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The spatial distribution of communities was examined in estuarine mud flat
sediments by the biochemical analysis of the lipids and lipid components
extracted from the sediments. Total phospholipid was used as a measure of total
biomass, and fatty acids were used as indicators of community composition.
Comparisons were made among 2- by 2-m (location) and 0.2- by 0.2-m (cluster)
sampling plots by using a nested analysis of variance to design an optimal
sampling strategy to define the microbial content of a large, relatively homoge-
nous area. At two of the three stations, a 2- by 2-m plot was representative of the
station, but 0.2- by 0.2-m areas were in no case representative of the station. The
biomass measured by the extractable phospholipid and the total lipid palmitic acid
showed excellent correlation with the fatty acid "signatures" characteristic of
bacteria, but showed a lower correlation with the long-chain polyenoic fatty acids
characteristic of the microfauna.

In the estuarine environment the greatest con-
centration of microorganisms is in the sedi-
ments, where many of the microbially mediated
reactions of energy transformation and nutrient
cycling occur. In any study of sediment microbi-
al activity or biomass, it is important to under-
stand the spatial heterogeneity in the distribu-
tion of the microbial communities. Sediments
are a complex habitat at both the macro and
micro levels. Microbial measures in sediments
characteristically have large variances (6, 11)
which are related to patchiness in the distribu-
tion of the microorganisms. To accurately repre-
sent the microbiota of the sediments, a sampling
regime must minimize the problems associated
with this patchiness.
The study of microbial communities in sedi-

ments is complicated by the firm attachment of
microorganisms to sediment particles and the
inability of cultural methods to adequately enu-
merate the wide variety of metabolically distinct
organisms (D. C. White, Symp. Soc. Gen. Mi-
crobiol., in press). These problems have been
successfully overcome by using biochemical
methods, particularly by the extraction and anal-
ysis of lipids and lipid components, which can be
quantitatively recovered from the sediments.
The lipids can be utilized as indicators of micro-
bial biomass and community structure. Phos-
pholipid, measured as lipid phosphate, gives a
measure of the total cellular biomass since all

membranes contain phospholipids and the con-
centration of phospholipids does not change
appreciably with different growth conditions (13,
14). Palmitic acid (16:0) is a major fatty acid in
nearly all microorganisms (3, 5, 8) and can also
be utilized to give an estimate of the biomass (1,
12, 13). The extracted lipids can by hydrolyzed,
fractionated, purified, and analyzed by capillary
gas-liquid chromatography. Certain components
of the lipid fraction are associated with subsets
of the microbial community and can be used as
lipid "signatures" to define this subset and
thereby gain insight into the community compo-
sition (1, 2, 12, 13). The concept of the signature
lipids has been validated by manipulation of
microcosms with concurrent analysis of the
changes in morphology of specific portions of
the communities in response to changes in light,
nutrients, and specific inhibitors and the effects
of grazing (White, in press). At the simplest level
it is possible to utilize the alkyl fatty acids to
distinguish between the procaryotic and mi-
croeucaryotic portions of the microbiota. The
short odd and branched-chain fatty acids (e.g.,
iso- and anteiso-15:0 and 15:0) are characteristic
of a portion of the procaryotic organisms. The
monoenoic fatty acid, 18:1w9, involves oxygen
in its synthesis, whereas the synthesis of 18:1X7
is carried out by the procaryotic anaerobic path-
way. The long-chain polyenoic fatty acids (>20
carbons) are generally absent from bacteria and
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characteristic of microeucaryotic organisms.
The positions of the unsaturation in the polyen-
oic fatty acids can help define the microfaunal or
microfloral origin. Thus, the fatty acid profile
can reflect changes and differences in the com-
position of a microbial community.

This study employs these biochemical meth-
ods to study the spatial heterogeneity in the
distribution of microbial communities in estua-
rine mud flats. The purpose was to determine
how large an area must be sampled and analyzed
adequately to represent the microbiota of a mud
flat in its entirety.

MATERIALS AND METHODS

Study sites. Three estuarine mud flats were exam-
ined in this study and designated as stations ML, 3,
and 5A. Station ML was located in Apalachee Bay (290
52' N, 840 25' W), and stations 3 and 5A (290 47' N, 840
55' W) were located in Apalachicola Bay off the
northern panhandle of Florida. Station ML is charac-
terized by high salinity and relatively low secondary
productivity. Sediments in the area are sandy with
depths ranging from 2 to 3 m. Station 3 is off the
Apalachicola River and shows high secondary produc-
tivity with low salinity. This area is shallow (about 1
m) and receives considerable detrital input from the
river. Station 5A is moderately productive with a
salinity regime similar to that of station 3. However
this shallow (1- to 2-m) mud flat receives drainage from
upland swamps and is not directly influenced by the
Apalachicola River in terms of detrital input. Thus
station placement gave representative gradients of
salinity and productivity. Details of these relationships
are given by Livingston et al. (7).

Sampling. At each station, tubular metal frames
were anchored in the sediment, and a 2- by 2-m
platform was suspended over the sediment surface.
The platform contained a grid of sampling portals that
allowed cores to be taken at exact locations in a
designated pattern with minimal disturbance. Samples
were taken with a 2-m-long coring device constructed
from polyvinyl chloride pipe (3.2-cm diameter). The
design was such that the lower 35 cm of core tube
could be detached to access the surface sediments.
Samples were taken in the pattern shown in Fig. 1.
Platforms were placed at three locations at each sta-
tion, and at each location three clusters of four adja-
cent cores were taken. All sampling was performed
between 7 and 9 December 1981.
The top 2 cm of the sediment was extruded with a

plunger from each core tube, sieved with 2.5% saline
through a 500- ±m screen into polypropylene centri-
fuge bottles, and preserved with 10o Formalin (final
added concentration) as described previously (4). Be-
fore extraction of the lipids, the samples were centri-
fuged, and the sediment was resuspended and recentri-
fuged to remove the Formalin.

Materials. Glass-distilled solvents were utilized
(Burdick and Jackson, Muskegon, Mich.) or freshly
distilled just before use in extractions or derivatiza-
tions. Lipid standards were purchased from Supelco,
Inc. (Bellefonte, Pa.) or Applied Science Labora-
tories, Inc. (State College, Pa.).

Lipid extraction. Centrifuged sediments were trans-
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FIG. 1. Diagrammatic representation of the experi-
mental design and pattern of sampling.

ferred to tared stainless steel centrifuge bottles with 25
ml of buffer (0.01 M KH2PO4, 5.2 x 10-4 disodium
EDTA), 75 ml of methanol, and 37.5 ml of chloroform.
The bottles were sealed with Teflon-covered stoppers
and shaken, and the mixture was allowed to stand for
at least 2 h in a single phase. The mixture was
separated into two phases with the addition of 37.5 ml
of chloroform and 37.5 ml of water, and the bottles
were centrifuged (9,000 x g, 15 min, 40C). The super-
natant was transferred to a 250-ml separatory funnel,
and the chloroform layer (containing the lipid) was
recovered and dried. The sediment was dried at 100°C,
and dry weight was determined gravimetrically.

Lipid phosphate. Samples of the chloroform layer
were dried and digested with perchloric acid, and
phosphate was determined colorimetrically as de-
scribed by White et al. (14).

Fatty acids. Fatty acids were measured as their
methyl esters as described by Bobbie and White (2).
The chloroform layer was dried and subjected to acid
methanolysis, and the resulting fatty acid methyl es-
ters were purified by thin-layer chromatography and
separated, identifed, and analyzed by high-resolution
capillary gas-liquid chromatography. The hydroxy fat-
ty acid methyl esters were eluted from the plate and
quantified colorimetrically as described by Kates (9).
Fatty acids are designated as number of carbon atoms:
number of double bonds followed by the position of
the double bond nearest the X (aliphatic) end of the
molecule. The prefixes i and a refer to iso and anteiso
branching.

Statistical analysis. The data from each station were
analyzed by using a three-level nested analysis of
variance with Biomedical Computer program
BMDP08V (Florida State University Computing Cen-
ter).

RESULTS
Comparison of sites. The microbiota at sta-

tions ML and 3 were very similar as indicated by
the analysis of the fatty acids from the lipids
(Table 1). The total biomass, measured as lipid
phosphate and palmitic acid, was equal at the
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TABLE 1. Grand means of the biochemical measures of the sedimentary microbiota and the significance
levels of F values for differences among locations and among clusters at locations at each station

Station ML Station 5A Station 3

Biochemical marker Variation Variation Variation
Xa Among Among X Among Among X Among Among

locationsb clusters' locations clusters locations clusters

Lipid phosphate 53.1 NS 0.05 145 NS NS 49.5 0.10 NS
Total hydroxy fatty acids 14.9 NS NS 38.9 NS 0.10 16.3 NS NS
i+ a 15:0 3.2 NS NS 12.3 NS 0.05 3.3 0.05 NS
15:0 8.7 NS NS 12.7 NS 0.10 5.7 0.01 NS
16:0 17.3 NS NS 38.5 NS 0.05 16.7 0.10 NS
18:1X7 5.4 NS NS 9.6 NS 0.05 3.1 NS NS
18:1X9 2.6 NS NS 7.4 NS 0.05 2.9 NS NS
18:2w6 0.6 NS NS 2.0 NS 0.01 0.9 NS NS
20:4w6 2.9 NS NS 2.7 NS NS 1.0 NS NS
20:5X3 4.1 NS NS 5.7 NS 0.05 3.8 0.10 NS

a Expressed as nanomoles per gram (dry weight) of sediment, n = 36.
b Degrees of freedom, 2, 6; NS, not significant; 0.10, 0.05, and 0.01 indicate less than or equal to P values.
c Degrees of freedom = 6, 27.

two stations, and the community structure re-
flected by the concentrations of the various fatty
acids was nearly identical. In contrast, the mi-
crobiota at station 5A was quite different. There
was nearly 3 times more biomass at this station
compared with the others, and this higher bio-
mass was reflected by increased concentrations
of the hydroxy fatty acids and the bacterial fatty
acids (i and a 15:0 and 15:0). The fatty acids that
exhibited the least difference among stations
were the long-chain polyenoic fatty acids
(20:4w6 and 20:5X3) that are the signatures of the
microeucaryotes.
Comparison within sites. The nested analysis

of variance allows the comparison of the loca-
tions at a station and the clusters at the locations
to determine whether they are significantly dif-
ferent from each other (Table 1). A repre-
sentative analysis of variance table from station
ML for lipid phosphate with a more classical
format and illustrating the variance at each hier-
archical level is given in Table 2. In addition, the
square roots of the estimated variance compo-
nents expressed as percentages of the station
mean (coefficients of variation) give rough esti-
mates of the amount of variance at each level of
the analysis (Fig. 2).
At station ML, there were no significant dif-

ferences among 2- by 2-m locations for any of
the parameters measured. The concentration of
lipid phosphate differed significantly from clus-
ter to cluster within the locations, but no other
significant differences among clusters were ob-
served for the other parameters. The estimated
variance components among locations were
very small, ranging from 0 to 6% of the means.
The variance components among clusters at
locations were larger and more variable, and the
variance components among cores in clusters

were largest, ranging from 16 to 55% of the
means.
At station 5A, there were no significant differ-

ences among 2- by 2-m locations for any of the
parameters. However, many parameters dif-
fered significantly from cluster to cluster includ-
ing the fatty acids, i and a 15:0, 16:0, 18:1X7,
18:1w9, 18:2w6, and 20:5X3. The variance com-
ponents among locations were negative, but
among clusters at locations they ranged from 2
to 38% of the means. The largest variance com-
ponents were among cores within clusters, rang-
ing from 19 to 58% of the means.

In contrast to the two previous stations, at
station 3 significant differences among locations
existed for two parameters, the fatty acids i and
a 15:0 and 15:0, but no significant differences
existed for any parameter among clusters within
locations. The variance components among lo-
cations were relatively high, equalling up to 33%
of the mean, but among clusters at locations
they were small, ranging from 0 to 11% of the
means. The variance components among cores
within clusters were again the largest, ranging
from 19 to 62% of the mean.

Correlations between measures of biomass and
community composition. Table 3 is a correlation
matrix of the various biochemical markers of the
microbiota at the three stations. The total bio-
mass measured as lipid phosphate and palmitic
acid was highly correlated with the fatty acids i
and a 15:0, 15:0, the total hydroxy fatty acids,
and 18:1M7, which are concentrated in the bacte-
ria. The poorest correlations were between bio-
mass (measured as the lipid phosphate and the
ubiquitous fatty acid, palmitic acid) and the
long-chain polyenoic fatty acids 20:4w6 and
20:503, which are the signatures of the microeu-
caryotes. These microeucaryote signatures cor-
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TABLE 2. Representative analysis of variance table for lipid phosphate at station ML

Source of variance Sum of df Mean F Significancesquares square of F

Among locations (within station) 326 2 163 0.59 Nsa
Among clusters (within locations) 1,656 6 276 3.24 P s 0.05
Among cores (within clusters) 2,303 27 85

a NS, Not significant.

related poorly with the hydroxy fatty acids and
the short, odd-numbered bacterial fatty acids.

DISCUSSION
Distribution and sampling strategy. Natural

populations exist in localized patches and rarely
exhibit a random or uniform distribution in the
environment. To characterize the microbiota
over the extent of a habitat, the sample plot must
be large enough to eliminate variations caused
by this patchiness, but still small enough to be
manageable. The use of biochemical methods
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helps to eliminate the bias from incomplete
release of organisms from the sediments, the
necessity for growth (White, in press), and the
variance created by subsampling homogenized
sediment samples for enumeration (11). These
methods also can be performed with a high level
of reproducibility (2, 15) and generate a finger-
print of signatures that can be used to define the
microbial community.
The results of this study give indications of the

strategy needed to optimally sample estuarine
sediments to characterize the microbiota. Based
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FIG. 2. Square roots of the estimated variance components at each level of the analysis of the lipids
expressed as a percentage of the grand means of the biochemical component of the sedimentary microbiota at
three stations.
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TABLE 3. Correlation matrix of biochemical markers of microbial biomass and community composition of
the estuarine mud flat sediments at all three stations

Biochemical Lipid OHFAa i + a 15:0 15:0 16:0 18:107 18:1w9 18:2w6 20:4w6
marker phosphate

OHFA 0.804b
i + a 15:0 0.819 0.707
15:0 0.608 0.528 0.829
16:0 0.789 0.684 0.904 0.868
18:1X7 0.769 0.652 0.816 0.859 0.914
18:1w9 0.827 0.709 0.887 0.739 0.923 0.886
18:2w6 0.785 0.696 0.845 0.655 0.892 0.787 0.927
20:4w6 0.343 0.292 0.370 0.676 0.491 0.670 0.430 0.325
20:5X3 0.343 0.227 0.352 0.444 0.457 0.449 0.426 0.413 0.584

a Total hydroxy fatty acids.
b Degrees of freedom, 106.

on the magnitude of the variance components,
the greatest variances were among adjacent
cores. However, this variance extended to larg-
er areas of the plots. At two stations (ML and
5A), a 2- by 2-m plot gave an adequate represen-
tation of the microbiota, since no significant
differences existed among locations. A smaller
plot (0.2 by 0.2 m), represented by a cluster of
cores, was insufficient to account for the vari-
ability at these stations, with significant differ-
ences existing among clusters at locations. At
station 3, little variability was observed among
clusters; however, significant differences exist-
ed among locations. At this station, a single 2-
by 2-m location would be insufficient to charac-
terize the station. Although a single 2- by 2-m
plot adequately represented the sediment micro-
biota at stations ML and SA, good experimental
design would include the random sampling of
multiple plots. Random sampling of four 1- by 1-
m plots or two 1.4- by 1.4-m plots would be more
prudent than sampling a single 2- by 2-m plot.

Litchfield et al. (6) compared viable counts of
aerobic and anaerobic heterotrophic bacteria in
10-g subsamples of marine sediment taken from
a single core. Although subsamples from the
surface sediment exhibited similar bacterial den-
sities, subsamples of the deeper sediments ex-
hibited greater variation, indicating that the sub-
samples were inadequate to characterize the
deeper sediments. No attempt was made to
examine variation on a larger scale. Using cores
that were homogenized by high-speed blending
and subsampled before direct bacterial counts,
Montagna (11) showed significant variation
among subsamples, but not among cores, in
marine sediments. Only four cores were exam-
ined, each with a total volume of 0.5 cm3. Since
the variance among subsamples was significant,
the ability to discriminate among cores was
decreased.

Based on the data from this experiment, one
could optimize the cost-effectiveness of a future

sampling program. If costs could be assigned to
sampling cores, clusters, and locations, the total
sampling cost could be minimized subject to an
upper bound on the variance of the grand mean
(10). These data also could be used in designing
test systems for extrapolating the fate and ef-
fects of xenobiotic chemicals from the labora-
tory to the field. For a test system to be valid, it
should reflect the natural variability in the distri-
bution of microbial communities in the field. The
results of this experiment indicate that the size
of the samples and the pattern in which they are
taken are of significance.

Biomass and community composition. The
close relationship between the concentrations of
the bacterial fatty acids (i and a 15:0 and 15:0)
and total biomass indicates that bacteria account
for the largest proportion of the biomass in the
sediments. This is consistent with previous ob-
servations (2, 13, 14) and the fact that the
majority of the habitats in sediments are anaero-
bic. The anaerobic subsurface areas are almost
exclusively a procaryotic domain. In addition,
microcolonies of anaerobic organisms live in
anaerobic niches created by metabolic activity
in the aerobic zones (13). The microeucaryotes
have a more irregular distribution in the sedi-
ments. This is reflected in the lower correlation
between total biomass and the microeucaryote
signature fatty acids (20:4w6 and 20:5X3) as well
as the higher variance in these measures among
cores (Fig. 2).

In summary, the following conclusions can be
drawn concerning the distribution of microbial
communities in estuarine sediments. (i) The
variability in the distribution of microbial com-
munities differed from station to station. (ii)
Depending upon the station, a single 2- by 2-m
plot was representative of the station; but in no
case was a single 0.2- by 0.2-m plot repre-
sentative of a station. (iii) At a minimum, a
sampling area of sediment in excess of 0.04 m2
was needed to adequately represent the sedi-
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mentary microbiota of an estuarine mud flat with
an area ranging from 25 to 50 hectares. (iv) The
total biomass reflected the bacterial component
more closely than the microeucaryotic compo-
nents of the sediment.
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