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Abstract – Exposure to water movement has been observed to alter various processes in the plants including
growth, hormone concentration and nutrient uptake. In the current study, Chara ﬁbrosa was exposed to three
diﬀerent turbulence conditions and compared with a control. Turbulence was generated in the laboratory by
using a vertically oscillating grid setup. Exposure to turbulence caused a reduction in shoot length and nutrient
uptake in C. ﬁbrosa. Variation of stable isotope composition was measured as a surrogate variable that is able
to integrate variations of many physiological processes. It was initially hypothesized that the reduction of diﬀusion boundary layer around the plant will increase isotopic discrimination against 13C and 15N, when exposed
to increasing turbulence. Although the results generally agree with the hypothesis, a trend of increment was
observed in d13C in the plants exposed to turbulent velocities from 0.46 to 1.93 cm sx1, against the hypothesis.
Mechanical stress induced reduction of carbon uptake and lipid peroxidation due to the development of
oxidative stress may be the reasons behind the above-mentioned trend. The study exhibits that the net eﬀect of
physical and physiochemical changes of the plants was displayed in d13C signatures and it is important to
consider physical conditions of the local environment, in using stable isotope signatures for ecosystem studies.
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Introduction
Aquatic plant growth, metabolism and distribution are
observed to be inﬂuenced by water movement (Westlake,
1967; Madsen et al., 2001). In general, water movement on
a small scale has positive eﬀects on nutrient uptake and
metabolism due to the reduction of thickness of diﬀusion
boundary layer around leaves (Madsen et al., 1993;
Nishihara and Ackerman, 2006). However, water movement does not necessarily enhance nutrient uptake; it can
inhibit plant physiological processes becoming a stress to
the plants. Reduction of growth, variations of growth
hormone concentration and development of oxidative
stress have been observed when plants are exposed to ﬂow
and/or turbulence (Ke and Li, 2006; Ellawala et al., 2011a,
2011b). In addition, reduction of the rate of photosynthesis, metabolism and reduction of nutrient uptake have
also been observed in many aquatic plants, when they are
exposed to water movement of any kind (Madsen et al.,
1993; Ellawala et al., 2011a) and some authors hypothesized that this is a result of thigmomorphogenic eﬀect
*Corresponding author: ellawala@eng.ruh.ac.lk

(Madsen and Sondergaard, 1983). Thigmomorphogenesis
is known to alter growth hormone concentration and to
develop oxidative stress in the plants (Chehab et al., 2009).
It is impractical to measure each individual process on
many plants. Rather, the impact of turbulence or similar
processes on the plants could be understood by measuring
surrogate variables which can integrate many physiological processes. One of the most widely used surrogate
variables include the natural abundance of biologically
important stable isotope pairs, denoted as d13C and d15N
(Robinson et al., 2000).
Plants have an isotopic discrimination against heavier
isotopes in nature. Hence, the overall abundance of
heavier isotope in the plant tissue is usually less than its
carbon source, indicating that isotope discrimination
occurs when incorporating carbon into the plant.
Variations in the 13C/12C ratio may occur during the
formation and destruction of bonds involving the carbon
atom, or because of the other processes that are aﬀected by
mass, such as gaseous diﬀusion (Farquhar et al., 1989).
Stable carbon and nitrogen isotope signatures have been
increasingly used in ecology in exploring and understanding ecosystem relationships (Zeng et al., 2008).
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Table 1. Turbulence energy dissipation rate and measured turbulence velocity ﬂuctuations (u') at each depth for each tank. The
standard deviation represents the spatial variation of turbulence velocity ﬂuctuation in the horizontal plane.
Depth (cm)
9.0
12.0
16.0

Turbulence energy dissipation rate (m2 sx3)
High
Medium
Low
3.96 r 10x5
4.96 r 10x6
6.19 r 10x7
1.06 r 10x5
1.56 r 10x6
1.96 r 10x7
x6
x7
3.97 r 10
4.96 r 10
6.20 r 10x8

However, the inﬂuence of abiotic factors on stable isotope
signatures of the plants and algae were studied later
(Finlay et al., 1999; Trudeau and Rasmussen, 2003). Field
studies on aquatic plants have generally reported that d13C
values are to be enriched in 13C, in low-energy lentic
systems than in high-energy lotic systems. In low-energy
systems, the boundary layer around the plants is thick due
to stagnant water. This results in lower nutrient diﬀusion
rates, thus reducing the hormonal discrimination over a
heavier isotope (Trudeau and Rasmussen, 2003).
Although the variation of 15N is not explored much, there
is a hypothesis that discrimination against 15N also further
increased when exposed to higher current velocities
(Trudeau and Rasmussen, 2003).
Charophytes – living form of characean algae – is found
in both lentic and lotic ecosystems worldwide. Chara ﬁbrosa
C. Agardh ex A. Bruzelius – one species of charophytes –
was chosen for the current study. The growth, nutrient
uptake and stable isotope compositions were measured in
C. ﬁbrosa. Chara is one of the members at the base of food
webs, being a food source for many consumers. Hence, the
variations of stable isotope composition in Chara due to the
variations of environmental conditions they exposed, may
aﬀect isotope signatures of the consumers also. Therefore,
the study aimed at observing the variation of stable isotope
composition in C. ﬁbrosa when exposed to diﬀerent
turbulence conditions, those encountered in natural ecosystems and to understand the underlying mechanisms
governing those observations. The study was carried out
in the laboratory by simulating three diﬀerent turbulence
conditions and one control.

Turbulence velocity ﬂuctuations (u') (cm sx1)
High
Medium
Low
2.43 ¡ 0.61
1.53 ¡ 0.84
0.63 ¡ 0.39
1.88 ¡ 0.84
0.91 ¡ 0.44
0.43 ¡ 0.22
1.48 ¡ 0.67
0.75 ¡ 0.41
0.33 ¡ 0.14

turbulence conditions without net ﬂow. The grid oscillation frequencies were 1, 2 and 4 Hz. The grid spacing (M)
was set at 2.5 cm, and the grid was made of 5 mm square
Plexiglas rods. The stroke length (S) was 3 cm, and the
grids were oscillated from top of the tank, the mean grid
position being 2 cm below the tank top. Turbulent velocity
ﬂuctuations were measured using a two-dimensional
electromagnetic current meter (SF-5712, Tokyo-keisoku
Corporation, Tokyo, Japan). The velocity of water was
measured at nine diﬀerent points, which were symmetrically distributed over the area. In addition, the velocity
proﬁle was measured at three depths (9, 12 and 16 cm from
the top of the tank) for each of the nine points. The
measurements were taken at 10 Hz for 1 min at each point.
Root mean velocity was separately calculated for each
record and averaged to establish root mean velocity at a
particular point. Average of the nine points was taken as
the turbulence velocity (u') at each depth in each tank. The
average turbulent velocities in the tanks were 1.93 ¡ 0.48,
1.06 ¡ 0.41 and 0.46 ¡ 0.15 cm sx1, respectively, in high,
medium and low turbulent conditions (Table 1). The
control had no turbulence. Since oscillating grids generate
nearly isotropic and homogeneous turbulence, the vertical
component should be the same as the measured horizontal
component and was thus not measured (De Silva and
Fernando, 1994). Turbulent energy dissipation rate (e) was
calculated using empirical equations developed on grid
generated turbulence (De Silva and Fernando, 1994;
O’Brien et al., 2004) and depicted in Table 1.

3=2 3=2 9=2 3
1 2C21 +C22
M S f
e=
b
3
z4

Materials and methods
The experiment was conducted in 6-L microcosms
(15.7 r 15.7 r 24.5 cm3) for a period of 12 weeks. The
temperature was set at 23 ¡ 2 xC, and light was provided
by ﬂuorescence bulbs with a 12 h light/12 h dark
photoperiod and light intensity ranging from 240 to
270 mmol mx2 sx1. The pH of the medium was in
the range of 7.3 ¡ 0.1 (Gomes and Asaeda, 2009). The
experimental setup consisted of four microcosms. Three
microcosms were of diﬀerent turbulence conditions; the
other was the control, which lacked turbulence. All
treatments were in triplicate.

The values of the constants are b = 0.1,
C1 = 0.18 ¡ 0.04 and C2 = 0.22 ¡ 0.05 (De Silva and
Fernando, 1994). Grid mesh size M = 2.5 cm and stroke
length S = 3 cm. f is the grid oscillation frequency (1, 2 and
4 Hz) and z is the distance from the mean position of the
grid. Turbulence velocities generated in this study have
been observed within plant canopies in streams and
shallow lakes (Sanford, 1997; Sand-Jensen and Pedersen,
1999) and turbulence intensities were comparable with
those occurring in shallow lakes (Sanford, 1997; Wuest
and Lorke, 2003).

Generation of turbulence and its quantification

Plant material and growth conditions

Turbulence was generated in the laboratory using
vertically oscillating horizontal grids that created three

C. ﬁbrosa was cultured for approximately over
3 months in the laboratory at a temperature of 23 ¡ 2 xC.
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Twelve apical tips of 4–5 cm in length and having 2–3
internodes were harvested and planted in each tank, each
positioned with about 2–2.5 internodes (3–4 cm) above the
substrate. The substrate was a 4-cm thick peaty soil that
was collected locally and sieved (1 mm mesh) to remove
debris. The sediment added micronutrients to the growth
media and supported plant anchorage. Water column
nutrients were maintained at concentrations of 0.3 mg Lx1
nitrate and 0.1 mg Lx1 phosphate and 10.0 mg Lx1
dissolved inorganic carbon (DIC) by using NaNO3,
K2HPO4 and NaHCO3 (Wako Chemicals, Tokyo,
Japan), respectively, for adjustments (Gomes and
Asaeda, 2009). DIC, nitrate and phosphate concentrations
in water were measured weekly and adjusted accordingly.
DIC was measured using a total organic carbon analyser
(TOC 5000 A, Shimadzu Co. Ltd, Tokyo, Japan). Total
ammonia concentration in the water was determined by
the phenate method (APHA, 1998) but was not detectable.
Phosphate and nitrate concentration were also determined
according to the standard methods (APHA, 1998). Nitrate
concentration was measured by using a spectrophotometer
(Shimadzu UV mini 1410, Shimadzu Co. Ltd, Tokyo,
Japan) for absorbance at 220 nm and correction for DOC
at 275 nm after addition of 0.2 ml of 1 N HCl to the
sample. Phosphate concentration was determined by using
the molybdate method for measuring the absorbance at
830 nm (APHA, 1998).
Growth measurements and chemical analysis

The shoot length was measured at the end of the
experiment period and calculated by summing up the length
of all the branches. Fresh plant samples were extracted
in 100 mM phosphate buﬀer (Zhang et al., 2009) and the
supernatant was used for the APX activity and CAT activity
assays (Parida and Jha, 2010). The results are presented in
mmol H2O2 destroyed per minute per g of fresh weight
(mmol H2O2 minx1 g FWx1). Plant samples were dried at
70 xC for 48 h and dried samples were used for analysing
isotope composition, total carbon (TC) content and total
nitrogen (TN) content of the tissues. Each sample was
crushed and placed in a tin capsule (between 1.5 and 2.0 mg
of sample per capsule) for analysis by mass spectrometry in
a isotope–ratio mass spectrometer (IsoPrime 100, Isoprime
house, Cheadle, UK) coupled with an elemental analyser on
line (vario MICRO, Elementar Analysensysteme Gmbh,
Hanau, Germany). The results of isotopic analysis are
presented in conventional delta (d) notation, deﬁned as
dX = [(Rsample xRstandard) x1] r 1000, where X is 13C or
15
N and R is the ratio of 13C/12C or 15N/14N. Plant TC and
TN contents were determined in a CHN Corder-Auto
sampler (MT-5, Yanaco Co. Ltd, Kyoto, Japan) by using
3.0 ¡ 0.1 mg of dried plant sample and the results are
presented as percentage (%).
Statistical analysis

All the data are presented as means ¡ SD. The
homogeneity of variance test was carried out on datasets
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before carrying out ANOVA. For comparison of diﬀerences among each group, one-way ANOVA was performed with post-hoc Tukey’s test. Statistical analysis was
performed by using SPSS software package (Release 16,
SPSS Inc., Chicago, IL, USA).

Results
Final shoot length

The average shoot length of the plants exposed to high,
medium and low turbulence and the control was
6.40 ¡ 1.51, 12.00 ¡ 1.55, 15.53 ¡ 3.55 and 17.10 ¡ 2.97
cm, at the end of the experiment period. The average
shoot length was signiﬁcantly less in the plants exposed to
high and medium turbulence compared with the plants
exposed to low turbulence and the control (ANOVA,
F(3,8) = 16.505, P < 0.001).

CAT and APX activity

CAT activity was 1.39 ¡ 0.66, 2.36 ¡ 0.78, 0.82 ¡ 0.03
and 0.80 ¡ 0.00 mmol H2O2 minx1 g FWx1 and APX
activity was 8.39 ¡ 1.09, 6.22 ¡ 1.52, 4.51 ¡ 0.62 and
2.05 ¡ 0.48 mmol H2O2 minx1 g FWx1, respectively, in
the plants exposed to high, medium and low turbulence
and the control, at the end of the experiment period. Plants
exposed to high and medium turbulence had signiﬁcantly
high CAT (ANOVA, F(3,8) = 161.200, P < 0.001) and APX
(ANOVA, F(3,8) = 20.877, P < 0.001) activities compared
with the plants exposed to low turbulence and the control.

Carbon and nitrogen isotope composition

Figure 1 shows d13C and d15N values of the plants
exposed to diﬀerent turbulence conditions and the control.
d13C in the plants exposed to low turbulence was
signiﬁcantly less than both the plants exposed to high
turbulence and the control (ANOVA, F(3,8) = 65.549,
P < 0.006). The control had the lowest discrimination over
13
C. d15N of the plants exposed to high and medium
turbulence was signiﬁcantly less than the plants exposed to
low turbulence and the control (ANOVA, F(3,8) = 383.152,
P < 0.001); however, there was no trend of elevation of 15N
in the plants exposed to high and medium turbulence as
observed in 13C.

TC and TN contents in plant tissues

TC and TN contents of the plant tissues are shown in
Figure 2. TC and TN contents of the plants exposed
to high and medium turbulence were signiﬁcantly less
than the plants exposed to low turbulence and the
control (ANOVA, F(3,8) = 205.5, P < 0.001 for TC and
F(3,8) = 109.659, P < 0.001 for TN).
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Fig. 1. Variation of (a) d13C and (b) d15N in Chara ﬁbrosa
exposed to diﬀerent turbulence conditions and the control at the
end of the experiment period.

Discussion
Exposure to turbulence caused signiﬁcant reduction in
shoot length of C. ﬁbrosa. Shoot length of the plants
exposed to high turbulence was 2.7 times shorter than the
plants grown in the control, at the end of the experiment
period. This variation agrees well with the previous
observation of the plants exposed to water movement;
for instance, Chara delicatula exposed to frequent wave
action was observed to be 4.7 times shorter than the plants
grown in a sheltered area (Szmeja and Galka, 2008).
Mechanical stress generated by water movement has been
observed to reduce growth hormone concentrations and to
retard growth due to accumulation of reactive oxygen
molecules (Ellawala et al., 2011b). TC and TN contents of
the plants exposed to high and medium turbulence have
been signiﬁcantly less than TC and TN contents of the
control plants, supporting the hypothesis that nutrient
uptake is reduced when exposed to mechanical stress
generated by water movement (Madsen and Sondergaard,
1983; Madsen et al., 1993).
Numerous studies in the ﬁeld and laboratory have
conﬁrmed that d13C values enriched in 13C, in low-energy
lentic systems than in high-energy lotic systems (Finlay
et al., 1999; Trudeau and Rasmussen, 2003). In highenergy lotic systems, the discrimination is increased due to

Fig. 2. Variation of (a) TC and (b) TN content in Chara ﬁbrosa
exposed to diﬀerent turbulence conditions and the control at the
end of the experiment period.

easy uptake of nutrients, through reduced diﬀusion
boundary layer around the plants (Trudeau and
Rasmussen, 2003). Even though, there is less information
on nitrogen isotopic fractionation, same boundary layer/
diﬀusion hypothesis is observed to be valid for d15N values
(Trudeau and Rasmussen, 2003). The current study also
supports the above-mentioned boundary layer/diﬀusion
hypothesis in general, acquiring less d13C and d15N values
in the exposure to the turbulence compared with the
control. However, it shows a trend of increment in d13C in
the plants exposed to turbulent velocities in the range from
0.46 to 1.93 cm sx1. Oxidative stress has been developed in
the plants exposed to high and medium turbulence
compared with low turbulence and the control, as
observed by increased CAT and APX activities (Ellawala
et al., 2011a). It is well known that the development of
oxidative stress and accumulation of active oxygen
molecules are responsible for lipid oxidation. Lipids are
fairly less in 13C; hence, lipid peroxidation may cause d13C
values to be enriched in 13C, in the plant material (Jardine
et al., 2009). The plants exposed to high and medium
turbulence were enriched in 13C compared with the plants
exposed to low turbulence, supporting the above hypothesis. Further, variation of d15N did not show any
signiﬁcant elevation in 15N in the plants exposed to high
and medium turbulence compared with the plants exposed
to low turbulence. Therefore, it can be hypothesized that
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the net eﬀect of reduction of thickness of diﬀusion
boundary layer and lipid peroxidation is observable in
d13C values. In addition, photosynthetic carbon uptake
has been observed to reduce when the plants are exposed
to current velocity induced movements (Madsen and
Sondergaard, 1983; Madsen et al., 1993). There is an
opinion that mechanical stress generated in the plants, due
to the movement of water causes this observation (Madsen
and Sondergaard, 1983). Hence, reduced carbon uptake to
the plant may reduce the discrimination over a heavier
isotope. One or both mechanisms discussed above may be
responsible for 13C enrichment in the plants exposed to
high and medium turbulence compared with the plants
exposed to low turbulence, against the boundary layer/
diﬀusion hypothesis.
Stable isotope signatures have been widely used in
ecosystem studies due to their ability to reﬂect trophic
dynamics and their importance as source indicators to
provide spatial information about the physical and
biological processes (Rasmussen and Trudeau, 2007).
Physical mechanisms such as reduction of thickness of
diﬀusion boundary layer (Trudeau and Rasmussen, 2003;
Rasmussen and Trudeau, 2007) and diﬀerent abiotic
stresses such as exposure to allopathic substances
(Hussain and Reigosa, 2011), drought and salinity (Amor
and Cuadra-Crespo, 2011; Li et al., 2011) also have been
observed to inﬂuence stable isotope signatures due to the
alterations of diﬀerent physiochemical mechanisms of
the plants. In this study, variations of d13C and d15N of
the plants support the hypothesis that d13C and d15N
signatures of the plants may exhibit the net result of the
eﬀect of physical and physiochemical variations.
Therefore, this study highlights that, it is important to
consider the physical conditions of the local environment
in using stable isotope signatures for ecosystem studies.
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