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Abstract
The present study described in this paper was carried out in a simulated channel. The

first part of the study examined how aquatic macrophytes respond to different
channel flow velocities, in terms of changes in their flow resistance mechanisms, in
order to confirm the suitability of local plants. The second part of the study examined
the growth rate of the macrophytes, the growth rate and shape of macrophyte shoots,
tissue strength of the shoots and roots, tolerance of the plants, and erosion-resistance
response at various velocities. Study results show that Oenanthe javanica (Blume)
DC. (water celery) experienced morphological variations at different flow velocities.
In particular, as flow velocity increased, growth rate slowed and plant shoots became
shorter and softer, which increased plant flexibility. Root length and root anchorage
decreased. In addition, root, stem, and shoot mass also decreased.

Key words: flow resistance, simulated channel, aquatic macrophytes,

river/streambank protection.

1. Introduction

In Taiwan, natural disasters, such as landslides and floods, have occurred more
frequently and more severely in recent decades. The use of ecological engineering
methods to mitigate the impact of such disasters has therefore gained much attention.
However, most recent research studies have focused on the types, materials and
construction methods of riverbank protection works, or on the survival rates of
selected vegetation. There has been relatively little field monitoring work for
verifying mitigation approaches and specifically for studying the effects of
vegetation on channel and flow resistance mechanisms.

This study was carried out in a simulated channel. The first part of the study
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examined how aquatic macrophytes respond to different channel flow velocities, in
terms of changes in their flow resistance mechanisms, in order to confirm the
suitability of local plants. The second part of the study examined the growth rate of
the macrophytes, the growth rate and shape of macrophyte shoots, tissue strength of
the shoots and roots, tolerance of the plants; and erosion-resistance response at
various velocities.

The purpose of this research was to investigate and clarify the roles and limitations
of using aquatic macrophytes in ecological engineering applications as well as in

design work.

2. Literature review

Aquatic macrophytes are often the dominant factor influencing flow conditions
within the channels they occupy. However, the effects of vegetation on flow
resistance are still not fully understood (Green, 2004; Jarveld, 2004). Most related
empirical research studies were conducted in simulated channels with plastic leaves
or submerged vegetation, and focused on addressing hydraulic effects such as drag
and vegetation configuration (Jarveld, 2004; Sand-Jensen, 2003).

Many prior studies have verified that the presence of plants affects flow velocities.
According to Dabney’s study, plants used as buffers reduce erosion, trap sediment,
and remove contaminants by slowing runoff, increasing infiltration, and facilitating
the uptake and transformation of contaminants. (Dabney et al., 2006; Wynn and
Mostaghimi, 2006). Some recent studies have shown that riparian vegetation has
both mechanical and hydrologic effects on streambank stability, some of which
improve bank stability and some of which reduce bank stability (Simon and Collison,
2002). Roots anchor themselves into the soil to support the above ground component
of the plant (Greenway, 1987); however, root type (variation in rooting depth and
rooting density) also affects channel erosion (Anderson ef al., 2004).

Plant stem/leaf scales, the density of vegetation, as well as the length, stiffness, and
diameter of the plants also cause variations in flow velocity (Green.2004; Manz and
Westhoff, 1988). Individual shoot flexibility is also important. Flexibility increases
with shoot length, but decreases with an increase in shoot thickness (Manz and
Westhoff, 1988).

Mechanical constraints limit plant survival and growth in environments with flowing
water because the hydraulic forces engendered tend to dislodge or break them

(Schutten and Davy, 2000). The environmental effects cause morphological
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adaptation; some species develop a rosette of small, stiff leaves from a short stem
which can resist strong drag and accelerational forces on wave-exposed lake shores.
Other species develop an inherently streamlined morphology composed of long
linear leaves or stems (Sculthorpe, 1967; Sand-Jensen, 2003). Most species develop
very flexible shoots which allow them bend and twist in water flow to reduce the
surface area which is directly exposed to flow current (Koehl, 1984; Sand-Jensen,
2003).

Literature review shows that few prior studies exist related to flow resistance
mechanisms of aquatic macrophytes at different flow velocities. Studies related to
how aquatic macrophytes modify their physical characteristics, such as vascular

bundles and branching, to adapt to flow velocities are also scarce.

3. Materials and methods

3-1. Experimental design

Factors that affect flow resistance include size of plants, their structural properties,
their location in the channel, and local flow conditions (Green, 2004). Structure of
the channel, hydrology, and flow conditions should also be considered. This
experiment included three parts: designing a simulated channel model, choosing
plant species, and building a simulated plant environment.

3-1-1. Simulated channel model

First, existing channels were classified with respect to environmental conditions.
Second, one of the channels was chosen for the simulation. Tatun Creek was chosen
because it demonstrates channel dredging using ecological engineering methods and
because it is well planted two years after construction. The culture media used to
control experimental variables also came from Tatun Creek.

Characteristics of the simulated channel which was constructed include:

® Dimensions: 200 cm long x 30 cm wide x 40 cm deep.

® Materials: 1 cm thick transparent acrylic panels.

® Water flow: two adjustable water pumps.

® Lighting facilities: four 40-watt plant lights, 100 cm in length. Illumination time
was set to be from 6.30 hr to17.30 hr). Average illuminance was set to be 843 Luxes.
® Planters: four planters, 90 cm long x 29 cm wide x 5 cm deep, made from 1 cm
thick wooden panels.

® Experimental design: control group vs. experimental group with the same

environmental conditions and different flow rates.
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® Other facilities: thermometer, pH meter, lux meter, timer and weighing scale.
3-1-2. Plant species

Studies of how different plant structures, such as stem scale and leaf morphology,
affect flow rate have been presented in many papers. Plant materials in this research
study were chosen with respect to the following considerations:

® Native aquatic macrophytes or domestic species that pose no threat to native
species.

® Lower than 30 cm height.

Easy to cultivate.

Perennial herb with fibrous roots, which are easy to check for sand stability.
Spread widely.

Short life cycle.

Based upon the above requirements, water celery, Oenanthe javanica (Blume) DC.

was chosen for the study. In Taiwan, water celery can be found in ditches, ponds,
paddy fields and wet places at low to medium altitudes throughout the island (Huang
et al., 1998).

3-1-3. Simulated plant environment

Natural riverbanks can be classified by environment, topography and slope. There
are three types of planting environments for aquatic macrophytes: rapid flow, middle
flow and streaming flow.

® Rapid flow: slope over 4%, only a few emerging plants can survive.

® Middle flow: slope 2%~4%, suitable for emerging plants.

® Streaming flow: slope below 2%, suitable for most aquatic macrophytes (EPA,
1995).

This study was designed for a simulated channel with slope below 4% for the sake of
the plant materials.

The culture media came from the Tatun Creek. The site chosen for collecting the
cultivated soil was covered with native plants, such as Miscanthus floridulus (Labill.)
Warb. ex Schum (Japanese silvergrass ) and invasive species such as Bidens pilosa.
Dobsons were found under the gravel in the river.

Results of grain size analysis showed that 60% of particle-size was under 0.85 mm
diameter and 90% of particle-size was under 4.75mm diameter.

3-2. Experimental steps

Step I:

Analyze and record culture media properties, plant weights, slope of the channel,
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water depth, flow velocity, water quality, pH value and lighting duration, for both the
experimental group and the control group. The differences between plants, such as
dimensions and weight, were not over 20%.

Since the time required for the water celery plants to grow stable in the planters was
about three to four weeks, channel flow velocity was kept constant during the first
four weeks and changed thereafter.

Step I1:

Every 4 weeks, change the flow velocity for the experimental group. Record the
number of green shoots, yellow shoots, horizontal shoots, epicormic shoots and
shoots from the stolons. Finally, 20 weeks after planting, record height, root length,
diameter, fresh weight for each plant and total dry weight.

3-3. Plant tissue sectioning

3-3-1. Paraffin method

After harvesting, plant material was analyzed for vascular bundles using the paraffin
method. The purpose of making plant sections was to compare physical anatomical
structure changes of the water celery plants at different flow velocities.

3-3-2. Free hand section

A second analysis method was also used: free hand sectioning. The process used was
sectioning the fresh shoots and fixing temporarily with F.A.A. (formalin 5ml, glacial
acetic acid 5ml and 50%~70% alcohol 90ml) (Tsai, 2000) and observing and

recording the number of vascular bundles and plant tissue properties.

4. Results

The experimental study started in Nov. 2005 and two experimental trials have been
completed so far, experiment I, with various velocity gradients from 2.13 cm/sec to
81.10 cm/sec, and experiment II, with velocity gradients from 20.52 cm/sec to 26.88
cm/sec. The duration of each experiment was 20 weeks. When experiment II had
progressed to the second week, more than 80% of shoots were eaten by Spodoptera
litura Fabicius. New shoots sprouted at the fifth week, after an application of
pesticide.

Since most average flow velocities of dredged rivers in Taiwan are between 4.0~90.0
cm/s (5.0~13.0 cm/s for Dago Stream; 2.0~52.0 cm/s for Fungaue River) (Lin, 2003;
Lin et al., 2005), the first experiment was applied to find the flow velocity tolerance
limit for water celery. Twenty weeks after planting, the survival rate of the

experimental group was reduced to 75%, while the survival rate of the control group
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was higher at 95%. Suitable flow velocities were found to be between 2.0~60.0 cm/s.
4-1. Growth rate varied at different flow velocities

Before experiment I began, the average number of green shoots was 2.92 in the
control group (planters A and B) and 3.00 in the experimental group (planters C and
D). When flow velocity was increased to 40.0 cm/sec, the average number of green
shoots in the experimental group increased continuously and plant growth rate was
also higher than in the control group. However, when flow velocity was increased to
60.0 cm/sec, the quantity of green shoots in the experimental group declined, while
the number of yellow shoots increased and stayed higher than the control group.
After harvesting, the average number of green shoots in the control group was 4.99
in the control group vs. 3.01 in the experimental group. The growth rate in the
control group was 65.8% higher than in the experimental group. In addition, the
average number of yellow shoots in the experimental group increased more quickly
than in the control group (see Fig.1, Fig.2).

For experiment II, at the beginning of the first week, the average number of green
shoots in the control group was 4.62 vs. 4.67 in the experimental group. The
difference in number of green shoots between the two groups was only 1.0%. After
harvesting, the number of green shoots in the control group was 6.48 and in the
experimental group was 5.68. The difference in the number of green shoots increased
to 14.1%. The results show that flow velocities affected growth rate of the aquatic
macrophytes studied and that plant growth adapted over the given flow velocity
range.

4-2. Biomass varied at different flow velocities

At the beginning of experiment I, the total fresh weight of the control group was
120.26 gm and of the experimental group was 131.36 gm. Twenty weeks after
planting, the total fresh weight of the control group was 148.70 gm vs. 80.03 gm for
the experimental group. The total fresh weight of the experimental group was only
53.8% of the fresh weight of the control group. After harvesting, when dried for 26
hours at 100 °C, the dry weight of the control group was 13.42 gm vs. 5.82 gm for
the experimental group.

For experiment II, flow velocity gradients were set from 20.52cm/sec to 26.88cm/sec.
At the beginning of experiment II, the total fresh weight of the control group was
152.65 gm vs. 174.52gm for the experimental group. Twenty weeks after planting,
the fresh weight of control group was 46.81 gm, and dry weight was 6.09 gm, vs.
34.50 gm fresh weight and 4.13 gm dry weight for the experimental group. The
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difference for experiment II was not as clear as for experiment I. However, both

experiments showed that biomass varied at different flow velocities.
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Figure 2. Average number of yellow shoots at various water velocities for
experiment .
4-3. Morphology varied at different flow velocities
The two experiments showed that average heights in the experimental groups were
lower than in the control groups. For the faster flow velocities in experiment I, the
average height of the experimental group water celery specima was only 54.3% of
that of the control group specima. Average diameter of shoots in the experimental
group was 84% of that in the control group. The number of epicormic shoots in the

control group was greater than that in the experimental group by a ratio of 32:5.
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However, the number of dwarfish shoots in the experimental group was more than
that in the control group with a ratio of 3:1. The difference was not clear for stolons,
since they were buried in the culture media. The results show that morphology of
aquatic macrophytes varied at different flow velocities.

Experiment II results as show that plant height varied inversely with flow velocity.
Although the difference between the two groups was not as clear as in experiment I,
average length of the roots in the experimental group was 73.8% of average length in
the control group. Apparently, plant root length decreased to reduce root anchorage
as a modified mechanism for seeking a more suitable propagating environment.

4-4. Plant tissue sections changed at different flow velocities

Section analyses for the two experiments showed that not only was average new
shoot height in the experimental group lower than that of the control group, but also
that number of vascular bundles in the experimental group was less than that of the
terraneous water celery. In this study, the terraneous water celery had larger
diameters and more vascular bundles (usually above 5) than that of the water planted
water celery (usually under 5). The results reveal that water celery plants adjusted
their physical characteristics to adapt to changing conditions in the flowing water

environment.

5. Discussion

Results of the two experiments show that water celery, when faced with higher flow
velocities, reacted to decrease plant height and root length. After harvesting, the ratio
of plant height to root length in the experimental group was higher than that in the
control group. Flow velocity apparently restrained growth rate of the plants.
According to Sand-Jensen, macrophytic freshwater plants encounter substantial drag
forces in flowing water, must undergo morphological adaptations to prevent
mechanical damage and uprooting (Sand-Jensen, 2003). The manner by which water
celery apparently avoids mechanical stresses, when encountering drag forces at
higher flow velocities, is to reduce both height and diameter and thereby to form
softer and more flexible shoots. Plants in the experimental group also underwent a
morphological adaptation to reduce root length and thereby to reduce root anchorage
strength. According to research by Puijalon et al., such a strategy may increase
dispersal capability of the species in high flow habitats (Puijalon et al., 2005).

Plant sections from experiment II, showed that number of vascular bundles in new

shoots was less in flowing water environments than in terraneous planting
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environments. Apparently, plants could more easily absorb water in the experimental
channels than in the terraneous environment. As a result, the plants in the flowing
water environments did not need as many vascular bundles to absorb water. The
number of collenchyma cells, which have a similar supporting function as the vessels
also decreased as flow velocity increased. Plant response to modify morphology was
apparently due to reduce breaking that could take place with more vascular bundles.
It is apparently safer for aquatic macrophytes such as Oenanthe javanica (Blume)
DC. to adapt and produce fewer vascular bundles at higher flow velocities.

For experiment II, the difference between the experimental group and control group
with respect to numbers of parallel shoots, dwarfish shoots and epicormic shoots was
not as clear as in experiment I, apparently due to the smaller flow velocity gradients
used in experiment II.

Since suitable streambank vegetation may include a variety of several different plants,
in future work it would be useful to study the flow-resistance mechanisms of a
cluster of selected plants and to further investigate and clarify the roles and

limitations of using aquatic macrophytes in ecological engineering applications.
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