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Dredged cohesive sediment is progressively being used for wetland construction.
However, little is known about the effect of plant growth during the self-weight
consolidation of this sediment. In order to check the feasibility of such a study, a new
experimental setup has been constructed. As an example, the effect of Phragmites
australis on the consolidation and drainage of dredged sediment from Lake
Markermeer, the Netherlands was investigated. The changes in pore water
pressures at 10 cm depth intervals during a 129-day period in a column with and
without plants were measured, while the water level was fixed at a constant level.
Water loss via evaporation and plant transpiration was measured using Mariotte
bottles and the photosynthetic processes — including plant transpiration — were
measured with a LI-COR photosynthesis system. The results show that several
processes initiated by Phragmites australis interfere with the physical processes
involved in sediment drainage and consolidation. Phragmites australis effectively
altered the pore pressure gradient via water extraction, especially between 40 and
60 cm from the bottom of the column. In this zone, daily cycles in pore pressures
were observed which could directly be linked to the diurnal cycle of stomatal gas
exchange. On average, water loss via evaporation and transpiration of leaves of
Phragmites australis amounted to 3.9 mm day−1, whereas evaporation of bare soil
amounted on average to 0.6 mm day−1. The depth-averaged hydraulic conductivity
increased on average by 40% in presence of Phragmites australis. This pilot
experiment confirms that the pressures sensors coupled with the new set-up
enable to study pore pressure development over time and to link the effect of
plant growth with alterations in water pressures profiles. A more systematic study
with this set-up will in the future enable to quantify the effects of plant growth on
consolidation.
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1 Introduction

The construction of wetlands with soft cohesive sediment has
become increasingly important worldwide (Derrick et al., 2007; Mitsch
et al., 2012). An example is the Marker Wadden pilot: a new wetland
constructed in Lake Markermeer, Netherlands, with dredged cohesive
sediment from the bed of the lake itself (Barciela-Rial et al., 2022).

Cohesive sediment deposits consolidate primarily via self-weight
consolidation (Gibson et al., 1967; Been and Sills, 1981; Winterwerp
and van Kesteren, 2004). This consolidation process can be speeded up
by sediment drainage via artificial drains or water uptake of plant
roots. The reduction of the water content by drainage increases the
erosion threshold, vane strength, and overall stability soon after
construction (Fagherazzi and Furbish, 2001; Chen et al., 2012). In
the present Marker Wadden study, the influence of the local plant
species Phragmites australis (P. australis, common reed) is
investigated.

Most studies on P. australis focus on the behavior of plants in
different habitats (An et al., 2020; Armstrong et al., 2000) or water
uptake (Garcia-Avila et al., 2019; Liu et al., 2021) but never in relation
to changes in the soil properties. Little is known about the potential
effect of living plant roots on the consolidation process in soft cohesive
sediments, especially due to the superposition of different physical
processes induced by plant roots: mechanical armoring (Waldron and
Dakessian, 1982; Friend et al., 2003; Reubens et al., 2007), compaction
of clay particles in the vicinity of roots (Dorioz et al., 1993), and water
uptake by the roots (drainage). It is known that water uptake during
vegetative development is nonlinear. During vegetative development,
the increase in transpirational water loss is compensated by an
increase in water uptake by roots, which is mainly achieved by
increasing the root surface area (Suku et al., 2014). As roots
elongate, the zone in soils where water is most actively being taken
up may change because roots are more porous near their tips
(Sanderson, 1983; Zwieniecki et al., 2002). Hence, the part of the
sediment drained by plant roots is expected to change horizontally and
vertically over time (Gerke and Kuchenbuch 2007). Field studies have
found that vegetation-induced suction reduces pore water pressure
(Lim et al., 1996; Smethurst et al., 2006; Leung et al., 2015).

In this study, a proof of concept is presented: a new setup was
designed to study the influence of root growth on the consolidation of
natural cohesive sediments. This new setup is applied to the Marker
Wadden sediment as a case study. The effect of root growth and
drainage induced by P. australis on the consolidation of the dredged
sediment is investigated. The evolution of pore water pressures, the
settling, and the water loss were recorded in a column with vegetation
and a control column without vegetation. This study isolates the
effects of plant roots and plant water uptake, thereby enhancing the
understanding of the important plant–sediment interactions in terms
of consolidation. Therefore, the effect of P. australis growth on the
consolidation process of newly constructed wetlands can be assessed.

2 Material and methods

2.1 Material sampling and characterization

The sediment and water used in this study were collected from
Lake Markermeer at coordinates 52.54622oN, 5.38783oE. The upper
layer of the lake bed consists of a thin (circa 0.1 m) layer of soft

sediment, under which a thick layer of Holocene deposits (clay–silt
mixtures, peat, or sand) is present (Rijkswaterstaat, 1995). Deep
Holocene sediment was dredged with a Van Veen grab after
removing 1.0 m of the uppermost sediment layer, at which the
sampling location corresponded with sand. The sediment studied
was sampled at a depth of 1.0–3.0 m of the bed lake, and its
characteristics are summarized in Table 1. Particle size was
determined using a hydrometer and dry sieving, according to the
British Standards Institute (1990). The total organic matter (TOM)
content was obtained by loss on ignition (LOI), according to the
European Standard (EN, 2012). The particle density was measured
using a gas pycnometer (ISO/TS, 2004). The Atterberg limits [liquid
limit (LL), plastic limit (PL), and plasticity index (PI)] were
determined according to the British Standards Institute (1990). The
LL was determined with the Casagrande apparatus and the PL with the
rolling thread test.

2.2 A new experimental setup

Consolidation experiments were conducted using Perspex (methyl
methacrylate) columns (inner diameter of 10 cm, height of 120 cm) in the
Fluid Mechanics Laboratory of the Delft University of Technology. A
hollow stainless steel pipe (outer diameter of 2 cm, inner diameter of
1 cm) was fixed in the middle of each Perspex column to control
boundary conditions (Barciela Rial et al., 2015). This stainless steel
pipe contained Vyon 3.2D filters in its wall, allowing the water
resupply of the sediment columns. These filters control the water table
and prevent sediment from leaking into the pipe. This pipe is referred to as
a drainage pipe. In order to induce the constant water table at the desired
level in the Perspex columns, the bottom of the drainage pipe was
connected to a water column that contained Markermeer water at a
fixed level of 77 cm. This water column controlled the water level inside
the drainage pipe. Because of water loss via plant transpiration,
evaporation, or both, water flowing from this water column to the
drainage pipe was automatically replenished from a Mariotte bottle
containing Markermeer water (Figure 1).

Six Perspex columns were used in two experimental runs
(Table 2). Four columns with plants were harvested in experiment
1 to determine root and shoot variables, whereas two columns were left
intact and used for pore pressure measurements. One of the two
columns for pore pressure measurements was left unplanted (control
column), and the other column was planted with reed (vegetated
column). Experiment 1 was conducted in the laboratory hall from
November 2016 to February 2017 (118 days), with temperatures of
15°C–20°C, averaging at 17.3°C. The average relative humidity was
72%, fluctuating between 50% and 80%. Because the pressure sensors
are very sensitive to small changes in temperature and marginal
changes in the water table were recorded, it was decided to repeat
the experiment in a climate room. Experiment 2 lasted from March
2017 to August 2017 (t = 129 days). The environmental conditions in
the climate room were kept constant at the average conditions
measured in the laboratory hall. In both experimental runs, a grow
light (Spectrabox Gold) was installed at the same height and with the
same day–night cycles. Because the variation in temperature (±5°C)
and humidity in the laboratory hall were small, the morphological root
and shoot traits measured in the first experimental run could be linked
to the changes in pore pressure of the sediment in the second
experimental run.
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TABLE 1 Sediment properties.

Type of the sediment Sampling depth Sand Silt Clay D50 TOM ρs LL PL PI

(m) (%mass) (μm) (%) (kg/m3) (%)

Sandy Holocene silt 1.0–3.0 32 49 19 44 7.0 2590 73 28 45

FIGURE 1
Sketch of the setup, including three columns filled with dredged sediment: a control column (only sediment, no vegetation), a vegetated column, and a
control columnwith no drainage. The columns are equippedwith pressure sensors (red squares) and a drainage pipe to induce a constant water table in all the
columns. The water table in all the drainage pipes is induced at 77 cm by connecting them to a column with a reference and constant water table. Each
column is connected to its own reference water table to measure the water flows. These water flows are measured with Mariotte bottles that keep the
referencewater table constant and allow quantifyingwater transport. For the control and the vegetated columns, the drainage pipe is permeable over a length
of 72 cm. For the column without drainage, horizontal flow is only allowed between 70 and 72 cm to prescribe the same reference water table of 77 cm. All
pressure measurements are taken relative to a column with constant water height and pressure to increase accuracy.

TABLE 2 Description of the two experimental runs that are part of this study.

Experimental run

Experiment 1 November 2016–February 2017

Condition Setup: laboratory hall; average temperature: 17.3 °C; relative humidity: 50%–80%; photon flux density (light): 300 μmol s m−2; water level:
fluctuating around 77 cm from the base of the column

Column Variables Used in this study

1. Harvest column Yes

2. Harvest column Shoot: leaf surface area and biomass Yes

3. Harvest column Root: surface area, length, biomass, and rooting depth Yes

4. Harvest column Yes

5. Vegetated column Pore pressure, evapotranspiration (Mariotte bottle), and transpiration (LI-COR) No

6. Control column Pore pressure and evaporation (Mariotte bottle) No

Experiment 2 March–August 2017

Condition Setup: climate room; fixed temperature: 17.3 °C; relative humidity: 50%–80%; photon flux density (light): 300 μmol s m−2; water level:
stabilized at 77 cm from the base of the column

Column Variables Used in this study

1. Vegetated column Pore pressure, evapotranspiration (Mariotte bottle), and transpiration (LI-COR) Yes

2. Control column Pore pressure and evaporation (Mariotte bottle) Yes

3. No drainage column Pore pressure and evaporation (Mariotte bottle) Yes
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The columns used for pore pressure measurements were installed
with 0.5 Pa Honeywell differential pressure sensors at 0.4, 10.4, 20.4,
30.4, 40.4, 50.4, 60.4, 70.4, and 80.4 cm from the base of the column.
All the sensors were provided with a degassing system to avoid
inaccuracy induced by air. Furthermore, a Vyon 3.2D filter was
installed at each connection point of the sensor to measure pore
water pressure (instead of total pressure) and prevent the clay from
going through the sensor. All the pressure sensors were connected to a
reference column filled with a constant water level to increase the
accuracy by measuring differential pressures, thus measuring relative
overpressures (Figure 1). All pressure sensors were calibrated before
and after the experiment. These two sets of calibrations were
compared to assure that the pressure sensors were functioning
properly throughout the experiment. Pressure sensors that
afterward responded differently to pressure changes were omitted
from further analysis: these were the sensors installed at 20.4 and
70.4 cm in the control column and 30.4 cm in the vegetated column.
The pressure sensor calibration procedure is detailed in
Supplementary Section S1.

The Perspex columns were filled with dredged sediment from Lake
Markermeer. The sediment was thoroughly mixed before pouring it
into the columns. The measured gravimetric water content of the
mixture was 66.7% (water mass/total mass, determined by oven
drying). The measured particle density was determined with a gas
pycnometer and amounted to 2,590 kg m−3. These water content and
particle density correspond with an initial bulk density of the mixture
of 1,260 kg m−3, and the initial concentration of solids was 423 g L−1.
The sediment was placed in the columns and remixed. After remixing,
the suspension height was 118,0 cm in all columns.

Before starting the experiments, the sediment was allowed to settle
and consolidate for 14 days, during which the sediment surface lowered
to 92.5 cm in the control column and 92.3 cm in the vegetated column
(but still without vegetation). Because this 2 mm difference between the
columns is likely the result of irregularities of the bed surface at the
measurement location, the consolidation rates in the two columns were
considered the same, thus showing the reproducibility of the
consolidation experiments. After 14 days, the supernatant water was
removed from above the sediment without disturbing the consolidating
sediment, and plants were transplanted in the vegetated column. This
water corresponds to pore water squeezed out during self-weight
consolidation. The removal of water from above the sediment marks
the start of the experiment (time = 0 days). Themean bulk density of the
sediment at t = 0 was 1,332 kg m−3 for both columns.

In both experiments, three shoots (size of 2 cm) of Phragmites
australis (common reed) were transplanted into the vegetated column
and the harvest columns (Table 2) (t = 0 days). A grow light

(Spectrabox Gold) with a photon flux density of 300 μmol s m−2

was installed at the height of 123 cm above the sediment surface.
The day–night cycles, which are important for plant development,
were the same in both experimental runs: 8 h with the light off and
16 h with the light on. The climate room was surrounded by a white
cover to maximize irradiance from the grow light. A ventilator
constantly blew within the climate room to ensure air circulation.

The drainage pipe in the control column and the columns with plants
was permeable between 0 cm (i.e., the bottom of the column) and 72 cm.
An extra column with a drainage pipe only permeable between 70 and
72 cm was monitored to check if and how the drainage pipe of the
experimental setup affected the consolidation of the sediment. Therefore,
this third column is referred to as a columnwithout drainage in this study.
Because the consolidating sediment was connected through 2 cm
(between 70 and 72 cm) with the reference water table of 77 cm, the
same water table as for the other two columns could be prescribed. The
water balance and settling behavior in this column without drainage were
compared with those in the control and vegetated columns.

2.2.1 Hydraulic conductivity equation
Pore pressure data from the sensors were transferred to a PC

using an analog–digital converter and stored every second by
DASYLab software (DASYLab, 2020). Unfortunately, some data
gaps occurred due to connection problems of the sensors to the
computer. From the 129 experimental days, pore pressure data
were recorded for 69 days. Data gaps were evenly distributed, as
shown in Supplementary Section S3. The quality and the resolution
of the data were sufficient to capture temporal changes in pore
pressure due to plant transpiration. The hydraulic conductivity (k)
in both columns can be calculated from the pore pressure data and
the water losses. As the horizontal spatial scales are much smaller
than the vertical scales, drainage occurs preliminary in the
horizontal plane (i.e., via the drainage pipe in the center of the
column). Thus, the continuity equation on cylindrical coordinates
was solved, accounting for radial pore water flow toward the
drainage pipe, and the following equation can be used to
determine the hydraulic conductivity (see Barciela Rial, 2019
and Supplementary Material for equation derivation):

k z( ) � ρgQ0R2

2πΔP z( ) R2 − r02( )H ln
R

r0
( ) − 1

2
+ r02

2R2
( ). (1)

Here, k is the hydraulic conductivity in m s−1, ρ is the density of
water (kg m−3), g is the acceleration of gravity (m s−2), r represents
radial coordinate, ΔP (Pa) is the pressure difference between the
measured pressure at the column wall (r = R) and the pressure in

TABLE 3 Plant characteristics at 40, 71, 88, and 102 days, as measured from harvested columns.

40 days 71 days 88 days 102 days

Leaf area cm2 48.8 189 406 263

Leaf mass per area (LMA) g m2 342 354 365 382

Stem biomass gr 0.43 1.46 2.13 2.42

Max. rooting depth cm 18 48 68 80

Root volume cm3 2.55 33.66 96.30 88.50

Sediment volume cm3 6,469 6,432 6,424 6,414
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the porous pipe (r = r0), Q0 is the measured flow (m3 s−1), R is the
radius of the column, r0 is the radius of the drainage pipe, and H is
the drainage length.

2.2.2 Monitoring of vegetation growth
At experimental time t = 40, 71, 88, and 102 days, one column

was harvested in experimental run 1 to measure root and shoot
parameters. Above-ground biomass was cut off, after which the
photosynthetic area was measured immediately. Plant tissue was
air-dried at 70°C for 48 h to determine its dry weight. The leaf per
mass area (LMA) was calculated. Samples of 5 cm sediment were
serrated from the column, after which the roots were sieved from
the sediment. The root surface area, root length, and root volume
in each sample were determined with SmartRoot in ImageJ (Lobet
et al., 2011). The dry weight mass of the roots was determined per
sample after drying, following the same procedure as the above-
ground biomass.

Plant transpiration and photosynthetic activity were
measured on three leaves per plant per column using the LI-
COR portable photosynthesis system (LI-COR 6400) at
experimental time t = 41, 61, 81, and 97 days under constant
environmental conditions. Photosynthetic parameters of P.
australis were determined with the statistical package R
(Duursma, 2015).

3 Results

3.1 Plant development and water uptake

Leaf area and leaf biomass increased in the first months to 406 cm2

and 1.48 g at day 88, after which leaves started to wilt and leaf area and
leaf biomass decreased to 263 cm2 and 1.00 g at the end of the
experiment (Table 3). It is important to note that these results
represent the total of the three plants in the column because the
belowground biomass of the three individual plants could not be
separated.

The photosynthetic parameters measured during the
experiment (see Supplementary Section S5 for a full overview)
showed that P. australis behaved as expected from field
conditions; the leaves were optimized to the low-light
conditions in the experimental facility. Hence, the setup of the
experiment did not affect stomatal gas exchange, and data from
this experiment can thus be translated to field conditions.

The length, area, volume, and biomass of the roots increased
with time. Figure 2 shows the growth root per time. The plant roots
proliferated throughout the column and reached the bottom of the
column at the end of the experiment (0 cm, day 102). However, the
total volume occupied by roots is two orders of magnitude smaller
than the volume of the sediment.

Figure 3 shows the water transport measured with the Mariotte
bottles for the three columns: control, no drainage, and vegetated.
For the control column and the column without drainage, the
measured water transport corresponds to evaporation, whereas for
the vegetated column, it corresponds to evaporation and
evapotranspiration. The difference between the water transport
of the vegetated column and the control column is the effect of
plant transpiration. At the beginning of the experiment, water flow
was observed from the sediment toward the drainage pipe, and
afterward, the water transport occurred in the opposite direction.
All evaporation rates in the control column fall between 0.3 and
0.7 mm day−1, averaging at 0.6 mm day−1. Therefore, the
characteristic evaporation rate of 0.6 mm day−1 was added to the

FIGURE 2
Root growth in depth per time.

FIGURE 3
(A) Water transport and (B) bed elevation measured during the
experiments. Negative values for water transport indicate flow toward
the drainage pipe, and positive values indicate flow from this pipe into
the sediment.
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transpiration values measured with the LI-COR system to obtain
evapotranspiration.

Figure 4 shows the resulting evapotranspiration values
measured with the LI-COR photosynthesis system. The
increasing leaf area led to a nonlinear increase in water loss via
evapotranspiration. The lowest measured evapotranspiration value
of 1.4 mm day−1 corresponded to a total leaf area of 31 cm2. The
highest evaporation rate was found (7.7 mm day−1) at a leaf area of
276 cm2. The evapotranspiration rates did not scale linearly with
leaf area, likely reflecting optimization of transpiration relative to
photosynthesis over the time period when photosynthetic capacity
gradually declined due to leaf maturation.

3.2 Bed consolidation

At the beginning of the experiment, negative water transport was
measured, which indicates water flow from the sediment towards the
drainage pipe due to the primary compression regime (rapid decrease in
sediment bed height as a function of time), as shown in Figure 3. For the
control and vegetated columns, the pore water pressures dissipated 15 days
after the start of the experiment. Afterwards, the water flow was driven by
evaporation (control column) and evaporation + transpiration (vegetated
column). After 15 days, the water flow occurred only in the direction from
the drainage pipe toward the sediment. The bed height for both columns
did not vary significantly after 15 days and reached 85.5 cm at the end of
the experiment. The presence of plants did not affect the bed height
evolution. It was already stated that the total volume occupied by roots in
the sediment could be neglected with respect to the sediment volume
(Table 3). Figure 3 also shows the total evolution of the root volume with
time in the vegetated column: when the volume of roots starts to grow at
around 40 days, the water transport starts to increase with respect to the
control column. The vegetated column reached the characteristic
evaporation rate of 0.6 mm day−1 after 30 days, after which the water

flux increased up to 6.2 mm day−−1 via plant transpiration. The flow in the
vegetated column decreased at the end of the experiment due to the
maturing of the leaves of Phragmites australis (Table 3 shows the
maturation evolution of the leaves).

For the column without drainage, flow from the sediment toward the
drainage pipe was observed up to 57 days since the beginning of the
experiment. As shown in Figure 1, the no-drainage column is only in
contactwith the control column at one height, hereby limiting the exchange
between the two columns. Therefore, a water return flow occurred over a
large portion of the column because drainage at different depths was not
possible. This resulted in a different (slower) compression for the sediment
in this column compared to the vegetated and control settling
columns. After 57 days, a change in slope for the bed height as a
function of time (secondary compression) was observed, and there
was a small flow from the drainage pipe to the sediment. After
80 days, there was an increase in the flow from the drainage pipe to
the sediment, associated with a new change in the slope (the height
of the bed has reached a constant value). At the end of the
experiment, the water transport almost reached the value found
for the control column (i.e., the value associated with daily
evaporation). The bed height at the end of the experiment was
82.25 cm, lower than the bed height for the two other columns.

3.3 Pore pressures

The pore water pressure data are grouped into three different
phases based on the successive stages of consolidation and
drainage in the experiment. The first phase includes the data
on the time steps t = 0 days and t = 1 day, during which fast
initial consolidation occurred. Only data from the period t =
12–40 days are used for the second phase as we lack pore
pressure data from t = 2 to t = 11 days (Supplementary Section
S3). During this phase, slow consolidation occurred with little

FIGURE 4
Evapotranspiration (mm day−1) as a function of total leaf area (cm2) in the vegetated column. Transpiration was measured with the LI-COIR
photosynthesis system.
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influence of plant transpiration (i.e., plant roots started to grow
but did not have a big impact on pore pressure). After 40 days, the
effects of plant transpiration on total pore pressure increased.
Therefore, total pore pressure data on the period t = 41–129 are
used for the third phase.

The pore water pressure profiles are rather identical for the two
columns for phases 1 and 2 (Figures 5A, B). However, in the vegetated
column, the pore pressure at the top (i.e., 2.5 cm above the water table)
decreased from 1.1 kPa in phase 1 (Figure 5A) to −1.0 kPa in phase 3
(Figure 5C), while the pore pressure at the top in the control column
decreased from 2.3 to 0.3 kPa. In phase 3 of the vegetated column
(Figure 5C), the pore pressure decreased remarkably from 1.2 kPa at
60 cm to −0.9 kPa at 40 cm, with a peak at −1.7 kPa at t = 74 days.
This reduction in pore pressure was likely caused by water uptake by plant
roots as a result of an increase in the total root area (Table 3), thereby
increasing water uptake from the sediment. These results show that reed
altered the total pore pressure, especially between 30 and 50 cm from the
bottom of the column, by water extraction via roots. The negative pore
pressures at these depths suggest that the suction of water is an important
process during consolidation in the presence of plants. The pore water
pressure profile is led by evapotranspiration and not by self-weight
consolidation since the excess pore pressure decreased at the height of
the active root part, indicating water transport to the roots.

Figure 5D shows pore pressures during 6 days for the vegetated
column. It shows that daily cycles are induced in the pore

pressures by plants, especially between 40 and 50 cm height
from the bottom of the column (Figure 5B). In the control
column, no difference in pore pressure was observed between
day and night. These results suggest that during the day, plants
effectively lowered pore water pressure at the point where the
roots were extracting most of the water (50 cm from the bottom of

FIGURE 5
(A) Total pore pressure (kPa) in phase 1 (0–1 day) (B), phase 2 (12–40 days), (C) and phase 3 (>40 days) (D). Hourly time series (t = 92–96 days, to be
compared with day >40) of pore water pressure relative to the reference column (Figure 1) for the control vegetated column. Note that the sensor at 50 cm
depth has a different y-axis.

FIGURE 6
Depth-averaged conductivity for the control and vegetated
columns.
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the column). During the night, the pore water pressures increased
relative to the daytime, suggesting that the dominant flow of water
at night occurs from the drainage pipe into the sediment to
compensate for the water losses during the day. A reverse cycle
was visible in the vegetated column at 70 cm, indicating that
during the night, water flow from the drainage pipe decreased
pressure values, likely because of a lowered water table due to plant
drainage during the day. Water flow was likely insufficient to
maintain the water table at a fixed level at short time scales because
of low hydraulic conductivity.

3.4 Hydraulic conductivity

The measured water fluxes (Figure 3) were used for calculating the
hydraulic conductivity using Eq. (1). The water loss via leaves
(transpiration) is included in the hydraulic conductivity calculations
because the sum of water losses is used in Eq. 1 (i.e., evaporation and
transpiration). Thus, the hydraulic conductivity of the vegetated column is
based on water transport in-between the soil particles plus water transport
through the plant roots. Figure 6 shows the depth-averaged hydraulic
conductivity of the control column and vegetated column for the duration
of the experiment. The difference in the initial hydraulic conductivities
between the control column and the vegetated columnmight be caused by
small disturbances induced when transplanting the reed seedlings at t =
0 days. After day 30, in Phase 3, plant water uptake was observed
(Figure 3), and the depth-averaged hydraulic conductivity increased on
average by 40% in the presence of Phragmites australis with respect to the
control column. Hydraulic conductivity averaged 1.9 × 10−10 m s−1 in the
de vegetated column and 1.3 × 10−10 m s−1 in the control column.

The hydraulic conductivity profiles in depth are shown in
Supplementary Section S4.

4 Discussion

4.1 Plant development and water uptake

The present study prescribed environmental conditions representative
of the Marker Wadden study. The plants grew healthy, and the roots
reached the bottom of the column at the end of the experiment. The same
effect of transpiration was measured with the Mariotte bottles (Figure 3)
and the LI-COR system (Figure 4), reaching amaximum of 6 mm day−1 in
both cases. The average evapotranspiration rate of 3.9 mm day−1 in this
study closely agrees with the average evapotranspiration value of
3.7 mm day−1 measured in reedbeds in the Teesmouth Estuary in
England during the growing season (Fermor et al., 2001). Similar rates
were measured in the Biebrza wetlands in Poland, averaging between
3.0 and 3.5 mm day−1 in the summer months (Siedlecki et al., 2016).
Therefore, the data acquired from this experiment can be used to model
the speed of drainage and consolidation in constructed wetlands built with
soft, clay-rich material. Such a model would help estimate the difference
between natural consolidatingmud (such asmudflats) with andwithout P.
australis. In the long term, vegetation would also induce biogeochemical
processes (Saaltink et al., 2016), which accelerate pedogenic processes.
These processes lead to thematuration or ripening of the sediment into the
soil (Pons and Zonneveld, 1965; Barciela-Rial et al., 2020). Ripening
processes are out of the scope of this study.

4.2 Bed consolidation

The slower initial consolidation rate and the final lower bed height
for the column with no drainage are explained by the different initial
conditions. In the column without drainage, water could not escape
directly via the pipe, and only a vertical flow of water was possible
from the bottom up to 70 cm high. At the upper part, 1) some flow of
water toward the pipe was possible (70–72 cm) and 2) water could
escape via evaporation (at the sediment surface). The bed height at the
end of the experiment for the column without drainage was lower than
the bed height for the two other columns. One explanation could be
that the limited drainage between 70 and 72 cm could not fully
compensate for evaporation. In that case, the internal water table
would become lower than the external reference level and the
overburden (i.e., the effective weight of the sediment layer above
the water table) higher, resulting in higher compaction. This remains
to be investigated in further experiments.

Plants are expected to enhance drainage, favorably affecting
consolidation, although the current experiments did not show any
enhanced consolidation rates. The experimental setup enabled us to
isolate the drainage effect of plants, but there was no visible effect on
consolidation because the continuous resupply of water in the
drainage pipe prevented sediment drying, which otherwise would
have occurred due to the plants. Moreover, the lack of difference in
consolidation rates between the control and vegetated columns can
also be explained by the armoring effect of roots (Waldron and
Dakessian, 1982; Friend et al., 2003; Reubens et al., 2007). The
roots themselves strengthen the soil, thus its resistance to
consolidation. Hence, this armoring counteracts the additional
drainage by the roots. Which of these two processes is dominant
may be site-specific, depending on vegetation type (Valiela et al., 1976;
Moore et al., 2012) and soil properties and its initial conditions
(Retnamony and Allam, 1998) before consolidation.

4.3 Pore pressure

The results of this study showed that P. australis effectively alters the
pore pressure gradient in soft cohesive sediments. This difference in the
pore pressure gradient is referred to as the plant effect. The shape of all
pressure depth profiles (Figure 4) is comparable with typical profiles of
bare silty soils (Blight, 2003). For the vegetated column, there is a sharp
drop in pore pressure of 40–60 cm from the base of the column. In the soil
layer where plant roots extracted water, we found pressures up to four
times higher than in the control column because of vegetation-induced
suction, which corresponds with the data in Figure 2, showing that the
larger root volume increase occurred between 20 and 60 cm depth.

The part in the column where roots extract water did not change
during the experiment: pore pressure was remarkably reduced between
40 and 60 cm from the bottom of the column. This was unexpected as the
roots ofP. australis penetrated deeper into the sediment in time, andwater
uptake is supposed to be largely restricted to the part near the root tip
(Kramer and Boyer, 1995). However, the maximal root density in the
present experiment was measured at 20–60 cm depth (Figure 2), and
other authors, such as Zhang et al. (2020), found water uptake profiles
exhibiting similar patterns to the pore pressure profiles measured in the
present article. Similarly, Leung et al. (2015) and Leung (2016) showed
that the air entry value (i.e., the pressure point after which air recedes into
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the soil pores) increased four times in the presence of ivy trees (Schefflera
heptaphylla) compared to bare soil.

The fact that pore pressure below 40 cm height was completely
unaffected even though root surface area per unit volume of soil
increased in deeper sediment layers suggests that the changing
sediment physical properties were limiting water extraction to a
sediment height of 40–60 cm from the bottom of the column. The
deep rooting depth of P. australis is a common trait of this species and
gives it an advantage over most graminoid plants sharing wetland habitats
(Moore et al., 2012). According to Zhuang et al. (2001), root hydraulic
characteristics co-determine where water is taken up. This depends on the
pattern by which the different parts of the root contribute to the overall
water transport. These root characteristics were not measured in this
experiment. Therefore, it is hard to conclude why the part where water was
extracted did not slightly shift downward in the column through time.
Because of the daily cycles present at a sediment height of 50 cm, we are
confident in linking the observed reduction in pore pressure at this depth
to water loss by root extraction (Figure 5). Moreover, we measured an
average water loss via evapotranspiration of 3.9 mm day−1 in the vegetated
column, whereas water loss via evaporation amounted on average to
0.6 mm day−1 in the control column. Although pore pressure was restored
during the night, the reduction in pore pressure during the day was larger
than the increase during the night. This, together with the fact that root
surface area per unit volume of soil kept increasing in the zone of water
extraction, might explain why pore pressures decreased with time. During
the night, the effect of recovery of the water table is observed at a sediment
height of 70 cm in the vegetated column (Figure 5). At this height, water
flow from the drainage pipe decreased suction values during the night
because of a decreased water table due to plant drainage during the day.

4.4 Hydraulic conductivity

The results of this study showed that P. australis increased the
average hydraulic conductivity of the sediment in phase 3 by 40%
compared to bare soil. The overall hydraulic conductivity of a
soil–plant complex likely consists of three parts:

1. The inherent hydraulic conductivity of the soil itself, which is a
function of the soil composition and its state of consolidation,

2. The drainage by the roots, enhancing pore water flows through the
soil–plant complex, and

3. Drainage channels along the roots or elsewhere in the soil in the
form of root-induced cracks.

Thus, the hydraulic properties of the soil and roots are closely coupled
(Lobet et al., 2014). Plants increase the permeability in sediments
involving the development of drainage channels, of which the main
driver is root growth (Ghestem et al., 2011; Orozco-López et al., 2018). In
our case, these pores represent macropores made by living or decaying
roots of P. australis (i.e., root channels). In particular, in cohesive
sediments, these root channels are the dominant flow paths of water
(Perillo et al., 1999) and can contribute to 70%–100% of total macropore
space in the top 8 cm of sediment (Noguchi et al., 1997; Newman et al.,
2004). However, a low fraction of macropores of total porosity already
increases the water flow of saturated soil (Beven and Germann, 2003).
This is especially relevant in artificial wetlands where fast initial
consolidation is important. In the present study, the hydraulic
conductivity increased only to a limited extent compared to bare soil

despite the increasing root area. Similar observations were reported by
Vergani and Graf (2015), who observed stagnation in the increase in
sediment permeability due to root proliferationwhen root length densities
approached 0.1 cm-3. This can be explained by two opposing processes
occurring when roots proliferate in the sediment: 1) the contact area of
water increases with increasing root density; at low root densities, this
accelerates water flow through the soil, and 2) the film thickness of mobile
water inside the root-induced cracks decreases with increasing root
densities, decelerating water flow (Lange et al., 2009). Hence, a
stagnant point is reached when the film thickness of the water
becomes too thin to promote water flow. Another reason might be
that photosynthesis and transpiration decrease per unit leaf area as
leaves mature, as was observed for leaves of P. australis in the present
experiment (Supplementary Section S5). Therefore, the observed
stagnation of the increase in hydraulic conductivity is likely caused by
a combination of a reduced photosynthetic capacity of the leaves and a
reduction in film thickness.

4.5 Experimental setup and limitations

The experiments presented in this study were meant as pilot
experiments to study the effect of plant growth on pore water
pressures during the self-weight consolidation of dredged sediment.
In future studies, replicas of the presented experiments will be
performed to confirm the findings. Moreover, additional
measurements like bed strength and density will be performed. The
replicas in these types of experiments are recommended because the
intraspecific variation in belowground biomass production can be high
(Granéli, 1985; Howard, 2009), which may affect the pore pressure
profile (Figure 5). However, we already found that the sensors at nine
different depths show significantly different behaviors between the
vegetated and non-vegetated columns. This total difference at every
depth is the plant effect, which can vary slightly during every
experiment, both in timing and the extent at different depths.
Therefore, a statistically significant set of data should be built up.

4.5.1 The effect of the drainage pipe
The vertical dry density and pore water pressure distributions in

the initial phase of this experiment were largely affected by the
experimental setup and the addition of the dredged sediment. The
drainage pipe in the middle of the column was meant to control the
water table during the experiments. However, part of the sediment will
immediately dewater when poured in: water will scape through the
porous drainage pipe. This effect is larger in the lower part of the
column. Higher in the column, vertical drainage prevails. As the very
upper part of the drainage pipe was not porous, complex pore water
circulations within the soil and the drainage pipe were induced, driven
by the uneven pore water pressure gradients (Barciela Rial, 2019).

The contact with a water reservoir makes the sediment susceptible to
osmotic processes and water adsorption by organic matter. Osmotic
processes, in particular, are driven by ionic concentration gradients
between the sediment and the reservoir (Atkins et al., 2014). By
osmosis, ions and water could migrate from the sediment to the water
reservoir (or vice versa), thereby changing the particle–particle
interactions between sediment particles and leading to different
consolidation behaviors. Some clays are known to be sensitive to
osmotic swelling (Parker et al., 1982).

These aspects should be addressed in forthcoming studies.
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5 Conclusion

It was demonstrated, using as example the effect ofPhragmites australis
on Marker Wadden sediment, that the new experimental set-up presented
in this article enables to study the effect of root growth on the consolidation
of natural dredged sediment. To the best of our knowledge, the present
study is the first that correlates pore pressure measurements to the study of
the effect of vegetation on the consolidation of dredged sediment. In
particular, the pore pressure sensors used enabled showing how P.
australis altered the pore pressure gradient in the sediment. The plants
grew healthy, and their growth is comparable to plants growing in situ. In
the top 40 cm, daily cycles in pore pressures were observed, which could
directly be linked to the diurnal cycle of stomatal gas exchange. On average,
water loss via evaporation and transpiration of leaves of P. australis
amounted to 3.9 mm day−1, whereas the evaporation of bare soil
amounted on average to 0.6 mm day−1. Moreover, the depth-averaged
hydraulic conductivity increased on average by 40% in the presence of
P. australis. These findings highlight the feature of this plant to fasten
drainage in soft cohesive sediment. Future experiments will focus on the
following:

1. The effects on soil structure, local density, and flow patterns: the
inherent hydraulic conductivity of the soil itself is enhanced by
root-growth-induced cracks, forming macropores and drainage
channels. Conversely, root growth disturbs the soil structure locally,
whichmay result in the (local) densification of the soil. Furthermore, we
have indications that the roots themselves enhance drainage within the
soil by promoting pore water flow along their wall.

2. The dominance between the drainage effect of roots and their armoring
effect: these effectsmay neutralize each other, like it seems in the present
case, but theymay also be affected by factors such as the environmental
conditions (e.g., permanent water input or not) and the time scale of the
experiment (e.g., root development).
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