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TEMPORAL VARIATION OF WATER-SOLUBLE CARBOHYDRATE IN THE RHI-
ZOME CLONAL GRASS LEYMUS CHINENSIS IN RESPONSE TO DEFOLIATION

WANG Zheng-Wen
Key Laboratory of Vegetation and Environmental Change Institute of Botany —Chinese Academy of Sciences  Beijing 100093  China

Abstract Aims This study of the rhizomatous clonal grass Leymus chinensis examines 1 temporal varia-
tions of water-soluble carbohydrate WSC in shoots and rhizomes and their responses to defoliation 2 WSC
concentrations in different plant parts at specific growth stages 3 links between variations of WSC concentra-
tion in aboveground shoots belowground shoots and rhizomes and 4 the significance of carbohydrate reserves
for the growth and survival of ramets and the whole genet of the plant.

Methods A control intact and three treatments as one three and five defoliations were used in a field ex-
periment. All defoliations left plants 15 ¢m high. Shoots and rhizomes were sampled in different quadrats every
10 days. WSC carbohydrate concentrations in different plant parts were determined with HPLC  high perfor-
mance liquid chromatography . ANOVA was used to detect differences among treatments in temporal dynamics
of WSC contents.

Important findings The marked reduction of WSC concentration in the control in a stage of rapid growth was
attributed to higher growth rate and thus higher respiration rate in the carbon metabolism of leaves while WSC
concentrations in defoliation treatments were less reduced or increased under frequent defoliation mainly due
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to reduction of total respiration with leaf loss. Single defoliation did not affect the final WSC concentration in

aboveground shoots but successive defoliations did. The more frequent the defoliations

the more rapid the

transfer of carbohydrate from aboveground shoots to belowground shoots or rhizomes in response to declining air

temperature . WSC concentrations in belowground shoots were slightly more stable than in aboveground shoots

probably because belowground shoots functioned as storage organs for tiller buds and partly for some nutrient or

assimilate. WSC in rhizomes must be transported into aboveground shoots to supply them and intensive growth

depletes WSC  however such depletion can be mitigated when clonal integration in intact neighborhood ramets

results in replenishment of defoliated ramets usually at the frequent defoliation treatment .

Key words defoliation Leymus chinensis

Carbohydrate is major photosynthate in plants and
exists in two forms structural carbohydrate and non-
structural carbohydrate NSC . There is ample evidence
that the availability of NSC in temperate grasses compris-
ing water-soluble carbohydrate WSC and starch has a
marked effect on the regrowth potential and persistence of

Fulkerson & Donaghy 2001

drate metabolism is one of basic metabolic courses in plant

plants . Since carbohy-
body there have been quite a few studies dealing with the
mechanisms of how NSC metabolism respond to the
changes of environmental factors Jeong & Housley
1990 Guy et al. 1992 Garnier & Vancaeyzeele
1994 Atkin et al. 1996 Livingston 1996 Loewe et
al. 2000 . However

on two factors water and temperature. WSC contents in

these studies were concentrated

plant would rise in response to the stress of cold and
drought Sanada et al. 2006  because the WSC par-
ticipates in the osmotic adjustment of plant cell and more
importantly many WSC formats are signal substances of
plants to physiologically adapt to the environment Yu

1999 Gibson 2000 Palacio et al. 2007 . In grass-
land ecosystem carbohydrate is the substantial foundation
of primary productivity. The actual level of WSC in har-
vestable biomass during herbage growth depends on CO,-
assimilation and demand for these assimilates mainly for
respiration and production of protein and structural carbo-
hydrates White 1973 . WSC content is therefore sub-
ject to great fluctuations during growth due to phenologi-
cal development of grass species modified by species

season and management factors like cutting regime and ni-
trogen application rate and the short-term influence of
weather factors Wulfes et al. 1999 . Starch is a domi-
which

may be almost absent in the storage organs in some grass-

nant carbohydrate reserve in many plant species

es. Conversion of starch to sugar occurs when reserves are
used for active growth. Starch appears to be the most
readily available and osmotically inert reserve carbohy-
drate in perennial plants.

Storage of resources is a widespread phenomenon in

clonal plant species. Rhizomes often serve as storage or-

storage water-soluble carbohydrate

gans. Resource storage can be regarded as a safety mea-
sure against temporal changes in the growing conditions of
plants Suzuki & Stuefer 1999
drates reduces the risk of mortality after damage Iwasa &

Kubo 1997 Veneklaasa & den Oudena 2005 . Opti-

mization model suggested that the amount of stored re-

for storage of carbohy-

sources should be related to disturbance frequency and in-
tensity that occurred in a given environment Iwasa &
Kubo 1997 . However the ecologic significance of stor-
age in clonal plant structures remains partly unclear. Car-
bohydrate reserves including WSC play a particularly im-
portant role in plant regrowth after a period of inactivity
and in recovery after disturbance Veneklaasa & den
Oudena 2005 Handa et al. 2005 . In addition they
are used to meet carbon demands for respiration and re-
production. At a smaller time scale the storage is needed
to cover expenses during the bad weather and the night
when photosynthesis is reduced or interrupted Chapin et
al. 1990 . Moreover WSC also plays a significant role
in freezing tolerance Chatterton et al. 1989 Klimes &
Klimesova 2002 .

Grazing and mowing are two major ways of utilizing
grassland ecosystems. There have been many studies on
the effects of mowing and grazing on carbohydrate
1965 found that the capacity of

forage regrowth was closely related to carbohydrate level in

metabolisms. Davies

stubbles and roots of the plants. But more deep explo-
ration into the issue commenced from the 1990s Johans-
son 1993 Fulkerson & Slack 1994 Donaghy & Fulk-
erson 1998 Vanderklein & Reich 1999 Vallius & Sa-
lonen 2000 .

how the regrowth and performance of grasses are related to

But to date people are uncertain about

temporal dynamics of carbohydrate contents in plant body
especially under the stress of defoliation caused by grazing
and mowing.

However our current knowledge about functional re-
sponses of clonal plants to habitat patchiness is biased to-
wards spatial aspects of environmental heterogeneity but
temporal changes in biotic and abiotic conditions do occur

in most natural habitats and they are very likely to affect
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plant growth and performance and to create positive se-
lection pressures on traits that can buffer plants against
unfavorable consequences of this variability ~Suzuki &
Stuefer 1999 .

The present study is intended to examine 1 the
temporal variations of WSC in shoots and rhizomes and
their responses to defoliations 2  the discrepancy of WSC
concentration in certain part of the plant at a specific
stage 3 the links between variations of WSC concentra-
tion in aboveground shoots belowground shoots and rhi-
zomes. Based on the above-mentioned information we try
to ascertain the significances of carbohydrate reserve for
the growth and survial of both ramets and whole genet of
the plant.

1 Materials and Methods

Leymus chinensis is a perennial graminaceous plant
species distributed in the eastern region of the Eurasian
steppe zone including the outer Baikal Area of Russia
the northern and eastern parts of the People’ s Republic of
Mongolia the Northeast China Plain the Northern China
Plain and the Inner Mongolia Plateau of China. The
plant is highly tolerant to drought low fertility and high
pH values. It is highly palatable and generally used for
grazing livestock Zhu et al. 1981 . Therefore it is of
considerable economic value. The plant has strong rhi-
zomes and vigorous vegetative propagation and often
forms monodominant stands. lIts rhizomes lie horizontally
about 10 c¢m beneath the ground surface and are highly
branched. The plant multiplies itself mainly by clonal
propagation. The rhizomes have long internodes between
ramets giving rise to extensively spreading clones.

The experiment was carried out in Duolun County of
Xilingol League Inner Mongolia 41°46" — 42°36'N
115°51" = 116°54 E’' 180 km north of Beijing and sit-
uated across the southern edge of Hunshandake Sand. The
topography is dominated by low foothills with an elevation
of 1 150 -1 800 m. The main soil type is chestnut soil
accounting for 70% of the total area and other soil types
are aeolian sandy soil meadow soil and chernozem. This
area has a typical middle temperate semiarid continental
monsoon climate with an annual mean air temperature of
1.6 °C and a frost-free period of about 100 days. The ac-
cumulated temperature of =10 C is 1 917.9 C and
the mean temperature of the warmest month July is

18.7 C
-18.3 C. Annual mean precipitation is 386 mm while

while that of the coldest month January is

mean potential evaporation is 1 748 mm.
In late June of 2003 we selected and then enclosed

an uniform L. chinensis predominant site as experimental
plot. Within the plot

0.25 mx0.25 m in area were set up. The four vertexes

120 experimental quadrats each

of each experimental quadrat were pegged with wooden
pegs and a cotton thread was fastened to the four vertex
pegs to delimit the quadrat. Four different defoliation
regimes including control intact were imposed upon all
the 120 experimental quadrats. The defoliation was im-
posed at a single intensity the shoots were cut to 15 cm
high left. All the 120 quadrats will then be randomly as-
signed to the following treatments 30 for each Intact as
a control Dy  Subject to defoliation only once D

Subject to defoliations three times with the interval of 20

days D;  Subject to defoliations five times with the in-
terval of 10 days Ds . The dates of these defoliations are
shown as' +" in Table 1.

Table 1  The dates of defoliations and samplings

Treatments

Dates Dy D, D, Dy Samplings
Jun. 30 $
Jul. 10 + + N $
Jul. 20 + #
Jul. 30 + + #
Aug. 9 + #
Aug. 19 + + #
Aug. 29 #
Sep. 8 #
The earliest twice samplings shown as“ $ " in

Table 1

the initial twice samplings altogether 5 quadrats sized as

were conducted outside all the 120 quadrats as

experimental quadrat were sampled at each time as repli-

cates. The 30 quadrats of same defoliation regime would

”

be sampled successively six times shown as* # " in

Table 1

replicates. When sampling the quadrates were excavated

so 5 quadrats will be sampled at a time as

out t0 0.2 m deep with all the aboveground shoots and
all the rhizomes which would be taken into laboratory af-
ter abandoning earth.

The aboveground shoots on each earth core were
clipped off counted dried and weighed. The earth was
rinsed away and the roots were clipped off until only
rthizomes and belowground culms were left. For each sam-
ple we counted the number of rhizomes number of vege-
tative buds discriminating tiller buds rhizome buds and
apical buds  and determined the biomass of all the
aboveground shoots  belowground culms and rhizomes for
every quadrat after drying at 70 °C for 24 hours. WSC

concentrations in different parts of the plant were deter-
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mined with HPLC  high performance liquid chromatogra-
phy method.

2 Results
2.1 WSC concentrations in aboveground shoots

The WSC in aboveground shoots sampled on July 20

p >
probably because the plants had not responded to

were insignificantly different among treatments
0.05
defoliations  for this sampling was conducted only 10 days
after the first defoliation applied on July 10. But from Ju-
ly 20 to July 30

for all the treatments kept increasing

the differences in WSC concentrations
so that WSC con-

centrations of three defoliated treatments were higher than

defoli-
ated twice by then were still higher than those of D; and
D; Table 2
ly 30.
From August 29 to September 8 WSC concentra-
D; and Dy treatments

that of control and the WSC concentration of Ds

which had been defoliated only once on Ju-

tions in aboveground shoots of Dy
declined while that of D; treatment ascended. On Septem-
ber 8 the WSC concentration of D; was slightly higher
than that of Dy p >0.05
significantly lower than that of Dy or D; p <0.05
that of D5 was also lower than that of D; p <0.05 . That

is the WSC concentration at the end of the experiment

while those of D3 and D5 were

and

was reduced with the increase of defoliation frequency.

Table 2 Temporal dynamics of water-soluble carbohydrate WSC  contents in aboveground shoots rhizomes and belowground culms

means with the same letter are not significantly different

Sampling dates

WSC Treatments
Jul. 20 Jul. 30 Aug. 9 Aug. 19 Aug. 29 Sep. 8
Aboveground Dy 18.31 +0.65" 19.84 £1.20° 19.33 £1.88" 18.34+0.83" 19.56 + 1.52° 18.43 +0.36"
shoots D, 17.77+1.10* 13.67+0.88" 18.04 +1.00" 21.00+0.55* 19.04 £1.08" 19.85+0.66"
D; 18.82+0.62* 17.58 +1.06" 18.26 £2.93° 18.86 + 1.09* 18.99 +1.05* 16.87+0.32"
Ds 17.98 +1.38° 21.49+0.13° 15.43 £0.96° 18.69 +0.69° 18.84 +0.80° 13.51£0.46°
Belowground Dy 19.60 +0.72° 22.72+0.86" 21.01 £0.55* 23.52+1.35° 18.30+ 1.88" 18.67 +2.30"
culms D, 17.71 + 1.46* 19.84 +1.25* 19.44 +2.53* 22.17+1.05* 16.07 +0.29* 19.21+0.19*
Ds 20.75+1.11* 20.60 + 1.76" 16.96 + 0.45° 21.46+0.61° 17.21+£0.98* 17.97 £1.33*
Ds 18.72+1.78° 18.80+£0.99° 17.50 £0.87° 20.30+1.71° 19.06+2.17° 17.45+£0.17°
Rhizomes Dy 33.37 +3.63" 34.10 + 3.45° 26.18 +1.21* 28.44 +2.05* 33.74+1.14° 34.36+2.94*
D, 31.20+0.87* 33.17+1.34* 27.72 +3.39* 31.65+1.31* 31.37+1.49* 30.01 +0.31*
Ds 26.72+1.16" 33.55+3.40° 30.13£1.85° 32.96+1.19* 35.19+£0.57* 32.91+1.64°
Ds 29.96 + 0.30" 33.53 +£3.38" 32.05+2.41° 27.84+3.79° 32.68 £3.07" 31.17+1.23°

2.2 WSC concentrations in belowground culms

As shown in Table 2 only the D, treatment was sim-
ilar to Dy in the’ rising and declining” temporal dynamic
pattern in WSC concentrations in belowground shoots.
However the other two treatments Dj and D5  were sim-
ilar to each other in WSC concentrations in belowground

shoots. Dy Dy

all the time in the experiment Table 2

D; and Ds are not significantly different

2.3 WSC concentrations in rhizomes

From July 20 to July 30 WSC concentrations in rhi-
zomes were kept increasing and almost at the same level
for all the treatments. The effects of defoliation might
have not been displayed in this period. From July 30 the
treatments began to differ in WSC concentrations in rhi-
zomes. From August 9 to August 19 the WSC concentra-
tions in the thizomes of D, D; and D; treatments in-
creased while that of Ds declined. However from Au-
gust 9 the differences between the WSC concentrations of

the four treatments were not significant probably because

the rhizomes of the plant function as carbohydrate storage
organs and as the buffer or pool of carbohydrate of the
whole plant. From Table 2 we can find that Dy D; Dj
and Ds are not significantly different all the time in the

experiment .
3 Discussion

Concentration of carbohydrates in plant storage or-
gans changes with the input of photosynthetic products and
translocation of materials from various portions of the
plants. The rate of carbohydrate use and export from stor-
age to other areas of the plants also alters this concentra-
tion. Thus any factor affecting the photosynthesis or uti-
lization of carbohydrates for respiration or growth may af-
fect the level and makeup of plant reserves. The marked
reduction of WSC concentration of Dy treatment on July 30
probably could be explained by following fact the stage is
a boom period for the plant growth for the air tempera-

ture was almost at the peak of the growing season Fig.
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2 and the accumulated precipitation was relatively high
Fig.3

pected to be much higher than photosynthetic rate in terms

so that the respiration rate of leaves was sus-

of carbohydrate metablism as to provide enough energy
for plant growth. Indeed it has been reported that
40% - 60% of non-structural carbohydrate produced from
photosynthesis is consumed by respiration process and
respiration exhibits an exponential increase with the in-

Fulkerson & Donaghy 2001

a considerable amount of carbohydrate

creasing temperature
Consequently
would be consumed. However WSC concentrations of D,
and Ds reduced not so much as Dy on July 30 and that of

D5 even increased mainly due to the reduction of the to-

tal respiration of shoots on account of leaf loss caused by

defoliation .

60 r
50

40

ab

Percentage (%)
w
S

20

10

DO D1 D3 D5

Fig.1 The percentages of standing litter over total
aboveground biomass
Values are shown as means + SE. The bars sharing the same letter are
not significantly different
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Fig.2 The diurnal mean air temperature during experimental period

the WSC concentra-
tions of three defoliated treatments displayed significant

At the end of the experiment

differences between one another and showed a decreasing
tendency with the increasing defoliation frequency. How-
ever D; showed no difference with Dy in WSC concentra-
tion. We thought one-off defoliation did not affect the fi-
nal WSC concentration in aboveground shoots of the
plant  but several successive defoliations would. This was
probably related to the promptness of WSC transfer from
aboveground shoots to belowground shoots or rhizomes in
response to the signal of air temperature decline. The
transferring rate of the aboveground shoots of Ds treatment
was higher than those of D3 and Dy treatments. The in-
crease of WSC concentration in aboveground shoots of D,
treatment could be ascribed to smaller portion of standing
litter while greater portion of green shoots compared with
the other treatments Fig.1  because aboveground shoots
of D; would produce more photosynthate. The more fre-
quent the defoliation the more prompt the transfer so it
could be concluded that the defoliation accelerated the
carbohydrate transfer from aboveground towards below-
ground when prompted by air temperature decline. The
earliest frost of the year at our study site was on Septem-
ber 5 and our last sampling was conducted on September
8. The low temperature or even the frost probably func-
tioned as a signal for carbohydrate transfer from above-
ground towards belowground. Maybe the discrepancy of
carbohydrate transfer could account for the comparison be-
tween the treatments in standing litter at the end of the

experiment .

70 r
60
50
40
30

20

Precipitation (mm)

10

Jul.20- Jul.30- Aug.9- Aug.19- Aug.29-

Aug. 9 Aug.19 Aug.29 Sept.8

Dates

Jul. 30

Fig.3  Accumulated precipitation during the experiment

WSC concentrations in belowground shoots were a
little more stable than in aboveground shoots during the
experiment. Belowground parts of shoots probably func-
tioned as storage organ for tiller buds and at least in part
for some nutrient or assimilate and as the intermediate
for transfer of substances or signals between aboveground
parts of shoots and rhizomes and even roots.

The noticeable declines of WSC concentrations in D
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and Dy in thizomes on August 9 were possibly resulted by
the rapid growth of the aboveground shoots of plants for
it was just in the boom season for plant growth. A sink-
source system might have formed between aboveground
shoots and belowground rhizomes. We inferred that WSC
in rhizomes must be transported upwards into the above-
ground shoots to supply them. A major use of non-struc-
tural carbohydrate in plants is for growth Fulkerson &
Donaghy 2001

structural carbohydrate. After the energy requirements of

and intensive growth depletes non-

the plant for respiration and growth have been met the
remainder is available for storage as plant reserves Fulk-
erson & Slack 1994

drates can be understood as a precaution against variabili-

. In general storage of carbohy-

ty in the growing conditions of plants Suzuki & Stuefer
1999 Veneklaasa & den Oudena 2005 . Therefore al-
location to storage may bear on the lifetime fitness of the
plant.

To ascertain the ecological functions and implications
of storage comparative studies involving plant species
with and without storage organs are called for. Such com-
parisons should be done with structurally similar and
closely related species. It is likely that the ecological
functions and implications of carbohydrate reserves in
clonal plants can be displayed if their inter-annual varia-
tions especially in response to disturbance such as defolia-
tion and shading are incorporated. Therefore longer-term
studies on the temporal variations of carbohydrate reserves
in plants under the pressure of disturbance of different in-
tensities timing and frequencies may uncover implica-
tions of plant storage in terms of evolution and adaptation.
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