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Abstract
Benthic and pelagic processes are closely coupled in shallow-water estuarine and marine environments and

in lakes yet benthic–pelagic coupling is difficult to simulate in mesocosms. Realistic water column
(WC) and bottom turbulence often are not simultaneously mimicked in mesocosm experiments, leading to
artifacts and omitting direct and indirect linkages and feedbacks between the sediment and the WC. The infor-
mation on benthic–pelagic coupling mesocosm studies assembled illustrates the importance of realistic physics
in mesocosms. Mesocosm approaches including both WC turbulence and bottom turbulence that are appropri-
ately designed to resemble natural conditions can provide a deeper mechanistic understanding of feedback
processes associated with biogeochemical, food web, and the habitat shifts necessary for models, and will help
identify cause-and-effect relationships. Benthic–pelagic mesocosm experiments with realistic WC and bottom
turbulence may fill the large gaps in our understanding of the responses of inorganic nutrient and organic
matter fluxes between benthic habitats and the WC. Future applications of such benthic–pelagic coupling
mesocosm studies are outlined.

In shallow water aquatic systems, including lacustrine
(Evans 1994), estuarine and marine environments
(Threlkeld 1994), the study of interactions between benthic
and water column (WC) environments can be important for
understanding sedimentological, biogeochemical, and biologi-
cal processes. “benthic–pelagic coupling” (BPC), incorporates
particle dynamics such as deposition and resuspension as well
as the exchange of solutes and gases produced or consumed in
association with organic matter mineralization (Porter
et al. 2018a). BPC has been described by alternate terminology
such as “habitat couplings,” “bentho pelago,” “bentho-pelagic,”
“pelago-benthic,” “habitat couplings,” and “benthic–pelagic
relationships” (Schindler and Scheuerell 2002; Chatterjee
et al. 2013). Processes at the sediment–water interface influence
the dynamics of contaminants and nutrients, faunal abundance

and composition, and water quality. Pelagic and benthic ecosys-
tems have important linkages that are indirect and nonlinear
(Wootton 2002; Krivtsov 2004; Porter et al. 2004a; Najjar
et al. 2010) and thus difficult to assess. Mesocosm physical char-
acteristics including temperature, light, depth, tank dimensions,
and mixing are all important physical controls of BPC and sub-
sequent effects on organisms, overall trophic status and interac-
tions, and biogeochemical cycling.

Models for forecasting need a detailed mechanistic under-
standing of benthic–pelagic processes and feedbacks to supply
good data for models (Testa et al. 2017). If we look at the ben-
thos and at the WC separately, we miss many indirect links
and feedbacks and may even be introducing artifacts. Thus,
models need experimental data where both the benthos and
the WC are represented realistically and appropriately
coupled. Inclusion of BPC data with feedbacks and indirect
links of biogeochemical processes and food webs into models
can yield better predictive results. At present, the mechanistic
understanding of benthic–pelagic processes and feedbacks is
insufficient (Griffith et al. 2017; Testa et al. 2017). In addition,
fluxes between the benthos and the WC may be poorly
characterized, especially regarding processes associated with
resuspension and biogeochemical cycling (Griffiths et al. 2017;
Porter et al. 2022); flux measurements under in situ
resuspension are generally unavailable.

The utility of the mesocosm approach lies in its ability to
explore and test mechanisms (Benton et al. 2007) and identify
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cause-and-effect relationships (Stewart et al. 2013). Physical
forcing such as mixing in experimental ecosystems has been
shown to be critically important in mesocosm studies and the
quantification and reporting of mixing has been rec-
ommended (Sanford 1997; Peters and Redondo 1997; Sanford
et al. 2009). Examples of mesocosms introduced in this
review, their pros and cons as well as their function as pelagic,
benthic, or benthic–pelagic system is provided in Table 1. This
review is novel in its synthesis of benthic–pelagic coupling in
mesocosms emphasizing turbulence, an overview of devices
used over time, and insights of potentially misleading results
if the benthos and the WC are studied disconnectedly. In
addition, this review provides guidance for future scientific
advancement, with one whole section dedicated to future
applications.

Focus on the WC, OR on the bottom, but not both
together

Typically, WC and benthic processes have been studied in
a decoupled way, focusing either solely on WC processes or
solely on benthic processes (Sanford 1997; Baustian
et al. 2014), ignoring any feedbacks between the two. For
example, Arnott et al. (2021) reviewed 20 years of phytoplank-
ton mesocosm studies that used artificially generated turbu-
lence and focused solely on the WC, and found that mixing
in the WC was primarily produced by aeration, grid flow,
Couette flow, and shaker setups. Interestingly, the number of
mesocosm phytoplankton studies with turbulence has
declined dramatically since � 2005 (Arnott et al. 2021). Testa
et al. (2017) also found that estuarine mesocosm studies have
declined by � half since 2004 and suggest a need to “resusci-
tate” experimental ecosystem research to help enhance a
mechanistic understanding of estuarine processes needed for
forecasting.

Compared to the turbulent range in natural environments,
many mesocosm experiments overmix the WC (Arnott
et al. 2021, Fig. 1, as has also been found by Peters and
Redondo 1997, Fig. 2). As noted by Arnott et al. (2021), early
studies that focused on the effect of turbulence on phyto-
plankton growth (e.g., White 1976; Pollingher and
Zemel 1981; Savidge 1981) did not try to quantify turbulence
in their phytoplankton studies. Mixing is often not measured
(e.g., Striebel et al. 2013) although it is key for WC ecosystem
processes (Peters and Redondo 1997; Sanford 1997; Sanford
et al. 2009). A sediment bottom was also not deemed impor-
tant, and the focus was solely on WC processes, disconnected
from any reciprocal interactions and feedbacks between WC
and bottom. Some marine and freshwater studies incorporate
shape and size of the mesocosms into their experiments (Berg
et al. 1999; Petersen et al. 2003; Spivak et al. 2011); however,
complete physical dimensions are often not reported thus
leading to implicit scaling, as identified in a literature review
(Petersen et al. 1999).

Similarly, experiments have been carried out in benthic-
boundary-layer devices with bottom turbulence, focusing on
processes at the bottom and sediment erosion (Widdows
et al. 2007), where the devices have a negligible WC (Table 1).
For short, small scale erosion studies, for example, “EROMES”
laboratory erosion chambers (Andersen 2001; Kalnejais
et al. 2007; Wengrove et al. 2015, Joensuu et al. 2018) or
“Gust microcosms” (Gust 1990); Gust and Mueller (1997) have
been used. Microcosms have also been used by Tengberg et al.
(2004) and Law et al. (2016). In addition, annular or linear
stream flumes have been used (“Sea Carousel” Maa et al. 1993,
1998; Widdows et al. 1998; Widdows et al. 2007, 2008; Jones
et al. 2015) to measure sediment erodibility.

Widdows et al. (2007), in an inter-comparison of five
benthic-boundary-layer devices for erodibility of intertidal sed-
iments, found different types of annular flumes were able to
record significant differences in the erodibility of soft sedi-
ments. A cohesive strength meter (CSM) and EROMES labora-
tory erosion chambers were not very effective in measuring
differences in erosion thresholds of soft estuarine sediments.
To study the short-term interactions of water flow and con-
taminants, particle entrainment simulators have often been
used (Tsai and Lick 1986; Latimer et al. 1999; Orlins and Gulli-
ver 2003; Cantwell and Burgess 2004 and review therein).

Karle et al. (2007) developed a boxcosm system for ecologi-
cal and/or ecotoxicological studies of sediment community
function and structure with flow-through incubations, though
benthic boundary-layer flow was not assessed. While bottom
stress can be mimicked and sediments were included, the
short water residence time precluded WC processes.

Reciprocal feedbacks from WC ecosystem processes can-
not be incorporated in these experiments with benthic
boundary-layer devices, and often experiments in benthic-
boundary-layer devices are very short-term. Another design
of a benthic boundary-layer device is the Tidal Dynamics
WAVE flume (TiDyWAVE) that focuses on oscillatory flow
velocities (de Smit et al. 2020). It can mimic peak oscillatory
velocities between 0.09 and 0.32 m s�1, which correspond
to wave periods ranging from 4.0 to 3.5 s, respectively, and
it can mimic sediment erodibility (de Smit et al. 2020,
Table 1). When de Smit et al. (2020) compared oscillatory
flow in the TiDyWAVE to natural waves they found that the
TiDyWAVE did not realistically simulate WC processes such
as particle aggregation/disaggregation. Thus, only benthic
boundary-layer flow experiments, for example, erosion stud-
ies, are possible in the TiDyWAVE and there is also no ben-
thic pelagic coupling component with its associated direct
and indirect interactions and feedbacks between the ben-
thos and a WC.

Meysick et al. (2022) used a 0.8 m long, 0.5 m wide, and
0.5 m high hydraulic wave flume to study the interactive
effects between eelgrass, Zostera marina, and Limecola balthica
(= Macoma balthica) and with Cerastoderma edule. While an
increasing density of M. balthica has been found to increase
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sediment erodibility, as observed in annular flumes (Willows
et al. 1998; Widdows et al. 2000) Meysick et al. (2022) found
monospecific M. balthica reduced erosion by 25% and mono-
specific C. edule increased erosion by 40% under wave expo-
sure in a hydraulic wave flume. Eelgrass by itself reduced
bedload erosion rates by 25–50% (Meysick et al. (2022).

Observations suggested that the combination of eelgrass
and M. balthica together had positive additive effects on sedi-
ment stabilization. Eelgrass and C. edule brought together
made the destabilizing effect of C. edule disappear. However,
there was no WC, and observations were focused on the ben-
thic boundary-layer.

In shallow-water estuarine and marine environments
(Threlkeld 1994) and in lakes (Evans 1994), the importance of
coupled benthic and pelagic processes is accentuated. Observ-
ing the WC and the benthos separately, especially in shallow
water environments with a high benthic to pelagic habitat
ratio, likely leads to artifacts (Sanford 1997). Baustian et al.
(2014) identified artifacts in observations of organism move-
ment, such as in diel migrations and life cycles, as an impor-
tant experimental limitation without WC and benthic
coupling. Moreover, they outlined trophic interactions
between the benthos and the WC such as in lakes, estuaries
and marine systems, as another mechanism that connects
the benthos and the WC and that can cause shifts in commu-
nity structure if benthos and WC are not studied together
(Baustian et al. 2014). A third mechanism that connects ben-
thos and WC, identified by Baustian et al. (2014), is biogeo-
chemical cycling. Resuspension and associated fluxes of
organic material and porewater between benthos and WC
can alter biogeochemical processes (Moriarty et al. 2017).
Porter et al. (2010) found that regular tidal resuspension
impacted ecosystem structure and function, often through
indirect pathways and linkages. Nutrient and oxygen bal-
ances were controlled by benthic and WC biogeochemical
processes, as mediated by biodeposit resuspension in Porter
et al. (2022).

Solid experimental and observational data on benthic–
pelagic coupling processes are needed as input for models
(e.g., Moriarty et al. 2017, 2018, 2020) that quantity the feed-
backs and ecosystem responses in forecasting. One model that
incorporates benthic pelagic coupling is the hydrodynamic-
sediment transport biogeochemical model (HydroBioSed, Mor-
iarty et al. 2017, 2018, 2020). Vadeboncoeur et al. (2002)
worked on adding the benthos to the WC in lake food webs
models and argued that benthic and pelagic organisms are
both important and benthic and pelagic habitats are closely
coupled.

Mesocosm approaches with both realistic WC turbu-
lence and bottom turbulence can provide data for a deeper
mechanistic understanding of feedback processes associ-
ated with biogeochemical, food web, and habitat shifts to
inform such models and will help identify cause-and-effect
relationships.T
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Studies incorporate a sediment bottom in mesocosm
experiments

A plankton tower mesocosm (von Bodungen et al. 1976) is
one of the earliest designs to study interactions between the

WC and the sediments (Sharma et al. 2021, Fig. 3). The plank-
ton tower mesocosm, built with four plastic bags with a steel
framework to support the structure, had a pelagic WC and
benthic ecosystem (Sharma et al. 2021, Fig. 3) but no mixing.
The Marine Ecosystem Research Laboratory (MERL) in Rhode
Island conducted a series of mesocosm experiments with sedi-
ments and investigated sediment-water interactions and eco-
toxicology (Santschi 1985; Doering et al. 1986) while also
considering mixing (Nixon et al. 1980) in their studies. Meso-
cosms with muddy sediments of the Multiscale Experimental
Ecosystem Research Center (MEERC) created uniform WC
mixing among mesocosms of different shapes and sizes, but
bottom shear stress was artificially low (Crawford and San-
ford 2001), which may lead to artifacts (Porter et al. 2010).

Realistic WC mixing, unrealistic u*: Mismatch
artifacts, missed indirect links

In natural shallow water environments, the ratio of RMS
turbulent velocity and bottom shear velocity (u*) is
� 1.44 � 0.08 : 1 according to Baumert and Radach (1992),
Gross and Nowell (1983), Gordon and Dohne (1973), and
Bowden (1962) (Table 2). In the large coupled system (annu-
lar-flume + mesocosm WC) and small coupled system

Fig. 2. Comparison of turbulence levels in the surface mixing layer of the
ocean (line, after MacKenzie and Leggett 1993) to turbulence levels used
in experiments with planktonic organisms. From Peters and
Redondo 1997. Permission by Editorial CSIC.

Fig. 1. (a) Turbulent range of natural environments as compared to (b) turbulent range of cosm experiments. From Arnott et al. 2021. http://
creativecommons.org/licenses/by/4.0/.
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(Gust microcosm + mesocosm WC; Porter et al. 2004a, Table 1),
the ratio of root mean squared (RMS) turbulent velocity and
bottom shear velocity was 1.6 (Porter et al. 2004a, Table 2).
In large and small isolated MEERC tanks, the ratio was 7–7.5 : 1
(Porter et al. 2004a, Table 2) and bottom shear stress

was unrealistically low (Crawford and Sanford 2001; Porter
et al. 2010, Table 2). Unrealistically, low shear stress in the
tanks compared to large coupled systems with intermediate
bottom shear stress led to microphytobenthos not being eroded
with subsequent effects on the sediment biogeochemistry

Fig. 3. Plankton tower mesocosm is one of the earliest designs to study interactions between the WC and the sediments (Von Bodungen et al. 1976).
Plankton tower mesocosm consists of four plastic bags with steel framework for supporting the enclosures which have a pelagic WC and benthic Ecosys-
tem. From Sharma et al. 2021. Permission by Springer Nature.
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(Porter et al. 2004a,b). In tanks contrasting high bottom shear
stress vs. low bottom shear stress but similar RMS turbulent
velocity and energy dissipation rates, no sediments were
resuspended in the nonresuspension systems (Porter et al. 2010).
Resuspension of sediments in the resuspension systems led to
less light in the ecosystem, but nutrient release from
resuspended particles stimulated phytoplankton growth despite
low light (Porter et al. 2010). In both cases, direct and indirect
interactions were missed due to unrealistically low bottom shear
stress, which artificially affected the feedback responses (Fig. 4).

High u*, unrealistically high water-column mixing,
artifacts

Changing nonresuspension mesocosms with uniform low
bottom shear stress into resuspension tanks can be made by
greatly increasing their stir rate. However, doing so will
substantially overmix the WC and the energy dissipation

rate will be artificially excessive. Particle aggregation and dis-
aggregation (Hill et al. 1992; Riebesell and Wolf Gadrow 1992)
and plankton contact rates and interactions (Rothschild
and Osborn 1988; MacKenzie et al. 1994; Kiørboe 1997) are
altered, affecting overall ecosystem processes.

Experimental induction of resuspension has utilized vari-
ous methods, usually without measuring WC turbulence
levels and bottom shear stress. For example, Kang (2013) and
He et al. (2015) used submersible pumps, running continu-
ously, to produce resuspension over 35–63 d. Ståhlberg et al.
(2006) and Da-Peng and Yong (2010) resuspended sediment
by shaking small incubation bottles and Acquavita et al.
(2012) produced resuspension by using a horizontal shaker
for 10 min at 130–150 cycles min�1. Sutherland (2006)
designed a mixing apparatus with paddles and bubbling of
compressed air to maintain 7 d of turbidity in 38 L aquari-
ums. Typically, mesocosm experiments are conducted in sin-
gle isolated tanks or large bags with low bottom shear stress

Simulation of Shallow System

Realistic Physics
oNseY

Can Include 
Resuspension

Incorrect
Boundary

Fluxes

Realistic BPC
Feedbacks

Indirect Effects

Distorted Diffusive Sublayer
Distorted BPC

Mismatch Artifacts
Missed Indirect Links

�� Example of Effects: Non Resuspension (NR, low shear stress) vs Resuspension (R, high
shear stress), same water column mixing (Porter et al. 2010, MEPS 413:33-53)
1. Instead of light, nutrients from resuspended particles caused phytoplankton biomass increases in R (mismatch artifact,

distorted BPC, missed indirect link in NR)
2. Due to high bottom shear stress and low microphytobenthos biomass, polychaete larvae were not able to settle and did

not have much food, whereas, at unrealistically low bottom shear stress, they settled and grew to adults, which then
affected nutrient biogeochemical fluxes (missed indirect links in NR, mismatch artifact, distorted BPC in NR)

3. The bottom and water column were not coupled well in NR. No benthic-pelagic coupling. Ecosystem effects.

Fig. 4. Consequences of unrealistic mixing in experimental ecosystems. BPC = benthic–pelagic coupling.
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without any resuspension. Oviatt et al. (1981) and Sloth
et al. (1996) successfully induced resuspension in the MERL
mesocosms, but their resuspension event was short-lived.
They did not measure WC turbulence or bottom shear stress.

Combined WC mixing and BBL-flow: Key for BPC
studies/mixing measurements to include

In a study coupling a WC of a mesocosm with an annular
flume or Gust microcosm bottom with muddy sediment,
Porter et al. (2004a) first found that combined water-column
mixing and benthic boundary-layer (BBL) flow are key for
realistic benthic–pelagic coupling studies. Sanford (1997),
Peters and Redondo (1997), Sanford et al. (2009; Tables 3–5),
define and outline how to measure these important mixing

parameters when designing experimental ecosystems so that
they fall in a realistic range. Critical WC turbulence parameters
in mesocosm studies are the RMS turbulent velocity (uRMS), the
energy dissipation rate (ε) (Sanford 1997) and the ratio of RMS
turbulent velocity and shear velocity (Porter et al. 2004a). For
bottom turbulence, the bottom shear stress (fluid shear force
per unit bottom area) should be determined, however, bottom
shear stress is unrealistically low in traditional isolated meso-
cosms that have realistic WC turbulence levels (Crawford and
Sanford 2001; Porter et al. 2010; Table 2).

One of the most important parameters of benthic turbulence
in benthic boundary layers, related to erosion, entrainment,
and sediment transport can be quantified as shear
(or “friction”) velocity u* (cm s�1), a characteristic velocity scale
in boundary layers (Gust 1988; Sanford et al. 2009). Benthic

Table 3. This table shows some of the turbulence scales that are important to consider when designing mixing for an experimental
ecosystem.

Parameter Name Description Typical values in the field

Re Reynolds number Ratio of inertial to viscous forces (velocity

scale � length scale/viscosity)

100 to 104 dimensionless, depends on

definition

uRMS RMS turbulence intensity Characteristic turbulent (fluctuating)

velocity in the WC

10�3 to 10�1 m s�1

I Integral length scale Size of the large eddies Distance to the nearest boundary, or 10�2

to 10�1 m in the stratified interior

KZ Vertical eddy diffusivity Diffusion coefficient representing

enhanced vertical mixing due to

turbulence

10�6 m2 s�1 in the stratified interior to

10�1 m2 s�1 in an energetic bottom

boundary layer

Tm Mixing time Time to homogenize a tracer injected at a

point

Minutes to days, depending on the size of

the region of interest and the turbulent

diffusivity

ε Turbulent energy

dissipation ratea
Rate of destruction of turbulent energy by

viscosity and shear

10�7 W m�3 in the stratified interior of the

open ocean to 10�1 W m�3 in the

surface layer under breaking waves

ηk Kolmogorov microscale Approximate size of the smallest turbulent

eddy

10�3 to 10�1 m for the range of ε

U Mean flow speed Time averaged flow speed 10�3 to 100 m s�1

u* Shear velocityb Is (t/ƿ)1/2, where τ is bottom shear stress

and ρ is water density; characteristic

velocity scale in boundary layers

10�3 to 10�1 m s�1

Kb Bottom roughness Effective height of organisms or bedforms

on the bottom

10�4 to 10�1 m

δD Diffusive boundary layer

thickness

Thickness of layer that controls sediment-

water fluxes

10�3 to 10�5 m

Additional guidance may be found in Sanford 1997. From Sanford et al. 2009. Permission by Springer Nature. Elka T. Porter is a coauthor on this book
chapter. Permission by Springer Nature granted 15 August 2023 bookpermissions@springernature.com.
Bottom shear stress τb Pa½ �τb ¼ u�2ρ

10 .
aConversion of ε units: 100 mm2 s�3 = 1 cm2 s�3 = 1 erg g�1 s�1 = 10�1 W m�3 = 10�4 W kg�1 = 10�4 m2 s�3.
bBottom shear stress: Fluid shear force per unit bottom area.
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shear velocity is generated by velocities in the WC that may
include steady flows, transients, waves (Terray et al. 1996), or
stirring such as in the STURM tanks (Porter et al. 2018a,b). In
most natural environments the shear velocity is created by
wall-bounded shear flow. Tides affect bottom shear stress
(Sanford et al. 1991) as do waves (Grant and Madsen 1979,
1982; Christie et al. 1999; Houwing 2000; Guillen et al. 2002).
Moreover, wave-current interactions (Grant and Madsen 1982)
such as storm events have the ability to mediate bottom shear
stress. Shear velocity is calculated as

u� ¼
ffiffiffiffiffi
τb
ρ

r
ð1Þ

where τb is bottom shear stress (dynes cm�2) and ρ is the den-
sity of water (g cm�3). Shear stress in units of dynes cm�2 mul-
tiplied by 0.1 equals shear stress in Pascal (Pa), the unit most
commonly used. If, Eq. 1 is formulated differently, bottom
shear stress [Pa] is calculated as

τb ¼u�2ρ
10

ð2Þ

Shear velocity ranges from 0.1 to 1 cm s�1 on the continen-
tal shelf and in microtidal estuarine benthic boundary layers
(Grant et al. 1984; Sanford and Halka 1993; Gross et al. 1994).
Shear velocity ranges from 1 to 10 cm s�1 in macrotidal estua-
rine benthic boundary-layers (Wright et al. 1992; Johnson
et al. 1994). Shear velocity/stress at the bottom of mesocosms
can be measured directly using hot-film anemometry
(Gust 1988; Crawford and Sanford 2001; Porter et al. 2018a).

The most important variables for quantifying WC turbu-
lence are root mean square RMS turbulent velocity uRMS and
turbulent energy dissipation rate ε (Peters and Redondo 1997;
Sanford 1997; Sanford et al. 2009). RMS turbulent velocity is a
characteristic turbulent (fluctuating) velocity in boundary
layer flows and can be determined as defined in Tennekes and
Lumley (1972):

uRMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
3

<u2 > þ < v2 > þ <w2 >ð Þ
r

ð3Þ

where < u2>, <v2>, and < w2 > are the variances of their
respective velocity components. To determine the energy
dissipation rate in mesocosm experiments, mean flow
speed and RMS turbulent velocity must be determined, as
they are necessary elements for the equation for energy
dissipation rate.

Mean flow speed at each location in the mesocosm can be
calculated as:

UMean,tot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2þV2þW2

p
ð4Þ

where U, V, and W are the mean flow velocities over the mea-
surement interval, the W direction is vertical, and U and V are
parallel to the water surface and orthogonal to each other.
Energy dissipation rates can be determined following Gross
et al. (1994), Terray et al. (1996), and Sanford (1997) as:

ε¼ 2π
UMean,tot½ �or uRMS½ �1:9

E fð Þf 5
3

2

" #3
2

ð5Þ

Table 4. Important turbulent mixing relationships for key
parameters in experimental coastal ecosystems.

Relationship Comments
Where

important

uRMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
3 u02þv 02þw 02� �q

where u0, v0, w0 are the

variable velocity

components in the x, y,

and z directions

Pelagic

ε≈ uRMS
3

l
Integral length scale, l, is

difficult to match

between nature and

experimental ecosystems

Pelagic

KZ ≈ uRMS � I≈ ε
1
3 � l43 Turbulent diffusion

controls mixing in WC

and is difficult to match

to nature because of l

Pelagic

ηk ¼2π ν3

ε

� �1
4 v = kinematic viscosity Pelagic

Tm ¼ h2
2�KZ

Often not as critical to

match exactly if well

mixed h is total depth or

width

Pelagic

u� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
CD �U

p
CD is the hydraulic drag

coefficient; depends on

kb and U

Benthic

δD ¼ 10v
u�

� D
ν

� �1
3 D is the molecular

diffusivity (note

dependence on u*)

Benthic

From Sanford et al. 2009. Elka T. Porter is a coauthor on this book chap-
ter. Permission by Springer Nature granted 15 August 2023 book-
permissions@springernature.com.

Table 5. Additional important turbulent mixing relationships.

Relationship Comments
Where

important

Urms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

Pn
i¼1 ui2

� �q
Mean orbital velocity where u is

the horizontal flow velocity

during n measurement points.

Pelagic

TKE¼ 3
2 uRMS

2 Total kinetic energy characteristic

turbulent (fluctuating) velocity

in the WC, related to RMS

turbulent velocity (uRMS).

Pelagic
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where E(f ) is the measured turbulence spectrum over the iner-
tial subrange. The ratio of mean flow speed (4) and RMS turbu-
lent velocity (3) determines whether UMean,tot or uRMS is used
in the denominator (left side) of Eq. 5 to determine energy dis-
sipation rate (Sanford 1997). For mean flow speeds larger than
the RMS turbulent velocity, UMean,tot (Eq. 4) is used in the
denominator to determine energy dissipation rate. For RMS
turbulent velocity larger than the mean flow speed, uRMS

(Eq. 3) is used in the denominator. In addition, if the highest
flow is not in the W (vertical) direction, the constant of 1.9 is
used (Sanford 1997).

It is extremely difficult to simultaneously produce high
near-bottom RMS turbulent velocities and appropriately low
WC energy dissipation rates in the same experimental ecosys-
tem because these parameters do not scale linearly together.
RMS turbulent velocity and energy dissipation rate are related
non-linearly as:

ε¼uRMS
3

l
ð6Þ

where l is the eddy length scale. Because the eddy length
scale in experimental ecosystems is so much smaller than in
nature, energy dissipation rate quickly becomes excessively
large in experimental ecosystems (Sanford 1997; Peters and
Redondo 1997). Thus, energy dissipation rate (cm2 s�3) is
especially difficult to keep at low enough levels in experimen-
tal ecosystems to be realistic.

Small-scale fluid shear is controlled by the energy dissipa-
tion rate, with consequences on processes such as planktonic
contact rates (e.g., particulate/copepod interaction, Rothschild
and Osborn 1988; MacKenzie et al. 1994; Kiørboe 1997) and
the aggregation and disaggregation of particles (Hill
et al. 1992; Riebesell and Wolf Gadrow 1992). Without realis-
tic energy dissipation rates, distortion of ecosystem processes
by unrealistic rates of interactions can yield results of limited
value. As outlined by Peters and Redondo (1997) many meso-
cosm studies with mixing were strongly overmixed with unre-
alistically high energy dissipation rates (Fig. 2).

Mesocosms with a sediment bottom to examine both
WC and bottom turbulence

Recently, mesocosms to examine both WC and bottom tur-
bulence simultaneously have been used to study benthic–
pelagic coupling processes (Table 1). Dimitriou et al. (2017)
designed a novel mesocosm setup for benthic–pelagic cou-
pling experiments using an air lift system for mixing, but
omitted measurement of mixing and bottom shear stress. In
coupled systems, coupling a mesocosm top with an annular
flume or Gust microcosm bottom, respectively, intermediate
bottom shear stress (shear velocity � 0.6 cm s�1) in a benthic–
pelagic coupling experiment was compared to unrealistically
low shear stress in tanks where all systems had similar,

realistic, WC turbulence (Porter et al. 2004a,b, Table 2). While
the intermediate bottom shear stress was too low to result in
wide-scale sediment resuspension, the intermediate bottom
shear stress eroded microphytobenthos, which subsequently
affected biogeochemical flux rates. Sediment resuspension
studies, however, could not be performed in these coupled sys-
tems as connecting lines were not able to support a realistic
and a physically reliable transport of particulates between the
top and the bottom of the WC. Six scientific published studies
from 2000 to 2009 used benthic–pelagic coupled systems
(Fig. 5). These benthic–pelagic coupled systems used for eco-
logical studies, had no resuspension but uniform moderate
bottom shear velocity of about 0.6 cm s�1 and realistic WC
mixing (Fig. 5). The benthic–pelagic coupled systems were
retired after 2009.

A Benthic WC Simulator (Mueller et al. 2007) to simulate
WC hydrodynamics in benthic chambers has been used for
short-term aquatic resuspension-deposition cycling studies
(Kleeberg et al. 2013; Kleeberg and Herzog 2014); however,
the device is small and not suited for long-term experiments.

Conventional approaches to understanding the coupling of
benthic and pelagic processes are limited by the complexity
of indirect and non-linear processes that control interactions
(Wootton 2002; Krivtsov 2004; Porter et al. 2004a; Najjar
et al. 2010). Interactions between different components of the
aquatic community can be complex and properly designed
experiments may reveal ecological behavior beyond the capa-
bility of current mathematical modeling (Cadotte et al. 2005).
Shear turbulence resuspension mesocosms (STURM, Porter
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Fig. 5. Number of scientific published studies from 2000 to 2009 using
coupled systems and from 2004 to 2022 using STURM for ecological
studies. Note scale.
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et al. 2018a,b, Fig. 6) were designed to incorporate indirect
interactions in ecosystem experiments. In STURM systems,
bottom shear stress is high and WC turbulence levels are kept
at realistic levels. In particular, energy dissipation rates are dif-
ficult to keep at low enough levels in experimental ecosystems
to be realistic, as they scale nonlinearly with RMS turbulent
velocity (see section 6, Table 4, Eq. 6). The ratio of RMS turbu-
lent velocity to the instantaneous spikes of shear velocity
ranges from 0.25 to 1.05 in the STURM tanks (Table 2). This is
close to the ratio of RMS turbulent velocity and bottom shear
velocity ratio of � 1.4 : 1 in nature (Table 2), and much
improved over the ratio of 7–7.5 : 1 in traditional isolated tank
mesocosms (Table 2) where the bottom and the WC are
poorly connected. Twelve ecological scientific benthic–pelagic
coupling studies published from 2004 to 2022 have used
STURM with high bottom shear stress and realistic RMS turbu-
lent velocity and energy dissipation rates (Fig. 6).

For benthic–pelagic coupling, the cycling of particulate
organic matter between the sediments and the WC and any
direct and indirect feedback effects on the ecosystem are
important for food webs and carbon and nitrogen cycling
(Porter et al. 2018b, 2020a, 2022). In STURM tanks with high

bottom shear stress and resuspension of organic-rich oyster
biodeposits and sediments, biogeochemical processes domi-
nated in the WC and affected the oxygen and the nitrogen
dynamics in the ecosystem (Porter et al. 2022). In contrast,
sediment biogeochemical processes dominated in the
non-resuspension systems, identical in WC turbulence (RMS
turbulent velocity and energy dissipation rate) to the STURM
systems, but that had low bottom shear stress (Porter
et al. 2022). Oyster biodeposit resuspension in a different
STURM experiment affected the seston, nutrient, phytoplank-
ton, and zooplankton dynamics (Porter et al. 2018b).

Moreover, oyster biodeposit resuspension affected phyto-
plankton community structure in another STURM experiment
(Porter et al. 2020a) and the benthic–pelagic connection
proved important for phytoplankton. In an experiment focus-
ing on the phytoplankton and zooplankton dynamics in
response to sediment and biodeposit resuspension, muddy
sediment and high bottom shear stress with resuspension
were run in six STURM tanks over a four-week period,
where three of the tanks included a daily oyster biodeposit
addition and resuspension (Porter et al. 2020a). In STURM
tanks without biodeposit resuspension (Porter et al. 2020a),

Fig. 6. (a) Current setup of the STURM facility at the Patuxent Environmental and Aquatic Research Laboratory with shading for a summer experiment,
(b) mixing and data control center, (c) STURM paddle to create WC turbulence and bottom shear stress, and (d) example of mimicked tidal
resuspension, total suspended solids concentrations in resuspension (R) tanks (after Porter et al. 2018a).
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phytoplankton biomass, dominated by a bloom of Skeletonema
costatum with long chains, was enhanced compared to STURM
tanks with biodeposit resuspension. In addition, zooplankton
biomass was lower, suggesting that zooplankton were not able
to feed on S. costatum and/or were negatively affected by
S. costatum.

In contrast, in STURM tanks with biodeposit resuspension
(Porter et al. 2020a), zooplankton biomass (dominated by
Acartia tonsa) was enhanced and S. costatum abundance
reduced compared to tanks without biodeposit resuspension.
Moreover, S. costatum had shorter chains. In these tanks with
biodeposit resuspension, phytoplankton carbon was efficiently
transferred to zooplankton. In tanks with biodeposit
resuspension, the pelagic food web was enhanced. This experi-
ment illustrated the importance of conducting mesocosm
experiments with high bottom shear stress and a benthic–
pelagic connection dissimilar to previous studies reviewed by
Arnott et al. (2021).

Sediment erodibility as affected by infaunal bivalve density
of the hard clam Mercenaria mercenaria, was measured in
microcosm erosion devices and STURM tanks (Porter
et al. 2020b) and found that a high density of infaunal
bivalves increased sediment erodibility. In the whole ecosys-
tem context, a high density of infaunal bivalves led to high
sediment resuspension, affecting water clarity and micro-
phytobenthos biomass as well as the nitrogen dynamics in a
4-week ecosystem experiment and thus included important
direct and indirect feedbacks (Porter et al. 2013).

Benthic–pelagic coupling experiments in three STURM
tanks with polychlorinated biphenyls (PCB) in the sediment
where the time between storm events was varied found that
with infrequent resuspension events, the labile PCB pool gets
replenished and PCB released into the WC (Schneider
et al. 2007). Thus, PCB release could be affected by storm fre-
quency. Mercury bioaccumulation in hard clams, Mercenaria
mercenaria, and zooplankton in a resuspension experiment in
STURM tanks indicated that sediment resuspension can play
an important role in transferring sediment methyl mercury
into organisms through direct and indirect interactions (Kim
et al. 2006). In an additional STURM experiment to determine
the effect of resuspension on the cycling of total mercury and
methyl mercury between the WC and the sediment, an experi-
ment comparing resuspension systems vs. non-resuspension
systems was conducted where the tanks differed in bottom
shear stress but all had similar, realistic WC turbulence (RMS
turbulent velocity and energy dissipation rate; Kim
et al. 2004). The results suggested that total mercury was
mostly bound to sediment particles with very little release dur-
ing the resuspension events (Kim et al. 2004).

By manipulating wave amplitude and wavelength in a flow
channel, Hulot et al. (2017) proposed making realistic wave
climates in low-cost mesocosms as a new tool for experimental
ecology and biogeomorphology. While Hulot et al. (2017) sug-
gest high bottom shear stress can be produced in the wave

mesocosms (or “wave flumes”); RMS turbulent velocity and
energy dissipation rate were not measured. When wave ampli-
tude increased, the standard deviation of water velocity simi-
larly increased for a given wavelength (Hulot et al. 2017). The
standard deviation decreased with water depth, although this
decrease was less pronounced for large wavelengths (2.5 and
5 m, Hulot et al. 2017).

In outdoor rectangular (10 � 1.5 � 1.5 m) wave meso-
cosms, Blottière et al. (2017) simulated a resuspension treat-
ment where they generated long wavelength waves (c. 3.5 m)
to mix the entire WC and create high bottom shear stress so
that the surface layers of sediment would be resuspended;
however bottom shear stress was unmeasured. In addition, in
three additional wave mesocosms Blottière et al. (2017) mim-
icked a non resuspension treatment with short wavelength
waves. They successfully produced resuspension and found
significantly higher chlorophyll a concentrations in the
resuspension treatment than in the non resuspension
treatment, similar to the resuspension treatment in STURM
systems (Porter et al. 2010). In outdoor rectangular
(10 � 1.5 � 1.5 m) wave mesocosms, Blottière et al. (2017)
simulated a resuspension treatment where they generated
long wavelength waves (c. 3.5 m) to mix the entire WC and
create high bottom shear stress so that the surface layers of
sediment would be resuspended; however, bottom shear
stress was unmeasured. While these wave mesocosms pre-
sumably mimic a whole WC and are able to generate waves
from 0.1 to 6 m of wavelength and 1–5 cm of amplitude with
a 1 m WC, bottom shear stress, RMS turbulent velocity, and
energy dissipation rate were not quantified.

Marin-Diaz et al. (2019) used a 3.5 m long, 0.6 m wide, and
0.8 m deep hydraulic wave flume developed and constructed
at the Netherlands Institute for Sea Research (NIOZ) and
located at Kristineberg Marine Research Station for a study on
the role of eelgrass on bed-load transport and sediment
resuspension under oscillatory flow. Turbidity and a decrease
of light in the WC were measured to determine the critical
erosion threshold (Marin-Diaz et al. 2019); however, shear
stress was not quantified. Marin-Diaz (2019) measured mean
orbital velocities URMS in the WC, which ranged up to
28 cm s�1 over bare mud and bare sand but energy dissipation
rate was not measured.

Infantes et al. (2021) followed up on the design used by
Marin-Diaz et al. (2019), compared the wave mesocosm to a
natural wave environment, and found that a range of realistic
relevant regular and irregular wave conditions could be gener-
ated. Infantes et al. (2021) were able to mimic constant realis-
tic wave-induced bottom shear stress such as found in the
field. Moreover, bottom shear stress and orbital velocity
(Table 5) combinations in their inexpensive wave mesocosm
were close to those found in nature (Infantes et al. 2021). Their
wave mesocosm was found to realistically mimic maximum
orbital velocities of 10–50 cm s�1 and short wave conditions
(Tp = 1–3 s) as found in estuaries, lakes, or fjords (Infantes
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et al. 2021). They measured also RMS turbulent velocity but did
not assess energy dissipation rate. Total kinetic energy (TKE)
ranged from 0.8 to 30 cm2 s�2 where their TKE¼ 3

2 uRMS
2

(Infantes et al. 2021). Mimicking hydrodynamically accurate
wave conditions is less important than constant wave-induced
shear stress for realistically representing ecological and bio-
geomorphological processes (Infantes et al. 2021). To summa-
rize, wave mesocosms can be used for ecological short-term
and longer-term (weeks to months) benthic–pelagic coupling
experiments with realistic shear stress-orbital velocity combi-
nations, however, energy dissipation should also be measured.

Overall, the number of engineering wave flume investiga-
tions has increased dramatically from 1985 to 2019, followed
by a slow start of wave flume experiments in ecological disci-
plines (Infantes et al. 2021, Fig. 7). Overall, there is a great lack
of ecological benthic–pelagic coupling studies in mesocosms
that include turbulence and scale both, mixing in the WC and
at the benthos.

Future applications
The exchange of nutrients and oxygen between the benthic

ecosystem and the WC ecosystem can provide 1) a large
“internal” source of nutrients to support WC productivity
(Porter et al. 2010; Moriarty et al. 2017, 2018) and 2) a sink
for oxygen (Porter et al. 2022; Moriarty et al. 2017, 2018),
with the associated issues with biogeochemical (Breitburg
et al. 2018) and biological effects (Breitburg et al. 2003, 2009)
of low oxygen. We describe here several areas where coupled
WC and sediment studies may benefit from a more realistic
experimental physical regime.

Boundary-layer flow without resuspension
The penetration of oxygen into sediments is critical to bio-

geochemical processes such as coupled nitrification–
denitrification (Rysgaard et al. 1994), re-oxidation of ferrous
iron and other reduced species (i.e., dissolved H2S and iron
sulfide minerals (Glud 2008), and adsorption of soluble reac-
tive phosphorus (Karstens et al. 2015). Most studies of bound-
ary layer physics have emphasized resuspension, but
compression of the benthic boundary layer can decrease the
diffusive distance to total oxygen depletion. In sediments with
low rates of oxygen uptake, changes in the benthic boundary
layer thickness have a minimal proportional effect on the total
diffusive path length (Cai and Sayles 1996) and would have
little impact on benthic fluxes of solutes and gases. In sedi-
ments with high oxygen demand, the short diffusive pathway
of oxygen within the sediments would be strongly affected by
the diffusion distance of oxygen within the benthic boundary
layer. Systems with high sediment oxygen demand occur
where high rates of algal deposition occur (Davis et al. 1987);
but the effect of turbulent flow on sediment fluxes and WC
productivity have not been addressed.

Boundary-layer flow with resuspension
The resuspension of sediments from the most reactive layer

can impact the net balance of oxygen, dissolved inorganic car-
bon and nutrients (Almroth et al. 2009; Almroth-Rosell
et al. 2012; Porter et al. 2022). Many resuspension experiments
use uncalibrated physics, with resuspension derived from
increased rotation of the stirring system (Almroth et al. 2009;
Wang et al. 2018) or shaking (Ståhlberg et al. 2006; Da-Peng
and Yong 2010; Acquavita et al. 2012). The short-term impacts

Fig. 7. Number of scientific published studies from 1985 to 2019 on (a)
ecological studies using current and wave flumes. (b) Yearly publications
in engineering and ecological disciplines using wave flumes (Web of Sci-
ence). From Infantes et al. 2021. http://creativecommons.org/licenses/by/
4.0/.
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of resuspension can include elevated rates of oxygen uptake
and nutrient release (Almroth et al. 2009; Porter et al. 2010,
2022). Some aspects of sediment resuspension on biogeochemi-
cal processes would benefit from studies in a coupled
WC/sediment system. Resuspension of chemical species in the
very top layer of sediment can result in an instantaneous ele-
vated release of nutrient elements (Couceiro et al. 2013) and/or
enhanced oxidation of reduced species such as dissolved or
solid phase Fe(II) or S(II) within the WC (Simpson et al. 1998).
The introduction of oxygen into deeper sediment horizons that
were uncovered by resuspension can also result in increased
oxygen uptake at the sediment–water interface. However, the
effects of a resuspension “event” on longer term nutrient and
oxygen balances may be counter balanced by decreased fluxes
immediately afterward. Porewater gradients would need to be
rebuilt after the event and for soluble reactive P, increased
adsorption to Fe oxides may occur at a more oxidized sediment
surface. In a study by Schneider et al. (2007) in STURM systems,
after the first resuspension event, the solids were allowed to set-
tle and the quiescent time was varied to determine whether the
labile pool of PCBs is recharged during sediment consolidation.
It was found that the easily desorbable PCBs recharge when
there is sufficient time between resuspension events (Schneider
et al. 2007); however, nutrients were not measured. Short-term
changes in oxygen profiles (Jørgensen et al. 2022), and
resuspension of the nitrifying microbial community (Xia
et al. 2017a), can result in changes in rates of nitrification and
denitrification (Xia et al. 2017b). Depuration of adsorbed
ammonium from suspended particles, as well as the new sedi-
ment surface, may alter the nitrogen cycle.

Benthic–pelagic coupling relevant to harmful algae studies
Cyanobacterial blooms present challenges to both ecological

(Rastogi et al. 2015) and human health (Metcalf et al. 2018),
with a need to understand their causes and the efficacy of miti-
gation approaches. The WC physical regime is critical to cyano-
bacteria, with processes of vertical mixing/buoyancy (Walsby
et al. 1997; Bormans et al. 1999) and washout (Mitrovic
et al. 2010) being important controls of bloom persistence.
Sediments can also be important to bloom formation and
persistence, with elevated pH with blooms resulting in altered
P and N resupply from the sediments (Seitzinger 1991;
Gao et al. 2012, 2014), and as a site for resting stages
(Yamamoto 2010; Ellegaard and Riberio 2018). With the poten-
tial “seed” bank in sediments critical to bloom initiation, poten-
tially enhanced by resuspension, experiments with sediments
collected beneath blooms may provide clues on conditions that
promote cyanobacterial bloom formation. Efforts to curb
blooms include addition of WC inhibitors and algaecides (Zhou
et al. 2018; Sukenik and Kaplan 2021; Zhu et al. 2021), aeration
and mixing (Piehler 2008; Schȍnach et al. 2017) and phospho-
rus adsorbents (Li et al. 2021). A combined WC and sediment
system with realistic and experimentally controllable physics

may provide an optimal experimental system for studying shal-
low water blooms and their mitigation.

Biogeochemical studies of reservoir infill and effects of
dredging

The interception of sediments and nutrients by reservoirs is
often a function of the physical regime (Chung et al. 2008;
Palinkas and Russ 2019) and the water residence time
(Vörösmarty et al. 2003; Cook et al. 2009; Bouwman
et al. 2013). In the lower Susquehanna River drainage, reser-
voirs more efficiently trapped sediment in the past, with infill
shallowing the reservoir and decreasing ongoing sediment
retention (Zhang et al. 2013; Palinkas et al. 2019) and possibly
leading to a lower scour threshold during high flow events.
Initial deposition, followed by wind-driven resupension and
downstream transport can redistribute the most reactive par-
ticulate material within the sediments and alter sediment met-
abolic rates. Potential mitigation via dredging needs to
account for surficial sediment dynamics. Coupled sediment-
WC experiment systems may be useful to calibrate the
models. Although small-scale experimental systems cannot
replicate the intense physical forcing of high flows from tropi-
cal storms or hurricanes, a coupled sediment-water experimen-
tal system would provide insight into how WC and sediment
interfacial physics combine to either enhance nutrient reten-
tion or release.

Conclusion
Mixing in mesocosms is important and must be quantified

and reported (Peters and Redondo 1997; Sanford 1997; San-
ford et al. 2009). RMS turbulent velocity, energy dissipation
rate and bottom shear stress should be determined. Only
mesocosms that place an emphasis on both WC turbulence
and bottom turbulence simultaneously should be used for
benthic–pelagic coupling studies, as otherwise artifacts may
arise and direct and indirect linkages may be missed. Griffiths
et al. (2017) point out the importance of benthic–pelagic cou-
pling for marine ecosystem functioning in a changing world.
Griffiths et al. (2017) suggest that human-induced nutrient
loading, climate change and fishing must be investigated in
benthic–pelagic coupling studies, and notes that the outcomes
for ecosystem function are currently poorly understood.

Models for forecasting require experimental data where the
benthos and the WC are both represented realistically and ben-
thic pelagic coupling is similar to nature (Testa et al. 2017).
Models that include BPC data with feedbacks and indirect links
of biogeochemical processes and food webs can give us better
predictive results; however, the mechanistic understanding of
benthic–pelagic processes and feedbacks is insufficient (Griffith
et al. 2017; Testa et al. 2017). Mesocosm approaches where
both WC turbulence and bottom turbulence are realistic can
provide evidence for cause-and-effect relationships (Stewart
et al. 2013).
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