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ABSTRACT: About 3000 sediment cores from Baratana Estuary, Louisiana, USA, were incubated
between 26 Jul and 25 Aug 1983. For the month, benthic microfloral production measured at a subtidal
site consisting of muddy sand was almost twice that measured at a sandy intertidal site (27 g C m-'
vs 14 g C m-'). However, maximum productivity rates (230 mg C m-' h-') were greatest at the sandy
site; these rates occurred under periods of subaerial exposure which were limited to late afternoons on
11 d of the study, yet accounted for 43 % of the total monthly production at the sand site. Other variables
monitored were chlorophyll a, light intensity, water temperature, salinity, benthic community respiration, productivity of the water column, biological activity (muddy sand site), wave height (sand site),
meteorological tides (wind-induced water levels), tide height, and initial dissolved oxygen. Multichannel information analysis indicated that the information accounted for in productivity by these
variables peaked at slightly less than 7 and 3 d periods for the sand site and weak peaks occurred at
about 10 and 3 d periods for the muddy sand site. K-systems analysis indicated that the environmental
variables acted in combination to influence productivity, and that the combinations changed through
time. Physical processes (meteorologic, astronomic, and anthropogenic) largely controlled productivity
at the sand site. Productivity at the muddy sand site was influenced by a combination of physical and
biological activities.

INTRODUCTION
Little is known about the importance of the benthic
microflora in US Gulf coast estuarine ecosystems,
despite the vast expanse of subtidal and intertidal sand
a n d mud flats in the region. The processes governing
benthic microfloral productivity are also poorly understood. Generally, studies designed to determine the
importance of benthic microfloral production measure
productivity one or more times each month, a n d convert the hourly rates to a n annual estimate (Pomeroy
1959, Pamatmat 1968, Steele & Baird 1968, Leach 1970,
Cadee & Hegeman 1974, 1977, Gallagher & Daiber
1974, van Raalte et al. 1976, Joint 1978, Baillie & Welsh
1980, Zedler 1980, Rutgers van der Loeff et al. 1981,
van Es 1982, Colijn & d e Jonge 1984, a z z o & Wetzel
1985). It was demonstrated by Shaffer & Onuf (1985)
that the errors due to inappropriate assun~ptionsin
converting hourly productivity to annual production
combined with the errors d u e to inappropriate sampling in space and time are equal to the full range of
O Inter-Research/Printed in F. R. Germany

variation in existing annual estimates for different regions of the world.
In several of the annual studies (e.g. van Es 1982,
Shaffer & Onuf 1983, Colijn & d e Jonge 1984, Rizzo &
Wetzel 1985) attempts have been made to account for
the variation in productivity by simultaneously measuring other variables and relating these to productivity
via standard statistical procedures. Generally, these
studies show that significant correlations exist between
productivity a n d some of the independent variables,
but that a large portion of the variability in productivity
remains unaccounted for. As demonstrated in Shaffer &
Cahoon (1987), the 2 primary reasons for this lack of
resolution are: (1) productivity a n d the factors which
control productivity change rapidly over time a n d previous sampling designs do not reflect these scales, a n d
(2) standard statistical procedures are largely inappropriate because of the dynamic relations between
productivity and the individual environmental variables. Unlike standard statistical techniques, K-systems
analysis (also called entropy data analysis) analyzes
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data in pieces (states and substates; Jones 1985a, b, c,
1986) and thereby can capture dynamic relationships
among variables. By employing an intensive rnonthlong sampling scheme (10 to 12 h per day for 31 consecutive days) and subjecting the data to K-systems
analysis, an attempt was made in Barataria Estuary,
Louisiana, to determine the potential importance of
benthic microfloral productivity, and to determine what
factors control that productivity.

MATERIALS AND METHODS

Study area. The study was conducted on the southwestern terminus of the barrier island Grand Terre,
located in the vicinity of 29" 16' N latitude and 89'57' W
longitude (approximately 65 km northwest of the present Mississippi River delta and 80 km south of New
Orleans). Grand Terre is one of several barrier islands
bordering Barataria Bay (Fig. l ) ,a shallow water estu-

DISTANCE (m)

ary (mean depths ranging from 0.3 to 1.7 m). The estuary is well-mixed due to these limited water depths and
the daily influx of tidal water and fresh water (Adams et
al. 1976). The salinity of the bay averages 22 %O and
ranges from 12 to 27 %o. The environment is microtidal
with a diurnal tide of 0.37 m mean range, a tropic tide
range of 0.61 m, and a low wave energy of 0.45 m mean
height (Byrne et al. 1976). The dominant wind and
wave direction is from the south and southeast.
Although daily wave conditions are generally mild,
summer storms and winter cold fronts may result in
wave heights of 2.5 m or more (Adams et al. 1976).The
coarsest sediments are fine grain sands (125 pm)
located along the beaches and shallow water areas of
the beaches adjacent to the inlet (Krumbein & Aberdeen 1937). Fine sand is generally the coarsest
terrigenous sediment on the whole south Louisiana
coast, reflecting the fine grain character of the recent
Mississippi River fluvial system (Shamban 1985).
Productivity measurements. Gross productivity of

Fig. 1 Barataria Estuary, its location in
Louisiana, USA, and locatjons of the sample sites (S: sand; MS muddy sand)
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the benthic microflora and respiration of the benthic
community inhabiting the upper 0.5 cm of the sediment
were determined by incubating intact sediment cores
In stirred 5 1 light-dark chambers at the sample site,
and measuring changes in dissolved oxygen with a YSI
oxygen probe calibrated daily using the Winkler
technique (Strickland & Parsons 1972). In addition,
Winkler titrations were performed on 3 to 6 samples
from the field, at least every second day, and without
exception the oxygen probe proved accurate. Incubation periods were between 0.45 a n d 1.25 h. The measurements were conducted in situ between 1000 and
1430 h. Incubations were carried out every day from
26 Jul to 25 Aug 1983. In addition, a second set of
incubations were made during times (late afternoon on
11 d) of low tide and subaerial exposure at the sand
site.
The incubation chambers (1 light, 1 dark) each contained 20 intact sediment cores (3.4 cm diameter,
0.5 cm deep). The coring procedure caused little or no
disturbance of the visible film of microflora on the core
surface. To obtain the 40 cores for the 2 chambers,
duplicate samples were taken (about 3 to 5 cm apart) at
each of 20 sample sites located at predetermined distances along a 24 m long transect (1 m apart, as suggested by Shaffer & Cahoon 1987).
Each day a 0.81 mZ quadrat, divided into 36 cells,
was set at each of the 20 sample sites. One of the 36
cells was randomly preselected for each day: no cell
was sampled on more than one day. This sampling
design assured that all samples at each of the 20 sites
were discrete distances apart, yet eliminated the possibility that any sample taken late in the study had been
disturbed by removal of samples from the same site
earlier (Shaffer & Onuf 1985).
These productivity measurements based on 40 cores
were made at a n intertidal station consisting of wellsorted fine sands (Folk 1968) and a subtidal site consisting of fine muddy sands covered by a thin veneer (1 to
2 mm) of mud, held together by a diatom/blue-green
algal matrix. In addition, water column productivity
was measured in 300 m1 light-dark bottles (Strickland
& Parsons 1972) incubated for about 2 h at the sample
sites (Shaffer & Sullivan 1988). The 2 sites (Fig. 1) are
separated by a sandspit created by one of the ridge and
runnel systems (which proved to be an important feature in influencing productivity and s t a n d n g crop of
the benthic microflora) common all along the beach.
These systen~sare in a constant state of flux: the ridges
migrate shoreward, eventually welding to the beach
face and creating a new berm with the runnel becoming an intertidal or subtidal pool (e.g. the muddy sand
site). Continued onshore movement of the ridge, combined with wave uprush, begins to fill the runnel with
sand. As the runnel completely welds to the beach, a
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new n d g e and runnel system begins to form in the surf
zone just offshore. Storms and lunar tidal cycles (affecting water levels), in addition to wave processes, greatly
influence the behavior of these systems.
After the productivity measurements were made, the
20 cores from each chamber were pooled for a cumulative measurement of the concentration of chlorophyll a
in the sediments. Chemical extractions were performed
according to the method of Strickland & Parsons (1972).
The concentration was determined by the formulae of
Lorenzen (1967), following the suggestions of Reimann
(1978) in correcting for pheopigments. Photosynthetically active radiation was measured during all incubations in pE mP2 S-' with a LI-COR 185-B quantum
meter. The sensor was placed through a hole in the
bottom of a light chamber, thus measuring the insolation reaching the sediment cores through the water a n d
the chamber lid. In addition, light was monitored continuously (on a laboratory roof-top approximately
0.5 k m from the sample sites) with a n Eppley 8-48
pyronometer. To estimate daily production, the formula
for 'Actual' production in Shaffer & Onuf (1985, p. 227)
was used. This required application of a turbidity factor
to the roof-top measurements. A separate turbidity
factor was obtained each day for each site as the ratio of
insolation reaching the cores to the insolation measured subaerially. Other variables measured were water
temperature next to the sediment cores, initial dissolved oxygen, benthic community respiration, salinity,
mean tidal range, wave and tide height (measured
water level) during sampling, biological disturbance
(qualitative [high, low] observations of fauna1 activity
during the 10 to 12 h in the field each day), and
meteorological tides (measured water level minus predicted hourly astronomical tide level) during the 24 h
period previous to each incubation period. Due to the
high turnover rates of the benthic microflora,
meteorological tides which occurred further, temporally, from the productivity measurements were deemphasized by using a weighted mean (the maximum
of 6, 12, 18, and 24 h means). An area near the muddy
sand site was seined 3 times during the study to determine the species composition of the fishes frequenting
that site. The presence of fish was used a s a measure of
the potential for biological disturbance.
For the taxonomic evaluation, live material was
observed for about 45 min under a compound light
microscope during each day of the study. Afterwards,
diatom frustules were 'cleaned' by boiling samples in
20 O/O HNO3 and K2Cr2O7to oxidize all organic matter.
Following several rinses in distilled water, the resulting
suspension was mounted in Hyrax for nlicroscopic
observation. The diatoms were identified and counted
(300 cells slide-', 11 slides) by Michael J. Sullivan
(Department of Biological Sciences, Mississippi State
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University) using a Zeiss Standard Research 18 microscope employing phase optics.
Several in situ experiments were conducted to determine the relationship between light intensity and the
photosynthetic rates of the benthic microflora. Gross
primary productivity was measured using a Beckman
865 flow-through infrared carbon dioxide gas analyzer
under different fractions of full sunlight. Each set of 20
cores (3 sets each for the sand and muddy sand sites)
was incubated at 10 to 15 light levels: the different light
levels were obtained by placing various layers of neutral density shade cloth over a frame covering the chambers. The sides and bottom of the light chambers were
made opaque and the chambers were incubated normal to the sun to restrict the light regime to direct
incoming quanta. Water temperature was maintained
at 25 f 1 "C by incubating the chambers in an ice bath
near the sample sites or in the laboratory under 2000 W
of white light. Productivity at each light level was
expressed as a percent of the maximum gross productivity for that set. The photosynthesis vs light intensity
curve was fit using the maximum entropy-moving
average technique (Ulrych & Bishop 1975, Ulrych &
Clayton 1976), as described in Shaffer & Onuf (1985).
Statistical methods. The data were analyzed using
pairwise time series, multichannel information, and Ksystems analyses (KSA), as detailed in Shaffer &
Cahoon (1987). In pairwise time series analysis, correlations are computed over all possible lags in the data.
Consequently, this type of correlation can identify
correspondences in variation that would not normally
appear by computing an ordinary correlation coefficient. Multichannel information analysis, in addition to
searching all possible lags, considers the interacting
behavior of all variables simultaneously. Consequently,
this technique can determine at what sampling frequency information peaks occur. Pairwise time series
and multichannel information analyses rely on
periodicities in a data set and are thus time dependent,
whereas K-systems analysis isolates important events
in the data, periodic or aperiodic, and thus is event
driven rather than time driven.
Mathematical and heuristic descriptions of how KSA
operates have been detailed elsewhere (Jones 1985a,
b, c, 1986, Shaffer & Cahoon 1987). However, a simplified description of th.e important features of KSA will
be given here to inform the reader without a detailed
search through the literature. Essentially, KSA is a
maximum entropy (opposed to a least squares) stepwise regression that uses evenfs rather than variables
as its fundamental unit. The main difference between
KSA and standard statistical procedures is that the
latter are designed to isolate overall or average effects.
Consequently, standard statistical procedures are
biased towards variables which contain broad effects

and biased against variables whose effects are important, yet encompass a relatively narrow region of the
data set (e.g. storm events). Contrarily, KSA examines
the data over all possible regions and determines
which minimal set of factors (variables acting alone or
in combination) account for most of the behavior in the
dependent variable. Consequently. KSA can pick out
critical behaviors amongst variables which would
normally go unnoticed. KSA has loose parallels with
cluster analysis, principal components analysis (PCA),
and regression. The first step in KSA is to classify the
values of each independent variable into discrete intervals (e.g. temperature varying from 0 to 30 "C is
reduced to low [0 to 101, medium [ l 1 to 201, and high
[21 to 301). Once the independent variables have been
categorized, all possible variable combinations (i.e. factors) are produced. The effect of each factor on the
dependent variable is computed and the factors (like
the independent variables in multiple regression) are
extracted to produce a minimal set which accurately
describes the variation in the dependent variable.
These factors operate on a n X 2 matrix which contains
a static representation of the actual data of the dependent variable in one column and a dynamic reconstruction of that data in the other column. The reconstruction column iteratively checks the information content
of all possible reconstructions of the dependent variable. Initially, the reconstruction column contains no
information (the mean value of the dependent variable
replicated n times). As each factor enters the reconstruction the values in the reconstruction column more
closely approximate the actual data. At each step the
importance of each factor is computed with a distance
measure (based on Shannon's measure of information)
which determines the gain in system accuracy (in terms
of explained variation) of the present over the previous
reconstruction. The broadness of a factors effect is
called region size and is computed as the ratio of the
values in the reconstruction set affected by the factor to
the total number of values in that set. Generally, the
greater the number of variables represented in a factor,
the narrower the region size (e.g. it is more likely for a
factor containing only high light to occur than a factor
containing high light, high tide, and high waves). Software for applylng the algorithms used in K-systems
analysis (Jones 1984, 1985a, b, c) should be available
by late 1988 (marketer as yet unknown; contact author
for details).
RESULTS
Photosynthetlc rate increased as Light intensity
increased at low light intensities and was maximal over
a wide range at high light intensities (Fig. 2). The
saturating light level was determined to be 460 uE
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Fig. 2. Percent maximum gross productivity vs photon flux
density under subaerial conditions with unaltered benthic
microfloral communities from the sand and muddy sand sites

m-2 S-' by averaging the points around the asymptote
(Platt et al. 1975, Jassby & Platt 1976, Harding et al.
1980). Correcting productivity by removing the variation in productivity d u e to sporadic changes in light
(Shaffer & Cahoon 1987) did not result in large deviations from uncorrected productivity, because light
intensities during the incubation periods often approximated saturating conditions (G = 469 PE
S-' ?
29.3 SE).
Both sample sites experienced highly variable day to
day fluctuations in production which ranged from
about 1.0 g C
d-' to unmeasurably slow rates, back
to 1.0 g C m-' d-l, within a 2 wk period (Fig. 3). For the
sand site, daily production averaged 466 mg C m-2,
and ranged from 0 to 1361 m g C m-2. For the muddy
sand site, daily production averaged 900 mg C m-',
and ranged from 0 to 1554 m g C m-2 (Fig. 3). The
monthly total at the sand site (14.4 g C
was 48 %
of that for the muddy sand site (27.9 g C
However, the highest hourly rates occurred at the sand site,
but only for short periods ( 2 to 3 h on 11 d) during late
afternoon when the site became exposed subaerially
These periods were accompanied by a dramatic
increase in productivity, accounting for 43 % of total
monthly production for that site (Fig. 3). This increase
was attributable to the mass upward migration of the
diatom Hantzschia virgata (var. wittii [Grun.] Grun.)
which is very common and abundant in marine intertidal areas (Michael J. Sullivan pers. comm.). An
attempt was made to determine the depth this diatom
occupied in the sediments during the morning, by
extracting chlorophyll a from 2 mm sections of ten 2 cm
deep cores: the chlorophyll a concentration was
uniform to 0.6 cm, slightly decreasing to l cm, and
sharply decreasing thereafter. This suggests that H.
virgata was not concentrated at a particular depth
during the morning sampling period. The presence of
active chlorophyll a below 0.5 cm also suggests that the
productivity measurements more closely approximated
the actively photosynthesizing microfloral population

JULY 26- AUGUST 25, 1983

Fig. 3. Estimated daily gross primary production (g C m-2) at
(a) sand and (b) muddy sand sites. Diagonal shading: measurements made around noontime; stippling: measurements
made during late afternoon when the sand site was exposed
subaerially

(Taylor 1964, Fenchel & Staarup 1971) than the total
viable population.
Daily observation of Live material revealed that the
vast majority of the microflora at the sand site were
comprised of diatoms. The microflora at the muddy
sand site were primarily comprised of diatoms a n d
secondarily (up to 30 %) by the blue-green algae
Oscillatoria sp. a n d Merismopedia sp. A total of 44
diatom taxa were encountered at the 2 sites combined
(Table 1 ) . Under submerged conditions the sand site
was dominated by Nitzschia cf. bacfdariaefomis
(Hust.),Amphora turgida (Greg.), Hantzschia virgata,
a n d Navicula cancellata f. minuta (Grun.). During subaerial exposure (Table l ) ,N. bacillanaeforrnis a n d A.
turgida became relatively less abundant d u e to the
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Table 1. Relative abundance (expressed as percent of total) of
benthic diatoms from samples taken in Barataria Estuary,
Louisiana, at the muddy sand site (MS),the sand site under
submerged conditions (SS),and the sand site under subaerial
exposure (SE). Dashes: taxon not collected

Achnan thes cum'rostrurn Brun
A. delicatula (Kiitz.) Grun.
A. punctifera Hust.
Actinoptychus senarius Ehr.
Amphiprora paludosa W Sm.
Amphora caroliniana Glffen
A. exigua Greg.
A. proteus Greg.
A. richardiana Choln.
A. sabyii Salah
A. turgida Greg.
Cocconeis disculoides Hust.
Cyclotella atomus Hust.
C. caspia Grun.
C. stylorum Brightwell
Diploneis bornbus Ehr.
D. Littoralis (Donk.) Cl.
Eunotograrnma Iaeve Grun
Hantzschia virga ta var. witti
(Grun.) Grun.
Navicula abunda Hust.
N. ammophila Grun.
N. cancellata f . minuta Gmn.
N, consentanea Hust
N. cruciculoides Brockmann
N. forcipata Grev.
N. gregaria Donk.
N. hudsonis Grun.
N. salinarum Grun.
N, salinicola Hust.
N.subapiculata (Grun.)Hust.
N.sub~nflatoidesHust
N. taraxa Hohn & Hellerm.
N. tenera Hust.
Navicula sp. # 1
Na vicula sp. 2
Nitzschia cf. bacillanaeformis Hust.
N. fontifuga Choln.
N. panduriformis var. continua Grun.
N. quadrangula (Kiitz.) Lange-B.
Plagiogramma tenuissimum Hust.
Stauroneis salina W. Sm.
Thalasslosira decipiei~s(Grun..)
Jorgensen
T. eccentrica (Ehr.)C1
Tropidoneis semistriata (Grun.) Cl.
Total no. of taxa

+

massive upward migration of H,virgata, and to a lesser
degree Tropidoneis semistriata (Grun.). The muddy
sand site was dominated by Navicula subapiculata
[(Grun.) Hust.], Navicula salinarum (Grun.), Navicula
consentanea (Hust.),and A. turgida (Table l ) .
The responses over time of 11 independent vanables
a n d productivity are shown in Fig. 4. For the sand site,

the highest overall correlations between productivity
and the individual variables occurred for benthic community respiration (r = 0.92), chlorophyll a (r = 0.88),
and meteorological tides (r = -0.84). For the muddy
sand site, variables most highly correlated were the
same (chlorophyll a [r = 0.751, benthic community
respiration [r = 0.721, and meteorological tides [r =
0.46]), but the correlations were lower. The palrwise
time senes of product~vityand the independent variables revealed that coherency and phase lag (Shaffer &
Cahoon 1987) varied greatly through time, a n d common peaks among variables were not clear. The multichannel information analysis confirmed this for the
muddy sand site: the collective responses of all
the measured variables produced only weak peaks
(Fig. 5) at slightly under 3 d (0.34 cycles d-') and 10 d
(0.1 1 cycles d-l), with the maximum occurring at 30 d
(0.03 cycles d-l). Contrarily, for the sand site, distinct
peaks occurred at slightly less than 3 d (0.34 cycles
d-l), and 7 d (0.15 cycles d-'), again with the greatest
peak at 30 d.
K-systems analysis (Table 2) isolated the events
which accounted for most of the behavior in productivity. For both sites 2 levels (high values, low values) per
variable sufficed, with the exception of meteorological
tides which required 3 levels to separate set-ups (positive values caused by southerly winds) and set-downs
(negative values caused by northerly winds) from calm
conditions (zero value, when the tidal height was dominated by the astronomic component). For the sand site,
the greatest decreases (Factors l , 5) in productivity
were accompanied by low chlorophyll a concentrations, low respiration, high wave heights, high tide
heights and high meteorological tides. The greatest
increases (Factors 2, 4) were accompanied by the opposite, with low light levels reducing the increase by
greater than 50 % (compare Factor 2 with Factor 4). For
the muddy sand site, large decreases (Factors 1, 5, 6)
also occurred dunng high meteorological tides, accompanied by low chlorophyll a, respiration, and light
intensities, with the greatest decreases (Factor 5) coinciding with high biological activity. The fauna pnmarily responsible for the activity were: darter goby
Gobionellus boleosoma, salt marsh killifish Fundulus
heteroclrtus, diamond Iullifish Adinia xenica, striped
mullet Mugil cepalis, sheepshead minnow Cyprinodon
variegatus, gulf menhaden Brevoortia patronsus, spot
Leiostomus axanthurus, and bay anchovy Anchoa
mitchillidiaphena. The greatest increases (Factors 2, 4)
were accompanied by high chlorophyll a concentrations, high light intensities, low tides and low biological activity, over the full range of meteorological tides.
The KSA model for the sand site reconstructed 98 O h of
the total information, while only 77 'h of the total Information was reconstructed for the muddy sand site.
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Fig. 5. Total information for all variables
combined at different frequencies. Black
bars sand response; open bars: muddy
sand response
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DISCUSSION
The saturating light level, determined to be 460 yE
-1
S , was almost 3 times lower than the saturating
light level for Mugu Lagoon, California, but more than
twice a s high as that measured for most other regions
(Taylor 1964, Cadee & Hegeman 1974, Colijn & van
Buurt 1975, Admiraal 1977). It must be noted that
productivity was measured during the month-long
study with the sediment cores submersed in water,
while the photosynthesis vs light intensity relation was
measured with the cores exposed to air so that samples
could be subjected to many different light levels over
relatively short periods of time. Leach (1970) found
benthic microfloral productivity was similar under
exposed a n d submerged conditions. More recently,
Holmes & Mahall (1982) observed that subaerial exposure caused a n initial increase in productivity, followed
by a decrease caused by desiccation. Preliminary work
(Douglas Cushman, Louisiana State University,
unpubl.) using samples from the study sites in Fig. 1
supports the results of Holmes & Mahall, indicating
that maximum productivity is achieved after sediments
become subaerially exposed, yet remain moist (- 97 %
relative humidity inside incubation chambers). For the
photosynthesis vs light study the cores were kept moist
and thus subaqueous productivity may have been overestimated. However, this overestimate is not expected
to affect the relation of photosynthesis vs light intensity
because measurements are expressed in terms of percent maximum productivity.
As might be expected, the productivity of the benthic
m-2

microflora varied greatly during the month, ranging
from unmeasurably slow rates to rates exceeding 1.5 g
C m-2 d-l. Surprisingly, dramatic variability also
occurred within individual days at the sand site (with
morning rates of less than 20 mg C m-' h-' followed by
afternoon rates of greater than 200 mg C m-' h-'). At
the sand site failure to account for productivity during
late afternoon would have resulted in a n underestimate
of monthly production by almost 50 %, a n d would have
produced maximum productivity less than 100 mg C
m-2 h-'. Contrarily, hourly rates at the muddy sand site
regularly exceeded 150 mg C m-2 h-'. Consequently,
even if productivity were measured everyday at around
noontime, monthly production at the muddy sand site
would have been estimated to be about 4 times greater
than monthly production at the sand site. In actuality,
productivity at the sand site may approach that at the
muddy sand site: besides the tremendous productivities measured during certain afternoons, up to 90 %
of the water column productivity at the sand site is
directly attributable to the benthic microflora (Shaffer
Pr Sullivan 1988). Physical disturbance displaces the
microflora almost constantly In this unprotected
regime. Complete refuge occurs only during periods of
subaerial exposure when the (presumably) steady
upward migration of benthic diatoms results in
accumulation on the sediment surface. Under calm
conditions and low wave heights, the accumulation of
diatoms on the sediment surface was clearly visible. I
observed, on several occasions d u n n g the course of the
study, the removal of this entire surface film as a result of
an isolated wave created by th.e wake of a power boat.
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High (26)
None (0)
High (640)
High (150)
High (55)
High (26)
Low (1)
High (8)
High (640)
Low (135)
Low (18.5)
Low (11)
High (2)
High (8)
Low (300)
High (150)
Low (18.5)
LOW(11)
High (8)
Low (300)
High (150)
Low (18.5)
Hight (26)
Low (1)
None (0)
Low (300)
High (150)

4. Chlorophyll a
Biological
Meteorological
L~ght
Tide Height
Respira hon
5. Chlorophyll a
Biological
Meteorological
Light
Tide Height
Respiration
6. Chlorophyll a
Meteorological
Light
Tide Height
Respiration
7. Chlorophyll a
Biological
Meteorological
Light
Tide Height.

High (7.5)
Low (-8)
Low (200)
Low (13)
Low (135)
High (15.2)

Low (1.6)
High (8)
Low (200)
I-Iigh (34)
High (150)
Low (3.4)

High (7.5)
None (0)
High (600)
Low (13)
High (150)
High (15.2)

None (0)
High (600)
High (34)
Low (135)
Low (3.4)

4. Chlorophyll a
Meteorological
Light
Wave Height
Tide Height
Respiration

5. Chlorophyll a
Meteorological
Light
Wave Height
Tide Height
Respiration

6. Chlorophyll a
Meteorological
Light
Wave Height
Tide Height
Respiration

7. Meteorological
Light
Wave Height
Tide Height
Respiration

2. Chlorophyll a
Met.eorological
Llght
Wave Height
Respiration
3. Chlorophyll a
Meteorological
Light
Tide Height
Respiration

Low (1.6)
High (8)
High (34)
High (150)
Low (3.4)

1. Chlorophyll a
Meteorological
Wave Height
Tide Height
Respiration

Low (1.6)
None (0)
High (34)
Low (135)
Low (3.4)

Value

3. Chlorophyll a
Meteorological
Wave Height
Tide Height
Respiration

Muddy sand
Important
factors

High (26)
Low (1)
Low (-8)
High (640)
Low (135)

("10)

Region
System
size accuracy (%)

2. Chlorophyll a
Biological
Meteorological
Light
Tide Height

Value of
productivity

High (7.5)
Low (-8)
High (600)
Low (13)
High (15.2)

Isolated
effect on
mean ('10)
LOW(11)
High (8)
High (150)
Low (18.5)

Value

1. Chlorophyll a
Meteorological
Tide Height
Respiration

Sand
Important
factors

-42.3

-84.7

-53.7

Isolated
effect on
mean ( % )
44.8

Value of
productivity
(

4.5

Region
size

32.1

System
accuracy
( "10 )

Table 2. Results 01 the K-systems analysis showing the most important factors, isolated factor effects, the resulting value of productivity (mg C m-' h ), the region size of
each factor, and the information content (system accuracy) after adding each factor. Values in parentheses represent the means of each category (for units see Fig. 4)
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Cyclic patterns of productivity were evident at the
sand site (Figs. 4 and 5), but were distorted by episodic
meteorological events. The information peaks at nearly
'/z wk and 1 wk periods suggest the importance of an
astronomic tidal component. Two large meteorological
tides (see wave height and meteorological tides during
30 Jul to 3 Aug and 17 to 20 Aug in Fig. 4b, h) were
sufficient to mask the 14 d lunar component, which was
maximal around 26 Jul, 9 Aug, and 23 Aug (i.e. the
largest differences between the actual tide height and
the meteorological tide height in Fig. 4h). The combination of these 2 components accounts for the 30 d
spike (Fig. 5). This spike must be interpreted cautiously
because of the lack of longer term data, but does
suggest that the full range of variability was not resolvable over the sampling period of 1 mo.
The information structure for the muddy sand site
displayed only weak peaks. Presumably, this occurred
because of the high frequency cycling of biological
activity w h c h was prominent at around 3 d periods
(Fig. 4b, muddy sand). Indeed the multichannel information analysis (Fig. 5) reveals weak high frequency
peaks of information at about 2% and 3 d (0.38and 0.34
cycles d-l) periods. The next peak occurs at 10 d
periods, presumably attributable to a combination of
physical and biological processes.
K-systems analysis (Table 2) resolved both general
and specific patterns in the data. Generally, decreases
at both sites were accompanied by low chlorophyll a
concentrations, low respiration, and low light intensities. Light appears to be more closely coupled with
productivity at the muddy sand site than at the sand
site: under low light intensities, but otherwise ideal
conditions (calm, with high chlorophyll a and low
biological disturbance [Factor?]), productivity decreases. Contrarily, at the sand site, productivity continues to increase under low light intensities, but otherwise ideal conditions (high chlorophyll a, set-down,
and low wave height [Factor 41).
The 2 sites differed mainly in the types and degrees
of disturbances. For the sand site, wave processes were
primarily responsible for disrupting the benthos. These
waves were primarily wind driven during conditions of
set-up (Factors 1 and 5), and were primarily produced
by the wakes of power boats during calm conditions
(Factors 3 and 7 ) . The ridge and runnel system mitj.gated these disturbances at the beginning, middle, and
end of the study. A subaqueous parallel sand ridge
existed approximately 20 m seaward of the sample site
on 26 Jul, and slowly m~gratedshoreward until the
h g h wave activity beginning 30 Jul. These waves
greatly accelerated the migration, welding the ridge to
the sandspit within 2 d. Prior to 30 Jul, the ridge caused
power boat waves to break before reaching the sample
site, greatly reducing their impact on the benthos. A

new ndge began to form midway through the study,
but was destroyed by a second large storm event
beginning 17 Aug. After that event a new ridge did not
reform until the last week of the study. Factors 1 and 5
(Table 2) correspond to the periods where no subaqueous sand bar was present, while Factor 7 corresponds
to calm periods when waves created by power boats
broke once before reaching the sample site, and thus
did not decrease productivity as severely as similar
conditions (Factor 3) when the sand bar was absent.
Meteorological tides were not as important at the
muddy sand site, as is indicated by increases in productivity during all 3 meteorological conditions (Factors 2,
3, and 4 for the muddy sand site). However, the largest
decreases in productivity at the muddy sand site (Factors 1, 5, and 6) occurred only during set-up conditions.
During 2 of these periods, high waves coincided with
very high tides (Fig. 4b, h) resulting in wave uprush
which overtopped the sandspit, blanketing the muddy
sand site with 5 to 6 cm of fresh sand. These periods
coincided with marked decreases in benthic microfloral
standing crop (Fig. 4c, muddy sand). The benthic microfloral standing crop rebounded very quickly to the
disturbances, within 24 h (see 18 and 19 Aug, Fig. 4c)
on the second occasion. Scouring removed the top 2 to
3 mm oxidized layer of the sediments as was indicated
by the interface of fresh sands and black (reduced)
muddy sands. An important stock of motile diatoms in
these sediments migrated through the 5 to 6 cm thick
sands within 24 h. These diatoms found below the
photic zone (Steele & Baird 1968, Hunding 1971, Cadee
& Hegeman 1974, Joint 1981, Joint et al. 1982, Grant et
al. 1986, Lukatelich & McComb 1986) may constitute
an important evolutionary mechanism enabling rapid
response to large disturbances. Presumably, this
mechanism accounts for the apparent vertically
homogeneous distribution of Hantzschia virgata, the
dominant diatom found at the sand site.
For the muddy sand site, a second type of disturbance caused by biological activity occurred with a more
frequent periodicity (Fig. 4b). Biological disturbance of
the benthlc microflora occurred via 3 mechanisms:
feeding of fishes directly on the microflora (e.g. darter
goby [Fitzhugh & Fleeger 19851, striped mullet [Moriarty 19?6]), feeding of fishes on benthic meiofauna
which displaces the microflora from the benthos into
the water column (e.g. several gobies [Pezold 1979,
Darcy 1980, Hicks & Coull 1983, Fitzhugh & Fleeger
19851, killifish and spot [Darnell 1958]), and inadvertent physical disturbance caused by large schools of
fish swimming in the shallow waters overlaying these
sediments (e.g. gulf menhaden and bay anchovy [Darnell 19581).
Biological disturbance by fish activity was not apparent at the sand site: the benthic community was
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primarily autotrophic, as was revealed by the tight
coupling of chlorophyll a and respiration in the Ksystems analysis and the nearly perfect correlation
between respiration and productivity (r = 0.92).
Juvenile fishes, which dominated the seine samples,
show preference to the more secluded areas of Gulf
coast estuaries (Deegan 1985).
In summary, large fluctuations in productivity occurred several times at both sites during the month. In
addition, productivity at the sand site showed dramatic
intra-die1 increases. The benthos in this area variably
augments water column productivity, depending on
the degree of physical disturbance (Shaffer & Sullivan
1988). Failure to observe the relationship between physical processes and benthic microfloral productivity
would result in a tremendous error in assessing the
importance of the beachface habitat, producing claims
that the more protected areas are perhaps 4 times more
productive, when in actuality the productivity may be
similar. The implications of this study, as to the intensity of sampling required to obtain a reliable estimate of
annual production of the benthic microflora, are not as
gloomy as they may appear. K-systems analysis indicated that easily monitored physical variables (e.g. tide
and wave height, meteorological events, Light intensity) measured in combination, may produce realistic
estimates of difficult-to-measure ecosystem functions
such a s primary productivity (Shaffer 1988 [companion
article]). More detailed studies are required before this
technique could become tractable: first, a laboratory
experiment producing data on all possible 2-level combinations of the variables should be conducted. Third
and fourth levels could be added later to resolve 'outlier' (e.g. hurricane) conditions and to fine tune the
model. Second, seasonal studies (fall, winter, spring)
similar to that of this report are required to determine
whether the relationships discussed above are applicable year round and to calibrate the laboratory model.
A rule-base could then be established from the
response of productivity to all events and interrelationships among events (Shaffer 1988). The resultant information could be used to generate a dynamic eventdriven expert systems model. This type of model could
also incorporate processes which occur over different
time scales (e.g. physical turnover of a ridge and runnel
system and biological turnover of a benthic microfloral
system) by simple memory updates (Coulson et al.
1987).
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