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Comments on the readings & DIC Limitation
In shallow neritic waters,
microphytobenthic
production can often
exceed water-column
production. For example,
De Jonge (1994) produced
estimates of benthic and
pelagic production for the
shallow Dutch Ems-
Dollard estuaries (Figure
1). A major loss term from
the intertidal was erosion.
Benthic diatoms continue
to photosynthesize when

eroded from the sediment-  Fjgyre 1. Primary production and average standing stocks in the

water interface by storms.  |ower reaches and Dollard portions of the Ems-Dollard estuary
He produced a carbon (from de Jonge 1994). In both regions, the microphytobenthos
budget for the Dutch Ems-  dominates biomass. In the shallow region, the production from the
Dollard estuary (mean microphytobenthos (68 gC m™ y™) or resuspended

depth 1.2 m) showing that  mjcrophytobenthos (24 gC m™y™) is 31 times production by true

25% of the total estuarine phytoplankton (3 gC m? y™).
primary production is due

to resuspended benthic

diatoms, 53% by true phytoplankton, and 22% by benthic diatoms living on mudflats. Jahnke et
al. (2000) found that microphytobenthic production on the Carolina shelf at depths of 14 to 40
meters was quite high 400 (£260) mgCm™d" and comparable to pelagic production.

Many surface and subsurface deposit feeders in shallow-water environments meet most of their
food requirements by feeding on benthic diatoms. Hentschel & Jumars (1994) hypothesize that
deposit feeders which can live on low-quality organic matter as adults may require nutritionally
rich food, like benthic diatoms, as juveniles. Benthic diatom standing stock may be a better
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indicator of the nutritional quality of sediment than organic carbon concentration. Benthic
diatoms—rich in the nitrogen, fatty acids, and essential amino acids required by many deposit
feeders (Phillips 1984, Marsh & Tenore 1990)—are much more abundant in the intertidal than
subtidal benthos.

MODELING BENTHIC DIATOM PRODUCTION

Serodio & Catarino (2000) present a truly
remarkable field and modeling study of
factors controlling epipelic diatom
production. They measured the dark-level

Chl a fluorescence (F,) using a pulse-probe
fluorometer. F, measures the increase in
microphytobenthic biomass at the sediment-
water interface as the epipelic diatoms
vertically migrate to the surface. It also
measures the shift up in the
microphytobenthic photosystems as they
acclimate to higher light intensities.
Production was measured using the

Revsbech & Jorgensen O, microelectrode
method (Revsbech et al. 1981 & 1986, Figure 2. Fig. 1 from Serodio & Catarino (2000)
Revsbech & Jorgensen 1983) (see Figure 2).

Serodio & Catarino (2000) modeled the P
vs. I curves for epipelic diatoms and
modeled the effects of both the diel and tidal
vertical migrations of these diatoms. The
combined effects of tides, diatom vertical
migration and light on hourly production are
shown in Figure 3.

Serodio & Catarino (2000) used their
model to predict that there is as much hourly
and weekly variability in benthic primary production as there is seasonally. They calculated the
annual primary production of the epipelic diatoms as 156 gCm™y.

Figure 3. Fig. 5 from Serodio & Catarino (2000)

A BRIEF OVERVIEW OF PAM FLUORESCENCE

The goal of the PAM fluorometric method is to estimate Chl a concentration and the rate of
reaction of Photosystem II, the photosystem responsible for much of the fluorescent signal in
intact phytoplankton cells.

The PAM fluorometer emits two different light signals from its fiberoptic probe. First there is a
very low intensity red light measuring beam that is switched on and off rapidly (approximately 5-
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us interval). The number of photons produced is insufficient to noticeably alter Photosystem II
activity, but a fluorescent signal will be emitted in phase with the ‘modulating’ measuring light.
The baseline fluorescence emitted is called F, and is usually linearly related to Chl a
concentration.

In cells with low Photosystem II activity, the Acceptor oxidized Acceptor reduced
PSII reaction centers are ‘closed,” and much \ A 1
of the absorbed light from the measuring
beam is returned as fluorescent light (see
Fig. 4). The fluorescent yield, or ratio of -

: ) . . Energy e
emitted fluorescent light to absorbed light, is

high. In actively photosynthesizing cells, the

F
. . ) hv ~ Fy //7‘\;!/"
electron transport rate is high in ‘ /fK\\/—'\\

m

Photosystem II, and much of the absorbed hv\/{_\}’i *
light can be converted to chemical energy -
and not emitted as fluorescence, a process Reaction center open Reaction center closed
called photochemical quenching. The Figure 4. Fig. 3.11 from Falkowski & Raven
fluorescence yield is low. (1997)

After measuring F_ with the PAM fluorometer, a bright light is emitted from the fiber optic cable
of the PAM fluorometer. The PSII reaction centers exposed to this high intensity bright white
light (actinic light) will be reduced and unable to process and photochemically quench additional
photons. Photons still being absorbed by the photosynthetic pigments will be emitted as
fluorescent light. The fluorescent light emitted after the actinic light is added is called F,,.

Variable fluorescence, F,, is defined as F, = (F, - F,)/F,,. In senescent photoautotrophic cells, the
PSII reaction centers were essentially closed to begin with, and there is little difference between
F,and F_, so F, will be low, usually much less than 0.75. In actively photosynthesizing cells, F,
will be large. F, is generally linearly related to PSII activity and thus gross photosynthetic rate. F,
* Photosynthetically available radiation is usually linearly related to photosynthetic rate.

IS BENTHIC DIATOM PRODUCTION LIMITED BY DIC FLUX?

Benthic diatoms evolved in a habitat with a thick molecular diffusive boundary: the sediment-
water interface. The key physiological adaptation controlling the growth of benthic diatoms is
their ability to fix carbon under conditions of very low CO, and high O, (Admiraal 1984,
Ludden et al. 1985). The low CO, concentration is due both to highly alkaline pH at the
sediment water interface, caused by microphytobenthic production, and depletion of total
dissolved inorganic carbon (DIC) concentrations. Some of these physiological mechanisms, both
biochemical and morphological, for coping with low CO, and high O, are also found in pelagic
diatoms. These physiological mechanisms include a bicarbonate pump using carbonic anhydrase
(CA), and high rates of B-carboxylation. Benthic diatoms are well adapted for coping with low
CO, and high O, concentrations. The evidence is strong that high rates of HCO; uptake and f3-
carboxylation are the rule rather than the exception in the microphytobenthos (Zimba ef al.
1990).
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While it is generally thought that DIC could never limit pelagic production, Riebessel ez al.
(1993) argue that DIC could be a limiting factor for large diatoms during spring blooms. The
increase in atmospheric CO, concentrations since the last ice age could lead to conditions more
favorable to diatom growth during blooms.

Evidence for DIC limitation of microphytobenthic production

Admiraal and coworkers (e.g., 1982, 1984), Ludden ez al. (1985) and Gould & Gallagher
(1990) concluded that benthic diatom growth may be limited by the availability of inorganic
carbon, or perhaps high O, leading to inhibition of photosynthesis (the Warburg effect).
Conducting an experiment that can separate the effects of high O, concentrations from low DIC
concentrations is very difficult. Admiraal (1984, pp. 296-297) briefly summarizes his evidence.
Admiraal ef al. (1982) and DeJong & Admiraal (1984) provide the most detailed discussion of
the laboratory experiments, mostly bicarbonate enrichment of laboratory batch cultures of
benthic diatoms, that led to the unorthodox conclusion that carbon, or the inhibitory effects of
high O,, limits microphytobenthic photosynthetic rates. Admiraal found that the growth rate and
standing stock of benthic diatoms in laboratory cultures was a strong function of both pH and
DIC concentration. The pH of the stagnant layer overlying cultured diatoms reached 9.9
(DeJonge & Admiraal 1984, p. 270). The additions of the traditional photoautotrophic
macronutrients (N, P, and Si) did not affect growth.

To date, only the Dutch investigators have proposed the DIC limitation hypothesis. In the US,
most investigators cite studies arguing for nitrogenous limitation of diatom growth. Van Raalte et
al. (1976) found higher primary production and epibenthic Chl a concentrations in areas of
Sippewissett marsh (MA) experimentally enriched in nitrogen (sewage sludge and urea). Most of
this increased Chl a was probably due to increases in macroalgal standing stock (e.g., green
algae) and not microphytobenthic standing stock. Nilsson ez al. (1991) also documented
increases in phytobenthos in response to nitrogen enrichment in a laboratory mesocosm.
Interestingly, the increased production in both studies was coupled mainly to increased growth of
Ulva and Enteromorpha and not to benthic diatoms.

Hopner & Wonneberger (1985) concluded that increased microphytobenthic production was
directly coupled to increased diffusive flux of nitrogen and phosphorous and porewater. They
estimated the concentration gradients of DIN and DIP in porewater, calculated the diffusive flux
from Fick’s 1st law and compared it with measurements of primary production. There was a
strong positive association between them. They also measured the ratio of DIN and DIP supply
from porewater and compared it to primary production rate (their Fig. 10). They state, based on
their Fig. 10:

“We conclude, therefore, that nutrient effluxes from the sediment
are patchiness-governing in such a way that epiphytobenthos-
growth is favoured most when the N:P molar ratio fits the ratio
needed for biomass formation. However data pairs fulfilling this
condition are also pairs with the highest effluxes (P. 283)”
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Their observations may appear to directly contradict Admiraal’s DIC-limitation hypothesis, but
in fact are consistent with it. Epipelic diatoms acquire most of their DIN and DIP from
porewater, and influence the DIN and DIP gradients and fluxes (Sundback & Graneli 1981).
Higher diatom production, caused by any process, depletes macronutrient concentrations at the
sediment-water interface. The resultant concentration gradient drives higher fluxes of porewater
DIN and DIP from porewaters to the sediment-water interface. When diatom production is high,
these diatom-driven fluxes are more in accord with Redfield stoichiometry. Thus, Hopner &
Wonneberger’s (1985) close correlation of nutrient efflux with primary production rate is
consistent with the DIC limitation hypothesis.

Another experiment conducted by Hopner & Wonneberger (1985) provides a more clear-cut
test of the DIC theory. They added DIN and DIP in a subsurface layer in September 1982 and
1983. They observed a surface bloom of diatoms, relative to a disturbed but unfertilized control
area, in 1982 but not in 1983. They discuss the 1982 fertilization experiment,

“...we had the pleasure to observe the formation of a magnificent
diatom bed, which followed exactly the borders of the fertilized
area. It had fully developed 14 days after fertilization (September
11, 1982) and remained visible for another 6 weeks, until it
disappeared in a rich diatom bloom covering the whole
neighborhood.”

Their nutrient enrichment facilitated the appearance of the fall bloom, which occurred throughout
the mudflat. The DIC limitation theory predicts that such fall blooms in standing stock (not
production) are characteristic features of temperate mudflats. Their fertilization experiment was
not replicated, nor were surface production, cell numbers or composition, of Chl @ measured.
They summarized these two experiments in their abstract,

“The formation of a diatom bed at the fertilized area was observed
once, but efforts to reproduce it failed, indicating the importance
of other growth-determining conditions.”

The effect of nitrogen limitation on benthic diatom standing stock and production are important
issues. Sundback ef al. (in press) found that in laboratory mesocosm experiments N and P
addition favors increases in large diatom cells. Gould (1989) found fall blooms of very large
pennate diatoms (Pleurosigma, >300 pm). Such increases in large pennate diatoms, if they are
less vulnerable to benthic grazing and have lower specific growth rates, could lead to increases of
standing stock, as recorded by Hopner & Wonneberger (1985), without increases in either
specific or total production.
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Ludden et al.’s (1985) simulation model

Ludden ez al. (1985) analyzed the processes controlling benthic diatom growth with a computer
simulation model. This model is highly unusual in biological oceanography, since DIC is the sole
limiting nutrient. They assumed that benthic diatoms must have C,-type (or C-4 like)
metabolism, achieved through an active bicarbonate pump. Ludden ef al. (1985) did not assume
that C, compounds are the being fixed by PEPCase as in true C, Hatch-Slack or CAM
metabolism. The microphytobenthos in their model are capable of taking up HCO;", which is
converted to CO, by intracellular CA. If the microphytobenthos take up HCO;, they must
achieve both intracellular charge and pH balance. High production of hydroxyl ion, resulting
from high CA activity, could produce high intracellular pH, especially in cells with large volume:
surface ratios. Alkaline intracellular pH can limit growth and is a potentially growth-limiting
parameter in Ludden ef al. ‘s (1985) model.

Ludden ez al.’s (1985) model shows why benthic species using an active bicarbonate pump
dominate on intertidal flats. Microphytobenthos using bicarbonate utilization can easily
outcompete a true C,; benthic diatom, using only CO, diffusion through the cell membrane,
RuBPCO and the Calvin cycle. The microphytobenthic diatoms reduce drastically the seawater
DIC pools and raise the pH to 9 or even 10.5, virtually eliminating any free CO, (aqu). Thus, not
only can the species using both CO, and bicarbonate deplete the DIC supply for the C, species
through exploitative competition, but they also excrete one hydroxyl ion (OH) for every HCO;
incorporated, drastically reducing the percentage of DIC available as CO, (aqu) to true C,
diatoms.

One part of Ludden ez al.’s (1985) model of diatom production is probably wrong. When an
anaerobic sediment layer is added, Ludden ez al.’s (1985) model showed that most of the
dissolved inorganic carbon (DIC) flux supplying microphytobenthic production is from the
sediment porewater to the benthic diatom film. Only under high benthic diatom densities is there
a flux from the overlying water to the film, but even then, this downward flux is less than that
from the porewater. The source of DIC is very important to benthic productivity measurements.
If most of the DIC flux fueling microphytobenthic production is from porewater, methods for
estimating microphytobenthic production, that are based on '*C-labeled surface water, would
underestimate production.

Ludden ez al. (1985) assumed that the diffusive-layer thickness beneath the diatoms is only 1
mm. This thickness is far too small. Biologically enhanced molecular diffusion operates over the
entire depth of the sediment surface, not 1 mm. Aller (1982) reviewed the diffusion geometry of
sediments. Most workers model that vertical diffusion of solutes in cohesive sediments as a
molecular diffusive process, accelerated by infaunal irrigation and reduced by sediment porosity.
Users of one-dimensional diffusion models increase the apparent diffusion coefficient of solutes
by 10 to 100-fold to simulate the effects of bio-irrigation. Without animals, solutes diffuse
according to Fick’s law (with molecular diffusion coefficients reduced by sediment porosity)
over the entire depth of the sediment column, not 1 mm as modeled by Ludden ez al. (1985).
This 1-mm diffusive sublayer thickness in sediments would have to produce tremendous
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overestimates of the contribution of porewater DIC flux to the diatoms photosynthesizing at the
sediment surface.

THE IMPORTANCE OF MOLECULAR DIFFUSIVE BENTHIC BOUNDARY LAYERS

The diffusive sublayer is always smaller than the viscous sublayer, since chemicals diffuse more
slowly than does momentum. The ratio of kinematic viscosity (=102cm’s™) to chemical
molecular diffusivity (for CO, about 10° cm’s™ at 0°C, 1.77 x 10~ at 25°C) is known as the
Schmidt number and is about 600-1000 for CO,. The ratio of the diffusive sublayer to the viscous
sublayer thickness scales linearly to the Schmidt number to the one third power (Wimbush 1976,
p- 8). Thus the diffusive sublayer for CO, is roughly 1/8th to 1/10th the viscous sublayer
thickness. Using O, microelectrodes, Jorgensen, Revsbech and co-workers (e.g., Jorgensen &
Revsbech 1985 & 1989, Revsbech et al. 1981, Revsbech & Jorgensen 1983) have been able to
directly measure the diffusive sublayer thickness.

Benthic diatoms live in a habitat where
molecular diffusion through the diffusive
sublayer at the benthic interface may be the
limiting factor for the intracellular flux of
inorganic carbon. The kinetic rate-limiting step
in the recharging of the intracellular CO, pool is
Fickean diffusion, probably through the 100-500
um thick diffusive sublayer at the sediment
water interface or through the much smaller
capillary film surrounding diatoms completely
exposed at low tide. Solutes must also diffuse
through a relative thin mucopolysaccharide
biofilm excreted by benthic diatoms. Paterson
(1989) documented that the biofilm, produced
by motile benthic pennate diatoms, is an
extensive mucopolysaccharide matrix. This
biofilm has extremely important effects on the
critical entrainment velocity of cohesive
sediments but is probably not that important as a
kinetic barrier to DIC flux. This biofilm is
relatively thin (far less than 10 pm as shown in
Paterson 1989, Fig. 9D-F, Fig. 10B&F, see Fig.
5) compared to the thickness of diffusive water
layer around the biofilm, which may range from
50-400 um in moving water to 500 um-1 mm in Figure S. Figure 10 from Paterson 1989

stagnant water (Jorgensen & Revsbech 1985). showing the mucopolysacharide biofilm _
produced by benthic diatoms. The scale bar in

frames B & F are 10 um, the other scale bars are
100 pm.
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Stirring & production incubations

Stirring and its effects on diffusional boundaries in benthic incubation chambers is an
exceptionally important issue. Gould & Gallagher (1990) note that microphytobenthic
production estimates with unstirred chambers are less than half those observed in stirred
chambers. Revsbech ef al. (1981, p. 725) also noted a two-fold increase in production with
stirring. Ludden ez al. (1985) modeled a 5-fold decrease in the thickness of the diffusive
sublayer and also noted roughly a 2-fold increase in production of microalgae growing on solid
surfaces.

The effect of stirring on diffusive flux estimates from chambers is crucial to the extrapolation of
incubator estimates to the field (Nowell & Jumars (1984, p. 312), but it is difficult to quantify
the effects of stirring. The MANOP incubators, used to measure diffusive fluxes in the deep-sea
benthos, are the only benthic flux chamber that have been calibrated. Bucholtz-Ten Brink ef al.
(1989) calibrated these chambers using alabaster dissolution and flush mounted hot-wire velocity
sensors. Based on their work and an earlier flume study by Opdyke et al. (1987), Bucholtz-Ten
Brink ez al. (1989) found a log-log relationship between U, diffusive sublayer thickness (z;).
Using their equation 8, the thickness of the diffusive sublayer (z; in um) has the following
relationship to U.:

Zg = a x u-”.
where, a is calculated from molecular diffusion coefficient, D )
a = 0.020 x 10* for D=1.7 x 10%cm2s ..
a = 0.011 x 10* for D=1.0 x 10%cm2s ..

As shown in Fig. 6, the diffusive sublayer Diffusive sublayer thickness vs U.
thickness (z;) declines rapidly as a function i ket
of U,, and is relatively insensitive to
increases in U. in excess of l1cm sec™.
Depending on the molecular diffusivity (D),
reduction of U, by stirring reduces the dif-
fusive sublayer to a thickness of 100 to 200
um at U, values of about 1.5 cm sec™.
Bucholtz-Ten Brink ez al. (1989) found a
direct linear relation between stirring

800 -

600 -

400 i

200 g

Diffusive sublayer thickness (um)

velocity (in r.p.m.) and U.. o " 2 S "
U. (approx. linearly proportional to stirring rpm)
__Dm=1.7 e-5 cm? /sec —-Dm=1.0 e-5 cm? /sec

Other studies confirm Buchholtz-Ten . ' . ' isec
Brink et al.’s (1989) empirical relation Figure 6. The relationship between z; (diffusive

between z; and U.. Riber & Wetzel (1987) sublayer thickness) and U. (shear velocity) in the

estimated the mass flux of radioactive MANOP incubators.
phosphorous into lake periphyton (on microscope slides) as a function of water velocity. They
noted that mass flux increased as a power function of water velocity, but the exponent was less
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than 1/3. Their documentation of exponents for increasing PO, flux in the range of 0.15 to 0.33 is
consistent with a reduction of the diffusive sublayer to the -0.67 to -0.85 power, as found by
Bucholtz-Ten Brink (1989).

The geometry of the Gould & Gallagher (1990) incubator is considerably different than the
MANOP incubator. With the present design, 5-mm plugs of sediment rest on petri dishes above
the floor of the incubator. This undoubtedly creates smaller diffusive sublayers of varied
thickness over the surface of the 5-mm plugs. As a slight improvement in this design, the plugs
could be added to machined depressions in the bottom of the incubator. The goal of recessing the
plugs would be to create more uniform boundaries over the surface of the diatom plugs, not
thicker boundaries. Greater stirring speeds will be used to compensate for the differing plug
geometries on the bottom of the incubators.

It is unlikely that the diffusive sublayer thicknesses in the Gould & Gallagher (1990) incubator
could be decreased greatly by increased stirring. Sediment erosion sets the upper limit on stirring
speeds in these incubators. Sandy-silt sediment will begin to erode at U, values greater than
about 1.6 cm sec” (Nowell e al. 1981, Table IT). From these considerations and Fig. 3, I
conclude that the diffusive sublayer overlying benthic diatoms films on smooth mud surfaces
rarely decreases below about 100-200 um. On hydrodynamically transitional boundaries, the
enhanced shear produced by animal tubes and other roughness elements can create local patches
of reduced diffusive boundary layer thickness (Eckman & Nowell 1984, Eckman 1985). The
effect of these isolated tubes on the DIC flux to diatoms could provide the mechanistic
explanation for the positive association between real and simulated tubes and macroinfaunal
recruitment rates (Eckman 1979, Gallagher ef al. 1983). The goal of stirring is to reduce the
diffusive sublayer of approximately 500 pm-1 mm, which would occur in stagnant cores, to the
range of 100-200 pm (and lower around tubes). The difference between stirred and stagnant film
thicknesses could easily account for the 2-fold increases in production observed in stirred and
unstirred incubators (Gould & Gallagher 1990, Revsbech e al. 1981). The thickness of this
diffusive layer can probably not be reduced much below 100-200 um without entraining
sediment. Gould & Gallagher (1990) set the stirring rate at a point slightly below the stirring
required to cause rocking or entrainment of biogenic particles on the sediment surface (=1.2 cm
sec” in Nowell ef al. 1981, Table II).

For diatoms growing in very thin water layers, the diffusive boundary at the sea-air interface, the
sea-surface microlayer, becomes the key boundary. With thin overlying water layers, the
recharging of the DIC pool through air-sea exchange must be considered as an important flux.
The air-sea flux is controlled by Fickean diffusion through the air-sea microlayer. This diffusion
is linearly related to the ApCO, gradient times the microlayer thickness. Frankignoulle (1988,
Table 3) estimated the air-sea surface microlayer thickness, in which diffusion is governed by
Fick’s law, as 48-200 um in the Bay of Calvi and North Sea. Most of his microlayer thickness
estimates ranged from 50 to 100 um, close to the oceanic mean value of 40 um quoted by
Broecker & Peng (1982) based on ocean-atmosphere distributions of **Rn and "*C. Erikson
(1989) found transfer velocities or piston velocities similar to those documented by Broecker &
Peng (1982). These microlayers are oceanic values; the air-surface microlayer on mudflats has
apparently not been estimated.
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Darley et al. (1976), Darley ef al. (1981) and Whitney & Darley (1983) introduced techniques
for estimating the production of microphytobenthic production through the air-water interface.
By adding radioactively labeled CO, gas to incubators containing a fan, they estimated primary
production rates of up to 245 mg C m™ h™'. Their rates are among the highest ever recorded on
mudflats and are more than double the maximum production rate noted by Gould & Gallagher
(1990). Their observed rate of air-to-sea carbon flux of 5.7 x 10°® mol m?s™, with a ACO,
gradient of 340patm CO,, would require a gas exchange coefficient or piston velocity of 4.3 x 10°
* m/sec, using the following equation from Frankignoulle (1988):

Flux = K a AP.

where, K = "piston velocity"
mol. diffusion coef.

diff. layer thickness 2

o = CO, solubility coefficient.
~ 39 mol m™3 atm .
AP = difference in CO, partial pressure.

The effective molecular diffusive boundary associated with an air-to-diatom flux of 245 mgCm"
*h™ is only 4 - 10 pm thick. This boundary is approximately that shown by Paterson (1989) for
the mucous biofilm surrounding pennate diatoms on mud. This 4-10 pm thick layer is only a
fraction of the 40 um thick molecular diffusive layer that occurs at the air-sea interface (Broecker
& Peng 1974).

Whitney & Darley (1983) modified the air'*C-CO, incubator so that desiccation would be less
of a problem. Their estimates of summertime production ranged from 4.1 mg Cm™d™' to 143.2
mg Cm™d"' on a Sapelo Island Georgia salt marsh. This latter estimate from a Creek bank may
reflect the production of diatoms exposed directly to air, growing with an effective diffusive layer
thickness of 7 to 14 um.

If there is a water film overlying the sediments, the Darley technique can underestimate
production, since with a typical air-sea microlayer thickness of 40 um, a molecular diffusion
coefficient of 2 x 10° m” sec™, an air-to-sea flux of only 36 mg C m*h™ is possible. Thus if there
is a water layer of even fractions of a millimeter overlying the mudflat surface and zone of
production, the Darley incubator would probably underestimate production. The surface of Savin
Hill Cove is wet when the tide goes out, but the surface of Southern salt marshes and even
Massachusetts salt marshes are relatively dry. Air incubation should be used if the sediment
surface is dry during low tide. However, it probably should not be used if there is overlying water
as is typical of Savin Hill Cove.
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REDALJE-LAWS CHL A-SPECIFIC LABELING TO ESTIMATEM & C:CHL A

Redalje & Laws’ (1981) Chl a specific labeling procedure is a very clever method for estimating
two of the three major growth variables: p and the C:Chl a ration. Laws (1984) provides one
mathematical and biochemical model for the method.

Table 1 shows the variables used in the calculation of the specific growth rate, using the Redalje-
Laws procedure.

Table 1. Definitions and variables used in applying the Redalje-
Laws approach (from Gould & Gallagher 1990)
Variable Units Description
ugC , o .
AC - C fixed during incubation
sample x time
1 -
[ R specific growth rate
1.05 Dimensionless Factor to account for isotope discrimination
. dpm " - :
A C activity of total particulate matter
sample
pgC , , :
C Microalgal C at the end of the incubation
P sample
r dpm. Specific activity of DIC
ecific activity o
ngC p y
. dpm . - ,
R, - Specific activity of C in Chl a molecule
ngC
t h duration of incubation in hours.

A standard "“C incubation is run, just as if the goal were merely to measure primary production.
Usually the phytoplankton population would be split into two fractions after the incubation. One
half of the sample would be used to estimate the radioactivity of the total phytoplankton fraction,
called A" in Table 1. With A™ and I, the specific activity of the dissolved inorganic carbon (DIC)
in the incubation vessel, the amount of primary production can be determined using Equation 3:

1.05 4~
It

AC = 3)

Equation 3 is the same equation used for a standard '*C incubation to estimate primary
production (covered in the next class). To estimate p, the radioactivity in the Chl a molecule
must be determined. This was first done by using thin-layer chromatography of the
photosynthetic pigments, but now the pigments are separated using HPLC. The Chl a fraction is
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removed, its mass estimated, and the amount of radioactivity is determined to estimate R". The
amount of microalgal carbon at the end of the incubation can be determined from Equ 4.

A*
C = .
p R*

“

The specific growth rate assuming a 12-h photic period to convert the hourly incubation

timescale can be estimated using Equ. 5:

Box 1 Derivation of the Redalje-Laws
equation to estimate p as h”'. The equation
multiplies the hourly rate by 12 to obtain the
daily specific growth rate.
1dC
C, dt

t
=C, el

C
ln[p] = ut.
CO

@)
|

C
-In 30]
_ P
H t
C. -ACt
-In pC
_ P
H t
_ml 1 - ACE
C
_ P
H t
1.05A "~
I t
-In| 1- !
A*
w o= R’
t
ol o105 R
no= I
t

—ln(l—( l.OS*R*)]
_ I <12 (6))

" t

Equation 5 certainly looks daunting. It is based on the
balanced growth assumption, which states that new
Chl a is being labelled at the same rate as the total
microalgal carbon pool. Redalje (1983) and
Goericke & Welschmeyer (1993a) tested this
assumption, finding it is not true if the microalgae are
switched from low to high light, or when sun-adapted
microalgae are switched to lower light. Shade
adapted algae, with a low C:Chl a ratio, drastically
curtail the synthesis of Chl @ when placed in high
light and the Redalje-Laws method can grossly
underestimate . If the balanced growth assumption
is true, then the amount of microalgal carbon in the
incubation vessel, C,, can be estimated from Equ. 4.
With this estimate of C, Equation 16 can be readily
derived from Equation 1. This derivation is shown
in the text box to the left.

Redalje & Laws (1981, Laws 1984) derived the
equation originally under the assumption that the Chl
a molecule turns over rapidly so that Chl a would
have the same specific activity as the total
phytoplankton carbon pool. Welschmeyer &
Lorenzen (1984) derived a mathematically
equivalent expression, under the less restrictive
assumption that the new Chl a that is synthesized
during an incubation matches the specific activity of
the total pool of organic carbon synthesized during
the incubation. This assumption is called the
balanced growth assumption. If this ‘balanced
growth’ assumption is met, the Redalje-Laws method
can estimate p, phytoplankton carbon content, and
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the C:Chl a ratio. Goericke & Welschmeyer (1993a) experimentally showed that the Chl a
molecule does not turn over at a significant rate during the course of an incubation, invalidating
one of the original assumptions of the method, but not the equation (Equation 16). They derived
a more complicated expression for estimating p using the Chl a labeling method. Their major
recommendation is to use long incubations (24 h) to estimate p with Chl a-specific labeling.
Jesperson ef al. (1992) found that the Chl @ molecule was labeled at a higher rate than the total
phytoplankton carbon pool. Thus Equation 16 would produce an overestimate of the
phytoplankton specific growth rate.

The Redalje-Laws labeling method has been used by many investigators, most notably
Welschmeyer & Lorenzen (1984) and Gieskes & Kraay (1986, 1989). Laws et al. (1987) used
the technique to show that phytoplankton in the oligotrophic open ocean were growing at very
high specific growth rates. Gould & Gallagher (1990) adapted the Redalje-Laws Chl a labeling
procedure to obtain the first field estimates of the specific growth rates for benthic diatoms.

Taxon-specific p

Gieskes & Kraay (1989) modified the Redalje-Laws method to estimate the specific growth rate
of different phytoplankton groups (e.g., diatoms vs. cyanobacteria) by estimating the radioactivity
in '*C incorporation into different carotenoids. This technique was used to great effect by Strom

& Welschmeyer (1991) who estimated the specific growth rate of diatoms in the subarctic
Pacific. Goericke & Welschmeyer (1993b) provide more details on this labeling method.

Outlines of Papers

REQUIRED & SUPPLEMENTAL

Admiraal, W. 1984. The ecology of estuarine sediment-inhabiting diatoms. Prog. Phycol. Res. 3: 269-322. [Please
read pages 269-287 [several pages are merely species lists] and pp. 296 & 297]{5, 6, 24, 25}

1. Introduction
2. The estuarine habitat
i diatoms can grow at depths greater than 40 m in clear tropical waters (Plante-Cuny 1974)
b. Diatom growth on sediment
i most are pennates (having symmetrical lanceolate cells)
ii. in plankton, centric (radially symmetrical cells) predominate
iii. types
(1) species that can move up into water column
(2) motile species, also called epipelon (Round 1971), pennates belonging to the
biraphid section
3) immobile fixed diatoms
iv. other divisions: epipsammon and epipelon
v. “motile diatoms are able to position themselves in the top-layer of the sediments by their

photo, geo-, and chemo-taxis, combine with rhythmic responses to tidal and light cycles
(Harper 1977)” P. 271

vi. nothing known about energy expenditure
Figure 3. Vertical migration rhythm
vii. motile diatoms dominant on sheltered sediments
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Figure 4. Depth distribution of chlorophyll from sediment cores. can go from near the surface to greater than 15
cm depth.
c. Environmental parameters [sic].
i strong vertical zones.
Figure 5. Diagrammatic representation of distribution of populations in sand in Barnstable Harbor

(Massachusetts) during period when the tide is out. “Round (1979a) found a two-layered structure in
diatom assemblages from sand, with species migrating up and down in the top-layer and non-motile
species living at more than 3 mm depth.”

ii. parameters
(1) salinity
(2) light, 1% light depth 140 um in mud (Colijn 1982)
Fig. 6. Seasonal fluctuation of daylight from Colijn 1982
3) tides: increased growth during neaps when emersion greater (Riazu 1982)
4) strong oxygen gradient, Revsbech & Jorgensen
Figure 7. “profile of oxygen and photosynthetic oxygen production measured with micro-electrodes.”
(5)  pH

Terry & Edvyvean (1981) measured the daily fluctuation in the pH under a diatom
cover and found pH values up to 9.5 to 10 during illumination . Fig. 8.
Figure 8. Time course of pH change from Terry and Edyvean 1981, fluctuations up to 9.5-10
The photosynthetic activity of diatoms increases the pH (through the uptake of HCO,” to values over 9.

d. The distribution of species.
Fig. 10. Seasonal distributions of diatom species from Admiraal ez al. 1984
3. SURVIVAL STRATEGIES OF BENTHIC DIATOM SPECIES.
a. Adaptation to variable conditions.
i irradiance and daylength
(1) little photoinhibition observed
(2) certain diatom species adapt to wide ranges in light conditions
3) several species of intertidal diatoms occur throughout the year.
ii. temperature
(1) temperature response not that much different from phytoplankton (Eppley 1972)
iii. salinity
iv. Oxygen, pH and inorganic carbon.
(1) endowed with significant B-carboxylating activity
2) DIC is depleted. Oxygen concentrations rise to values equaling saturation with pure

oxygen (Fig. 7)
Benthic diatoms are endowed with significant B-carboxylating enzyme activity.

3) Schwinghamer et al. 1983. A del C-13 of -18 was found in sparse populations and -
13 in dense assemblages.
4) Ludden et al. used a simulation model. Could it be that the migration of diatoms in

the top-layers of the sediment provides the cells alternatively with abundant
inorganic carbon supply or abundant illumination, thereby allowing the metabolism
to function according to the Crassulacean-type? (p. 296)

v. Nutrients.
(€9)] only modest stimulation from nutrients, in contrast to phytoplankton
(2) determine Redfield ratios using the lens-tissue technique
Exposure to toxic substances
c. Autotrophic and heterotrophic metabolism
high half-saturation coefficients relative to bacteria
d. Competition for space and nutrients

i. Jong & Admiraal (1984) showed that insufficient supply of DIC and too much O, affected
dominance of species in culture.

ii. inverse relationship between diversity and population density
iii. Lee (1975) antibiotic substances
iv. Jong & Admiraal (1984) document severe antibiosis

e. Niches of diatom species

4. Population growth and production.
a. Note on methodology.
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i bell jars
ii. air incubation: Holmes & Mahall (1982) noted that overlying water had a big effect on
rates.
iii. microelectrodes
produce much higher rates: photorespiration implicated
b. Photosynthesis and growth in natural populations
i The primary controlling factor is the biomass of the algal populations.
Fig. 15. Chl @ and daily production from Colijn & de Jonge (1984).
ii. Assimilation numbers are low 0.1 to 1
iii. Admiraal & Peletier measured observed rate in real and in situ cultured diatoms in the field
c. Carbon budgets of populations.
i “The utilization of photosynthetic products and the biomass of diatoms in the benthic
ecosystem has hardly been analyzed”
ii. Admiraal’s (1980) summary of losses
(1) Burial and vertical migration
2) respiration mortality and excretion
3) herbivory
4) Heterotrophic utilization of organic substrates
5) transport by tidal currents.
Fig. 16: on organically polluted mudflats, most of the photosynthate is lost as respiration, mortality and excretion.
5. BENTHIC DIATOMS AS A FOOD SOURCE FOR HERBIVORES.
a. nematodes, oligochaetes, harpacticoids, turbellarians and ciliates all eat diatoms
i Steele & Frost (1977) to illustrate effects of grazers on size composition of diatoms
b. Quantitative effects of grazing
i freshwater ciliates exert only
a low grazing pressure
ii. Davis & Lee (1983):
macrofauna can control
diatoms 70°
iii. macrofauna affect _‘,4_""30'
microalgae strongly
(Admiraal et al. 1983) DI
6. Concluding remarks.

Cahoon, L. B., G. R. Beretich, C. J. Thomas, and A.
M. McDonald. 1993. Benthic microalgal
production at Stellwagen Bank,
Massachusetts Bay, USA. Mar. Ecol. Prog.
Ser. 102: 179-185. [Significant benthic diatom

.°°r
production at 30-40 m depth] {?} —‘l" | =

1. Abstract:

a. Chl a and production measured at 3
sites on Stellwagen Bank during
August 1991 lf/"\\ca
b. microalgal Chl a averaged 40 mg/m’ )
vs average phyotplankton Chl a of 26 “us.
c. Primary production measured from - ; G
oxygen exchange: 21 mg C m? h! ]
i light levels never exceeded o)
1% of I, P
2. Methods & Materials g’//“
a. Stellwagen Bank
b. Benthic microalgal production Fig. 1. Location of study sites at Stellwagen Bank, Massa-
measured in situ chusetts Bay. Depths at Site 1 = 21 m, Site 2 = 28 m, and
c. Plastic domed chambers with whirling Site 3 =28 m
3 Resulis cup rotors Figure 7. Location of Study sites at Stellwagen

Bank
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a. Microphytobenthic Chl a exceeded phytoplankton Chl a 6 of 7 times
b. Gross benthic production about 21 mg C m”h’!
c. Phytoplankton production 240 mg C m> h™' or 2.9 g C m™ d' (12-hour day)
d. Net benthic production always negative
i Light intensities 0.52% of surface irradiance
4. Discussion
a. Benthic production was only 6% of water column production and was negative
b. Benthic respiration high due to high zooplankton fecal pellet flux.

Gould, D. G. and E. D. Gallagher. 1990. Field measurement of specific growth rate, biomass and primary
production of benthic diatoms of Savin Hill Cove, Boston. Limnol. Oceanogr. 35: 1757-1770. {6, 10, 11,
12,13, 15, 31}

1. Chl a labeling

Figure 7. Table 1 from Gould & Gallagher (1990)

“The "*C-Chl a labeling technique assumes that the specific activity of Chl a C
(R",,) and total cell C(R*(,P) are equal after a given period of growth in labeled medium”

My derivation:
p=1/C, dC/dt

C,=C,e"

n(C/C,)=ut

p=-In(C,/C,)/t

p=-In([C -ACt]/C )/t

p=-In(1-ACt/C )/t

p=-In(1-{1.05(A"/T)//[AR )/t

p=-In(1-{1.05(R"/1"))/t
Figure 8. Figure 1
from Gould &

Gallagher (1990)
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Figure 10. Figure 3 from Gould &
Gallagher (1990)

Figure 9. Figure 2 from Gould & Gallagher (1990)

Figure 11. Table 3 from Gould & Gallagher
(1990)

Figure 12. Table 2 from
Gould & Gallagher (1990)

Figure 13. Table 4 from Gould & Gallagher (1990)

Figure 14. Table 5 from
Gould & Gallagher (1990)
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Ludden, E, W. Admiraal, and F. Colijn. 1985. Cycling of carbon and oxygen in layers of marine microphytes: a
simulation model and its eco-physiological implications. Oecologia 66: 50-59.{?}

1. SUMMARY
l.a. Mathematical simulation model
1.b. validated using available data
l.c. simulated oxygen concentration and pH
1.d. model predicted upper limits of primary production and biomass.
le. limits set by a combination of oxygen accumulation and depletion of inorganic carbon resulting from

diffusion limitations and the recirculation of organic carbon in photosynthetic, respiratory and
excretory processes.

2. Introduction.

-Three issues merit consideration

2.a. bell jar methods unsatisfactory
2.a.i. Revsbech & Jorgensen (1981, 1983) found discrepancies among bell jars and microelectrode

methods.

2.a.ii.  Gradients of O, crucial

2.b. transfer of carbon indicate that only a fraction of the fixed carbon serves as food for the micro and
meiofauna.

-Does the rate of respiration and photorespiration in dense populations account for a
considerable drain?
2.c. Conditions for algal growth are extreme.
2.c.i. pH up to 10
2.c.ii.  Glover et al. (now published) indicate various patterns of carbon fixation.

3. Theory and description of the model.
3.a. Outline of the method:
Fig. 1. Diagram of carbon and oxygen flow in the model.
3.ai. Oxygen transfer across cell membrane immediate, carbon complicated.

3.a.ii.  algal film connected with the seawater via a diffusion gradient
3.a.ii. P, Siand N not included int he model.
3.a.iv.  simulation run with various modifications
-connected with an underlying sediment layer.
3.b. The carbonate system.
3.b.i. Hydration of CO, and dehydration of HCO,  are fairly slow processes (Johnson 1972). The
carbonate system may not be in equilibrium
3.b.ii.  Equilibrium not assumed: transient dynamics modeled

3.b.iii.  “We used a variable step, variable order, Gear method from NAG to do the integration.”
3.b.iv.  pKl1 and pK2 taken from Buch (1960), kCO, and kHCO," taken from Johnson (1982)
3.c. Algal metabolism: 6 parts

3.ci. CO, fixation
3.c.i.l. fixation exclusively by RuBPCO
3.c.i.2. half saturation constant for Rubisco is 30 micromoles/l
3.c.ii.  Photorespiration
3.c.ii.l. controlled by O,:CO, ratios (Laing et al. 1974)
3.c.ii.2. half the glycolate was converted to serine and half was excreted.
3.c.ii.3. 3 different KO, values assumed: 300, 1000, and 2000pmoll™”, 400 is K, of pure
enzyme
3.c.ii.  Uptake of bicarbonate ions
3.c.iii.l. active uptake of bicarbonate ions.
3.c.iii.2. K, never measured, assumed 10-100umol 1!
3.c.iii.3. maximum internal DIC 6mmol "' (Colman & Colman
3.c.ii.3.a. feedback inhibition of DIC uptake
3.c.iii.4. carbonic anhydrase: instantaneous equilibrium of carbonate system
3.c.iii.5. internal pH control, affected at high pH
3.c.ii.5.a. 2 different methods used
3.c.iiv.  CO, leakage out of cells
3.c.iv.1. slow leakage out of cells
3.c.v.  dark respiration
3.c.v.l. = 10% of primary production.
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3.c.v.2. small biomass-dependent term and photosynthesis dependent term
3.c.vi.  Excretion
3.c.vi.l. low excretion (3% of biomass per day)
3.c.vi.2. excretion coupled to photorespiration
3.c.vii. Three types of algal DIC metabolism simulated.
3.d. the diffusion equations.
3.d.i. some runs exchanges with the underlying water
3.d.ii.  Fick’s first law
3.d.iii.  “The thickness of the diffusion barrier was taken to equal half the variable thickness of the
algal film plus the depth of a stagnant boundary layer (Table 1)” p. 53
3.d.iv.  “We chose a thickness of 1 mm for the stagnant layer and later check the effect of a fivefold
reduction in the diffusion barrier.
Table 1. Equations variables and constants in the model.
4. Results and discussion.
4.a. Results of the photosynthesis submodel

Table 3. Parameters of three different algal types.
Case 1: C3 type diatom, Case 3: C4 type diatom(large K, for O, 2000umol "', low K, for HCO,". Case
2: Admiraal’s guess for Navicula salinarum. STANDARD RUN.
Fig. 2. Photosynthetic oxygen production per unit biomass as a function of extracellular concentrations of
inorganic carbon (DIC) and oxygen.
4.a.i.Three different algal species modeled.
4.a.ii.  Rasmussen’s sandflat algae are like type 1.
4.a.iii. N. salinarum like case 2.
4.a.iv.  Standard alga chosen (Type 2)
4.b. Development of a growing microalgal film: a standard run.
4.b.1. Type 2 diatom, Table 3
Fig. 3. Fluctuation in the state variables.
4.b.ii.  time resolution comparable to microelectrodes
4.b.iii. O,increased to 1200 umol "' (comparable to Revsbech & Jorgensen 1983)
4.b.iv. pH rises to 10 when the light is switched on.
4.b.v. Nextstep: Development of an algal mat over a scale of weeks.
4.b.v.1. starts with a few cells
Fig. 4. Simulated development of an algal mat on an inert substrate
4.b.v.2. Sparse populations doubled at 0.5 d”'
4.b.v.3. biomass stabilized at 18 mg C dm”=18 g C m™
4.b.v.4. peak production 0.05 mmol C dm?*h'=60mgCmh"'
4.b.v.5. “These rates are probably set by the maximum transport rate across the diffusion
barrier, since similar photosynthetic rates have been measured in compact
biological material such as the thallus of macroalgae” p. 55
4.b.v.6. The amount of inorganic carbon within the algal mat decreased and mainly
consisted of carbonate, whereas the concentrations of photosynthetically available
bicarbonate and carbon dioxide were reduced to levels that are assumed to be

limiting.
Fig. 5. Total DIC is less than 0.1 mmolar (100 uM) c. 15% grazing per day. biomass decreased slightly. A:
standard run stippled, solid line is Type 1 algal. B as in A but solid line is type 3 (C, alga). C: 15%

grazing d”'
4b.v.7. oxygen as high as 1200umol 1" inhibit fixation of carbon
4.b.v.8. significant loss of DOM during later stages of the model
4.b.v.9. Photosynthetic quotient decreased from 1.4 to 0.6 from photorespiration, dark

respiration and excretion of organic matter.
4.c. Biological effects

4.c.i. 3 physiology types
4.c.i.l. Type 1: full C3 metabolism,
4.c.i.2. Type 3: full C4 metabolism
4.c.i.3. Type 2: mixture of C3 and C4.

4.c.ii.  Type 1 algae competitively displaced

Eugene Gallagher @ 2010

cow, umb , edu


IT
Stamp


EEOS 630
Biol. Ocean. Processes
B. Diatoms, P. 22 of 52

4.c.iii. Type 1 algae are able to form a mat but would not be able to survive under the conditions
created by an invading alga of the Type 3 type.

4.c.iii.1. competition for DIC

4.c.iv.  15% grazing modeled.

4.c.iv.1. Grazing had hardly any effect on the oxygen concentration and oxygen flux

4.c.iv.2. altered the standing stock

4.c.iv.3. grazing doesn’t alter productivity

4.c.iv.4. Grazing altered the allocation between growth and dissipating processes.

4.c.iv.5. “Grazing by large herbivores might have additional repercussions such as the
reworking of sediment and the burial of algal cells in the sediment and in altering
structure and porosity of the sediment top layer.” p. 57

4.d. Physical effects:

4.d.1. anaerobic sediment added: “anaerobic, pH 7.5, DIC of 3 mmol I"'. THE DIFFUSION
LAYER IN THE SEDIMENT WAS TAKEN AS 1 MM. The porosity of the sediment was

assumed to be 0.7" p. 57

Fig. 6. Physical effects. A algal mate on sediment layer. B algal mat exposed to air. C standard run with
stagnant boundary layer reduced 5-fold. Standard run with light period doubled to 16 h.
4.d.ii.  sedimentary oxygen removal and increase in CO, resulted in 40% increase in biomass.
4.d.iii. measurement of O, flux to water layer may grossly underestimate primary production.
4.d.iv.  air flux: biomass increased, carbon supply more difficult, O, less of a problem. ph increased
to 11.5 (improbable), above pH 10.5 carbonates are precipitated.
4.d.v.  With stirring and reduction of diffusive sublayer, the production doubled: 20% increase in

biomass.
4.e. Carbon fluxes and carbon budgets.

Fig. 7. predicted net flux of DIC. A: low biomass. B: biomass=8 mg C dm™ (=80 g C m™* . from sediment to

overlying water.

4.e.i. Methodological problems: CO, flux from the overlying water is not a representative

measure of production.

4.e.ii.  sparse: 70% of production is net, dense: 50% net production
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are comparable to MA salt marshes.]

Sundbick, K. and B. Jonsson. 1988. Microphytobenthic
productivity and biomass in a sublittoral
sediment of a stratified bay, southeastern
Kattegat. J. exp. mar. Biol. Ecol. 722: 63-81.
[See also Sundback et al. 1991, significant
production at 15 m depth]

Underwood, G. J. C. and J. Kromkamp. 1999. Primary
production by phytoplankton and
microphytobenthos in estuaries. Adv. Ecol. Res.
29: 93-153.

Van Raalte, C, W. C. Stewart and I. Valiella. 1974. A "“C
technique for measuring algal productivity in
salt marsh muds. Bot. Mar. 17: 186-188. [*“C
method, 106 ng'zy'I in a shaded salt marsh,
165 gCm™y™" in an unshaded portion of marsh,
cited by PTH, p. 212]

Varela, M. and E. Penas. 1985. Primary production of the
benthic microalgae in an intertidal sandflat of
the Ria de Arosa, N. W. Spain. Mar. Ecol. Prog.
Ser. 25: 111-119. [Used Whitney & Darley
(1979) hexane extraction and found 15% active
chl a, 12% chlorophyllide a, 54% pheophytin a
and 19% pheophorbide a.]

Wasmund, N. 1986. Ecology and bioproduction in the
microphytobenthos of the chain of shallow inlets
(Boddens) south of the Darss-Zingst peninsula
(S. Baltic Sea). Int. Rev. ges. Hydrobiol. 71:
153-178.

Wolfstein, K and P. Hartig. 1998. The photosynthetic
light dispensation system: application to
microphytobenthic primary production
measurements. Mar. Ecol. Prog. Ser. 166: 63-
71. [Includes a discussion of the "*C and O,
methods for estimating production]
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Zedler, J. B. 1980. Algal mat productivity: comparisons
in a salt marsh. Estuaries 3: 122-131. [CA salt
marsh, 217-400gCm™y”", cited in PTH]

FLUX CHAMBERS & DIFFUSIVE
BOUNDARY LAYERS (AND EFFECTS OF
BOUNDARIES ON PHOTOSYNTHESIS)

Aller, R. C. 1982. The effects of macrobenthos on
chemical properties of marine sediment and
overlying water. Pp. 53-102 in P. L. McCall and
M. J. S. Tevesz, eds., Animal-sediment
relations. Plenum Press, New York. [The radial
diffusion model described: much of the flux via
radial diffusion among tubes rather than
through a horizontal diffusive sublayer]{8}

Aller, R. C. and J. E. Mackin. 1989. Open-incubation,
diffusion methods for measuring solute reaction
rates in sediments. J. Mar. Res. 47: 411-440.

Booij, K, W. Helder, and B. Sundby. 1991,. Rapid
redistribution of oxygen in a sandy sediment
induced by changes in the flow velocity of the
overlying waters. Neth. J. Sea Res. 28: 149-
165. [This tea-leaves effect, thicker diffusive
sublayer at the center of a stirred chamber,
may invalidate the use of stirred flux chambers
to estimate diffusive fluxes from sediments]

Broecker, W. S. and T.-H. Peng. 1982. Tracers in the sea.
Lamont-Doherty Publication, Columbia
University Press, Palisades, N.Y. {11}

Bucholtz-Ten Brink, M. R., G. Gust and D. Chavis. 1989.
Calibration and performance of a stirred benthic
chamber. Deep-Sea Res. 36: 1083-1101. [The
U. and diffusive boundary thickness for the
MANOP chambers is measured using alabaster
dissolution and flush-mounted hot-bead
anemometers] {10, 11}

Cahoon, L. B. 1988. Use of a whirling cup rotor to stir
benthic chambers. Hydrobiologia /60: 193-198.
[A weather-vane like anemometer rotor on top
of the bell jar, see Fig 1]

Caldwell, T. M. and T. M. Chriss. 1979. The viscous
sublayer at the sea floor. Science 205: 1131-
1132. [Viscous sublayer thickness measured by
hot-film anemometer profiles]
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Carpenter, R. C., J. M. Hackney, and W. H. Adey. 1991.
Measurements of primary productivity and
nitrogenase activity of coral reef algae in a
chamber incorporating oscillatory flow. Limnol.
Oceanogr. 36: 40-49 [Growth increases as
diffusive sublayer thickness decreases]

Eckman, J. E. 1985. Flow disruption by an animal-tube
mimic affects sediment bacterial concentrations.
J. Mar. Res. 43: 419-435. [Four U. (0.12 to 1.2
cm sec”) and boundary roughness regimes were
created and the bacterial colonization of Nitex.
At the 2 higher regimes, tube height exceeded
the viscous sublayer thickness (<0.2 cm) and
bacterial growth was enhanced.]

Eckman, J. E. and A. R. M. Nowell. 1984. Boundary skin
friction and sediment transport about an animal-
tube mimic. Sedimentology 3/7: 851-862.
[Flush-mounted hot-film anemometors used to
document the areas of enhanced and decreased
U. around a single simulated tube] {11}

Glud, R. N. S. Forster, and M. Huettel. 1996. Influence of
radial pressure gradients on solute exchange in
stirred benthic chambers. Mar. Ecol. Prog. Ser.
141:303-311. [Bromide used a consiervative
tracer of flux. Stirring enhances diffusive flux.
An example of the tea-leaf effect]

Jorgensen, B. B. 2001. Life in the diffusive boundary
layer, Pp. 348-373. in B. P. Boudreau and B. B.
Jorgensen, eds., The benthic boundary layer:
transport processes and biogeochemistry.
Oxford University Press, Oxford.

Jorgensen, B. B. and D. J. Des Marais. 1990. The
diffusive boundary layer of sediments: oxygen
microgradients over a microbial mat. Limnol.
Oceanogr. 35: 1343-1355. [Detailed profiles of
O, gradients {after DCMU treatment! over
complex topography]

Koehl, M. A. R. and R. S. Alberte. 1988. Flow, flapping,
and photosynthesis of Nereocystis luetkeane: a
functional comparison of undulate and flat blade
morphologies. Marine Biology 99: 435-444.
[Higher growth rates under flow, differing
blade morphology (i.e., undulate vs. flat) have
no effect on U.]

Krom, M. D. and R. A. Berner. 1980. The diffusion
coefficients of sulfate, ammonium, and
phosphate ions in anoxic marine sediments.
Limnol. Oceanogr. 25: 327-337. [The effective
molecular diffusion coefficient is inversely
related to porosity]
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Opdyke, B. N., G. Gust and J. R. Ledwll. 1987. Mass
transfer from smooth alabaster surfaces in
turbulent flows. Geophysical Research Letters
14:1131-1134. [Provides an equation relating
U. to diffusive sublayer thickness: log (z;)=-.79
log(U,)+3.06+log(Dm)=-.79 logU., -1.7, where
Dm is 1.7x107 or z,=0.02*U.””’] {10}

Pasciak, W. J. and J. Gavis. 1974. Transport limitation of
nutrient uptake in phytoplankton. Limnol.
Oceanogr. 19: 881-888. [The effects of
molecular diffusion on nutrient uptake]

Revsbech, N. P. 1989. Diffusion characteristics of
microbial communities determined by use of
oxygen microsensors. J. Microbiol. Methods 9:
111-122. [®D =0.51D,, where @ is porosity, D,
is effective diffusivity, and D, is molecular

diffusivity] {7}

Riber, H. H. and R. G. Wetzel. 1987. Boundary layer and
internal diffusion effects on phosphorous fluxes
in lake periphyton. Limnol. Oceanogr. 32: 1181-
1194. [Radioactive phosphate used to measure
flux into diatom films on slides. Flux is a power
function of velocity and is greater at the leading
edge of films. Periphyton production is probably
limited by the diffusional flux of phosphorous.]

Roy, H, M. Hiittel and B. B. Jergensen. 2002. The role of
small-scale sediment topography for oxygen
flux across the diffusive boundary layer.
Limnol. Oceanogr. 47: 837-847. [Calculation of
the 3-d diffusive flux through the diffusive
boundary layer, but only a 10% difference in
flux between 3-d and 1-d models. A new
topographic scaling parameter is introduced][?]

Santschi, P. H., P. Bower, U. P. Nyffeller, A. Azevedo
and W. S. Broecker. 1983. Estimates of the
resistance to chemical transport posed by the
deep-sea boundary layer. Limnol. Oceanogr. 28:
899-912.

Wheeler, W. N. 1980. Effect of boundary layer transport
on the fixation of carbon by the giant kelp
Macrocystis pyrifera. Marine Biology 56: 103-
110.
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Andersen, F. O. and E. Kristensen. 1988. The influence
of macrofauna on estuarine benthic metabolism:
a microcosm study. Marine Biology 99: 591-
603. [Cited by Sundback et al. (1991) as
showing inverse relation between nutrient efflux
and microphytobenthic production]

Asmus, R. 1986. Nutrient flux in short term enclosures of
intertidal sand communities. Ophelia 26: 1-18
[Cited by Nilsson et al. (1991) cited by
Sundback et al. 1991.]

Carlton, R. G., and R. G. Wetzel. 1988. Phosphorous flux
from lake sediments: effect of epipelic algal
oxygen production. Limnol. Oceanogr. 33: 562-
570. [cited by Nilsson et al. 1991, Sundback et
al. 1991. There is an inverse relationship
between *’P efflux from sediments and
microalgal productivity.]

Chardy, P. and J.-C. Dauvin. 1992. Carbon flows in a
subtidal fine sand community from the western
English channel: a simulation analysis. Mar.
Ecol. Prog. Ser. 81: 147-161. [A Kremer &
Nixon - like model for sandy sediments]

Estrada, M, 1. Valiela, and J. M. Teal. 1974.
Concentration and distribution of chlorophyll in
fertilized plots in a Massachusetts salt marsh. J.
exp. Mar. Biol. Ecol. 14: 47-56. [Not much
evidence for enhanced sediment Chl a in
Sipewisset N-enrichment experiment. See Van
Raalte et al. 1976, p. 870]

Graneli, E. and K. Sundback. 1985. The response of
planktonic and microbenthic algal assemblages
to nutirent enrichment in shallow caostal waters,
southwest Sweden. J. exp. Mar. Biol. Ecol. §5:
253-268.

Hansson, L.-A. 1989. The influence of a periphytic
biolayer on phosphorous exchange between
substrate and water. Arch. Hydrobiol. /75: 21-
26.

Hopner, T. and K. Wonneberger. 1985. Examination of
the connection between the patchiness of
benthic nutrient efflux and epiphytobenthos
patchiness on intertidal flats. Neth. J. Sea. Res.
19:277-285. [A checkerboard subsurface array
of nitrogen is introduced, leading to a
checkerboard of increased microphytobenthos
above] {6, 7}
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Kelderman, P., H. J. Lindeboom, and J. Klein. 1988.
Light-dependent sediment-water exchange of
dissolved reactive phosphorous and silicon in a
producing microflora mat. Hydrobiologia 759:
137-147. [Cited in Nilsson et al. (1991)]

Krause-Jensen, D and K Sand-Jensen. 1998. Light
attenuation and photosynthesis of aquatic plant
communities. Limnol. Oceanogr. 43: 396-407.
[Production in phytoplankton, macro- and
benthikc microalgae compared from the
literature. The photosynthesis-to-attenuation
ratio sets the upper limit on production.
Production in benthic diatoms limited by
diffusion of CO,]

Ludden, E, W. Admiraal, and F. Colijn. 1985. Cycling of
carbon and oxygen in layers of marine
microphytes: a simulation model and its eco-
physiological implications. Oecologia 66: 50-
59. [These authors assume a thin diffusive
sublayer beneath diatoms on mudflats, which
produces an upward flux of DIC. They are

wrong.]{?}

Nilsson, P., B. Jonsson, I. Lindstrom Swanberg, and K.
Sundback. 1991. Response of a marine shallow-
water sediment system to an increased load of
inorganic nutrients. Mar. Ecol. Prog. Ser. 71:
275-290. [Reviews literature on increased
microphytobenthic standing stock with
increased nutrients. They used an outdoor tank
system, found increased production with
increased N flux, observed a macroalgal bloom.
Note that the sediments were sandy and muddy
sediments showed no enhanced growth
(Sundback et al. 1991)] {6, 30}

Pomeroy, L. R., W. M. Darley, E. L. Duan, J. L.
Gallagher, E. B. Harris and D. M. Whitney.
1981. Primary production. Pp. 39-67 in L. R.
Pomeroy and R. G. Wiegert, eds., The ecology
of a salt marsh. Springer-Verlag, Heidelberg &
New York.

Sundbick, K. and W. Graneli. 1988. Influence of
microphytobenthos on the nutrient flux between
sediment and water: a laboratory study. Mar.
Ecol. Prog. Ser. 43: 63-69.

Sundbick, K., B. Jonsson, P. Nilsson, and I. Lindstrom.
1990. Impact of accumulating drift macroalgae
on a shallow-water sediment system: an
experimental study. Mar. Ecol. Prog. Ser. 58:
261-274.
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Sundbick, K. and P. Snoejis. 1991. Effects of nutrient
enrichment on microalgal community
composition in a coastal shallow-water system:
an experimental study. Botanica Marina 34:
(galleys) [Observed as N flux increased,
increased filamentous cyanobacteria, diatoms
and flagellagetes, rapid growth of
Enteromorpha. Data analyzed with CANOCO]

Sundbick, K., V. Enokssson, W. Graneli and K.
Petterson. 1991. Influence of sublittoral
microphytobenthos on the oxygen and nutrient
flux between sediment and water: a laboratory
continuous-flow study. Mar. Ecol. Prog. Ser. 74:
263-279. [Microphytobenthos from 15 m depth
influence pore water fluxes of N and P.] [28,
30]

Sundbick, K., F. Linares, F. Larsen, and A. Wulff. 2004.
Benthic nitrogen fluxes along a depth gradient
in a microtidal fjord: the role of denitrification
and microphytobenthic production. Limnol.
Oceanogr. 49: 1095-1107. [MPB assimilation
exceeds and inhibits denitrification. MPB
assimilation exceeded denitrification at all
depths surveyed from 1 to 15 m]{?}

Van Raalte, C. D., I. Valiela, and J. M. Teal. 1976.
Production of epibenthic salt marsh algae: light
and nutrient limitation. Limnol. Oceanogr. 21:
862-872. [Nutrients affect macroalgal
production, not much effect on microalgae]

EFFECTS OF TEMPERATURE & LIGHT

Admiraal, W. 1977. Influence of light and temperature on
the growth rate of estuarine benthic diatoms in
culture. Marine Biology 39: 1-9.

Admiraal, W. and H. Peletier. 1979. Influence of organic
compounds and light limitation on the growth
rate of estuarine benthic diatoms. Br. Phycol. J.
14: 197-206.

Admiraal, W. and H. Peletier. 1980. Influence of seasonal
variation of temperature and light on the growth
rate of cultures and natural populations of
intertidal diatoms. Marine Ecology Progress
Series 2: 35-43. [Documents very slow growth
of in situ cultured diatoms and 3-10 times
slower doubling of Chl a on mudflats. Their Chl
a doubling is comparable to the slowest
doubling times in Gould & Gallagher (1990)]

Barranguet, C. and J. Kronkamp. 2000. Estimating
primary production rates from photosynthetic
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electron transport in esutarine
microphytobenthos. Mar. Ecol. Prog. Ser. 204:
39-52. [Like Serodio & Catarino 2000, they use
PAM fluorescence to measure F,, which they
relate to primary production | {?}

Colijn, F. 1982. Light absorption in the waters of the
Ems-Dollard estuary and its consequences for
the growth of phytoplankton and
microphytobenthos. Neth. J. Sea Res. 15: 196-
216. [The spring bloom is cued by tidal
emersion cycles and occurs from January to
March, with lower mudflats blooming
later] {16}

Colijn, F. and G. van Buurt. 1975. Influence of light and
temperature on photosynthetic rate of marine
benthic diatoms. Marine Biology 37: 209-214.
[Cited by Rasmussen et al. 1983 as showing a
10% increase in potential photosynthesis for
every 1 °C change in temperature from 4 °C to
20 °C. This matches the increase in u from
Gould and Gallagher 1990]

Colijn & de Jonge (1984)

Darley, W. M., C. L. Montague, F. G. Plumley, W. W.
Sage and A. T. Psalidas. 1981. Factors limiting
edaphic algal biomass and productivity in a
Georgia salt marsh. J. Phycol. /7: 122-128.

Fenchel, T. and B. J. Straaup. 1971. Vertical distribution
of photosynthetic pigments and the penetration
of light in marine sediments. Oikos 22:
172-182.

Gargas, E. 1971. “Sun-shade” adaptation in microbenthic
algae in Qresund. Ophelia 9: 107-112. [P vs [
curves produced by resuspending benthic algae,
a suspect technique]

Grant, J. 1986. Sensitivity of benthic community

respiration and primary production to changes in

temperature and light. Marine Biology 90: 299-
306.
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de Jonge, V. N. 1994. Wind-driven tidal and annual gross
transport of mud and microphytobenthos in the
Ems Estuary and its importance for the
ecosystem. Pp. 29-40 in K. R. Dyer and R. J.
Orth, eds. Changes in fluxes in estuaries:
implications from science to Management.
Olsen & Olsen, Fredensborg, Denmark. /30% of
the primary production in the water column of
the lower reaches is caused by resuspended
microphytobenthos; 90% in the shallower
regions; only 53% of total estuarine primary
production is by phytoplankton, the rest is by
resuspended microphytobenthos (25%) and
microphytobenthos on mudflats (22%)]{3}

Jorgensen, B. B. and D. J. DesMarais. 1986. A simple
fiber-optic microprobe for high resolution light
measurements: application in a marine
sediment. Limnol. Oceanogr. 37: 1376-1383.

Maclntyre, H. L. and J. J. Cullen. 1995. Fine-scale
vertical resolution of chlorophyll and
photosynthetic parameters in shallow-water
benthos. Mar. Ecol. Prog. Ser. 122: 227-237. [1-
mm resolution sampling in Corpus Christi bay,
primary production using photosynthetron,
which may have released microphytobenthos
from diffusive constraints]

Mills, D. K. and M. Wilkinson. 1986. Photosynthesis and
light in estuarine benthic microalgae. Botanica
marina 29: 125-129. [No sign of
photoinhibition, even after 2 hours in full
sunlight. Resuspended diatoms obtained by the
lens paper technique were used -- not a good
method.]

Perkins, R. G., K. Oxborough, A. R. M. Hanlon, G. J. C.
Underweeo and N. R. Baker. 2002. Can
chlorophyll fluorescence be used to estimate the
rate of photosynthetic electron transport within
microphytobenthic biofilms? Mar. Ecol. Prog.
Ser. 228: 47-56. [ ‘conventional fluorometers
cannot be used to determine rates of ETR from
intact, migratory biofilms’ Includes measures of
Fq/Fm from individual cells.]

Rasmussen, M. B., K. Henriksen, and A. Jensen. 1983.
Possible causes of temporal fluctuations in
primary production of the microphytobenthos in
the Danish Wadden Sea. Marine Biology 73:
109-114.

Rivkin, R. B. and M. Putt. 1987. Photosynthesis and cell
division by Antarctic microalgae: comparison of
benthic, planktonic and ice algae. J. Phycol. 23:
223-229.
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Shaffer, G. P. and C. P. Onuf. 1983. An analysis of
factors influencing the primary production of the
benthic microflora in a southern California
lagoon. Netherlands Journal of Sea Research /7:
126-144.

Van Raalte, C. D, I. Valiela, and J. M. Teal. 1976.
Production of epibenthic salt marsh algae: light
and nutrient limitation. Limnol. Oceanogr. 217:
862-872. [Reduced growth under Spartina
canopies]

Whitney, D. E. and W. M. Darley. 1983. Effect of light
intensity upon salt marsh benthic microalgal
photosynthesis. Marine Biology 75: 249-252.

{12}

VERTICAL MIGRATION OF DIATOMS

Brown, H. D., C. E. Gibby and M. Hickman. 1972.
Photosynthetic rthythms in epipelic algal
populations. Br. phycol. J. 7: 37-44. [Freshwater
microalgae have a diurnal vertical migration
coinciding with changes in photosynthetic rate.
In intertidal marine populations, the tidal rhythm
is superimposed on the diurnal rhythm. Tidal
rhythm lost after a day in the lab, but diurnal
rhythm retained for a month] {?}

Eaton, J. W. and B. Moss. 1966. The estimation of
numbers and pigment content in epipelic algal
populations. Limnol. Oceanogr. [The lens tissue
technique]

Edgar L. A. and J.D. Pickett-Heaps. 1984. Diatom
locomotion. Pp 47-88 in Progress in
Phycological Research. Volume 3. Biopress.

Harper, M. 1977. Movements. Pp. 224-249 in D. Werner,
ed., Biology of Diatoms. Blackwell Scientific
Publications, Oxford.

Paterson, D. M. 1986. The migratory behavior of diatom
assemblages in a laboratory tidal
microecosystem examined by low temperature
scanning electron microscopy. Diatom Res. 7:
227-239.
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Serddio, J. and F. Catarino. 2000. Modelling the primary
productivity of intertidal microphytobenthos:
time scales of variability and effects of
migratory rhythms. Mar. Ecol. Prog. Ser. 192:
13-30. /Model of Tagus estuary Portugal using
P vs. I curves and vertical migration. Variable
fluorescence measured. 156 gCm™y™
production. Oxygen microelectrodes and fast
repetition rate fluorescence measurements made
on intact cores.] [4, 31]

SPECIES COMPOSITION AND
COMMUNITY STRUCTURE

Admiraal, W., H. Peletier, and T. Brower. 1984. The
seasonal succession patterns of diatom species
on an intertidal mudflat: an experimental
analysis. Oikos 42: 30-40.{16}

Colijn, F. and K. S. Dijkema. 1981. Species composition
of benthic diatoms and distribution of
chlorophyll a on an intertidal flat in the Dutch
Wadden Sea. Marine Ecology Progress Series 4:
9-21. [Document bimodal spring and late
summer peaks in Chl a concentration as on
Savin Hill Cove]

de Jong, L. and W. Admiraal. 1984. Competition between
three estuarine benthic diatom species in mixed
cultures. Mar. Ecol. Prog. Ser. 18: 269-275. [In
mixed cultures, Navicula salinarum
outcompeted N. pygmaea unless CO,-enriched
air was bubbled in the culture]{6, 16}

Gould, D. M. 1989. Epipelic diatoms of Savin Hill Cove:
an analysis of species composition, biomass,
specific growth rates and primary production.
Ph.D. dissertation, Environmental Sciences
Program, UMASS/Boston. [Chapter 3
documents the seasonal change in species
composition]

Sundback, K. 1984. Distribution of microbenthic
chlorophyll-a and diatom species related to
sediment characteristics. Ophelia Suppl 3: 229-
246. [cluster analyses and ordination]

Sundback, K. and P. Snoejis. 1991. Effects of nutrient
enrichment on microalgal community
composition in a coastal shallow-water system:
an experimental study. Botanica Marina 34:
(galleys) [Observed as N flux increased,
increased filamentous cyanobacteria, diatoms
and flagellagetes, rapid growth of
Enteromorpha. Data analyzed with CANOCO]
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BENTHIC FLUX CHAMBERS &
DIFFUSIVE BOUNDARY LAYERS

Aller, R. C. and J. E. Mackin. 1989. Open-incubation,
diffusion methods for measuring solute reaction
rates in sediments. J. Mar. Res. 47: 411-440.

Bucholtz-Ten Brink, M. R., G. Gust and D. Chavis. 1989.
Calibration and performance of a stirred benthic
chamber. Deep-Sea Res. 36: 1083-1101. /The
U. and diffusive boundary thickness for the
MANOP chambers is measured using alabaster
dissolution and flush-mounted hot-bead
anemometers] {10, 11}

Eckman, J. E. 1985. Flow disruption by an animal-tube
mimic affects sediment bacterial concentrations.
J. Mar. Res. 43: 419-435. [Four U, (0.12 to 1.2
cm sec”) and boundary roughness regimes were
created and the bacterial colonization of Nitex.
At the 2 higher regimes, tube height exceeded
the viscous sublayer thickness (<0.2 cm) and
bacterial growth was enhanced.]

Eckman, J. E. and A. R. M. Nowell. 1984. Boundary skin
friction and sediment transport about an animal-
tube mimic. Sedimentology 37: 851-862.
[Flush-mounted hot-film anemometors used to
document the areas of enhanced and decreased
U. around a single simulated tube] {11}

Jorgensen, B. B. and D. J. Des Marais. 1990. The
diffusive boundary layer of sediments: oxygen
microgradients over a microbial mat. Limnol.
Oceanogr. 35: 1343-1355. [Detailed profiles of
0, gradients {after DCMU treatment} over
complex topography]

Koehl, M. A. R. and R. S. Alberte. 1988. Flow, flapping,
and photosynthesis of Nereocystis luetkeane: a
functional comparison of undulate and flat blade
morphologies. Marine Biology 99: 435-444.
[Higher growth rates under flow, differing
blade morphology (i.e., undulate vs. flat) have
no effect on U.]

Nowell, A. R. M., P. A. Jumar and J. E. Eckman. 1981.
Effects of biological activity on the entrainment
of marine sediments. Mar. Geol. 42: 133-153.

Nowell, A.R. M. and P. A. Jumars. 1984. Flow
environments of aquatic benthos. Ann. Rev.

Ecol. Syst. 15: 303-328.{10}

Nowell, A.R. M. and P. A. Jumars. 1984. Flow
environments of aquatic benthos. Ann. Rev.
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Ecol. Syst. 15: 303-328.{10}

Revsbech, N. P. 1989. Diffusion characteristics of
microbial communities determined by use of
oxygen microsensors. J. Microbiol. Methods 9:
111-122. [®D =0.51D,, where ® is porosity, D,
is effective diffusivity, and D is molecular

diffusivity] {7}

Riber, H. H. and R. G. Wetzel. 1987. Boundary layer and
internal diffusion effects on phosphorous fluxes
in lake periphyton. Limnol. Oceanogr. 32: 1181-
1194. [Radioactive phosphate used to measure
flux into diatom films on slides. Flux is a power
function of velocity and is greater at the leading
edge of films. Periphyton production is probably
limited by the diffusional flux of phosphorous.]

Riebessell, U., D. A. Wolf-Gladrow, and V. Smetacek.
1993. Carbon dioxide limitation of marine
phytoplankton growth rates. Nature 367: 249-
251. [The growth rate of large diatoms can be
limited by CO, concentrations] {6}

MICROPHYTOBENTHOS & SEDIMENT
STABILITY

Baille, P. W. and B. L. Welsh. 1980. The effect of tidal
resuspension on the distribution of intertidal
epipelic algae in an estuary. Estuarine and
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and geochemical conditions during their
diagenesis. Marine Biology /01: 69-74.
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Spiro, B, P. B. Greenwood, A. J. Southward and P. R.
Dando. 1986. *C/'*C ratios in marine
invertebrates from reducing sediments:
confirmation of nutritional importance of
chemoautotrophic endosymbiotic bacteria. Mar.
Ecol. Prog. Ser. 28: 233-240.

Steinen, C. and Mark A. Altabet. 1990 (abstract).
Nitrogen and carbon isotopic composition of
suspended and sinking particles collected during
the JGOFS N. Atlantic Bloom experiment. New
Orleans AGU meeting. [6"°C values of -21 to -
18 were observed, and became higher during
the peak bloom period indicating drawdown of
DIC supply]

Stephenson, R. L., F. C. Tan and K. H. Mann. 1984.
Stable carbon isotope variability in marine
macrophytes and its implications for food web
studies. Marine Biology 817: 223-230.

Stuiver, M and T. F. Brazunas. 1987. Tree cellulose
3C/"C isotope ratios and climatic change.
Nature 327: 58-60.

Sullivan, M. J. and C. A. Moncreiff. 1990. Edaphic algae
are an important component of saltmarsh food
webs: evidence from multiple stable isotope
analysis. Mar. Ecol. Prog. Ser. 62: 149-159.

Takahashi, K., E. Wada, and M. Sakamoto. 1990. Carbon
isotope discrimination by phytoplankton and
photosynthetic bacteria in monomictic Lake
Fukami-ike. Arch. Hydrobiol. 720: 197-210.

Takai, N., Y. Mishima, A. Yorozu, and A. Hoshika. 2002.

Carbon sources for demersal fish in the western
Seto Inland Sea, Japan, examined by §"°C and
3'"°N analyses. Limnol. Oceanogr. 47: 730-741.
[demersal fish had "*C values of -17 to -13,
similar to benthic organisms and epilithic
microphytobenthos ] [25, 43, 45]

Van Dover, C. L. and B. Fry. 1989. Stable isotopic
composition of hydrothermal vent organisms.
Marine Biology 702: 257-263.

Wada, E. and A. Hattori. 1978. Nitrogen isotope effects
in the assimilation of inorganic nitrogenous
compounds by marine diatoms.
Geomicrobiology /: 85-101.
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Wada, E., M. Terazaki, Y. Kabaya and T. Nemoto. 1987.

"N and “C abundances in the Antarctic ocean
with emphasis on the biogeochemical structure
of the food web. Deep-Sea Res. 34: 829-841.
[The 6" C of phytoplankton is a very low -26.9
(for oceanic phytoplankton), about 10 %o
enriched compared to the maximum isotopic
fractionation for the RuBPCase system
{strangely, they assume that diatoms are using
HCO; or their description is wrong}. The §"°N
value is also low indicating maximal kinetic
isotope fractionation using NO; (6"°N =7ppt,
phytoplankton POM 6°N=0.1). One 3870 m
core had isotopically enriched 6" C indicative of
ice algae.]

Wainright, S. C. and B. Fry. 1990 (abstract). Carbon

isotope comparisons of planktonic algae grown
is seawater enrichment cultures. New Orleans
AGU meeting. [Field isotope fractionation from
GA Bank approached 30 %o in some areas.
Phytoplankton grown in culture exhibited less
fractionation 17.6 %o to -23ppt, especially if
silicate was added. Fractionation was
independent of pH, indicating a lack of direct
coupling to CO,[aqu]]

Wainright, S. C, M. P. Weinstein, K. W. Able and C. A.

Currin. 2000. Relative importance of benthic
microalgae, phytoplankton and smooth
cordgrass Spartina alterniflora and the common
reed Phragmites australis to brackish-marsh
food webs. Mar. Ecol. Prog. Ser. 200: 77-91 .

BENTHIC DIATOMS AS INDICATORS

Birks, H. J. B, S. Juggins, and J. M. Line. 1990. Lake

surface-water chemistry reconstructions from
palaelimnological data. Pp. 301-313 in B. J.
Mason, ed., The surface waters acidification
program. Cambridge University Press,
Cambridge. [Surface water acidification
(SWAP) program: Diatom counts from 178
surface samples in lakes from England (5),
Norway (51), Scotland (60), Sweden (30) and
Wales (32). Canonical correspondence analysis
used for constrained ordination. Distinct diatom
gradient correlated with alkalinity, Ca and pH,
and a significant gradient associated with DOC.
A paleolimnology history of lake pH and DOC
is constructed, stretching back 10,000 years]
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Birks, H. J. B., J. M. Line S. Juggins, A. C. Stevenson,
and C. J. F. ter Braak. 1990. Diatoms and pH
reconstruction. Phil. Trans. R. Soc. Lond. B
327:263-278. [Maximum likelihood estimation
used to fit pH to diatom species composition
profiles. A Gaussian unimodal response model
fit with logit regression]

ter Braak, C. J. F. and S. Juggins. 1993. Weighted
averaging partial least squares regression (WA-
PLS): an improved method for reconstructing
environmental variables from species
assemblages. Hydrobiologia 269/270: 485-502.
[PLS, developed by Wold for chemometrics,
applied for the 1" time to develop a transfer
function to predict environmental composition
(pH) using diatom species composition] {}

ten Cate, J. H., R. Maasdam and R. M. M. Roijackers.
1993. Perspectives for the use of diatom
assemblages in the water management policy of
Overijssel (The Netherlands). Hydrobiologia
269/270: 351-359.

Chmura, G. L., A. Santos, V. Pospelova, Z. Spasojevic,
R. Lam, and J. S. Latimer. 2004. Response of
three paleo-primary production measures to
development of an urban estuary. Science Total
Environment. 320: 225-243. [Benthic & pelagic
diatoms measured in cores to assess New
Bedford Harbor eutrophication: pigments,
biogenic silica (BSi), and cysts of autotrophic
dinoflagellates, palynological signals of land
clearance, changes in the ratio of centric and
pennate diatoms, sedimentary organic carbon
and stable carbon isotopes to constrain our
interpretations. Nutrient loading from
watershed clearance and urban sewage on the
estuarine ecosystem shifted not only levels of
primary production, but also the nature of the
production from benthic-dominated to
pelagic-dominated. Water column production
(by diatoms and dinoflagellates) rapidly
increased as soil nitrogen was released
following forest clearance. Stabilization in rates
of forest clearance is reflected as a decline in
production. A new sewer outfall near the core
site and changes in estuarine hydrography due
to construction of a hurricane barrier across the
mouth of the harbor are reflected by renewed
water column production, but decreases in the
population of diatoms and dinoflagellates..]{?}
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Pienitz, R. and J. P. Smol. 1993. Diatom assemblages and
their relationship to environmental variables in
lakes from the boreal forest-tundra ecotone near
Yellowknife, Northwest Territories, Canada.
Hydrobiologia 269/270: 391-404. [Canonical
correspondence analysis used to infer DIC and
DOC from diatom composition]

REDALJE-LAWS CHL -SPECIFIC
LABELING

Calliau, C., H. Claustre, F. Vidussi, D. Marie, and D.
Vaulot. 1996. Carbon biomass, and gross growth
rates as estimated from '*C pigment labeling,
during photoacclimation in Prochlorococcus
CCMP 1378. Mar. Ecol. Prog. Ser. 145: 209-
221. [Lab studies indicate that "*C
incorporation into zeaxzanthin better than into
Dv-chl a to estimate prochlorophyte u]

DiTullio, G. R. and E. A. Laws. 1986. Diel periodicity of
nitrogen and carbon assimilation in five species
of marine phytoplankton: accuracy of
methodology for predicting N-assimilation rates
and N/C composition ratios. Mar. Ecol. Prog.
Ser. 32: 123-132. [Estimates of the percentage
of '*C incorporated into protein after 24 h
(12L:12D) can provide estimates of the relative
rates of C and N assimilation and hence relative
growth rates] [?]

DiTullio, G. R., D. A. Hutchins, and K. W. Bruland.
1993. Interaction of iron and major nutrients
controls phytoplankton growth and species
composition in the tropical North Pacific Ocean.
Limnol. Oceanogr. 38: 495-508. [Chl-a specific
labeling used to estimate the specific growth
rate of pico-, nano- and microplankton at 9° N
in the Pacific. Large diatoms are limited by Fe;
prochlorophyte specific growth {measured by
specific activity of divinyl Chl a labeling}
limited by macronutrients. Picoplankton
appeared to be controlled by grazers, but
diatoms were controlled by Fe limitation]

Eppley, R. W., E. Swift, D. G. Redalje M. R. Landry and
L. W. Hass. 1988. Subsurface chlorophyll
maximum in August-September 1985 in the
CLIMAX area of the North Pacific. Mar. Ecol.
Prog. Ser. 42: 289-301.

Gieskes, W. W. and G. W. Kraay. 1984. State-of-the-art
in the measurement of primary production. Pp.
171-190 in M.J.R. Fasham, ed. Flows of energy
and materials in marine ecosystems. Plenum
Press, New York. [To be discussed and outlined
in the class on Gyre productivity]

Eugene Gallagher @ 2010

cow, umb , edu


IT
Stamp


Gieskes, W. W. and G. W. Kraay. 1986. Floristic and
physiological differences between the shallow
and the deep nanophytoplankton community in
the euphotic zone of the open tropical Atlantic
revealed by HPLC analysis of pigments. Marine
Biology 91: 567-576. [Primary production
incubations done on deck with neutral density
filters. Reverse-phase HPLC used to analyze the
floral composition of the surface and deep
communities off Africa. Diatoms have high
concentrations of fucoxanthin, cyanobacteria
have high concentrations of zeaxanthin, and
Prymnesiophyscea (Coccolithophorids) have
19'- hexanolyloxyfucoxanthis). The Redalje-
Laws (1981) technique is also applied to
estimate phytoplankton carbon concentration
and specific growth rates. High assimilation
numbers were observed (15), despite having
relatively low dark-bottle '*C incubations.]

Gieskes, W. W. and G. W. Kraay. 1989. Estimating the
carbon-specific growth rate of the major algal
species in eastern Indonesian waters by '*C
labeling of taxon-specific carotenoids. Deep-Sea
Res. 36: 1127-1139. [The Redalje-Laws (1981)
technique is expanded to analyze the specific
growth rate of different floral groups based on
the specific activity in Chl a and taxon-specific
accessory pigments]{?}

Goericke, R. 1998. Response of phytoplankton
community structure and taxon-specific growth
rates to seasonally varying physical forcing of
the Sargasso Sea off Bermuda. Limnol.
Oceanogr 43: 921-935.

Goericke, R. 1998. Response of Sargasso Sea
phytoplankton biomass, growth rates and
primary production to seasonally varying
physical forcing., J Plankton Res 20: 2223-2249.

Goericke, R. and N. A. Welschmeyer. 1993a. The
chlorophyll-labeling method: measuring specific
rates of chlorophyll a synthesis in cultures and
in the open ocean. Limnol. Oceanogr. 38: 80-95.

Goericke, R. and N. A. Welschmeyer. 1993b. The
carotenoid-labeling method: measuring specific
rates of carotenoid synthesis in natural
phytoplankton communities. Mar. Ecol. Prog.
Ser. 98: 157-171. {?}
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Gould, D. M. 1989. Epipelic diatoms of Savin Hill Cove:
an analysis of species composition, biomass,
specific growth rates and primary production.
Ph.D. dissertation, Environmental Sciences
Program, UM ASS/Boston.

Gould, D. G. and E. D. Gallagher. 1990. Field
measurement of specific growth rate, biomass
and primary production of benthic diatoms of
Savin Hill Cove, Boston. Limnol. Oceanogr. 35:
1757-1770. [The Redalje-Laws (1981)
technique adapted for benthic diatoms: high
biomass and production, low u (6-8 day
doubling times)]

Jesperson, A.-M., J. Nielsen, B. Riemann, and M.
Sendergaard. 1992. Carbon-specific
phytoplankton growth rates: a comparison of
methods. J. Plankton Res. /4: 637-648. [Axenic
cultures used. Problems in all methods.
Redalje-Laws (1981) "*C method labels Chl a
higher than total algal C, producing too high an
estimate of ]

Laws, E. A. 1984. Improved estimates of phytoplankton
carbon based on '*C incorporation into
chlorophyll a. J. Theor. biol. 710: 425-434.{13,
14}

Laws, E. A., D. J. Redalje, L. W. Haas, P. K. Bienfang,
R. W. Eppley, W. G. Harrison, D. M. Karl and
J. Marra. 1984. High phytoplankton growth and
production rates in oligotrophic Hawaiian
coastal waters. Limnol. Oceanogr. 29: 1161-
1169.

Laws, E. A., G. R. DiTullio, and D. J. Redalje. 1987.
High phytoplankton growth and production rates
in the North Pacific subtropical gyre. Limnol.
Oceanogr. 34: 905-918.

Redalje, D. G. 1983. Phytoplankton carbon biomass and
specific growth rates determined with the
labeled chlorophyll a technique. Marine
Ecology Progress Series 11: 217-225.{?}

Redalje, D. G. and E. A. Laws. 1981. A new method for
estimating phytoplankton growth rates and
carbon biomass. Marine Biology 62: 73-79. [4
landmark paper describing the Chl a-specific
labeling procedure for estimating uj {13, 48}
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Strom, S. L. and N. A. Welschmeyer. 1991. Pigment-
specific rates of phytoplankton growth and
microzooplankton grazing in the open subarctic
Pacific Ocean. Limnol. Oceanogr. 36: 50-63.
[48 h, clean bottle, incubations with dilution
grazing experiments ( Landry & Hassett 1982)
and pigment-specific u determinations (by
HPLC)]{?}

Taguchi, S., G. R. DiTullio and E. A. Laws. 1988.
Physiological characteristics and production of
mixed layer and chlorophyll maximum
phytoplankton populations in the Caribbean Sea
and western Atlantic Ocean. Deep-Sea Res. 335:
1363-1377. [Chl a and DiTullio’s protein
specific labeling are used to estimate absolute
and relative growth rates, respectively, using
clean techniques. Surprisingly, 23% of
inorganic carbon fixation occurred at night and
by phytoplankton. Taguchi et al. attribute this to
the incorporation of DOM produced during the
day, but fixation via C4-type pathways may
provide an alternate explanation. The chl
maximum is neither a biomass nor production
maximum]

Waterhouse, T.Y. and N.A. Welschmeyer. 1995.
Taxon-specific analysis of microzooplankton
grazing rates and phytoplankton growth rates.
Limnol. Oceanog. 40: 827-834

Welschmeyer, N. A. and C. J. Lorenzen. 1984. Carbon-14
labeling of phytoplankton carbon and
chlorophyll a carbon: determination of specific
growth rates. Limnol. Oceanogr. 29: 135-
145.{14, 15}

Welschmeyer, N.A., R. Goericke, S. Strom and W.
Peterson. 1991. Phytoplankton growth and
herbivory in the subarctic Pacific: A
chemotaxonomic analysis. Limnol. Oceanogr.
36: 1631-1649

MISCELLANEOUS

Badger, M. R. And G. D. Price. 2003. CO, concentrating
mechanisms in cyanobacteria: molecular
components, their diversity and evolution. J.
Exp. Botany 54: 609-622./3.7 billions of
cyanobacterial evolution and relation to DIC
and oxygen in the ocean]{?}
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Eckman, J. E. 1979. Small-scale patterns and processes in
a soft-substratum intertidal community. Journal
of Marine Research 37: 437-457. [An important
study introducing the use of spatial cross
correlation statistics to ecology. Tanaids
respond to sewing needles and animal
abundances are correlated with ridge-crest
topography on the Skagit flats] {11}

Falkowski, P. G. and J. A. Raven. 1997. Aquatic
Photosynthesis. Blackwell Science, Malden
MA. 375 pp. {5}

Frankignoulle, M. 1988. Field measurements of air-sea
CO, exchange. Limnol. Oceanogr. 33: 313-322.
[A4 bell jar is used to estimate the CO, flux as a
function of the ACO, gradient between sea-
surface and atmosphere. Maximum fluxes
observed in the North Sea in April.]

Gallagher, E. D, P. A. Jumars, and D. D. Trueblood.
1983. Facilitation of soft-bottom benthic
succession by tube builders. Ecology 64: 1200-
1216. [Early species or their tubes facilitate the
recruitment of some later succession

species.[{11}

Goto, N, T. Kawamura, O. Mitamura, and H. Terai. 1999.
Importance of extracellular organic carbon
production in the total primary production by
tidal-flat diatoms in comparison to
phytoplankton. Mar. Ecol. Prog. Ser. 7190: 289-
295. [C-14 labeling of total extracellular
organic carbon reveals tiatoms produce TEOP
which is 42% to 73% of total primary
production, made up mostly of colloidal-OC.
Pelagic diatoms make up 1.5% to 22% of total
primary production.]

Wimbush, M. 1976. The physics of the benthic boundary
layer. Pp. 3-10 in I. N. McCave, ed., The
Benthic Boundary Layer. Plenum Press, New
York. {9}

Zimba, P. V., M. J. Sullivan, and H. E. Glover. 1990.
Carbon fixation in cultured marine benthic
diatoms. J. Phycol. 26: 306-311.{5}
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