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PHYSICAL FACTORS: MIXING AND FLOW

Flow may be defi ned as the net movement of 
a fl uid (or a dissolved or suspended constituent 
in the fl uid) through a cross-section, whereas 
 mixing may be thought of as exchange of a fl uid 
or its constituents between adjacent volumes 
with no net directional movement. Mixing and 
fl ow are important aspects of aquatic ecosystems 
from the largest to the smallest of scales.

At global scales, the fl ows of the atmosphere 
and the ocean are the major engines that drive 
heat and nutrient fluxes through the earth’s 
ecosystem. In the North Atlantic, the Gulf 
Stream carries tropical heat northward and gives 
Europe its temperate climate. Also, mixing of 
water masses across the Gulf Stream can have 
signifi cant effects on the oceanic ecosystems that 
it separates. Movement of the warm core rings of 
water from the ocean side of the Gulf Stream to 

the continental shelf side introduces signifi cant 
amounts of water low in nutrients and algae into 
shelf environments (Fig. 69, upper left). 

At intermediate (meso) scales, mixing 
and fl ow are crucial in estuaries and coastal 
waters where fresh and saltwater interact. 
Flow and mixing of water in an estuary are 
intricately linked processes that determine the 
estuary’s  water exchange rate, and in so doing 
these processes play a major role in estuarine 
productivity. 

At very small scales, microscopic organisms 
are infl uenced by relative motion of the fl uid 
( shear) that is directly related to mixing intensity 
(Fig. 69, upper right). This shear renews nutrient 
and food supplies, affects contact between 
predators and prey, and may be a source of 
physical stress at high levels. 

Figure 69:  Illustration of the 
importance of mixing and fl ow 
across all scales in coastal 
ecosystems (see text). The 
upper left panel is an enhanced 
satellite image of ocean color 
in the North Atlantic Ocean off 
the U.S. east coast showing low 
chlorophyll, warm core rings from 
the Gulf Stream at large scales 
(kilometers); the lower panel is 
an idealized cross-section of a 
partially mixed estuary illustrating 
mixing processes at intermediate 
scales (meters); and the upper 
right panel is a schematic diagram 
of the smallest turbulent eddy 
illustrating the mixing and fl ow 
environment at very small scales 
(centimeter or less).                       
( ηk = Kolmogorov microscale; 
see next page)

Mixing and flow influence all scales of natural coastal ecosystem 
processes

Physical factors: Mixing and fl ow
L.P. Sanford, S.E. Suttles, and E.T. Porter
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Mixing is accomplished through turbulent eddies 

For very slow fl ows at very small scales, 
mixing is accomplished by molecular processes. 
Almost all natural fl ows are turbulent, however, 
such that most mixing in nature is through the 
exchange of larger blobs of fl uid carried by 
turbulent eddies. The  turbulent energy spectrum 
(Fig. 70) helps to illustrate how turbulent energy 
is transferred from the large scales at which it 
is generated towards ever smaller scales. In 
doing so, this turbulent energy “cascade” mixes 
adjacent fl uids (and their constituents) down to 
scales at which molecular processes can fi nish 
smoothing out gradients. The spectrum shows 
the distribution of velocity  variance across wave 
number (inverse eddy size). Low wave numbers 
represent low frequency, large-scale processes 
and higher wave numbers correspond to shorter 
time and  space scales.

Energy is highest at the low wave numbers 
that correspond to the largest eddies. These large 
eddies break down into smaller and smaller 
eddies, “cascading” their energy towards higher 
wave numbers. The range of intermediate wave 
numbers is called the inertial-subrange, and is 

Figure 71: Relationships between the  abundance of 
Moerisia lyonsii and Acartia tonsa, and the turbulent 
energy dissipation rate (ε) in the 3 mixing treatments.47

characterized by a -5/3 slope on a log-log plot. 
The velocity spectrum starts to decrease faster 
than the -5/3 slope at a wave number slightly 
below that of the smallest turbulent eddy 
(Kolmogorov mircoscale, ηk). This represents 
a transition to a range where the energy is 
dissipated by molecular viscosity.  Shear still 
exists at scales smaller than the Kolmogorov 
microscale, but the turbulent spatial structure 
disappears and gradients are uniform. The same 
is true for microscale distributions of nutrients, 
particles, salt, and  temperature, except that their 
smallest scales (the Batchelor scales) are much 
smaller because their diffusivities are much 
smaller than the viscosity of water.

Many past mesocosm experiments suffered 
from a lack of mixing, but too much mixing is 
undesirable as well. For example, too much 
mixing can affect the structure of a pelagic 
ecosystem. As mixing energy is increased above 
the level to which organisms are acclimated in 
the environment, many organisms are damaged. 
In a MEERC pelagic-benthic experiment where 
mixing energy, as measured by the turbulent 
energy dissipation rate (ε) was a treatment,46 

systems that were mixed at relatively high 
energies had their copepod populations decline 
slightly and  gelatinous zooplankton populations 
decline precipitously (Fig. 71). 

47. Petersen et al. 1998

Figure 70: Idealized  velocity spectrum plot showing 
the cascade of turbulent  kinetic energy, characterized by 
the -5/3 slope part of the curve on the log-log plot, from 
large eddies to the smallest turbulent eddies (Kolmogorov 
mircoscale, ηk ). Wave number, k, corresponds to the 
inverse of eddy size.
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The relative importance of  mixing and flow changes in pelagic 
and benthic environments 

Mixing is biologically more important than 
fl ow in a pelagic environment and fl ow is more 
important than mixing in a benthic environment, 
although both must be considered in each 
environment (Fig. 72). Plankton in a pelagic 
ecosystem move with the fl ow of the water, so the 
speed of the fl ow itself is relatively unimportant. 
What matters to planktonic organisms is access 
to dissolved nutrients and oxygen, their encounter 
rates with prey or predators, and physical 
disturbance by turbulent mixing energy. In other 
words, mixing is the dominant physical infl uence 
on any given volume of the pelagic ecosystem. By 
contrast, many benthic organisms are attached 
to the bottom and are much more affected by 
fl ow. Water fl ow at moderate rates transports 
food, nutrients, and oxygen to bottom animals 
and plants, whereas high fl ow tends to exert 
direct physical stress on exposed organisms. 
Mixing is also important to the benthos because 
it determines the rate of exchange between the 

very near bottom environment and the interior 
of the water column. However, near-bottom 
mixing is directly proportional to near-bottom 
fl ow because turbulent mixing is generated by 
fl ow over the bottom.

Turbulent mixing generated by fl ow over the 
bottom  is affected by the roughness of the bottom, 
which may be due to  sediment bedforms or benthic 
fl ora or fauna that protrude into the fl ow. When 
the bottom is hydraulically smooth (in the absence 
of signifi cant bed roughness), there is a diffusive 
boundary layer just above the sediment-water 
interface where molecular diffusion dominates. 
The thickness of this layer is an important control 
on fluxes of dissolved substances between 
sediments and the overlying water column. The 
thickness of the diffusive boundary layer is 
inversely proportional to the strength of the fl ow 
and the turbulence it generates, so higher fl ows 
result in thinner diffusive boundary layers and less 
diffusive resistance. 

Figure 72: Mixing and fl ow strongly infl uence many important properties and related processes in the benthic and pelagic 
environments of coastal ecosystems. In general, mixing is more important to planktonic organisms and water column 
processes, while fl ow is more important in the benthic environment. Cs is the concentration in sediment porewater and Cw 
the dissolved nutrient, oxygen or contaminant concentration in the overlying water. See Tables 8 and 9 for defi nition of 
terms and relationships.
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There are important turbulent  mixing scales to be considered in 
mesocosm design 

In the pelagic environment the most important 
mixing parameters are Tm, uRMS, ε, l, KZ, and 
ηk, whereas in the benthic environment, the 
important parameters are u*, Ū, Kb, and δD (Table 
8). The Reynolds number Re (in one of its various 
confi gurations) refl ects the state of turbulence in 
both environments. The number of parameters 

seems daunting, and it is often impossible to match 
all experimental ecosystem turbulence scales to 
those in nature. Selecting which turbulent mixing 
scale(s) to use will depend on the experimental 
system and the questions to be addressed, but 
mesocosm designers should understand the physical 
and ecological consequences of their decisions. 

Parameter Name
 

Description Typical values

  Re Reynolds number Ratio of inertial to viscous 
forces (velocity scale x length 
scale / viscosity)

100 to 104 dimensionless, depends 
on defi nition

  uRMS Root Mean Squared 
(RMS) turbulence 
intensity

Characteristic turbulent 
(fl uctuating) velocity in the water 
column

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 stratifi ed 
interior

  KZ Vertical eddy 
diffusivity

Diffusion coeffi cient 
representing enhanced vertical 
mixing due to turbulence

10-6 m2 s-1 in the stratifi ed 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 rate

Rate of destruction of turbulent 
energy by viscosity and  shear

10-7 W m-3 in the stratifi ed 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 
above

  U Mean fl ow speed Time averaged fl ow speed 10-3 to 100 m s-1

  u* Shear velocity = (τ/ρ)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 fl uxes

10-3 to 10-5 m 

Table 8:This table shows some of the turbulence scales that are important to consider when designing mixing for an 
experimental ecosystem.48

(Conversion 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). 

48.  Additional guidance may be found in Sanford 1997
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Well established relationships among turbulence parameters can 
be used to match mesocosms to nature

Fortunately there are some well-established 
relationships (Table 9) that can be used under 
many circumstances to relate the various 
turbulence parameters to each other. This 
allows characterization of the fl ow and mixing 
without measuring every quantity directly, and 
it limits the number of decisions to be made. For 
example, if the experimental ecosystem and its 
natural counterpart mix quickly relative to the 
ecological time scales of interest, the precise 
value of Tm is not critical. This in turn implies 
that the precise value of KZ is not critical. Often, 
matching either ε or uRMS seems to be most 
important for pelagic ecosystem experiments. 

Table 9: Important turbulent mixing relationships for key parameters in experimental coastal ecosystems.

It is usually not possible to match both because 
it is very diffi cult to match integral length scale 
l, which is a measure of the largest eddies; these 
are usually much smaller in an experimental 
system than in nature. Even though ε is a more 
commonly reported value, it often makes sense 
to match uRMS instead because more parameters 
depend on its value. Similar considerations 
apply to the benthic environment, where u* 
is considered to be of primary importance. 
Simultaneously matching the important parameters 
in both the pelagic and benthic environments in one 
experimental system is even more of a challenge, 
but it is not intractable. 

Relationship Comments Where important

Where u´, v´, w´ are the variable 
velocity components in the x, y 
and z directions

Pelagic

 Integral length scale, l, is diffi cult 
to match between nature and
 experimental ecosystems

Pelagic

Turbulent diffusion controls  mixing 
in water column and is diffi cult to 
match to nature because of l

Pelagic

 ν= kinematic viscosity Pelagic

Often not as critical to match 
exactly if well mixed
h is total depth or width

Pelagic

CD is the hydraulic drag 
coeffi cient; depends on kb and Ū

Benthic

D is the molecular diffusivity (Note 
dependence on u*)

Benthic

 ε ≈
u

l
RMS

3

ε

1
4

ηk
=  2π ν3

Tm = h2

2 . KZ

u* = CD
. Ū

δD =
10ν

ν

1
3D

u*

≈ ≈uRMS
. lKZ ε . l

1
3

4
3

= 1
3

uRMS u             wv
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The effects of large- and small-scale  mixing 
depend on complex interactions between 
organism physiology and behavior, nutrient 
dynamics, and the light environment (Fig. 73, 
Table 10). On one hand, increased mixing has 
the potential to increase primary productivity 
by maintaining cells in the photic zone, by 
increasing phytoplankton access to benthic 
nutrients, by decreasing the diffusion gradient 
around cells, and by increasing copepod 
excretion rates. On the other hand, increased 
mixing also has the potential to decrease primary 
productivity by increasing the turbidity due to 
sediment resuspension. In addition, although 
large-scale vertical mixing can replenish nutrient 
supply to surface waters, it can also mix cells 
into aphotic waters, disrupting the necessary 
positive balance between photosynthesis 
and respiration. Ecosystem productivity and 
respiration refl ect the outcome of these positive 
and negative effects of mixing. Few empirical 
studies have been conducted to quantitatively 
assess ecosystem level responses of plankton 
communities to the addition of mixing energy.

Mixing can have a variety of effects on organisms and ecosystems  

Figure 73: Small-scale mixing around organisms and large-scale vertical mixing between surface and bottom water have 
a variety of effects on organisms and on ecosystem processes. Generating realistic mixing in mesocosms is challenging, 
but is crucial to allow for accurate ecological response to treatments applied.

N+P

N+P

N+P

Natural light

Natural ecosystem

Experimental ecosytem

Mixing and flow

Water exchange

Natural food webs involving 
nutrients,phytoplankton, and 
zooplankton

Artificial or natural light 

Artificial mixing and flow

Mesocosm

Artificial water exchange

49. Petersen et al. 1998

Component Variable Relationship

Phytoplankton Settling rate
Chlorophyll a
Productivity
Cell size
Diatom / fl agellate
Nutrient uptake
Timing of bloom

-
+
+ or 0
+
+

+ or 
Zooplankton Abundance

 Variance
Predation rate
Demographics

-
-

Ecosystem Total biomass
Ecosystem P, R
Nutrient dynamics

+

Table 10: A summary of empirically determined effects 
of mixing on phytoplankton, zooplankton, and ecosystem 
processes from a comprehensive review of the aquatic 
literature.49  (+) symbol indicates a positive relationship 
between the variable and turbulence, (-) indicates 
a negative relationship, (√) indicates the presence 
of a relationship, (0) indicates no relationship. (P = 
production; R = respiration)
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There are many different ways to mix experimental ecosystems

The two most common techniques that are 
used to mix pelagic experimental ecosystems are 
rotating paddles and oscillating grids (or plungers). 
They each have advantages and disadvantages. 
Rotating paddles (Fig. 74), if they are carefully 
designed, have the advantage of promoting both 
stirring of the whole system and local mixing, 
providing uniform  mixing and exposing all the 
contained water to  turbulent energy. There is less 
design information about rotating paddles available 
in the ecological literature, however, especially 
for the low Reynolds number conditions most 
relevant for ecosystem studies. Oscillating grids 
(Fig. 75) are easier to quantify and to implement 
because their characteristics are well known, but 
they tend to produce large spatial gradients of 
turbulent energy without much overall stirring. 
This may be a problem for many organisms in 
ecosystem experiments, especially ones whose 
size approaches the size of the grid or whose 
physical structure is delicate (e.g.,  gelatinous 
zooplankton). 

Another method that is sometimes used to mix 
pelagic experimental ecosystems is air bubbling. 
There are empirical relationships for turbulence 
and mixing induced by air bubbling, given the fl ow 
rate of air and the size of the system, that make it 
relatively easy to quantify mixing intensity and 
mixing time. The major problems with air bubbling 
are injection of air into the water column resulting 
in higher dissolved gas concentrations, spray at the 
surface when rising bubbles break, and potential 
damage to delicate organisms. 

One conceptually attractive type of pelagic 
experimental ecosystem is the in situ enclosure, 
in which a small volume of a water body is 
enclosed in a bag and experimentally manipulated. 
A classic example of this was the  CEPEX (Fig. 
76) experiment in the late 1970s. However, this 
approach is fundamentally fl awed unless additional 
mixing is provided because the dominant source of 
mixing energy (vertical  shear) is excluded. Mixing 
induced by diurnal heating and cooling remains, 
as well as a small amount of motion transmitted 

Figure 75: Oscillating grid mixing scheme.50
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collecting

hose

Dimensions:  Small     Large
Total length:   16 m     29 m
Diameter:      2 m      10 m
Volume:      68 m3  1335 m3

Figure 74: Stirrer type mixer used in 1 m3 MEERC 
pelagic-benthic tanks.

50. Estrada et al.1987, 51. Grice and Reeve 1982

through the fl exible walls, but these sources are 
insuffi cient to make up for the loss of vertical shear. 
CEPEX investigators found that their bags were 
quite under-mixed and that the ecosystems behaved 
unrealistically as a result.

Figure 76: Schematic of in situ CEPEX enclosures.51
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Experimental benthic systems require special methods for mixing 
and flow 

Figure 77: Photo of annular fl ume that was used in 
benthic-pelagic coupling experiments in MEERC. Flume 
is 1.80 m O.D, with a 20 cm wide channel and a 15 cm 
water depth and a 1 m2 sediment surface area.

The most important mixing parameter to 
replicate in benthic experimental ecosystems is 
 shear velocity, (u*). Shear velocity can be regulated 
in fl umes in which water fl ow over the bottom 
generates turbulence and  mixing. An attractive 
fl ume design for experimental ecosystem work is 
an annular fl ume (Fig. 77), in which a revolving lid 
drives continuous recirculation of the water. The 
resulting fl ow characteristics are not as realistic as 
those produced with other fl ume designs. However, 
because water volume is contained in an annular 
fl ume as opposed to a fl ow-through fl ume system, 
it is well suited for experimental ecosystem studies. 
One disadvantage of laboratory fl ume systems is 
their cost, usually limiting replication. In additon, 
they are typically only practical for studies of the 
very near-bottom environment.

None of the pelagic mesocosm mixing systems 
described on the previous page produce realistic 
bottom shear velocity without over-mixing the 
water column. As part of MEERC there was an 
effort to develop a mixing system that generated 
realistic shear at the bottom while maintaining 
a pelagic water column with reasonable mixing 
energy.52 The fi rst attempt at such a device was 
a modifi ed 1 m3 pelagic tank with realistic water 
column turbulence coupled to the annular fl ume. 

Figure 78: Contours (left) of turbulence 
intensity, uRMS, for new mixer design (see photo 
below) that achieved simultaneously uniform 
bottom shear stress (or friction velocity, u*) 
and realistic water column uRMS. Dots indicate 
measurement locations.

The linking of the systems proved diffi cult and, 
although the device was successful, it was costly 
and diffi cult to operate.52 

A system that achieved both goals (i.e., realistic 
mixing and bottom shear) in a single tank (Fig. 
78) was designed and implemented in two sets 
of three 1 m3 experimental ecosystems studying 
the effects of  sediment resuspension and benthic 
exchange in eco-toxicology and benthic-pelagic 
ecosystem studies. This system is simpler to use 
and is less expensive. Thus, greater replication is 
achievable without the complexities inherent in 
linked systems.

52. Porter et al. 2004b
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Principles from engineering studies are useful guides for 
designing  mixing systems

Engineers have long been concerned 
with mixing and fl ow in tanks and channels. 
In designing mixing reactors for industrial 
processes and channels (or conduits) for fl ows 
of all types of fl uids and slurries, engineers have 
developed many useful techniques, relationships, 
and rules-of-thumb that are helpful for design 
of mixing schemes for enclosed experimental 
ecosystems. The use of scale models (p.72) is 
one engineering technique that was employed 
when developing the MEERC pelagic-benthic 
mixing systems. Although turbulence in the 
models did not scale quantitatively to the full 
scale prototypes, the models provided valuable 
qualitative information on mixing and flow 
patterns and paddle arrangements and they 
allowed relatively inexpensive testing of 
preliminary designs. Several rules-of-thumb, 
such as the best ratio of mixing paddle diameter 
to tank diameter, optimal paddle distance above 
the bottom or below the surface, and paddle 

spacing, were used (Fig. 79). All are found in 
the chemical engineering literature.53

Many of the engineering studies in which 
these design principles were developed used 
much higher mixing energies than appropriate 
for most experimental ecosystems. However, the 
design principles still apply because researchers 
can use dimensional analysis, drawing on 
principles of similitude. One dimensionless 
number from the engineering literature that is 
useful is the Power Number, Np, which behaves 
much like a drag coeffi cient. In the MEERC 
pelagic-benthic systems,  relationships between 
gypsum dissolution rate (a proxy for uRMS in 
this case) and mixer RPM in a variety of tanks 
scaled very well using a Np relationship from 
the chemical  literature (Fig. 80). 

There are many other examples of engineering 
information that is useful for experimental 
ecosystem design. Collaboration with civil or 
chemical engineers, and referring to standard 
engineering literature, are useful steps when 
considering the design of a new experimental 
ecosystem facility.

Figure 79: Standard tank geometry for chemical 
engineering mixing tanks48 with axial impeller and 
associated fl ow pattern.

Figure 80: Weighted average rate of gypsum dissolution 
(symbols) in the fi ve different MEERC pelagic-benthic 
tanks compared to the cube root of the mixer power as 
defi ned by power number theory (lines). A single arbitrary 
constant for all tanks, which was directly related to the 
mixer power number, Np, had to be calibrated to produce 
the theoretical curves.
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Mixing and flow must be quantified in experimental ecosystems

Although  mixing and flow are clearly 
important in a qualitative sense, their potential 
effects on ecosystem structure and function  make 
it essential to quantify their levels and distributions 
in experimental ecosystems. Intuition about how 
vigorously or gently to mix a scaled-down piece 
of nature is not always reliable.

A simple technique to measure fl ow patterns 
and mixing times in scale models and full-scale 
tanks is the use of tracers. In MEERC scale model 
studies, a food coloring dye diluted to have a 
density very close to that of the water in the tank 
was used (Fig. 81). This allowed observations 
of circulation patterns and tests of the adequacy 
of different mixer arrangements. A fl uorescent 
dye, Rhodamine–WT (Fig. 82), was used in the 
full-scale tanks as this dye is detectable at very 
low concentrations with a properly confi gured 
fl uorometer. This allowed measurements of the 
time it took the tank to become thoroughly mixed 
(Tm) when a pulse input of dye was injected at 
various locations in the tank. In the MEERC 
marsh mesocosms, bromide was used as a tracer 
to measure the fl ow rate of the groundwater 
through the  sediments. 

Tracer studies are useful for measuring fl ow 
patterns and mixing times but they are usually 
not adequate for measuring characteristic fl ow 
parameters. Direct flow methods (velocity 

probes or hot wire/film anemometry) and 
gypsum dissolution can be used to quantify 
these other parameters (e.g., Fig. 83); they are 
discussed in the following pages.

Figure 83: Schematic diagram of acoustic doppler 
velocimeter (ADV) used for direct fl ow measurements. 
(w', v', u' are the variable velocity components in the x, 
y and z directions.)

Figure 82: Photo of Rhodamine-WT dye studies in full 
scale tank. Water samples were collected at timed intervals 
for fl uorometric analysis. Mixing time, Tm, was estimated 
from these tests.
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Figure 81: Photo of scale model setup for testing of mixer 
designs. Diluted food coloring was typically used as tracer 
in scale models. All tests were video taped.
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The best way to quantify turbulence and fl ow 
in experimental ecosystems is to measure these 
factors directly at a number of points on a very 
small scale with highly accurate instruments. 
Acoustic doppler velocimeters (Fig. 83) are 
relatively inexpensive, easy-to-use instruments 
for measuring velocity components in three 
dimensions (x, y, z) in a small sampling volume. 
From these instantaneous measurements one can 
calculate the mean fl ow and turbulent fl uctuations 
directly. Acoustic doppler velocimeters were 
used in MEERC to quantify dissipation of 
turbulent  kinetic energy, ε, and turbulence 
intensity, uRMS, in the water column of the 
tanks. By taking measurements at strategic 
locations within the tank, these quantities were 
mapped out (Fig. 84), averaged  over the water 
volume, and compared to values measured in 
natural systems. The average values, range of 
values, and spatial distributions of values were 
all quantifi ed. Other direct fl ow measurement 
techniques are available as well, including laser 
velocimetry and hot wire/film anemometry, 
but they tend to be more expensive and more 
diffi cult to use.

There are various methods for quantifying mixing and water flow

54. Crawford and Sanford 2001

Figure 85: Schematic diagram of hot fi lm anemometer 
sensor used for direct measurements of boundary layer  
friction velocity, u*. 

Figure 84: Contour plot of water column turbulence 
intensity, uRMS, cm s-1 calculated from acoustic doppler 
velocimeter and gypsum dissolution measurements in 1 m3 
pelagic-benthic tanks with standard stirrer type mixer.
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For the benthic environment it is important 
to measure the distribution of  shear velocity over 
the bottom. Hot fi lm anemometers are devices 
that can be used for this purpose (Fig. 85). The 
sensor measures the rate of heat loss to the water 
column, which is controlled by the thickness 
of the diffusive boundary layer, which, in turn, 
is inversely related to shear velocity u*. These 
sensors were used extensively in the MEERC 
program while developing a new  mixing device 
that would better simulate natural benthic 
boundary layer fl ows in a standard cylindrical 
tank (Fig. 78). In addition, these sensors can also 
be used on the walls of tanks, for instance to help 
quantify diffusive transport processes from the 
walls to the water column.54

It is strongly recommended that researchers  
using experimental ecosystems undertake 
measurements that allow the direct calculation 
of the important fl ow and mixing parameters. 
In situations where these measurements are 
not feasible there are other methods available, 
such as gypsum dissolution. However, these 
indirect methods can be misleading if not 
properly interpreted; therefore, they should be 
used with caution. 
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Gypsum dissolution can be used in some circumstances

Figure 88: Turbulence intensity versus gypsum-dissolution 
of 3-cm spheres in three fl ow environments; fl uctuating 
environment (n = 15), mixed-fl ow environment (n = 33), 
and steady-fl ow environment (n = 4). Any data points 
with dissolution rate below 0.07 g h-1 were discarded. The 
plot reveals that inter-comparison of gypsum dissolution 
rates for different fl ow environments is not valid. Similar 
turbulence intensities can result in signifi cantly different 
gypsum dissolution.55 

Direct fl ow measurement techniques (Fig. 
86), although they are becoming simpler and 
less expensive, are still somewhat daunting 
for researchers without specific training in 
fluid dynamics. Nevertheless, much of the 
direct fl ow data in MEERC was collected by 
graduate students with undergraduate biology 
degrees. Gypsum dissolution (Fig. 87) has been 
suggested as a low-technology alternative to 
direct fl ow measurement for ecological studies. 
However, gypsum dissolution could not be used 
universally to measure the characteristics of  
fl ow in the MEERC tank studies. Nevertheless, 
if the basic characteristics of a fl ow are known 
and gypsum dissolution rates are appropriately 
calibrated, gypsum dissolution can be a useful 
tool for interpolation and  extrapolation of sparse 
direct fl ow measurements. 

A workable solution involves limited direct 
fl ow measurements to determine whether the 
velocity fi eld is dominated by unidirectional 
steady fl ow or by fl uctuations with very little 
mean velocity, because the response of gypsum 
dissolution to flow changes significantly 
under these different circumstances. For 
example, while gypsum dissolution was linearly 
proportional to turbulent intensity, the slopes of 

55. Porter et al. 2000

Figure 87: Gypsum ball arrangement in a MEERC pelagic-
benthic tank. Gypsum balls were deployed on metal rods, 
covering important regions of the tank.

0
Gypsum dissolution rate (g h-1)

Fluctuating flow
Mixed flow
Steady flow

Tu
rb

ul
en

ce
 in

te
ns

ity
 (U

R
M

S
)

0.1 0.2 0.3 0.4
0

2

4

6

8

10

Figure 86:  Mixing design test tank with direct flow 
measuring sensors; hot-fi lm sensors (yellow circles along 
tank bottom), and accoustic doppler velocimeter (3-pronged 
probe). This setup quantifi es water column turbulence and 
bottom friction velocity for improved mixer design. 

these relationships varied with fl ow regime (Fig. 
88). Steady fl ow produces less dissolution than 
fl uctuating fl ow for a given turbulence intensity. 
The gypsum confi guration is also important, 
including the shape of the dissolution objects, 
their specifi c chemistry, and the chemistry and 
 temperature of the water.55

E
lk

a 
P

or
te

r

La
rr

y 
S

an
fo

rd



129

References
Baker, J., R. Mason, J.C. Cornwell, J.Ashley, J. Halka and J. Hill. 1997. Final 

Report to Maryland Department of the Environment, Ref. No. UMCES 
[CBL] 97-142.

Bartleson, R. D., W. M. Kemp and J. C. Stevenson. 2005. Use of a simulation 
model to examine effects of nutrient loading and grazing on Potamogeton 
perfoliatus L. communities in microcosms. Ecological Modelling. 185: 
483-512.

Berg, G.M., P.M. Glibert and C.-C. Chen. 1999. Dimension effects of 
enclosures on ecological processes in pelagic systems. Limnology and 
Oceanography 44:1331-1340.

Boynton, W.R., J.H. Garber, R. Summers and W.M. Kemp. 1995. Inputs, 
transformations, and transport of nitrogen and phosphorus in Chesapeake 
Bay and selected tributaries. Estuaries 18(1B):285-314.

Brownlee, P.C. and F. Jacobs. 1987. Mesozooplankton and microzooplankton 
in the Chesapeake Bay. Pages 217-269 in S.K. Majumdar, L.W. Hall, Jr. 
and H.M. Austin (eds.). Containment problems and management of living 
Chesapeake Bay resources. Pennsylvania Academy of Sciences, Easton.

Carpenter, S.R. 1996. Microcosm experiments have limited relevance for 
community and ecosystem ecology. Ecology 77:667-680.

Carpenter, S.R., J.F. Kitchell and J.R. Hodgson. 1985. Cascading trophic 
interactions and lake productivity. BioScience 35:634-639.

Chen, C.-C. and W.M. Kemp. 2004. Periphyton communities in experimental 
marine ecosystems: Scaling the effects of removal from container walls. 
Marine Ecology-Progress Series 271:27-41.

Chen, C.-C., J.E. Petersen and W.M. Kemp. 1997. Spatial and temporal 
scaling of periphyton growth on walls of estuarine mesocosms. Marine 
Ecology-Progress Series 155:1-15.

Chen, C.-C., J.E. Petersen and W.M. Kemp. 2000. Nutrient uptake in 
experimental estuarine ecosystems: Scaling and partitioning rates. Marine 
Ecology-Progress Series 200:103-116.

Cohen, J.E. and D. Tilman. 1996. Biosphere 2 and biodiversity: The lessons 
so far. Science 274:1150-1151.

Confer, J.L. 1972. Interrelations among plankton, attached algae and 
phosphorus cycle in artifi cial open systems. Ecological Monographs 
42:1-23.

Cooke, G.D. 1967. The pattern of autotrophic succession in laboratory 
microcosms. BioScience 17:717-721.

Cornelisen, C.D and F. I. M. Thomas. 2006. Water fl ow enhances ammonium 
and nitrate uptake in a seagrass community. Marine Ecology-Progress 
Series 312:1-13.

Cornwell, J.C. Unpublished data. MEERC report, U.S.E.P.A. Star Program.
Cowan, J.L.W. and W.R. Boynton. 1996. Sediment-water oxygen and nutrient 

exchanges along the longitudinal axis of Chesapeake Bay: Seasonal 
patterns, controlling factors and ecological signifi cance. Estuaries 19:562-
580.

Crawford, S.M. and L.P. Sanford. 2001. Boundary shear velocities and fl uxes 
in the MEERC experimental ecosystems. Marine Ecology-Progress Series 
210:1-12.

de Lafontaine, Y. and W.C. Leggett. 1987. Effect of container size 
on estimates of mortality and predation rates in experiments with 
macrozooplankton and larval fi sh. Canadian Journal of Fisheries and 
Aquatic Sciences 44:1534-1543.

Dudzik, M., J. Harte, A. Jassby, E. Lapan, D. Levy and J. Rees. 1979. Some 
considerations in the design of aquatic microcosms for plankton studies. 
International Journal of Environmental Studies 13:125-130.

Eppley, R.W., P. Koeller and G.T. Wallace, Jr. 1978. Stirring infl uences the 
phytoplankton species composition within enclosed columns of coastal 
sea water. Journal of Experimental Marine Biology and Ecology 32:219-
239.

Estrada, M., M. Alcaraz and C. Marrasé. 1987. Effects of turbulence on the 
composition of phytoplankton assemblages in marine microcosms. Marine 
Ecology-Progress Series 38:267-281.

Fee, E.J. and R.E. Hecky. 1992. Introduction to the northwest Ontario lake 
size series (NOLSS). Canadian Journal of Fisheries and Aquatic Sciences 
49:2434-2444.

Fonseca, M.S. and W. J. Kenworthy. 1987. Effects of current on 
photosynthesis and distribution of seagrasses. Aquatic Botany 27:59-78.

Fukuda, M.K. and Lick, W., 1980. The Entrainment of Cohesive Sediments in 
Freshwater. Journal of Geophysical Research, 85(C5): 2813-2824.

Gallagher, J.L and F.G. Daiber. 1973. Diel rhythms in edaphic community 
metabolism in a Delaware salt marsh. Ecology 54:1160-1163.

Grice, G.D. and M.R. Reeve (eds.). 1982. Marine Mesocosms: Biological and 
Chemical Research in Experimental Ecosystems. Springer-Verlag, New 
York.

Gust, G. and Mueller, V., 1997. Interfacial hydrodynamics and entrainment 
functions of currently used erosion devices. pp. 149-174 in: N. Burt, W.R. 
Parker and J. Watts (ed.s), Cohesive Sediments. John Wiley and Sons, 
New York, 

Harding L.W., Jr., M.E. Mallonee and E.S. Perry. 2002. Toward a predictive 
understanding of primary productivity in a temperate, partially stratifi ed 
estuary. Estuarine and Coastal Shelf Science 55:437-463.

Harte, J., D. Levy, J. Rees and E. Saegebarth. 1980. Making microcosms 
an effective assessment tool. Pages 105-137 in J.P. Giesy, Jr. (ed.). 
Microcosms in Ecological Research. National Technical Information 
Service, Springfi eld VA.

Heath, M.R. and E.D. Houde. 2001. Evaluating and modeling foraging 
performance of planktivorous and piscivorous fi sh: Effects of containment 
and issues of scale. Pages 191-250 in R.H. Gardner, W.M. Kemp, V.S. 
Kennedy and J.E. Petersen (eds.). Scaling Relations in Experimental 
Ecology. Columbia University Press, New York. 

Houde, E.D. Unpublished data. MEERC report, U.S.E.P.A. Star report.
Huettel, M. and A. Rusch. 2000. Transport and degradation of phytoplankton 

in permeable sediment. Limnology and Oceanography 45:534-549.
Kadlec, R.H. and R.L. Knight. 1995. Treatment Wetlands. Lewis Publishers:

Boca Raton FL.
Kemp, W.M., R. Batiuk, R. Bartleson, P. Bergstrom, V. Carter, G. Gallegos, W. 

Hunley, L. Karrh, E. Koch, J. Landwehr, K. Moore, L. Murray, M. Naylor, 
N. Rybicki, J. C. Stevenson, and D. Wilcox. 2004. Habitat requirements 
for submerged aquatic vegetation in Chesapeake Bay: Water quality, light 
regime, and physical-chemical factors. Estuaries 27:363-377.

Kemp, W.M. and W.R. Boynton. 1984. Spatial and temporal coupling of 
nutrient inputs to estuarine primary production: The role of particulate 
transport and decomposition. Bulletin of Marine Science 35:522-535.

Kemp, W.M., W.R. Boynton, J.E. Adolf, D.F. Boesch, W.C. Boicourt, G. Brush, 
J.C. Cornwell, T.R. Fisher, P.M. Glibert, J.D. Hagy, L.W. Harding, E.D. 
Houde, D.G. Kimmel, W.D. Miller, R.I.E. Newell, M.R. Roman, E.M. Smith 
and J.C. Stevenson. 2005. Eutrophication of Chesapeake Bay: Historical 
trends and ecological interactions. Marine Ecology-Progressive Series 
303:1-29.

Kemp, W.M., M.R. Lewis, J.J. Cunningham, J.C. Stevenson and 
W.R. Boynton. 1980. Microcosms, macrophytes, and hierarchies: 
Environmental research in the Chesapeake Bay. Pages 911-936 in J.P. 
Giesy, Jr. (ed.). Microcosms in Ecological Research. National Technical 
Information Service, Springfi eld, VA.

Kemp, W.M., J.E. Petersen and R.H. Gardner. 2001. Scale-dependence and 
the problem of extrapolation: Implications for experimental and natural 
coastal ecosystems. Pages 3-57 in R.H. Gardner, W.M. Kemp, V.S. 
Kennedy and J.E. Petersen (eds.). Scaling Relations in Experimental 
Ecology. Columbia University Press, New York.

REFERENCES



130

Kemp, W.M., R.R. Twilley, J.C. Stevenson, W.R. Boynton and J.C. Means. 
1983. The decline of submerged vascular plants in upper Chesapeake 
Bay: Summary of results concerning possible causes. Marine Technology 
Society Journal 17:78-89.

Kerhin, R.T., P.J. Blakeslee, N. Zoltan and R. Cuthbertson. 1988. The surfi cial 
sediments of the Chesapeake Bay, Maryland: Physical characteristics and 
sediment budget. Report of Investigation 48, Maryland Geological Survey. 
82 pages.

Kitchens, W.M. 1979. Development of a salt marsh microecosystem. 
International Journal of Environmental Studies 13:109-118.

Kuiper, J. 1981. Fate and effects of mercury in marine plankton communities 
in experimental enclosures. Ecotoxicology and Environmental Safety 
5:106-134.

Lewis, M.R. and T. Platt. 1982. Scales of variability in estuarine ecosystems. 
Pages 3-20 in V.S. Kennedy (ed.). Estuarine Comparisons. Academic 
Press, New York.

Luckett, C., W.H. Adey, J. Morrissey and D.M. Spoon. 1996. Coral reef 
mesocosms and microcosms - successes, problems and the future of 
laboratory models. Ecological Engineering 6:57-72.

Luckinbill, L.S. 1973. Coexistence in laboratory populations of Paramecium 
aurelia and its predator Didinium nasutum. Ecology 54:1320-1327.

Madsen, T.V. and M. Søndergaard. 1983. The effects of current velocity 
on the photosynthesis of Callitriche stagnalis scop. Aquatic Botany 15: 
187-193.

Marvin-DiPasquale, M.C. and D.G. Capone. 1998. Benthic sulfate reduction 
along the Chesapeake Bay central channel. I. Spatial trends and controls. 
Marine Ecology-Progress Series 168:213-228.

Merrell, K.S. 1996. The effects of fl ow and mixing on Vallisneria and its 
associated community in experimental mesocosms. MS thesis. University 
of Maryland, College Park. 83p.

Mowitt, W.P. 1999. Scale-dependence of bay anchovy (Anchoa mitchilli) 
growth and top-down control by anchovies of plankton communities in 
estuarine mesocosms. MS thesis. University of Maryland, College Park.

Mowitt, W.P., E.D. Houde, D.C. Hinkle and A. Sanford. 2006. Growth of 
planktivorous bay anchovy Anchoa mitchilli, top-down control, and scale-
dependence in estuarine mesocosms. Marine Ecology-Progress Series 
308:255-269.

Muffl ey, B.W.  2002. Scale-dependent predatory effects of the Atlantic 
silversides, Menidia menidia, and lobate ctenophore, Mnemiopsis leidyi, 
on plankton communities in estuarine mesocosms.  MS thesis. University 
of Maryland, College Park.

Murray, L., R.B. Sturgis, R.D. Bartleson, W. Severn and W.M. Kemp. 
2000. Scaling submersed plant community responses to experimental 
nutrient enrichment. Pages 241-257 in S. A. Bortone (ed.). Seagrasses: 
Monitoring, Ecology, Physiology, and Management. CRC Press, New 
York.

Naeem, S. and S. Li. 1997. Biodiversity enhances ecosystem reliability. 
Nature 390:507-509.

Neckles, H.A., R.L. Wetzel and R.J. Orth. 1993. Relative effects of nutrient 
enrichment and grazing on epiphyte-macrophyte (Zostera marina L.) 
dynamics. Oecologia 93:285-295.

Neundorfer, J.V. and W.M. Kemp. 1993. Nitrogen versus phosphorus 
enrichment of brackish waters: Responses of the submersed plant 
Potamogeton perfoliatus and its associated algal community. Marine 
Ecology-Progress Series 94:71-82.

Nixon, S.W. 1969. A synthetic microcosm. Limnology and Oceanography 
14:142-145.

Nixon. S. W. and C.A. Oviatt. 1973. Ecology of a New England salt marsh. 
Ecological Monographs 43:463-498.

Odum, E.P. 1961. The role of tidal marshes in estuarine production. 
Conservationist 15:12-15.

Øiestad, V. 1990. Specifi c application of meso- and macrocosms for 
solving problems in fi sheries research. Pages 136-154 in C.M. Lalli 
(ed.). Enclosed Experimental Marine Ecosystems: A Review and 
Recommendations. Springer-Verlag, New York.

Parsons, T.R. 1982. The future of controlled ecosystem enclosure 
experiments. Pages 411-418 in G.D. Grice and M.R. Reeve (eds.). 
Marine Mesocosms: Biological and Chemical Research in Experimental 
Ecosystems. Springer-Verlag, New York.

Petersen, J.E., C.-C. Chen and W.M. Kemp. 1997. Scaling aquatic primary 
productivity: Experiments under nutrient- and light-limited conditions. 
Ecology 78:2326-2338.

Petersen, J.E., J.C. Cornwell and W.M. Kemp. 1999. Implicit scaling in the 
design of experimental aquatic ecosystems. Oikos 85:3-18.

Petersen, J.E., W.M. Kemp, R. Bartleson, W.R. Boynton, C.-C. Chen, J.C. 
Cornwell, R.H. Gardner, D.C. Hinkle, E.D. Houde, T.C. Malone, W.P. 
Mowitt, L. Murray, L.P. Sanford, J.C. Stevenson, K.L. Sundberg and 
S.E. Suttles. 2003. Multiscale experiments in coastal ecology: Improving 
realism and advancing theory. BioScience 53:1181-1197.

Petersen, J.E., L.P. Sanford and W.M. Kemp. 1998. Coastal plankton 
responses to turbulent mixing in experimental ecosystems. Marine 
Ecology-Progress Series 171:23-41.

Porter, E.T. 1999. Physical and biological scaling of benthic-pelagic coupling 
in experimental ecosystem studies. PhD dissertation, University of 
Maryland, College Park.

Porter, E.T., J.C. Cornwell, L.P. Sanford and R.I.E. Newell. 2004a. Effect 
of oysters Crassostrea virginica and bottom shear velocity on benthic-
pelagic coupling and estuarine water quality. Marine Ecology-Progress 
Series 271:61-75.

Porter, E.T., M.S. Owens and J.C. Cornwell. 2006. Effect of manipulation 
on the biogeochemistry of experimental sediment systems. Journal of 
Coastal Research 22:1539-1551.

Porter, E.T., L.P. Sanford, G. Gust and F.S. Porter. 2004b. Combined water-
column mixing and benthic boundary-layer fl ow in mesocosms: Key for 
realistic benthic-pelagic coupling studies. Marine Ecology-Progress Series 
271:43-60.

Porter, E.T., L.P. Sanford and S.E. Suttles. 2000. Gypsum dissolution is not 
a universal integrator of ‘water motion’. Limnology and Oceanography 
45:145-158.

Purcell, J.E., U. Båmstedt and A. Båmstedt. 1999. Prey, feeding rates, and 
asexual reproduction rates of the introduced oligohaline hydrozoan 
Moerisia lyonsi. Marine Biology 134:317-325.

Reeve, M.R., G.D. Grice and R.P. Harris. 1982. The CEPEX approach and 
its implications for future studies in plankton ecology. Pages 389-398 in 
G.D. Grice and M.R. Reeve (eds.). Marine Mesocosms: Biological and 
Chemical Research in Experimental Ecosystems. Springer-Verlag, New 
York.

Resetarits, W.J., Jr. and J.E. Fauth. 1998. From cattle tanks to Carolina bays: 
the utility of model systems for understanding natural communities. Pages 
133-151 in W.J. Resetarits, Jr. and J. Bernardo (eds.). Experimental 
Ecology: Issues and Perspectives. Oxford University Press, New York.

Ringelberg, J. and K. Kersting. 1978. Properties of an aquatic 
microecosystem: I. General introduction to the prototypes. Archiv für 
Hydrobiologie 83:47-68.

Roman, M.R. Unpublished data. MEERC report, U.S.E.P.A. Star report.
Roman, M., X. Zhang, C. McGilliard and W. Boicourt. 2005. Seasonal 

and annual variability in the spatial patterns of plankton biomass in 
Chesapeake Bay. Limnology and Oceanography 50:480-492.

EXPERIMENTAL ECOSYSTEMS



131

Roush, W. 1995. When rigor meets reality. Science 269:313-315.
Sanford, L.P. 1997. Turbulent mixing in experimental ecosystem studies. 

Marine Ecology-Progress Series 161:265-293.
Sanford, L.P. and S.M. Crawford. 2000. Mass transfer versus kinetic control 

of uptake across solid-water boundaries. Limnology and Oceanography 
45:1180-1186.

Santschi, P.H., U. Nyffeler, R. Anderson and S. Schiff.  1984. The enclosure 
as a tool for the assessment of transport and effects of pollutants in 
lakes. Pages 549-562 in H.H. White (ed.). Concepts in Marine Pollution 
Measurements. Maryland Sea Grant College, College Park.

Schindler, D.E. and M.D. Scheuerell. 2002. Habitat coupling in lake 
ecosystems. Oikos 98:177-189.

Schindler, D.W. 1998. Replication versus realism: The need for ecosystem-
scale experiments. Ecosystems 1:323-334.

Schmitz, J.P. 2000. Meso-scale community organization and response to 
burning in mesocosms and a fi eld salt marsh. MS thesis. University of 
Maryland, College Park.

Short, F.T., D.M. Burdick and J.E. Kaldy III. 1995. Mesocosm experiments 
quantify the effects of eutrophication on eelgrass, Zostera marina. 
Limnology and Oceanography 40:740-749.

Steele, J.H. and J.C. Gamble. 1982. Predator control in enclosures. Pages 
227-237 in G.D. Grice and M.R. Reeves (eds.). Marine Mesocosms: 
Biological and Chemical Research in Experimental Ecosystems. Springer-
Verlag, New York.

Sturgis, R.B. and L. Murray. 1997. Scaling of nutrient inputs to submersed 
plant communities: Temporal and spatial variations. Marine Ecology-
Progress Series 152:89-102.

Tatterson, G.B. 1991. Fluid Mixing and Gas Dispersion in Agitated Tanks. 
McGraw-Hill, New York.

Twilley, R.R., W.M. Kemp, K.W. Staver, J.C. Stevenson and W.R. Boynton. 
1985. Nutrient enrichment of estuarine submersed vascular plant 
communities. 1. Algal growth and effects on production of plants and 
associated communities. Marine Ecology-Progress Series 23:179-191.

Wiens, J.A. 2001. Understanding the problem of scale in experimental 
ecology. Pages 61-88 in R.H. Gardner, W.M. Kemp, V.S. Kennedy 
and J.E. Petersen (eds.). Scaling Relations in Experimental Ecology. 
Columbia University Press, New York.

Zelenke, J. 1999.  Tidal freshwater marshes as nutrient sinks: Nutrient burial 
and denitrifi cation. PhD dissertation. University of Maryland, College Park.

Zieman, J.C., S.A. Macko, and A.L. Mills. 1984. Role of seagrasses and 
mangroves in estuarine food webs: Temporal and spatial changes in 
stable isotope composition and amino acid content during decomposition. 
Bulletin of Marine Science 35:380-392.

REFERENCES




