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ABSTRACT

The communities of unicellular microbes (bacteria, protists and yeasts) that underpin ecosystems are changing. In warmer
conditions, protists tend to shrink, but the consequences of these changes in size are unclear. We show preliminary evidence
that warming-mediated declines in cell size observed in protists also apply to bacteria and yeasts. Predicting the consequences
of these warming-mediated size declines requires that the relationships between cell size and key functional traits are well-
characterised. We show that the critical relationship between unicellular size and energy use—that is, metabolic scaling—has
been systematically mis-estimated in the past. Projections of the effects of warming on unicellular respiration change from
superlinear to sublinear once the metabolic scaling relationship is updated, with worrying consequences for the biological car-
bon pump and other ecosystem services. Other size-function scaling relationships (e.g., photosynthesis) are likely to have been
similarly mis-estimated. Next, we show that theory on the relationships between size, temperature and demography is more
ambivalent than previously recognised, leaving uncertainty as to how warming will alter the dynamics of unicellular popula-
tions. Finally, we identify pathways for improving our capacity to predict future changes in unicellular size, and decrease the
uncertainty surrounding the consequences of these changes.

1 | Introduction This impressive variation across species has long fascinated

biologists such that most syntheses of unicellular size focus on

Unicells (bacteria, protists and yeasts) are the most abundant
life on the planet. Unicells underpin many of the biosphere's
functions: driving diseases, biogeochemical cycles, and pro-
ductivity (Czarnoleski and Verberk 2025). Thus, change in the
abundance or functioning of unicells will have cascading effects
on many biological processes and the ecosystem services upon
which we rely (Ward and Follows 2016). The size of unicells is
a key trait that drives their function and demography (Hatton
et al. 2019; Czarnoleski and Verberk 2025): smaller cells need
fewer resources (in absolute terms), so they tend to be more
abundant than larger cells (Hatton et al. 2015). Unicells vary
tremendously in size, across more than 9 orders of magnitude
from the smallest to the largest, spanning a size range equiva-
lent to that between an ant and an orca (Makarieva et al. 2008).

interspecific patterns (Makarieva et al. 2005; Marafién 2015).
Cell-size variation within species is equally important, but the
drivers and consequences of this variation are far less studied.

As climates warm, the sizes of unicells are changing: cells are
getting smaller both within and among species. These size
changes are manifesting across the diversity of unicellular life
and across habitats, from soils (Sorensen et al. 2019) to lakes,
rivers (Zohary et al. 2021) and oceans (Moran et al. 2015;
Hillebrand et al. 2022). Thus, there is an urgent need to under-
stand the extent and nature of changes in unicellular size, as
well as their consequences. These consequences can only be
predicted based on a good understanding of the relationships
between cell size and function (Figure 1). Here, we review
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FIGURE 1 | Schematic showing how average unicellular size may
decrease, and functions could change with warming (shown in orange)
relative to current day conditions (in blue). Panel (a) shows how average
size can change in microbial communities via three (non-mutually ex-
clusive) processes: (i) shifts in the relative abundance of species of dif-
ferent sizes; (ii) cell size plasticity whereby species shrink; and (iii) se-
lection for smaller cells within species. By estimating the relationships
between cell size and functional traits both within and among species
(panel b), we can then predict how the function of microbial communi-
ties will change with warming (panel c).

our understanding of unicellular size. First, we explore how
warming changes the size of unicells and provide preliminary
evidence for previously undiscovered patterns in bacteria and
yeast. We then revisit canonical relationships between unicel-
lular size and function, demonstrating that key relationships
have been mis-estimated, with implications for projections of
the impacts of global change. Finally, we identify the theoret-
ical and empirical pathways for meeting the challenge of pre-
dicting the trajectories of unicellular size changes and their
consequences for population dynamics, biological fluxes and
ecosystem functioning.

2 | The Relationship Between Cell Size and
Temperature

Warming can change the size distribution of unicellular commu-
nities at two scales of biological organisation simultaneously by:
(i) altering the prevalence of species of different sizes; and (ii)
altering the distribution of sizes within species (Figure 1). These
processes are not mutually exclusive and may interact (Mousing
et al. 2017), but for clarity, we will consider each scale separately,
beginning with changes in cell size at the among-species level.

While there are exceptions, there is a tendency for warmer
temperatures to favour smaller-celled species. For exam-
ple, average cell sizes have decreased by ~1% each year since
2001 in Atlantic bacterial communities (Moran et al. 2015).
Warming also increases the relative abundance of smaller spe-
cies in freshwater systems (Zohary et al. 2021), marine phyto-
plankton (Hillebrand et al. 2022) and soil bacteria (Sorensen
et al. 2019). This negative relationship between cell size and
temperature has also been observed at larger spatio-temporal
scales: across both evolutionary time, and biogeographical re-
gions (Mousing et al. 2017; Acevedo-Trejos et al. 2018). While
warmer communities generally favour smaller-celled species,
it is important to note that there are exceptions (for a nuanced
discussion of this topic, see Hillebrand et al. 2022). Similarly,
warming might not be the ultimate driver for cell size declines,
instead, temperature could affect size indirectly via changesin
resource abundance or fluxes (Deutsch et al. 2022; Hillebrand
et al. 2022; Czarnoleski and Verberk 2025). Nevertheless, it
seems reasonable to conclude that, for the most part, warm-
ing communities tends to increase the relative abundance of
smaller-celled species, such that mean cell sizes decrease with
temperature.

Warming also decreases unicellular size within species via phe-
notypic plasticity. Some of the best evidence for temperature-size
relationships comes from protozoa and larger phytoplankton
(see meta-analyses by Atkinson et al. 2003; Forster et al. 2012;
Hillebrand et al. 2022), which showed that cell volumes de-
crease by around 2.5% for every 1°C of warming. While most
species seem to show a negative size-temperature relationship,
again we should note that not all relationships are negative
nor linear: some species are known to increase in size when
warmed, while others show a unimodal size relationship with
temperature (Liang et al. 2019). Nevertheless, on average and
within non-stressful limits, cell sizes decrease with warming in
many protozoa and phytoplankton species.

Notably absent from syntheses of intraspecific relationships
between cell size and temperature are single-celled fungi (i.e.,
yeasts) and bacteria. For example, the two largest syntheses
exploring the effects of temperature on unicellular size each
only include one bacterial species (Forster et al. 2012; Atkinson
et al. 2003). More generally, cell size plasticity seems to be rela-
tively less studied in bacteria, and compilations are lacking. To
address this knowledge gap, we compiled and analysed data on
how temperature affects cell size within species for yeasts and
bacteria (see Supporting Information). We find that, while there
are some exceptions (see Figure S1), bacteria and yeast tend to
show a negative relationship between temperature and size on
average (F, ¢y=4.62, p<0.035). We found no evidence for dif-
ferences in the relationship between cell size and temperature
between yeasts and bacteria (Group X temperature interaction:
F| 45=0.078, p=0.781)—although admittedly we only had data
for a few species of yeast, so more studies are needed for this
group particularly. Within-species, cells in warmer conditions
are smaller than conspecifics in cooler conditions, decreasing
in volume by ~1.5% for every 1 degree of warming (Temperature
coefficient: —0.016 £0.006 SE; Figure 2). Thus, initial evidence
suggests that bacteria and yeast show similar temperature-size
relationships to protists—warming tends to decrease cell size
within species.
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FIGURE2 | Higher temperatures decrease cell size within species of
bacteria (blue) and yeasts (red). To present all data on a relative scale,
both cell size and temperature are normalised within species (x =0,
SD =1), each point represents a cell volume for a given temperature, and
the line is the line of best fit for each group. See Supporting Information
for within-species reaction norms.

Warming alters the size of microbial communities both by in-
creasing the relative abundance of smaller species and by de-
creasing cell size within each species. While few studies have
quantified the relative contribution of both processes, some
find that intraspecific changes in cell size account for around
70% of the drop in overall size (Mousing et al. 2017). Given
these effects of warming on size at both the population- and
community-level, what are the consequences of size declines for
the functioning and demography of unicellular populations and
communities? To answer this, we need data on the relationship
between size and function among species (for communities) and
within species (for both populations and communities). Below
we show that size-function relationships at both scales remain
unclear, albeit for different reasons. Interspecific relationships
between unicell size and function have received the most at-
tention, perhaps because such studies can leverage the remark-
able range of sizes observed across species, and we will consider
these first.

3 | Cell Size-Function Relationships Among
Species and the Cautionary Tale of Metabolic
Scaling

There are well-documented relationships between unicellu-
lar size and resource uptake, photosynthesis and demography
(Finkel 2001; Marafion 2015; Hatton et al. 2019; Hillebrand
et al. 2022), but perhaps the best studied is that between unicel-
lular size and metabolism (Makarieva et al. 2005, 2008; DeLong
et al. 2010). Metabolic rate is a key trait because it sets the upper
limit of many other functions—the maximum rate at which cells
can acquire and use resources will be constrained by their met-
abolic rate. Consequently, metabolic rate also influences rates
of population growth and maximum population density (Savage
et al. 2004; Marshall et al. 2022). Thus, there has been perpetual
interest in determining how unicellular size relates to metabolic
rate, typically measured as oxygen consumption.

The scaling of metabolic rate, R, with mass, M, is described by
the exponent 3, such that:

RaM’ @

In metazoans, the relationship between size and metabolic rate
is sublinear, or hypoallometric (i.e., § ~0.75): larger species have
higher absolute metabolic rates but relative to their mass, they have
lower metabolic rates (Kleiber 1947). In other words, elephants
consume more energy overall, but mice consume more energy
per unit mass. In contrast, metabolic rate has been thought to in-
crease more steeply with size in unicells. The relationship between
size and metabolic rate has been argued to be linear in protists
(B~1 [Makarieva et al. 2008; DeLong et al. 2010; Lopez-Sandoval
et al. 2014]); and superlinear in prokaryotes (8>1 [Makarieva
et al. 2008; DeLong et al. 2010; Garcia et al. 2016])—that is, larger
unicells not only have absolutely higher metabolic rates, they are
also argued to have higher metabolic rates per unit mass. In other
words, unicells are thought to have very different metabolic rela-
tionships to metazoans: mass-specific metabolic rates are expected
to decrease in metazoans, but increase in prokaryotes.

That unicellular life appears to have very different energetic
scaling-rules to multicellular life has sparked fierce debates
about fundamental biological issues (reviewed in Mufioz-
Gomez 2024): from the energetics of genome complexity to the
role of metabolic constraints in the evolution of eukaryotic life
and hard limits on cell size (Kempes et al. 2012). Indeed, the
finding of superlinear metabolic scaling in unicells was so un-
expected, those who first documented it regarded their own
result with skepticism (Makarieva et al. 2008). Subsequent
analyses, however, appeared to confirm superlinear scaling re-
lationships (DeLong et al. 2010; Garcia et al. 2016): with some
estimates being as high as 1.97, an exponent that almost qua-
druples metabolic rate with a doubling of cell size. Field studies
also report superlinear metabolic scaling in prokaryote com-
munities (Huete-Ortega et al. 2012), with exponents ranging
between 1 and 2 (Garcia et al. 2016). Since these foundational
compilations of unicellular metabolic scaling, more recent
studies have come to a range of different conclusions (Table S2)
such that the scaling of metabolic rate in unicells remains cu-
riously unresolved.

Common to all of the above analyses is that they do not account
for a potentially confounding effect when estimating the meta-
bolic scaling of unicells: population density. Although cell size is
an important driver of metabolism, it is not the sole driver: pop-
ulation density also influences per capita metabolic rate. Across
a range of organisms and cell types, cells in higher population
densities have lower per capita metabolic rates than conspecifics
in lower densities (DeLong et al. 2014). This density-dependence
of metabolic rate may be a form of metabolic plasticity—cells
may downregulate their metabolic demands at higher popula-
tion densities because they are likely to experience more intense
competition for resources. In this way, minimising metabolic
rates at higher densities reduces per capita resource require-
ments, and may be a means through which populations can
maximise their carrying capacity or persistence. These density
effects can be strong: a recent meta-analysis found that, on aver-
age, for every 10-fold increase in cell density, per capita metabo-
lism decreases by ~85% (Potter et al. 2024).
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The effect of population density can modify estimates of meta-
bolic scaling, obscuring the true relationship if left unaccounted
for. Studies of microbial metabolic rate often use very different
population densities (hereafter just referred to as ‘densities’) in
their test samples, typically depending on the size of cells under
investigation. Because smaller cells consume less oxygen per cap-
ita than larger cells, it is standard practice to load higher densities
of smaller cells into respirometry chambers to detect a sufficient
signal of oxygen consumption. Field studies share similar issues:
smaller cells are much more abundant in nature than larger ones
(Huete-Ortega et al. 2012; Hatton et al. 2019; Atkinson et al. 2021).
Hence, there is a strong, negative relationship between cell size
and density in both the laboratory and the field when metabolic
rates are measured (see also Figure S2).

Given that the metabolic rates of larger cells are measured at
much lower densities than smaller cells, how might this alter
estimates of metabolic scaling? Some simple theory provides
explicit predictions. The per capita metabolic rate of cells (R ;)
can be described by the power function:

Ry = aM’ ©)

cel

where M is cell mass, § is an exponent describing the scaling of
mass with metabolic rate, and a is some species-specific con-
stant. Given that it can be difficult to measure the metabolic rate
of individual cells, most studies estimate the metabolic rate of a

sample of cells (Rsample) as follows:

Rsample = aMﬂN (3)
where N is the number of cells in the sample. Empirical esti-
mates of R, . are typically converted to R by dividing by
N, but this approach does not account for the effects of cell
density on per capita metabolic rate. This can be done by in-
corporating a term for the effect of density, D, on metabolic
rate according to the equation:

Ry = aM?D’ @

where y describes the scaling of metabolic rate with density (y
is typically negative [DeLong et al. 2014; Potter et al. 2024]). If
we assume that empirical studies of microbial metabolism use
densities that are inversely related to cell size (see Figure S2 for
a confirmation of this assumption), such that D o 1/M, we can
substitute Equation (4) into (3) to get:

Rsample a Mﬂ_yN (5)
Because traditional approaches use Equation (3) to estimate
metabolic rates and fail to account for population density ef-
fects, then whenever y#0, estimates of metabolic scaling will
be mis-estimated (see Supporting Information for a more gen-
eral treatment where the relationship between M and D can take
any form). Because y is typically negative, estimates of metabolic
scaling are likely to be systematically overestimated (Figure 3).
Intraspecific compilations estimate y~—0.8 (Potter et al. 2024),
but interspecific estimates of y (albeit across a smaller range of
population densities) tend to be smaller (Malerba et al. 2017).
Regardless, Equation (5) makes clear that if density has any
effect on per capita metabolism, then it must be accounted for
to generate unbiased estimates of metabolic scaling in uni-
cells (Figure 3). Here, we update classic datasets (Makarieva
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FIGURE 3 | Schematic of the effect of density on estimates of met-
abolic scaling in unicells. Because there is likely to be a negative rela-

tionship between cell size (M) and population density (D; Top Left), and
because higher densities suppress metabolic rates (top right), previous
estimates of metabolic scaling that assume no effect of density may be
overestimated (bottom).

et al. 2008) with more recent data, adding 34 new species in-
cluding the dark respiration of unicellular autotrophs (see
https://doi.org/10.5061/dryad.95x69p8xw for data), and then re-
analysed this augmented dataset (which included a total of 307
datapoints across ~240 spp.) to provide new estimates of meta-
bolic scaling in unicells that explicitly account for the density-
dependence of metabolic scaling. For those species for which
density was unreported, we then imputed density based on the
relationship between cell size and density for those studies that
did report density (see Supporting Information). Our estimates
of metabolic scaling were the same whether we included these
imputed densities or not. While previous syntheses tend to cor-
rect for temperature prior to analysing metabolic scaling rela-
tionships, here, we also included temperature as an additional
predictor.

Across prokaryotes and eukaryotes, we find that once density
effects are accounted for, unicellular metabolic rate scales
with cell size sublinearly (f=0.793, CI: 0.701, 0.885; Wald
test difference from §=1: ¢, ,=4.40, p<0.001; Figure 4). This
analysis overturns a core tenet of microbial energetics: that is,
we find no evidence that metabolic scaling is much steeper in
unicells relative to metazoans. We also found no evidence for
frequently postulated differences in metabolic rate between
prokaryotic and eukaryotic unicells (Groups x Log, ,[Cell Size]:
F| 30, =0.041, p=0.839), or intercept (Groups: F, ,,,=0.363,
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FIGURE4 | Relationships between per capita metabolic rate and cell size (left panels), per capita metabolic rate and sample density (right panels).
The top panels show the raw relationships while the bottom panels show the true underlying relationships after statistically partitioning the relative
contribution of each factor. In all panels the solid line is the line of best fit. In the bottom left panel, the dashed line shows a hypothetical metabolic
scaling of 1, and in the bottom right panel, the dashed line shows the assumption of no density effect on metabolic rate. The shaded regions in the
bottom panels show parametric bootstrap 95% confidence intervals (100,000 bootstraps). The shorter lines show the fits from the model that only
included the 35 species for which metabolism was measured at multiple densities.

p=0.547; Figure 4): suggesting that bacteria are able to main-
tain equivalent metabolic scaling relationships to those of
similarly sized eukaryotes, despite lacking membrane-bound
organelles (e.g., mitochondria). Re-analysis of these data
using a phylogenetic mixed modelling approach (Hadfield
and Nakagawa 2010) implemented in the brms (Biirkner 2021)
package of R, for the 108 species that could unambiguously
be assigned to a dated phylogeny (Kumar et al. 2022) revealed
a vanishingly small phylogenetic signal (phylogenetic herita-
bility [equivalent to Pagel's 1 (Hadfield and Nakagawa 2010)]
was <0.01), and yielded qualitatively and quantitatively simi-
lar results, so we present the non-phylogenetic approach here
as it contains the most species.

We found that imputing density for some species had no impact
on our estimate of metabolic scaling—when we re-analysed
the data including only those studies that provided the densi-
ties at which metabolism was measured, our estimate of meta-
bolic scaling was unchanged (8=0.793; CI: 0.69, 0.897). In other
words, our finding of sublinear metabolic scaling is not influ-
enced by imputed values for cell density.

Per capita metabolic rate decreased at an average rate of ~30%
for every 10x fold increase in density (F1,303 =17.667, p<0.001;
y=-0.161, CI: —0.236, —0.086; Figure 4). Metabolic rate in-
creased with temperature (F, ,);=11.695, p=0.001), and had
a Q,, of almost exactly 2 (i.e., a 2-fold change for every 10°C

increase in temperature). There was a tendency for density ef-
fects to be stronger at higher temperatures but the tempera-
ture X density interactions was marginally non-significant
(Temperature X Density: F, ,,=3.848, p=0.051). There was
no evidence for a three-way interaction between density, size
and temperature (F, ,,,=0.22, p=0.638), nor was there ev-
idence for the interactions between size and temperature
(F\ 3, =0.412, p=0.521).

When we only included data for those species (n=35) for
which metabolic rates were measured at multiple densities
(including species identity as a random effect to account for
nonindependence), we again estimated metabolic scaling to
be sublinear, but the exponent was even shallower (8=0.591;
CI: 0.322, 0.861), and density effects were even stronger
(y=-0.345, CI: —0.479, —0.21; Figure 4) than those estimated
using the full dataset. While this within-species analysis im-
proves the precision of our estimate of metabolic scaling by
reducing the collinearity between density and cell size, it does
reduce its accuracy because it conflates within- and among-
species density effects on metabolic rate (see the next section
for an in-depth discussion of this issue). Thus, we favour the
metabolic scaling estimates from the larger dataset but include
estimates from the within-species subset for completeness.
Regardless of which analysis is used, our findings contradict
the near-canonical view that unicells show steeper metabolic
scaling than metazoans.
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Our finding that density alters estimates of metabolic scaling
in unicells implies that many other size-function relationships
have been mis-estimated in unicells. The scaling of function
with cell size is likely to be overestimated whenever the follow-
ing conditions are met: (i) cell function is density-dependent; (ii)
there is negative cell size-density covariance across studies; and
(iii) density is omitted from the statistical model. The first two
conditions seem likely for a range of cell functions. For exam-
ple, photosynthesis and resource uptake have been estimated
to scale at around 0.87 and 1 respectively in phytoplankton
(Marafion 2015; Hillebrand et al. 2022): but both show strong
density-dependence. Indeed, a preliminary study for 21 species
of phytoplankton found that per capita photosynthetic rates
decrease with density regardless of light level (i.e., y for photo-
synthesis is also negative [Malerba et al. 2017]). Assays of photo-
synthesis and resource uptake may also require denser cultures
of smaller cells to detect reasonable signals but this requires
testing. We suspect that size-scaling relationships of these (and
other) critical rates in unicells have been overestimated in simi-
lar ways to those as we have demonstrated for metabolism here.
It is thus premature to make conclusive statements about how
unicell size scales with the most fundamental functions until fu-
ture syntheses formally account for the potentially confounding
effects of cell density.

Our recalibration of unicellular metabolic scaling has implica-
tions for how predicted changes in cell size will alter microbial
energy dynamics and the global carbon flux in a warming world.
Were we to use traditional (superlinear) estimates of metabolic
scaling, we would predict that a decrease in unicell size should
decrease mass-specific metabolic rates. For example, under su-
perlinear scaling, a 30% decline in bacterial cell size would yield
a decrease in metabolism of ~30% for a population of smaller
cells relative to a population of conspecifics of larger cells at
an equivalent biomass. Under our revised estimate of sublinear
metabolic scaling, a decrease in cell size of 30% will actually in-
crease metabolic rates by 5%; including the direct effects of tem-
perature on metabolism will only exacerbate these effects. Thus,
respiration rates are likely to increase in ways that have not been
anticipated by global carbon models (Lopez-Urrutia et al. 2006).
Indeed, models of global carbon fluxes tend to overlook cell size
reductions, and the concomitant changes to mass-specific res-
piration (Ward and Follows 2016)—but these will have particu-
larly worrying consequences for net carbon fixation, and hence
the global carbon pump.

4 | Relationships Between Cell Size and Function
Within Species

Our understanding of size-function relationships within uni-
cellular species is surprisingly limited for several reasons.
First, it is important to recognise that we cannot use among-
species relationships as reliable proxies for within species
relationships. While it is tempting to assume that the relation-
ships between size and function among species recapitulate
those same relationships within species (and some syntheses
have conflated the two), there are good reasons to doubt this
assumption. As counterintuitive as it may seem, an interspe-
cific relationship between size and function provides little to
no information about the slope of the relationship between

cell size and function within species (Figure 5). Instead,
among-species relationships provide an estimate of the co-
variance between cell size and the intercept (level) of the in-
traspecific relationship. Thus, it is entirely possible that a
positive interspecific size-function relationship arises from
a series of negative intraspecific size-function relationships
(Figure 5). Rather than being synonymous with intraspecific
size-function relationships, interspecific relationships only
provide information on the outcome of coevolution between
size and function. In other words, intraspecific size-function
relationships describe a current biological process; interspe-
cific relationships describe the evolutionary product of that
process that has been shaped over time. Unsurprisingly there-
fore, the few estimates of intraspecific relationships between
unicellular size and function depart both qualitatively and
quantitively from those observed among species (Malerba and
Marshall 2019; Marshall et al. 2022).

The field's longstanding focus and reliance on interspecific rela-
tionships between unicellular size and function means that very
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FIGURE 5 | Schematic illustrating why among-species covariances
may not reflect within species covariances between cell size and cell
function. In the hypothetical example, the relationship between cell size
and function is positive among species but consistently negative with-
in species. In panel (a) the circles depict the mean values of size and
function for each species (shown by different colours) and the solid line
represents the interspecific covariance. In panel (b) the within species
data are depicted by filled circles for each species (shown again by dif-
ferent colours) and the dotted lines represent the intraspecific covari-
ances. Note that the open circles show the centroids for each intraspe-
cific covariance.
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few data exist for exploring intraspecific relationships. But we need
such data if we are to predict the impacts of warming-mediated
size declines within species. A challenge with robustly estimat-
ing intraspecific size-function relationships in unicells is that the
natural size range within any one species is limited. Fortunately,
there are several solutions to this problem. For example, it might
be valuable to compare strains of the same species that systemat-
ically differ in cell size, or to use biogeographical variation in the
size of cells of the same species (Marafion et al. 2024). It is import-
ant to note, however, that this approach risks confounding other
factors—for example, latitudinal variation in temperature could
also affect cell function independently of cell size. A more labori-
ous but robust approach is to experimentally manipulate cell size
within species, either by artificial selection or experimental evolu-
tion (Padfield et al. 2016; Malerba et al. 2018; Marshall et al. 2022)
to generate a greater range of cell sizes. Until we have more es-
timates, our capacity to predict the impacts of warming-induced
changes in size on unicellular function remains constrained.

4.1 | Beyond Functions—The Relationship
Between Cell Size and Demography

Demographic rates (i.e., intrinsic population growth rate,
density-dependence) set the ecological dynamics of all species
and their role in communities. As such, an understanding of
how size, temperature and demography relate to each other pro-
vides a powerful predictive tool with which to forecast the im-
pacts of warming on population dynamics (Hatton et al. 2019;
Hillebrand et al. 2022). Metabolic theory does just that: taking
the relationships between size, temperature and metabolic rate
to predict demographic outcomes.

Classic metabolic theory makes straightforward predic-
tions about the growth rate of microbial populations (Savage
et al. 2004): the intrinsic rate of growth () should increase with
temperature and decrease with cell size (r « cell sizef~1). The
positive relationship between r and temperature arises because
warmer temperatures (below temperatures that are stressful)
tend to increase metabolic rate, allowing more biological work
to be done such that cells can divide more frequently (Marshall
et al. 2022). The negative effect of cell size on r arises because
larger cells usually contain more material than smaller cells (but
see Marshall et al. 2022). Larger cells require more metabolic
work to produce while having lower mass-specific production
rates such that cell divisions are less frequent. Consequently,
warmer temperatures increase intrinsic rates of population
growth via two mechanisms: increasing metabolic rate and de-
creasing cell size, which combine to increase r with tempera-
ture. It is important to note that this theory implicitly assumes
that mortality rates are unaffected by size and temperature, so it
is only relevant within non-stressful temperature ranges.

The effects of temperature and cell size on maximum cell den-
sity (carrying capacity, or K) are more complex, and predictions
differ depending on the theory that is used to derive K. On the
one hand, classic metabolic theory (Savage et al. 2004) predicts
that K should negatively covary with metabolic rate, and hence
with cell size and temperature, according to the equation:

KxR'xe¥M™’ (6)

where & is the temperature dependency of metabolic rate and T
is temperature (Bernhardt et al. 2018). This formulation has in-
tuitive appeal—Ilarger or warmer cells have higher metabolic de-
mands such that they will exhaust the available resources more
quickly than smaller or colder cells: thus, we expect inverse rela-
tionships between K and size, and K and temperature. Plasticity
in cell size complicates these expectations but overall, warming
should reduce carrying capacities (see Supporting Information
for further details); a prediction that has some empirical support
(Bernhardt et al. 2018).

But classic metabolic theory overlooks a crucial element: the ef-
fect of r on K. As has been pointed out (Mallet 2012; Marshall
et al. 2023), it is tempting to view K as an independent parameter
from r, but in reality, K is a function of r:

.
K== @

where « is the intraspecific competition coefficient. Hence,
unless o increases superlinearly with r, K will actually covary
positively with r (Marshall et al. 2023). Increasing tempera-
tures might therefore increase the strength of competition
(i.e., increase o), but if warmer temperatures also increase
r (as is predicted and routinely found), then r will act to in-
crease K. Thus, unless a rises more steeply with temperature
than r, we would predict that warming has no effect on (or
even slightly increases) K—a radical departure from classic
metabolic theory (see Supporting Information for further de-
tails). For example, consider a scenario where warming: (i)
decreases cell size; (ii) increases r; but (iii) weakly affects a.
In this scenario, higher temperatures will increase the carry-
ing capacities of unicellular populations, the opposite trend to
that predicted by classic metabolic theory. The dependence of
K on r might explain why some empirical studies fail to find
the expected negative covariance between K and temperature
in unicells (Huete-Stauffer et al. 2015; Arandia-Gorostidi
et al. 2017; Labban et al. 2021). As far as we are aware, very
few studies have examined the temperature dependence of o
(but see DeLong and Lyon 2020): thus the fundamental rela-
tionships between temperature, size and demography in uni-
cells remain surprisingly uncertain, limiting our capacity to
predict even the direction of the effect of warming on unicel-
lular populations.

5 | Why Do Cells Change Size—Towards
Unicellular Life-History Theory

If we are to predict the causes and consequences of changes
in unicellular size, we require a robust theory base for mak-
ing these predictions, particularly with regards to projecting
future changes to cell size (Czarnoleski and Verberk 2025).
Attempts to reveal the drivers of cell size have used a range
of modelling approaches that vary in complexity. Some mod-
els give primacy to physical constraints, and focus on a single
resource (e.g., oxygen [Deutsch et al. 2022]). Such approaches
might indicate the outer limits of cell size variation, or the
‘hard’ constraints on cell size, but we suspect that most bio-
logical variation exists within these limits. In contrast, models
that emphasise evolutionary processes (c.f. constraints) seem
more likely to accommodate the diversity of cell sizes that we
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observe in nature and better predict their future trajectories.
Thus, some sort of optimisation of cell size, as it connects to
various fitness-enhancing functions seems necessary. For
example, Leles and Levine (2023) assume that the surface of
phytoplankton cells limits transportation rates of molecules
into the cell; while cellular volume limits intracellular pro-
cesses, such as photosystems and storage. Because nutrient
uptake is less temperature-dependent than metabolic rate,
Leles and Levine (2023) predict that cells must increase sur-
face area to volume ratios as temperatures increase to accom-
modate more transport, thereby reducing cell size. In other
words this model predicts the observed negative covariance
between cell size and temperature (Leles and Levine 2023).
Nevertheless, even this optimality approach implicitly as-
sumes that the trade-offs that set these optima are themselves
fixed, when in reality they can also evolve. For example, the
evolution of larger cells can select for a higher density of sur-
face transporters on those cells, negating the loss of relative
surface area and maintaining rates of transport that scale lin-
early with volume (Malerba et al. 2021). Complicating matters
further still, cell membranes themselves may account for the
majority of metabolic demands such that increasing relative
surface area may also increase relative metabolic demands
(Czarnoleski and Verberk 2025).

It is also unclear whether optimisation approaches that maxi-
mise population growth rates use the appropriate evolutionary
currency. For example, in undisturbed systems, evolution may
maximise population carrying capacity rather than growth rate
(Lande 2009). Likewise, optimisation approaches usually preclude
frequency-dependent selection, when instead it seems likely that
the fitness returns of one cell size might depend on the relative size
of neighbouring cells. In recognition of this possibility, Adaptive
Dynamics Models explore the possibility for evolutionarily stable
cell sizes while explicitly modelling frequency-dependence (Chen
et al. 2020). Studies that have employed such modelling approaches
for unicells also predict that cell sizes should be smaller under
warmer temperatures (Chen et al. 2020). Adaptive Dynamics
Models are typically mathematically more complex than optimisa-
tion approaches and so necessarily reduce physiological complex-
ity in their underlying fitness functions.

Hence no single modelling approach is perfect (Czarnoleski
and Verberk 2025): different approaches emphasise different
processes (i.e., mechanistic limits, optimisation or evolution-
ary games), but all of these processes will likely contribute
to cell size variation to some degree. We therefore do not ad-
vocate for any particular class of model moving forward, but
note that each choice has its (dis)advantages, and none will be
perfectly complete (Czarnoleski and Verberk 2025). One guid-
ing principle however should be that increasing model com-
plexity increases the risk of spurious congruence: models that
are rich in poorly constrained parameters should be avoided.
Thus we would argue that an essential first step is to resolve
some of the fundamental cell size-function relationships, such
that we can realistically parameterise predictive theory. For
example, recent trait-based approaches (Wickman et al. 2024)
show tremendous promise but as we have shown here, our
understanding of many of these trait-function relationships
remains surprisingly incomplete.

6 | Future Research Priorities

We find preliminary evidence for warmer temperatures reducing
cell size within species of bacteria and yeast, but we were sur-
prised by how few studies were available, particularly relative to
similar work in protists (Atkinson et al. 2003). Thus, we call for
more studies that manipulate temperature and monitor any sub-
sequent changes in cell size in bacteria and yeast (both within and
among species), particularly studies that explore both stressful and
non-stressful temperature ranges as theory predicts different size
responses across these ranges (Leles and Levine 2023).

Most current estimates of metabolic rate come from relatively
artificial conditions: metabolic rates are often measured on
samples of cells that are denser than those observed in na-
ture and under unrealistic flow regimes. Estimates of maxi-
mum natural cell densities vary between 10° and 10'! cells/
mL depending on the system (Sherr et al. 2006; Flemming
et al. 2016), while the studies in our dataset measured me-
tabolism at densities that ranged from 10? to 10'? cells/mL.
Similarly, for aquatic unicells, natural water movements will
reduce cell boundary layers and facilitate respiration, but the
influence of such fluid dynamics is probably minimised in res-
pirometry chambers. While we cannot envision a mechanism
by which these artificialities will affect estimates of scaling,
they will almost certainly affect metabolic levels (intercepts)
such that we may be systematically underestimating meta-
bolic rates of unicells relative to those that occur in the field.
Gaining estimates under more realistic density-, nutrient- and
hydrodynamic-regimes will improve our understanding of en-
ergy fluxes in unicells.

In light of our finding that ignoring density effects artifactually
overestimates metabolic scaling, estimates of other key size-
function relationships, such as photosynthesis and resource up-
take, should also be revisited. To explore these effects rigorously,
future studies should seek to manipulate the density of cells within
species when measuring functional relationships to explore how
density influences estimates of scaling both among and within
species. Estimating these relationships will resolve key uncertain-
ties with regard to how warming-induced declines in cell size will
affect biological functions.

Finally, and perhaps most urgently, we need more estimates of
how variation in unicellular size affects function specifically
within species. Despite evidence from every clade and habitat
that cells are changing size within species, only a handful of
studies have explored intraspecific relationships between size
and function. Unfortunately, we cannot rely on among-species
patterns to predict within-species size-function relationships.
While generating sufficient variation in size within species is
a nontrivial challenge, we believe such approaches are crucial
if we are to accurately predict the consequences of size de-
clines in unicells.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: A replotting of Figure 1
to show species-level (left panel) and strain-level (right panel) effects
of temperature on cell size. Figure S2: Relationship between cell size
and the cell sample density used in respirometry studies of metabolic
rate in unicellular organisms. Table S1: Studies included in the pre-
liminary analysis of the effects of temperature on cell size in bacteria
and yeast. Table S2: Summary table of major compilations of metabolic
scaling data for unicellular species measured in the laboratory. Figure
S3: Imputed sample densities based on the size-specific relationships
that we observed for those species for which these data were available.
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