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ABSTRACT: Nutrient dynamics of aquatic communities are dependent on the flux of nutrients to
organisms within the communities. Flux is dependent on water column concentration and hydrodynamic factors that affect both advection of nutrients through the community and rates of diffusion
at the surfaces of organisms. In this study, we measured rates of ammonium uptake for a seagrass
community under various hydrodynamic conditions and determined the effects of water velocity and
oscillatory flow on uptake rates. Experiments were conducted using a portable flume deployed in
natural Thalassia testudinum communities. Uptake rate constants ranged from 9.9 to 25.4 × 10– 5 m s–1
and were ~1.5 times higher in oscillatory flow than in unidirectional flow. Uptake rate constants were
positively dependent on both water velocity and turbulent energy in the water column. These results
demonstrate the importance of hydrodynamics on biogeochemical cycling in seagrass beds and provide evidence of the efficacy of merging research on hydrodynamics and biogeochemistry in understanding nutrient processes in complex nearshore communities.
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Seagrass communities are highly productive (e.g.
Moncreiff et al. 1992, Duarte & Chiscano 1999) and
comprised of numerous organisms whose metabolic
needs are dependent on the transport of dissolved
chemicals within the seagrass canopy. Seagrasses are
found primarily in shallow water along coastal margins
and within estuaries which are physically dynamic and
exposed to both tide- and wave-generated currents
(e.g. Koch & Gust 1999). Canopies formed by seagrass
plants collectively attenuate water flow within the
canopy (Fonseca et al. 1982, Gambi et al. 1990, Ackerman & Okubo 1993) and can enhance flow over and
around the bed (Gambi et al. 1990, Koch & Gust 1999).
These effects on water flow influence important ecological processes such as sediment retention (Fonseca
& Fisher 1986, Gacia et al. 1999), transport and recruitment of larvae (Eckman 1987, Grizzle et al. 1996), photosynthesis (Fonseca & Kenworthy 1987, Koch 1994)
and the transport and uptake of nutrients (Thomas et

al. 2000). Our current state of knowledge on the effects
of water flow on these processes is primarily based on
studies involving flume experiments with unidirectional flow. However, in addition to unidirectional flow
driven by tides, waves often contribute an oscillatory
component to the water flowing over seagrass communities (e.g. Fonseca & Kenworthy 1987, Worcester
1995, Koch & Gust 1999). The effect of this oscillatory
flow on important ecological processes in seagrass
communities, such as nutrient delivery and uptake,
remains largely unknown.
The velocity of unidirectional flow affects the flux of
nutrients to the benthos by determining the rate of
nutrient advection over the bottom and by decreasing
the diffusive boundary layer at the uptake surfaces of
organisms (e.g. Bilger & Atkinson 1992, Patterson
1992). This effect of velocity on nutrient uptake has
been demonstrated for individual organisms (e.g. Gerard 1982, Hurd et al. 1996, Cornelisen & Thomas 2002)
and groups of organisms (e.g. Bilger & Atkinson 1992,
Larned & Atkinson 1997, Thomas & Atkinson 1997). In
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addition, field flume experiments conducted in entire
seagrass communities and in unidirectional flow have
demonstrated that uptake rates of an important nutrient, ammonium, is positively dependent on water
velocity (Thomas et al. 2000).
In addition to velocity, other characteristics of water
flow in a habitat can affect the delivery of metabolically important chemicals. Oscillation in the flow
increases turbulence in the boundary layer over the
uptake surface. Turbulence increases momentum
transfer which, in turn, thins the diffusive boundary
layer at the uptake surfaces of organisms within the
community; thus oscillatory flow is likely to enhance
chemical transfer to benthic organisms (e.g. Denny
1988, Hearn et al. 2001). Measurements of the effects
of oscillatory flow on chemically dependent metabolic
processes of the benthos have been relatively rare,
although oscillatory flow has been shown to increase
photosynthesis (Carpenter et al. 1991) and nitrogen
fixation (Williams & Carpenter 1998) of benthic microalgae in a laboratory flume. In addition, Hearn et al.
(2001) demonstrated that increases in shear stress and
energy dissipation as a result of wave-driven oscillation in flow could enhance uptake rates beyond those
predicted by equations describing transport processes
for unidirectional flow. Results of their analysis indicate that uptake rates of nutrients by coral reefs are
positively related to bulk water velocity (U b), energy
dissipation (ε), and shear stress (τ).
The flow in most seagrass habitats has a wavedriven oscillatory component, which is likely to influence transport of nutrients in a similar fashion to that
observed by Hearn et al. (2001) for coral reefs. Seagrass canopies are flexible; however, allowing seagrass blades to bend with increasing flow velocity.
Thus, the friction imposed by the benthos on the water
decreases with increasing water velocity at a faster
rate than would be expected for a solid non-flexible
surface such as a coral reef (Thomas et al. 2000). Flexibility of the grasses also creates regions of variableflow environments within the canopy (e.g. Ackerman
& Okubo 1993). Thus, it is likely that uptake rates of
nutrients by seagrass beds will be affected by the
energy associated with oscillatory flow, but the relationship between uptake rates and characteristics of
flow may be different than those described for coral
reefs (Hearn et al. 2001).
In this study, we measured rates of ammonium
uptake for a seagrass community in the field using a
portable field flume (Thomas et al. 2000) and compared uptake rates for experiments conducted under
oscillatory and unidirectional flow. Uptake rate constants were analyzed in terms of hydrodynamic
characteristics over the seagrass canopy including
velocity, speed, and turbulent energy. In addition, we

applied empirical models that describe mass transfer
processes (see Bilger and Atkinson 1992) to estimate
the efficiency of these seagrass communities at removing ammonium from the water column and compared
these estimates to our experimental data.

MATERIALS AND METHODS
To investigate the effects of oscillatory water flow on
ammonium uptake by seagrass communities, a series
of field flume experiments were conducted in natural
beds of Thalassia testudinum. Experiments were completed over 5 d in 1998 (25 to 29 October) and 10 d in
1999 (6 to 16 June) in St. Joseph Bay, Florida, USA. St.
Joseph Bay is located in the NE Gulf of Mexico along
the panhandle of Florida and is inhabited by extensive
beds of Halodule wrightii, Syringodium filiforme, and
Thalassia testudinum. A total of 27 ammonium uptake
experiments were conducted in oscillatory flow, 18 in
beds of T. testudinum, and 9 in bare sand as a control
for planktonic uptake and flume leakage; 7 experiments were also conducted in unidirectional flow
in T. testudinum communities. In addition, data collected from 7 unidirectional experiments conducted
previously at the same field site (Thomas et al. 2000)
were used in the comparison of unidirectional and
oscillatory flow on ammonium uptake. Shoot densities
ranged from 1600 to 3100 shoots m–2 and canopy
heights from 22 to 27 cm, which are values similar to
those reported by Thomas et al. (2000).
The field flume effectively isolates 3.7 m2 of benthos
and has been used in a previous study in which the
effects of unidirectional flow on ammonium uptake
by seagrass communities were demonstrated (see
Thomas et al. 2000 for design description). The flume
design was slightly modified for this study by
installing 2 (rather than 1) electric motors that were
faced in opposite directions and alternately powered
to impose oscillatory flow on the isolated portion of
the community. A timer and relay switch were used to
alternate power to each of the motors and maintain a
constant oscillation period. The mean period for 1 full
oscillation during these experiments was ~18.5 s
(SD 3.9, n = 40), or a frequency range of 0.04 to
0.07 Hz. This frequency range is at the low end of
that reported for energy spectra within St. Joseph’s
Bay (Koch & Gust 1999) and within the range of those
measured in other seagrass beds (Verduin & Backhaus 2000). For unidirectional experiments conducted
during this study, only 1 of the 2 motors was powered.
The motor(s) were set at a constant velocity between
(0.01 and 0.27 m s–1) for each experiment. The velocity, type of flow (unidirectional or oscillatory) and
community (seagrass or sand) for each experiment
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was randomly selected from a pool of predetermined
conditions.
Experiments were conducted in depths that were
below the flume sides (< 0.8 m) and care was taken to
ensure there was no leakage from the flume by (1) taking ambient water samples before each experiment
and in the water surrounding the flume during experiments, (2) using rhodamine dye following experiments
for a visual test of flume leakage, and (3) reviewing
data from sand experiments which were void of seagrasses and associated organisms. After placing the
flume over a section of the bottom, a spike of ammonium (as 20 µmol l–1 ammonium sulfate) was added
slowly to the flume (over ~5 min) and allowed to mix
thoroughly so that the NH4+ concentration at the
beginning of each experiment was ~6 µmol l–1. During
each experiment, water to be sampled was continuously removed from the flume with a submersible
pump placed at the opening to the motor box so that it
sampled well-mixed water. Samples were collected in
1 l sample bottles (Nalgene) over a series of 6 to 7 sampling periods (ranging from 2 min to 10 min duration).
Each 1 l bottle represented a sampling period, and
water within these bottles was filtered and placed in
smaller 60 ml bottles and frozen until samples were
analyzed. A more detailed description of methods for
water sample collection is provided in Thomas et al.
(2000). The duration of experiments (~45 min) was
based on previous data (Thomas et al. 2000), which
revealed that these communities deplete ammonium
rapidly from the water column, especially at higher
velocities.
Ammonium concentrations were measured with an
auto-analyzer (Alpkem) using standard techniques
(Strickland & Parsons 1972) to an accuracy of 0.05 µmol
l–1. Uptake rate constants (S in units s–1) were calculated by first determining a first-order rate constant
that described the decline in ammonium concentration
in the flume for each experiment. The first-order rate
constant was calculated as k(C ) = –dC /dt, where C is
the concentration of ammonium, t is time, and k is the
first-order rate constant in units of s–1. Each value of k
was normalized to the volume of water in the flume (V )
and the planar area of community (A) isolated by the
flume to calculate an uptake rate constant, S (S =
kV/A). The 2-dimensional area of benthos enclosed by
the flume is used for normalization because the engineering approach used in this and previous studies
(e.g. Atkinson & Bilger 1992, Thomas & Atkinson 1997,
Thomas et al. 2000) describes the effects of bottom
roughness (i.e. the biota on the benthos) on chemical
transport, rather than the total area available for nutrient uptake (see Thomas et al. 2000 for discussion).
Basically, the approach provides an estimate of the
effects of the roughness created by the benthos on the

53

flow characteristics in the water column, which in turn
determines the flux of nutrients from the water column
to a square area of the benthos. A measure of total surface area available for uptake is unnecessary because
the approach describes the maximum rate of flux to the
planar area of the benthos with the specific roughness
(represented in the friction coefficient and shear stress)
measured for that surface.
Water velocity was measured during each experiment using an Acoustic Doppler velocimeter (Field
ADV; Sontek). Velocity was recorded at 5 Hz for 2 min
(n = 600) at mid-water depth equidistant between the
canopy and the water’s surface. Velocity data were
used to estimate several hydrodynamic characteristics
that influence the transport of nutrients to seagrass
communities, including (1) mean velocity in longitudinal (U -), transverse (V - ), and vertical (W - ) flow
directions, (2) mean modulus of the velocity vector
→
(|U |), (3) mean flow speed in the + and – longitudinal
direction (|U |), and (4) total turbulent energy (K ).
Bulk velocity (U b) was estimated as the mean of the
velocity in the longitudinal direction U -. For unidirectional experiments bulk velocity and flow speed are
equivalent; however, for oscillatory experiments water
is moving in both the up- and downstream directions.
Thus, the speed of the water (|U |) exceeds the bulk
movement of water (U b) over the benthos in a given
direction. Therefore, for oscillatory experiments we
used the mean of the absolute value of velocity in the
longitudinal direction |U | as an estimate of flow speed.
In both oscillatory and unidirectional experiments,
flow in the longitudinal direction was predominant and
accounted for the majority of the modulus of the flow
→
vector (|U | = 1.08 · |U | + 0.002; r2 = 0.99; p < 0.001, n =
25). We chose to use U - rather than the modulus so that
we could compare unidirectional data to previous research (Thomas & Atkinson 1997, Thomas et al. 2000).
Total turbulent energy was calculated from the mean
fluctuations in velocity among the velocity components
using the equation K = 0.5(U ’2 + V ’2 + W ’2) (see Denny
1988, Nikora et al. 1998). Turbulent energy contributes
to transfer of momentum to the benthos, which in turn
affects rates of chemical transport. Estimates of K were
calculated to evaluate variations in turbulence between unidirectional and oscillatory experiments and
the effects of turbulence on nutrient uptake.

RESULTS
The regressions of ammonium concentration versus
time used to determine the first-order rate constant (k)
were significant (p < 0.01) for all oscillatory and unidirectional experiments conducted in beds of Thalassia
testudinum. Regressions had a mean r2 of 0.96 (SD =
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0.05, range = 0.86 to 0.99, n = 18) and 0.94 (SD = 0.2,
range = 0.90 to 0.97, n = 7) for oscillatory and unidirectional experiments, respectively. Uptake rate constants
(S; S = kV/A) for experiments conducted with oscillatory water flow were enhanced relative to those conducted in unidirectional flow (Fig. 1). At bulk-water

Fig. 1. Thalassia testudinum. Ammonium uptake rate constants (S) as a function of (A) bulk velocity (U b) and (B) flow
speed |U -| for oscillatory experiments (e) and unidirectional
experiments (f) from this study and for unidirectional experiments (m) from Thomas et al. (2000). A single point (s) represents the mean value of the uptake rate constants for 7 experiments conducted in bare sand plotted at the mean velocity of
these experiments (error bars = 1 SD). (A) S is positively
dependent on U b in oscillatory (S × 105 = 32.3U b0.13, CLs on
slope are 0.02 to 0.24, r2 = 0.28, p < 0.05, n = 18) and unidirectional (S × 105 = 31.5U b0.30, CLs on slope are 0.19 to 0.41, r2 =
0.76, p < 0.001, n = 14) flow; there was no significant difference between unidirectional data sets (ANCOVA, p > 0.05).
(B) S is positively dependent on flow speed for both unidirectional and oscillatory flow; the effect of flow speed (|U -|) is the
same as in (A) for unidirectional experiments and for oscillatory flow is S × 105 = 33.8|U -|0.22 (CLs on slope are 0.10 to 0.35,
r2 = 0.46, p < 0.01, n = 18). Flow speed had a similar affect on
uptake in both treatments (homogeneity of slopes, p = 0.35);
however, uptake rate constants were higher in oscillatory
flow (ANCOVA, ln S vs ln |U -|, p < 0.001)

velocities (U b) below 10 cm s–1, uptake rate constants
(S) for experiments conducted in oscillatory flow
(mean = 17.2 × 10– 5, SD = 5.0, n = 18) were 1.5 times
those conducted in unidirectional flow (mean = 11.4 ×
10– 5, SD = 2.5, n = 6). In both oscillatory and unidirectional experiments, mean bulk velocity (U b) had a positive effect on ammonium uptake by T. testudinum
communities (Fig. 1A). The dependence of uptake rate
constants (S) on U b in the oscillatory experiments was
lower and less evident (as demonstrated by a low r2
of 0.28) than in unidirectional experiments.
Values for S were higher in oscillatory than in unidirectional flow when uptake rate constants (S) were
compared to flow speed (|U |) (Fig. 1B). For both oscillatory and unidirectional experiments, the slope of S
versus |U | were similar; however, the intercept was
higher for the oscillatory than the unidirectional experiments (ANCOVA, ln S vs ln |U |, p < 0.001). The
dependence of S on |U | in these seagrass communities
was on the order of 0.3 (S ≅ |U |0.30; Fig. 1B). There was
no dependence between uptake rate constants and
flow speed in the sand experiments [4.7(|U |)0.01, r2 =
0.00, p = 0.88, n = 7], and 2 of the 9 experiments
showed no significant uptake. Uptake rate constants
for sand were lower than 5 × 10– 5 (m s–1) and consistent
with those for unidirectional experiments by Thomas
et al. (2000).
At a given bulk velocity (U b), turbulent energy (K )
was greater in oscillatory flow [K (m s–1]2 = 0.22 · U b +
0.0019; r2 = 0.45; p < 0.001, n = 36) than in unidirectional flow [K (m s–1)2 = 0.03 U b –0.0006; r2 = 0.83; p <
0.001, n = 9). In addition, an analysis of the power spectra for 2 experiments with similar flow speeds indicate
that in oscillatory flow there was more energy generated at frequencies below 0.2 Hz than in unidirectional
flow (Fig. 2B). Uptake rate constants (S) were dependent on turbulent energy for oscillatory flow (p <
0.001); however, for unidirectional flow the regression
was not significant. For all the experiments combined,
uptake rate constants were dependent on turbulent
energy [Fig. 3; S × 105 (m s–1) = 36.1(K )0.12; r2 = 0.47;
p < 0.001, n = 25].

DISCUSSION
Rate constants for ammonium uptake by seagrass
Thalassia testudinum communities measured in field
flume experiments were dependent on bulk velocity
(U b) and flow speed (|U |). The results of experiments
conducted in unidirectional flow are consistent with
past research (Thomas et al. 2000) and indicate that
measurements of U b are relatively good predictors
of rate constants for ammonium uptake under conditions where flow is mainly unidirectional (i.e. tide-
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Fig. 2. Thalassia testudinum. (A) Total turbulent energy (K ) as
a function of bulk velocity (U b) for oscillatory experiments (e)
and unidirectional experiments (f) from this study. Relationship between K and U b was steeper in oscillatory flow
(K = 0.22·U b + 0.0019; r2 = 0.45; p < 0.001, n = 36) than in unidirectional flow (K = 0.03·U b –0.0006; r2 = 0.83; p < 0.001,
n = 9). (B) Power spectra for 2 experiments, 1 oscillatory at a
flow speed of 0.09 m s–1 (—) and 1 unidirectional at a flow
speed of 0.11 m s–1 (—). Higher energy between frequencies
0.04 and 0.07 for the oscillatory experiment coincides with the
frequency of the imposed oscillation

dominated). When the flow has a significant oscillatory
component, however, bulk velocity alone is not a good
predictor of uptake rate constants (Fig. 1A). For the
experiments conducted with oscillatory flow, uptake
was dependent on the speed of the water flow in the
predominant direction of flow |U | rather than the average bulk velocity U b (Fig.1). This result is not surprising, because the average bulk velocity measures the
movement of a body of water in a direction rather than
the actual speed of water flowing over the organisms.
Increased flow speed above a canopy is correlated to
higher flows within the canopy where the uptake
surfaces of organisms are located (F.I.M.T. & C.D.C.
unpubl. data), and higher flow thins the diffusive
boundary layer regardless of the direction of water
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flow. Therefore, the speed of the water above the
canopy in the longitudinal direction |U | gives a better
indication of the amount of flow experienced at uptake
surfaces within the community than bulk velocity and
provides a relatively good estimate of flow effects on
transport rates (Fig. 1B).
Despite the relatively good fit between measurements of flow speed (|U |) and uptake rate constants
(S), comparing (S) to |U | is a simplification. The turbulent energy in the flow (K ) contributes to the transport
of momentum to the bottom. As indicated by our
results, uptake rate constants were dependent on bulk
velocity (Fig. 1) and turbulent energy (Fig. 3), which
supports the contention that ammonium uptake by
seagrass communities is diffusion-limited (Thomas et
al. 2000). The effects of turbulent energy on uptake
rate constants (S) can be seen by comparing experiments conducted in oscillatory and unidirectional flow
(Fig. 1). At a given bulk velocity, S is higher in oscillatory than in unidirectional flow, as is turbulent energy
(Fig. 2). Because uptake rate constants are also dependent on turbulent energy (Fig. 3), the differences in S
between treatments can be accounted for by higher
turbulent energy in oscillatory than unidirectional flow
(Fig. 2). This dependence of chemical uptake on turbulent energy in seagrass communities is comparable to
that demonstrated for coral communities (Hearn et al.
2001), and may explain the higher rates of nitrogen fixation (Williams & Carpenter 1998) and photosynthesis
(Carpenter et al. 1991) in oscillatory flow than in unidirectional flow reported for algal turf communities.

Fig. 3. Thalassia testudinum. Ammonium uptake rate constants (S) as a function of total turbulent energy (K ) for oscillatory experiments (e) and unidirectional experiments (f) from
this study. Uptake rate constants were dependent on turbulent energy for oscillatory flow [S × 105 = 36.5(K )0.12; r2 = 0.53;
p < 0.001, n = 18], however, for unidirectional flow the regression was not significant. For all experiments combined,
the relationship between the uptake rate constants and
turbulent energy (represented by the line) was positive
and significant [S × 105 = 36.1(K )0.12; r2 = 0.47; p < 0.001, n = 25]
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Fig. 4. Thalassia testudinum. Measured versus expected
Stanton numbers communities for oscillatory experiments
(e) unidirectional experiments (f) from this study and for unidirectional experiments (m) from Thomas et al. (2000). Measured Stanton numbers (St M) are calculated from experimental values of uptake rate constants (S) and water velocity (U b)
measured in the flume during each experiment (St M = S /Ub
for unidirectional experiments or S/|U -| for oscillatory experiments); expected Stanton numbers (St E) are calculated from
measured friction coefficients and empirically derived equations describing heat transfer to non-biotic surfaces (see Bilger & Atkinson 1992, Thomas et al. 2000). Stanton number is
the ratio of the flux to the surface divided by advection by the
surface and represents the effective capacity (efficiency) of a
surface to remove a chemical from the water column. Oscillatory flow enhances the efficiency of ammonium uptake by
seagrass communities, as indicated by the larger Stanton
numbers. Dashed line represents 1:1 ratio

Despite the complexity of mechanisms controlling
nutrient dynamics of benthic communities, models describing transport processes to rough surfaces have
provided relatively good estimates of the efficiency of
benthic surfaces at removing specific nutrients (Baird
& Atkinson 1997, Thomas & Atkinson 1997, Larned &
Atkinson 1998, Thomas et al. 2000). The approach used
in these studies involves the calculation of a dimensionless number (the Stanton number) that relates uptake
rate constants (S) to the rate of advection of nutrients
over the surface. These measured Stanton numbers
represent the efficiency of the community at removing
nutrients from the water column and can be estimated from empirically derived engineering equations
(Atkinson & Bilger 1992, Bilger & Atkinson 1992). A
specific set of these equations (e.g. Thomas & Atkinson
1997) provides a close estimate of Stanton numbers
measured for assemblages of coral reef organisms
(Baird & Atkinson 1997, Thomas & Atkinson 1997) and
for seagrass communities measured in a field flume
(Thomas et al. 2000). Estimates of the Stanton number
along with measurements of nutrient concentrations
and hydrodynamic characteristics of benthic habitats
provide a means of estimating the capacity of the ben-

thos to remove a specific chemical (i.e. nutrient) from
the water column (see Thomas et al. 2000).
The empirically derived equations used in these
studies were developed to examine heat and mass
transfer to rough surfaces in unidirectional flow. However, if flow speed |U | is used in these equations rather
than bulk flow (U b) they provide a relatively good estimate of the Stanton number for the experiments we
conducted in both oscillatory and unidirectional
flow (Fig. 4). Development of more complete models
describing mass transfer of nutrients to seagrassdominated communities will require measurements
of nutrient uptake rates combined with an analysis
of velocity profiles. Velocity data from this study
were collected at a single height above the reference
bed, which limits our interpretive power. Further, data
presented in this paper are limited to a single wave
frequency. The frequency of oscillation influences
energy; therefore, data obtained over a range of wave
conditions would expand the application of these
models to a wider range of field conditions.
The mechanisms underlying nutrient uptake by benthic communities are complex. Nonetheless, the results
of these experiments provide evidence that uptake of
ammonium by seagrass communities is dependent on
water flow characteristics, including water velocity and
turbulent energy. Thus, the capacity of seagrass beds to
remove ammonium from the water column is probably
higher during ebb and flood tides and/or periods of
high wave energy than during slack tides and calm
conditions. In addition to the effects of hydrodynamics
on diffusion-limited uptake, the concentration of ammonium is likely to increase in the water column during
these events due to enhanced anthropogenic loading,
porewater fluxes and wave-generated resuspension of
nutrients that can accompany tides and storm events
(e.g. Staver et al. 1996, Morin & Morse 1999, Oldham &
Lavery 1999, Glasgow & Burkholder 2000). For example, in St. Joseph’s Bay we have recorded an increase in
ammonium concentration from 0.5 to 9 µm after a major
storm event (F.I.M.T. & C.D.C unpubl. data).
Nutrient dynamics of aquatic communities are dependent on the interplay between factors that control water
column nutrient concentration and hydrodynamic factors
that influence characteristics of the diffusive boundary
layer at the uptake surfaces within the communities. The
merger of hydrodynamic models with studies of biogeochemical cycling is therefore crucial for accurately
describing nutrient cycling in dynamic nearshore environments (see Duarte & Piro 2001). The results reported
in this paper demonstrate the importance of hydrodynamics in nutrient dynamics of seagrass beds and
provide evidence for applicability of mass-transfer relationships derived from engineering studies to understanding biogeochemical processes.
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