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Abstract Shoot status, such as orientation and

connection to the root system, and sediment burial

depth after flooding disturbances have important

ecological consequences on the post-flooding growth

and vegetative reproduction of emergent macrophytes

in wetlands. In the present study, we investigated the

effect of shoot status (vertical, prostrate, or detached)

and sediment burial depth (0.5 or 10 cm) on biomass

accumulation and propagule production in Phalaris

arundinacea (Poaceae) using an outdoor mesocosm

system. In contrast to our prediction that shallow

sediment burial would activate the axillary buds on

prostrate shoots and regenerate more ramets, signifi-

cantly fewer new ramets, rhizomes, buds, and biomass

accumulation formed in P. arundinacea as the shoots

changed from vertical to prostrate. Deeper sediment

burial resulted in lower biomass and propagule

production in plants with prostrate shoots, whereas

vertical shoots increased the number of ramets. P

arundinacea with detached shoots also produced a

number of propagules after shallow or deep sediment

burial, which might be important for the long-distance

dispersal of P. arundinacea. These results suggest that

P. arundinacea is a potentially invasive species in

many lacustrine wetlands, particularly those with a

high sedimentation rate, due to its high capacity for

vegetative propagation.

Keywords Shoot orientation � Clonal plants � Reed

canarygrass � Vegetative reproduction � Sediment

burial

Introduction

Sedimentation is a common phenomenon in wetlands

because of changes in the water level, sediment input,

and the settlement of suspended particles (Maun

1998). The depth of sedimentation in wetlands ranges

from a few mm to several cm per year, depending on

management practices such as forest conservation or
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the agricultural cultivation of watersheds (Maun

1998). A previous study in lacustrine wetlands dem-

onstrated that sediments were often transported by

flow waters from connecting rivers during flooding

periods (Li and Xie 2009). Additional reports demon-

strated that, after flooding, propagules, seedlings, plant

fragments, and adult plants were buried within the

sediment to varying extents depending on the magni-

tude of the disturbance (Combroux et al. 2001; Mou

and Sun 2011).

Sediment burial is a major selective force, and

wetland plants have evolved a variety of adaptations

that allow their survival, growth, and reproduction

during normal sediment accretion (Maun 1998; Mou

and Sun 2011). In response to burial, clonal macro-

phytes, which are a common feature of wetland

habitats, might elongate their shoot internodes, peti-

oles, leaf sheaths, leaves, spacers, and rhizomes,

increase the number of shoot nodes, and activate

dormant buds on their shoots (Maun 1996, 1998; Li

and Xie 2009; Chen et al. 2011). This allows growth

out of the sediment surface and escape from sedimen-

tation stress.

Among the different vegetative parts of macro-

phytes, shoots are probably the most vulnerable,

because they are easily damaged, broken, or

flattened by flooding disturbances (Madsen et al.

1988; Riis et al. 2009). After flooding disturbances,

the orientation of shoots ranges from horizontal to

vertical, and their connection to belowground parts

varies from intact to detached. These shoot statuses

might have different ecological consequences on

post-flooding growth and vegetative reproduction

(Decruyenaere and Holt 2001; Dong et al. 2010),

but has rarely been tested by empirical studies.

Shoots that remain attached to the belowground

parts but lay prostrate in shallow moist soil might

have the opportunity to regenerate new ramets from

axillary buds (Decruyenaere and Holt 2001; Wijte

et al. 2005; Thomas and Hay 2010). Therefore,

flooding induced prostrate growth might increase the

number of ramets that are produced by caulescent

macrophytes after shallow sedimentation. Once

detached, shoots cannot receive resources such as

water and nutrients from the belowground parts;

therefore, they can only use stored reserves for

regeneration (Song et al. 2013). As such, the chance

of establishment from detached shoots would be

reduced. Upon deep sediment burial, horizontal

shoots suffer more physical stress than vertical

shoots, and regeneration from horizontal shoots

requires more stored resources (Nzunda et al.

2008). Therefore, plants with horizontal shoots

would produce fewer ramets than those with vertical

shoots after deep sedimentation.

Phalaris arundinacea (Poaceae) is distributed

widely in marshes, rivers, and lake margins in

temperate parts of the northern hemisphere, which

are often disturbed by sedimentation (Kercher and

Zedler 2004; Wu and Phillips 2006). In addition to

seed and rhizome reproduction, P. arundinacea can

produce roots and upright branches from its main

shoots that have been flattened by disturbances

(Zedler and Kercher 2004; Herr-Turoff and Zedler

2007). In the present study, we investigated the

effect of shoot status (vertical, prostrate, or

detached) and sediment burial depth (0.5 or

10 cm) on the growth and vegetative reproduction

of P. arundinacea. Specifically, we tested the

following hypotheses: (1) After shallow sedimenta-

tion, the number of propagules produced by P.

arundinacea is increased when shoots change from

vertical to horizontal, but decreased when shoots are

disconnected with their belowground parts; (2) upon

deep sediment burial, the number of propagules

produced by plants with prostrate or detached shoots

is lower than those with vertical shoots. To test

these hypotheses, two levels of sediment burial (0.5

and 10 cm) and three shoot statuses (vertical,

prostrate, and detached) were applied to P. arun-

dinacea to investigate the changes in growth and

vegetative reproduction.

Materials and methods

The study species

Culms of Phalaris arundinacea (Poaceae) are reed-

like, leafy, and 0.6–1.5 m in height (Wu and Phillips

2006). Their rhizomes spread extensively. P. arun-

dinacea flowers and fruits from April to June in the

Dongting Lake wetlands, but seedlings are rare (Hou

et al. 2012). In addition to seed and rhizome

reproduction, P. arundinacea forms roots in the axils

of its branches. Both branches and node-bearing plant

fragments can establish new plants (Zedler and

Kercher 2004).
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Experimental design

Plants were excavated from *5 m2 of East Dong-

ting Lake wetlands, Liumenzha, on February 22,

2013. One hundred young ramets (3–4 leaves,

ca.15 cm) with intact root systems were transported

to the Dongting Lake Station for Wetland Ecosys-

tem Research, the Chinese Academy of Sciences,

Yueyang, Hunan Province, China. Each ramet was

planted in a plastic container (18 cm in height and

25 cm in diameter) that was filled with 10 cm soil.

On March 21, 48 similar sized plants (7–9 leaves,

47–57 cm in height without branches) were selected

for the experiment. A randomized block design

using eight replicates was applied. Eight outdoor

water tanks (100 cm 9 90 cm 9 60 cm) filled with

10 cm soil were used. Each tank was divided into

six blocks (each block was sized 100 cm in length,

15 cm in width, and 60 cm in height), and six

ramets were randomly planted into the six blocks

(one plant per block). Tap water was added to each

tank to achieve a 60-cm water level to simulate

flooding disturbance. One week later, the water in

the tank was removed. Two levels of sediment

burial (0.5 and 10 cm) and three shoot statuses

(vertical, prostrate, and detached) were then ran-

domly applied to the six plants in each tank.

Prostrate shoots were obtained by laying the shoot

horizontally along the soil surface, and detached

shoots were obtained by cutting the shoot at the

soil surface and then placing it horizontally.

All soil used in the experiment was exhumed

from the upper layer of the P. arundinacea

community where the ramets were excavated. The

soil consisted of 1.35 % organic matter, 0.09 % total

nitrogen, and 0.05 % total phosphorus. The water

level in the tanks was maintained at 10 cm (0 cm

for the plant). Tap water was added as needed, and

surplus water was removed after rain to control the

water level. Plants were checked each week, and

new ramets were marked with plastic tags. Meteo-

rological data were recorded by automatic weather

station (Milos 520, Vaisala, Finland) located ca.

150 m away from the experiment. During the

experiment (March 21–May 23, 2013), daily air

temperature was 19.0 ± 4.4 �C (mean ± SD), and

photosynthetically active radiation (PAR) was

21.7 ± 11.4 mol m-2 s-1 (mean ± SD).

Harvest and measurement

The plants were harvested on May 23, 8 weeks after

treatment. The plants were carefully excavated from

the tanks to maintain the connection between ramets.

The plants were then cleaned with tap water and

transported to the laboratory for measurements. The

number of ramets, rhizomes, rhizome buds, and shoot

nodes, and the length of new ramets produced by each

plant were recorded. Each plant was then separated

into shoots, roots, and rhizomes. The biomass of each

plant part was measured after drying at 80 �C for 48 h

in an oven. Plants with any live aboveground material

were defined as alive. Biomass accumulation was

calculated as the total plant dry weight at the end of the

experiment. Biomass allocation was calculated as the

mass of each plant organ, i.e., shoot, root, and

rhizome, relative to the biomass of the total plant.

Data analysis

The effect of burial depth and shoot status on biomass

accumulation, biomass allocation, length of new

ramets, and the number of new ramets, rhizomes,

buds, and shoot nodes was assessed using a general

linear model (GLM). Multiple comparisons of means

were performed using Tukey’s test at the 0.05

significance level, and a Bonferroni correction for

multiple comparisons was made where appropriate.

Data were log10-transformed if necessary to reduce the

heterogeneity of variances, and homogeneity was

tested using Levene’s test. All statistical analyses were

performed using the SPSS 15.0 package (SPSS Inc.,

USA).

Results

Biomass accumulation and allocation

Regardless of sediment depth, 100 % of the plants

with vertical or prostrate shoots survived, and 75 % of

those with detached shoots survived. For dead plants,

the shoots were partially rotten and no ramets were

regenerated from belowground parts. Both shoot

status and burial depth significantly affected P.

arundinacea biomass accumulation, shoot biomass,

root biomass, and rhizome biomass, with significant

Aquat Ecol

123

Author's personal copy



interactions between burial depth and shoot status

(Table 1; Fig. 1a–d). At the same burial depth, the

biomass accumulation was highest in plants with

vertical shoots, intermediate in plants with prostrate

shoots, and lowest in plants with detached shoots

(Fig. 1a). Interestingly, the effect of burial depth was

dependent on shoot status. Deeper burial reduced the

biomass of plants with prostrate or detached shoots,

but had no effect on those with vertical shoots.

Statistically, P. arundinacea biomass allocation was

only affected by burial depth (P \ 0.05; Table 1).

Changes in shoot mass, root mass, and rhizome mass

had a similar trend as biomass accumulation (Fig. 1b–

d). The shoot mass ratio was higher in plants with

prostrate shoots and 0.5 cm burial compared with

those with detached shoots and 10 cm burial.

The number of new ramets, rhizomes, buds,

and shoot nodes

Both shoot status and burial depth affected the number

of new ramets, rhizomes, and shoot nodes produced by

P. arundinacea, with significant interactions between

burial depth and shoot status (Table 1; Fig. 2a, c, e).

At the same burial depth, the number of new ramets

was highest in plants with vertical shoots, intermediate

in plants with prostrate shoots, and lowest in plants

with detached shoots (Fig. 2a). The effect of burial

depth was dependent on shoot status. Deeper burial

significantly increased the number of new ramets in

plants with vertical shoots, but reduced the number in

plants with prostrate or detached shoots. Statistically,

the length of new ramets was only affected by shoot

status (Table 1; Fig. 2b). At the 0.5 cm burial depth,

new ramets were longer in plants with vertical shoots

compared to those with detached shoots. At 10 cm

burial depth, the length of new ramets was not

significantly different among the three shoot statues

(Fig. 2b).

At the same burial depth, the number of rhizomes

produced by plants with vertical shoots was higher

than those produced by plants with prostrate or

detached shoots (Fig. 2c). Deeper burial led to a

decreased number of rhizomes in plants with prostrate

or detached shoots, but not in those with vertical

shoots.

At the same burial depth, the number of shoot nodes

was highest in plants with vertical shoots, intermediate

in plants with prostrate shoots, and lowest in plantsT
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with detached shoots (Fig. 2e). Deeper burial reduced

the number of shoot nodes in plants with prostrate or

detached shoots, but not in plants with vertical shoots.

The number of buds produced by P. arundinacea

was affected by shoot status, with significant

interactions between shoot status and burial depth

(Table 1; Fig. 2d). The number of buds produced by

plants with vertical shoots was higher than by those

produced by plants with prostrate or detached shoots.

Deeper burial reduced the number of buds only in

plants with detached shoots.

Discussion

After shallow sediment burial, the biomass and

propagule production in P. arundinacea were signif-

icantly reduced as shoots changed from vertical to

prostrate. This invalidated our original hypothesis,

which predicted that axillary buds on prostrate shoots

would activate and sprout into ramets upon exposure

to shallow moist sediment. Below- and/or above-

ground resources, particularly non-structural carbo-

hydrates, are essential for re-sprouting after

disturbance (Decruyenaere and Holt 2001; Nzunda

et al. 2008; Clarke et al. 2013; Deng et al. 2013).

Prostrate growth might disrupt the normal distribution

of leaves and break roots on the side opposing the

prostrate shoot (Nzunda et al. 2008). Consequently,

photosynthesis and the manufacture of carbohydrates

in plants with prostrate shoots were suppressed

(Perumal and Maun 2006). Although the buds on the

prostrate shoots that contact with the moist soil have

the potential to sprout, this capacity might be

constrained by the lack of carbohydrates. In addition,

if the pathway of substance exchange between the

aboveground and belowground parts was cut, the

likelihood of establishment from the detached shoots

and rhizomes would be further reduced, as shown

previously in the perennial grass Arundo donax

(Decruyenaere and Holt 2001).

Deeper burial incurred a lower biomass and prop-

agule production in plants with prostrate or detached

shoots, but not vertical shoots. These results support

our second hypothesis, which predicted that deeper

burial would have more negative effects on plants with

prostrate or detached shoots. High sedimentation

results in only partial burial of plants with vertical

shoots; therefore, they can maintain a photosynthetic

leaf area aboveground (Maun 1998; Gilbert et al.

2011). However, plants with prostrate shoots incur

complete burial. The growing tips of the prostrate

shoots need to regain a vertical orientation to be able to

re-sprout and emerge from the sediment surface first
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Fig. 1 The effect of burial depth on biomass accumulation,

shoot biomass, root biomass, and rhizome biomass in Phalaris

arundinacea with different shoot statuses. Standard error bars

sharing the same lower case letters are not significantly different

(P [ 0.05)
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(Nzunda et al. 2008). During this emergence, the

energy required for re-sprouting relies totally on the

resources stored in the shoots and/or rhizomes to allow

respiration and re-growth until the plant recovers the

photosynthetic capacity to support these processes

(Chapin et al. 1990; Maun 1998). Beyond the burial

threshold, plants might fail to emerge because the

carbohydrate reserves in storage organs are com-

pletely depleted (Klimeš et al. 1993).

In contrast to P. arundinacea with horizontal

shoots, those with vertical shoots produced more

ramets when buried by 10 cm, suggesting that partial

burial stimulates propagule production of P. arundin-

acea. The stimulating effect of sediment burial on

plant growth has been reported for several clonal

macrophytes in coastal ecosystems (Maun 1998; Deng

et al. 2008). Enhanced plant vigor following burial

might be attributed to increased soil volume, soil

resources, activity of mycorrhizal fungi, and a reactive

growth response by the plant to burial (Maun 1998).

The sedimentation rate has been increasing in many

wetlands, particularly in developing countries,

because of agricultural activity or the deterioration

of vegetation drainage (Atapattu and Kodituwakku

2009; Cui et al. 2013). For example, sediment can

accrete 3–7 cm annually during flooding times in the

Dongting Lake wetlands where this study was per-

formed (Li et al. 2008). P. arundinacea might benefit

from the increased sedimentation rate by producing

more ramets. Therefore, wetlands with enhanced

sediments are particularly vulnerable to invasion by

this species (Kercher and Zedler 2004).

The number of propagules produced by P. arun-

dinacea with disconnected shoots and belowground

parts (rhizomes and roots) was much lower than that

produced by intact plants, regardless of burial depth.

However, these propagules might have specific

importance for the long-distance dispersal of P.

arundinacea (Galatowitsch et al. 1999; Paveglio and

Kilbride 2000; Zedler and Kercher 2004). The hollow

shoots of P. arundinacea are fragile and easily broken

by storms, winds, and mechanical stresses (Zedler and

Kercher 2004). Therefore, detached shoots might be

b Fig. 2 The effect of burial depth on the number of ramets,

rhizomes, rhizome buds, and shoot nodes produced by Phalaris

arundinacea with different shoot statuses. Standard error bars

sharing the same lower case letters are not significantly different

(P [ 0.05)
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carried away to other sites by floodwater. As long as

the sites are suitable for colonization, P. arundinacea

might establish and expand intensively through its

newly developed rhizome system in new habitats to

form monotypic stands (Kercher and Zedler 2004).

Phalaris arundinacea can produce propagules

when shoots changed from vertical to prostrate, even

when detached from parent plants. Furthermore,

deeper sediment burial increased the number of ramets

in plants with vertical shoots. These results suggest

that P. arundinacea is a potentially invasive species in

many lacustrine wetlands, particularly those with a

high sedimentation rate, due to its high capacity for

vegetative propagation.

Acknowledgement This study was supported by the S&T

Basic Work Program of the Ministry of Science and Technology

of China (2013FY111800), the Knowledge Innovation Program

of the Chinese Academy of Sciences (ISACX-LYQY-QN-

1207), the National Natural Science Foundation of China

(31000143), and the Hunan Provincial Natural Science

Foundation of China (14JJ2137).

References

Atapattu SS, Kodituwakku DC (2009) Agriculture in South Asia

and its implications on downstream health and sustain-

ability: a review. Agr Water Manage 96:361–373

Chapin FS, Schulze ED, Mooney HA (1990) The ecology and

economics of storage in plants. Annu Rev Ecol Syst

21:423–447

Chen XS, Xie YH, Deng ZM, Li F, Hou ZY (2011) A change from

phalanx to guerrilla growth form is an effective strategy to

acclimate to sedimentation in a wetland sedge species Carex

brevicuspis (Cyperaceae). Flora 206:347–350

Clarke PJ, Lawes MJ, Midgley JJ, Lamont BB, Ojeda F, Bur-

rows GE, Enrigt NJ, Knox KJE (2013) Resprouting as a key

functional trait: how buds, protection and resources drive

persistence after fire. New Phytol 197:19–35

Combroux I, Bornette G, Willby NJ, Amoros C (2001) Regen-

erative strategies of aquatic plants in disturbed habitats: the

role of the propagule bank. Arch Hydrobiol 152:215–235

Cui LJ, Gao CJ, Zhao XS, Ma QM, Zhang MY, Li W, Song HT,

Wang YF, Li SN, Yan Z (2013) Dynamics of the lakes in

the middle and lower reaches of the Yangtze River basin,

China, since late nineteenth century. Environ Monit Assess

185:4005–4018

Decruyenaere JG, Holt JS (2001) Seasonality of clonal propa-

gation in giant reed. Weed Sci 49:760–767

Deng ZF, An SQ, Zhao CJ, Chen L, Zhou CF, Zhi YB, Li HL

(2008) Sediment burial stimulates the growth and propa-

gule production of Spartina alterniflora Loisel. Estuar

Coast Shelf Sci 76:818–826

Deng ZM, Chen XS, Xie YH, Li Xu, Pan Y, Li F (2013) Effects

of size and vertical distribution of buds on sprouting and

plant growth of the clonal emergent macrophytes Mi-

scanthus sacchariflorus (Poaceae). Aquat Bot

104:121–126

Dong BC, Zhang MX, Alpert P, Lei GC, Yu FH (2010) Effects

of orientation on survival and growth of small fragments of

the invasive, clonal plant Alternanthera philoxeroides.

PLoS ONE 5(10):e13631. doi:10.1371/journal.pone.

0013631

Galatowitsch SM, Anderson NO, Ascher PD (1999) Invasive-

ness in wetland plants in temperate North America. Wet-

lands 19:733–755

Gilbert ME, Pammenter NW, Ripley BS (2011) Do partially

buried dune plants grow in optimal trajectories? Plant Ecol

212:1263–1274

Herr-Turoff A, Zedler JB (2007) Does morphological plasticity

of the Phalaris arundinacea canopy increase invasiveness?

Plant Ecol 193:265–277

Hou ZY, Chen XS, Xie YH, Li X (2012) Characteristics of soil

seed bank and its relationship with aboveground vegetation

in Lake Dongting. J Lake Sci 24:287–293 (in Chinese with

English abstract)

Kercher SM, Zedler JB (2004) Multiple disturbances accelerate

invasion of reed canary grass (Phalaris arundinacea L.) in

a mesocosm study. Oecologia 138:455–464
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