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Abstract: There is a wide range of naturally regenerated Morus alba in the declining Robinia pseudoa-
cacia plantation of the Yellow River Delta. It is important to clarify the key mechanism of natural
regeneration of M. alba for the transformation of declining R. pseudoacacia plantation. According to
the death density of R. pseudoacacia, the plantation of R. pseudoacacia was divided into nondeclining,
moderately declining, and severely declining forests. The structural characteristics of adult trees
and seedlings of M. alba in different decline degrees forest were investigated. A pot experiment was
conducted to study the seed germination and early seedling growth of M. alba in saline alkali soil and
nonsaline alkali soil under different soil salt contents and light intensities. The results showed that
the natural regeneration of M. alba was obviously affected by the decline of R. pseudoacacia plantation.
With the increase of decline degree, M. alba density and seedling density first increased and then
decreased, and were the highest in the medium decline plantation. Under full light intensity, the
vigor index of M. alba seeds and the biomass of seedlings were significantly greater than those of
25% full light intensity. The germination rate and germination index under 1‰ soil salt content were
significantly lower than those under 3‰, but the biomass of seedlings was on the contrary. The
1000-seed weight, seed germination, and seedling biomass of moderately declining R. pseudoacacia
plantations were close to those of nonsaline alkali land, while significantly higher than those of non-
declining plantations, but the germination index of moderately declining R. pseudoacacia plantation
was higher than that of nonsaline alkali land. Therefore, the germination ability of maternal trees in
saline alkali land was higher than that in nonsaline alkali land under salt stress.

Keywords: coastal saline–alkali land; plantation decline; seedling density; maternal tree habitat;
seed quality

1. Introduction

Planted forests are an important component of global forest resources. With the rapid
increase in the area of global planted forests in recent decades [1], they play increasingly
important roles in timber production, environmental improvement, landscape construction,
and climate change mitigation [2]. China has the largest area of planted forests in the world.
However, the management of planted forests are difficult because of lacking effective
and long-term scientific theoretical guidance and sustainable management technology
systems suitable for different regions of planted forests. For a long time, plantation forest
management has overemphasized and pursued short-term productivity and economic
benefits, favoring artificial regeneration and homogeneous pure forest cultivation patterns,
ignoring the natural succession and regeneration of planted forests [2], which has led to a
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serious decline in many planted forests. Natural regeneration of planted forests is currently
attracting attention and is being explored in terms of stand structure [3], litter fall density [4],
seedling adaptation [5,6], and seedling establishment [7,8]. However, current studies have
shown that the natural regeneration of planted forests and their near-naturalistic succession
are difficult to achieve [2,9,10]. Therefore, the elucidation of natural regeneration limitation
mechanisms of planted forests is of great importance for their sustainable management.

Seed quality determines the ability of seeds to germinate and the quality of seedlings,
and is one of the key factors determining the success of natural regeneration [11,12]. The
growing environments of the maternal tree demonstrate significant influences on the
quality of the seeds of the offspring, which is known as the maternal effect. The wide
variety of environments experienced by maternal trees during seed production directly
influences the characteristics (e.g., dormancy, longevity, etc.) of offspring seeds [13–15]
and is considered to be an important determinant of natural regeneration [16]. Sionit and
Kramer [17] found that exposure to water stress during the pod formation and filling stages
of soybean led to a reduction in seed weight. The study of Quercus brantii found that the
seedlings from drought-stressed maternal trees increased adaptability to drought [18]. The
external temperature experienced by the parent plant also affects seed size [19]. Studies on
annuals have found that drought stress experienced by grandparents and parents affects
the performance of offspring [20]. Herman and Sultan [21] summarized the effects of
the various environments experienced by the parent on the fitness of the offspring. For
long-lived conifers, the variety of environments they experience provides a guarantee of
offspring fitness [22]. Maternal effects can alter the adaptations of offspring in the short
term and are more adaptable to changes in the external environment, especially in the
context of global climate change, than genetic changes that can only occur over long periods
of time in plants [11]. However, the duration and mode of action of the maternal effect is
currently unclear.

Light intensity and soil salinity are important environmental factors that affect seed
germination and seedling establishment of forests in coastal saline alkali land. During
the stage of seed germination, light and salt stress have different effects. Generally, seed
germination is not strongly related to light, but soil salinity has a significant effect on seed
germination [23]. For non-salt-tolerant plants, seed germination is significantly inhibited
as soil salt content increases [24,25], but for salt-tolerant plants, low salt concentrations
have less effect on seed germination and even have some promotion [26,27]. During the
seedling growth stage, light is the most important determinant of seedling understory
growth and survival [6]. In order to intercept more light in the understory, plants increase
the leaf biomass ratio and decrease the root biomass ratio [28]. As soil salinity increases,
seedling growth is significantly inhibited. The root system is the first sensory organ of salt
stress [29], and its biomass allocation increases, but root growth is significantly inhibited
beyond the tolerance range [30]. A comparison revealed that plants may have opposing
adaptation strategies when subjected to both low light and salt stresses. Therefore, it is
important to explore the regeneration mechanisms under planted forests in coastal saline
lands for the management of planted forests.

The Yellow River Delta is a typical global coastal saline land with shallow groundwater
depth and high mineralization, and there are few tree species suitable for afforestation
in this area. Monitoring and mastering of riparian vegetation biomass [31,32] and hy-
drology [33] is an important part of vegetation management. Robinia pseudoacacia forests
planted in the 1970s and 1980s are the largest planted forests in the region, but they are now
in severe decline and a large number of deaths have occurred. Yao et al. [34] found that
R. pseudoacacia grew well when the groundwater depth was lower than 1.8 m during the
low-water-level period. In winter, the groundwater level in some areas was lower than the
sea level, and the incoming water from the Yellow River was relatively small, which caused
seawater intrusion and increased the mineralization of groundwater, exacerbating the death
of the R. pseudoacacia forest [34]. Therefore, the regeneration of R. pseudoacacia plantation
has become an urgent demand. Morus alba is also an important silvicultural species in
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the region [35] and is highly adaptable with strong tolerance to salt stress and drought
stress [25,36]. Field surveys have revealed the widespread presence of naturally regener-
ated M. alba within R. pseudoacacia plantations in the region, but this phenomenon has not
attracted enough attention. To reveal the natural regeneration pattern of M. alba, identify
key limiting factors, and provide theoretical and technical support for the transformation of
degraded R. pseudoacacia plantations, in this paper, we investigated the distribution charac-
teristics of M. alba in R. pseudoacacia plantations with different degrees of decline, assessed
their natural regeneration capacity, and analyzed the factors affecting the establishment of
seedlings. At the same time, M. alba seeds in R. pseudoacacia forest and nonsaline alkali land
were collected to study seed germination and early seedling growth under light intensity
and salt stress, and to clarify the key influence mechanism of maternal tree habitat and
environmental factors on seed germination and seedling establishment.

2. Materials and Methods
2.1. Study Area

The study was conducted in the Yellow River Delta area in the north of Shandong
Province (37◦35′~38◦12′ N, 118◦33′~119◦20′ E). The region is a warm, temperate, semihu-
mid continental monsoon climate zone. The average annual temperature is 11.9 ◦C, the
average annual daily range is 10.7 ◦C, the average annual precipitation is 592.2 mm, the
average annual evaporation is 1908.2 mm, and the average annual evaporation ratio is
3.22. The soil is mainly composed of fluvo aquic soil and saline soil. Tidal soil accounts
for 44.46% of the total soil area in the region, and saline soil accounts for 50.88% of the
total area in the region. The vegetation types in the area are few and simple, mainly herbs
and shrubs, with few woody plants, and Suaeda glauca, Phragmites australis, and Tamarix
chinensis are the main distribution species [37].

2.2. Experimental Design
2.2.1. Survey of R. pseudoacacia Planted Forests

Through fieldwork, the natural regeneration survey of M. alba was carried out in the
R. pseudoacaci plantations in Shandong Yellow River Delta National Nature Reserve (A),
Jiufenchang of Gudao Town (B), and Shenxiangou (C) (Figure 1). The planting spacing
of R. pseudoacaci stands at the above three locations was 3 m × 4 m, and the stand charac-
teristics were shown in Table 1. Based on the mortality density of R. pseudoacacia, the R.
pseudoacaci plantations in the Jiufenchang was defined as an undeclined forest, Shenxian-
gou was defined as a moderately declining forest, and the reserve was defined as severely
declining forest. Three randomly 20 m × 30 m sample squares were set up in each site. In
each sample square, R. pseudoacacia and M. alba ≥ 1.5 m in height were defined as adult
trees, and all trees were measured for diameter at breast height (DBH). Trees below 1.5 m
in height were defined as seedlings and their height was measured. The number of dead
R. pseudoacacia in the sample was also measured. Adult trees were classified into DBH sizes,
with one diameter class for every 2 cm. Seedlings were divided into five height classes:
50–70 cm, 71–90 cm, 91–110 cm, 111–130 cm, and 131–150 cm. The soil was collected from
0–40 cm within the R. pseudoacacia forest and brought back to the laboratory. The soil salt
content was measured by conductivity method. The pH value of soil was measured with a
pH meter.

2.2.2. Collection of M. alba Seeds

In May 2019, mature M. alba fruits were collected from the Forestry Practice Base of
Shandong Agricultural University in Tai’an (T), the R. pseudoacacia plantation in Jiufenchang
(DW), and in Shenxiangou (DN). Among them, Tai’an was a typical nonsaline area. A total of
10 maternal trees were collected at each site. The M. alba fruits were repeatedly rubbed and
rinsed five times, and the full seeds were selected and dried naturally. Using a thousand-seeds
method, the 1000-seed weight per maternal tree was counted. The 1000-seed weight of T, DW,
and DN was 1.99 ± 0.16 g, 0.98 ± 0.11 g, and 1.35 ± 0.14 g, respectively.
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Figure 1. Geographical location of the study sites. A: Shandong Yellow River Delta National Nature
Reserve; B: Jiufenchang of Gudao Town; C: Shenxiangou.

Table 1. Characteristics of stand structure of Robinia pseudoacacia plantation.

Indicators Stand
Age (Years)

Density of
Standing Timber

(Trees ha−1)

Average
DBH (cm)

Dead Wood
Density

(Trees ha−1)

Soil
Salinity (‰) Soil pH

Jiufenchang 19 1033 8.33 ± 4.32 0 0.19 8.01
Shenxiangou 43 900 19.12 ± 2.88 100 0.21 7.92

Reserve 31 0 0 1200 0.23 7.86

2.2.3. Seed Germination and Seedling Growth Tests with Different Soil Salt Content, Light
Intensity, and Maternal Tree Habitat

On 27 May 2019, seeds from different maternal tree habitats (T, DW, and DN) were
taken separately and sown according to light intensity gradient (full light and 25% full
light) and soil salt content (1‰ and 3‰), and five pots per treatment were sown with
50 seeds per pot. After the seeds were evenly spread on the soil surface, a thin layer of
soil was covered to cover the seeds. Regular observations were recorded daily during the
experiment to count the number of seeds germinated and watered regularly to keep the
soil moist. The experiment ended on 5 November 2019. Three seedlings were selected from
each pot, and then the seedlings were removed and divided into roots, stems, and leaves.
After bringing it back to the laboratory, the root system was scanned by HP Scanjet 8200
scanner. The scanned images were then analyzed with Delta-T Area Meter Type AMB2
root parameter analysis software to obtain root length (RL, cm), root average diameter
(RAD, cm), root surface area (RSA, cm2), and root volume (RV, cm3). The individual tissues
were dried in an oven at 85 ◦C for 48 h. The dry weight was measured with an electronic
balance (0.1 mg accuracy) and the seedling biomass (SB, root + stem + leaf mass, g), root
biomass ratio (RMR, root mass/seedling biomass, g.g−1), stem biomass ratio (SMR, stem
mass/seedling biomass, g.g−1), leaf biomass ratio (LMR, leaf mass/seedling biomass,
g.g−1), root shoot ratio (RSR, root mass/(leaf + stem biomass)), specific root length (SRL,
total root length/root mass, cm.g−1), and specific root surface area (SRA, total root surface
area/root mass, cm2.g−1) indices were calculated.

Germination rate (Gr, %), mean germination time (MGT), germination index (Gi), and
vigor index (Vi) were calculated as follows:

Gr = G1/N × 100 (1)
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MGT = ∑(D × ni)/∑ni (2)

Gi = ∑(ni/D) (3)

Vi = S × GI (4)

where G1 is the number of germination, N is the total number of tested seeds, n is the
number of seeds germinating normally on each day, D is the number of days since seeds
were placed in bed, Gt is the net germination number on each day, Dt is the corresponding
germination day, and S is the dry weight of seedlings.

2.3. Data Analysis

Soil salt content, light intensity, and maternal tree habitat were used in a three-way
ANOVA for the seed germination stage and seedling growth stage tests. The relevant data
analyses were performed with SPSS 20.0 (SPSS Inc., Chicago, IL, USA) statistical analysis
software, and multiple comparisons were performed. The test level was p = 0.05.

3. Results
3.1. Structural Characteristics of M. alba in the R. pseudoacacia Plantation

As seen in, Figure 2, M. alba were naturally distributed within the different declining
R. pseudoacacia plantations. Within the nondeclining and severely declining R. pseudoacacia
plantations, the density of adult M. alba were close: 633 and 656 trees ha−1, respectively
(Table 2). However, the density within moderately declining R. pseudoacacia stands was
7667 trees ha−1, which was 12 times higher than both. Within the undeclined R. pseudoacacia
forest, the DBH class structure was incomplete and the distribution showed a unimodal
pattern, with the maximum density of 170 trees ha−1 at 8.1–10.0 cm DBH and 367 trees ha−1

at DBH greater than 8 cm. Within the severely declining R. pseudoacacia plantations, the
diameter class structure was inverted-J-shaped, and the density was mainly distributed in
the 2.1–12.0 cm DBH range with a density of 450 trees ha−1 and 222 trees ha−1 for DBH
greater than 8 cm. Within moderately declining R. pseudoacacia stands, the diameter class
structure was also inverted-J-shaped, with the largest number of diameter class 0–2 cm at a
density of 4930 trees ha−1, but none with the DBH greater than 8 cm.

Table 2. Characteristics of stand structure of Morus alba in the different declining Robinia pseudoacacia
plantation.

Indicators Density
(Trees ha−1)

Chest Height Section
Area (Trees ha−1)

Average Diameter at Breast
Height (cm)

Seedling Density
(Trees ha−1)

Jiufenchang 633 4.35 8.33 ± 4.32 No seedlings
Shenxiangou 7667 3.04 2.02 ± 0.10 467

Protected Areas 656 1.57 8.56 ± 3.91 26

The different declining R. pseudoacacia stands differed significantly in the number
of M. alba seedlings (). No seedlings were found in the nondeclining R. pseudoacacia
forests, and very few seedlings were found in the severely declining R. pseudoacacia forests,
with a density of only 26 trees ha−1. The density of seedlings within medium-declining
R. pseudoacacia stands was 467 trees ha−1 and the distribution of plant height classes was
unimodal. The maximum number of plants was 170 trees ha−1 at 91–110 cm plant height,
after which the density decreased rapidly (Figure 3). Plant height was mainly distributed
at 50–110 cm, accounting for 85.71% of the total number of seedlings (Figure 3).

3.2. Effect of Light Intensity and Soil Salinity on Seed Germination and Seedling Growth of
M. alba Seeds
3.2.1. Seed Germination

The effect of light intensity on Gr, MGT, and Gi was not significant, the effect on Vi
was significant (Table 3), and full light was higher than that of 25% full light (Figure 4). Soil
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salt content had a significant effect on Gr and Gi, both being higher in 3‰ treatment than
in 1‰ treatment, but not on MGT and Vi. Maternal tree habitat had a significant effect on
Gr, MGT, Gi, and Vi. The Gr, MGT, and Vi of the DN habitat were not significantly different
from those of the T habitat treatment but they were significantly greater than those of the
DW habitat, and Gi of the DN habitat was significantly better than those of the T and DW
habitat conditions (Figure 4). In terms of interaction, salinity and maternal tree habitat had
a significant effect on Vi, and the interaction of light, salinity, and maternal tree habitat
significantly affected Gr, MGT, Gi, and Vi. DN had a clear germination advantage in full
light at 3‰ salt treatment, but the advantage was more pronounced in low light at 1‰ salt
treatment (Figure 4).
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Figure 3. Distribution of height classes of Morus alba seedlings within the Shenxiangou Robinia
pseudoacacia plantation.

Table 3. Three-factor variance analysis table of light intensity, soil salt content, and maternal tree
habitat of Morus alba on seed germination and seedling growth. Gr: germination rate; MGT: mean
germination time; Gi: germination index; Vi: vigor index; RMR: root biomass ratio; SMR: stem
biomass ratio; LMR: leaf biomass ratio; RSR: root shoot ratio; SB: seedling biomass; RL: root length;
RSA: root surface area; RAD: root average diameter; RV: root volume.

Indicators
Light (A) Salt (B) Maternal Tree

Habitat (C) A × B A × C B × C A × B × C

F p F p F p F p F p F p F p

Gr 0.03 >0.05 5.26 <0.05 54.58 <0.01 0.01 >0.05 1.66 >0.05 0.90 >0.05 12.35 <0.01
MGT 0.87 >0.05 0.68 >0.05 14.85 <0.01 0.60 >0.05 0.41 >0.05 1.14 >0.05 5.76 <0.01

Gi 0.64 >0.05 9.86 <0.01 69.90 <0.01 2.09 >0.05 1.34 >0.05 0.84 >0.05 5.29 <0.01
Vi 8.76 <0.01 2.55 >0.05 24.16 <0.01 0.02 >0.05 1.55 >0.05 5.89 <0.01 4.21 <0.05

RMR 0.00 >0.05 1.56 >0.05 2.92 >0.05 5.10 <0.05 3.78 <0.05 0.50 >0.05 4.36 <0.05
SMR 1.95 >0.05 0.60 >0.05 1.19 >0.05 0.79 >0.05 2.93 >0.05 5.83 <0.01 0.40 >0.05
LMR 1.70 >0.05 1.48 >0.05 2.62 >0.05 2.96 >0.05 4.95 <0.05 6.41 <0.01 1.39 >0.05
RSR 0.00 >0.05 1.34 >0.05 2.72 >0.05 5.13 <0.05 3.65 <0.05 0.49 >0.05 4.10 <0.05
SB 46.61 <0.01 24.72 <0.01 34.83 <0.01 4.86 <0.05 10.96 <0.01 2.32 >0.05 2.06 >0.05
RL 1.60 >0.05 2.08 >0.05 9.02 <0.01 0.93 >0.05 2.20 >0.05 0.00 >0.05 0.71 >0.05

RSA 2.60 >0.05 1.22 >0.05 9.99 <0.01 1.48 >0.05 3.01 >0.05 0.07 >0.05 0.98 >0.05
RAD 1.13 >0.05 3.53 >0.05 2.40 >0.05 2.50 >0.05 2.49 >0.05 0.40 >0.05 0.15 >0.05
RV 3.71 >0.05 0.49 >0.05 10.46 <0.01 2.03 >0.05 3.94 <0.05 0.20 >0.05 1.24 >0.05

3.2.2. Seedling Biomass Traits

Light intensity, salinity conditions, and maternal tree habitat had nonsignificant effects
on RMR, SMR, LMR, and RSR, and had a highly significant effect on SB (Table 3). For
SB, the full light treatment was higher than that of the 25% full light treatment, the 1‰
salt treatment was higher than that of the 3‰ salt treatment, and the T habitat was not
significantly different from the DN habitat but was significantly better than that under the
DW habitat (Figure 5).

Light intensity × salinity conditions and light intensity ×maternal tree habitat had
a significant effect on RMR, RSR, and SB, and a nonsignificant effect on SMR and LMR.
There was a significant interaction between salinity conditions and maternal tree habitat for
SMR, but not for RMR, LMR, RSR, and SB, and the interaction of light intensity × salinity
conditions × maternal tree habitat was significant for RMR and RSR, suggesting that
seedling biomass allocation was influenced by a combination of factors.

3.2.3. Seedling Root Morphology

The effects of light intensity and salinity conditions on RL, RAD, RSA, RV, SRL, and
SRA were all nonsignificant, while the parent tree habitat had no significant effect on RAD
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and a highly significant effect on RL, RSA, and RV (Table 3). The light intensity × maternal
tree habitat interaction had a significant effect on RV, while the other types of interaction
had no significant effect on RL, RAD, RSA, and RV. The effects of maternal tree habitat on
RL, RSA, and RV were all nonsignificantly different but were significantly greater in the T
and DN habitat treatments than in the DW habitat treatment (Figure 6).
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Figure 4. Effects of light intensity and salinity on seed germination of Morus alba from different
maternal tree habitats. T: seeds from nonsaline soil; DW: seeds from Jiufenchang in saline–alkali land;
DN: seeds from Shenxiangou in saline–alkali land. (A): Gr, full light; (B): Gr, 25% full light; (C): MGT,
full light; (D): MGT, 25% full light; (E): Gi, full light; (F): Gi, 25% full light; (G): Vi, full light; (H): Vi,
25% full light.
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Figure 5. Effects of light intensity and salinity on biomass indices of Morus alba seedlings from
different maternal tree habitats. T: seeds from nonsaline soil; DW: seeds from Jiufenchang in saline–
alkali land; DN: seeds from Shenxiangou in saline–alkali land. (A): SB, full light; (B): SB, 25% full
light; (C): RMR, full light; (D): RMR, 25% full light; (E): SMR, full light; (F): SMR, 25% full light; (G):
LMR, full light; (H): LMR, 25% full light; (I): RSR, full light; (J): RSR, 25% full light.
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Figure 6. Effects of light intensity and salt content on root of Morus alba seedlings morphology
from different maternal tree habitats. T: seeds from nonsaline soil; DW: seeds from Jiufenchang in
saline–alkali land; DN: seeds from Shenxiangou in saline–alkali land. (A): RL, full light; (B): RL, 25%
full light; (C): RSA, full light; (D): RSA, 25% full light; (E): RAD, full light; (F): RAD, 25% full light;
(G): RV, full light; (H): RV, 25% full light; (I): SRL, full light; (J): SRL, 25% full light; (K): SRA, full
light; (L): SRA, 25% full light.
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4. Discussion
4.1. Natural Regeneration of M. alba in R. pseudoacacia Plantation in the Yellow River Delta

M. Alba is one of the most important afforestation species in the Yellow River Delta,
with a certain degree of salt tolerance, drought tolerance, and shade tolerance, and a strong
adaptability. The M. alba covers a large area of cultivation in the region; the fruit is sweet
and sour, birds like to eat it, and it may be carried by birds into the R. pseudoacacia plantation,
where it sprouts and regenerates successfully under the proper circumstances, which is an
important reason for the wide distribution of M. alba within the R. pseudoacacia plantation. A
survey of R. pseudoacacia plantations suggested that the natural regeneration of M. alba was
closely related to the degree of decline of the stand. Within the nondeclining R. pseudoacacia
plantations in the Jiufenchang, the DBH class structure of M. alba was incomplete and
there existed no seedling. M. alba is a light-demanding plant which requires high light
intensity for natural regeneration. Natural regeneration of less shade-tolerant Quercus
species also requires high light intensities for successful regeneration [3,38]. Therefore, the
low light intensity within the forest is a crucial reason for the poor natural regeneration
in the Jiufenchang. The R. pseudoacacia plantation in Shenxiangou is in moderate decline
level, with a continuous M. alba DBH class structure, sufficient seedlings, and a population
in a steady process of increase. The death of canopy R. pseudoacacia in this stand has
improved the light environment within the stand and provided for successful regeneration
of early M. alba. The high number of M. alba maternal trees in this stand and the large
amount of fruit set provided an adequate source of seeds for natural regeneration. At the
same time, M. alba densities of up to 7667 trees ha−1 significantly inhibited understory
herbaceous growth. Numerous studies show that understory herbaceous vegetation is
an important factor preventing natural regeneration [39,40]. The inhibition of herbaceous
vegetation therefore increases the chances of seeds reaching the surface, facilitating seed
germination and seedling growth, which is an important reason why M. alba with small
seeds regenerates well in the Shenxiangou. The R. pseudoacacia plantations in the reserve
are in serious decline, with all R. pseudoacacia plantations being dead and the adult M. alba
with a growing DBH class structure, but with very few seedlings, only 26 trees ha−1. The
density of M. alba in this stand was only 656 trees ha−1, the stand was not depressed, and
herbs were present in large numbers, limiting seed germination and preventing natural
regeneration. Therefore, the degree of decline of the R. pseudoacacia plantation, the number
of M. alba maternal trees, and the growth of understory vegetation may be important factors
influencing the success of natural regeneration of M. alba trees.

4.2. Comparison of M. alba Seeds in Saline Alkali Land and Nonsaline Alkali Land during Seed
Germination and Early Seedling Growth

The germination rate, mean germination time, and vigor index of the DN habitat were
not significantly different from the T habitat treatment and were significantly greater than
those in the DW habitat, indicating that the maternal tree habitat had a significant effect on
seed quality. The phenomenon has been found in both woody and herbaceous plants in
different habitats and is thought to enhance the adaptive capacity of offspring [21]. The 1000-
seed weight of M. alba was 1.99 ± 0.16 g for T and 1.35 ± 0.14 g for DN, both significantly
greater than 0.98 ± 0.11 g for DW. Numerous studies show that seed size determines seed
quality and is related to the nutrients contained within the seed [15,41,42]. Seed size is,
therefore, a key indicator of seed quality in M. alba. González-Rodríguez et al. [11] also
found that maternal tree effects significantly altered seed quality. However, Vivas et al. [43]
suggested that it is the site condition and tree genotype of maternal tree which play
important roles in offspring adaptation, rather than seed quality. The germination index of
DN was significantly higher than that of T, indicating that its seed viability was significantly
higher in the coastal saline zone. Yin [44] also found that the seed vigor of the introduced
tree species R. pseudoacacia in the region was higher than that of nonsaline seeds. Thus, long-
term salt stress in the Yellow River Delta enhances the salt tolerance of M. alba seeds, and
seed size is not the only pathway, suggesting a complex mechanism of action for maternal
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effects. There was no significant effect of maternal tree habitat on biomass allocation, which
suggested similar adaptation patterns in biomass regulation. The differences in seedling
biomass, root length, root surface area, and root volume were all not significant in the T and
DN habitats compared to those in the DW habitat. Significant advantages of large seeds
in seedling biomass and root development were also found in Pinus thunbergii [45] and
Quercus acutissima [38]. In the understory, large seedling individuals improved survival
rate [38,46]. Thus, long-term salt stress improves the ability of M. alba seeds to adapt to the
soil salt stress, and the regulation of seed quality is one of the key regulation modes.

4.3. Effect of Light Intensity and Soil Salinity on Seed Germination and Seedling
Growth of M. alba

In coastal saline areas, the seed germination and seedling growth within the forest are
exposed to the combined effects of light intensity and soil salinity. This pot study showed
no significant effect of light intensity on seed germination, germination index, and vigor
index, indicating that M. alba germination is light-free. However, seedling biomass was
significantly higher in full light than in 25% full light, indicating that M. alba is a light-
demanding species. Under salt stress, 3‰ had a higher germination rate and germination
index than 1‰. In May, when the mulberry seeds germinated, the statistical data for many
years showed that there was little rainfall in the region [47]. Guo et al. [48] found that the
soil water content in R. pseudoacacia forest in May was low and the soil salt content was high.
The study of soil seed bank in this area found that the increase of soil salt content caused
by the rise of groundwater level is an important factor to inhibit the germination of plant
seeds [49]. Therefore, the high germination rate under 3‰ of soil salt content increased the
possibility of successful seed germination. Salt stress germination tests on M. alba seeds in
a light incubator exhibited that the difference in germination rate and germination index
between 1‰ and 3‰ was not significant [25,50]. This may be related to the inconsistent
environment for germination, but may also indicate that M. alba has a strong salt tolerance.
Numerous studies show that the leaf biomass ratio increases and the root biomass ratio
decreases with decreasing light intensity [51,52]; however, the root biomass ratio increases
with increasing soil salinity [30]. Thus, the combined effect of multiple stresses may be
an important reason for the lack of significant effects of light intensity and salt stress on
biomass allocation. Drought also promotes increasing root biomass allocation in plants,
but in contrast to light acclimation in the understory. Studies of understory seedling
regeneration show that drought is the most important cause of seedling mortality [38,53].
Therefore, light intensity and soil salt content under R. pseudoacacia forest in coastal saline
alkali land increase the complexity of adaptation of M. alba seedlings, which requires
further research.

5. Conclusions

This paper shows that natural regeneration of M. alba within R. pseudoacacia plantation
in the Yellow River Delta is widespread. The level of natural regeneration of M. alba trees
is closely related to the degree of decline of R. pseudoacacia plantation. In the moderately
declining Shenxiangou, the DBH class structure of both seedlings and large trees is con-
secutive and is of the growing type. However, in the nondeclining Jiufenchang, the large
tree DBH class is inconsecutive and no seedlings were found. Within the severely declining
protected forests, M. alba trees are consecutive at large diameter levels but have very few
young seedlings. Therefore, the extent of M. alba regeneration is influenced by the stand
structure of R. pseudoacacia plantation.

Maternal trees of M. alba in saline alkali land significantly influenced seed quality and
seedling biomass. The germination index, seedling biomass, and root system characteristics
of DN habitat were similar to those of Tai’an and significantly greater than those under DW
habitat compared to seeds from nonsaline Tai’an, which was associated with the smallest
seed weight per 1000 grains in DW. However, DN had a higher germination index than T,
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improving the quality of seeds under salt stress. Therefore, thousand-seed weight can be
used as a key indicator to evaluate the seed quality of mulberry in the Yellow River Delta.

In terms of environmental factors, light intensity had no significant effect on seed
germination, but seedling biomass was significantly greater in full light than in 25% light
penetration. Soil salinity significantly affected seed germination, and the germination
capacity at 3‰ was higher than that at 1‰, which improved the adaptability to the change
of soil salt content under R. pseudoacacia forest. However, the seedling biomass was lower
than 1‰ at 3‰. Neither light intensity nor soil salinity had a significant effect on biomass
allocation. The effects of light intensity and soil salinity indicate the complexity of the
combined effect of multiple factors. Thus, the natural regeneration of M. alba trees in coastal
saline R. pseudoacacia plantations is very complex. In the future, in order to clarify the
natural regeneration dynamics of M. alba, it is necessary to establish long-term permanent
sample plots and strengthen the monitoring of water resources in R. pseudoacacia forests.
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