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Information on the effects of continual burial by sediment on seedling survival and morphological growth
in coastal marsh remains scarce. A greenhouse experiment was conducted to determine the effects of
continual burial on seedling mortality, growth and dry mass allocation of Suaeda salsa in the coastal marsh
of the Yellow River estuary. The seeds were planted at 0.5 cm depth in plastic pots filled with unsterilized
sediment on May 5, 2012. A depth of 8 cm was chosen as the maximum of continual burial according
to the sedimentary rate (6-7 cm) in the coastal marsh at seedling stage. Two weeks after emergence,
seedlings were artificially buried to depths of 0 (DO, no burial), 33% (D33, burial of 1 mmd-'), 67% (D67,
burial of 2mmd-1), 100% (D100, burial of 3mmd-") and 133% (D133, burial of 4mmd-") of their mean
height, with 20 days in total. Results showed that seedling height, stem and taproot diameter, number of
branch, hypocotyl and taproot length, and dry mass were significantly affected by burial depth (p <0.05).
No seedlings died in the four burial treatments. Seedling heights in the D33 and D67 treatments were
higher than those of the other treatments, indicating that shallow and moderate burials exhibited greater
stimulation to seedling growth. Although stem diameter, number and length of branch, and dry mass
of seedlings were stimulated in the four burials, the greatest stimulatory effect on stem diameter was
observed in the D100 treatment while that on number and length of branch and dry mass occurred in
the D67 treatment. With increasing burial depth (D67, D100 and D133), seedling taproot diameter and
length decreased while hypocotyl length increased, reflecting that hypocotyl elongation might occur at
the expense of development of the root system. The responses of morphological traits and dry mass
allocation of S. salsa seedlings to the burial treatments indicated that they might have a special strategy to
tolerate the continual burial in the coastal marsh of the Yellow River estuary. The use of thin-layer burial
(2mmd-1) to promote seedling vigor in degraded S. salsa marsh was feasible, and our study provided
valuable information for the restoration of S. salsa marsh during seedling growth.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Coastal marshes are complex and dynamic, continually chang-
ing due to the action of tides and waves. Plants growing on coastal
marshes are exposed to a number of extreme conditions, such as
high wind velocities, drastic temperature fluctuations, high poten-
tial evapotranspiration, frequent ebb and flow of tide, inundation
by seawater and burial in sediment (Baldwin and Maun, 1983;
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Maun, 1998; Deng et al., 2008). Among them, sediment burial
has been recognized as a major selective force in the evolution
of seed germination, seedling emergence, seedling establishment
and survivorship of seedling and adult plants (Maun, 1994). Dif-
ferent sediment disturbances may result in the seeds, seedlings
and adult plants being directly damaged and killed or buried
within the sediment to different extent (Chandrasekara and Frid,
1998). Marsh plants also evolve a variety of adaptations that allow
survival, growth and reproduction under relatively stressful and
variable burial conditions (Redmann and Qi, 1992; Maun, 1994;
Thampanya et al., 2002; Deng et al., 2008; Li et al.,2011; Wen et al.,
2012).
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Sediment burial may increase the vulnerability of the plants
(Maun and Riach, 1981), and their survivorship and growth are
directly related to the depth at which seedling buried. Burial at
shallow depths generally has significant stimulation to the mor-
phological traits of plants (such as leaf area and thickness, biomass,
length of leaf, taproot, stem and internode, number of leaf, intern-
odes and tillers, seed production) (Disraeli, 1984; Zhang and Maun,
1990; Maun et al., 1996; Chen and Maun, 1999; Thampanya et al.,
2002; Zhao et al., 2007; Deng et al., 2008), which is presumably
due to the major changes in sediment nutrient status, tempera-
ture, microorganism composition, mycorrhizal fungi and sediment
aeration (Maun, 1998). Some species may actually require moder-
ate burial in sediment to maintain high vigor (van der Putten et al.,
1993). However, high levels of burial tended to inhibit plant growth
(Maun, 1998), which is dependent on whether plants can overcome
the suspension of photosynthetic activity and emerge from the
burial deposit and then reinstate physiological activity (Perumal
and Maun, 2006). Thus, there is a threshold of burial for each plant
to maximize vigor. Below the threshold level, the growth of plants
was stimulated by burial. As the level increased over the threshold,
the response of plants might become deteriorated in growth and
vigor (Zhao et al., 2007).

There has been intense and increasing interest in understanding
the responses of seedlings to burial because burial is an impor-
tant factor controlling the distribution and composition of plants
in different communities (Maun and Lapierre, 1984; Maun, 1994,
1996; Maun et al., 1996; Brown, 1997; Terrados et al.,, 1997;
Chandrasekara and Frid, 1998; Thampanya et al., 2002; Zhao et al.,
2007; Sunetal.,2010). Studies on the responses of seedling survival
and morphological growth to burial have been widely reported,
which mainly focused on arid and semi-arid dune (Sykes and
Wilson, 1990; Maun, 1996; Brown, 1997; Liu et al., 2006; Yang et al.,
2007; Zhao et al., 2007; He et al., 2008), coastal/lacustrine dune
(Maun, 1994, 1998; Maun et al., 1996; Franks and Peterson, 2003),
coastal marsh (Deng et al., 2008; Sun et al., 2010) and mangrove
swamp (Lee et al., 1996; Terrados et al., 1997; Thampanya et al.,
2002). Current studies mostly focus on single one-time burial, while
information on the tolerance or stimulation responses to continual
burial events is lacking. Actually, plants in natural habitats are most
often exposed to dynamic and stochastic disturbance episodes, and
the chances of seedling survival may be much higher since con-
tinual burial maintains a low stressful environment around plants
compared to single one-time burial events (Maun et al., 1996).

The Yellow River is well known as a sediment-laden river. Every
year, approximately 1.05 x 107 tons of sediment is carried to the
estuary and deposited in the slow flowing landform, resulting in
vast floodplain and special marsh landscape (Xu et al., 2002). Sed-
iment deposition is an important process in the formation and
development of coastal marshes in the Yellow River Delta. The
deposition rate of sediment in the Yellow River not only affects
the formation rate of coastal marshes, but also influences water
or salinity gradients and the succession of plants from the land
to the sea. Suaeda salsa is the most prevalent plant in the coastal
marshes of the Yellow River estuary. As a pioneer plant, it is often
affected by the sediment of tide physical disturbance, which is gen-
erally dependent on the prevailing wind velocities. It was reported
that the annual runoff of the Yellow River reached the maximum
of 49.1billionm? in 1983 and then decreased and fluctuated at
20.0billionm? until 1996 (Cui et al., 2009). During 1997-2002,
the annual runoff was mainly below 10.0billionm3. Low flows
exhibited by the Yellow River led to significant decreases in fresh-
water and sediment inputs to the estuary, and the S. salsa marshes
therein did not grow better and exhibited significant degraded
status due to the sediment salinity level over the optimum ecolog-
ical threshold for the plants (Cui et al., 2008). In order to restore

the degraded marshes, the nation carried out “water and sand
regulation project” (WSRP) in 2002 by increasing the supply of
freshwater and sediment for the estuary. During WSRP, the river
water frequently flooded the S. salsa marshes near the estuary
and the sediment salinity could be maintained around the opti-
mum threshold for S. salsa. Moreover, considerable sediments were
continually deposited (approximately 5-6 cm thick) in the marsh
during WSRP, which might significantly influenced seedling emer-
gence and growth of S. salsa (Mou, 2010). However, little is known
about the effects of sediment continual burial on seedling morpho-
logical traits of S. salsa in the coastal marshes of the Yellow River
estuary.

Although freshwater subsidy was another important factor in
maintaining S. salsa marshes, in this paper, we mainly focused on
the effects of continual burial on seedling morphological growth
and dry mass allocation because, during WSRP, the influences of
sedimentation on seedlings were more drastic than those of fresh-
water subsidy. It was anticipated that there would have a threshold
of burial to maximize plant growth vigor, and morphological traits
and dry mass allocation would respond differently to continual
burial. Objectives of this paper were (i) to determine the responses
of morphological traits and dry mass allocation of S. salsa seedlings
to continual burials, and (ii) to determine the threshold of continual
burial required to maximize seedling growth vigor.

2. Materials and method
2.1. Study site

This study was conducted in a greenhouse in the Shandong
Key Laboratory for Eco-Environmental Science of the Yellow River
Delta in Binzhou University. The sediment used in this experiment
was sampled from the coastal marsh in the Yellow River estuary
[sample depth: 15cm; sediment salinity (water extracted salin-
ity): 1.49+0.27% (n=>5)], which is located in the Nature Reserve
of Yellow River Delta (37°35'N-38°12'N, 118°33’E-119°20'E) in
Dongying City, Shandong Province, China. The nature reserve is of
typical continental monsoon climate with distinctive seasons. The
annual average temperature is 12.1°C and the frost-free period is
196 d. Annual evaporation is 1962 mm and annual precipitation is
551.6 mm, with about 70% of precipitation occurring between June
and August. The soils in the study area are dominated by intrazonal
tide soil and salt soil, and the main vegetations include Phragmites
australis, S. salsa, Triarrhena sacchariflora, Myriophyllum spicatum
and Tamarix chinensis (Sun et al., 2012). Coastal marsh is the main
marsh type, with an area of 964.8 km?2, accounting for 63.06% of
the total area of the Yellow River Delta (Cui et al., 2009). As the
pioneer plant in coastal marshes, S. salsa is often affected by the
sediment deposition of tidal disturbance, bioturbation and Yellow
River flooding during WSRP. The sedimentary rate in the S. salsa
marsh is about 9-10cmyr~!, and approximately 6-7 cm occurs
at the seedling stage due to the significant effects of both tidally
induced sediment and WSRP (Mou, 2010).

2.2. Experimental method

Seeds of S. salsa were collected in the fall of 2011 from four typ-
ical regions of the Yellow River estuary. Seeds were collected from
multiple individuals (about 800 individuals) in each region and
mixed together. Seeds were cleaned, dried at room temperature
for 2-3 weeks, then stored at 8 °C under dry, dark conditions. The
planting was carried out on May 5, 2012. The sediment was poured
into each plastic pot (28 cm in diameter, 32 cm in height) up to the
same depth (22 cm) and moistened, then the seeds (n=15) were
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planted in each pot and covered with sediment at 0.5cm burial
depth. The drainage outlet at the bottom of the pots was covered
with strips of nylon mesh to prevent the loss of sediment while
allowing drainage of excess water. During the experiment, the pots
were regularly watered with freshwater, and every two days with
seawater in order to better simulate the field conditions and avoid
excessive salinity accumulating in sediment as seawater was used
alone. The salinity of sediment in each pot was monitored daily and
adjusted to the field condition every four days. Temperature in the
greenhouse was maintained at 23 °C during the day (16 h photope-
riod) and 14°C at night [approximating the average temperatures
in May (22.5°C during the day and 13.6 °C at night)].

Two weeks after seedling emergence (May 20), we chose 4-5
vigorous seedlings randomly in each pot and the others were
removed. The height of each seedling in every pot was measured
and the mean height (5.5 £ 0.7 cm) above the sediment surface was
calculated. In order to conveniently calculate the continual burial
rate, a depth of 6 cm was chosen as the mean height of seedlings
in the actual study. Moreover, according to the above-mentioned
sedimentary rate in the coastal marsh of the Yellow River estuary,
a depth of 8 cm was chosen as the maximum of continual burial.
On May 21 (16 days after sowing), the original heights of seedlings
were measured, then seedlings were artificially buried to depths of
0 (DO, no burial), 33% (D33, burial of 1mmd-1), 67% (D67, burial
of 2mmd-1), 100% (D100, burial of 3mmd-1) and 133% (D133,
burial of 4mmd-1) of their mean height until June 10, with 20
days in total. For burial, additional sediment was added to the pots
according to the different burial depths every day. Seedlings were
kept vertical while being buried. As mentioned previously, approx-
imately 6-7 cm sediment occurs at the seedling stage due to the
significant influences of both tidally induced sediment and WSRP.
Thus, the four burial treatments can be divided into three groups
according to the total sediment depth during the experiment: (i)
deep burial (D100, D133): total sediment depths at the D100 and
D133 treatments (6 cm and 8 cm, respectively) approximate the
actual maximum of sediment depth (6-7 cm); (ii) shallow burial
(D33): total sediment depth at the D33 treatment (2 cm) is much
lower than the actual maximum of sediment depth, and (iii) moder-
ate burial (D67): total sediment depth at the D67 treatment (4 cm)
is higher than shallow burial, but lower than deep burial. There
were seven replicates per treatment, with 35 pots in total.

After being buried, the heights of seedlings were determined
on May 31 (26 days), June 5 (31 days), June 10 (36 days), June 15
(41 days), June 20 (46 days) and June 25 (51 days), respectively.
Seedling heights were measured from the sediment surface to the
seedling top, which was similar with the measurement reported in

14 -

Seedling height (cm)

31 36 41
Days after sowing (day)

Fig. 1. Mean (£SE) height of seedlings continually buried in sediment to depths of
0(D0), 33% (D33), 67% (D67), 100% (D100) and 133% (D133) of their mean height in
different periods. For each period, values with the same superscript letters are not
significantly different at p <0.05 according to Tukey’s test.

related studies (Li et al., 2006; Zhao et al., 2007; Sun et al., 2010).
Since the seedlings were small and had no branch during the burial,
stem diameter, number and length of branch were not measured.
After the burial was finished on June 10, the stem diameter, number
and length of branch were measured every 5 days. The experi-
ment was terminated on June 26. All seedlings were harvested
and the survivorship of seedlings was determined. The seedlings
were dug out by trowel, and care was taken to collect as many
roots belonging to the seedling as possible. Seedlings were then
taken to the laboratory and stem diameter, number and length of
branch, hypocotyl length, taproot diameter and length were mea-
sured. After the seedlings were separated into root, stem and leaf,
each fraction was weighed until it reached a constant mass after
drying at 80°C for 48 h.

2.3. Calculation
The absolute height growth rate (AHGR, mmd~1) and relative

height growth rate (RHGR, mmcm~! d~1) of seedlings was calcu-
lated by the following equations (Zhao et al., 2007):

Hy — Hy H; — H,
AHGR = , RHGR = —FF———
T,-T Hy(T - Ty)

where Hy, H, were seedling heights after starting the burial on May
21 (T7) and at harvest on June 26 (T ), respectively and T was time
in days.

2.4. Statistical analysis

All statistical analyses of experimental data were performed
using software SPSS Version 15.0 of Statistical Software Package
(SPSS Inc., Chicago, U.S.A.). The Shapiro-Wilk test was applied to
identify the normality of data before means and the analysis of
variance (ANOVA) were used. The test rejected the hypothesis
of normality as the p-value was less than or equal to 0.05. The
results were presented as means of the replications, with standard
error (S.E.). The effects of continual burial on seedling height, stem
diameter, number and length of branch, hypocotyl length, taproot
diameter and length, and dry mass were analyzed using ANOVA
among the treatments. If ANOVA showed significant differences,
multiple comparison of means was undertaken by Tukey’s test with
a significance level of p=0.05.

3. Results
3.1. Effects of continual burial on seedling morphology

3.1.1. Seedling survivorship and height

No seedlings died in the four burial treatments. Seedling heights
at the 26th, 31st, 36th, 41st, 46th and 51st day were significant dif-
ferent among the five treatments (p < 0.001) (Table 1). After sowing
for 16 days, the seedling heights were approximated in the five
treatments, and then the values at the shallow (D33) and moder-
ate (D67) burials surpassed the ones at the unburied (DO) or deep
burials (D100 and D133). Except the 16th day, seedling heights at
the deep burials were always lower than the values at the unburied
or moderate burials (Fig. 1). AHGR and RHGR were higher in the
D33 and D67 treatments than in the DO, D100 and D133 treatments
(Fig. 2), indicating that seedlings in the shallow and moderate buri-
als had higher growth potential.

3.1.2. Stem diameter, number and length of seedling branch

The stem diameter, number and length of seedling branch were
significant different among the five treatments (p <0.05) (Table 1).
During the experiment, the stem diameters of the D100 and D133



Table 1

ANOVA results of seedling height, stem diameter, number and length of branch of Suaeda salsa at different continual burial depths.

Stem diameter Number of branch Total length of branch

Seeding height

Days after

sowing (day)

df

MS

df

MS

df

MS

df
4
4
4
4
4
4
4

MS

0.086

2.086
7.068
21.345
15.306
16.090

1.064

6.655
23.913
39.643
42.690
36.913
40.514

0.029" 0.010°

<0.01"

<0.001™

3.425

4
4
4
4

32.211
61.727

253.921

2.756
4.662

4
4
4
4

5.437

11.726
21.762
28.462
24.516

4
4
4
4

0.007"
<0.001™"

<0.001""

3.639
6.987

7.963
19.877
26.977

<0.001™"

<0.001™"

7.950

<0.001™"

<0.001™"

<0.001™

5.501

365.239
“"<0.001). *No data.

7.313

31

36
41

9.992

46

9.457

51
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"<0.01;

For each variable, the Mean Square (MS), the F-value (F) and probability (p) are shown with significant experimental effects indicated by asterisks ("0.05>p>0.01;

treatments were higher than those of the DO, D33 and D67 treat-
ments, while the values of the D33 and D67 treatments were higher
than those of the DO treatment (Fig. 3A). The number and length
of seedling branch were higher in the D33, D67 and D100 treat-
ments than in the DO and D133 treatments. At the 36th and 41st
day, the number and length of branch were lower in the D133 treat-
ment than in the DO treatment, while at the 46th and 51st day, the
trends were opposite (Fig. 3B and C).

3.1.3. Hypocotyl and taproot of seedlings

After 51 days, the hypocotyl length, taproot diameter and length
of seedlings were significantly affected by burial depth (p <0.05)
(Table 2). The lengths of seedling hypocotyl were lower in the
D33 and D67 treatments than in the D100 and D133 treatments
(Fig. 4A). The variations of taproot diameter and length of seedlings
were opposite to those of hypocotyl length, with the highest val-
ues occurred in the D33 and D67 treatments, respectively (Fig. 4B
and C). With increasing burial depth (D67, D100 and D133), taproot
diameter and length decreased while hypocotyl length increased.

3.2. Effects of continual burial on seedling dry mass and dry mass
allocation

The dry mass of seedlings and their different parts (root and
leaf) were significantly affected by burial depth (p <0.05) (Table 2).
At shallow and moderate burials, the dry mass of seedlings and
their different parts (stem and leaf) increased with increasing burial
depth, with the highest values occurring in the D67 treatment.
While at deep burials, the values decreased with increasing burial
depth (Fig. 5A). Although the dry mass of seedlings was less in
the D100 treatment than in the D67 treatment, the value was still
higher than in the other treatments. The dry mass allocations to
root, stem and leaf were altered by burial depth, and the highest
root-mass, stem-mass and leaf-mass ratios occurred in the D100,
D133 and D67 treatments, respectively (Fig. 5B).

4. Discussion

As the pioneer species in the coastal marshes of the Yellow River
estuary, seedlings of S. salsa might be easily buried by sediment
to various depths during establishment in late spring. Continual
burial by tide-deposited sediment (Cheplick and Grandstaff, 1997)
or flood-deposited sediment during the WSRP of Yellow River (Cui
et al., 2009) was a critical episode for S. salsa seedling establish-
ment in the habitats. Two questions were answered in our study:
(i) how did the continual burials influence the morphological traits
of S. salsa seedlings? and (ii) which burial depth was optimal for
maximizing S. salsa seedling vigor?

4.1. Seedling performance at continual burial disturbances

The continual burial experiment of S. salsa showed that seedling
survivorship was not significantly affected by burial depth and
no seedlings died in the four treatments. Different results were
reported by some single one-off burial experiments. Sykes and
Wilson (1990) reported that only a few species survived complete
burial but all species survived partial burial to 66% of their height.
Maun et al. (1996) showed that all Cirsium pitcheri seedlings sur-
vived the shallow burials, 80% seedlings survived the moderate
burial and none survived the complete burial. Sun et al. (2010) indi-
cated that only about 18.06 4 5.32% seedlings survived as they were
completely buried, and no seedling survived as the burial depth
reached 133% of their height. One primary reason was related to
the difference of length of time required to recover from burial.
Single burial of plants precipitated a set-back and it took a long
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Fig. 2. Mean (+SE) absolute height growth rate (A) and relative height growth rate (B) of seedlings continually buried in sediment to depths of 0 (D0), 33% (D33), 67% (D67)
and 100% (D100) of their mean height after 51 days. Values with the same superscript letters are not significantly different at p <0.05 according to Tukey’s test.

time for plants to recover. Once the plants can not emerge from
the burial deposit and reinstate physiological activity within a few
days after a one-off burial episode (Harris and Davy, 1987; Perumal
and Maun, 2006), they will probably be killed due to the exhaustion
of stored energy and the suspension of photosynthetic activity. By
comparison, the continual burial generally maintains a low stress-
ful environment around seedlings, and they may adjust quickly to
the continual and smaller burial deposits.

The experiment indicated that the morphological traits of S.
salsa seedlings were greatly influenced by continual burial depth.
Shallow (D33) and moderate (D67) burials exhibited greater stim-
ulation to seedling height (stimulation was greatest at the D33
treatment) while deep burials (D100 and D133) were inhibitory.
Although the stem diameter, number and length of branch and dry
mass accumulation of seedlings were stimulated in the four buri-
als, the greatest stimulatory effect on stem diameter was observed
in the D100 treatment while that on number and length of branch
and dry mass occurred in the D67 treatment. The variations of these
morphological traits would be favorable for maintaining S. salsa
populations in natural habitat which was most often exposed to
continual and stochastic disturbance events. A number of plants
also use some of these morphological responses to adapt burials.
Zhao et al.(2007)indicated that the heights of Nitraria sphaerocarpa
seedlings in the partial burial treatment were higher than those
in the control treatment. Sykes and Wilson (1990) reported that
Hydrocotyle bonariensis responded to sand accretion by an increase
in the length of leaf petioles. Maun et al. (1996) showed that the
C. pitcheri seedlings grew through the sand deposit by elongating
the stem and leaf petioles, forming the new tillers, increasing the
number of nodes and the length of internodes. Compared to one-off

Table 2

burial experiment (Sun et al., 2010), we found that continual burial
(with the same magnitude of one-off burial) was more favorable
for S. salsa seedlings growth, and seedlings could withstand more
strong burials. The experimental results, to some extent, validated
the correction of the Intermediate Disturbance Hypothesis. Similar
result was reported by Maun et al. (1996) who found that continual
burial to 4 (burial of 1 cm every 8 days) or 8 cm (burial of 2 cm every
8 days) depths exhibited greater vigorous growth of plants than
one-off burial. One possible explanation for the greater stimula-
tion is that continual burial maintains a low stressful environment
around seedlings and the seedlings may adjust quickly. Simul-
taneously, seedling vigor may be triggered by moderate burial
disturbances. The continual alteration of plant growth conditions,
such as improved soil conditions (Disraeli, 1984), mycorrhizal fungi
associations (Little and Maun, 1996), lowered water stress (Olson,
1958) and temporary escape from harmful soil pathogens (van der
Putten et al., 1993), may be more favorable for the growth of plants
than the sudden alteration. If a plant is completely inundated by
one-off burial, it must divert all of its stored energy to the grow-
ing organs to emerge above the sediment surface (Harris and Davy,
1987). In contrast, the plants in the continual burial treatments
recovered quickly and exhibited enhanced growth mainly because
a dynamically buried plant has all or most of its leaf area intact and
continues to grow unabated.

Under burial conditions, big size seedlings generally can-
not be buried easily compared to small size seedlings and the
chance for establishment is higher (Harris and Davy, 1987). Thus,
successful establishment of seedlings, once emerged, will pri-
marily depend on their ability to rapidly attain sufficient size.
In the post-establishment phase, seedling growth rate, rather

ANOVA results of seedling hypocotyl length, taproot diameter and length, and dry mass of Suaeda salsa at different continual burial depths after 51 days.

Parameters Hypocotyl length Taproot diameter Taproot length Dry mass

Seedling Root Stem Leaf
MS 32.475 0.229 1.495 0.401 0.005 0.018 0.224
df 4 4 4 4 4 4 4
F 89.503 3.742 9.382 2.708 7.485 1.843 2.790
p <0.001™" 0.013" <0.001™" 0.049° <0.001™" 0.148 0.045"

For each variable, the Mean Square (MS), the F-value (F) and probability (p) are shown with significant experimental effects indicated by asterisks ("0.05>p>0.01; ""<0.01;

'<0.001).



Z. Sun et al. / Ecological Engineering 68 (2014) 176-183 181

1.5

[ N DO [ D33 [ D67 I D100 [ DI33

Stem diameter (mm)

36 41 46 51

6.0 Days after sowing (day)
[ Do I D33 [ D67 I D100 D133

- B

Number of branch

36 41 46 51
Days after sowing (day)
20 -
I DO [ D33 [ D67 MM D100 [T DI33

- C

Total length of branch (cm)

36 41 46 51

Days after sowing (day)

Fig. 3. Mean (+SE) stem diameter (A), number (B) and length (C) of branch of
seedlings continually buried in sediment to depths of 0 (DO0), 33% (D33), 67% (D67),
100% (D100) and 133% (D133) of their mean height in different periods. For each
period, values with the same superscript letters are not significantly different at
p<0.05 according to Tukey’s test.

than seedling mass, was the most important determinant of
continuing recruitment success (Dalling and Hubbell, 2002). In
this study, both AHGR and RHGR of the D33 and D67 treat-
ments were higher than those of the other treatments (Fig. 2),
indicating that seedlings in the two treatments (especially at
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Fig. 4. Mean (£SE) hypocotyl (A) and taproot (B) length, and taproot diameter (C)
of seedlings continually buried in sediment to depths of 0 (D0), 33% (D33), 67%
(D67), 100% (D100) and 133% (D133) of their mean height after 51 days. Values
with the same superscript letters are not significantly different at p <0.05 according
to Tukey’s test.

the D33 treatment) probably had higher growth rate. Moreover,
this study showed that a significant increase in dry mass of
S. salsa seedlings was observed at shallow and moder-
ate burial treatments (D33 and D67) compared to control
(Fig. 5A). Simultaneously, an increase in the growth of



182 Z. Sun et al. / Ecological Engineering 68 (2014) 176-183

1.5

B Root A y y
I Stem
[ Leaf y
1.2 - [ Seedling
n X
n
09
c) n
2 X
<
g
EOSF  m
03 ¢ ¢ e ¢

DO D33 D67 D100 D133

Continual burial treatment

I [ caf I Stem I Root
100
80 +
S
=
.2
§ 60 |
2
=
£ 40t
ol
[
20
O " " " "
D33 D67 D100 D133

Continual burial treatment

Fig. 5. Mean (+SE) dry mass (A) and dry mass allocation (B) of seedlings continually buried in sediment to depths of 0 (D0), 33% (D33), 67% (D67), 100% (D100) and 133%
(D133) of their mean height after 51 days. Values with the same superscript letters are not significantly different at p <0.05 according to Tukey’s test.

taproots was observed at the D33 and D67 treatments (Fig. 4B
and C). Therefore, we concluded that the dry mass increase and
taproot growth probably had close correlation since the increase in
the growth of taproots would provide more nutrients and proper
growth conditions thus increasing the growth of shoots (Perumal
and Maun, 2006). Similar results were reported by Cheplick and
Grandstaff (1997) who showed that growth stimulation of partially
buried seedlings of Triplasis purpurea was primarily caused by an
increase in growth of roots. Perhaps, the most important factors
would be an increase in S. salsa root mass (the values in the D33 and
D67 treatments were 2.01 and 1.34 folds of DO treatment, respec-
tively) (Fig. 5A) and the expansion of considerable mycorrhizal
fungi into the burial deposit, which would exploit the resources
from the burial deposit, especially nitrogen or phosphorus for
the benefit of plants (Koske and Polson, 1984). Although the dry
mass of seedlings of the D100 treatment was less than those of
the D67 treatment, the value was still higher than those of the
other treatments (Fig. 5A). We considered that, based on above
analyses, it was probably correlated with the greatest increase in
root mass in the D100 treatment (Fig. 5A), which was favorable for
the growth of shoots.

This experiment showed that, after being continually buried to
different depths, S. salsa seedling stem did not form adventitious
roots but its color changed from green to pink. This was very differ-
ent with one-off burial experiment that the entire S. salsa seedling
stem formed adventitious roots after being one-off buried to dif-
ferent depths for less than 4 weeks (Sun et al., 2010). Perhaps, the
continual burials were not favorable for the formation of anaerobic
condition which greatly influenced the formation of adventitious
roots (Jackson, 1985). This study also indicated that the variations
of taproot diameter and length of S. salsa seedlings were opposite
to those of hypocotyl length (Fig. 4). With increasing burial depth
(D67, D100 and D133), taproot diameter and length decreased
while hypocotyl length increased, indicating that hypocotyl elon-
gation might occur at the expense of development of the root
system. Similar results were drawn by Maun et al. (1996) who
showed that the elongation of C. pitcheri seedling stem and leaf
petioles occurred at the expense of development of the root sys-
tem and available energy was re-allocated to aboveground parts.
Moreover, it was also anticipated that the dry mass allocation of S.
salsa seedlings would be greatly changed with increasing contin-
ual burial depth, and this was tested in this experiment. Dry mass
allocations to root and stem were significantly affected by burial

depth, and the highest root-mass, stem-mass and leaf-mass ratios
were observed in the D100, D133 and D67 treatments, respectively
(Fig. 5B).

Compared to the one-off burial experiment, the dry mass allo-
cation of different parts (root, stem and leaf) did not show strictly
monotone increasing or decreasing with increasing continual
burial depth, indicating that S. salsa might have a special resource
allocation strategy to tolerate different burial stresses in the coastal
marshes of the Yellow River estuary. The highest allocation to root
in the D100 treatment was dependent on the greatest increase in
root mass (Fig. 5A). The highest allocation to stem and the lowest
allocation to root in the D133 treatment was mainly related to the
hypocotyl elongation at the expense of development of the root
system as mentioned above, while the highest allocation to leaf
and the lower allocation to root in the D67 was correlated with
the resource allocation of seedlings after being buried to moderate
depth. In order to tolerate the moderate sediment episodes, S.
salsa seedlings may allocate most resources and energy to the leaf,
which was favorable for the photosynthetic activity and this, can
also explain why the dry mass of seedlings and their aboveground
parts reached the highest values in the D67 treatment.

4.2. Adaptation to continual burial disturbances

Tolerance of continual burial allows a species to extend its
range through colonization area with sediment deposition, such as
river shore and mudflat in the intertidal zone. As discussed before,
S. salsa might have a special strategy to tolerate the continual
burial stresses in the coastal marshes of the Yellow River estuary.
As the burial depth reached 100% and 133% of seedling height,
although it would result in a great inhibitory on S. salsa seedling
height, the greater stimulatory effect on stem diameter, number
and length of branch and dry mass accumulation of seedlings were
still existed. As the burial depth reached 67% of seedling height,
the seedlings generally exhibited the greatest vigor. Some species
may actually require continual burial of sediment to maintain high
vigor (van der Putten et al.,, 1993; Halun et al., 2002; Wen et al,,
2012). Taken in this sense, it was concluded that the continual
burial of 2mmd-~1! would be favorable for the growth of S. salsa
seedlings. Actually, the use of thin-layer deposition of dredged
materials to restore Spartina alterniflora-dominated salt marsh
in coastal Louisiana has been practiced effectively (Ford et al.,
1999), and our study provided valuable information to improve
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restoration efforts of degraded S. salsa marsh during seedling
growth. As mentioned previously, the S. salsa marshes near the
Yellow River estuary exhibited different degraded statuses (Mou,
2010). During the restoration in the next step, S. salsa will be one of
the most important species, and suitable environmental conditions
can be selectively ameliorated to promote seedling growth. Based
on the above discussions, we considered that the use of thin-layer
continual burial (2 mmd~!) in practice to promote S. salsa seedling
growth in degraded marshes would be very feasible.

Because this experiment was conducted in a greenhouse under
controlled conditions, there were some difficulties in directly trans-
planting part of results to the field. For instance, complicated envi-
ronment in field might decrease the positive effects of continual
accretion of sediment, and the responses to continual burial might
vary with seedlings. As mentioned previously, freshwater subsidy
was also an important factor in maintaining S. salsa marshes. In this
experiment, we mainly focused on the effects of sediment continual
burial on seedling growth, while those of freshwater subsidy were
not fully considered which, to some extent, affected the experimen-
tal results. Even so, the present findings of this experiment still
had important significances, which could provide valuable infor-
mation for us to understand the ecological adaptations of S. salsa to
dynamic and strong sediment habitats, and theoretically explore
effective restoration measures for the degraded S. salsa marshes
from sediment disturbance perspective. In the future, field studies
that consider both sediment continual burial and freshwater sub-
sidy should be done in order to verify the practical importance of
the present findings on ecological restoration.
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