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Protists decrease in size linearly with temperature:
ca. 2.5% °C�1
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An inverse relationship between organism size and rearing temperature is widely observed in ectotherms
(‘the temperature–size rule’, TSR). This has rarely been quantified for related taxa, and its applicability
to protists also required testing. Here, we quantify the relationship between temperature and mean cell
volume within the protists by a meta-analysis of published data covering marine, brackish water and
freshwater autotrophs and heterotrophs. In each of 44 datasets, a linear relationship between temperature
and size could not be rejected, and a negative trend was found in 32 cases (20 gave significant negative
regressions, p � 0.05). By combining 65 datasets, we revealed, for each 1 °C increase, a cell-size reduction
of 2.5% (95% CI of 1.7–3.3%) of the volume observed at 15 °C. The value did not differ across taxa
(amoebae, ciliates, diatoms, dinoflagellates, flagellates), habitats, modes of nutrition or combinations of
these. The data are consistent with two hypotheses that are capable of explaining the TSR in ectotherms
generally: (i) resource, especially respiratory gas, limitation; and (ii) fitness gains from dividing earlier as
population growth increases. Using the above relationship we show how changes in cell numbers with
temperature can be estimated from changes in biomass and vice versa; ignoring this relationship would
produce a systematic error.

Keywords: cell size; primary production; protozoa; phytoplankton; model

1. INTRODUCTION

The widespread ecological and economic implications of
organism size are well known (Peters 1983; Calder 1984;
Schmidt-Nielsen 1984; Brown & West 2000). In protists,
for example, size affects sedimentation rate, feeding press-
ures from zooplankton, ability to capture prey and meta-
bolic rate (Sournia 1982; Raven & Kubler 2002). Cell size
also correlates with protist production, as production rate
can be determined as the product of biomass and specific
growth rate, �.

As protists play important roles in virtually all aquatic
environments, assessing the impact of temperature on pro-
tist production is essential to understanding the func-
tioning of many ecosystems. However, while the effects of
temperature on growth and grazing are well established
(e.g. as Q10 values; Eppley 1972; Hansen et al. 1997), size
changes are rarely considered in ecological models of pro-
duction (Montagnes & Lessard 1999; Brush et al. 2002).
To establish parameter values for models of production,
the relationship between the size of a wide range of protists
and ambient temperature needs to be assessed compre-
hensively and quantitatively.

In the temperature range normally encountered by a
genotype or population of an ectothermic species (zone N,
figure 1), there is usually an inverse relationship between
rearing temperature and final body size (the ‘temperature–
size rule’, TSR; Atkinson 1994; Atkinson & Sibly 1997).
Inverse-size responses were observed, for example, in 83%
of 109 datasets (Atkinson 1994), which included bacteria,
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protists, metazoa and metaphyta. An inverse relationship
has also been commonly observed between temperature
and metazoan cell size (Azevedo et al. 2002) and offspring
size (Atkinson et al. 2001).

However, a simple pattern of size response, such as the
TSR, can be hard to detect, even under controlled experi-
mental conditions. For example, at low sublethal tempera-
tures (zone L, figure 1) a further decrease can cause a
reduction in size. This occurs below 10 °C for the ciliate
Euplotes balteatus, which is presumably adapted to the
higher temperatures of Florida, from where it was col-
lected (Lee & Fenchel 1972). Such effects are most likely
to occur under conditions that are so cool that population
growth is prevented. At high sublethal temperatures (zone
H, figure 1), a wide range of responses has been observed
(between lines I and II, figure 1). For instance, in some
diatoms, vegetative enlargement occurs at high tempera-
tures (line I, figure 1) to increase viability without
inducing sexual reproduction (see Gallagher 1983; Nagai
et al. 1995; Montagnes & Franklin 2001). However,
reductions in size (line II, figure 1) may be more common
for ectotherms at high temperatures, as resource avail-
ability fails to keep up with increased metabolic demands,
as enzymes become denatured and/or as membranes
undergo phase transitions (Cossins & Bowler 1987;
Criddle et al. 1997). At high sublethal temperatures, the
usual increase in specific growth rate with temperature can
be reversed, as occurred concomitantly with vegetative
enlargement in a study of Coscinodiscus sp. (Montagnes
& Franklin 2001). Quantitative comparisons between
datasets will, therefore, be confounded if extreme
temperatures (zones L and H, figure 1) are included in
some studies but not in others. In this study we used
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Figure 1. Plasticity of maximum size in response to rearing
temperature in ectotherms: a proposed general relationship.
At extremely low temperatures (zone L), size increases with
increasing temperature. In the thermal range normally
encountered by a population or genotype (zone N), an
inverse relationship between size and temperature is
expected. At extremely high temperatures (zone H) the
response is more variable, and size may increase (line I) or
decrease (line II) with increasing temperature. See § 1 for
further discussion.

population-growth criteria to exclude extreme tempera-
tures (see § 2), and thus focused on zone N (figure 1),
where a constant inverse response was sought.

Early studies of protist species found a phenotypically
plastic size response, which was usually inversely related
to temperature (reviewed in Atkinson 1994). More
recently, an inverse relationship was observed in several,
but not all, diatoms studied by Montagnes & Franklin
(2001), yet other studies on various protists have found
either a positive relationship or no clear size response to
temperature (Baldock et al. 1980; Thompson et al. 1992).

This paper, therefore, seeks to establish the extent to
which inverse or positive temperature–size relationships
occur, and the shape of these relationships, by a
meta-analysis of published data covering a diverse range
of marine, brackish water and freshwater autotrophs and
heterotrophs. From this analysis we derive a single
predictive relationship that should improve our ability to
predict protist production. Finally, we suggest two poss-
ible reasons for this response that could apply widely to
protists and other ectotherms.

2. MATERIAL AND METHODS

Data on size responses to temperature were extracted from
tables or enlargements of figures in the published literature. To
avoid confounding effects of other factors, such as light, nutri-
ents and predation, we excluded studies in which temperature
was not varied independently of other variables. Cases of obvi-
ous resource limitation were excluded. Only measurements of
cell size made during the log growth phase were used, and when
a range of conditions was studied, those giving maximum growth
rate were selected. Extreme low temperatures were excluded by
accepting data only where the specific growth rate was greater
than 0. Extreme high temperatures were excluded by accepting
data only where the specific growth rate did not decline with
temperature. This method for eliminating extreme values
accounted for differences in thermal tolerances between species,
and, by selecting a temperature-limited growth range, avoided
temperatures at which severe resource limitation occurred.

To allow comparison between studies, data were converted
to cell volumes (µm3) by assuming standard geometric shapes
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(Hillebrand et al. 1999; Montagnes & Franklin 2001) or, where
size measurements were unavailable, by using conversion factors
from dry weights or cell carbon (Gates et al. 1982; Montagnes
et al. 1994).

The linearity of the relationship between cell volume and tem-
perature was tested using iterative curve-fitting software
(Sigmaplot v. 5, SPSS, Chicago, IL) to fit a three-parameter
power equation to the data as follows:

V = aØb � c,

where V is the volume of a cell, Ø is the temperature (°C) and
a, b and c are constants. We used t-tests to examine whether the
predicted exponent b significantly differed from unity (Zar 1974;
Montagnes & Lessard 1999; Montagnes & Franklin 2001).
When a linear relationship could not be rejected, linear
regression techniques were used to fit straight lines between the
cell volume and temperature—testing for significant slopes using
t-tests. The regression coefficient or slope, a, was the thermal
sensitivity of cell volume.

Then, to obtain a single predictive relationship for all datasets
for which a regression coefficient could be calculated, we scaled
the data; this took account of the 2300-fold variation in mean
volume. To achieve this we divided the regression coefficient, a,
for each dataset by the cell volume predicted for a common ref-
erence temperature (15 °C, V15) from the same dataset. This
reference temperature (15 °C) was chosen so as to be within
the temperature ranges of as many studies as possible to allow
estimation of each reference cell volume by interpolation of each
fitted straight line.

The effects of mode of nutrition (‘trophy’: heterotrophy,
autotrophy) and salinity (freshwater, brackish, marine) on a/V15

were examined using a general linear model (GLM; Minitab v.
13.2, Minitab Inc.). Some of the five major taxonomic groups
in the total dataset were largely or totally confined to particular
salinities or modes of nutrition (e.g. the diatoms and dinoflagel-
lates were mainly marine autotrophs; all amoebae were
heterotrophs), producing strong associations between taxon and
salinity and/or mode of nutrition. The effect of ‘taxon’
(amoebae, ciliates, diatoms, dinoflagellates, other flagellates)
was therefore examined in a separate GLM. Mean (± 1 s.e.) rela-
tive thermal sensitivities of the cell volume were calculated for
each combination of taxon, salinity category and mode of
nutrition (ecological taxonomic category). To ensure that appar-
ent differences between categories did not rely on datasets
derived from single studies, whose species would have experi-
enced similar experimental regimes, a GLM was performed to
compare relative thermal sensitivities among those ecological
taxonomic categories whose datasets were derived from more
than one study, with ‘study’ nested within the ecological taxo-
nomic category.

3. RESULTS

Forty-four datasets showing size responses to tempera-
ture contained sufficient data points (n = 4 or more) to
allow tests for curvilinearity. It was not possible to reject
statistically a linear regression model in favour of a curvi-
linear model for any of these datasets (all p � 0.05).
Twenty of these regressions showed a significant negative
linear relationship between cell volume and temperature,
and one showed a significant positive relationship (see
electronic Appendix A available on The Royal Society’s
Publications Web site).
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Figure 2. The relationship between protist cell volume and
temperature. (a) Each of the 455 measurements from 72
datasets is expressed as the difference from the volume at
15 °C (V15) divided by V15 in the respective dataset.
Temperature is expressed as the difference from 15 °C (see
electronic Appendix A). Data from Thompson et al. (1992)
(see § 3 for further discussion) are represented by solid
triangles. (b) The distribution of relative thermal sensitivities
of cell volume (a/V15 = regression coefficient of cell volume
against temperature, divided by cell volume at 15 °C). Each
of the 72 regression lines is constrained to pass through the
origin. Regression lines from Thompson et al. (1992) are
represented by dotted lines (see § 3 for further discussion).

All the datasets for which a (linear) regression coef-
ficient could be calculated and that included 15 °C were
then examined to assess whether a general relationship
existed. This increased the number of datasets to 72, com-
prising 455 data points. The regression coefficients were
more steeply negative for larger species, but became inde-
pendent of log species size when divided by V15 in the
respective datasets (F1,68 = 0.20, p = 0.66). The mean
(± s.e.) relative thermal sensitivity of cell volume (a/V15)
for the 72 datasets was –0.020 °C�1 (± 0.004). This value
changed to –0.023 °C�1 (± 0.004) when the regression
coefficients were weighted by the number of data points
used to calculate each one (see electronic Appendix A).
The relationship between relative thermal sensitivity of
cell volume and temperature for all datasets (figure 2a)
did not deviate from linear (p � 0.4).

The significant positive regression (a/V15 = 0.070) and
five of the non-significant positive trends came from a sin-
gle study, which differed from the others in that, appar-
ently, more air was bubbled into vessels as the temperature
increased (Thompson et al. 1992, see § 4). Exclusion of
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data from this study changed the mean (± s.e.) relative
thermal sensitivity of cell volume to –0.025 °C�1 (± 0.004)
(unweighted data) and –0.026 °C�1 (± 0.003) (weighted
data) for the remaining 65 datasets.

The mean (± s.e.) relative thermal sensitivity of cell vol-
ume of the 20 datasets that gave significant linear negative
regressions was –0.040 (± 0.006) °C�1.

There were no significant effects of salinity, trophy,
salinity × trophy interaction or taxonomic group on a/V15

(GLM, p � 0.27 for each factor and for the interaction).
The mean relative thermal sensitivities were negative for
11 out of the 12 ecological taxonomic categories (figure
3). The other category (heterotrophic freshwater
amoebae) showed relative insensitivity to temperature,
and was based on a single study (figure 3). The three mar-
ine autotrophic taxa whose relative thermal sensitivities
were derived from more than one study (figure 3) did not
differ in their relative thermal sensitivities (GLM,
F2,16 = 0.44, p = 0.65).

4. DISCUSSION

(a) The nature of the temperature–size
relationship

We have quantified an inverse relationship between cell
volume and temperature in a wide variety of aquatic pro-
tists: for every 1 °C increase, cells reduce in volume by ca.
2.5% of their cell volume at 15 °C.

This inverse relationship is consistent with the TSR,
which applies to body size in ectotherms generally
(Atkinson 1994; Atkinson & Sibly 1997) and may also
apply to the sizes of metazoan cells (Atkinson 1994;
Azevedo et al. 2002). However, few attempts have been
made to quantify this relationship for groups of species
(Chrzanowski et al. 1988; Montagnes & Franklin 2001).
The present analysis appears to be the first study to derive
a single predictive relationship that can be applied to
diverse protist taxa, both autotrophic and heterotrophic,
from various aquatic habitats. Such a relationship could
be usefully incorporated in some ecosystem simulation
models, and its recognition is a first step towards address-
ing its underlying causes.

The size responses appeared to be mainly caused by
phenotypic plasticity rather than evolutionary change
because most studies used either single clones or measure-
ments made after only a few days at the experimental tem-
peratures. Furthermore, a straight-line fit between cell
volume and temperature appears to describe the relation-
ship well for most species. While deviations from linearity
were not expected in datasets with only a few points, the
lack of deviation in any of the 44 datasets, including some
with 25 points (see electronic Appendix A), or in the com-
bined dataset supports the case that the relationship is
generally linear.

To produce a single predictive relationship for all the
protists, we chose cell volume at 15 °C as the reference
value by which thermal sensitivities of volumes were div-
ided. Another approach, used by Montagnes & Franklin
(2001), is to divide the regression coefficient of cell vol-
ume against temperature by the mean cell volume of the
respective dataset. Our use of volume at a single reference
temperature has two advantages over the use of mean cell
volume. First, the value of mean cell volume depends on
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Figure 3. Mean (± s.e.) relative sensitivities of cell volume to temperature for all studies combined and for each of the 12
ecological taxonomic categories. The relative thermal sensitivity for each dataset was calculated as the regression coefficient of
cell volume against temperature divided by the cell volume at a reference temperature (15 °C). The numbers of data points,
numbers of datasets and numbers of studies contributing to the data in each category are shown. Abbreviations: F, freshwater;
B, brackish; M, marine; aut, autotrophic; het, heterotrophic.

the choice of temperatures used in the experiment, and
some studies may have had treatments mainly near one or
other end of a species’ thermal range (figure 1): a/Vmean

is therefore a reference value that can vary simply with
the choice of temperatures used in the different studies.
Second, it is more pragmatic (in terms of time and
resources) to predict the rate of production of a particular
protist community when measurements need be made at
only a single temperature, rather than over several tem-
peratures to derive a mean. Despite these differences in
the calculation of thermal sensitivity of cell volume, the
means (± s.e.), estimated to the nearest 0.1%, were indis-
tinguishable.

The mean relative thermal sensitivity of cell volume for
the 20 datasets that showed significant (p � 0.05) negative
regression coefficients was 4.0% (± 0.6%) of the reference
cell volume °C�1. This value is similar to the 3.9%
(± 0.8%) obtained by Montagnes & Franklin (2001) with
a smaller sample (five diatoms and two flagellates). A
negative trend was observed in 32 out of the 44 datasets,
but the lack of a significant regression in more than half
of the total datasets reduced the overall mean thermal sen-
sitivity of cell volume. The lack of a significant relationship
may reflect variation in the responses to temperature, or
in some cases could have been caused by the inclusion of
extreme low or high temperatures, which generate unusual
responses (figure 1). Our use of specific growth rate to
exclude extreme temperatures could not guarantee that all
unnaturally low and high temperatures were excluded.

To derive predictive parameter relationship(s) for cell-
volume sensitivity to temperature that could be applied to
protists more generally, we included all studies for which
an average regression coefficient could be calculated. The
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total sample of 455 data points from diverse taxa with dif-
fering modes of nutrition and habitats showed on average
a reduction of 2.0% of cell volume at 15 °C per 1 °C.
However, with the removal of one study, in which the rate
of air bubbling appears to have been increased with
increased temperature (see § 4b), this value changed to
2.5% (95% CI of 1.7–3.3%). The value that best reflects
the overall reduction in size with temperature will depend
on the extent to which experimental error or the inclusion
of unnaturally low or high temperatures altered the
regression coefficients in the datasets. The mean relative
thermal sensitivity of cell volume did not differ signifi-
cantly (p � 0.05) between ecological categories (salinities,
modes of nutrition) or among the five taxonomic groups.
Neither did it vary across the three categories of marine
autotrophs whose datasets were derived from more than
one study.

As the number of studies contributing to the datasets of
individual ecological taxonomic groups was small (seven
categories contained data from just single studies), it was
not possible to distinguish real differences between eco-
logical taxonomic groups from differences caused by vari-
ations in experimental protocols between individual
studies. Therefore, more studies are required to determine
any differences between ecological taxonomic groups.

The cell-volume change appears to be a response to
temperature in all taxa, even in diatoms whose cells typi-
cally decrease in size with successive cell cycles irrespective
of temperature (Edlund & Stoermer 1997). The idea that
the inverse relationship in diatoms arose solely from the
completion of more cell cycles at increased temperatures
was evaluated by Montagnes & Franklin (2001); they
found no evidence to support it from their experiments.
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(b) What causes the temperature–size
relationship?

Several causes of the inverse relationship between
organism size (including protist cell size) and temperature
have been proposed, yet no single explanation is widely
accepted (Atkinson 1994; Atkinson & Sibly 1997; Mon-
tagnes & Franklin 2001).

The possibility that the decrease in cell size with
increasing temperature is an adaptation to reduce sinking
rate could apply to planktonic protists, but cannot be
applied to ectotherms in general (Atkinson 1994). This
hypothesis has recently been evaluated quantitatively by
applying Stokes’ law to diatom data, but no differences in
response to temperature were found between planktonic
and benthic species (D. Franklin, personal
communication). Next, we discuss two other hypotheses
with potentially widespread application for which our
analysis provides suggestive, rather than conclusive, evi-
dence.

The first hypothesis assumes that the ratio of supply to
potential consumption of limiting resources (e.g. energy,
oxygen for heterotrophs, carbon dioxide or oxygen for
autotrophs, nitrogen, phosphorus) is reduced by increased
temperature; a reduced size can then compensate for this
since resources can be acquired, and used in growth, more
effectively in smaller than in larger cells (Margalef 1954;
Von Bertalanffy 1960; Atkinson & Sibly 1996, 1997;
Raven 1998; Woods 1999). An increased temperature
reduces the concentrations of dissolved oxygen and car-
bon dioxide in water, and their rates of diffusion are rela-
tively insensitive to warming (Q10 ca. 1–2). By contrast,
unrestrained metabolism is generally more sensitive to
warming (Q10 ca. 2–3) (Von Bertalanffy 1960; Woods
1999), which in autotrophs could increase the need for
active uptake of carbon. Consequently, at an increased
temperature the supply of these gases to the cell surface
is reduced relative to the increased potential demand.
Thus, at increased temperature, rate of diffusion, being
relatively insensitive to temperature, could limit the rate at
which these gases are replenished in the water immediately
surrounding the cells. If other resources are limiting, tem-
perature will again have little direct effect on their acqui-
sition, but warming will still increase the rate at which
resources are needed for both routine metabolism and for
achieving maximum growth rate. Hence, warming will
increase the demand for resources. One way to compen-
sate for this is to reduce size, and hence increase the ratio
of surface area (for resource uptake) to metabolizing cell
mass.

Margalef (1954) did not consider this hypothesis to be
important for the chlorophyte Scenedesmus obliquus
because the ratio of oxygen assimilation to respiration
declined with increased temperature despite the reduction
in cell size. However, this merely begs the question, by
how much more would the ratio have declined if cell size
had not reduced?

In contrast to the conclusion of Margalef (1954), an
observation from our data analysis suggests that excep-
tions to the TSR may be generated if these resource limi-
tations are removed or reduced. Specifically, we
discovered only one study (Thompson et al. 1992) that
reported adjusting the rate at which air was bubbled
through experimental flasks to maintain a constant pH,
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thereby preventing carbon limitation, which would other-
wise have been likely since the cultures had 24-hour
illumination. This study also produced the only significant
positive regression between cell volume and temperature
(for the diatom Phaeodactylum tricornutum) and five other
positive (though not significant) trends (see electronic
Appendix A). We assume that the delivery of air bubbles
through the water body was increased with increased tem-
perature to replenish carbon dioxide faster at the higher
temperatures, thus compensating for faster consumption.
Thus, we suggest that, by delivering air bubbles faster to
the cells, the experimenters would have maintained the
partial-pressure gradient in the immediate vicinity of the
cell surfaces.

If the demand for a resource is generally more sensitive
to temperature than is the supply of that resource, this
would then cast doubt on the assumption that resources
are non-limiting at all temperatures, both in experiments
and in the field. Merely providing and maintaining a sur-
feit of food and nutrients may not actually prevent limi-
tation of all resources (e.g. respiratory gases) at increased
temperature. This argument implies, for instance, that air
bubbling per se may not always maintain a non-limiting
supply at the cell surface, and may need to be accelerated
with increased temperatures. The same principle applies
in the field: even when the growth of a heterotroph is not
food-limited at any temperature, oxygen limitation is more
likely at increased temperature. Even if increased tempera-
ture yields daytime supersaturation of oxygen owing to
photosynthesis, the hypothesis predicts that without a size
reduction these heterotrophs could be oxygen limited dur-
ing warm nights owing to increased net oxygen consump-
tion in the habitat.

A second hypothesis to account for the inverse tempera-
ture–size relationship in protists is derived from evolution-
ary theory. Rapid reproduction is typically advantageous.
However, there is additional selection for earlier repro-
duction (completion of cell cycle in protists), which
increases as population growth increases, since offspring
‘born’ early will form a larger fraction of the total popu-
lation than those born later, and hence will have a higher
Darwinian fitness (Lewontin 1965). This has been called
the ‘compound interest hypothesis’ owing to its parallel
with putting money quickly into a high-interest account
to accumulate compounding interest (Stearns 1976;
Atkinson 1994). This accelerated completion of the cell
cycle will occur even at the expense of cell size.

When resources are abundant and densities are low, an
increase in temperature in the range normally encountered
will increase population growth. This increase was found
in all our datasets because we accepted, as a way of
excluding thermal extremes, only positive growth rates
that increased with temperature. Thus, the reduction in
cell size at increased temperatures that we observed could
be an adaptive plastic response to conditions that indicate
increasing population growth rate.

(c) A potential application of the temperature–size
relationship

The inverse relationship between size and temperature
will extend the predictions made by some dynamic eco-
system simulation models of aquatic primary production.
Many such models begin with the calculation of the
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maximum attainable daily rate of production from forced
environmental variables, most commonly temperature
(Brush et al. 2002; Moisan et al. 2002). This maximum
rate of production is then reduced by factors that prevent
the phytoplankton from realizing this hypothetical
maximum, such as day length, light intensity and nutrient
concentrations (Brush et al. 2002). Simulation models
commonly use formulations for the response of maximum
specific growth rate to temperature, such as the ‘Eppley
curve’ (Eppley 1972) or modifications of this for particular
ecosystems or taxa (Brush et al. 2002; Moisan et al. 2002).
The production rate can then be determined as the pro-
duct of biomass and specific growth rate. However,
biomass is the product of cell number and specific cell
mass. Assuming that the cell volume : cell mass ratio is
temperature-invariant, then the temperature–size relation-
ship provides a quantitative link between (i) temperature
effects on maximum production, and (ii) temperature
effects on maximum numbers. Thus the temperature–size
relationship may be applied to predict changes in cell
numbers with temperature from biomass estimates made
at several temperatures and cell numbers at one tempera-
ture. Moreover, if the temperature–size relationship is
ignored, predictions of temperature effects on production
based on a biomass estimate at a single temperature and
cell numbers at several temperatures would overestimate
potential production by ca. 2.5% of that at 15 °C with
every 1 °C increase in temperature. Of course, this argu-
ment applies to short-term warming or cooling at parti-
cular locations. By contrast, comparisons over large
geographical distances (e.g. poles versus tropics) or time-
scales (e.g. winter versus summer) will be influenced more
by changes in species composition than by phenotypic
plasticity.

In conclusion, we have established that an inverse
relationship between protist cell size and temperature,
resulting mainly from a plastic phenotypic response, is
widespread. We have quantified this relationship, and
found that it does not differ among diverse taxa, habitats
or modes of nutrition. The relationship has the potential
to improve predictions in some aquatic-ecosystem simul-
ation models. The data are consistent with two hypotheses
that are capable, in principle, of explaining the TSR in
ectotherms in general. The extents to which resource limi-
tation and ‘compound interest’ affect the temperature–size
relationship in protists will determine when our broad
2.5% prediction should be applied, and when and how it
should be modified. It is, therefore, ecologically important
that these hypotheses are tested.

The authors thank H. Bustamante for her care in the initial
collation and screening of many of the datasets. The work was
partly funded by Small Ecological Project grant no. 1937 from
the British Ecological Society.

REFERENCES

Atkinson, D. 1994 Temperature and organism size—a biologi-
cal law for ectotherms? Adv. Ecol. Res. 25, 1–58.

Atkinson, D. & Sibly, R. M. 1996 On the solutions to a major
life history puzzle. Oikos 77, 359–365.

Proc. R. Soc. Lond. B (2003)

Atkinson, D. & Sibly, R. M. 1997 Why are organisms usually
bigger in colder environments? Making sense of a life history
puzzle. Trends Ecol. Evol. 12, 235–239.

Atkinson, D., Morley, S. A., Weetman, D. & Hughes, R. N.
2001 Offspring size responses to maternal temperature in
ectotherms. In Environment and animal development: genes,
life histories and plasticity (ed. D. Atkinson & M. Thorndyke),
pp. 269–285. Oxford: BIOS Scientific.

Azevedo, R. B. R., French, V. & Partridge, L. 2002 Tempera-
ture modulates epidermal cell size in Drosophila melanogaster.
J. Insect Physiol. 48, 231–237.

Baldock, B. M., Baker, J. H. & Sleigh, M. A. 1980 Laboratory
growth rates of six species of freshwater Gymnamoebia.
Oecologia 47, 156–159.

Brown, J. H. & West, G. B. (eds) 2000 Scaling in biology.
Oxford University Press.

Brush, M. J., Brawley, J. W., Nixon, S. W. & Kremer, J. N.
2002 Modeling phytoplankton production: problems with
the Eppley curve and an empirical alternative. Mar. Ecol.
Prog. Ser. 238, 31–45.

Calder III, W. A. 1984 Size, function and life history. Cam-
bridge, MA: Harvard University Press.

Chrzanowski, T. H., Crotty, R. D. & Hubbard, G. J. 1988 Sea-
sonal variation in cell volume of epilimnetic bacteria.
Microbial Ecol. 16, 155–163.

Cossins, A. R. & Bowler, K. 1987 Temperature biology of ani-
mals. London: Chapman & Hall.

Criddle, R. S., Smith, B. N. & Hansen, L. D. 1997 A respir-
ation based description of plant growth rate responses to
temperature. Planta 201, 441–445.

Edlund, M. B. & Stoermer, E. F. 1997 Ecology, evolution, and
systematic significance of diatom life histories. J. Phycol. 33,
897–918.

Eppley, R. W. 1972 Temperature and phytoplankton growth
in the sea. Fish. Bull. 70, 1063–1085.

Gallagher, J. C. 1983 Cell enlargement in Skeletonema costatum
(Bacillariophyceae). J. Phycol. 19, 539–542.

Gates, M. A., Rogerson, A. & Berger, J. 1982 Dry to wet
weight biomass conversion constant for Tetrahymena elliotti
(Ciliophora, Protozoa). Oecologia 55, 145–148.

Hansen, P. J., Bjornsen, P. K. & Hansen, B. W. 1997 Zoo-
plankton grazing and growth: scaling within the 2-2,000 µm
body size range. Limnol. Oceanogr. 42, 687–704.

Hillebrand, H., Durselen, C. D., Kirschtel, D., Pollingher,
U. & Zohary, T. 1999 Biovolume calculation for pelagic and
benthic microalgae. J. Phycol. 35, 403–424.

Lee, C. C. & Fenchel, T. 1972 Studies on ciliates associated
with sea ice from Antarctica. II. Temperature responses and
tolerances in ciliates from Antarctic, temperate and tropical
habitats. Arch. Protistenk. Bd. 114, 237–244.

Lewontin, R. C. 1965 Selection for colonizing ability. In The
genetics of colonizing species (ed. H. G. Baker & G. L.
Stebbings), pp. 77–91. New York: Academic.

Margalef, R. 1954 Modifications induced by different tempera-
tures on the cells of Scenedesmus obliquus (Chlorophyceae).
Hydrobiologia 6, 83–94.

Moisan, J. R., Moisan, T. A. & Abbott, M. R. 2002 Modelling
the effect of temperature on the maximum growth rates of
phytoplankton populations. Ecol. Model. 153, 197–215.

Montagnes, D. J. S. & Franklin, D. J. 2001 Effect of tempera-
ture on diatom volume, growth rate, and carbon and nitro-
gen content: reconsidering some paradigms. Limnol.
Oceanogr. 46, 2008–2018.

Montagnes, D. J. S. & Lessard, E. J. 1999 Population dynam-
ics of the marine planktonic ciliate Strombidinopsis multiauris:
its potential to control phytoplankton blooms. Aquat.
Microbiol. Ecol. 20, 167–181.

Montagnes, D. J. S., Berges, J. A., Harrison, P. J. & Taylor,
F. J. R. 1994 Estimating carbon, nitrogen, protein, and



Protist cell size and temperature D. Atkinson and others 2611

chlorophyll a from cell volume in marine phytoplankton.
Limnol. Oceanogr. 39, 1044–1060.

Nagai, S., Hori, Y., Manabe, T. & Imai, I. 1995 Restoration
of cell size by vegetative cell enlargement in Coscinodiscus
wailesii (Bacillariophyceae). Phycologia 34, 533–535.

Peters, R. H. 1983 The ecological implications of body size. Cam-
bridge University Press.

Raven, J. A. 1998 Small is beautiful: the picophytoplankton.
Funct. Ecol. 12, 503–513.

Raven, J. A. & Kubler, J. E. 2002 New light on the scaling of
metabolic rate with the size of algae. J. Phycol. 38, 11–16.

Schmidt-Nielsen, K. 1984 Scaling: why is animal size so
important? Cambridge University Press.

Sournia, A. 1982 Form and function in marine phytoplankton.
Biol. Rev. 57, 347–394.

Stearns, S. C. 1976 Life-history tactics: a review of the ideas.
Q. Rev. Biol. 51, 3–47.

Proc. R. Soc. Lond. B (2003)

Thompson, P. A., Guo, M. & Harrison, P. J. 1992 Effects of
variation in temperature. I. On the biochemical composition
of eight species of marine phytoplankton. J. Phycol. 28,
481–488.

Von Bertalanffy, L. 1960 Principles and theory of growth. In
Fundamental aspects of normal and malignant growth (ed.
W. N. Nowinski), pp. 137–259. Amsterdam: Elsevier.

Woods, H. A. 1999 Egg-mass size and cell size: effects of tem-
perature on oxygen distribution. Am. Zool. 39, 244–252.

Zar, J. 1974 Biostatistical analyses. Englewood Cliffs, NJ: Pren-
tice-Hall.

As this paper exceeds the maximum length normally permitted, the
authors have agreed to contribute to production costs.

Visit http://www.pubs.royalsoc.ac.uk to see an electronic appendix to
this paper.


