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Carbon to volume relationships for dinoflagellates, diatoms, and other protist plankton
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Abstract

Cellular carbon and nitrogen content and cell volume of nutritionally and morphologically diverse dinoflagellate
species were measured to determine carbon to volume (C:vol) and nitrogen to volume (N:vol) relationships.
Cellular C and N content ranged from 48 to 3.0 X 10* pgC cell -* and 11 to 2,656 pgN cell -t for cells ranging in
volume from 180 to 2.8 X 10° um?. C and N density in dinoflagellates decreased significantly with increasing cell
volume. C:N ratios ranged from 3.44 to 6.45. C:vol and N:vol in dinoflagellates are significantly related as
expressed by the equations pgC cell -t = 0.760 X volume®®® and pgN cell * = 0.118 X volume®#?°. Previously
published data were combined to compare C:vol relationships in different phylogenetic protist groups, including
chlorophytes, chrysophytes, prasinophytes, and prymnesiophytes. Our analysis indicated differences between the
C:vol relationships available for ciliates. A new C:vol relationship for diatoms was established (pgC cell -*
0.288 X volume?®1). Dinoflagellates are significantly more C dense than diatoms. Except for diatoms, we found
few significant differences between C: vol relationships of different phylogenetic groups. Consequently, one C: vol
relationship for taxonomically diverse protist plankton excluding diatoms was determined (pgC cell-* = 0.216 X
volume®*¥). In the combined data set, carbon density was not constant but decreased significantly with increasing
cell volume. Using constant C:vol conversion factors for plankton over large size ranges will cause systematic

errors in biomass estimates.

The carbon biomass of planktonic organisms is a fun-
damental parameter in ecosystem models and biogeochem-
ical carbon budgets. Temporal and spatial variability in to-
tal and export primary production can be quantified and
predicted only if the carbon content of the major planktonic
organismsis known. Carbon is the principal structural com-
ponent of both heterotrophic and phototrophic organisms
and is the basis for community-wide as well as group-spe-
cific comparisons of biomass and bioenergetics. Estimates
of carbon biomass of planktonic organisms are usually
made by converting microscopic size measurements to cell
volumes, which are then converted to carbon biomass using
empirically or theoretically derived carbon to volume ra-
tios. Carbon to volume (C: vol) relationships have been re-
ported for several planktonic groups, such as heterotrophic
bacteria (e.g., Nagata and Watanabe 1990), diatoms (Strath-
mann 1967), phototrophic nanoplankton (Verity et al.
1992), various phytoplankton (Montagnes et al. 1994), cil-
iates (Verity and Langdon 1984; Putt and Stoecker 1989),
and copepods (e.g., Uye 1982). However, no empirically
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derived C:vol relationship has been determined for dino-
flagellates.

Dinoflagellates are a significant group of planktonic pro-
tists that includes toxic and bloom-forming species, as well
as potentially important grazers on diatoms and other plank-
ton. Dinoflagellates are nutritionally diverse; species can be
phototrophic, heterotrophic, or mixotrophic. They are distin-
guished morphologically as thecate species, which have an
organic coating of cellulose-like plates, and athecate species,
without these plates. Measurements of cellular carbon con-
tent are available for some phototrophic species but, with
the exception of Noctiluca scintillans (e.g., Nakamura 1998)
and Oxyrrhis marina (Pelegri et al. 1999), no empirica mea-
surements for heterotrophic species have been reported. Cel-
lular carbon content for photosynthetic dinoflagellates is usu-
aly determined through equations derived from C:vol
regression analyses, which include few or no dinoflagellate
species (Strathmann 1967) or by applying a constant theo-
retical value (e.g., Smetacek 1975). Cellular carbon for het-
erotrophic dinoflagellates is generally estimated using a con-
stant C:vol ratio based on limited measurements (e.g.,
Lessard 1991). None of these estimates are based on a sys-
tematic study of dinoflagellate cellular carbon as a function
of cell size, morphological differences, or nutritional mode.

To fill this gap, we determined the cellular carbon content
and volume of 20 morphologically and nutritionally diverse
dinoflagellate species. In addition to providing an empirical
volume to biomass conversion for dinoflagellates, we were
interested in comparing the C:vol relationships between
phylogenetic groups. We specifically addressed the follow-
ing questions: What is the relationship between carbon and
nitrogen content and cell volume of marine dinoflagellates?
Are thecate dinoflagellates more C dense than athecate spe-
cies? Do photosynthetic and heterotrophic species differ in
their C:vol relationships? Do dinoflagellates differ in their
C:voal relationship from other phylogenetic groups?
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Table 1. Source (culture collection or origin of wild-type isolate) and presence or absence of a theca of dinoflagellate species analyzed

in this study.
Species Source Thecate/Athecate

Phototrophs
Alexandrium catenella (Whedon and Kofoid) Balech East Sound, Washington thecate
Amphidinium asymmetricum Kofoid and Swezy NEPCC* 67 athecate
Amphidinium carterae Hulburt UW Botany UTEX LB 1002 athecate
Amphidinium carterae Hulburt NEPCC 629 athecate
Ceratium fusus (Ehrenberg) Dujardin Case Inlet, Washington thecate
Ceratocorys horrida Stein UW Botany UTEX LB 2499 thecate
Glenodinium foliaceum Stein UW Botany UTEX LB 1688 thecate
Glenodinium sp. UW Botany UTEX LB 1625 thecate
Gymnodinium sanguineum Hirasaka CCMPT 1740 athecate
Gymnodinium simplex (Lohmann) Kofoid and Swezy NA athecate
Prorocentrum micans Ehrenberg NEPCC 33 thecate
Scrippsiella trochoidea (Stein) Loeblich NEPCC 15 thecate

Heterotrophs
Bernardinium sp. Georges Bank athecate
Noctiluca scintillans (Macartney) Ehrenberg Admiralty Inlet, Washington athecate
Oxyrrhis marina Dujardin Norway athecate
Protoperidinium conicum (Gran) Balech Twanoh, Washington thecate
Protoperidinium depressum (Bailey) Balech Admiralty Inlet, Washington thecate
Protoperidinium excentricum (Paulsen) Balech Copalis Beach, Washington thecate
Protoperidinium oceanicum (Vanhoffen) Balech Copalis Beach, Washington thecate
Protoperidinium pellucidum (Bergh) Schiitt Admiralty Inlet, Washington thecate

* North East Pacific Culture Collection.
T Provasoli-Guillard National Center for Culture of Marine Phytoplankton.

Methods

Culturing conditions—Phototrophic dinoflagellates were
cultured at 18°C in F/2 medium (Guillard 1975) in 500—
1,000-ml polycarbonate bottles. Cultures were grown on
16:8 light:dark (LD) cycle, at 50 pmols photons m—2 s*
provided by cool and warm white lights. Cultures were
transferred every 12 d to maintain exponential growth. One
species, Ceratium fusus, failed to grow at 18°C in standing
flasks and was maintained at 12°C on a plankton wheel at 1
rotation per minute (rpm) (all other conditions as above).

The heterotrophic dinoflagellates Protoperidinium spp.
and N. scintillans were fed the diatom Ditylum brightwellii
and maintained at 12°C in F/2 medium at 30 wmols photons
m~2 s~ on a plankton wheel at 1 rpm. O. marina and Ber-
nardinium sp. were fed the cryptophyte Rhodomonas lens
and maintained at 18°C in 250-ml Erlenmeyer flasks at 30
pmols photons m—2 s-*. Dinoflagellate species and their or-
igin are listed in Table 1.

Microscopic analysis—Cell counts were performed on 5—
10-ml aiquots, fixed to a final concentration of 1% glutar-
aldehyde, stained with 4’ ,6-diamidino-2-phenylindole
(DAPI), and drawn onto a 0.2-um black polycarbonate filter
(Poretics). A minimum of 300 cells were counted using a
Zeiss standard epifluorescence microscope. Cells were har-
vested during exponential growth phase. Dinoflagellate cul-
tures were not axenic. Different antibiotics were tested to
eliminate bacterial contaminants; however, dinoflagellate
growth was inhibited by the addition of antibiotics, whereas
bacterial concentrations were unaffected. Therefore, the bac-

terial concentrations were monitored prior to harvest. Bac-
terial carbon was estimated using 25 fg C cell -* (Bell 1993).
In exponentially growing dinoflagellate cultures, bacterial
carbon contributed <1% to the total and was considered
insignificant.

Dinoflagellate cell volume was determined from linear
measurements made with a Zeiss Axiovert microscope
equipped with a digitizer pad and Microbiota software (Roff
and Hopcroft 1986). Microscopic analysis of live cells was
performed because fixatives can cause varying degrees of
shrinkage (e.g., Verity et al. 1992; Leakey et al. 1994; Mon-
tagnes et al. 1994; Stoecker et a. 1994). Cells also were
preserved to determine the effect of fixation on dinoflagellate
cell volume (data not shown). Measurements of live cells
were made immediately before cultures were harvested for
CHN filter preparation or *C isolations. All live-cell mea-
surements were made on 10-ml aliquots in a settling cham-
ber using transmitted light. If necessary, cells were immo-
bilized by adding nickel sulfate to a final concentration of
0.003%,; nickel sulfate did not appear to alter cell shape or
size during the time of measurement. Only cells in planar
view were measured. Generally 100-200 cells were mea-
sured; when cultures were not sufficiently dense, a minimum
of 30 cells were measured. Linear measurements were con-
verted to cell volume using geometric formulae. Microscopy
limits the measurements per cell to two dimensions, requir-
ing assumptions to be made about the third dimension. To
overcome this constraint, a subset of cells had been mea-
sured before the experiment to determine the aspect ratio of
the species (i.e.,, length:width:depth ratio). These ratios
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were used to estimate the third dimension in the volume
calculations.

Carbon content—To determine cellular carbon content,
two approaches were used, CHN measured on cells collected
on a filter and **C labeling of individual cells.

CHN analysis—Glassware and GF/F filters were precom-
busted for 4 h at 450°C. Dinoflagellate cells were harvested
during the exponential growth phase, filtered onto 25-mm
GF/F filters, and rinsed with 10-ml F/2 medium. Filters were
placed in precombusted aluminum foil sleeves, dried for 1
h at 60°C, and stored at —20°C until further analysis. Five
replicates were prepared for each species. Blanks to correct
for contribution of filter and media background were pre-
pared at the same time.

For the heterotrophic species, O. marina and Bernardi-
nium sp., cells were harvested after the prey biomass was
grazed to <1% of total carbon (based on 58 pgC cell -* for
R. lens, unpubl. data). Heterotrophic dinoflagellates of the
genus Protoperidinium and N. scintillans did not grow to
sufficient densities to apply the filtration method described
above. Moreover, prey cells were not completely grazed and
a considerable amount of detritus was observed. Therefore,
500-1,000 dinoflagellate cells were isolated from their phy-
toplankton prey using a micropipette, rinsed a minimum of
three times in sterile F/2 medium, and placed on a GF/F
filter. A total of five replicates were prepared for each spe-
cies. Blank filters were prepared by adding medium from the
last rinse to a GF/F filter. Particulate organic carbon was
determined by dry combustion in a Control Equipment Cor-
poration (CEC) 440-SHA elemental analyzer, calibrated with
acetanilide. There was no difference in the carbon signal
from precombusted blank GF/F filters and GF/F filters with
added medium; therefore, the results were pooled to provide
one background value to subtract from filters. The nitrogen
signal from the F/2-medium blanks was higher than those of
GF/F filter blanks. Therefore, the higher medium signal was
used as the basis for the background correction.

14C uniform labeling analysis—A second method to de-
termine cellular carbon content was applied because hetero-
trophic dinoflagellates could not be separated completely
from their prey during filter preparation for CHN. Isolating
individual cells, as done for Protoperidinium oceanicum and
N. scintillans, in sufficient numbers to exceed the detection
limit of CHN analysis (9.5 ugC) was labor intensive. In-
stead, cellular carbon of individual cells was measured by
uniformly labeling cells with radioactive carbon (**C)
(Welschmeyer and Lorenzen 1984; Putt and Stoecker 1989).
As photosynthetic cells grow in medium labeled with “C—
bicarbonate, they incorporate the radioactive carbon and be-
come uniformly labeled over time (i.e., the **C signal of cells
and medium become equal). At equilibrium, the specific ac-
tivity of the medium (**C medium) and the specific activity of
a cell (**C cdl) can be converted to cellular carbon content by

#C (cell)
14C (medium)
DPM cell-*

_OPM el gC mit
DPM mi M9

ugC cell - X DIC X 1.05

where DPM are disintegrations per minute, DIC is dissolved
inorganic carbon, and 1.05 is a fractionation factor describ-
ing the inequality in uptake of “C/2C (Welschmeyer and
Lorenzen 1984). This method can be applied to heterotrophic
species where grazer-specific activity reaches equilibrium
with prey cells (Putt and Stoecker 1989). NaH*CO; (ICN
Biochem) was added to the medium to a final concentration
of 0.1 uCi ml—% The prey diatom, D. brightwellii, was in-
cubated in labeled medium in 50-ml glass tubes with poly-
propylene screw caps. Cell density and the specific activity
of the medium and cells were monitored until no further
increase in cellular specific activity was observed. Hetero-
trophic dinoflagellates were added to the uniformly |abeled
diatoms by single cell isolation to minimize carryover of
unlabeled prey. Specific activity of the media, prey, and
predator cells was monitored daily. Once predators were uni-
formly labeled, about 30 dinoflagellates of similar size were
isolated individually, rinsed twice in unlabeled medium, and
added to 7-ml scintillation vials. The specific activity of the
last rinse was monitored to ensure no labeled organic C was
carried over. To remove inorganic *C, 0.2 ml of 0.2 N perch-
loric acid was added to each scintillation vial and left to
outgas for 1 h. Four milliliters of Biofluor were added to
each vial, then samples were vortexed for 10 s and counted
on a low-level liquid scintillation counter (Packard
22350CA). Medium specific activity remained constant
throughout the course of the experiment. DIC was deter-
mined manometrically using a purge and trap procedure
(Kroopnick 1985). The DIC concentration of the F/2 medi-
um used in the radiolabeling experiment was 20.79 ug C
ml —2,

Previously published C: vol data—Previously published
data for carbon content and volume of plankton were ob-
tained from the following sources. Parsons et al. (1961) table
1 using wet oxidation C (omitting Tetraselmis maculata and
Monochrysis lutheri as recommended by Strathmann 1967);
Mullin et al. (1966) table 1; Strathmann (1966) table 3; Ver-
ity and Langdon (1984) table 1; Moal et a. (1987) tables 1
and 4 using exponentially growing cells only; Verity et al.
(1992) tables 2 and 3. Montagnes et a. (1994) kindly pro-
vided their original data. When the same species was mea-
sured in different analyses, we treated these as independent
measurements, rather than pooling the data. Sarcodines were
not included in this analysis, as appropriate biovolume data
are not available (Michaels et a. 1995). Data for live cells
were used where available (Parsons et al. 1961; Montagnes
et a. 1994). For other data, fixed cell volumes were used
but no correction was applied (Mullin et al. 1966; Strath-
mann 1966; Moal et al. 1987; Verity et a. 1992).

Data analysis—The distribution of cell sizes of most spe-
cies was not normal, presumably due to differences in
growth and life cycle stages of individual cells. To normalize
data, volume and carbon measurements were log,, trans-
formed prior to analysis (Sokal and Rohlf 1981). All data
analysis was performed on log,, transformed data, and all
figures are presented in a log-og format. Least-squares re-
gression analysis was used to determine the C:val relation-
ships. For consistency, regression equations are also ex-
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Table 2. Linear dimensions (um) and volume (um?3), C and N quota (pg cell %), density (pg wm~2), and C:N ratios (pg pg ') of
dinoflagellate species analyzed in this study. ND, no data; C.V., coefficient of variation.

C:N
Species Length  Width Volume CV. C content CV. Cdensity N content C.V. N density ratio
Phototroph
A. catenella 28.8 13,027 0.37 2,316.25 0.15 0.178 507.15 0.10 0.039 457
A. asymmetricum 48.6 329 28,058 0.26 4,131.51 0.08 0.147 724.20 0.06 0.026 5.70
A. carterae 129 8.2 470 0.39 95.46 0.04 0.203 17.14 0.05 0.036 5.57
A. carterae 15.8 10.6 960 0.38 259.49 0.01 0.270 44.35 0.02 0.046 5.85
C. fusus 335.5 23.1 47,435 0.24 3,305.63 0.06 0.070 727.75 0.06 0.015 454
C. horrida 61.0 50.5 84,811 0.28  14,368.47 0.12 0.169 2,656.04 0.05 0.031 5.41
G. foliaceum 24.7 8,163 0.31 1,645.26 0.18 0.202 312.90 0.13 0.038 5.26
Glenodinium sp. 12.9 7.8 422 0.36 125.31 0.03 0.297 19.42 0.04 0.046 6.45
G. sanguineum 69.5 47.8 88,099 0.41 4,449.91 0.15 0.051 910.19 0.07 0.010 4.89
G. simplex 8.1 6.4 180 0.35 47.76 0.10 0.265 10.62 0.03 0.059 4.50
P. micans 41.6 27.2 16,303 0.22 2,735.08 0.11 0.168 795.57 0.14 0.049 3.44
S trochoidea 28.1 23.8 8,474 0.23 2,010.97 0.08 0.237 399.19 0.06 0.047 5.04
Heterotroph
Bernardinium sp. 25.6 10.7 1,579 0.32 222.89 0.02 0.141 48.43 0.02 0.031 4.60
N. scintillans 302.8 274.1 1.2x107 0.37 35,339.56 0.26 0.003 ND
O. marina 29.1 16.9 4745 0.56 469.48 0.04 0.099 89.09 0.02 0.019 5.27
P. conicum 45.6 46.2 50,721 0.35 2,717.31 0.20 0.054 ND
P. depressum 86.2 70.3 278,883 0.30 30,222.32 0.68 0.108 ND
P. excentricum 46.1 41.2 24,181 0.35 5,531.41 0.26 0.229 ND
P. oceanicum 97.0 61.4 124,459 0.27 9,147.03 0.16 0.073 ND
P. pellucidum 53.2 60.7 105,667 0.34 8,133.87 0.66 0.077 ND

pressed in the log format, but can easily be converted based
on the following relationship: y = a vol® = logy = b log
vol + log a, withy = pgC cell-*, b = dslope, and a = y-
intercept of the regression equation.

Much discussion has surrounded the question whether
model | (fixed independent variable) or model Il (indepen-
dent variable measured with error) is the appropriate regres-
sion analysis for this application. Laws and Archie (1981)
argue that most oceanographic data are best analyzed using
model 1, since frequently both variables are measured and
have error; therefore, one of the assumptions of parametric
regression analysis is violated. This is also true for the data
presented here; however, the sources for both errors are not
correlated. Furthermore, as Montagnes et al. (1994) note, the
ultimate goal of this analysis is to provide a conversion to
predict cellular carbon from volume measurements. In this
case, model | analysis is permissible and gives reliable re-
sults (Sokal and Rohlf 1981).

Tests of significant differences between regression coef-
ficients (slope) and elevations (y-intercept) of the C:vol re-
gression equations were made using Student’s t-test as out-
lined by Zar (1996). Tests for differences between
y-intercepts were only performed if no significant difference
between slopes was found. Tests for differences between pre-
dictions of regression equations were performed using a
paired t-test, where the variance of each predicted C value
was used as the basis for the error determination (Zar 1996).
The significance of density dependence on size was deter-
mined from the regression equation and not the density ra-
tios, due to the pitfalls of determining statistics based on
ratios of dependent variables (Atchley et al. 1976; Berges
1997). N. scintillans has a uniquely large vacuole, resulting

in an unusualy low C:vol ratio. Owing to its size, it was
an influential outlier in the regression analysis and signifi-
cantly affected the regression coefficients. Therefore, it was
omitted from the analysis and figures.

Results and discussion

VVolume measurements—All data presented here are based
on size measurements performed on live cells. Average live-
cell volume (um?) ranged from 180 to 2.79 X 10° wmd,
(Table 2). There was considerable variation in cell volume
within species; the coefficient of variation (CV) averaged
33% (ranging 22-56%). This is comparable to other studies,
which have reported volume measurement CV to be 25-30%
and 49% (Putt and Stoecker 1989 and Verity et a. 1992,
respectively). This size variability appears to be intrinsic to
cultured protists and is probably due to differences in life
cycle and growth status of individual cells, which even in
clonal cultures are not necessarily synchronized.

All volumes were computed using the geometric formula
for either a sphere, a cylinder, or a prolate spheroid (length
> width = depth). Cell volumes were also determined ac-
cording to composite geometric bodies as recommended by
Edler (1979) and Hillebrand et al. (1999). However, we
found that the difference between volumes based on simple
(e.g., sphere) or composite shapes (e.g., cylinder plus two
cones) was very small. For example, species of the genus
Protoperidinium possess large antapical spines, requiring a
minimum of two additional measurements per cell (i.e.,
spine length and width). The volume of these spines consti-
tuted <1% of the total volume. Considering the intrinsic
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Fig. 1. Log carbon (pg cell -%) to log volume (um?) regressions

for thecate and athecate dinoflagellate species. Regressions in all

figures are lines of best fit, as determined by model | regression

analysis of log,, transformed data. Regression statistics are given in
Table 3.

error of microscopic volume measurements and the some-
times inaccurate designation of composite shapes, the addi-
tional effort does not seem justified. Image analysis tech-
niques (e.g., Sieracki et al. 1989; Verity et al. 1992) can be
used to improve the accuracy of volume measurements for
cells with relatively simple shapes (i.e., where width is a
good proxy for depth). In the future, three-dimensional im-
aging techniques (e.g., confocal and deconvolution micros-
copy) could provide standard conversion factors for volume
estimates made based on linear measurements. Until these
techniques are routinely available, we recommend using
simple geometric formulae that require few linear measure-
ments, and empirically determined aspect ratios, to estimate
cell volume.

Carbon content—Cellular carbon content for dinoflagel-
lates ranged from 48 to 3.02 X 10* pgC cell -%, and carbon
density ranged from 0.054-0.297 pgC um~=2 (Table 2). The
CV of cdlular carbon content averaged 8% (range 1-17%)
for the CHN method. Carbon cell -* measured with the ra-
diolabeling method had an average CV of 45% (range: 20—

68%, Table 2). The higher variance was a reflection of the
variability in carbon content between individual cells. In
contrast, the CV of the CHN data provided a measure of the
variance between the average C cell -* between the five rep-
licate filters, where each filter is loaded with hundreds of
cells.

Nitrogen content and C:N ratios—Nitrogen measure-
ments were obtained for 14 dinoflagellate species. Cellular
nitrogen content ranged from 11 to 2,656 pgN cell -1, with
an average CV of 6% (range 2-14%), and nitrogen density
(pgN um~3) ranged from 1.54 X 1072 to 4.88 X 102 pgN
um=3 (Table 2). C: N ratios ranged from 3.44 to 6.45 (Table
2). The two heterotrophic species measured had very similar
C:N ratios to the phototrophs. The C: N ratios for dinofla-
gellates in this study are in the same range as previously
published C:N ratios for dinoflagellates, as well as other
plankton grown under nutrient replete conditions (Verity et
al. 1992; Montagnes et al. 1994; Flynn et al. 1996a,b). Nu-
trients, temperature, and light conditions can affect C: N ra-
tios; the C: N ratio can increase significantly when cells are
subjected to nutrient stress (DeYoe and Suttle 1994; Flynn
et al. 1994). Growth stage can also influence a cell’s chem-
ical composition. For instance, Moa et al. (1987) found a
reduction in carbon, nitrogen, and protein density of more
than 50% after the shift from exponential to stationary phase.
All species analyzed here were grown under nutrient or prey-
replete conditions and harvested during exponential growth.
Our data suggest that dinoflagellate C: N ratios do not differ
from other protist plankton, and that heterotrophic and pho-
tosynthetic species have similar C: N ratios.

C: vol relationships for morphologically and nutritionally
diverse dinoflagellates—Many species of dinoflagellates are
covered with cellulosic plates, which comprise the theca
(e.g., Dodge 1985). Species lacking these plates are referred
to as athecate, or naked. Owing to this cellulosic coating,
thecate dinoflagellates have long been hypothesized to be
more carbon dense than other plankton (Smetacek 1975; Ed-
ler 1979). We tested this hypothesis by comparing the C: vol
relationships of species with and without a theca, irrespec-
tive of nutritional mode (Fig. 1, Table 3). There was no
significant difference in the slopes of the regression lines
between the two groups. If thecate species were more carbon

Table 3. Results of model 1 least-squares regression of log,,—transformed dinoflagellate carbon
(pgC) and volume (um?) data from this study. Presented are the slope and y-intercept of the re-
gression equations, the 95% confidence intervals, the square of the correlation coefficient r, and n,
the number of data points included. All slopes are significantly different from zero (p = 0.001).
The cellular carbon content can be determined from volume based on the equation log pgC (or
pgN) cell-* = log a + b X log V (um?3), where log a is the y-intercept and b is the slope.

Data log a 95% C.I. b 95% C.I. r2 n
Dinoflagellate C —-0.119 0.401 0.819 0.096 0.95 19
Dinoflagellate N -0.928 0.465 0.849 0.121 0.95 14
Thecate dinoflagellate C 0.175 0.735 0.764 0.164 0.91 12
Athecate dinoflagellate C —0.050 0.585 0.774 0.164 0.97 7
Phototrophic dinoflagellate C -0.076 0.462 0.817 0.118 0.96 12
Heterotrophic dinoflagellate C —0.547 1232 0.900 0.270 0.94 7
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Fig. 2. C:val relationships for phototrophic and heterotrophic
dinoflagellate species. Regression statistics are given in Table 3.

dense than athecate species, a higher elevation (y-intercept)
of the thecate equation would be expected. There was no
significant difference between the y-intercepts (but see dis-
cussion below).

The significance of heterotrophic dinoflagellates in marine
food webs has only recently received attention (Hansen
1991; Lessard 1991). No previous analysis had examined the
C:vol relationship of heterotrophic dinoflagellates (Fig. 2,
Table 3). We hypothesized that phototrophic species would
be more carbon dense than heterotrophs due to the presence
of chloroplasts and the lack of potentially less dense food
vacuoles. The slopes and y-intercepts of the regression equa-
tions of these groups were not significantly different (Fig. 2,
Table 3), failing to support our hypothesis.

Although no statistically significant differences were
found for either comparison, inspection of the C:vol rela-
tionships (Figs. 1 and 2) showed distinctly separated regres-
sion lines for each group. Further analysis indicated that for
both comparisons, statistical power of the tests was low
(<30%, much less than the desired 80%). Therefore, failure
to detect statistical differences with this type of analysis is
not conclusive. With the high level of species-specific vari-
ance, the analysis of even several hundred species might not
resolve the question of differences between groups using the
t-test for differences between regression coefficients. As an
aternative test for differences, we compared predictions of
the C:vol regressions over the same range of volumes (see
Methods). The C:vol relationship for thecate species pre-
dicted significantly more C cell -* (p < 0.0001) than athecate
species, on average 35% (range 32—-37%); the relationship
for phototrophic species predicted on average 25% more C
cell -* than for heterotrophic species (p = 0.003, range 4—
48%). These results suggest that both morphology and nu-
tritional mode influence carbon density, but that other factors
contribute to a high species-specific variance, which prohibit
a distinction between the subgroups based on individual fac-
tors. Instead, a species C:vol ratio may be a composite of
many characteristics, of which only morphology and nutri-
tiona mode were considered here. The choice of which

log cell carbon
(pg C cell h

@  all dinofl.

2 3 4 5 6
log cell volume (um?®)

Fig. 3. C:vol relationship for al dinoflagellate species analyzed

in this study. Solid line represents line of best fit, and dashed lines

are 95% confidence intervals. Regression statistics are given in Ta
ble 3.

C:vol conversion to use should be based on the am of the
study and the resolution desired. If the analysis specifically
examines nutritionally or morphologically distinct dinofla-
gellates, we recommend using the conversion equation avail-
able for that group.

One C:vol relationship for dinoflagellates—In order to
compare dinoflagellates as a group to other protist plankton,
a single regression for all dinoflagellate species from our
study was determined. Cell volume and carbon were signif-
icantly related by the regression equation log pgC cell -t =
—0.119 + 0.819 X log vol. (Fig. 3, Table 3). We compared
our results to the C: vol relationship obtained based on com-
bining previously published dinoflagellate C:vol data (Par-
sons et al. 1961; Mullin et al. 1966; Moal et al. 1987; Verity
et al. 1992; Montagnes et a. 1994) and found no significant
difference (Table 3), athough our regression predicts on av-
erage 10% more carbon cell 1. These results differ consid-
erably from previously suggested constant C: vol conversion
factors for dinoflagellates, which range from 0.10 to 0.14
pgC um=—2 (Smetacek 1975; Edler 1979; Lessard 1991; Han-
sen et al. 1997). These constant conversion factors under-
estimate the biomass of small species and overestimate the
biomass of large species when compared to the empirically
derived C:voal relationship for dinoflagellates.

Comparison to C: vol relationships in other phylogenetic
groups—Strathmann (1967), Verity and Langdon (1984),
Putt and Stoecker (1989), and this study constitute the only
analyses that examined the C:vol relationship of a specific
phylogenetic group. The mgjority of C:vol analyses com-
bine data for mixed plankton from various phylogenetic
groups (Parsons et al. 1961; Mullin et al. 1966; Moal et al.
1987; Verity et al. 1992; Montagnes et al. 1994). We com-
bined data from these analyses and established C:vol rela
tionships for groups represented by four or more separate
measurements. For many groups, these are the first estimates



C to volume in protist plankton 575

Table 4. Results of model 1 least-squares regression of log,—transformed carbon (pgC) and volume (um?) data compiled from 1—
Parsons et a. (1961), 2—Mullin et a. (1966), 3—Strathmann (1966), 4—\Verity and Langdon (1984), 5—Moa et al. (1987), 6—Putt and
Stoecker (1989), 7—\Verity et al. (1992), 8—Montagnes et al. (1994), and 9—this study. Listed are the slope and y-intercept of the regression
equations, with slopes significantly different from zero marked * p = 0.05 or ** p = 0.001, the 95% confidence intervals, the square of
the correlation coefficient r, and n, the number of data points included. The cellular carbon content can be determined from volume based
on the equation log pgC cell-* = log a + b X log V (um?), where log a is the y-intercept and b is the slope.

Data log a 95% C.I. b 95% C.I. r2 n Reference
Protist plankton* —0.665 0.132 0.939** 0.041 0.96 91 1,2,4,5 79
Protist plankton <3,000 um? —0.583 0.158 0.860** 0.060 0.86 128 1-3,5,7-9
Diatoms -0.541 0.099 0.811** 0.028 0.97 94 1-3,5,8
Diatoms >3,000 um? —0.933 0.465 0.881** 0.093 0.94 26 1-3,5,8
Chlorophytes —1.026 0.343 1.088** 0.136 0.98 8 1,2,57,8
Chrysophytes —-1.694 0.854 1.218* 0.345 0.98 5 1,8
Dinoflagellates —0.353 0.287 0.864** 0.074 0.95 34 1,2,5 79
Prasinophytes —0.545 0.368 0.886** 0.199 0.96 4 7,8
Prymnesiophytes —0.642 0.490 0.899** 0.217 0.84 17 2,5,7,8
Loricate ciliates —0.168 0.322 0.841** 0.071 0.99 9 4
Aloricate ciliatest —0.639 0.984 6

* Excluding diatoms.

T Based on predicted C values using Putt and Stoecker’s (1989) regression equation.

of a C:vol regression equation. These C:val relationships
should be viewed with some caution. The data used were
collected by different investigators over the last 30 yr. There-
fore, differences in methods used to measure carbon and
volume may contribute to the observed variability. For ex-
ample, Parsons et al. (1961) and Mullin et al. (1966) used
wet oxidation, whereas more recent studies used dry com-
bustion methods, although the differences appear small (Par-
sons et al. 1961; Strathmann 1967). Furthermore, data for
both live and fixed cells were included in this analysis, this
could have affected the results. It has been shown that fix-
ation can alter cell volume, resulting in shrinking or swell-
ing. Fixation effects however, appear to be species specific,
and the magnitude and direction of cell volume change is
dependent on type and strength of fixative (e.g., Verity et a.
1992; Leakey et al. 1994; Montagnes et al. 1994; Stoecker
et a. 1994; Menden-Deuer, unpubl. data). Therefore, correc-
tions for fixation effects cannot be made reliably.

Phytoflagellates: Published data were combined to deter-
mine C:vol relationships for chlorophytes, cryptophytes,
chrysophytes, prasinophytes, and prymnesiophytes. Signifi-
cant regressions (i.e., slopes significantly different from
zero) were obtained for al but the cryptophytes (p < 0.05,
Table 4). Only the regressions for chrysophytes and chlo-
rophytes were significantly different from that for dinofla-
gellates (p < 0.05). The chrysophyte and chlorophyte re-
gressions were based on data from only three and two
different species respectively, and may not be reliable. Al-
though the available data are limited, they suggest that dif-
ferent classes of flagellates have similar C: vol relationships.
Further work on chlorophytes and chrysophytes is needed.

Diatoms. We examined whether dinoflagellates are more
carbon dense than diatoms based on the data used by Strath-
mann (1966) and some new values for diatoms (Moal et al.
1987; Montagnes et al. 1994). Strathmann (1967) observed
that his diatom C: vol relationship was significantly different

from the C:vol relationship for diatoms determined by Par-
sons et a. (1961) and Mullin et al. (1966). We combined all
available diatom data (Parsons et al. 1961; Mullin et a.
1966; Moal et al. 1987; Montagnes et al. 1994) and con-
trasted the resulting C:vol regression with Strathmann's
(1967); the two equations were significantly different (p =
0.001). The lower biomass prediction made by Strathmann’s
(1967) C:val regression is primarily due to data for asingle
species, D. brightwellii, which falls well below the regres-
sion line (his fig. 2). Strathmann (1967) suggested that his
volume estimate (cylinder) may have overestimated the vol-
ume for D. brightwellii, which is triangular in cross section.
We determined the volume of D. brightwellii as a triangular
bar based on Strathmann’s (1966) size data. Although this
decreases D. brightwellii’s volume by 50% and the data lie
closer to the regression, Strathmann’s (1967) diatom regres-
sion remains significantly different from the one for all other
diatoms (p = 0.018). When D. brightwellii is omitted from
the data set, the two C: vol relationships for diatoms no lon-
ger differ significantly. D. brightwellii shows a distinct de-
parture from the general C:vol relationship in diatoms that
cannot be explained by errors in volume estimation or meth-
odology. Allometry by necessity ignores inherent species-
specific variability in order to provide average estimates and
grounds for comparison. The example of D. brightwellii is
areminder that C: vol relationships are useful general trends
but that individual species can deviate significantly from the
general regression.

We determined a new C:vol regression based upon all
C:vol data available for diatoms omitting D. brightwellii
(Table 4). Compared to Strathmann’s (1967) equation, this
new C:vol regression predicted 20% less C for small dia-
toms (<30 um?®) and 5 to 60% more C as diatom volume
increases from 300 to 10° um?. Comparing our dinoflagellate
regression to the new C:vol relationship for diatoms, we
found that dinoflagellates are significantly denser than dia-
toms (p = 0.027). However, this was only the case for cells



576 Menden-Deuer and Lessard
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Fig. 4. C:vol relationships for loricate ciliates, determined by

Verity and Langdon (1984), for aoricate ciliates by Putt and Stoeck-

er (1989) and for dinoflagellates from this study. Regression statis-
tics are given in Tables 3 and 4.

larger than 3,000 um?; smaller dinoflagellates and diatoms
did not differ significantly in their carbon content.

Ciliates: Verity and Langdon (1984) measured carbon and
lorica volume in nine species of loricate ciliates. We esti-
mated cell volume using a conversion factor of 0.5
cell :lorica volume ratio (Beers and Stewart 1967) and de-
termined a C:vol regression for the log-transformed data
(Fig. 4, Table 4). Putt and Stoecker (1989) measured carbon
and volume in five species of aloricate oligotrichous ciliates.
As individual data values were not available, we predicted
carbon values using the regression equation determined by
Putt and Stoecker (1989, fig. 2b) for Lugol’s fixed cells over
the volume range of their studied species. We converted
fixed to live volumes using their average shrinkage of 22%
and log transformed the predicted values. Aloricate and lor-
icate ciliates differed in their C:vol relationships (Fig. 4,
Table 4). Whether this represents a true difference is not
known. The discrepancy between the two data sets may be
due to differences in methodology between the two studies,
or our method of data analysis (e.g., using a constant cell :
lorica volume ratio for the Verity and Langdon 1984 data,
predicting data for Putt and Stoecker’s 1989 cell volume).
Therefore, we compared our results for dinoflagellates to
aloricate and loricate ciliates separately. Neither the slope
nor y-intercept of the regression for loricate ciliates is sig-
nificantly different than that for dinoflagellates, suggesting
that loricate ciliates and dinoflagellates have similar carbon
densities. On the other hand, aloricate ciliates appear to have
an average 43% greater biomass (range 34-50%) than asim-
ilar sized dinoflagellate over the size range of 1.8 X 10* to
9.2 X 10* ums3. Comparisons of growth and grazing rates,
as well as nutritional value, are dependent upon accurate
carbon density estimates. Consequently, the discrepancy be-
tween loricate and aloricate ciliate C:vol and our inability
to resolve whether dinoflagellates and ciliates have similar
or different carbon biomass emphasizes the need to empiri-

6
@ loricate ciliates o
5 1 @ dinoflagellates
A chlorophytes
4 4  prymnesiophytes
o v chrysophytes
8 - O cyanophytes
5 % 31 ¢ prasinophytes
g o O cryptophytes
g L:D 2 O rhaphidophytes
o .
%D K=Y diatoms
p— 1 B
0 o9
-1

log cell volume (um?)

Fig. 5. C:vol relationship for diatoms compared to the one ob-
tained for other protist plankton, determined using data from Par-
sons et al. 1961; Mullin et al (1966); Strathmann (1967); Verity and
Langdon (1984); Moal et al. (1987); Verity et a. (1992); Montagnes
et a. (1994), and this study. Data for aoricate ciliates (Putt and
Stoecker 1989) were excluded from regression analysis. Regression
statistics are given in Tables 3 and 4.

cally determine the C:vol relationship(s) for more species
of ciliates over a wider size range.

One C:vol relationship for protist plankton other than
diatoms—Strathmann (1967) first attempted to determine a
single C:voal relationship for phytoplankton but concluded
that diatoms were significantly less carbon dense than a mix
of 14 phytoflagellates measured by Parsons et al. (1961) and
Mullin et a. (1966). Strathmann (1967) cautioned that the
observed differences may be investigator-based and might
not reflect true biological differences. Available C:vol data
from regression studies for marine protist plankton (exclud-
ing Putt and Stoecker 1989) were combined to reexamine
this result and to determine if a single regression could rea-
sonably well describe one C:vol relationship for al non-
diatom protist plankton. Combining C:vol data for protist
plankton (excluding diatoms) from these studies with our
dinoflagellate data yields a significant C: vol relationship ex-
pressed by the equation log pgC cell-* = —0.665 + log vol
X 0.939 r2 = 0.96, (Fig. 5, Table 4). It is noteworthy that
the limited data reported for small heterotrophic flagellates
fell well within the range of this relationship (Bgrsheim and
Bratbak 1987; Geider and Leadbeater 1988; Nakano 1994,
Pelegri et al. 1999). The two values for cyanobacteria from
Verity et al. (1992) also appear to agree well with the general
trend (Fig. 5). Bearing in mind the limitations of combining
data from many studies, we suggest that by using a large
data set that covers a broad size range, particular concerns
(fixation, differences in methodology) will have only a min-
imal effect on the magnitude of the regression coefficients.
For instance, predictions for cell carbon in non-diatom pro-
tists based on regressions that include or exclude fixed data
were on average less than 5% different. Thus, the C:vol
conversion equation can be used to predict carbon content
based on live as well as fixed cell volume data.
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Fig. 6. C and N density (pg wm=3) decreased significantly (p
= 0.01) with increasing cell volume. Solid line represents line of
best fit and dashed lines are 95% confidence intervals.

The regression for protist plankton is significantly differ-
ent from the one for diatoms (p < 0.0001, Fig. 5), which
supports Strathmann’s (1967) suggestion that diatoms are
significantly less carbon dense than other plankton and
should be treated separately. However, this differenceis only
significant for species with volumes greater than 3,000 pm?
(ESD = 17 wm); there is no significant difference between
the C:val relationships for diatom and non-diatom species
smaller than 3,000 wm?3. We can only suggest possible rea-
sons for the divergence between diatom and other plankton
(e.g., vacuole size, silica vs. organic cell covering), but the
fact that it does not seem to apply to smaller cells should
be investigated further.

The result that plankton biomass can be estimated using
only two C:val relationships for mixed plankton, one for
diatoms and one for taxonomically diverse protist plankton,
could benefit plankton studies and ecosystem modeling. De-
pending on the aim of the investigation, taxonomic analysis
of plankton samples could be minimized to distinguishing
between diatom and non-diatom species, therefore decreas-
ing labor-intensive microscopic analysis. If the focus of the
study is on the <3,000 um? size range, one C:vol equation
could be used to determine plankton biomass (Table 4). Fur-
thermore, these conversion equations could simplify and im-
prove model applications, reducing the parameters necessary
to accurately simulate development and fluxes of carbon bio-
mass.

Density is size dependent—Our analysis showed that nei-
ther C nor N was a constant fraction of cell volume in di-
noflagellates (Fig. 6), but rather decreased with increasing
cell volume (i.e., the slopes of the C:vol and N:vol rela
tionships are significantly <1, p = 0.0009 and p = 0.018,
respectively). Size dependency of carbon density was first
reported by Mullin et al. (1966) and can be shown for many
C:vol analyses for plankton (Parsons et a. 1961; Strath-
mann 1967; Verity and Langdon 1984; Moal et al. 1987,
Verity et al. 1992.) and even echinoderm eggs (Strathmann

and Vedder 1977). However, some studies report constant
carbon density irrespective of cell size (Rocha and Duncan
1985; Putt and Stoecker 1989; Montagnes et al. 1994; Pe-
legri et a. 1999). Rocha and Duncan (1985) collected data
for freshwater plankton, which may have a different density
relationship than marine plankton; the authors also report a
weak dependence of density on size, after adding new data
points to their original data. Putt and Stoecker (1989) ana-
lyzed ciliates spanning only 1 order of magnitude in size,
and it may be that this range is insufficient to observe size-
dependent effects of density. Montagnes et al. (1994) ob-
tained a C:vol regression with a slope not different from
one using microscopically measured live volumes. However,
the slope of the regression using live volumes measured with
a Coulter Counter is significantly less than one (p = 0.007).
Since both methods of volume measurement have inaccu-
racies, this data set appears inconclusive with respect to size
dependence of carbon density. Pelegri et al. (1999) report
slopes both equal to and significantly different from one for
different subsets of their data. The analysis of Pelegri et al.
(1999) is largely based on bacteria, however, which may
have different C:vol relationships than eukaryotic organ-
isms.

When all C:vol data for protist plankton were combined,
carbon density decreased significantly with increasing vol-
ume (p < 0.003) (Fig. 5, Table 4). Moa et al. (1987) ob-
served a similar trend for a wide range of other cellular
components such as chlorophyll a (Chl a), protein, and car-
bohydrates. It is likely that carbon density decreases due to
changes in the relative contribution of cellular components
such as membranes, nuclear material, organelles, and vacu-
ole space. The latter has been suggested by Verity et al.
(1992), who proposed that smaller cells contain less cellular
water. The contribution of membrane material to the total
volume should decrease significantly with increasing cell
size, using the scaling argument by Raven (1994). The vol-
ume occupied by the surface membrane of 5-nm thickness
(Alberts et al. 1989) is over 2% of the total volume in the
smallest cell (1.3 wmd), but only 0.01% for the largest cell
(6 X 10¢ wmd) for data shown in Fig. 5. Therefore, the pro-
portion of a dense cellular component such as the surface
membrane, which contains over 70% C (Reuter and Perdue
1984), decreases by 2 orders of magnitude over this size
range. In order to make quantitative estimates of the signif-
icance of this observation, the relative contribution of other
dense cellular components, such as DNA, plastids, and pig-
ments, to total cellular content needs to be examined. Al-
though we can only speculate on the biological function of
size-dependence in density (i.e., metabolic constraints, buoy-
ancy), the data and theoretical consideration are a clear dem-
onstration that the application of a constant C:vol conver-
sion factor over a large size range will significantly affect
the predicted biomass. For example, Hansen et al. (1997)
analyzed growth rates of heterotrophic dinoflagellates with
respect to volume, implicitly assuming constant density.
Hansen et al.’s volume to growth rate relationship has a slope
of —0.26; reanalyzing their data by converting volume to C
biomass using our regression for dinoflagellates results in a
much greater decline in expected growth rate with increasing
size (slope of —0.31).
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Conclusions

Our results show that dinoflagellate carbon density was
higher in photosynthetic and thecate dinoflagellates than in
heterotrophic and athecate dinoflagellates, but that these dif-
ferences were relatively small and dinoflagellate cell carbon
can be determined from a single regression equation. The
reexamination of available data for other phylogenetic protist
groups indicated that most groups, except diatoms, have sim-
ilar carbon to volume relationships. Therefore, we estab-
lished two C:vol relationships for protist plankton, one for
taxonomically diverse protist plankton and one for diatoms.
These comprehensive relationships can serve to simplify
methodology and analysis of experimental and model sim-
ulations of ecosystem biomass rates and fluxes. The under-
lying reasons explaining why the C: vol relationship for di-
atoms is distinct from other phylogenetic groups deserve
further study. The available data for some groups (chloro-
phytes, chrysophytes, ciliates, and heterotrophic nanoflagel-
lates) is sparse, and there is need to examine more species
over a larger size range in each of these groups to confirm
whether or not they are different. Our results show that car-
bon (and nitrogen) density change with cell size and em-
phasize that an inappropriate use of a constant C:vol con-
version will underestimate the biomass of small cells and
overestimate the biomass of large cells.
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