Limnol. Oceanogr., 45(1), 2000, 145-158
© 2000, by the American Society of Limnology and Oceanography, Inc.

Gypsum dissolution is not a universal integrator of ‘water motion’

Elka T. Portert, Lawrence P Sanford, and Steven E. Suttles
Horn Point Laboratory, University of Maryland Center for Environmental Science, PO. Box 775,

Cambridge, Maryland 21613

Abstract

The dissolution of gypsum or plaster of Paris has been widely used as an inexpensive integral measure of ‘water
motion’ in the field and in laboratory tanks for studies of physical-biological interactions. Commonly, gypsum-
dissolution rates have been calibrated to steady flow speed or velocity in the laboratory and the calibrations have
been applied to dissolution (i.e., mass-transfer) rates in the field or in tanks. We evaluated the gypsum-dissolution
technique in a steady-flow, a fluctuating-flow, and a mixed-flow environment by comparing dissolution rate to direct
flow measurements with an acoustic Doppler velocimeter. We found that dissolution rates were related to steady
flow and to fluctuation intensity in the exclusively steady-flow and fluctuating-flow environments, respectively. The
relationships were weak in the mixed-flow environment. Finally, dissolution and thus mass-transfer relationships
were different in each flow environment, and the effects of steady flow and fluctuation intensity were not additive.
Providing that it is rigorously checked and appropriately calibrated, the dissol ution technique can be used to measure
steady flow speed or fluctuation intensity in a steady-flow or fluctuating-flow environment, respectively. However,
comparisons of dissolution rates between steady-flow, fluctuating-flow, and mixed-flow environments or within
environments that change over time to determine water motion will be misleading. The gypsum-dissolution tech-
nique can be used as a good direct indicator of mass-transfer rates. However, mass-transfer rates are different in

different flow environments. The gypsum-dissolution technique is not a universal integrator of ‘water motion.’

The dissolution of gypsum or gypsum-based plaster of
Paris from ‘“‘plaster balls’ or *‘clod cards’ was first intro-
duced by Muus (1968) and Doty (1971) as an inexpensive
technique to measure water flow in the absence of expensive
field instrumentation for direct measurements of water ve-
locity. Effects of temperature, salinity, and water volume on
dissolution rates were subsequently investigated by Jokiel
and Morrissey (1993) and Thompson and Glenn (1994).
Since its first introduction, the gypsum-dissol ution technique
has been widely used in many habitats and for many appli-
cations, especialy for studies of physical—biological inter-
actions (Table 1). The gypsum-dissolution technique has
been thought to provide a comparative or absolute measure
of water movement that ‘‘incorporates any water motion due
to tidal as well as wind-wave effects in the same integrated
measure”’ (Wildish and Kristmanson 1997). Furthermore, the
dissolution technique has expanded to include materials oth-
er than gypsum (e.g., Koehl and Alberte 1988; Bartol et a.
1999).

1 Present address: Chesapeake Biological Laboratory, University
of Maryland and Center for Environmental Science, PO. Box 38,
Solomons, Maryland 20688.
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The flow variables addressed using gypsum dissolution
are surprisingly diverse and are often very nonspecific, e.g.,
current velocity, flow intensity, turbulence intensity, or water
motion (Table 1, column A). Thus, in many of the studies
using gypsum dissolution it is not clear what was measured.
In addition, many different calibrations between dissolution
rates and these flow variables have been used (Table 1, col-
umn B). Commonly, gypsum-dissolution rates have been
calibrated to flow speeds in the laboratory (Table 1, column
B). These flow-speed calibrations have then been applied to
dissolution rates obtained in the field. In addition, adiffusion
index factor (DF) (Doty 1971), determined by dividing the
weight loss of gypsum exposed to flow in the field by the
weight loss of gypsum in still water of the same temperature
and salinity, has often been used to compare water flow be-
tween different habitats.

Inconsistencies in gypsum-dissolution results compared to
water flow have been observed in many studies. Doty (1971)
noted that, despite the most careful treatment, results from
clod cards held under the same flow conditions were highly
variable. In addition, he noted that results obtained from sev-
eral tidal cycles were difficult to replicate (Doty 1971). Jok-
iel and Morrissey (1993) cautioned against the use of still-
water controls used to obtain a diffusion factor, and
Thompson and Glenn (1994) recommended discontinuing
the use of still-water controls because of the variability in-
troduced. Nixon et al. (1980) speculated that turbulence may
have contributed to dissolution rates in their studies. Santschi
et al. (1983), caling the gypsum-dissolution technique “‘a
poor man’s turbulence sensor,” used it for determination of
diffusive boundary-layer thickness. Pettricrew and Kalff
(1991) also suggested that gypsum dissolution may be a
quantitative and qualitative turbulence sensor in marine and
freshwater systems, though they calibrated gypsum-dissolu-
tion rates to steady flow speeds and not to turbulent energy.
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Gerard (1982) used gypsum buttons calibrated in a flume to
calculate flows in a dense macrophyte forest. She estimated
flow speeds of about 4 cm st with this technique, even
though the in situ flow speeds had appeared much lower to
her, on the order of 1 cm s~*. Komatsu and Murakami (1994)
measured flow speeds of 1.6 cm s* with a current meter,
whereas flow-speed estimates using gypsum-dissolution
techniques at the same location in a macrophyte forest were
much higher at 5.7 cm s

Mass transfer of gypsum to the water is controlled by the
thickness of the diffusive boundary layer around the gypsum
objects and the concentration gradient across the diffusive
boundary layer (Barton and Wilde 1971; Liu and Nancollas
1971; James and Lupton 1978; Opdyke et al. 1987). The
diffusive boundary layer is a bottleneck for the transfer of
solutes and gases because the transfer is controlled by mo-
lecular diffusion in the diffusive boundary layer. If it is as-
sumed that the Ca?* concentration is saturated at the gypsum
sphere and near zero in the surrounding environment and
that Ca?* is transported away from the sphere, then the thick-
ness of the diffusive boundary layer is the only controlling
factor for gypsum dissolution, i.e., for mass transfer. A thin-
ner diffusive boundary layer leads to an increased rate of
gypsum loss to the surrounding water, and thus to an en-
hanced dissolution rate.

Both steady flow speed and fluctuation intensity can affect
the thickness of the diffusive boundary layer and can thus
affect the dissolution rate of gypsum. An increase in steady
flow speed past a stationary object can decrease the diffusive
sublayer thickness and enhance mass transfer (James and
Lupton 1978), and can thus increase gypsum-dissolution
rate. Equivaently, an increase in the speed of the object
through water can decrease the thickness of the diffusive
boundary layer, as has also been discussed in the context of
sinking aggregates (Csanady 1986; Lazier and Mann 1989).
Methods commonly used to calibrate gypsum-dissolution
objects have subjected gypsum aobjects to a steady flow in
flumes (Table 1, column B, fsf, fs-0) or moved them at a
steady rate through water (Table 1, column B, fs-r) which
decreases the thickness of the diffusive boundary layer.

Alternatively, fluctuationsin the flow can decrease the dif-
fusive sublayer’s thickness and increase mass transfer (Jaeh-
ne et al. 1987; Sanford 1997) with or without an accompa-
nying steady flow. Fluctuations in the flow can be generated
by waves, oscillating flow, and small-scale turbulence such
as from eddies or wakes around roughness elements or in
aggregations. Several studies have pointed out the connec-
tion of fluctuations in the flow and mass transfer as mediated
by changes in the diffusive boundary-layer thickness. For
example, Stevens and Hurd (1997) suggested, based on a
modeling study using published data, that waves may de-
crease diffusive boundary-layer thickness, thereby enhancing
nutrient uptake by a macrophyte. Jaeger (1998) and Nishi-
mura et al. (1998) found that an increase in oscillation fre-
quency in oscillatory flow can increase mass transfer. Gun-
dersen et al. (1992) found that fluctuations in flow, though
not as regular, significantly decreased diffusive boundary-
layer thickness and could increase the nutrient and oxygen
supply to a hydrothermal vent bacteria mat. Carpenter and
Williams (1993) found that oscillatory flow enhanced reef

algal turf photosynthesis by 20% over unidirectional flow
and suggested that turbulence resulting from the reversal of
flow direction disrupted the diffusive boundary layers.

Importantly, the mass-transfer (dissolution) rate may differ
depending on the relative strengths of steady flow speed and
fluctuation intensity in the flows to which gypsum objects
are exposed. Flow environments may be defined in one sense
by the ratio of steady flow speed to fluctuation intensity.
Terray et a. (1996) operationally defined fluctuation-domi-
nated flows as those in which the ratio of steady flow speed
to fluctuation intensity is smaller than 1. Conversely, flow
environments that have a large component of steady flow
relative to fluctuation intensity can be termed steady-flow
dominated. Flow environments that have almost equal com-
ponents of steady and fluctuating flow can be termed mixed-
flow environments. The interaction of flow with biological
structures such as corals, seagrasses, marsh plants, or mac-
rophytes can increase fluctuation intensity relative to steady
flow speed and can change a steady-flow dominated envi-
ronment to a mixed flow or fluctuation-dominated flow (Ta-
ble 2).

Studies that have measured both steady flow speed and
fluctuation intensity in natural environments indicate that
dense marshes, macrophyte or seagrass beds, and locations
near rocks represent mixed or fluctuation-dominated flow en-
vironments (Table 2). Similarly, locations near cages or
meshes that enclose gypsum-dissolution objects to protect
them from being disturbed can be mixed or fluctuation-dom-
inated environments. Experimental ecosystems stirred by os-
cillating paddles (this study; Sanford et al. in prep.; Porter
1999) or mixed using grids (Howarth et al. 1993; Landry et
a. 1995) can be dominated by fluctuating flow with near
zero steady flow speeds. Wave action is an additional source
of fluctuating flow that is unrelated to the steady flow and
can produce fluctuation, mixed-flow dominated, or variable
environments (Table 2). Water columns away from solid or
moving boundaries in tidal channels and away from dense
aggregations tend to be dominated by steady flow (Table 2).

The objective of this paper isto examine whether gypsum-
dissolution rates can indeed be used as an integral measure
of ‘water motion’ for both steady flows and fluctuating
flows. We examined the relationships of gypsum-dissolution
rates to steady flow speed, fluctuation intensity, and flow
intensity, respectively, in three different laboratory flow en-
vironments. We also provide an example of measurements
in one field environment. First, we describe the dissolution
techniques, calibrations, and the definitions of flow environ-
ment used for our dissolution experiments. We then compare
the relationships between dissolution rate and steady flow
speed and fluctuating flow in these different environments.
A series of rigorous checks is suggested that should be fol-
lowed if the gypsum-dissolution technique is to be used to
determine ‘water motion’ in natural environments or exper-
imental ecosystems. Finally, we discuss our results in light
of published studies that have used dissolution techniques
for interdisciplinary research.

Materials and methods

For the preparation of gypsum spheres we followed tech-
niques by Muus (1968), Doty (1971), and Jokiel and Mor-
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Fig. 1. Gypsum spheres (black circles) in a steady-flow (SF) environment in an annular flume,
a fluctuating flow (FF) environment in a tank with oscillating paddles, and in a mixed flow (MI1X)
environment in which mixing was created by pulsed jet flow directed out of a pipe in the center of
the tank. Steady flow speed, fluctuation intensity, and flow intensity were measured at each gypsum
sphere location using an acoustic Doppler velocimeter (ADV) over a range device specific of flow

settings in each device.

issey (1993). We prepared 3-cm diameter gypsum spheres
by mixing plaster of Paris (ca. 80% CaSO,-H,0, ca. 20%
CaCO,, DAC Inc., Dayton, Ohio) with deionized water in a
ratio of 2:1 (v:v) and gently stirred the mix until it had a
soft consistency without air bubbles. By syringe, we filled
3-cm diameter spherical ice cube molds which had 7.62-cm
long bolts inserted through holes so as to be screwed into
our suspension structures. In addition, we prepared 5-cm di-
ameter spheres in racquet ball molds to be used for a field-
dissolution experiment because an initial set of 3-cm gypsum
spheres were eroded beyond their linear range. After =30
min of setting time, the spheres were removed from the mold
and any unevenness scraped off. They were then numbered
using small tags attached to the bolt and dried to constant
weight at 65°C for =24 h. Immediately after drying, the
weight of the spheres was recorded to 0.01 g. After deploy-
ment of gypsum spheres and slow and careful retrieval at
the end of each experimental run, the gypsum spheres were
redried and reweighed, and the gypsum loss per hour, i.e.,
the dissolution rate, was determined. Dissolution rates were
temperature corrected to a mean temperature of 20°C as de-
termined from fig. 3 in Jokiel and Morrissey (1993). All
experiments were run at a salinity between 10 and 15%o in
the laboratory, and salinity effects should be negligible (Jok-
iel and Morrissey 1993). The mean temperature in all lab-
oratory experiments was 20°C, and only small temperature
corrections were necessary. In all laboratory experiments,
we obtained temperature-corrected dissolution rates of the 3-
cm spheres from about 0.04 to about 0.42 g h-2.

We produced three different flow environments for our
laboratory experiments (Fig. 1). For avery steady-flow dom-

inated environment, we used an annular flume with a half
lid. The annular flume had a 1.80-m outer diameter, a 20-
cm wide channel, 15-cm water column height (Fig. 1a), and
low secondary circulation (Porter 1999). For a fluctuation-
dominated environment, we used a 2.44-m diameter, 2.2-m
high, cylindrical, 10,000-liter volume mesocosm (Fig. 1b)
that was uniformly mixed by sets of impellers on shafts that
extended vertically into the center of the tank. The impellers
were driven by separate overhead motors and swept the inner
half diameter of the tank. The impeller blades of the tank
were located 52.8 and 162 cm from the water surface, were
8-cm wide, and were tilted at a 45° angle to the surface. To
prevent plug flow, the impellers were programmed to rotate
in one direction for 2.25 revolutions, stop for 15 s, and then
rotate in the opposite direction for 2.25 revolutions. For a
mixed-flow dominated and more variable flow environment,
we used a 870-liter volume cylindrical mesocosm of 1.13-
m diameter with a funnel-shaped bottom; it was mixed by
pulsed jet flow entering through a perforated pipe in the
center of the tank (Fig. 1c). The pulsed jet flow was pro-
duced by an air-lift pump forcing 4.3 to 5.6 pulses per mi-
nute of 2.6-liter water per pulse into the tank.

Our three different flow environments of steady flow, fluc-
tuating flow, and mixed flow were defined by their ratios of
steady flow speed (Ug.,) to fluctuation intensity (q) (Fig. 2).
A log-og plot of the ratio of steady flow speed (Eqg. 1 be-
low) to fluctuation intensity (Eq. 2 below) versus dissolution
rate clearly separates flows that were steady-flow dominated
(Ugeey/q > 9), fluctuating-flow dominated (Uge,/q < 1, Ter-
ray et a. 1996), and mixed-flow dominated (1 < Uy, /q <
4) (Fig. 2).
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Fig. 2. Ratio of steady flow speed (Uge,) to fluctuation intensity
(q) versus dissolution rate allows a separation between flow envi-
ronments. Ratios obtained for the field experiment ranged from
about 5 to 7. FF = fluctuating-flow environment (n = 15), MIX =
mixed-flow environment (n = 33), SF = steady-flow environment
(n = 4). Any data points with a dissolution rate below 0.07 g h-*
were discarded.

For all dissolution experiments, we (1) deployed gypsum
spheres at one location in the annular flume and at various
distances from paddles or jets in the tanks with minimum
distances of at least four sphere lengths between spheres, (2)
kept the spheres from agitating, (3) limited the number of
spheres deployed at any one time to minimize turbulence
created by the spheres themselves, (4) used large volumes
of water and exchanged water between runs to avoid Ca?+
saturation, and (5) ensured that each sphere had a measurable
total weight loss, although of less than 70% of its total
weight, to achieve an approximately linear weight loss over
time (Jokiel and Morrissey 1993). Dissolution experiments
were conducted for 24 to 46 h, and the length of an exper-
iment in the laboratory was based on visually inspecting the
size of the gypsum spheres.

At each gypsum sphere location but without spheres pres-
ent, flow was measured directly using an acoustic Doppler
velocimeter (ADV, SonTek Inc., San Diego, California)
(Kraus et al. 1994; George 1996) at a sampling rate of 25
Hz over =15-min duration in the tanks and 1-min duration
in the annular flume. Steady flow speeds (Uge.,) Were cal-
culated using

Ugeey = V(U% + V2 + W2), (D]

where U, V, W are the average velocities in the three direc-
tions (U in the annular flume was oriented along the primary
flow axis). Equation 1 is the standard definition of steady
flow speed in physical studies, there termed *‘mean flow
speed.” Gypsum spheres commonly have been calibrated to
steady flow speeds in flumes or rotating tank devices (Table
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Fig. 3. Steady flow speed (Uye,,) Versus gypsum-dissolution rate
of 3-cm spheres in three flow environments. FF = fluctuating-flow
environment (n = 15), MIX = mixed-flow environment (n = 33),
SF = steady-flow environment (n = 4). Any data points with a
dissolution rate below 0.07 g h—* were discarded.

1). Different definitions of fluctuation intensity have been
used in the literature, and we defined fluctuation intensity in
the same manner as turbulence intensity (q = Ugys) IS de-
fined by Tennekes and Lumley (1972):

a- /§(<u2> )+ ), @

where (u?), (v?), and (w?) are the variance of their respective
velocity components. In addition, we calculated a flow in-
tensity that includes both steady flow speed and the fluctu-
ations in flow in a single flow measure and that may rep-
resent the total ‘water motion’ best. Flow intensity (Ugys o )
was calculated as the total root mean square velocity where
the mean has not been removed, unlike in Eq. 2

uRMStotaJ

= \/%[((u + W2+ (V + V)2 (W W] (3)

Steady flow speeds, fluctuation intensity, and flow inten-
sity, respectively, were each compared to gypsum-dissolu-
tion rates at each gypsum sphere location in the different
flow environments. Regression analyses were performed for
steady flow, fluctuation intensity, and flow intensity versus
dissolution rate using SAS® 6.0 (SAS Institute Inc., Carey,
North Carolina).

In our experiments we discarded any dissolution rates be-
low 0.07 g h™%, where the regression lines from steady flow
speed and fluctuation intensity intercepted the x axis in the
steady- and fluctuating-flow environments, respectively



Gypsum dissolution, flow, and turbulence 151

g [cms']

0i3 0.‘35 014 0.45
Dissolution Rate [g h'!]

Fig. 4. Fluctuation intensity (q) versus gypsum-dissolution rate
of 3-cm spheres in three flow environments. FF = fluctuating-flow
environment (n = 15), MIX = mixed-flow environment (n = 33),
SF = steady-flow environment (n = 4). Any data points with a
dissolution rate below 0.07 g h—* were discarded.
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(Figs. 3-5). Gypsum-dissolution rates smaller than 0.07 g
h-* would have been equivalent to negative steady flow
speeds, fluctuation intensities, and flow intensities. At such
small dissolution rates, gypsum-dissolution rate may be af-
fected by factors beyond experimental control.

To provide an example of how misleading it can be to use
steady flow speed laboratory-calibrated dissolution rates to
determine flow speedsin thefield, asis frequently done (e.g.,
Komatsu and Murakami 1994; Arsenault et al. 1997; Bartol
et a. 1999), we compared dissolution rates to steady flow
speeds in a natural flow environment directly. We performed
a field-dissolution experiment at a fixed tower station at
28°29.6'N, 76°22.3'W in Chesapeake Bay, 1.5 m below
mean water level. Northern Chesapeake Bay is characterized
by three second-period waves (Lin et a. 1997), and fluctu-
ations due to waves as well as turbulence can be determined
using Eg. 2, alowing us to characterize the flow environ-
ment using the ratio of steady flow speed to fluctuation in-
tensity. Initially we deployed 3-cm spheres, but they dis
solved too rapidly, so we used 5-cm spheres for the field
experiments. In three experiments within the same week we
deployed three 5-cm gypsum spheres each within 50-cm hor-
izontal distance of an upward-looking SonTek Hydra ADV
(SonTek). Pressure, u, v, and w were burst sampled twice an
hour for 7.5 min per sample at a sampling rate of 4 Hz.
Time series of steady flow speeds and fluctuation intensities
were calculated using Egs. 1 and 2, respectively. In addition,
the ratio of steady flow speed to fluctuation intensity was
calculated to determine the type of flow environment the
gypsum spheres were exposed to throughout the field ex-
periments. Steady flow speeds, fluctuation intensities, and
the mean ratio of steady flow speed to fluctuation intensity
were determined for the duration of the gypsum-dissolution
experiments. In every experiment, we ensured that at least
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Fig. 5. Flow intensity (Ugys wm) VErsus gypsum-dissolution rate
of 3-cm spheres in three flow environments. FF = fluctuating-flow
environment (n = 15), MIX = mixed-flow environment (n = 33),
SF = steady-flow environment (n = 4). Any data points with a
dissolution rate below 0.07 g h—* were discarded.

30% of the sphere's total weight was left upon retrieval, as
recommended by Jokiel and Morrissey (1993).

To correct the field-dissolution rates for temperature and
salinity, we used temperature and salinity measurements col-
lected 2.4 m below the surface at a buoy station ca. 50 m
from the field-dissolution experiment. Temperatures in the
field were about 27°C, which made large temperature cor-
rections to 20°C necessary. Field-dissolution rates were sa-
linity corrected to the mean salinity of 10%. and temperature
corrected to 20°C as determined from figs. 4 and 3, respec-
tively, in Jokiel and Morrissey (1993). In al field experi-
ments, we obtained temperature- and salinity-corrected dis-
solution rates of the 5-cm spheres of about 0.74 to 1.08 g
h-1.

To correct for dissolution rate due to the larger sphere size
(5 cmvs. 3 cm) used in the field as mediated by steady flow,
we initially adapted theoretical mass-transfer relationships
for nutrient uptake in phytoplankton (Pasciak and Gavis
1974) for gypsum-dissolution rates. We used these relation-
ships to convert dissolution rates obtained from 3-cm
spheres to dissolution rates obtained from 5-cm spheresin a
steady-flow environment. The mass-transfer rate, 8, at which
gypsum is lost from the sphere is related to (Pasciak and
Gavis 1974)

B = hA(C — Cy), 4)

where C and Cy are the gypsum concentrations at the outer
and inner side of the diffusive boundary layer, respectively;
h is the mass-transfer coefficient; and A is the wetted surface
area. Under the present conditions, the mass-transfer rate of
the large sphere, B,, is approximately

A
BI = A_\SBS’ (5)
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Table 3. (A, B) Five of the six relationships between dissolution rate and steady flow speed and fluctuation intensity were significant
(p < 0.05) at the 95% level, athough the R? was low in two of the significant relationships. The slopes of dissolution rate versus steady
flow speed and fluctuation intensity, respectively, were significantly different between the steady and fluctuating-flow environments. Steady
flow speed affected dissolution rate most strongly in the steady-flow environment, followed by the effect of fluctuation intensity on
dissolution rate in the fluctuating-flow environment, respectively. (C) The slopes of dissolution rate and flow intensity, which includes both
steady flow speed and the fluctuations in flow in a single ‘water motion’ measure, were significantly different between steady-flow,
fluctuating-flow, and mixed-flow environments, and the results were not additive. SF = steady-flow environment (n = 4), FF = fluctuating-
flow environment (n = 15), MIX = mixed-flow environment (n = 33).

Dissolution rate Flow
(x axis) versus environment Slope Error of slope Intercept R?
A. Steady-flow speed (y axis)t SF* 53.29 3.38 0.992
FF* 4.03 1.75 0.23 0.209
MIX 2.59 1.93 0.85 0.061
B. Fluctuation intensity (y axis)¥  SF* 0.80 0.08 0.40 0.979
FF* 16.49 2.22 0.810
MIX* 3.79 1.04 0.31 0.321
C. Flow intensity (y axis)8 SF* 37.06 5.92 0.927
FF* 16.58 2.16 0.82
MIX* 3.11 1.15 0.68 0.192

* Significant at the 95% level (p < 0.05).
t Defined asin Eq. 1.
¥ Defined as in Eq. 2.
§ Defined as in Eq. 3.

where | and s represent the large and small sphere size. We
initially applied Eq. 5 to dissolution rates for small spheres
obtained at four steady flow speeds in the steady-flow an-
nular flume. Unfortunately, B, was unreasonably large using
this procedure. We thus experimentally determined the dis-
solution rates of the 5-cm spheres in the annular flume at
three of the four flow speeds used to calibrate the 3-cm
spheres. This produced a linear relationship of steady flow
speed to dissolution rate for the 5-cm spheres. We compared
these laboratory calibrations to the field data.

We also calculated a characteristic dimension L” (Paster-
nak and Gauvin 1960) for objects of different shapes and
sizes;

Wetted Surface Area

L" = - - 6
Max. Perimeter Perpendicular To Flow ©

and related mass-transfer rates following to yield

L/

B = L—B @

We compared B, from Eq. 7 to our experimentally deter-
mined B, and to the predictions of Eq. 5.

Results

Overall, gypsum-dissolution rate related well to specific
flow variables in specific flow environments, but gypsum
dissolution was not a universal integrator of ‘water motion’
(Figs. 3-5, Table 3). This has implications for the interpre-
tation of gypsum-dissolution results from field or mesocosm
experiments. For example, the dissolution rate of 3-cm gyp-
sum spheres was strongly and linearly related to steady flow

speed in the steady-flow environment of the annular flume
(Table 3A, Fig. 3). There was a weaker but statistically sig-
nificant relationship between steady flow speed and disso-
lution rate in the fluctuating-flow environment (Table 3A,
Fig. 3), but there was no relationship in the mixed-flow en-
vironment. Slopes of the relationships between dissolution
rate and steady flow speed for steady and fluctuating-flow
environments were significantly different from zero and sig-
nificantly different from each other.

Dissolution rate was linearly related to fluctuation inten-
sity in both the fluctuating-flow and in the steady-flow en-
vironments (Table 3B, Fig. 4). The slope of the relationship,
however, was significantly larger in the fluctuating-flow en-
vironment than in the steady-flow environment (Fig. 4).
There was a weak but statistically significant relationship
between fluctuation intensity and dissolution rate in the
mixed-flow environment (Table 3B, Fig. 4). The slopes of
al relationships of dissolution rate and fluctuation intensity
were significantly different from zero and from each other.

Dissolution rate was linearly related to flow intensity in
al three flow environments (Table 3C, Fig. 5), and the slopes
of al relationships of gypsum-dissolution rate and flow in-
tensity were significantly different from zero and from each
other. The slope of the relationship of gypsum-dissolution
rate to flow intensity was significantly larger in the steady-
flow environment than in the fluctuating-flow environment,
and the fluctuating-flow slope was significantly larger than
the mixed-flow slope. Because flow intensity includes both
the steady flow speed and the fluctuations in the flow, this
flow measure represents the additive effect of steady flow
speed and fluctuations in the flow, and thus represents *total
water motion’ best. Significantly different slopesin different
flow environments indicated that gypsum dissol ution was not
a universal measure of ‘water motion’.
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Fig. 6. Steady flow speeds (Use,), fluctuation intensities (q),
and the ratio of steady flow speed and fluctuation intensity measured
over bursts over several tidal cycles 1.5 m below mean water level
in mid-Chesapeake Bay using an acoustic Doppler velocimeter
(ADV). The ratio of steady flow speed and fluctuation intensity
reaches into the MIX flow environment (1 < Uge,/q < 4) 32% of
the time (bottom panel). Gypsum-dissolution experiments were car-
ried out in paralel in the vicinity of the ADV (see Fig. 7).

A representative example of the steady flow speeds, fluc-
tuation intensities, and the type of flow environment expe-
rienced by the gypsum spheres throughout one of the three
field experiments is provided in Fig. 6. Steady flow speeds
in the three field-dissolution experiments as calculated over
each burst for the period of time of the experiments averaged
about 17, 24, and 26 cm s, with large regular fluctuations
over tidal cycles. Fluctuation intensities averaged 5.2, 4.4,
and 3.4 cm st over the respective experiments and varied
less than steady flow speed over the tidal cycles. In addition,
the mean ratio of steady flow speed to fluctuation intensity
varied between about 5 and 7 and was dlightly lower than
the bottom threshold of 9 measured for the laboratory
steady-flow environment. However, the ratio of steady flow
speed to fluctuation intensity varied greatly over the tidal
cycles and reached below 4 into the mixed-flow environment
32, 34, and 25% of the time over the duration of the three
runs, respectively.

Dissolution rates from 5-cm spheres calibrated in steady
flow in the annular flume increased linearly with flow speed
(Ugeey = 28.2 X dissolution rate + 3.9 R?2 = 0.98) but at a
different rate than the 3-cm diameter gypsum spheres (Lab
steady flow [SF] 5 vs. 3-cm sphere, Fig. 7). Using Eq. 5
based on the total wetted surface area, we predicted the dis-
solution rates of the 5-cm spheres to be 2.89 times higher
than the dissolution rates of the 3-cm spheres at each flow
speed (Eq. 5 predicted, Fig. 7). Using Eg. 7 based on the
characteristic dimension index L” (Pasternak and Gauvin
1960), we predicted the dissolution rates of the 5-cm spheres
to be about 1.7 times higher than the dissolution rates of the
3-cm spheres at each flow speed (Eq. 7 predicted, Fig. 7).
The laboratory dissolution rates of the 5-cm spheres were
also about 1.7 times higher than the dissolution rates of the
3-cm spheres at each flow speed. Gypsum-dissolution rates
were 16 to 18% higher in the field than the dissolution rates
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Fig. 7. Cadlibrations of steady flow speeds versus dissolution
rate for 3-cm and for 5-cm spheres in a steady-flow (SF) environ-
ment. Theoretical predictions (pred.) of dissolution rates from flow-
speed calibrations from Egs. 5 and 7 (see text). Field-dissolution
rates were higher than predicted from calibrations of dissolution rate
vs. steady flow speed in a flume.

predicted from the laboratory calibration curve for the 5-cm
spheres.

Discussion

The gypsum-dissol ution technique has been used for many
purposes, often without carefully considering the calibration
environment. Inconsistencies in the results from gypsum-dis-
solution studies have been noted since this technique was
first proposed as a method for measuring water motion by
Muus (1968) and Doty (1971). Diverse methods of calibrat-
ing gypsum-dissolution rates have been developed (Table 1,
column B), but the most common approach is to calibrate
the dissolution of gypsum objects to steady flow speed
(Muus 1968; James and Lupton 1978; Table 1, column B).
Using laboratory steady flow speed calibrations by either
subjecting gypsum objects to flume flow or by moving them
through water in a rotating arm tank, all published studies
have found excellent relationships between gypsum-disso-
[ution rate and flow speed (Table 1, column B). From these
excellent relationships it has often been assumed that it was
steady flow speed or current velocity that was measured in
the field (e.g., Petticrew and Kalff 1991; Komatsu and Mu-
rakami 1994). Moreover, it has been suggested that gypsum-
dissolution rates be calibrated to flow speeds and reported
in velocity units (Thompson and Glenn 1994). In addition,
Petticrew and Kalff (1991) suggested that the gypsum-dis-
solution technique could potentially be used as a turbulence
sensor; however, they calibrated dissolution rates exclusively
to steady flow speed. Other investigations assumed that the
gypsum-dissolution technique would not only measure
steady flow speed, but also measure additional flows, such
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as those due to waves (Goertemiller 1988; Molloy and Bol-
ton 1996; Yamahira 1997). In the broadest sense, the dis-
solution technique has also been assumed to provide a good
genera index of integrated water motion or water movement
(Table 1, column B; Wildish and Kristmanson 1997).

In our study, we found that the dissolution of gypsum
increased with increasing steady flow speed as expected in
a steady-flow (Uge,/q > 9) environment, such as an annular
flume. In addition, the gypsum-dissolution rate also greatly
increased with increasing fluctuation intensity in a fluctua-
tion-dominated (Uyey/q < 1) flow environment. However,
gypsum-dissolution rates were affected quite differently in
the two environments. Problems with the application of the
dissolution technique for ‘water motion’ measurements arise
when steady flow speed-calibrated gypsum objects are
placed into highly fluctuating or mixed-flow field or labo-
ratory environments or vice versa. This can lead to erroneous
interpretations of flow from dissolution rate data. Overall,
because gypsum dissolution (i.e., mass transfer) as mediated
by diffusive boundary-layer thickness responds differently
to steady flow speed and fluctuation intensity, the gypsum-
dissolution technique should not be used in one flow envi-
ronment when it has been calibrated in another.

Further, it is problematic to use the dissolution results to
compare flow between environments that are different in
character. Complex interactions of biological structures such
as seagrasses, coral reefs, bivalve reefs, or rocky shores with
flow and wave action can be expected to produce different
types of flow environments, although few direct measure-
ments of both steady flow speed and fluctuation intensity are
available (Table 2). Flows inside dense aggregations, such
as macrophytes, seagrasses, or marshes, can be fluctuating
or mixed-flow dominated (Table 2), whereas flows outside
dense aggregations frequently are steady-flow dominated
(open water, Table 2). Flows near roughness elements or
close to boundaries can be more like a mixed-flow environ-
ment (stones, boulders, Table 2). Depending on depth, the
interaction of currents and wave action can also create fluc-
tuating-flow, mixed-flow, or changing environments (cur-
rents + waves, Table 2). Even though steady flow speed
calibrations in the laboratory may well relate to steady flow
speeds 1 m off the bottom, as, for example, found in a study
by Arsenault et al. (1997), application of these calibrations
to determine steady flow speeds directly at rough bottoms
among dense communities (Arsenault et al. 1997) is prob-
lematic. For example, flows near stones and in the front and
the wake of large boulders can be mixed-flow dominated
(Hart et al. 1996; Bouckaert and Davis 1998, Table 2). In
addition, flow around bivalve or cora reefs may similarly
be mixed-flow or perhaps fluctuating-flow dominated in
places. Often gypsum objects have been enclosed in cages
in the field to protect them from potential predation (e.g.,
McGehee 1994; Arsenault et a. 1997). Or, dissolution ob-
jects have been placed near cages (Leichter and Witman
1997), among communities on rock walls (Leichter and Wit-
man 1997), onto rocks of different sizes (Cusson and Bour-
get 1997), around coral reefs (Jokiel 1978; Jokiel and Mor-
rissey 1993; McGehee 1994), or around oyster reefs (Bartol
et al. 1999). All these factors increase roughness and thus
increase fluctuation intensity. Overall, comparing flow-speed

estimates from gypsum-dissolution measurements in differ-
ent flow environments will be misleading if the same cali-
bration is used for al measurements.

Many natural flow environments are variable over tem-
poral and spatial scales and thus are not exclusively steady-
flow or fluctuating-flow environments, but can be mixed-
flow environments as mediated by the interacting effects of
tides, waves, density differentials, and biology (Table 2). In
mixed-flow environments the dissolution technique appears
to be an unreliable integrator of either steady flow speed or
of fluctuation intensity. In our three field-dissolution exper-
iments, the ratio of steady flow speed to fluctuation intensity
dipped into the zone of the mixed-flow environment for
about 30% of the time over the duration of each tria (Fig.
6). Gypsum-dissolution rates in our three field experiments
were 16 to 18% higher than the gypsum-dissolution rates
expected from our steady flow speed calibration relationship.
If we had followed commonly used procedures of determin-
ing steady flow speeds from the field-dissolution rates based
on the steady-flow derived calibration relationship, we would
have overestimated the steady flow speeds in the field.

The effects of steady flow speed and fluctuation intensity
on mass transfer, i.e., gypsum-dissolution rate, were not ad-
ditive. However, flow intensity (Eq. 3) includes both steady
flow speed and fluctuation intensity in a single flow measure
and thus represents total water motion better than either
steady flow speed or fluctuation intensity. The gypsum-dis-
solution technique can give reasonable results as an integra-
tive measure of flow intensity or water motion for specific
ratios of steady flow speed and fluctuation intensity, but a
calibration derived at one ratio is invalid at other ratios; re-
|ationships are not universal.

Our field location in Chesapeake Bay experienced short
wave periods similar to the turbulence timescales we aso
measured (unpubl. data). However, longer wave periods may
be an additional variable affecting diffusive boundary-layer
thickness and gypsum dissolution that was not addressed in
this study. Bilger and Atkinson (1992) suggested that strong
wave surge with 10-s period swells may have contributed to
mass transfer of nutrients to their coral reef flat community.
Gaylord (1999) measured wave periods of 8 to 18 sin a
rocky intertidal location. Gypsum-dissolution techniques are
often used in the intertidal zone (e.g., Sanford et al. 1994;
Leonard et al. 1998), and wave period should be considered
here as an additional measure that may affect mass-transfer
rates. Wave period is directly related to wave frequency
(Wave period = 1/wave frequency). Whereas cage or mesh
wakes represent smaller scale turbulent fluctuations, oscil-
latory stirring and wave action may include larger scale tur-
bulent fluctuations, depending on oscillation or wave fre-
quency. Increasing wave frequency leads to an increase in
the wave friction factor (Jonsson 1966), which leads to an
enhanced shear velocity and a decreased diffusive boundary-
layer thickness (Dade 1993), and thus to an increased mass-
transfer and gypsum-dissolution rate. Similarly, the frequen-
cy of any oscillatory flow may affect diffusive
boundary-layer thickness (Carpenter and Williams 1993),
and an increasing oscillatory frequency has been shown to
increase mass transfer (Jaeger 1998; Nishimura et al. 1998).
Moreover, in flow environments with longer period waves,
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steady flow speed, turbulence intensity, and wave period
may interact in complex ways that may not make any ‘water
motion’ measurements possible using gypsum-dissolution
techniques. Further investigation is needed.

Overall, the gypsum-dissolution technique can be used to
measure steady flow speed, fluctuation intensity, or flow in-
tensity only after a series of rigorous checks has been per-
formed. To check if the gypsum-dissolution technique can
be used as an integrative measure of ‘water motion’; the
following steps should be followed:

1. Choose the specific flow variable of interest.

2. Determine the flow environment, i.e., the ratio of steady
flow speed to fluctuation intensity in the water body of in-
terest. This can be done by simultaneously measuring steady
flow speed (Eg. 2) and fluctuation intensity (Eg. 3) using an
instrument that is capable of sampling at =1 Hz. A variety
of rapid sampling current meters can be used, and they are
becoming less expensive and more available. A measure-
ment period of ca. 10 min is frequently recommended (Gross
and Nowell 1983), although any time period several times
longer than the maximum timescale of fluctuations is ade-
quate. The measurements should be repeated over sufficient
time to ensure that the flow environment is not changing
over time. The dominant timescales of fluctuations should
also be determined. This can be done by determining the
peaks in the spectra or, in purely fluctuating flow, by deter-
mining the integral timescales of turbulence (Tennekes and
Lumley 1972).

3. Choose an appropriate dissolution measurement dura-
tion. A measurable gypsum loss without any large changes
in gypsum sphere size or change in shape is necessary.

4. If steps 1 though 3 have been completed satisfactorily,
regression relations of gypsum-dissolution rate (same size
and shape objects) against the flow variable of interest can
be determined under laboratory-controlled conditions in the
same type of flow environment. These regression relations
can then be used to estimate the flow variable of interest
from dissolution measurements.

The most valuable use of gypsum-dissolution techniques
used as above may be to provide higher resolution measure-
ments of the flow variable of interest than would be possible
with a limited number of current meters.

Unlike its limited utility as a measure of ‘water motion’,
the gypsum-dissolution technique is quite valid when mass-
transfer rates are of most interest. In a number of studies,
gypsum plates, arranged as flush as possible with the surface,
have been used to measure the diffusive boundary-layer
thickness or shear velocity in benthic chambers (Santschi et
al. 1983; Opdyke et al. 1987; Buchholtz-Ten Brink et al.
1989; Santschi et al. 1991). In addition, the gypsum-disso-
lution technique has been used to measure mass transfer
from crocodile skin (Davis et a. 1980) or to predict mass
transfer to experimental coral reef communities (Baird and
Atkinson 1997). However, mass-transfer rates are signifi-
cantly different in different flow environments.

Many studies have used gypsum-dissol ution techniques to
address mass-transfer problems, but the biological response
variables are often inappropriately attributed to flow and not
to mass transfer (Table 1, column D). For example, Gerard
(1982) attached gypsum buttons that had been carefully cal-

ibrated in a linear flume to Macrocystis pyrifera blades in a
high wave and dense kelp bed environment to determine
nutrient uptake by a dense stand of giant kelp, i.e., a mass-
transfer problem. She estimated steady flow speeds of equal
to or less than 4 cm s* from dissolution of the buttons, but
noted that the steady flow speeds had appeared only on the
order of 1 cm st (Gerard 1982). Komatsu and Murakami
(1994) measured flow speeds of 1.6 cm s * with a current
meter in a macrophyte forest, whereas flow-speed estimates
using gypsum-dissolution techniques at the same location
were much higher with 5.7 cm s%, but they attributed the
discrepancy to salinity effects. Gerard's (1982) and Komatsu
and Murakami’s (1994) wave-dominated environment with
dense macroalgal biomass and blade movement may have
produced a fluctuating-flow or mixed-flow environment (see
Koehl and Alberte 1988 in Table 2). The dissolution rates
likely were due to the effect of the fluctuations due to waves
or biological roughness on diffusive boundary-layer thick-
ness, rather than to the effect of steady flow speed on dif-
fusive boundary-layer thickness. Gerard's (1982) final con-
clusion that this macroalgal stand was not nutrient limited
was likely correct. However, the dissolution experiments
should be interpreted in terms of enhanced mass transfer due
to fluctuations in the flow and not in terms of flow speed.

Incorrect determinations of ‘water motion” from gypsum-
dissolution measurements taken in different flow environ-
ments may lead to incorrect conclusions in some cases.
Many studies of physical—biological interactions that use dis-
solution techniques do not address mass-transfer problems,
but address questions that depend directly on flow estimates.
Such questions include particle transport to animals on reefs
or near rocks and animal growth (Cusson and Bourget 1997;
Bartol et al. 1999), the effect of flow on plant or animal
morphology (Gerard and Mann 1979; Molloy and Bolton
1996), or the effect of flow on community composition (Cus-
son and Bourget 1997; Leichter and Witman 1997; Leonard
et a. 1998) (Table 1, column D). Often no relation is found
between flow measured using dissolution techniques and the
biological variable of interest, although there might be are-
lationship if a more reliable measure of flow was used (e.g.,
Newsome and Aalto 1987; Bartol et al. 1999).

The diffusion index factor (Doty 1971), determined by
dividing the weight loss of gypsum exposed to flow in the
field by the weight loss of gypsum in still water of the same
temperature and salinity, has often been used to compare
water flow between different habitats. Still-water calibrations
to determine this as a ** measure of the degree to which dif-
fusion or dissolution was enhanced by water movement’
(Doty 1971) have given variable results (Muus 1968; Doty
1971) but have been widely used. The variability in the still-
water measurements has been attributed to the small water
volume used (Jokiel and Morrissey 1993; Thompson and
Glenn 1994), which may have led to less of a concentration
gradient in the diffusive boundary layer, and thus a low dis-
solution rate or saturation of Ca?*. In addition, the variability
has been attributed to placing gypsum devices too close to
the bottom of containers (Thompson and Glenn 1994), there-
by decreasing the concentration gradient in the diffusive
boundary layer and decreasing dissolution rates. Gypsum
loss upon retrieval can also be a significant contribution to
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the total gypsum loss in still-water gypsum spheres or when
the dissolution rates are low, which may increase variability.

To circumvent the volume problem, Thompson and Glenn
(1994) suggested placing gypsum objects not too close to
the bottom in large-volume still-water containers. Jokiel and
Morrissey (1993) suggested the use of field containers with
holes for still-water measurements, as the holes would alow
some water exchange. However, in these containers fluctu-
ation intensity may be high due to the perforations and small
water exchange, and any dissolution rates found may in fact
be due to fluctuations. Owing to the host of problems in-
volving still-water measurements and the effect this number
has on the diffusion index factor, we recommend, as did
Thompson and Glenn (1994), discontinuation of the diffu-
sion index factor concept to determine mass transfer from
gypsum dissolution.

Clearly, gypsum-dissolution rate also depends on object
size, as demonstrated by our calibrations of dissolution rates
to steady flow speeds from 3- and 5-cm spheres. Because
many sizes and shapes of dissolution objects are used in
dissolution studies, a correct relationship for each has to be
established or, alternatively, some standard size might be es-
tablished. Theoretical calculations of mass-transfer rates of
the 5-cm spheres from the mass-transfer rates of 3-cm
spheres using the total wetted surface area (Eg. 5) as sug-
gested in Pasciak and Gavis (1974) resulted in a large over-
estimate in gypsum-dissolution rates for given steady flow
speeds. We found a close agreement between the theoretical
and our experimental dissolution rates for 5-cm spheres us-
ing instead a *‘ characteristic dimension L"’ (Pasternak and
Gauvin 1960). This characteristic dimension L” was exper-
imentally determined for different sizes and shapes of ob-
jects and their projections to the main flow direction in a
steady-flow environment (Pasternak and Gauvin 1960). Gyp-
sum dissolution may not be even around the spheres, and L”
only uses a fraction of the sphere wetted surface area (eg.
6, Pasternak and Gauvin 1960), unlike the equation by Pas-
ciak and Gavis (1974). Pasternak and Gauvin (1960) sug-
gested that L” would ‘‘account better in an integrated way
(as distinct from local) for the average thickness of the
boundary layer.”” For spheres, L" is equivalent to sphere di-
ameter.

One possible explanation for the smaller than expected
difference in mass transfer between sphere sizes is a large
change in the drag coefficient and a subsequent movement
of the separation point and a change in boundary-layer tur-
bulence and the area of the sphere affected by turbulence.
However, over the range of Re numbers that our 3- and 5-
cm spheres were exposed to in the steady flow speed cali-
brations (Re ~ 1,500 to 9,600), the drag coefficient was
about 0.7 and varied little. In addition, the size and shape of
organisms affects vortex shedding behind organisms (Denny
1988), thus the shape and size of the gypsum object may
also affect vortex shedding frequency. Experimentally deter-
mined eddy shedding frequencies of spheres at Re numbers
of 200 to 3,000 showed that the backs of spheres may be
affected differently at different Re numbers (Sakamoto and
Haniu 1995). Another possible reason for the difference in
gypsum dissolution between sphere sizes is that we used a
temperature correction from Jokiel and Morrissey (1993)

that was not locally verified. Scaling dissolution of different
size objects in different environments clearly needs more
study.

Conclusions

A rigorous series of checks and calibrations is necessary
to determine if the gypsum-dissolution technique can be
used to determine steady flow speed, fluctuation intensity, or
flow intensity in natural flow environments or in experimen-
tal ecosystems. We recommend using the gypsum-dissolu-
tion method as a measure of steady flow speed in steady
flow speed dominated environments only and as a measure
of fluctuation intensity in fluctuation-dominated environ-
ments only. Appropriately calibrated, the gypsum-dissolu-
tion technique can also be used to determine flow intensity
in different flow environments, a total ‘water motion’ mea-
sure that integrates the additive effects of both steady flow
speed and fluctuation intensity. However, in our experiments
the effects of steady flow speed and fluctuation intensity on
gypsum dissolution were not additive such that calibrations
would need to be done with the correct ratio of steady flow
to fluctuation intensity. In addition to temperature and salin-
ity corrections, dissolution rates have to be corrected for
gypsum object size and shape before using them to estimate
flow speed. We discourage using the gypsum-dissolution
technique to compare flows between different flow environ-
ments. In addition, we recommend not using the dissolution
method as an integrative measure of ‘water motion’ if the
flow is variable over the time the gypsum objects are de-
ployed or if the flow switches between different states. Fur-
thermore, we recommend not using the gypsum-dissolution
method to measure steady flow speed or fluctuation intensity
in mixed-flow environments (1 < Ugeg,/q < 4). Though the
gypsum-dissolution method clearly needs to be used with
caution, it can be applied in exclusively steady-flow or fluc-
tuating-flow environments with prior knowledge about the
flow environment, including the dominant timescal es of fluc-
tuations. Limited to these situations, the gypsum-dissolution
technique can be an effective technique to expand limited
measurement capabilities. The gypsum-dissolution technique
is used best as an indicator of diffusive boundary-layer
thickness and mass-transfer rate, which are different in dif-
ferent flow environments. The gypsum-dissolution technique
is not a universal integrator of ‘water motion.’
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