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Sal and López-Urrutia (2011) had two criticisms of our
analysis on the relationship between community-based,
temperature-corrected, mass-specific growth rates of natu-
ral phytoplankton assemblages under nutrient-enriched
conditions and average size based on data from dilution
experiments in surface waters of the global ocean (Chen
and Liu 2010). Two individual data sources (Chen et al.
2009; Sherr et al. 2009) used photoacclimation-corrected
growth rates, while other data were not corrected for
photoacclimation. If uncorrected data in Chen et al. (2009)
were used in the analysis, the quadratic term in the
unimodal fit became insignificant, but the slope of the
linear fit was still significantly positive, suggesting that
larger phytoplankton grow faster. However, if a lower
temperature coefficient (activation energy E 5 0.32 eV
instead of 0.41 eV) were used to normalize the temperature
effect, there was no relationship between phytoplankton
specific growth rate and average size, which is consistent
with the prediction of the Metabolic Theory of Ecology
(MTE) that cell-specific production rate should scale
isometrically with cell size expressed in terms of carbon
(López-Urrutia et al. 2006).

We argue that, for the first point, photoacclimation-
corrected data should be used for calculation of phyto-
plankton-mass–specific growth rates. In dilution experi-
ments, chlorophyll a (Chl a) concentrations are usually
used as a proxy for total phytoplankton biomass. However,
phytoplankton assemblages can undergo changes in chlor-
ophyll : carbon ratios during incubation due to the photo-
acclimation effect induced by changes of the external light
environment. To estimate the carbon-based, phytoplank-
ton-mass–specific growth rate, the chlorophyll-based
growth rates must be corrected for photoacclimation. Flow
cytometry provides a useful tool for corrections because the
side-scattering and red fluorescence of phytoplankton cells
excited by a 488-nm laser can be related to cell size and
chlorophyll content, respectively (Li 1995). Owing to the
inferior ability of flow cytometry to analyze large and rare
cells, this kind of correction is most reliable in oligotrophic
waters where picophytoplankton cells dominate. Therefore,
we argue that, for estimation of phytoplankton growth rate
using dilution experiments, the correction for the photo-
acclimation effect should be conducted as long as flow
cytometry (FCM) data are available. When we assembled
the data set in Chen and Liu (2010), however, the
correction using FCM data was not conducted in most

studies. We assume that the problem of changed chloro-
phyll : carbon ratios of phytoplankton before and after
incubation was not serious or counteracted each other
(Calbet and Landry 2004). However, in our own study
(Chen et al. 2009) in which the photoacclimation effect was
corrected, we observed significant increases in fluorescence
of picophytoplankton cells (especially for Synechococcus)
relative to size increases in some experiments, probably
owing to some problems in creating a perfect match of the
in situ light environment. We believe that the photoaccli-
mation effect should be corrected in these experiments to
get the right values of phytoplankton-mass–specific growth
rates. If the corrected data are used, the unimodal
relationship between log phytoplankton-mass–specific
growth rates (mn) and log-average phytoplankton size (M)
still holds even if a smaller temperature coefficient
(activation energy 5 0.32 eV) is used (Fig. 1A).

We admit that the data from Chen et al. (2009) affect the
final shape of the fitting curve (linear vs. quadratic). If
these data are removed or uncorrected data are used as in
Sal and López-Urrutia (2011), the quadratic term is not
significant. Inclusion of more data would probably help
reveal the underlying shape of the curve, but is beyond the
scope of this reply (but see below).

A critical point underpinning Sal and López-Urrutia’s
(2011) argument, which is that phytoplankton-cell–specific
production rate should scale isometrically with cell size
(i.e., mass-specific growth rate should not depend on cell
size), results from López-Urrutia et al.’s (2006) analysis
based on a data set composed of lab measurements (table 3
in the supplemental materials of López-Urrutia et al.
[2006]). Inspired by Sal and López-Urrutia’s (2011)
argument that, ‘‘Theory and experiments should have a
major say in elucidating whether phytoplankton growth
rates scale according to models of resource distribution
networks as proposed by MTE or are constrained by
surface diffusion,’’ we converted the cell-specific phyto-
plankton production rates (unit: mmol O2 cell21 d21) in the
data set given by López-Urrutia et al. (2006) into mass-
specific growth rates (unit: d21) using a photosynthetic
quotient of 1.25 provided in the supplemental materials of
López-Urrutia et al. (2006). After normalization for
temperature and photosynthetically active radiation
(PAR) using the parameters given in table 1 of López-
Urrutia et al. (2006), log10 mass-specific growth rates were
better described by a quadratic curve than a straight line
(Fig. 1B). The quadratic term was highly significant (t-test,
t 5 217.2, p % 0.001, df 5 1057). The fitted quadratic* Corresponding author: bzchen2011@xmu.edu.cn
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equation and the corresponding modal size (1024.64 5 2.29
3 1025 mg C cell21) are nearly identical with those given in
fig. 2A of Chen and Liu (2010). Hence, the unimodal
relationship between phytoplankton-mass–specific growth
rate and size is also apparent in lab measurements. The
close match between lab and field data suggests that the
growth rates of individual species obtained in lab cultures
can be well-scaled up to natural communities. We also find
that the unimodal relationship in this lab data set is robust
to the specific temperature coefficients used (Table 1). Even
if the temperature effect is not corrected (activation energy
5 0 eV), the unimodal relationship still holds.

The number of data points matters in revealing such a
relationship. The number (1060) of data points in the data
set of López-Urrutia et al. (2006) is four times of that (261)
in fig. 2C in Chen and Liu (2010) and, therefore, the

unimodal pattern is clearer in the larger data set of lab
experiments, which also circumvents the problem of
confounding correlation between size and nutrient supply
(i.e., phytoplankton average size being larger in more
eutrophic waters). The unimodal relationship between
phytoplankton-mass–specific growth rate and size is not a
result of nutrient limitation, but may reflect evolutionary
adaptation of picophytoplankton to the oligotrophic
environment where nutrient requirements of phytoplank-
ton must be kept low, which limits the proportion of
scalable components devoted to cell growth (Raven 1998).

One reason that such a unimodal relationship was often
overlooked is probably because a simple power-law
function was taken for granted relating cell-specific
production rate and size without looking at the pattern of
mass-specific grow rate against size. The intrinsic second-
order effect was inappropriately treated as random error in
such a log–log linear regression. The slope of the linear
curve of log-cell–specific production rate or mass-specific
growth rate against log size depends on the size range
considered (Fig. 2), which could explain why different
exponents were sometimes obtained (Tang 1995; López-
Urrutia et al. 2006; Litchman et al. 2007).

Curvature in metabolic scaling is not uncommon (Dodds
et al. 2001; Kolokotrones et al. 2010). There has been no
satisfactory theory explaining the empirically observed 3/4-
law, although significant progress has been made (West et
al. 1997; Banavar et al. 2010). Even the universality of the
3/4 exponent has been questioned (Dodds et al. 2001;
Glazier 2005; also see Fig. 2, which strongly discourages
the use of a single allometric exponent). Mechanistic
models are still needed to explain the unimodal pattern
between phytoplankton growth rate and size.

We need to add that, although 0.32 eV might be an
appropriate, approximate activation energy for the tem-
perature dependence of the C3 photosynthetic rate (limited
by Rubisco carboxylation) of one chloroplast (Allen et al.
2005), phytoplankton cells can adjust biomass partitioning
to temperature-sensitive vs. temperature-insensitive com-
partments at different temperatures to achieve optimal
growth at a given temperature (Raven and Geider 1988).
On the whole-cell level, the activation energy of phyto-
plankton growth may deviate from the ‘canonical’ 0.32 eV,

Fig. 1. (A) Logarithmic temperature (T, in Kelvin) normal-
ized nutrient-enriched phytoplankton-mass–specific growth rates
(d21) against phytoplankton average size (M) based on the
dilution data set in Chen and Liu (2010). (B) Logarithmic
phytoplankton-mass–specific growth rates after correction for
temperature and photosynthetically active radiation (PAR, mol
photons m22 d21) against log cell size based on the lab data set
from López-Urrutia et al. (2006). Both linear and quadratic
regression are shown. The left equation represents the linear fit,
while the right equation represents the quadratic fit. Activation
energy E 5 0.32 and 0.29 eV in A and B, respectively. Km 5
1.51 mol photons m22 d21.

Table 1. Quadratic regression equations of log10 phytoplankton-
mass–specific growth rates (y, d21) against log10 cell size (x, mg C
cell21) with activation energies ranging from 0 eV to 0.8 eV based on
the data set in López-Urrutia et al. (2006). Photosynthetically active
radiation (PAR, mol photons m22 d21) is corrected according to the
parameters given in table 1 of López-Urrutia et al. (2006). All p-
values for the second-order term are highly significant (, 10215).

Activation energy
(E, eV) Regression equation R2

0 y521.3020.55x20.05x2 0.14
0.2 y52.0320.62x20.06x2 0.21
0.3 y53.7020.66x20.07x2 0.24
0.4 y55.3620.69x20.07x2 0.26
0.6 y58.6920.76x20.08x2 0.29
0.8 y512.0220.83x20.09x2 0.31
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and it is still argued that there is no preference for choosing
the Arrehnius equation over the simpler exponential Q10

equation (Clarke and Johnston 1999). More intriguingly,
Montagnes and Franklin (2001) have shown that, for a
number of diatom species, growth rates increase linearly
with temperature at certain temperature ranges, suggesting
that the growth rate–temperature relationship within
species could be different from that among species and
the underlying patterns and mechanisms could be more
complex than is currently understood.
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Fig. 2. Slopes of linear regressions of log-transformed,
phytoplankton-mass–specific growth rates and cell size (M) as in
Fig. 1 vs. the minimal cell sizes in the subsets of the data set of
López-Urrutia et al. (2006), for which the maximal cell size was
not changed. The dashed lines represent the 95% confidential
intervals. Horizontal lines of 0 and 20.25 are also shown
for reference.
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