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Abstract

The diatom concentration of a uniform lake sediment sample was estimated in 15 laboratories. Whilst 21 of 35
estimates were between 13 and 19� 107 valves g�1, values ranged from 8.2� 106 to 2.0� 109 valves g�1. However,
counts from replicate sediment digestions, replicate slide preparations from a single digested slurry, and multiple
counts from an individual slide all yielded internally consistent results, with acceptably low coefficients of variation
(� 4.5–6.3%). Without greater efforts towards harmonization, for example by calibrating techniques to a standard
of known concentration, reported diatom concentration values, as well as derived data such as diatom accumulation
rates, are not directly comparable between most laboratories. This sharply contrasts the strong reproducibility of
diatom relative frequency data. A calibration exercise, using the Eucalyptus pollen spike technique to estimate
a known concentration of Lycopodium spores, demonstrates that this method performs best when approximately
equal proportions of microfossils and introduced markers are counted.

Introduction

The estimation of diatom valve concentrations (the
number of valves per unit mass or volume of sedi-
ment, also referred to as absolute diatom abundance)
is an important component of many paleolimnological
investigations (e.g. Engstrom et al., 1985; Anderson,
1990; Wolfe, 1996). With careful consideration to the
array of biological, physical, and chemical process-
es that may influence the concentration of diatoms in
a given sedimentary environment, concentration data
from core samples can be applied to the reconstruc-
tion of diatom paleoproductivity, sedimentation his-
tory and, in certain cases, diatom preservation. Fur-
thermore, when coupled to independently established
sediment accumulation rates, concentration data form
the basis for diatom accumulation rate calculations.

Diatom concentrations may vary from 0 to >109

valves per g sediment, a range that is well reflected in
the paleoecological literature. However, large differ-

ences between studies from relatively similar limno-
logical settings imply the possibility that direct com-
parisons between reported results may be misleading,
whether similar or alternate methodologies are used to
estimate diatom concentrations. In contrast, a number
of studies have demonstrated a striking reproducibili-
ty with regards to diatom relative frequency data (e.g.
Charles et al., 1989; Cumming et al., 1992; Wolfe,
1996). The objective of the present study is not to
describe each of the existing techniques available for
determining diatom concentrations (Battarbee, 1973,
1986; Kaland & Stabell, 1981; Battarbee & Kneen,
1982; Bodén, 1991; Scherer, 1994). It is noted that
refinements or modifications are frequently brought to
each of these techniques in different laboratories, in
accordance with project objectives, sample character-
istics, and equipment availability. Rather, the goal is
to address the question: how comparable are indepen-
dently generated diatom concentration estimates from
a typical, diatom-rich organic lake sediment sample?
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Questions of reproducibility and precision, as they
apply to the technique employed by the author, are
also addressed.

An inter-laboratory comparison

To address the question of between-laboratory
variability, a survey was proposed to sub-
scribers of the DIATOM-L listserv (DIATOM-
L@IUBVM.UCS.INDIANA.EDU; Sweets, 1995),
requesting participants to volunteer, using their respec-
tive standard laboratory protocols, the diatom concen-
tration of a single and uniform sediment sample to be
distributed to them. An attempt was made to include
as many as possible of the techniques currently uti-
lized. Participants were specifically asked to proceed
as if they were addressing a routine diatom-rich gyt-
tja sample with respect to sample digestion, counting
practices, diatom sum, and concentration calculations.
The exception to this is that no detailed taxonomic
determinations were solicited.

The samples

The distributed samples originate from a dredge of
near-surface sediment (upper <10 cm) from Little
Miller’s Bay, West Okoboji Lake, Iowa, USA (43�

22.50N, 95� 10.60W), collected from a depth of approx-
imately 4 m by E. F. Stoermer (University of Michigan)
during the 13th North American Diatom Symposium
(September, 1995). This material contains a notable
eutrophic lake flora that is particularly rich in cen-
tric forms of the genera Aulacoseira, Cyclostephanos,
Cyclotella and Stephanodiscus. Within this group are
the large and distinctive taxa S. reimerii Theriot and
Stoermer and S. niagarae Ehrenb. The pennate flora is
also diverse, being represented by the genera Achnan-
thes, Amphora, Cocconeis, Cymatopleura, Cymbella,
Cymbellonitzschia, Diatoma, Diploneis, Epithemia,
Fragilaria sensu lato, Gomphonema, Gyrosigma,
Navicula s.l., Nitzschia, Opephora, Rhoicosphenia,
Rhopalodia, Surirella and Synedra. The above diatoms
range in size from 5�m to>100�m. Although the sed-
iment appeared homogenous following collection, the
sub-sample used to prepare the mailings was mechan-
ically mixed for 30 min before drying. Forty respon-
dents were sent 0.25� 0.01 g oven-dried sediment for
the experiment. Further samples of this material are
available upon request.

Additional analyses

Several complimentary analyses were undertaken to
address the reproducibility of determining diatom
valve concentrations by the technique used by the
author, that of spiking (sensu Maher, 1981) a sub-
sample of digested sediment with a known quantity
of exotic pollen grains (Benninghoff, 1962; Kaland &
Stabell, 1981). However, instead of using pollen cap-
sules (Kaland & Stabell, 1981), the spike employed
is a fixed volume (1.00 ml) drawn from a thorough-
ly mixed suspension of Eucalyptus pollen in distilled
water (60%) and corn syrup (40%), with a few drops
of phenol added as a preservative. The pollen con-
centration of this suspension is determined by a series
of haemocytometer counts performed on 30 different
drops. The suspension used in this study contained 503
533� 13 875 grains ml�1. The diatom concentration
of the spiked sub-sample, which can subsequently be
related to the mass or volume of the initial sediment
sample (since it is a known fraction thereof), is given by
the product of markers introduced and diatoms count-
ed, divided by markers counted (Kaland & Stabell,
1981; Battarbee & Kneen, 1982; Battarbee, 1986).
The analyses undertaken are as follow.

(1) To evaluate the error associated with sample
handling during digestion, four replicate sediment
samples (0.25 g) were digested, diluted, spiked, and
analyzed (slides 1, 2, 3 and 4a).

(2) From one of these sediment digestions (sam-
ple 4), four different aliquots (of 200 �l) were diluted,
spiked, and mounted (slides 4a, 4b, 4c and 4d), in order
to assess within-sample variability associated with all
manipulations following chemical digestion.

(3) To investigate variability at the level of a single
slide, a total of 2000 valves were counted from slide 4d.
Totals were tallied at sums of 50, 100, 200, 300, 400,
500, 600, 700, 800, 900, 1000, 1250, 1500, 1750 and
2000 valves. These results can therefore be tabulated to
serve the dual purposes of (a) comparing four separate
counts of 500 from the same slide (i.e. 0–500, 501–
1000, 1001–1500 and 1501–2000); and (b) evaluating
the effect of increasing count size on the stability of
concentration estimates and assemblage composition.
Together, these exercises result in a contribution to the
survey of 11 discrete diatom concentration estimates
based on counting sums �500 valves.

The major drawback to the above experiments is
that the true diatom concentration of the West Okobo-
ji Lake gyttja sample remains unknown. A final test
addresses the accuracy of diatom concentrations deter-
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mined by spiking with exotic pollen. A dense slur-
ry of Lycopodium spores was prepared and calibrated
by haemocytometer to 7.45� 106 grains ml�1. Prepa-
rations were made that combined 5.0, 3.0, 2.0, and
0.5 ml of this slurry to the hydroxide-cleaned residues
of 0.25 g of sediment, in order to provide a consis-
tent environment for settling and evaporation during
coverslip preparation. These samples (diatom slurry
and Lycopodium) were homogenized, centrifuged, and
brought to a volume of 5.0 ml. Thereafter, they were
treated as any other with respect to the removal of
aliquots, spiking with Eucalyptus pollen, dilution, and
slide preparation. The (known) quantity of Lycopodium
spores was estimated in each of eight slides, allowing
for the comparisons of observed and expected concen-
tration results.

Results

The survey

Diatomists from 15 institutions participated in the sur-
vey, contributing a total of 35 concentration determi-
nations. Responses ranged from 8.2� 106 to 2.0� 109

valves g�1, with considerable scatter across this range
up to values of 45� 107 valves g�1 (Figure 1A). With-
in the entire population, 21 of 35 responses (60%) were
between 13 and 19� 107 valves g�1. However, these
results represent only four laboratories and include the
author’s data (11 determinations) as well as that of
another participant who contributed 8 replicates. It is
therefore uncertain to what extent the mode seen in
Figure 1A reflects the actual diatom valve concentra-
tion of the West Okoboji Lake sample. For example, no
one interval of either 2� 107 (Figure 1A) or 0.5� 107

valves g�1 (Figure 1B) is represented by determina-
tions from more than two laboratories. Given these
biases, as well as the relatively small population size,
the results depicted in Figure 1 should be interpreted
cautiously. It remains that the range of concentration
values reported is truly exceptional for a uniform sam-
ple, indicating that, in most cases, results from different
laboratories are not directly comparable (Table 1).

The survey results are insufficient to ascertain
whether any one technique systematically over- or
under-estimates diatom concentrations. The greatest
range is manifested by the non-random aliquot cate-
gory (Figure 1), which regroups determinations based
on the counting of a known area from a volumetric
subsample of diluted slurry pipetted directly to a cov-

erslip. The principal assumption of this technique is
that the ratio of valves counted to the volume counted
is constant across the sample and equal to the ratio
of total valves to the total slurry volume. The volume
counted is estimated from the areal proportion (fields or
transects) of the evaporated aliquot (of known volume
and area) that has been counted. Because microfossils
prepared in this way exhibit non-random patterns of
distribution once evaporated to a coverslip, accurate
concentration estimates can perhaps only be gained
by the laborious task of enumerating diatoms from
the entire coverslip surface (Battarbee, 1986; see also:
Davis, 1965).

Several techniques attempt to ensure a random dis-
tribution of diatoms on a coverslip, in such a way that
though the area counted is a very small proportion of
the total area to which the suspension is evenly evapo-
rated, it can be assumed as a truly representative sub-
sample. To these ends the most commonly used method
is that of Battarbee trays (Battarbee, 1973), although
other methods exist, sometimes including the partial
removal (by draining or siphoning) of the slurry once
most settling has taken place (Moore, 1973; Bodén,
1991; Scherer, 1994). The compilation of results pro-
duced by all participants who used Battarbee trays
(Table 1) indicates a very high coefficient of variation
(� 47.1%). Furthermore, even the results provided by
a single diatomist using this method (n = 8) yielded a
relatively high coefficient of variation:� 10.7%.

Techniques based on the spiking of diatom sus-
pensions with known quantities of external markers,
whether microspheres (Battarbee & Kneen, 1982) or
pollen (Kaland & Stabell, 1981), fared only marginally
better, yielding a coefficient of variation of � 32.1%
(Table 1). In these cases, discrepancies are most likely
caused by either poor control on the exact quantities
of markers introduced, or incomplete mixing of spiked
diatom suspensions prior to coverslip preparation.

Finally, three estimates were provided by invert-
ed microscopy, based on counts performed on dilut-
ed slurries settled in calibrated chambers (such as
the Utermöhl design). These results are 3.2, 4.3 and
6.3� 107 valves g�1, again showing considerable vari-
ability (coefficient of variation: � 25.6%). Due to the
low refractive index of water, it is likely that this tech-
nique has consistently under-estimated the diatom con-
centration of the sediment sample, as suggested by the
relatively low values obtained (Figure 1A).
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Table 1. Summary statistics pertaining to diatom concentration estimates from various aspects the study (all
concentration values expressed as valves g�1 dry sediment)

Category n Mean diatom S.D. Coefficient of

concentration variation (%)

All efforts 35 19.87*107 32.16*107 161.9

All external spikes (pollen and microspheres) 14 14.27*107 4.59*107 32.1

Battarbee chambers 11 20.77*107 9.78*107 47.1

Author’scounts >500 11 14.38*107 7.78*106 5.4

Slides from different sample preparations (1-4a) 4 14.40*107 9.05*106 6.3

Slides from a single preparation (4a-4d) 4 14.36*107 7.56*106 5.3

Determinations from a single slide (4d) 4 14.37*107 6.50*106 4.5

Figure 1. Summary of the inter-laboratory comparison experiment, showing (A) the number of determinations for successive increments of
2� 107 valves g�1 (all determinations) and (B) 0.5� 107 valves g�1 (values between 12 and 20�107 valves g�1). The techniques employed
are regrouped in seven categories.

Reproducibility of a single technique

Although a very large range of concentration estimates
was produced by the participating laboratories, even
when the same basic protocols were employed, the
suite of results generated by the author are relatively

coherent. In the three sub-sets defined in Table 1, each
represented by four determinations based on counts
� 500 valves, coefficients of variation decrease in an
intuitive order: counts from digestions of four dif-
ferent samples (� 6.3%), counts four different spiked
aliquots drawn from a single digestion (� 5.3%), and
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counts from a single slide (� 4.5%). Because these
determinations used an identical protocol from begin-
ning to end, several additional inferences can be made.
The difference between the first two of these cate-
gories embraces the actual variability of diatom con-
tent between homogenized samples of 0.25 g (thought
to be negligible), as well as errors associated with sed-
iment handling from the stage of weighing to that of
the extraction of aliquots for spiking. The difference
between the latter two categories is related to the addi-
tion of the spike, homogenization of the spike and
diatom suspension, and dilution and slide mounting.
The results indicate that no one of these manipula-
tions exerted a considerable influence on diatom con-
centration estimates. Relatively, a much greater mar-
gin of error, approaching � 5%, is associated with
counting practice and/or heterogeneous distributions
of valves and markers on the counted portion of cover-
slip. Nonetheless, slide quality appeared quite consis-
tent. Quality, in this context, is the reproducibility of
concentration estimates, which depends upon the con-
stancy of ratios between diatoms and markers counted.
It is perhaps surprising that the anticipated non-random
distribution of objects pipetted directly to a coverslip
has not exerted a greater effect (cf. Laws, 1983). One
possibility is that, in a silt-rich sample such as this,
mineral grains disrupt the surface tension of water dur-
ing the final stages of evaporation, thus reducing the
non-random redistribution of diatoms. It is noted that
these results were produced by manipulations made
with moderate, but not extreme, care in the laboratory,
using a technique with several acknowledged draw-
backs. Therefore, it seems reasonable to expect that
any given technique of estimating diatom concentra-
tions should be capable of yielding a series of results,
for a uniform sample, that are reproducible within 10%
of the population mean.

The effect of count size

The influence of count size on diatom valve concentra-
tion estimates and the broad taxonomic composition
of the assemblage is illustrated in Figure 2. Counts
of less than 300 valves are inappropriate for deter-
mining diatom valve concentrations by pollen spiking,
because the ratio of valves to markers counted is arti-
ficially high and variable. Results are somewhat more
stable between counts of 300 and 800 valves, although
individual estimates may lie beyond 1 S.D. of the mean
(i.e. for a count of 700, Figure 2A). Concentration esti-
mates stabilize considerably for counts greater than

800, implying that very large counts (>1000) are not
prerequisite for reproducible concentration estimates.
Although the taxonomic categories defined are crude,
their relative frequencies stabilize more rapidly than
corresponding concentrations estimates: counts of 500
valves produce results consistently within 1 S.D. of
population means. Of note, none of the four relative fre-
quency categories from slide 4d, shown in Figure 2B,
converge towards mean values (n = 11) as count size
increases. This implies that individual slides possess
a small but detectable degree of uniqueness as to the
proportions of different diatoms represented. These
results indicate that in order to optimize the trade-off
between counting effort and accuracy, with respect to
both diatom concentrations and relative frequencies,
an attempt should be made to lower the count size for
which concentration estimates become stable. This can
most easily be achieved by adding a greater number of
marker grains to each aliquot, a conclusion reached
elsewhere in the study (see below).

Towards the calibration of concentration estimates

The enormous scatter of diatom concentration esti-
mates obtained in the West Okoboji Lake survey
implies the need to critically evaluate individual tech-
niques. However, a given method’s performance can
only be assessed through its application to samples con-
taining a known quantity of objects. Results comparing
the estimated and known concentrations of Lycopodi-
um spores introduced to washed diatom slurries are
presented in Table 2. It is noted that the number of
Lycopodium grains introduced contains an error in
itself. However, coefficients of variation surrounding
haemocytometer counts are low: � 3% when 30 repli-
cates are enumerated. The results indicate that the true
concentration of Lycopodium spores is over-estimated
by Eucalyptus spiking in most cases, and that precision
is largely dependent upon the ratio between objects
and markers. The technique of spiking with Eucalyp-
tus grains performed well only when the numbers of
markers and objects were approximately equal. Peck
(1974) recommended that the ratio of objects (in her
case pollen grains) to markers should diverge from
1:1, for example to considerably greater (4:1) or lesser
(1:4) proportions. Maher (1981) concluded that a ratio
of 2:1 optimizes the trade-off between the accuracy of
concentration estimates and the amount of microfossil
taxonomic information gained per counting effort. The
results presented in Table 2 indicate that the targeted
ratio should be as close to 1:1 as possible, thereby
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Table 2. Concentration estimates of four measured enrichments of Lycopodium spores (samples 1-4: 5.00, 3.00, 2.00 and 0.50 ml
inoculations containing 7.45*106 spores ml�1). Samples coded A and B are from the same mixtures of slurry, markers and spores, but
represent different dilutions of the mixed suspension prior to slide preparation (B is more dilute than A). Details are given in the text

Sample Lycopodium Eucalyptus Lycopodium:Eucalyptus Lycopodium Lycopodium (observed-

counted counted ratio added (to 5.0 ml) estimated (in 5.0 ml) expected)

/expected (%)

1A 503 136 3.70 37.25*106 46.56*106 25.0

1B 510 126 4.05 37.25*106 50.95*106 36.8

2A 501 225 2.23 22.35*106 28.03*106 25.4

2B 506 228 2.22 22.35*106 27.94*106 25.0

3A 503 420 1.20 14.90*106 15.08*106 1.18

3B 504 426 1.18 14.90*106 14.89*106 �0.05

4A 500 1099 0.45 37.25*105 57.27*105 53.7

4B 512 1125 0.46 37.25*105 57.29*105 53.8

Figure 2. Evolution of diatom valve concentration estimates (A) and
selected taxonomic categories (B) with increasing count size from a
single slide (4d). At the right are ranges (vertical lines) and means
(circles) � 1 S.D. (horizontal bars) of the 11 different counts �500
valves (Table 1).

conferring the statistical analysis of this exact problem
(Regal & Cushing, 1979).

In applying the above results to diatom concentra-
tion estimates from the West Okoboji Lake samples, it
must be assumed that diatoms and Lycopodium spores
behaved in broadly similar fashions. In the 11 samples
of count size �500 (Table 1), ratios of diatom valves
to Eucalyptus grains ranged from 2.64 to 3.11. It there-
fore appears that the concentration results from these
samples may systematically over-estimate true diatom
concentrations by at least 25%, despite the relative-
ly small coefficient of variation surrounding concen-
tration estimates from this population (� 5.4%). This
information can be used to guide future investigations:
greater effort should be directed at ensuring that the
ratio between diatom valves and marker grains be as
close to 1 as possible. If indeed the author’s determi-
nations are affected by such an error, then the actual
diatom concentration of the West Okoboji Lake sam-
ple might be as low as 11� 107 valves g�1, although
15 of the 24 external responses to the survey obtained
higher results. It remains to be demonstrated whether
over-estimation is as common as suspected, and capa-
ble of afflicting most of the laboratory procedures in
common use (cf. Figure 1).

Summary and implications for paleolimnologists

Due to the small size of the survey, the results are some-
what limited in their capacity to recommend the use
of any one technique over another for the determina-
tion of diatom valve concentrations in lake sediments.
Although each of the represented methods may have
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the potential of producing reliable concentration esti-
mates, the results suggest that techniques specifically
designed for diatom concentration estimates (random
settling techniques and spiking) perform better than
methods adapted from the quantification of living algal
cell numbers (inverted microscopy) or prone to highly
non-random microfossil distributions (aliquots). How-
ever, considerable error may be imparted to any one
of these procedures. It is shown that in most cases
the results currently generated in different laborato-
ries are not directly comparable. On the other hand,
the various results compiled from tests using a consis-
tent methodology have several positive ramifications.
Errors associated with sample handling, the repro-
ducibility of spikes, the dilution of spiked suspensions
prior to mounting, and the non-random distribution
of microfossils from pipetted suspensions, all appear
small relative to the basic counting error. Because sev-
eral techniques strive specifically to obtain a random
distribution of microfossils, yet are nonetheless prone
to significant errors, it seems likely that sample control
throughout processing (volumes of slurry measured,
diluted, transferred, etc.) presents greater problems
than slide heterogeneity. In this sense, procedures that
begin with a very small initial sediment sample, thus
requiring fewer dilution steps, may have advantages
(Scherer, 1994). As a rule of thumb, slides are more
likely to approximate representative sub-samples of
the initial sample when manipulations are kept to a
minimum. The author’s procedure uses only two ves-
sels: 10 ml graduated screw-top centrifuge tubes for
digestion and storage, and 25 ml tubes for spiking
and dilution. When concentration estimates are based
on the introduction of exotic markers, two addition-
al elements become critical: (1) the concentration of
the spike must be carefully controlled and evaluated
frequently; and (2) concentration estimates are seri-
ously compromised when the ratio of diatom valves to
markers counted diverges from 1.

In a paleolimnological sense, the reasonable repro-
ducibility of diatom concentration measurements,
when samples are prepared and counted in a similar
fashion, implies that down-core variations of diatom
concentrations indeed represent real trends, which can
be of considerable utility towards interpreting paleo-
phycological records. However, due to limitations of
both the accuracy and the precision of concentration
estimates, the actual amplitude of stratigraphic changes
is difficult to establish. Different techniques may well
document the same historical trends, even when their
expression is subtle, as demonstrated in palynology

by De Vernal et al. (1987). However, more quanti-
tative applications of concentration data, such as the
calculation of microfossil accumulation rates, should
be made only with utmost care and preferably some
calibration of the technique employed to generate the
concentration data (cf. Laws, 1983). The results of this
study suggest that diatom valve concentrations from a
typical lake sediment may often be over-estimated.

Finally, it is noted that the stratigraphic interpreta-
tion of even the highest quality concentration estimates
is not straight-forward, owing to the various process-
es that can influence the number of diatoms hosted
in any given sediment. To reduce the risk of over-
interpreting stratigraphic trends of diatom concentra-
tions, these must be considered with close attention to
attendant patterns of both diatom floral composition
and sediment lithology. The presented experiments are
a realistic reminder of some of the limitations inherent
to diatom concentration data.
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