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Abstract We quantified the independent impacts of

flooding salinity, flooding depth, and flooding fre-

quency on the native species,Phragmites australis and

Scirpus mariqueter, and on the invasive species

Spartina alterniflora in the Yangtze River Estuary,

China. Total biomass of all three species decreased

significantly with increasing salinity, but S. alterni-

florawas less severely affected than P. australis and S.

mariqueter. Elevated flooding depth significantly

decreased their live aboveground biomass of P.

australis and S. mariqueter, while S. alterniflora still

had high live aboveground biomass and total biomass

even at the highest flooding depth. These findings

indicated that S. alterniflora was more tolerant to

experimental conditions than the two native species,

and an unavoidable suggestion is the expansion of this

non-native species in relation to the native counter-

parts in future scenarios of increased sea-level and

saltwater intrusion. Even so, environmental stresses

might lead to significant decreases in total biomass and

live aboveground biomass of all three species, which

would potentially weaken their ability to trap sedi-

ments and accumulate organic matter. However, the

relatively high belowground-to-aboveground biomass

ratio indicated phenotypic plasticity in response to

stressful environmental conditions, which suggest that

marsh species can adapt to sea-level rise and maintain

marsh elevation.
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Introduction

Estuarine wetlands are some of the most valuable

ecosystems in the world, providing a wide range of

ecological functions and ecosystem services to

humans including climate regulation, water purifica-

tion, coastal protection, and maintenance of endan-

gered species’ habitat (Barbier et al., 2011; Luisetti

et al., 2014; Ma et al., 2014). As the key component of

estuarine ecosystems, halophytes are remarkable

plants that complete their life cycles in environments

in which the salt concentration is around 200 mM

NaCl (salinity 12 ppt) or more (Flowers & Colmer,

2008). These plants have a tremendous capacity to

capture carbon dioxide (CO2) from the atmosphere

through photosynthesis, then store the organic com-

pounds in plant tissues and soils (Sousa et al., 2010a;

Mcleod et al., 2011). Halophytes also play a crucial

role in maintaining marsh surface elevation to keep

pace with rising sea-level (Morris, 2007; Mudd et al.,

2010; Baustian et al., 2012; Mueller et al., 2016).

Therefore, studies evaluating how environmental

changes affect halophyte performances are key to

predict changes in estuarine ecosystem functioning.

Estuarine wetlands have recently been identified as

important natural carbon sinks (Hopkinson et al.,

2012; Artigas et al., 2015; Mueller et al., 2016), which

is partly attributed to their extremely high primary

productivity (Darby & Turner, 2008; Kathilankal

et al., 2008; Sousa et al., 2010b; Mcleod et al., 2011)

and high efficiency at trapping terrestrial and oceanic

suspended sediments during tidal inundation (Baus-

tian et al., 2012; Morris et al., 2013; Regnier et al.,

2013; Hyndes et al., 2014), as well as the incomplete

decomposition of organic matter and plant detritus

under saline, anoxic conditions (Hu et al., 2014; Lewis

et al., 2014). Carbon is returned to the atmosphere as

CO2 or methane (CH4) through respiration and

decomposition (Melton et al., 2012; de Klein & van

der Werf, 2014). In the case of substantial sulfate ion

concentrations, the inhibitory effects of SO4
2- on CH4

emissions are discernible in salt marshes (Chmura

et al., 2003; Poffenbarger et al., 2011; Kang et al.,

2012). Accordingly, enhanced carbon emissions

caused by conversion and degradation of estuarine

ecosystems should be included in marsh carbon

budgets (Pendleton et al., 2012; Theuerkauf et al.,

2015).

Due to the unique position at the interface between

land and ocean (Gillanders et al., 2011; Jennerjahn &

Mitchell, 2013; Osland et al., 2016) with riverine

input, estuarine wetlands are considered ecotone/tran-

sition zone that are highly susceptible to pronounced,

interactive, unpredictable, and irreversible damage

from global climate change, as well as other anthro-

pogenic activities (Gedan et al., 2009; Kirwan &

Mudd, 2012; Kirwan & Megonigal, 2013). Indeed,

species invasions are common threats in estuaries, and

comparison of native and non-native halophyte per-

formances to environmental changes may reveal

changes in ecosystem functioning due to changes in

the dominant halophyte (Diskin & Smee, 2017).

It is generally accepted that the distinctive plant

zonation patterns along elevation gradients may be

strongly regulated by interspecific relationships (i.e.,

facilitation and competition) and the physical envi-

ronment, particularly soil salinity and tidal inundation

(Engels et al., 2011; Brownstein et al., 2013), which

are directly associated with elevation of marsh

surfaces relative to mean sea-level (Colmer et al.,

2013; Morris et al., 2013). Halophytes inhabit and

thrive under harsh environmental conditions, reflect-

ing their high tolerance to abiotic stressors (Pennings

et al., 2005; Davy et al., 2011).

However, adaptations to counteract stresses have

physiological maintenance costs in halophytes, and

biomass production can be taken as a proxy for

characterizing the amount of energy that went into

growth after accounting for maintenance costs (Spald-

ing &Hester, 2007). In general, biomass accumulation

and allocation at any given time are driven by both

genes and the environment. There are common

patterns (allometric relationships) to match the phys-

iological activities and functions performed by various

organs (stems, leaves, and roots) (Niklas & Enquist,

2002; Poorter et al., 2012). In some demanding

environments, such situations can be greatly modified

by phenotypic plasticity to improve plants’ fitness

(Functional equilibrium hypothesis) (Funk, 2008;

Pfennig et al., 2010; Freschet et al., 2015). When the

foundation plant species in estuarine wetlands are

perturbed by a series of abiotic stressors that affect

their aboveground and/or belowground growth or alter

species composition, large effects on ecosystem

stability and carbon storage may result (Kirwan &

Megonigal, 2013; Osland et al., 2016).
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As common environmental stressors, salinity and

inundation often co-vary with elevation within the tide

range under field conditions. In this study, we

conducted controlled experiments to subdivide the

above stressors into three aspects (flooding salinity,

flooding depth, and flooding frequency) to quantita-

tively analyze their independent impacts on two native

dominant halophytes (Phragmites australis, and Scir-

pus mariqueter) and on the non-native and invasive

Spartina alterniflora in the Yangtze River Estuary,

China. Our specific objectives were: (1) to investigate

the responses of biomass accumulation and allocation

to the gradients of flooding salinity, flooding depth,

and flooding frequency among species; and (2) to

quantify the relationships between these environmen-

tal variables and biomass accumulation of halophytes.

We hypothesized that the controlled environmental

stresses would exert significant negative effects on

biomass of the three halophytes, but effects may

depend on the origin of halophyte (native vs. non-

native).

Materials and methods

Site description

Controlled outdoor pot experiments were conducted

during the growing season (April–October) in 2014 in

the open space near the Dongtan Wetland Park

(31�310N, 121�560E). All experimental treatments

were exposed to ambient temperature and humidity

without any roof. The seedlings and soil for experi-

ments were collected from the salt marsh in the

Chongming Dongtan Nature Reserve (31�250–
31�380N, 121�500–122�050E), which is located at the

eastern part of the Yangtze River Estuary, China.

Before the intentional introduction of S. alterniflora

(an exotic C4 grass native to North America) for

erosion control, soil amelioration, and dike protection

in the 1990s, the Dongtan salt marsh was mainly

dominated by two native species: P. australis and S.

mariqueter (Li et al., 2009, 2014). Due to rapid

expansion through both asexual and sexual reproduc-

tion, the area occupied by S. alterniflora increased to

80.4 km2, accounting for 39% of the total vegetated

salt marsh of the Yangtze River Estuary in 2010 (Li

et al., 2014). Thereafter, the typical plant zonation

patterns along elevation gradients appeared as

‘‘mudflat—S. mariqueter—P. australis’’ and ‘‘mud-

flat—S. mariqueter—S. alterniflora—P. australis’’

(He et al., 2011; Tang et al., 2014). Recently, a project

to control S. alterniflora and promote reestablishment

of the S. mariqueter community was launched by the

local government, which has significantly altered the

vegetation distribution patterns. As a result, the

continuous expansion of S. alterniflora has apparently

slowed.

The Yangtze River Estuary has an eastern Asian

monsoon climate with an average annual temperature

ranging from 15.2 to 15.8�C, an average annual

precipitation of 1022 mm, and an average humidity of

82%. The Dongtan salt marsh is characterized by an

irregular semi-diurnal tide with maximum and mean

tide ranges of 4.62–5.95 and 1.96–3.08 m, respec-

tively (Ge et al., 2016). According to a report from the

Chinese State Oceanic Administration (SOA) in

(2016), sea-level rise in the coastal area has occurred

at a rate of 3.7 mm year-1 in the last several decades

(1993–2015), which is higher than the mean rate of

global sea-level rise of 3.2 mm year-1 between 1993

and 2010 (IPCC, 2013). Due to construction of the

Three Gorges Dam and implementation of the South-

to-North Water Transfer Project, runoff and sediment

input to the Yangtze River Estuary have decreased

dramatically, which could further exacerbate the

impacts of sea-level rise and result in saltwater

intrusion, coastal erosion and other problems. For

example, saltwater intrusion was sustained for more

than 23 days in February 2014, which was higher than

previous records for the period (SOA, 2015).

Experimental design

To establish controlled treatments to simulate the

potential impacts of sea-level rise and saltwater

intrusion, it was necessary to identify soil salinity

and flooding regimes that halophytes were subjected

to in the natural salt marsh. Soil salinity gradually

increases with elevation gradients from low marsh to

high marsh, reaching the maximum at the intertidal

zone above the mean high water level because of the

combined effects of infrequent submergence and

intensive evapotranspiration (Silvestri et al., 2005;

He et al., 2009). Flooding salinity was generally

considered one of the most important factors regulat-

ing the spatial pattern of soil salinity, which was
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ultimately determined by the ratio between seawater

and freshwater. In our study area, flooding salinity

varied greatly at different temporal and spatial scales,

and the salinity of soil pore water typically ranged

from 4 to 18 ppt (Tang et al., 2014). As a result, we

mainly focused on the flooding salinity experiments

without considering other factors, such as precipita-

tion, evapotranspiration, and biological absorption/

excretion, which had heterogeneous characteristics

that made their contributions to soil salinity variation

difficult to quantify. The experimental flooding salin-

ity treatments applied consisted of six levels ranging

from freshwater to seawater (0, 5, 10, 15, 25, and 35

ppt).

Flooding regimes generally contain three main

components: magnitude, frequency, and duration

(Steinman et al., 2014). Duration was precluded from

this study because both tide cycles in a day usually

sustained about 4–6 h from flood to ebb tide (based on

the tide tables in 2014 at Nanbao Station, Yangtze

River Estuary, China). There was no distinct differ-

ence in flooding duration between low marsh and high

marsh during a flood-ebb cycle. Regarding the mag-

nitude, P. australis, S. alterniflora, and S. mariqueter

inhabited the Dongtan salt marsh with typical plant

zonation patterns from high marsh to low marsh.

Without regard to storm surges and other extreme

weather events, the flooding depths that these species

experienced were mainly influenced by the tide, which

could be obtained indirectly by subtracting the eleva-

tions that these species inhabited from the heights of

the tide that they experienced. The mean elevations of

the P. australis zone (Mean ± SD: 3.75 ± 0.57 m,

n = 1248), S. alterniflora zone (Mean ± SD: 3.55 ±

0.73 m, n = 404), and S. mariqueter zone

(Mean ± SD: 3.25 ± 0.72 m, n = 331) were refer-

enced from Ding et al. (2015). Tide heights were

recorded every hour at Nanbao Station in 2014. After

analyzing the variations of flooding depth over an

entire year (8760 h), we found that the probabilities of

flooding depths at the range of 0–80 cm were close to

99.8, 99.5, and 97.6% for the P. australis zone, S.

alterniflora zone, and S. mariqueter zone, respec-

tively. Their inundation was mainly concentrated

(over 85%) at depths less than 50, 60, and 72 cm,

respectively. Consequently, six flooding depth levels

(0, 10, 20, 40, 60, and 80 cm) were established to

quantify their potential impacts. Some water (flooded

until reaching the maximum soil moisture content,

approximately 200 ml per pot) was provided for

halophytes at 0 cm to prevent drying during drought.

Regarding the frequency, tide ranges were widely

known to be varied semi-monthly, and there was one

spring tide and one neap tide in a 15-day cycle.

Variations in marsh elevation resulted in a gradient in

flooding frequency, where the high elevations were

inundated once every 15 days during the spring tide,

the low elevations were inundated everyday, and the

intermediate elevations captured the full range of tidal

inundation from every 15 days to daily. The present

study was conducted to explore the effects of tidal

inundation on halophytes in the intertidal zone of the

Dongtan salt marsh. The supratidal zone that never

flooded under regular conditions was beyond the range

of this study. Therefore, five flooding frequency levels

(every day, every 3 days, every 7 days, every 10 days,

and every 15 days) were deployed to analyze the

probable influences on halophytes. Levels of treatment

factors (flooding salinity, flooding depth, and flooding

frequency) were manipulated independently, and the

two factors not of interest in a particular set of trials

were maintained at their least-stressful level across all

levels of the manipulated factor. Interactions between

treatment factors were therefore not examined in this

study (See Fig. 1 for more details). Additionally, the

irregular semi-diurnal tide cycle was simplified and

conducted regularly twice a day, from 5 am to 9 am,

and from 5 pm to 9 pm.

Implementation methods

Seedlings of P. australis, S. alterniflora, and S.

mariqueter and soil (up to 30 cm depth, undisturbed

and homogeneous) were excavated from the intertidal

zone of Dongtan salt marsh and transported immedi-

ately to plastic pots (height = 30 cm, diame-

tertop = 32 cm, diameterbottom = 26 cm) in early

April of 2014. For each species, specimens were

selected at random from a monospecific population

with similar phenotypes to minimize differences in

height, density, health status, and even genotypes.

After being transplanted, seedlings of P. australis and

S. alterniflora were trimmed at the soil surface. The

plant height of S. mariqueter was shorter than 5 cm

and thus not trimmed. The number of stems per pot in

P. australis, S. alterniflora, and S. mariqueter was

about 48 ± 9 (Mean ± SD, n = 51), 12 ± 2

(Mean ± SD, n = 51), and 306 ± 32 (Mean ± SD,
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n = 51), respectively. All pots were maintained under

common garden conditions until the beginning of the

controlled experiments, and they were watered every

2 days (about 200 ml each time) with coarsely filtered

canal water with a salinity that generally ranged from

2 to 5 ppt. The treatments for P. australis and S.

alterniflora were conducted from July to October for

about 4 months, while the treatments for S. mariqueter

ran for about 3 months from July to September

because of the early senescence of this species.

An experimental unit was composed of two trans-

parent plastic tanks (width = 76 cm, length = 97 cm,

height = 70 cm), one with three pots of the same

species as three replicates, and the other with salt

water (Fig. 1). Two tanks were connected to each

other through a tube (length = 100 cm, diame-

ter = 25 mm) and controlled by taps. To mimic the

situation in the field in which halophytes could absorb

moisture from the deep soil, regardless of whether they

were inundated or exposed to the atmosphere, approx-

imately 5 cm of water (Fig. 1 tank A) was kept during

the non-flooded period to protect halophytes from

drought and death in summer. All pots were perforated

with two 3-cm-diameter holes for vertical water

Fig. 1 Schematic representation of the experimental design. Note Each treatment was conducted twice a day (from 5 am to 9 am, and

from 5 pm to 9 pm) to simulate two tide cycles in one day
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exchange. For the 0 cm level in flooding depth

treatments for all three species, no water was main-

tained in the tanks. Larger transparent plastic buckets

(height = 135 cm, diameter = 100 cm) were used

for the relatively high flooding depth levels (40, 60,

and 80 cm). A rising tide was simulated by pumping in

salt water (pumps: caliber 25 mm, watt 750, flow

velocity 60 l/min). At the end of a treatment cycle, salt

water was pumped out or allowed to flow back by

gravity because the two tanks in a unit were anchored

at different heights. Several pumps worked together to

ensure all treatments were conducted within 45 min,

which were not included in the flooding time (about

4 h).

The flooding salinity levels for controlled treat-

ments were obtained by mixing commercially avail-

able sea salt (Shenzhen Jinchuangxing Industrial

Co. Ltd, China) with water from a nearby canal. The

canal water was cleaned through subsiding and

filtration to prevent algae in the tanks; however, no

algaecide was used. Before implementing the exper-

imental treatments, the salt concentration of each tank

was monitored using an automatic compensation

salinity refractometer (Master-S/Milla, Cat. No.

2491, ATAGO, Japan) and corrected to the initial

conditions, either by adding water or sea salt. The

saline and hypersaline water were recirculated and

renewed every 2 weeks, whereas the freshwater

collected from the clean tap water and rainwater was

only passed through the tidal pumping system once.

Pots were rotated regularly to minimize the possible

impacts of position, and weeded every 2 weeks to

avoid nutrient competition from unintended species.

Damage from insects and pathogens was not detected

throughout the controlled experiments.

Measurements and analyses

At the end of controlled experiments, the aboveground

biomass (AGB) for P. australis and S. alterniflorawas

clipped at the soil surface from each pot in early

November 2014, while S. mariqueter was harvested

1 month earlier in October 2014. All individuals of the

same species were harvested on the same day, and

separated into different fractions (stem, leaf, seed, and

litter). It should be noted that the leaf sheath of S.

mariqueterwas incorporated into the leaf portion, with

no stem material designated for this species. With the

exception of litter, the aforementioned fractions were

summed to obtain live AGB, while litter was consid-

ered dead AGB. These separated plant samples were

sealed in pre-labeled paper bags and subsequently

transported to the laboratory in Dongtan Wetland

Park. After oven drying at 60�C for approximately

72 h, we measured the dry weight (DW) to the nearest

0.1 g. Belowground biomass (BGB) was obtained

using cores constructed of polyvinyl chloride pipes

(length = 100 cm, diameter = 7 cm) with sharpened

edges. Three 30-cm-long sediment cores were ran-

domly collected from each pot after the AGB was

removed. Each core was extruded and washed in a

mesh bag with 0.15 mm sieve to prevent the loss of

fine and dead root materials. The roots and rhizomes

were combined to obtain the BGB after drying at 60�C
to constant weight. Total biomass (TB) was calculated

as the sum of all portions collected (stem, leaf, seed,

litter, and root system), or the sum of the total AGB

(live and dead) and BGB. Biomass in different parts or

in whole plants was estimated as g m-2 of dry mass,

and the BGB represented the dry root materials in top

soil (0–30 cm). We also randomly collected soil

samples from the top soil (0–10 cm) with a stainless

steel cylinder (height = 5 cm, diameter = 5 cm) in

each pot every month to characterize the soil condi-

tions. Soil electric conductivity was measured using a

digital conductivity meter (DDS-11A, 104 lS/cm,

Shanghai REX Instrument Factory, China), then

converted into soil salt content of dry soil (g kg-1).

All data analyses were conducted using SPSS (IBM

Corporation, version 22.0), and figure plots were

generated using OriginPro (OriginLab Corporation,

version 9.0). Data were tested for normality and

homogeneity of variance using the Kolmogorov–

Smirnov test and Levene’s test. Logarithm, arcsine,

and square-root transformation were conducted to

meet the assumptions for statistical analyses. One-way

analysis of variance was used to test the statistical

significance of environmental variables on the bio-

mass accumulation and allocation. When significant

differences were detected (significance level at P\
0.05 in all cases), subsequent multiple comparison (the

least significant difference test, LSD test) was applied

to determine differences among treatments. Regres-

sion analyses were implemented to evaluate rates of

change in biomass accumulation across the environ-

mental gradients.
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Results

Biomass accumulation

As expected, there were significant decreases in stem

biomass (F5,12 = 13.96, P\0.001), leaf biomass (F5,12
= 59.04, P\0.001), and seed biomass (F5,12 = 17.40,

P \ 0.001) for P. australis subjected to increasing

flooding salinity (Fig. 2a–c). The sexual reproduction

capacity (seed biomass) of P. australiswas completely

inhibited at high levels of flooding salinity stress (25

and 35 ppt), with the corresponding soil salinity up to

5.5–6.5 g kg-1. Stem (F5,12 = 21.92, P\0.001), leaf

(F5,12 = 15.50, P\0.001), and seed (F5,12 = 5.31, P =

0.008) biomass of S. alterniflorawas also significantly

decreased in response to high levels of flooding

salinity (Fig. 2a–c), while litter biomass of S. alterni-

flora showed no significant difference among the

flooding salinity levels (Fig. 2d). S. mariqueter was

more sensitive than the other two species to gradual

changes in flooding salinity, resulting in a greater

decrease (100%) in leaf biomass (F5,12 = 67.46, P\
0.001) than for P. australis (81.8%) and S. alterniflora

(73.7%) at high salt concentration (35 ppt) when

compared to the responses in freshwater (0 ppt)

(Fig. 2b). The decrease in seed biomass (F5,12 = 33.26,

P\0.001) for S. mariqueter (81.9%) was higher than

for S. alterniflora (39.1%) from freshwater (0 ppt) to

seawater (35 ppt) (Fig. 2c). No significant differences

were observed in the BGB (root ? rhizome) for the

three species within any of the six flooding salinity

levels (P[ 0.05) (Fig. 2e). TB for all three species

also substantially decreased because of significant

decreases in their live aboveground parts, indicating

that the trends in TB were not counterbalanced by

insignificant BGB changes (Fig. 2f).

Elevated flooding depth also significantly

decreased the stem biomass (F5,12 = 3.21, P =

0.046), seed biomass (F5,12 = 14.78, P\ 0.001), and

litter biomass (F5,12 = 5.40, P = 0.008) of P. australis

(Fig. 3a, c, d), as well as the leaf biomass (F5,12 =

28.68, P\0.001) and seed biomass (F5,12 = 24.42, P\
0.001) of S. mariqueter (Fig. 3b, c). However, BGB of

P. australis and S. mariqueter were not significantly

affected by flooding depth (P [ 0.05) (Fig. 3e). In

contrast, there were no clear tendencies in the biomass

of different parts of S. alterniflora among the flooding

depth treatments, with relatively low stem biomass

and litter biomass being observed at 0 cm (Fig. 3a, d).

Before implementing the flooding depth treatments,

there was no significant difference in soil salinity

within the same species for P. australis (Mean ± SD:

1.6 ± 0.2 g kg-1, n = 18), S. alterniflora (Mean ±

SD: 2.2 ± 0.3 g kg-1, n = 18), and S. mariqueter

(Mean ± SD: 2.4 ± 0.3 g kg-1, n = 18). As the

flooding depth treatments were processed, we found

that the 0 cm level had few negative effects on the

accumulation of soil salinity because of the limited

input of salt. No significant differences in soil salinity

were observed among the rest of the flooding depth

levels (10–80 cm) within the same species during each

month (P[0.05). In this regard, the performance of

halophytes in flooding depth treatments (10–80 cm)

was mainly dependent on the flooding depth levels and

not soil salinity. Elevated flooding depths from 10 cm

to 80 cm for about 3–4 months in this flooding depth

experiment did not significantly influence the TB

accumulation for P. australis and S. mariqueter

(Fig. 3f). Moreover, covering by medium saline water

(15 ppt) at various flooding depths (10–80 cm) led to

increases in the TB of S. alterniflora when compared

to the relatively dry environment (0 cm) (Fig. 3f).

As the most sensitive organ of halophytes, the

biomass accumulation of seeds for P. australis and S.

mariqueter increased significantly with decreasing

flooding frequency from every day to every 15 days

(Fig. 4c). When considered with stem and leaf

biomass, the live AGB for all three species was not

statistically significant (P [ 0.05). Moreover, there

were no significant differences in BGB and TB among

different flooding frequency levels (P[ 0.05) for P.

australis, S. alterniflora, and S. mariqueter (Fig. 4e, f).

However, it is important to note that soil salinity may

be partly responsible for the inhibitory effects of

frequent flooding treatments on biomass accumulation

of halophytes based on the monthly changes of soil

salinity in the flooding frequency experiment.

Regression analyses were conducted to describe the

direction and extent of the significant responses for

each species. Biomass in different live aboveground

parts (stem, leaf, and seed) of these species all

decreased significantly with increasing soil salinity.

About 50.5, 48.6, and 76.8%, and 74.7, 70.6, and

34.5% of the biomass variations in stems, leaves, and

seeds from P. australis (Fig. 5a–c) and S. alterniflora

(Fig. 5f–h) were caused by gradient changes in soil

salinity. Similarly, soil salinity could explain 69.7 and

67.8% of the variations in leaf biomass and seed
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biomass for S. mariqueter, respectively (Fig. 5k, l).

The contribution of soil salinity to variations in live

AGB (Fig. 5d, i, m) and TB (Fig. 5e, j, n) for P.

australis, S. alterniflora, and S. mariqueter was about

52.2, 73.2, and 70.0%, and 26.1, 38.2, and 44.0%,

respectively.

The 0 cm treatments were precluded from regres-

sion analyses between flooding depth and biomass

accumulation of the three halophytes because their

corresponding soil salinity was significant lower than

those of other flooding depth treatments (10–80 cm)

(P \ 0.05). Only P. australis and S. mariqueter

Fig. 2 Variations in biomass (Mean ± SD, n = 3) of three

dominant halophytes in the Yangtze River Estuary following

exposure to six flooding salinity levels (0, 5, 10, 15, 25, and 35

ppt) after a growing season, while the flooding depth (20 cm)

and flooding frequency (every 3 days) were constant. Note

Different small letters indicate significant differences (P\0.05)

among treatments of the same group according to the LSD test;

‘‘n.s.’’ indicates no significant difference among treatments
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responded significantly to changes in flooding depth

(10–80 cm). About 65.2 and 63.7% of the biomass

variations in stems and seeds for P. australis (Fig. 6a,

b), as well as 31.5% and 71.9% of the biomass

variations in leaves and seeds for S. mariqueter

(Fig. 6g, h), were attributed to the increase of flooding

depths. The relationship between live AGB of P.

australis and flooding depth (10–80 cm) was hump-

Fig. 3 Variations in biomass (Mean ± SD, n = 3) of three

dominant halophytes in the Yangtze River Estuary following

exposure to six flooding depth levels (0, 10, 20, 40, 60, and 80

cm) after a growing season, while the flooding salinity (15 ppt)

and flooding frequency (every 3 days) were constant. Some

water (flooded until reaching the maximum soil moisture

content, approximately 200 ml per pot) was provided at the 0

cm level. Note Different small letters indicate significant

differences (P \ 0.05) among treatments of the same group

according to the LSD test; ‘‘n.s.’’ indicates no significant

difference among treatments
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shaped, with the value first rising and then decreasing

with increased depth and peaking at a flooding depth

of 40 cm above the soil surface (Fig. 6c). In contrast,

the live AGB of S. mariqueter declined directly with

increasing flooding depth (Fig. 6i). Based on the

coefficients of determination in regression equations,

the flooding depth (10–80 cm) treatments could

explain 65.2 and 65.9% of the variations in the

live AGB for P. australis and S. mariqueter,

respectively.

Fig. 4 Variations in biomass (Mean ± SD, n = 3) of three

dominant halophytes in the Yangtze River Estuary following

exposure to five flooding frequency levels (every day, every 3

days, every 7 days, every 10 days, and every 15 days) after a

growing season, while the flooding salinity (15 ppt) and flooding

depth (20 cm) were constant. Note Different small letters

indicate significant differences (P\0.05) among treatments of

the same group according to the LSD test; ‘‘n.s.’’ indicates no

significant difference among treatments
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Biomass allocation

We quantified AGB and BGB allocation in the

three study species and analyzed the potential

influences of environmental factors. The flooding

salinity treatments showed that the belowground-to-

aboveground biomass ratios (BGB:AGB) for P.

australis (F5,12 = 14.76, P \ 0.001) and S.

mariqueter (F5,12 = 7.166, P = 0.003) were

significantly increased by the increasing flooding

salinity (Fig. 7a). The BGB:AGB ratios for P.

australis and S. mariqueter in the seawater treat-

ments (35 ppt) reached 3.8 ± 0.2 (Mean ± SD,

n = 3) and 3.2 ± 0.8 (Mean ± SD, n = 3), which

were 2.5-fold and 3.6-fold of those under the

freshwater treatments (0 ppt), respectively. In

contrast, the response of the BGB:AGB ratio of

S. alterniflora to gradual changes in flooding

salinity levels were not significant (P [ 0.05). In

the flooding depth and flooding frequency

bFig. 5 Regression relationships between soil salinity and stem

biomass, leaf biomass, seed biomass, live aboveground biomass,

and total biomass for Phragmites australis (a–e), Spartina

alterniflora (f–j), and Scirpus mariqueter (k–n)

Fig. 6 Regression relationships between flooding depth (10–80

cm) and biomass accumulation of three dominant halophytes. a–
c Phragmites australis, significant negative relationships were

detected between stem biomass, seed biomass, live above-

ground biomass and flooding depth (solid lines); d–f Spartina
alterniflora, besides stem biomass, seed biomass, and live

aboveground biomass, the remaining parts and total biomass

showed insignificant relationships with flooding depth either

(P[0.05) (no lines); g–i Scirpus mariqueter, leaf biomass, seed

biomass, and live aboveground biomass showed significant

negative relationships with flooding depth (solid lines)
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treatments, there were no significant variations in

the BGB:AGB ratios across species (P [ 0.05)

(Fig. 7b, c). Flooding depths and frequencies in the

period of controlled experiments did not change the

biomass allocation for the three species, although

some differences were observed.

Discussion

Responses of halophytes biomass accumulation

to variations in salinity and inundation

Soil salinity generally poses two major threats to plant

growth, rapid osmotic stress, and slow ionic stress

(Munns & Tester, 2008; Galvan-Ampudia &

Testerink, 2011). Halophytes have evolved functional

and structural adaptations to deal with soil salinity and

regulate their growth in coordination with environ-

mental constraints, resulting in the flexibility of plant

morphology, which varies widely among species

(Flowers & Colmer, 2008; Canalejo et al., 2014;

Julkowska & Testerink, 2015). The inhibitory effects

of soil salinity on biomass accumulation in halophytes

has been reported in several studies based on both field

measurements and controlled experiments (e.g., Onk-

ware, 2000; Pennings et al., 2005; Wang et al., 2010;

Engels et al., 2011; Tang et al., 2014). Our findings

were consistent with these studies and highlighted

differences in the biomass of live aboveground parts

(stem, leaf and seed), as well as in TB for P. australis,

S. alterniflora, and S. mariqueter, which significantly

decreased with increasing flooding salinity from

freshwater (0 ppt) to seawater (35 ppt). Relatively

precise negative linear relationships were also estab-

lished to quantitatively describe the adverse impacts of

soil salinity on the biomass accumulation of these

species, which advances the information base for these

plants.

Consistent with other studies, S. alterniflora, a non-

native species in the Yangtze River Estuary, was

observed to be more tolerant to high levels of flooding

salinity stress (25 and 35 ppt) than the other two

species, probably because it had secretory glands

allowing salt excretion and ensuring its survival under

hypersaline conditions (e.g., Chen et al., 2004; Wang

et al., 2006; Medeiros et al., 2013). Notably, the extra

sulfate added via the addition of sea salt in the

relatively high flooding salinity levels might meet S.

alterniflora’s sulfate requirement, promoting it to

thrive while threatening the growth and development

of native species (Chambers et al., 1998; Medeiros

et al., 2013; Sutter et al., 2015). For S. mariqueter, it

could lead to the death of all individuals in our

controlled experiments when the flooding salt con-

centration increased to 25 ppt or more for 2 months,

while the soil salinity was approximately

5.7–6.9 g kg-1. Although seed setting in S. mari-

queter occurred from mid-June to early July, the seed

biomass included the part that had already existed

before the experiment began on July 1, and the seed

biomass of S. mariqueter still significantly decreased

with increased salinity gradients. If the seed setting

period for S. mariqueter was fully covered in this

experiment, the response of seed biomass to flooding

Fig. 7 Variations in biomass allocation (BGB:AGB ratio,

Mean ± SD, n = 3) of three dominant halophytes in the

Yangtze River Estuary after a growing season. a Flooding

salinity treatments; b flooding depth treatments; and c flooding
frequency treatments. Note Different small letters indicate

significant differences (P\0.05) among treatments of the same

group according to the LSD test; ‘‘n.s.’’ indicates no significant

difference among treatments
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salinity would be more evident than that at present, or

even completely inhibited as that in P. australis at

relatively high flooding salinity levels (25 and 35 ppt).

Flooding typically causes soils in estuarine salt

marshes to become hypoxic or anoxic owing to

biological consumption of O2 without effective ven-

tilation (Colmer & Flowers, 2008; Brownstein et al.,

2013; Colmer et al., 2013), which can affect plants’

abilities to undergo normal metabolic processes and

cause biomass accumulation to be further restrained

(Spalding & Hester, 2007). Kathilankal et al. (2008)

confirmed that tidal activity can lead to reductions in

midday CO2 assimilation when compared with the

non-flooded conditions on the eastern shore of the

Chesapeake Bay, USA, with an average loss of 46 ±

26% (Mean ± SE). Morris et al. (2002) demonstrated

that there was an optimum marsh elevation for coastal

wetland productivity, that maximum production for S.

alterniflora in the low marsh occurred at a depth of

40–60 cm below mean high tide, and growth was

likely limited by hypoxia at greater depths. Kirwan &

Guntenspergen (2012) observed that the shoot bio-

mass and root production of Schoenoplectus ameri-

canus and Spartina patens followed parabolic

relationships with elevation as well. The performance

of P. australis in our flooding depth treatments was

also consistent with these previous results, showing a

hump-shaped curve between the live AGB and

flooding depth (10–80 cm), and peaking at a flooding

depth of 40 cm above the soil surface. The quadratic

effect did not exist for the other two species, contrary

to the results reported by Morris et al. (2002).

However, a significant negative linear effect was

observed between live AGB of S. mariqueter and

flooding depth (10–80 cm). For S. alterniflora, ele-

vated flooding depth did not significantly decrease the

live AGB and the TB, indicating S. alterniflora had a

greater tolerance to soil waterlogging than P. australis

and S. mariqueter, especially at the flooding depth of

80 cm. In contrast, 0 cm might be more suitable for

the biomass accumulation of P. australis and S.

mariqueter than other flooding depths (10–80 cm)

owing to the low soil salt content. Conversely, S.

alterniflora did not show this phenomenon, suggesting

that this species is relatively intolerant of drought.

Halophytes in the low marsh were exposed to more

frequent flooding events than those in the relatively

high marsh, which would affect the biomass accumu-

lation (Silvestri et al., 2005; Davy et al., 2011; Colmer

et al., 2013). For example, Dausse et al. (2012)

reported that the minimum AGB and BGB were

observed in September in the low salt marsh when

compared with the fresh tidal marsh, brackish marsh,

and middle salt marsh of the Dovey Estuary, UK.

Negrin et al. (2012) found that the AGB for S.

alterniflora was higher in the high marsh than the low

marsh of the Bahı́a Blanca Estuary, Argentina, while

the BGB was similar in both sites. Snedden et al.

(2015) observed that the AGB and BGB were highest

for S. alterniflora and S. patens at relatively high

elevations when inundation was minimal, and that

they declined exponentially with decreasing elevation

in the Breton Sound Estuary, USA. As a result,

biomass production was often closely related to the

elevation of the marsh surface relative to mean sea-

level. Our original objective was to identify the

independent effects of environmental stressors on

biomass accumulation of halophytes, especially for

the flooding frequency. However, no significant

differences were detected in live AGB, dead AGB,

BGB, and TB for P. australis, S. alterniflora, and S.

mariqueter among the different flooding frequency

levels, which might be ascribed to the relatively short

period of experimental time.

Consistent with Shelford’s law of tolerance, each

organism, specifically for plants in this study, had a

certain minimum, maximum, and optimum environ-

mental factor or combination of factors that deter-

mined success (Shelford, 1931). Beyond these ranges,

acclimatization would fail, mortality risk would

increase, or even local extinction would occur. Salin-

ity and inundation regimes are crucial abiotic drivers

in estuarine salt marshes, and sea-level rise in response

to global climate change can aggravate current

conditions and threaten the sustainability of estuarine

wetlands. Based on our results, we assumed that the

elevated flooding salinity and flooding depth caused

by sea-level rise and saltwater intrusion might lead to

significant decreases in live AGB of these species,

especially for P. australis and S. mariqueter. Despite

no significant difference being detected in the BGB

among these treatments, reductions in live AGBwould

potentially decrease the input of organic matter to the

soils. Moreover, the relatively low live AGB might

weaken the ability of stems and leaves to slow water

velocities, reduce erosion and enhance mineral sedi-

ment deposition (Mudd et al., 2010; Kirwan &

Megonigal, 2013), thus influencing the organic matter
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accumulation from both organic and inorganic mate-

rials, as well as altering the ability of estuarine salt

marshes to maintain their position in the intertidal

zone. In fact, most coastal wetlands developed verti-

cally at rates that were similar to or exceeded the rate

of historical sea-level rise, and halophytes constantly

modified the elevation of their habitat to actively resist

the deleterious effects of sea-level rise (Morris et al.,

2002; Kirwan & Megonigal, 2013). The continued

survival of coastal wetlands was largely dependent on

the combined effects of sea-level rise and human

activities, and the latter was the major factor influ-

encing historical and contemporary coastal wetland

loss, especially for the Yangtze River Estuary, China.

Responses of halophytes biomass allocation

to variations in salinity and inundation

Biomass allocation at any given time is regarded as a

strong driver of some basic functions, such as carbon

sequestration, water absorption, nutrient acquisition,

and mechanical support, which could be largely

modified by plant phenotypic plasticity to variable

environmental conditions (Funk, 2008; Pfennig et al.,

2010; Poorter et al., 2012; Freschet et al., 2015). As

one of the most frequently employed expressions, the

belowground-to-aboveground biomass ratio

(BGB:AGB) was used to characterize the biomass

allocation patterns in our controlled experiments. The

results showed that the BGB:AGB ratios for P.

australis and S. mariqueterwere significantly elevated

with increasing flooding salinity, which is consistent

with the results from Scarton et al. (2002), who

concluded that periodic high salinity probably led to

the relatively low AGB and high BGB of P. australis.

Roots and rhizomes were important reservoirs in the

process of energy flow and material cycle in estuarine

wetland ecosystems (Darby & Turner, 2008; Sousa

et al., 2010a), especially for maintaining the surface

elevation of salt marshes (Baustian et al., 2012;

Kirwan & Guntenspergen, 2012; Mueller et al.,

2016; Osland et al., 2016).

We believed that when combined with significant

decreases in TB for P. australis, S. alterniflora, and S.

mariqueter in flooding salinity treatments, increased

salinity stress would limit the regular growth of P.

australis and S. mariqueter, resulting in the decreased

productivity of AGB and increased investment in

BGB, which were considered to be the phenotypic

plasticity to the harsh environments. This is consistent

with previous findings regarding adaptive stress

resistance, which have shown that plants grown at

low temperature, low nutrient level, and low water

availability showed increased biomass allocation to

roots and rhizomes, while more biomass was allocated

to shoots and leaves at low irradiance and low CO2

concentrations (Moriuchi & Winn, 2004; Poorter

et al., 2012; Langley et al., 2013; Freschet et al.,

2015). The non-native S. alterniflora did not follow

this pattern in the present study. If we further enhanced

the flooding salinity level or extended the period of

treatments, a similar tendency would be expected.

Nevertheless, it was increasingly clear that the

BGB:AGB ratio took stem biomass, leaf biomass,

seed biomass, and litter biomass into one compart-

ment, without quantifying their separate responses in

biomass allocation to environmental conditions.

Moreover, reliable estimates of root biomass were

challenging owing to the root systems extending over

long distances both horizontally and vertically, and

because of the subjective nature of judgments used to

separate live and dead roots and rhizomes. These

limitations seriously hampered an objective analysis

of biomass allocation patterns; therefore, resolution of

these issues will enhance future analyses.

Comparison of biomass between field

measurements and controlled experiments

This paper mainly focused on controlled experiments

to describe the responses in biomass to simplified

environmental condition gradients. There were evi-

dent advantages and disadvantages to methodologies

when compared with field measurements. Rather than

various abiotic stresses in the field, such as high

salinity and frequent flooding, the halophytes were

cultivated under favorable conditions from the middle

of April to the end of June to allow recovery and

acclimation to the new environments, which were

conductive to their growth. This was especially

relevant for S. mariqueter, which formed longer

leaves and higher stem density than characteristic of

field conditions. However, damage to halophytes

during transplanting was unavoidable, which would

influence the physiological activity of roots or even

lead to the death of individuals. Some large halophytes

often have great demands for nutrients and water.

When grown in small pots, essential needs (e.g.,

Hydrobiologia (2018) 806:47–65 61

123

Author's personal copy



nutrients and physical root space) may not be met, thus

affecting biomass accumulation in organs and the

whole plant (Poorter et al., 2012). To simulate the

potential effects associated with sea-level rise and

saltwater intrusion, some stress levels in these con-

trolled experiments, such as flooding salinity at 35 ppt,

would pose more severe threats to halophytes than

conditions encountered in the field. Another potential

problem was the short period of controlled experi-

ments (about 3–4 months), which might be not

sufficient to overcome the influence from the three

months growth before the experiments. The simula-

tion of tides was finished before 9 am and started after

5 pm, which could have partly affected the time of

photosynthesis.

TB for all species studied in our controlled

experiments were close to the values of a field

investigation in the Jiuduan shoal of the Yangtze

River Estuary by Liu et al. (2013), and were slightly

higher than those in the Dongtan wetland by Yan et al.

(2014). Comparisons were only conducted in the

Yangtze River Estuary to avoid the differences in

genotype and environmental conditions. In summary,

the positive and negative impacts of controlled

experiments slightly affected plant traits, resulting in

the discrepancies of biomass accumulation between

controlled experiments and other field studies. Never-

theless, these slight biases indicated that our findings

were not overly influenced by the controlled experi-

mental design, and should not affect the quantitative

analyses of the responses to environmental gradients.

The controlled experiments simplified the field con-

ditions and inevitably had inherent weaknesses.

However, these experiments were an essential step

to understanding the complex ecological processes

and investigating the potential impacts of global

climate change on estuarine ecosystems, such as sea-

level rise and saltwater intrusion.

Conclusion

In the present study, we highlighted the importance of

salinity and inundation regimes as crucial abiotic

drivers influencing the ability of halophytes to main-

tain soil surface elevation in estuarine salt marshes,

especially under the accelerated sea-level rise and

aggravated saltwater intrusion scenarios. There were

significant decreases in TB of P. australis, S.

alterniflora, and S. mariqueter with increasing flood-

ing salinity from freshwater (0 ppt) to seawater (35

ppt). Elevated flooding depth (10–80 cm) exerted

insignificant effects on TB of P. australis and S.

mariqueter, but induced significant decreases in their

live AGB. In contrast, the non-native S. alterniflora

was less severely affected than the other two native

species by flooding salinity, and still had high TB at a

flooding depth of 80 cm, which could not only directly

reflect its high tolerance to experimental conditions,

but also partly explain its rapid expansion in the salt

marsh of the Yangtze River Estuary. No significant

differences in TB were observed in the flooding

frequency treatments. Moreover, no significant vari-

ations in the BGB were detected among treatments.

Elevated flooding salinity and flooding depth levels

caused by rising sea-levels and saltwater intrusion

might lead to significant decreases in the live AGB of

halophytes, which could partly affect their ability to

accumulate organic matter and trap sediments. How-

ever, as the phenotypic plasticity to stressful environ-

mental conditions, the relatively high BGB:AGB

ratios for P. australis and S. mariqueter were

conducive to maintenance of marsh elevation and

allowed the marsh to keep pace with rising sea-level.

Relying on salt marsh species to modify the elevation

of their habitat is an intriguing strategy worth further

investigation. Even so, we suggest that changes in sea-

level and saltwater intrusion may promote expansion

of halophytes less sensitive and highly resilient, such

as the non-native S. alterniflora in Yangtze River

Estuary.
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