, S.; Mia, M.; Ana, J.T.; Tamara, J.; Lukrecija, B. Are foliar nutrition status and
indicators of oxidative stress associated with tree defoliation of four mediterranean forest species? Plants 2022, 11, 3484.

54. Song, Y.; Simard, S.; Carroll, A.; Mohn, W.W.; Zeng, R.S. Defoliation of interior Douglas-fir elicits carbon transfer and stress
signalling to ponderosa pine neighbors through ectomycorrhizal networks. Sci. Rep. 2015, 5, 8495. [CrossRef] [PubMed]

55. Hara-Nishimura, I.; Matsushima, R. A wound-inducible organelle derived from endoplasmic reticulum: A plant strategy against
environmental stresses? Curr. Opin. Plant Biol. 2003, 6, 583–588. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.plantsci.2019.110299
https://www.ncbi.nlm.nih.gov/pubmed/31779902
https://doi.org/10.3390/genes12111775
https://www.ncbi.nlm.nih.gov/pubmed/34828380
https://doi.org/10.1104/pp.19.00592
https://doi.org/10.2307/2446360
https://www.ncbi.nlm.nih.gov/pubmed/21684977
https://doi.org/10.1104/pp.15.00731
https://doi.org/10.1093/treephys/tpz029
https://doi.org/10.1046/j.1365-3040.2000.00533.x
https://doi.org/10.3390/horticulturae7120554
https://doi.org/10.3390/insects13010104
https://doi.org/10.1007/s11829-009-9070-y
https://doi.org/10.1016/j.bbalip.2005.03.001
https://www.ncbi.nlm.nih.gov/pubmed/15904867
https://doi.org/10.1007/s11676-009-0027-x
https://doi.org/10.1038/srep08495
https://www.ncbi.nlm.nih.gov/pubmed/25683155
https://doi.org/10.1016/j.pbi.2003.09.015

	Introduction 
	Materials and Methods 
	Overview of the Study Site 
	Plant Material and Experimental Treatments 
	Measurement of Growth Indexes 
	Measurement of Leaf Morphological Indexes 
	Measurements of Chlorophyll Content 
	Measurements of Photosynthetic Parameters 
	Measurements of Stomatal Indexes 
	Measurements of Anatomical Indexes 
	Measurements of Biochemical Indexes 
	Statistical Analysis 

	Result 
	Damage Treatment Effects on Growth Indicators 
	Damage Treatment Effects on Leaf Growth Indicators 
	Damage Treatment Effects on Biomass 
	Damage Treatment Effects on R/S, QI and CI 
	Damage Treatment Effects on Chlorophyll Contents 
	Damage Treatment Effects on Photosynthetic Parameters 
	Damage Treatment Effects on Stomatal Characteristics 
	Damage Treatment Effects on Anatomical Structure of Stems and Leaves 
	Damage Treatment Effects on Enzyme Activities 

	Discussion 
	Effects of Leaf Damage on Growth and Biomass of P. talassica  P. euphratica 
	Effects of Leaf Damage on Physiological Characteristics of P. talassica  P. euphratica 
	Effects of Leaf Damage on Anatomical Structures of P. talassica  P. euphratica 
	Effects of Leaf Damage on Defense Enzyme Activities of P. talassica  P. euphratica 

	Conclusions 
	References

