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Abstract
Wave flume facilities that are primarily designed for engineering studies are often complex and expensive to

operate, and hence not ideal for long-term replicated experiments as commonly used in biology. This study
describes a low-cost small wave flume that can be used for biological purposes using fresh- or seawater with or
without sediment. The wave flume can be used as a mesocosm to study interactions between wave hydrody-
namics and benthic organisms in aquatic ecosystems. The low-costs wave maker (< 2000 USD) allows for experi-
mental setups which can be easily replicated and used for longer term studies; hence the term wave mesocosm.
Waves were generated with a pneumatic piston and wave heights ranged between 3 and 6 cm. Maximum orbital
flow velocities ranged between 10 and 50 cm s−1 representing shallow coastal areas with a short fetch. The sys-
tem can generate both regular waves (i.e., the wave period and orbital velocity remains constant), using a wave
absorber, and irregular waves (i.e., varying wave period and orbital velocity) using a fast push and slow pull
motion of the wave paddle. This wave mesocosm system is particularly useful in biogeomorphology to quantify
interactions between organisms, sediment, and hydrodynamics and for aquatic ecologist aiming to simulate
realistic bed shear stress where short- and long-term experiments (weeks–months) can be replicated.

Hydraulic flumes or open channels have been traditionally
used to study fluid dynamics by simulating controlled flow con-
ditions for engineering and physical purposes (Middleton 1965;
Dalrymple 1985; Hughes 1993) and to study benthic boundary
layers (Nowell and Jumars 1984; Muschenheim et al. 1986;
Nowell and Jumars 1987; Boudreau and Jørgensen 2001).
Hydraulic flumes are often designed to generate unidirectional
flow (currents), oscillatory flow (waves), or a combination of
both currents and waves. In environmental studies involving
ecological processes, unidirectional flumes have been used for
wide range of benthic interactions such as larvae settling
(Hendriks et al. 2006), seed transport and trapping (Pereda-
Briones et al. 2018; Meysick et al. 2019), microplastic retention
(de los Santos et al. 2021), sediment erosion (Dahl et al. 2018),
or fish behavior (Jutfelt et al. 2017). Between 1985 and 2019,
the number of scientific publications in ecology and

environmental science was higher for studies using flumes to
generate currents (135 studies), than for flumes generating
waves (47 studies, Web of Science, Fig. 1a). Although the use of
wave flumes in benthic biology is still less common, there is a
growing interest in this field (but see Bouma et al. 2005;
Infantes et al. 2011; Ros et al. 2014; and references therein).
This publication data suggest that there is rising need for eco-
logical research using wave flumes, to be able to understand the
environmental impact of global change on organisms (Koch
et al. 2010; La Nafie et al. 2012; Babarro and Carrington 2013;
Strain et al. 2015) as well as to progress emergent research areas
such as biogeomorphology that describes how the interaction
between organisms, sediment, and hydrodynamics build a sea-
scape (Naylor et al. 2002; Stallins 2006).

Most existing wave flume facilities are designed for engi-
neering purposes to study sediment transport, coastal erosion,
wave propagation, or test coastal structures during the design-
ing process such as ports, dykes, oil platforms, or boat stability
(Hughes 1993). These flumes facilities typically use clean
freshwater and are sediment-free. Freshwater flumes hamper
studying living marine organisms, which has been resolved by
using artificial models to mimic the biological subject (Lowe
et al. 2005; Luhar et al. 2010; Luhar et al. 2017). Whereas
using mimics allows describing the effects of physical
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structures on the fluid dynamics, it does, however, not allow
testing the biological response and behavior to hydrodynamic
forcing of living organisms (Peralta et al. 2006; Infantes
et al. 2011; Strain et al. 2015). In addition, sediment-free facili-
ties limit developing biogeomorphological studies and applica-
tions (Naylor et al. 2002; Stallins 2006). To date, the number
of published scientific studies using wave flumes is much
higher for engineering (1466 studies, 97%) than for ecological
studies using live organisms (47 studies, 3% of the total,
Fig. 1b), indicating that there is a growing need for wave flume
facilities that enable both (1) replicated ecological experi-
ments, in which the response of a living organism can be mea-
sured and (2) replicated biogeomorphological experiments, in
which the sediment movement can be observed.

Existing wave flumes are commonly large. For example,
flumes that generate scaled-down waves or oscillatory cur-
rents (i.e., near-bed flow patterns) are in the order of 20 m
long, while flumes generating full-sized waves can be up to
300 m long (Thorne et al. 2002; Lara et al. 2016). This
results into expensive and complex facilities since large
spaces are needed to host the flumes and high maintenance

and expertise is required. In addition, large and complex
wave generators are used. On the other hand, less expensive
and easier to operate smaller U-Tube flumes (Nielsen and Calla-
ghan 2003) or still water tanks with an oscillating tray
(Bagnold 1946) can be used to simulate wave orbital excursions,
and wave periods at full-scale boundary layer conditions. In
these flumes, measurements are performed on specific test sce-
narios (e.g., interaction between waves and benthic organisms,
vegetation types, etc.), but replicated long-term experiments
(weeks, months) generally performed in biological and environ-
mental studies cannot be performed (Maza et al. 2015). Since
aquatic organisms are affected by hydrodynamics, long-term
experiments are needed to understand the growth, development,
and adaptation of living organisms when exposed to unidirec-
tional and oscillatory flow regimes. Some studies have been per-
formed to assess organism response to the impact of long-term
exposure to unidirectional flow (Wildish and Saulnier 1992;
Anthony and Svane 1994; Peralta et al. 2006; de los Santos
et al. 2010). For example, Peralta et al. (2006) quantified the
impact of three contrasting flow velocities on seagrass develop-
ment, using 12 mini-flumes. Their results showed that the
anchoring system of seagrass was enlarged after 1 month of
exposure to high currents. But there are few studies on the long-
term effect of wave action. For example, La Nafie et al. (2012)
studied the interaction between oscillatory flow and nutrients
during 46 d using four wave mesocosms, showing that wave and
nutrient interaction was the main driving force affecting survival
and morphological properties of seagrass. Using these same wave
mesocosms, Strain et al. (2015) showed that high wave exposure
and high sediment load reduced plant growth after a 4-month
exposure experiment. Performing ecological experiments in
wave mesocosms could fill an existing gap in knowledge in this
research field.

Designing a hydraulic flume that can be used for all pur-
poses is impossible. In this article, we aim to provide ecolo-
gists and biogeomorphologists access to small, low-cost wave
flumes that can be used for biological purposes using both
fresh- and seawater, either with or without sediment. By being
cheap, (< 2000 USD) and being small (3.5 m long) compared
to large and complex traditional wave flumes, the experimen-
tal setups can be easily replicated allowing for long-term repli-
cated experiments. A pneumatic wave maker was designed as
an inexpensive system that could be easily incorporated to
mesocosms. The wave flume design was based on La Nafie
et al. (2012), and has been further developed to obtain better
hydrodynamic conditions, including both regular (i.e., the
wave period and orbital velocity remains constant) and irregu-
lar waves (i.e., varying wave period and orbital velocity).

Materials and methods
Wave flume design

A seawater flume mesocosm was developed and built at the
Royal Netherlands Institute for Sea Research (NIOZ-Yerseke)

(a)

(b)

N
u
m

b
e
r 

o
f 

s
c
ie

n
ti
fi
c
 p

u
b

lic
a

ti
o

n
s

0

20

40

60

80

100

120

140

Current Waves

0

20

40

60

80

1980 1985 1990 1995 2000 2005 2010 2015

Engineering

Ecology

Fig 1. Number of scientific published studies from 1985 to 2019. (a)
Ecological studies using current and wave flumes. (b) Yearly publications
in engineering and ecological disciplines using wave flumes (Web of
Science).
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and transported to Kristineberg Marine Research Station, Swe-
den. The flume mesocosm has two parts: a wave generator and
a stainless-steel tank of 3.5 m long, 0.6 m wide, and 0.8 m
deep. Waves are generated by a pneumatic piston (DNC,
Festo®) mounted on a rolling cart, which provided a force of
318 N at a pressure of 4 bar (Fig. 2). The length of each piston
stroke is controlled by two pneumatic switches (Roller valve,
IMI Norgren®) that limit the movement of the rolling cart.
Both switches can be adjusted to increase or reduce the dis-
tance of the piston stroke, giving control on the wave’s orbital
magnitude. The wave frequency is controlled by two high-
precision one-way flow control valves (GRP, Festo®) that
regulate the forward and backward stroke velocity of the wave
paddle. The wave pedal was constructed from 2 cm thick
high-pressure compact laminated panel (Trespa®). Door
brushes were placed on the sides and bottoms of the wave
pedal to minimize the gap between the flume walls and the
pedal, and thereby the turbulence created around the sides of
the wave pedal.

Wave generation: Regular and irregular waves
Regular and irregular waves were generated by adjusting

the water depth, the speed of the wave pedal, and the length
of the strokes (Table 1). Two types of regular waves were gen-
erated having symmetrical paddle strokes: (1) regular-single
waves and (2) regular-continuous waves both in the presence
of a wave dampener. In addition, (3) irregular waves were gen-
erated by imposing asymmetrical paddle strokes in the
absence of a wave dampener. Regular-single waves were gener-
ated with a forward paddle stroke followed by a long pause
until the wave decayed to prevent a standing wave. Regular-
continuous waves were generated by constant forward and
backward paddle strokes. Irregular waves were generated by a
fast stroke forward, followed by a slow push backward. In the
absence of a wave-dampener, the reflections during the slow
retraction created chaotic random waves (cf. La Nafie
et al. 2012).

Regular-single waves setup was designed to represent solitary
waves or the effect of boat wakes in shallow coastal habitats.

Fig 2. Wave mesocosm. Pneumatic piston wave maker (a) diagram, (b) photograph, and (c) diagram of wave mesocosm with a set of sensors to mea-
sure waves (pressure sensor), flow velocity acoustic doppler velocimeter (ADV), and wave dampener. The wave mesocosms shows an example of setup to
work with aquatic vegetation where the bottom is raised 20 cm using PVC boxes. All measurements in this study were performed over a flat bottom with-
out the PVC boxes and vegetation.
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For example, boat wakes have been shown to cause coastal
erosion and making restoration and persistence of marsh vege-
tation more difficult (Silinski et al. 2016). In addition,
Bishop (2008) showed that boat wake exposed sites, had lower
amphipod abundance, polychaete abundance, and taxon rich-
ness than undisturbed sites. In this wave mesocosm, single
waves were generated with a water depth of 23 cm and a pad-
dle stroke of 40 cm. The time between each pedal push was
adjusted by setting the pedal pull period from 30, 42, 46, to
66 s. Each pedal push was followed by a series of wave reflec-
tions that decayed over time. Due to the presence of a wave
dampener, only the first wave heights were fairly constant
(3.5–3.7 cm; Table 1).

Regular-continuous waves setup was designed to isolate the
effect of one single wave frequency (wavelength) and ampli-
tude (height) on organisms or sediment, instead of inter-
mixing several regular waves of contrasting length and
periods. This is a commonly used approach in wave fluid
dynamics (Lowe et al. 2005; Luhar et al. 2010; Luhar
et al. 2017). Regular waves were generated with paddle strokes
of 27–35 cm and water depths of 21–30 cm resulting in four
settings which produced wave heights ranging from 4.1 to
5.7 cm, wavelengths from 1.6 to 2.7 cm, and wave periods
from 1.4 to 2.2 s (Table 1).

Irregular waves represent a random sea, resulting from the
superposition of a number of regular waves with different fre-
quencies and amplitudes. In nature, waves are highly irregular
and generating these types of waves in the laboratory implies
a closer approximation of natural conditions, albeit with less
control on the properties of individual waves compared to the
other settings. Irregular waves were generated with a paddle
stroke of 35–37 cm, and a fixed fast forward and slower

backward paddle motion (cf. La Nafie et al. 2012), producing
four settings with wave-heights ranging from 2.4 to 3.1 cm,
wavelengths from 2.4 to 3.0 m, and periods from 1.9 to 2.2 s
(Table 1).

Regular waves (single and continuous) were damped using
six layers of 5 cm thick porous mat placed vertically at the end
of the wave flume (Fig. 2c). The vertical layers were designed
to reduce reflections of wave energy. The wave dampener had
a mild 15� angle slope to increase wave dissipation
(Khalilabadi and Bidokhti 2012). Porous mats are a very effi-
cient material absorbing waves (Keulegan 1972) and the per-
formance of vertical wave dampeners could come within a
similar range as beach shaped dampeners.

Hydrodynamics characterization
Waves were recorded using a pressure sensor (PTX 1830,

Drück) at 25 Hz for 3 min. Wave heights (H, cm) were calcu-
lated using the pressure data (Dean and Dalrymple 1984). The
typical peak wave period (Tp, s) and frequency (f, Hz), for each
wave setting tested, were calculated with a Fourier transforma-
tion analysis, which is a common method for analyzing the
frequency spectrum of sinusoidal-like wave data. The transfor-
mation calculates the strength of each frequency present in
the wave data, from which the typical wave period and fre-
quency can be extracted. The wavelength (L, m) was then cal-
culated iteratively for a given depth (D, cm),

L=
Tp

2g
2π

tanh
2πD
L

� �
ð1Þ

where g (m s−2) is the gravitational acceleration. Wave steep-
ness indicates the wave linearity and breaking points and was

Table 1. Flume settings for regular and irregular waves. Wave height (H), peak period (Tp), wavelength (L), root mean square orbital
velocity (Urms), maximum orbital velocities (Umax), thickness of the boundary layer (δ), and turbulent kinetic energy (TKE). Water depth
ranged from 21 to 30 cm with a 15� angle wave dampener.

Regular waves Irregular waves

Single waves Continuous waves Random

Setting number a b c d e f g h i j k l

Depth (cm) 23 23 23 23 23 21 23 30 26 26 26 28

Stroke (cm) 40 40 40 40 31 27 31 35 35 35

Waves

H (cm) 3.5 3.6 3.7 3.5 5.4 4.1 5.7 4.4 2.6 2.4 3.2 3.1

Tp (s) — — — — 2.2 1.4 1.4 1.4 2.2 1.9 2.0 2.2

L (m) — — — — 2.7 1.6 1.6 1.8 2.9 2.4 2.6 3.0

Steepness — — — — 2.0 2.6 3.5 2.5 0.9 1.0 1.2 1.0

Flow

Urms (cm s−1) 5 5 4 4 8 13 20 28 4 6 9 16

Umax (cm s−1) 14 14 14 14 16 23 40 50 10 17 22 33

δ thickness (cm) — — — — 0.96 0.89 1.16 1.42 0.63 0.72 0.95 1.46

TKE (cm2 s−2) 1.5 1.2 0.9 0.8 10.0 12.5 30.5 16.7 7.0 6.2 12.8 26.8
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defined as Hrms/L. Instantaneous orbital flow velocities (u, v, w)
were measured using an acoustic Doppler velocimeter (Vectrino,
Nortek) at 25 Hz for 3 min. Root mean square orbital velocities
(Urms, cm s−1) were calculated as,

U rms =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

Xn

i=1
u2i
� �r

ð2Þ

where u is the horizontal flow velocity during n measurement
points. Vertical profiles of flow velocity were measured for all
the wave settings. Each vertical profile consisted of seven mea-
surement points, which were separated by 3 cm at 1, 4, 7, 10,
13, 16, and 19 cm above the bottom. Turbulent kinetic energy
per unit mass (TKE, cm2 s−2) was calculated from the root mean
square turbulent velocity components. To be able to calculate the
TKE for waves, the turbulence signal has to be separated from the
wave signal. A combination of a high-pass and a low-pass But-
terworth filter was applied to remove waves and noise from the
velocity spectrum, respectively (Smyth and Hay 2003). For the
high-pass filter, a cutoff frequency of 1 Hz above the typical wave
frequency was used. For the low-pass filter, a cutoff frequency of
6 Hz was chosen. It is worth noting that this method underesti-
mates the TKE, because turbulence at the same frequency as the
waves is removed from the signal (Smyth and Hay 2003). The
root mean square turbulent velocity was calculated as,

�u0 = �u0 tð Þ2
� �1=2

ð3Þ

where,

u0 tð Þ=u tð Þ−U tð Þ ð4Þ

where U(t) is the filtered velocity at 1 cm from the bottom.
The �v0 and �w0 turbulent velocity components (m s−1) were cal-
culated in the same way. TKE was then calculated as,

TKE=
1
2

�u02 + �v02 + �w02
� �

ð5Þ

From this, the bed shear stress (τ, N m−2) can be calculated
as (Soulsby 1983),

τ =0:19ρTKE ð6Þ

where ρ is the water density (1000 kg m−3). Since the thick-
ness of the boundary layer (δ, cm) over a flat bottom was
smaller than 1 cm for all settings, we calculated the theoretical
δ following (Schlichting 1979) using a simple approach

δ=0:37 �u0:6 T0:8
p ν0:2 ð7Þ

where �u is the horizontal velocity component, Tp is the peak
wave period, and ν is seawater kinematic viscosity. An

alternative to Eq. 7 could be to used, δ = 4.61*sqrt (ν/π/f )
which provides a similar result if �u is not available
(Schlichting and Gersten 2000).

Waves generated in the field—validation measurements
Waves were recorded in the field to compare the range of

orbital velocities and corresponding τ to those generated in
the wave mesocosm. Wave data were measured in the Bay of
Bokevik in the Gullmars Fjord, Sweden (58�14055.0400N,
11�26054.3000E) between 4th and 15th of November 2016. The
bay is exposed to North–East winds with a fetch of 5-10 km.
During the deployment, an event with wind speeds up to
10.3 m s−1 was recorded on the 6th of November. An acoustic
Doppler velocimeter (ADV, Vector, Nortek) deployed at 2 m
depth was used to record wave and flow velocities. The probe
was placed looking downward at 15 cm above the bottom,
and measurements were taken in 8.5-min bursts every hour,
for 4096 records at 8 Hz (Infantes et al. 2012). The wave
heights, orbital flow velocities, and wave frequency spectra
were calculated for each burst using pressure and acoustic data
collected by the instrument. The time-averaged bed shear
stress τ can be calculated from the orbital velocity and wave
period as follows,

τ =
1
4
ρf wup

2 ð8Þ

where up is the significant peak orbital velocity (m s−1) and fw
is the friction factor (−), which is calculated as (Swart 1976),

f w = exp −5:977+5:213*

upTp

2π

� �
ks

8<
:

9=
;

−0:1942
64

3
75 ð9Þ

where ks is the bed roughness, which for a coastal shallow area
with medium sand, and median grain size D50 = 250 μm,
which is approximately 6.25 × 10−4 m (2.5D50).

Assessment
Regular and irregular wave settings in the mesocosm gener-

ated maximum orbital flow velocities between 10 and
50 cm s−1 and corresponding wave heights from 2.4 to 5.7 cm
(Table 1, Supporting Information Fig. S1). For single waves,
flow velocities in the profiles ranged within an average of
1.3% vertical variation along the water column (Fig. 3a). This
indicates that the hydrodynamic forcing between waves stays
constant, making this setting suitable for studying the effects
of a specific wave force. For continuous waves, flow velocities
in the profiles ranged within an average of 7.4% vertical varia-
tion (Fig. 3b), and for irregular waves an average of 10.9% ver-
tical variation (Fig. 3c), indicating that for these settings there
is more variation in hydrodynamic forcing which corresponds
more to natural wave conditions. The wave pedal generated a
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uniform vertical profile of velocity over the whole water col-
umn with a bottom boundary layer smaller than 1 cm for the
three types of waves (Fig. 3). The estimated boundary layer
thickness over a flat bottom for these wave conditions were
also smaller or close to 1 cm (Table 1).

The maximum orbital flow velocities generated by regular
continuous waves was higher (16–50 cm s−1) than for irregular
waves (10–33 cm s−1, Table 1, Fig. 4). These differences in flow
velocities were probably driven by higher wave heights

generated for regular waves (4.1–5.7 cm) compared to irregular
waves (2.4–3.2 cm) due to wave amplification by reflecting
waves (Fig. 5b,c), since peak periods and wavelengths were
similar for both settings. Similarly, wave steepness (H/L) was
higher for regular continuous waves (2.0–3.5) than for irregu-
lar waves (0.9–1.2). Regular single waves generated with a fast
pedal stroke followed by a slow push backward reached maxi-
mum orbital velocities of 14 cm s−1 during the fast stroke,
followed by a resting period during which waves gradually
declined. The TKE had similar value ranges for both regular
continuous waves (10–30.5 cm2 s−2) and irregular waves
(6.2–26.8 cm2 s−2). TKE values generated at the regular single
waves settings were an order of magnitude lower
(0.8–1.5 cm2 s−2), as the energy input (i.e., one paddle
stroke per 30–66 s) was also an order of magnitude lower
compared to the regular continuous and irregular waves
(one paddle stroke per 1.4–2.2 s).

Together with settings of the wave generator, the presence
of the wave dampener was another important setting for the
wave characteristics of the wave flume. Our design reduced
wave energy by allowing percolation of water through the per-
meable mesh, which thereby reduced wave reflections (Fig. 6).
Even though the wave dampener showed a great improvement
in reducing wave reflection, there were still some weak reflec-
tions present in the most optimal settings. For regular continu-
ous waves, the most dominant wave frequencies show a clear
first wave peak, in some cases followed by smaller secondary
and tertiary peaks, indicating the presence of reflections (Fig.
5b and Supporting Information Fig. S2). These peaks were how-
ever nearly two orders of magnitude lower than the main wave
peak. In contrast, for irregular waves, the wave spectrums show
typically 3–5 peaks of dominant frequencies of which the
energy approximately one order of magnitude lower than the
main wave peak, which indicates the initial wave is followed by
smaller waves originating by reflection (Fig. 5c). It is however
clear that we avoid the formation of a standing wave, by having
an asymmetric fast push and slow pull during the generation of
irregular waves (Figs. 4, 5c).

Waves recorded in the field during the peak of the wind
event (06 November 2016 at 01:00 h) generated waves with a
significant wave height of 45 cm and a peak wave frequency
of 0.3 Hz, which corresponds to a wave peak period of 3.3 s
(Fig. 7). These wave conditions generated orbital velocities of
24 cm s−1 near the bottom. As the wave mesocosm can gener-
ate orbital velocities up to 50 cm s−1, it can impose both the
typical and extreme wave conditions in the shallow parts of
fetch-limited bays and estuaries. These properties of the field
waves result in a bed shear stress τ of 0.23 N m−2. In compari-
son, the τ based on the TKE values of the regular continuous
and irregular waves with a similar peak orbital velocities
(1.25 × 10−3 m−2 s−2 and 1.28 × 10−3 m−2 s−2 respectively) is
0.24 N m−2. Thus, the waves generated in the mesocosm have
orbital velocity–τ combinations which are similar to those of
field waves.
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Discussion
This study shows that a range of realistic relevant regular

and irregular wave conditions can be generated in a relative
small (3.5 m long) and low-cost wave mesocosm

(approximately 1700 USD), thereby enabling new experimen-
tal possibilities in the fields of aquatic ecology and bio-
geomorphology. This wave mesocosm is ideal to investigate
the effect of long exposures to flow on living organisms, by

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k) (l)

Fig 4. Flow velocities for each flume setting: (a–d) regular-single waves, (e–h) regular-continuous waves, and (i–l) irregular waves. A wave dampener
was present with the regular waves settings but was absent for irregular waves. For clarity, 180 s are shown for regular single waves, while for the rest
40 s is shown.
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simulating short waves (Tp = 1–3 s) usually present in shallow
areas of estuaries, fjords or lakes. Wave parameters were
mainly determined by (1) the method of wave generation via
the paddle movement and (2) the ability of the wave absorber
to reduce reflections. This wave mesocosm system is suitable
to study long-term interactions between benthic organisms
and wave exposure for a single organism or for a community
of organisms. For example, interactions between wave expo-
sure and coastal vegetation (Wolaver et al. 1985; Koch
et al. 2010; Infantes et al. 2011; La Nafie et al. 2012), erosion
of sediment (Lo et al. 2017; Wang et al. 2017; Marin-Diaz
et al. 2020), animal behavior (Stoll et al. 2010), and animal
plasticity and adaptations to flow (Trussell 1997; Trussell 2002;
Le Pennec et al. 2017). The wave mesocosms has also applica-
tions for freshwater ecosystems, for example, in water mixing
in lakes and freshwater ecology (Blottière et al. 2017; Hulot
et al. 2017). Some specific questions in aquatic ecology and
biogeomorphology that could be addressed with the wave
mesocosms could include; how waves affect mussel morphol-
ogy? (Schotanus et al. 2019), how waves affect the survival,
morphology, and biomechanics of plants? (Cao et al. 2020),
how sediment motion is affected by plant canopies? (Wang
et al. 2017; Marin-Diaz et al. 2020), when plant roots reduce
erosion? (Lo et al. 2017). Measuring physical parameters in
the flume, such as flow velocities, wave, stress and drag forces,

sediment dynamics, turbidity, and light attenuation, is possi-
ble using a range of sampling techniques (Table 2).

Realistic wave conditions
The wave mesocosm presented here aims to simulate a

hydrodynamic stress on the organisms and/or sediment with
wave dynamics similar to those in shallow coastal areas. Due
to the size however, waves in the mesocosm are scaled down
in terms of wave height and wavelength. Scaling is an impor-
tant issue in physical models and laboratory techniques in
coastal engineering studies, where miniature artificial mimics
usually represent the real structure to be tested (Hughes 1993).
In biological studies however, living organisms (e.g., fish,
plants, invertebrates) cannot be scaled down. Therefore, it is
usually impossible to recreate a realistic wave height, wave-
length, and water depth relative to the organism’s size using
small flumes. Instead, flow velocities are generally used to sim-
ulate wave exposure (Infantes et al. 2011; Ros et al. 2014; Le
Pennec et al. 2017). A solution can be to simulate the desired
orbital flow velocity (Ub) or maximum orbital velocity (Umax)
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that the organisms could be exposed in their natural habitat.
The wave mesocosm presented in this study has shown to
reproduce mean and maximum orbital flow velocities
(0–28 cm s−1 and 10–50 cm s−1, respectively). Maximum
orbital velocities typically impose the highest drag-force stress
on organisms and could determine their survival or fate such
as anchoring, breaking strength, or adhesion (Denny 1994;
Martone and Denny 2008; Le Pennec et al. 2017). Also,
maximum orbital velocities significantly affect sediment
erosion because of the nonlinear relation between

instantaneous flow velocity and sediment transport. For exam-
ple, bed load sediment transport depends on instantaneous
flow velocity to the power of 3, while suspended sediment
transport depends on instantaneous flow velocity to the
power of 5 (Kleinhans 2005).

This wave mesocosm was not specifically designed for
detailed studies on boundary layer interactions. For these type
of studies, larger flumes or U-Tube flumes (Nielsen and Calla-
ghan 2003) are more appropriate to simulate wave orbital
excursions at full-scale boundary layer conditions. For studies
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requiring that the boundary layer thickness scales with the
size of the organisms (eg. bending stress, food encounter with
suspension feeders), this system does not reproduce realistic
drag forces in large nonbreaking waves or in breaking waves,
due the thin boundary layer developed in the tanks. Instead,
this wave mesocosm simulates realistic bed shear stress τ over
longer time periods (weeks to months) to answer ecological
questions using replicated experiments. Nowell and
Jumars (1987) recommended that for reproducing biologically
relevant boundary layers in unidirectional flumes, the flume
width to depth ratio should be between 5:1 and 10:1. This
ratio suggested for unidirectional flumes might not be valid
for the wave mesocosm used in this study (ratio 2 : 1), since
the water depth is more important for wave propagation. In
fact, nearly all flumes violate this rule except for flumes which
are specifically used to study large-scale morphological devel-
opment of rivers (Tal and Paola 2007) and estuaries
(Kleinhans et al. 2017), where both sediment and biology
need to be scaled down. In a comparison of 12 biological
flumes, Jonsson et al. (2006) concluded that the width of the
flume should be larger than the width of the study object and

the thickness of the boundary layer multiplied by two, so that
the wall boundary layers do not influence flow around the
object. Each experiment should always require careful consid-
eration about the best suitable flume design and experimental
setup. Some experimental studies simply require a large flume
where accurate boundary layers and wave conditions are
needed to design, parameterize, or test physical models
(Hughes 1993). Other studies could be performed on a smaller
scale such as low-cost wave mesocosms, where living organ-
isms are exposed to wave action to quantify growth patterns,
adaptations to oscillatory flow, behavioral changes, and so on
(Stoll et al. 2010; La Nafie et al. 2012; Schotanus et al. 2019).
Such studies do not require hydrodynamically accurate wave
conditions, but a constant wave induced bottom shear stress
over a period of time.

A wave dampener was present with the regular wave set-
tings but was absent for irregular waves. Passive wave absorp-
tion systems can be made of materials such as sand, gravel,
stones, wire screens, or transversal bars (Khalilabadi and
Bidokhti 2012). This wave mesocosm uses a porous screen that
can be easily removed and cleaned compared to harder mate-
rials such as sand, gravel, and stones. According to
Hughes (1993), an optimal wave absorber should have a
length between 0.35L and 1L, where L is the maximum wave-
length generated. This means the wavelengths generated in
this wave mesocosm would require a wave absorber of 1–3 m.
It is obviously not useful and possible to include a 3-m damp-
ener in a 3.5-m tank as the working area would become too
short. Hence, we used a much smaller vertical wave dampener
with high porosity. Fortunately, this gave a much cleaner
wave pattern than without a dampener. Some wave reflections
were still present in the wave mesocosm despite the wave
dampener. Their energy was, however, nearly two orders of
magnitude lower than the wave energy compared to one order
of magnitude without a dampener (Fig. 5). Given that >> 90%
of the hydrodynamic energy comes from the user-imposed
wave, which is representative of natural waves in terms of
wave period and orbital velocity–bed shear stress (τ) combina-
tions, the hydrodynamics of this wave mesocosm are of suffi-
ciently quality for ecological and biogeomorphological
experiments. It should be considered that the porous texture
of the damping material could be a substrate for microorgan-
ism growth or a trap for fine sediment. Therefore, it should be
rinsed and cleaned regularly.

Low-cost wave-mesocosm
The wave maker used in this mesocosm was designed for

intermediate and shallow water waves by using a piston that
moves a paddle back and forward, generating water motion
which is constant over depth (Fig. 3). Piston wave makers
have been shown to produce reliable conditions in hydraulic
flumes for solitary waves, regular and irregular waves. The
total cost of the wave generator presented here was approxi-
mately 1700 USD. Individual components: piston (200 USD),

Table 2. Methods to measure biogeomorphological parameters
in a wave mesocosm.

Parameter Method Reference

Flow Particle image

velocimetry

Drucker and Lauder (1999)

Laser Doppler

velocimetry

Koehl (2007); Diplas et al.

(2008)

Acoustic Doppler

velocimetry

Infantes et al. (2011); Bouma

et al. (2005)

High speed camera Videler et al. (1991)

Wave Pressure sensor Infantes et al. (2011); Bouma

et al. (2005)

Resistance gauge Suh et al. (2001); Brevik

(1980)

Turbidity Pump sampling Baas et al. (2004)

Fluorometer Cloutier et al. (2002)

Light sensor Aberle et al. (2003)

Force, drag Torque Chapman et al. (2014)

Load cells Infantes et al. (2011); Bouma

et al. (2005)

Sediment Infrared profiler Clifford et al. (1995)

Stereo photography Hilsenstein (2005); Stojic et al.

(1998)

Optical backscatterance

sensors

Ribberink et al. (2001);

Widdows et al. (1998)

Acoustic

backscatterance

sensors

Thorne et al. (2002);

Ribberink et al. (2001)

Nutrients Pump sampling Bilger et al. (1995); Beaulieu

(2003)
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rolling switches × 2 (150 USD), precision valves × 2 (200 USD),
pilot valve (50 USD), and tubing and connectors (100 USD).
The frame and paddle to hold the wave maker components
were built from stainless steel for a cost of approximately
1000 USD. The price of the tank will obviously vary
depending on the size and the material used, and the variabil-
ity in market prices. A minimum tank size of 3 m long and
0.5 m width built from either stainless steel or fiberglass is rec-
ommended. This size will allow to have sufficient space
(� 1 m) between the wave generator, the test section, and the
wave dampener. Given the information in this article, build-
ing a similar wave mesocosm with a wave generator with a
local contractor should be relatively straightforward. However,
for those who are uncertain about building their own system,
custom-made systems can be designed and constructed by
NIOZ (contact tjeerd.bouma@nioz.nl).

A constant supply of compressed air is needed to run the
wave generator. Variations in the main air pressure supply can
modify the velocity of the wave generator, as this directly
influences the paddle force. The system can run with com-
pressed air from compressors (lubricated and filtered) and gas
cylinders such as scuba diving tanks fitted with a manifold to
reduce the air pressure to 10 bars. In outdoor cold climates
with temperatures below 2�C, the piston may however freeze
due to adiabatic cooling. In this case, an electric cylinder could
be used instead of a pneumatic cylinder. Another advantage of
an electric cylinder is that the precision of the stroke and wave
frequency is higher, but with the disadvantage of a more
costly (� 3× the cost of a pneumatic system) and complex sys-
tem which may also be more sensitive to corrosion when
using salt water given the presence of electronic components.

In conclusion, our wave mesocosm offers a low-cost setup
that can create sufficiently realistic hydrodynamics such as a
range of regular and irregular waves to explore benthic biologi-
cal and biogeomorphological processes. Due to the small size
and low cost compared to larger flume facilities designed for
engineering purposes, it is ideal to perform long-term repli-
cated biological and biogeomorphological studies aimed to
simulate short wave conditions (Tp = 1–3 s) and maximum
orbital velocities (10–50 cm s−1) usually present in shallow
areas of estuaries, fjords, or lakes.
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