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Abstract

Allometric scaling of body size versus growth rate and mortality has been suggested to
be a universal macroecological pattern, as described by the Metabolic Theory of Ecol-
ogy (MTE). However, whether such scaling generally holds in natural assemblages
remains debated. Here, we test the hypothesis that the size-specific growth rate and5

grazing mortality scales with the body size with an exponent of −1/4 after temper-
ature correction, as MTE predicts. To do so, we couple the dilution experiment with
the FlowCAM imaging system to obtain size-specific growth rates and grazing mortal-
ity of natural microphytoplankton assemblages in the East China Sea. This novel ap-
proach allows us to achieve highly resolved size-specific measurements that could be10

hardly obtained in traditional size-fractionated measurements using filters. Our results
do not support the MTE prediction. The size-specific growth rates scale positively with
body size (with scaling exponent ∼0.1), and the size-specific grazing mortality is inde-
pendent of body size. Furthermore, results of path analysis indicate that size-specific
grazing mortality is mainly determined by size-specific growth rate. We further inves-15

tigate how the variation of size-specific growth rate and grazing mortality can interact
to determine the microphytoplankton size structure, described by Normalized Biomass
Size Spectrum (NB-SS). We test if the variation of microphytoplankton NB-SS slopes
is determined by (1) differential grazing mortality of small versus large individuals, (2)
differential growth rate of small versus large individuals, or (3) combinations of these20

scenarios. Our results indicate that the relative grazing mortality of small over large
size category best explains the variation of NB-SS slopes across environments. These
results suggest that higher grazing mortality of small microphytoplankton may release
the large phytoplankton from grazing, which in turn leads to a flatter NB-SS slope. This
study contributes to an understanding of the relative importance of bottom-up versus25

top-down control in shaping the microphytoplankton size structure.
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1 Introduction

Growth and mortality represents two key ecological processes of organisms. The phy-
toplankton population growth rate is determined by temperature and resource avail-
ability, together with physiological constraints of the biological machinery (Finkel et al.,
2004). Temperature has been known to positively affect the maximum phytoplankton5

growth rate (Bissinger et al., 2008; Eppley, 1972). In terms of resource availability, light
and nutrients receive most discussion (Key et al., 2010; Malone et al., 1993). Phys-
iological constraints mainly base on the body size (Brown and Gillooly, 2003; Brown
et al., 2000; Cermeño et al., 2006). The phytoplankton body size also determines the
rate in which the phytoplankton uptake resources (Huete-Ortega et al., 2011; Moreno-10

Ostos et al., 2011). The body size and environmental conditions often interwoven in
determine the competitiveness of a phytoplankton individual. For example, large phyto-
plankton expose competition advantage over small ones under sufficient light condition
(Cermeño et al., 2005; Finkel et al., 2004). In addition, larger phytoplankton, though
subject to lower size-specific nutrient uptake rate, could absorb nutrient with higher15

efficiency under nutrient sufficient condition (Maguer et al., 2009; Wang et al., 1997).
The Metabolic Theory of Ecology (MTE) was recently proposed to link the popu-

lation growth rate with temperature and body size (Brown et al., 2004). According to
MTE, the temperature-corrected size-specific population growth rate scales allomet-
rically with its body size, with an exponent of −1/4 (Brown et al., 2000, 2004). Al-20

though this −1/4 scaling exponent has been observed in lab cultures (Finkel et al.,
2004) and compiled data from freshwater and marine phytoplankton (Edwards et al.,
2012; Litchman et al., 2007), other studies using natural assemblages from open ocean
and coastal regions have showed that the phytoplankton growth rate scales isometri-
cally with body size (Maranon, 2008; Maranon et al., 2007; Huete-Ortega et al., 2012)25

or exhibits a parabolic relationship with body size (Chen and Liu, 2010). Some study
also suggests there is no constant scaling relationship between size and growth rates
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(Glazier, 2005). Indeed, linkage between growth rate and body size of phytoplankton
needs further investigation.

In addition to growth rate, mortality is another important factor influencing phyto-
plankton dynamics. The mortality rate generally is determined by both intrinsic and
extrinsic mechanisms. Intrinsic mechanism attributes to the individual metabolic rate,5

which is determined primarily by body size and temperature (Brown et al., 2000, 2004;
Savage et al., 2008). The extrinsic mechanism refers to other death causes such as dis-
ease, predation, or accident (Ricklefs, 1998). According to MTE, mass-specific intrinsic
mortality rate should scale with body size with a −1/4 exponent, because of metabolic
constraints (Brown et al., 2004), and indeed, such a scaling relationship has been re-10

ported empirically (Hendriks, 2007; McCoy and Gillooly, 2008; Marba et al., 2007).
However, the relationship between extrinsic mortality and body size is not well stud-
ied. Curiously, McCoy and Gillooly (2008) compiled a comprehensive empirical data
and reported that the total mortality (i.e. the sum of intrinsic and extrinsic mortality) of
organisms still scales with body size with a −1/4 exponent. This finding suggests that15

either extrinsic mortality also scales with body size with a −1/4 exponent, or extrinsic
mortality is independent of body size.

For microphytoplankton, the major extrinsic mortality comes from microzooplankton
grazing (Calbet and Landry, 2004). So far, two mechanisms have been proposed to
explain the microzooplankton grazing behavior. The first mechanism proposes that mi-20

crozooplankton select phytoplankton that grow faster (Lie and Wong, 2010), yet the
second mechanism suggests microzooplankton prefer phytoplankton that are small in
size (Zhang et al., 2005; Froneman and McQuaid, 1997). The debate could stem from
the strong correlation between being small and being growing fast according to MTE
(Brown et al., 2004). In addition, the confusion could result from the low resolution25

in defining the size class of phytoplankton (Montagnes et al., 2008). In order to shed
light on the unclear pattern of phytoplankton grazing mortality, detailed and thorough
size-specific studies are in need.
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The knowledge of size-specific responses, their growth rate and grazing mortality,
would directly contribute to understanding the variations of phytoplankton size struc-
ture across environments. While this is intuitive, rarely were the studies of phyto-
plankton size structure carried out simultaneously with size-specific growth rate and
mortality measurements. Rather, most studies focused on correlation analyses to link5

phytoplankton size structures with environmental variables. For instance, studies have
shown that high nutrients generally lead to prevalence of large phytoplankton (Huete-
Ortega et al., 2011; Juhl and Murrell, 2005; Cavender-Bares et al., 2001; Reul et al.,
2005; Yvon-Durocher et al., 2011; Kiorboe, 1993); oligotrophic conditions, by contrast,
result in predominance of small phytoplankton (Irwin et al., 2006; Li, 2002). In addi-10

tion, high temperature favours the dominance of small phytoplankton (Agawin et al.,
2000; Yvon-Durocher et al., 2011). These studies, however, focus on the size structure
variations with respect to environmental factors instead of directly measuring the phy-
toplankton growth rate and grazing mortality (Moran et al., 2010). While other studies
focused on the selective grazing behavior of microzooplankton and inferred their poten-15

tial effects on the phytoplankton size structure, they did not measure the phytoplankton
size structure together with feeding experiments (Calbet et al., 2008; Teixeira et al.,
2011). Moreover, while size-specific phytoplankton responses were examined in mod-
eling researches to explain the relative importance of small and large phytoplankton
in different nutrient conditions (Verdy et al., 2009, Irwin et al., 2006), empirical studies20

on size-specific growth rate and grazing mortality would help clarify the mechanisms
affecting the phytoplankton size structure.

Here, we developed a novel approach to measure the phytoplankton size-specific
growth and grazing mortality using the Flow Cytometer And Microscope (FlowCAM).
This new approach overcomes the deficiency in traditional size-fractionated chlorophyll25

measurements, which cannot provide satisfactory size resolution (Calbet et al., 2001,
2008; Lessard and Murrell, 1998; Reckermann and Veldhuis, 1997; Calbet, 2008).

We carried out our experiments in the East China Sea (ECS). The ECS is an ideal
region to study microzooplankton-phytoplankton interactions, because of its strong
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environmental gradient. The ECS is influenced by the eutrophic discharge from the
Changjiang River in the coastal region and the oligotrophic Kuroshio Current in the off-
shore area (Gong et al., 1996, 2003). Previous studies have indicated a declining gra-
dient in nutrient concentration from the coastal area to offshore (Zhang et al., 2007).
The phytoplankton community structure and the interactions between phytoplankton5

and zooplankton in the ECS have been shown to vary across this nutrient gradient
(Chan et al., 2009; Chang et al., 2003; Jiao et al., 2002; Tsai et al., 2011). These
studies focused on pico- and nano- phytoplankton rather than microphytoplankton. Mi-
crophytoplankton, however, would be more important under nutrient sufficient condition
(Garmendia et al., 2011), and would be worthy studying in detail.10

Here, we focus on microphytoplankton, the community that has never been stud-
ied for their size-specific growth rate and mortality in natural assemblage. We have
two objectives. First, we test if the MTE is applicable to the natural microphytoplank-
ton assemblage. Specifically, we test whether the size-specific growth rate and grazing
mortality scales with the body size with an exponent of −1/4 after temperature cor-15

rection. Secondly, we investigate how the microphytoplankton growth rate and grazing
mortality interact to determine the microphytoplankton size structure across environ-
ments. To do so, we use the slope of Normalized Biomass Size Spectrum (NB-SS)
to describe microphytoplankton size structure (Platt and Denman, 1977). We test the
hypotheses that the variations of microphytoplankton NB-SS slopes are determined by20

(1) differential grazing mortality of large versus small individuals, (2) differential growth
rate of large versus small individuals, or (3) combinations of these scenarios.

2 Methods

2.1 Sampling

We carried out 23 sets of dilution experiments in the East China Sea (Fig. 1) from May25

2010 to October 2011 on board of research vessel in 6 cruises (Table A1). Temperature
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and salinity profiles were recorded with a SeaBird CTD profiler (SBE9/11 plus, SeaBird
Inc., USA). Photosynthesis Active Radiation (PAR) profile was measured with a quan-
tum scalar irradiance meter (4π collector; Biospheric Inc., USA) attached to the CTD.
Nutrients (nitrate, phosphate, and silicate) and chlorophyll a (chl a) concentrations were
measured from water samples collected with Go-Flo bottles at 4 to 6 depths depending5

on stations and stored in liquid nitrogen before analysis. Analytic methods for nutrients
and chlorophyll a are described by Gong et al. (2000). These measurements for each
station were calculated as the integrated average from the euphotic zone (Table A1).
Note, these environmental data are presented in the Supplement A as background
information of environmental conditions but not used in the data analysis, except for10

temperature. Because our experiments were carrried out with nutrient amendment and
on board of research vessel where light is never limited, resource limitation is not a con-
cern for phytoplankton growth and mortality.

2.2 Dilution experiments

To investigate the growth and mortality rate of microphytoplankton, dilution experiments15

were conducted following the method developed by Landry and Hassett (Landry and
Hassett, 1982; Landry et al., 1995). For each set of experiments, 40 l of whole sea-
water (WSW) were collected at the 10-m depth using a CTD-rosette system with Go-
Flo bottles. All incubation bottles, tubes, and carboys were acid rinsed with 10 % HCl
and then distilled water. Carboys were rinsed with ambient sea water before each20

experiment. Another 20 l of seawater were filtered through a 0.2 µm filter membrane
(millipore 144 mm) with a peristaltic pumping system to obtain particle-free sea water
(FSW). We gently mixed the FSW and WSW in 2 l polycarbonate bottles to prepare the
four dilution treatments, 25 %, 50 %, 75 %, and 100 % of WSW with artificial nutrient
amendment and another 100 % WSW without amendment. The nutrient amendment25

consists of 6.2ml Guillard’s (F/2) Marine Water Enrichment Solution (cat. No. G0154)
and 20 µml NH4Cl (the final concentration is 3 µM NO3; 0.12 µM PO4; 0.36 µM SiO4;
3 µM NH4). Three of five treatments of dilution series (25 %, 50 %, and 75 % WSW)
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were prepared in duplicate and the other two (100 % WSW with and without nutrient
amendment) in triplicate. All the 2 l polycarbonate bottles were placed in a large opaque
incubation tank with a lid for 24 h incubation on boat. Incubations tanks are filled with
constantly circulating surface seawater along the cruise, with temperature measured
periodically. During the incubation, we keep the natural light cycle, and thus the lid was5

unveiled before dawn and was veiled after dusk to avoid artificial light from the research
vessel. Samples were collected from the WSW before incubation (T0) and from each
incubation bottles after incubation (T24) for FlowCAM analyses. Note, as we ammended
nutrients during experiments, the mortality of phytoplankton is presumably mainly due
to grazing rather than intrinsic processes such as starvation.10

2.3 FlowCAM analysis

Our method differed from the traditional dilution experiment in a way that we aimed to
estimate size-specific growth rate and mortality of microphytoplankton. To do so, we in-
corporated the FlowCAM analysis into dilution experiments. FlowCAM is an automatic
sampling device that has been shown to exhibit high accuracy and efficiency in mea-15

suring phytoplankton size structure (Alvarez et al., 2011) and in zooplankton grazing
experiments (Ide et al., 2008). Combining the detailed size information acquired from
the FlowCAM and dilution technique (Landry et al., 1995; Landry and Hassett, 1982),
we are able to measure the size-specific growth and mortality rate of microphytoplank-
ton with high resolution ranging from 10 to 300 µm.20

We processed fresh samples with the FlowCAM on board of the research vessel. All
fresh samples were taken from the bottles at the end of incubation and initial undiluted
WSW. However, due to time limitation on boat, each sample was processed by passing
water sample of 6 ml (or within 18 min limitation to save time). The objective used
for on boat analysis is 4× and the flow cell used is 300 µm in thickness following the25

guidance of manual. This combination allows all the particles to pass through. The
images of particle size ranging from 4 to 500 µm ESD (Equivalent Spherical Diameter)
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were captured by the FlowCAM automatically, while only those ranging from 10 to
300 µm ESD were extracted for further analyses.

In order to better estimate the biomass of microphytoplankton, particle were manually
classified into 6 categories: chain forming diatom, single diatom, naked dinoflagellate,
shelled dinoflagellate, colony small cells, and singletons smaller than 20 µm ESD. All5

microphytoplankton individuals biovolume (µm3) were first automatically calculated by
the FlowCAM. These biovolume were then converted into carbon biomass (pg) accord-
ing to the category-specific conversion equation (Marquis et al., 2011). Throughout this
paper, we use carbon biomass to represent body size of phytoplankton.

2.4 Data analysis10

To estimate the size-specific growth and mortality rate of microphytoplankton, we first
constructed the size spectrum of microphytoplankton at T0 and T24 (Fig. 2). The Nor-
malized Biomass-Size Spectra (NB-SS) of phytoplankton were employed in this study.
We divided the total biomass of each log2 size class by the width of the respective
size class as described by Platt and Denman (Platt and Denman, 1977; Sheldon et al.,15

1972). The microphytoplankton biomass within this range expands 12 orders under
log2 scale. We implement log2 in size class in order to accord with the convention, as
well as keep high size-resolution as possible. As such, we estimate the biomass of
each size class at T0 and T24. This new method has advantage over traditional size-
fractionated chl a measurements, which pertain difficulties in having data with high20

resolution (Zhang et al., 2005).
The growth and mortality rates were estimated following the classic method using

a linear regression of realized phytoplankton growth rates of four dilution treatments
versus the corresponding dilution factors. Thus, we could calculate the slope as the
grazing mortality (m) and the intercept as the intrinsic phytoplankton growth rate (µ).25

The novel treatment here is that we carried out such calculation for each size class
(Fig. 2); as such size-specific growth and mortality rates were estimated. In addition
to µ, we also measured the size-specific growth rate without nutrient amendment (µ′).
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Consequently, the size-specific growth rate with and without nutrient amendment (µ
and µ′) and grazing mortality (m) of microphytoplankton can be estimated.

To achieve the first objective, we examine the relationship between size-specific
growth rate versus the microphytoplankton body size, using the Generalized Linear
Mixed effect Model (GLMM) (Bolker et al., 2009). Here, cruises were considered as5

the random effect to account for strong variation in temperature, light, and other fac-
tors among cruises. Likewise, size-specific grazing mortality was analyzed following the
same fashion. We further investigated the relationships between size-specific growth
rate and body size for each cruise separately, using linear regression. Because of the
rather fine scale in size class defined in our study and sampling error, it was possi-10

ble for certain size classes to exhibit negative size-specific growth or grazing mortality.
For each station, those negative values were removed from analyses. After remov-
ing negative values, 178 sets of data including both positive size-specific growth rate
and grazing mortality were left. Prior to analysis, the temperature effect on growth
rate and mortality was adjusted according to MTE (Brown et al., 2004). The tem-15

perature corrected rate (Mc) was calculated from the measurement (M) as following:

Mc =M ×eE/kT , where E is the activation energy (in electronic volts (eV)), k is the
Boltzmann constant (8.617×10−5 eVK−1) and T is the absolute temperature in K. In
this study, the activation energy is set to be 0.32 eV (Allen et al., 2005; Lopez-Urrutia
et al., 2006).20

To further clarify the relationship among microphytoplankton body size, size-specific
growth rate, and size-specific grazing mortality, we conducted path analysis (Kline,
2011) to determine the relationships among the three. Here, we considered only bi-
ologically plausible models. In the path model design, we always fix the microphyto-
plankton body size as an exogeneous variable, which means that growth rates and25

mortality does not affect body size. Besides, we consider that size-specific grazing
mortality does not affect size-specific growth rate, because there has been no empiri-
cal support to this possibility under the nutrient sufficient condition (as was the case in
our epxperiments). Under this prerequisit, we designed three path models (Fig. 3).
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To achieve the second objective, we examine how the variation of microphytoplank-
ton size-specific growth rate and grazing mortality in different size classes affects their
NB-SS slope across environments. The NB-SS slope is commonly used to represent
the relative abundance of small versus large individuals in a community. To simplify the
computation, we binned the smallest four size classes (26 to 210 pg) into the small size5

category, the middle four size classes (210 to 214 pg) into the medium size category,
and the largest four size class (214 to 218 pg) into the large size category, and calcu-
lated the average growth rate and grazing mortality for each category. Such binning is
reasonable because the growth rate and grazing mortality of the large and small size
category influence the NB-SS slope most, but the rates of medium size category show10

no influence. Therefore, only the size-specific growth rate under two nutrient conditions
and grazing mortality of small and large size category (µ′

S, µ′
L, µS, µL, mS, and mL)

were investigated. Meanwhile, considering the strong correlation between the growth
rate and grazing mortality (Barnes et al., 2011; Chen et al., 2009; Landry et al., 2000;
Murrell et al., 2002), we explored the univarate GLMM model instead of step-wise se-15

lection to avoide the issue of colinearity. We analyzed 15 univariate regression models.
The independent variables of these 15 models included 4 growth rates and 2 grazing
mortalities as described above (µ′

S, µ′
L, µS, µL, mS, and mL), 4 grazing impacts (IS,

IL, I ′S, and I ′L where I =m/µ and I ′ =m/µ′) designed to measure the grazing pres-
sures of two size categories under two nutrient conditions, and 5 ratios (µ′

S/µ
′
L, µS/µL,20

mS/mL, IS/IL, and I ′S/I
′
L) of small over large category designed to explore the relative

importance of small versus large size category in terms of the size-specific growth rate,
grazing mortality and grazing impact. In these analyses, we focused on only biological
plausible effect of each independent variable on the NB-SS slope. That is, we tested
whether the relationship significantly follows the biological expectation using one-tail25

tests. For example, relatively higher growth rate of larger over smaller phytoplankton
is expected to increase (flattern) the NB-SS slope, while relatively higher growth rate
of smaller over larger phytoplankton is not possible to directly produce a flatter size
spectral slope.
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3 Results

3.1 Size-specific growth rates depend on body size

The size-specific growth rate scales with body size in log2 scale with a slightly posi-
tive scaling exponent (Fig. 4a, b). Under nutrient amendment condition, temperature-
corrected logarthmatic size-specific growth rates are positively related with body size5

(biomass) with a slope of 0.099±0.017 (mean±SE; p<0.001) (Fig. 4a). When ex-
amined for each cruise separately, such positive relationship still exists with a slope
close to 0.1, except in June and August 2011 (Table 1). In addition, under the condition
without nutrient amendment, temperature-corrected logarthmatic size-specific growth
rates also positively relate with body size with a slightly elevated slope of 0.155±0.02610

(mean±SE; p<0.001); such a positive relationship remains significant when each
cruise was analyzed individually, except in June and July 2011 (Table 1).

3.2 Size-specific grazing mortality does not depend on body size but depends
on growth rate

The size-specific mortality rate, by contrast, shows no significant relationship with mi-15

crophytoplankton body size, according to the results of GLMM (Fig. 5). We further
examine the correlation between phytoplankton size-specific growth rate and grazing
mortality, as motivated by the suggestion that the phytoplankton growth rate could be
an alternative factor affecting zooplankton grazing (Lie and Wong, 2010; Safi et al.,
2007). The correlation between the size-specific growth rate and mortality is signifi-20

cant when the whole microphytoplankton community across size range is considered
(Fig. 6).

We subsequently conducted path analysis to clarify the relationship among body
size, size-specific growth rate and size-specific grazing mortality. The results of path
analyses unveil the dependence of grazing mortality on growth rate as well as the25

dependence of growth rate on body size (Table 2). The best fitting model is the Path
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model 2 in Fig. 3 (AIC=11.397, Table 2). The path coefficient from size to size-specific
growth rate is 0.154±0.027 (mean±SE; p < 0.001), and path coefficient from size-
specific growth rate to size-specific grazing mortality is 0.610±0.085 (mean±SE; r =
0.222; p<0.001). The other comparable model is the Path model 3 in Fig. 3 (AIC=12,
Table 2). The Path model 3 includes a directional effect from body size to size-specific5

grazing mortality, yet the path coefficient of this directional effect is nonsignificant (p =
0.237). Consequently, the Path model 2 is the most parsimonious model explaining the
relationship among body size, growth rate and grazing mortality. Our results indicate
that body size affects phytoplankotn size-specific growth rate, which in turn determines
their grazing mortality in the ECS.10

3.3 The relative size-specific grazing mortality (mS/mL) explains the variation
of the Normalized Biomass-Size Spectrum (NB-SS) slope

The results of our 15 univariate GLMM indicate that only relative grazing mortality
(mS/mL) is significantly related with the NB-SS slope and the relationship is positive
(p<0.05, Table 3). That is, when the relative grazing mortality rate for small individu-15

als is higher, the spectral slope flattens (i.e. the proportion of larger individuals would
increase). We note that, if we had considered two-tail tests, under two nutrient condi-
tions, the relative size-specific growth rate (µ′

S/µ′
L and µS/µL) and size-specific growth

rate of small size category (µ′
S and µS) would show a significant positive relationship

with NB-SS slope; that is, a higher growth rate of small individuals causes the size20

spectral slope to flatten. However, this is not possible biologically. Such spurious corre-
lation simply arises due to the significant relationship between growth rate and mortality
(Fig. 6). (See also Sect. 4.3.)
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4 Discussions

4.1 Size-specific Isometric size-scaling of phytoplankton size-specific growth
rates

We observe a positive relationship between logarithmatic size-specific growth rate and
body size for the microphytoplankton assembalge in the East China Sea (Fig. 4). This5

finding supports a positive scaling relationship between size-specific growth rate and
body size, which has also been observed in several recent studies focusing on unicel-
lular organisms (Chen and Liu, 2010; Maranon, 2008; Maranon et al., 2007; Huete-
Ortega et al., 2012). Here, our observed scaling exponent of 0.099 for size-specific
growth rate could be converted to 1.099 for individual-specific growth rate; and this10

value is comparable with the reported values of individual-specific metabolic rates
ranged from 0.9 to 1.2 (Maranon, 2008; Maranon et al., 2007; Huete-Ortega et al.,
2012). Together with other studies showing isometric scaling between individual res-
piration and body in other phytosynthetic plants (Reich et al., 2006; Kiorboe, 1993),
our resluts cast doubts on the plausibility of a ubiquitous negative one-quarter scaling15

rule (Brown et al., 2000; Cermeño et al., 2006; Niklas and Enquist, 2001) between
size-specific rate and body size in natural phytoplankton assemblages.

The plausibility of negative one-quarter scaling rule from the MTE (Brown et al.,
2004) critically relies on the geometrical constraints from surface to volume ratio and
the pigment package effect for phytoplankton (Kiorboe, 1993). However, in natural20

phytoplankton assmeblage, the positive scaling exponent in our study suggests other
mechanisms should be considered to offer explainations. From the perspective of in-
dividual, the difference in phytoplankton growth condition might explain why lab cul-
tures follow the MTE, but natural assemblages do not. The scaling exponent between
cholorophyll and cell volume in natural assemblage is reported to be close to 1 (Finkel25

et al., 2004; Maranon et al., 2007), while it is reported to range from 0.6 to 0.8 in lab cul-
ture (Finkel et al., 2004). Higher cholorophyll content might allow the large individuals
to exhibit higher size-specific photosynthesis rate and thus higher size-specific growth
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rate. Besides, larger phytoplankton have been demostrated to be able to utilize several
strategies to elevate their size-specific growth rate, including increasing their vacuole
size to have higher storage ability (Thingstad et al., 2005; Latasa et al., 2005; Stolte
et al., 1994) and attaining higher photosynthesis efficiencies (Cermeño et al., 2005). In
addition, the taxonomic composition shifting could be another factor overiding the size5

effects (Maranon, 2008; Maranon et al., 2007; Huete-Ortega et al., 2012).
For the MTE to be implemented in phytoplankton, resource availibility such as light

must be sufficient for organisms to grow without limitation (Brown et al., 2000, 2004). To
avoid the issue of ligh limitation in testing MTE on phytoplankton growth, phytoplank-
ton samples were collected from surface or near surface water layer to prevent light10

limitation in most of the in situ studies (Chen and Liu, 2010; Huete-Ortega et al., 2011;
Maranon, 2008; Maranon et al., 2007). Among those, Maranon et at. (2007) was the
only study discussing the difference between two distinct stations with different light
intensity. They found that the scaling exponent of individual photosynthesis rate ver-
sus body size is significantly lower in coastal area (0.96) than in open ocean (1.14);15

however, the author accounted this difference to nutrient availability instead of light. In
our study, the phytoplankton samples were also collected from the surface layer (10 m
depth) and then incubated on deck to allows sufficient light intensity for phytoplankton
growth. Thus, the effect of light on phytoplankton growth should be regarded as minor
in our study.20

4.2 Size-specific growth rate instead of body size mainly affects the
size-specific mortality

In our study, the microphytoplankton size-specific grazing mortality mainly depends on
the size-specific growth rate, according to our regression anaysis (Fig. 6) and path
model (Table 2), but not on body size (Fig. 5). These results are cosnsitent with previ-25

ous studies indicating that the microphytoplankton extrinsic size-specific mortality rate
(grazing mortality) is size independent (McManus et al., 2007; Gutiérrez-Rodŕıguez
et al., 2009, 2011). Nevertheless, meta-analysis on phytoplankton total mortality rate
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(including both intrinsic and extrinsic mortality) still shows a −1/4 power relationship
between size-specific mortality and body size (McCoy and Gillooly, 2008). Combining
these evidence, we suggest that the −1/4 scaling of total mortality versus body size of
phytoplankton is to a large extent determined by the intrinsic processes. The extrinsic
processes are independent of body size and do not contribute significantly to affecting5

the scaling in microphytoplankton.
Our study also suggests that microphytoplankton growth rate might be the most es-

sential characteristic influencing the microzooplankton prey selection behavior (Burkill
et al., 1987; Gaul and Antia, 2001; Strom, 2002; Strom and Welschmeyer, 1991; Lie
and Wong, 2010), at least in the ECS. However, we caution our interpretation because10

it is clear that body size and size-specific growth rates show a significant positive re-
lationship (Fig. 4). One might argue that since grazing mortality relates positively with
growth rate (Fig. 6) and growth rate scales positively with body size (Fig. 4), a positive
scaling relationship between grazing mortality and body size is expected. However, we
note that the scaling exponent of growth rate versus body size is very small (∼0.1) and15

does not result in a significant positive scaling relationship between grazing mortality
versus body size.

4.3 The relative grazing mortality of small to large microphytoplankton (mS/mL)
determines the microphytoplankton NB-SS slope

The NB-SS slopes in the ECS were mainly determined by the relative higher grazing20

pressure on the small over the large microphytoplankton (mS/mL) (Table 3). Although
the Model 1, 3, 4 and 5 in Table 3 could be significant if we had considered two-tail
tests, their positive coefficients are contradictory to biological anticipations. Biologically,
the raised growth rate of small individuals (Model 4 and 5 in Table 3) or relatively
higher growth rate of small versus large individuals (Model 1 and 3 in Table 3) should25

have promoted the abundance of small individuals and consequently steepen the NB-
SS slope, which is exactly opposite to our observations. Thus, the estimated positive
coefficients of these four models are a spurious correlation resulted from the covariance
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between size-specific growth rate and grazing mortality (Fig. 6). In short, we suggest
that the raised grazing pressure on small microphytoplankton should be responsible for
flatter NB-SS slopes.

In fact, the raised grazing pressure on small microphytoplankton (i.e. grazing mor-
tality) could be due to their higher growth rate (Fig. 3). Recall that growth rate and5

grazing mortality is coupled together (Fig. 6). The elevated growth rate of small micro-
phytoplankon could provoke grazing mortality on themselves. Accordingly, this raised
grazing mortality either directly reduced the abundance of small microphytoplankton
or released the large ones from grazing. The NB-SS slope is consequently flattened.
In other words, relatively higher growth rate of small versus large individuals serves10

as a trigger for higher grazing mortality of small than large individuals, which in turn
decreases the abundance of the small microphytoplakon and results in a flatter NB-
SS slope. This mechnaism could link the microphytoplankton growth rates to graizng
mortality, and finally to the shape of microphytoplakon size structure.

Furthermore, light intensity does not offer extra explaination to the size spectral slope15

variation in our analysis. The PAR variable does not significantly explain the variation of
size spectal slopes. Indeed, if we add PAR into the 15 models in Table 3, the coefficients
of the PAR variable were never significant. In addition, no clear pattern (either linear
or Monod function) could be observed when plotting the size spectral slope across
environments against the PAR values. Thus, the effect of light does not significantly20

afftect our results.

5 Conclusions

We developed a novel appraoch to measure size-specific growth rate and mortality
for microphytoplankton. We found that size-specific growth rate of micrphytoplankton
assemblages in the ECS scales positively with body size (however the slope is very25

small) and that size-specific motality exhibits no relationship with body size. These re-
sults differ from the prediction of MTE. Whether MTE is generally applicable in natural
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phytoplankton assemablages remians to be tested. Furthermore, our results indicate
that body size affects phytoplankotn size-specific growth rate, which in turn determines
their grazing mortality in the ECS. As a consequence, relatively higher growth rate of
small versus large individuals serves as a trigger for higher grazing mortality of small
than large individuals, which in turn decreases the abundance of the small microphyto-5

plakon and results in a flatter NB-SS slope. Our findings provide a mechanistic linkage
between rates measurements with biomass size specturm.

Supplementary material related to this article is available online at:
http://www.biogeosciences-discuss.net/9/16589/2012/
bgd-9-16589-2012-supplement.pdf.10
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of environmental forcing on the biomass, production and growth rate of size-fractionated
phytoplankton in the Central Atlantic Ocean, J. Marine. Syst., 88, 203–213, 2011.

Huete-Ortega, M., Cermeno, P., Calvo-Diaz, A., and Maranon, E.: Isometric size-scaling of
metabolic rate and the size abundance distribution of phytoplankton, P. Roy. Soc. B-Biol.
Sci., 279, 1815–1823, 2012.20

Ide, K., Takahashi, K., Kuwata, A., Nakamachi, M., and Saito, H.: A rapid analysis of copepod
feeding using FlowCAM, J. Plankton Res., 30, 275–281, 2008.

Irwin, A. J., Finkel, Z. V., Schofield, O. M. E., and Falkowski, P. G.: Scaling-up from nutrient
physiology to the size-structure of phytoplankton communities, J. Plankton Res., 28, 459–
471, 2006.25

Jiao, N. Z., Yang, Y. H., Koshikawa, H., and Watanabe, M.: Influence of hydrographic conditions
on picoplankton distribution in the East China Sea, Aquat. Microb. Ecol., 30, 37–48, 2002.

Juhl, A. R. and Murrell, M. C.: Interactions between nutrients, phytoplankton growth, and micro-
zooplankton grazing in a Gulf of Mexico estuary, Aquat. Microb. Ecol., 38, 147–156, 2005.

Key, T., McCarthy, A., Campbell, D. A., Six, C., Roy, S., and Finkel, Z. V.: Cell size trade-offs30

govern light exploitation strategies in marine phytoplankton, Environ. Microbiol., 12, 95–104,
2010.

16610

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/16589/2012/bgd-9-16589-2012-print.pdf
http://www.biogeosciences-discuss.net/9/16589/2012/bgd-9-16589-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
9, 16589–16623, 2012

Scaling of growth
rate and mortality

F. H. Chang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Kiorboe, T.: Turbulence, phytoplankton cell size, and the structure of pelagic food webs, Adv.
Mar. Biol., 29, 1–72, 1993.

Kline, R. B.: Principles and Practice of Structural Equation Modeling, 3rd edn., edited by: Lit-
tle, T. D., The Guilford Press, New York, 366 pp., 2011.

Landry, M. R. and Hassett, R. P.: Estimating the grazing impact of marine micro-zooplankton,5

Mar. Biol., 67, 283–288, 1982.
Landry, M. R., Kirshtein, J., and Constantinou, J.: A refined dilution technique for measuring

the community grazing impact of microzooplankton, with experimental tests in the Central
Equatorial Pacific, Mar. Ecol.-Prog. Ser., 120, 53–63, 1995.

Landry, M. R., Constantinou, J., Latasa, M., Brown, S. L., Bidigare, R. R., and Ondrusek, M. E.:10

Biological response to iron fertilization in the Eastern Equatorial Pacific (IronEx II). III. Dy-
namics of phytoplankton growth and microzooplankton grazing, Mar. Ecol.-Prog. Ser., 201,
57–72, 2000.

Latasa, M., Morán, X. A. G., Scharek, R., and Estrada, M.: Estimating the carbon flux through
main phytoplankton groups in the Northwestern Mediterranean, Limnol. Oceanogr., 50,15

1447–1458, 2005.
Lessard, E. J. and Murrell, M. C.: Microzooplankton herbivory and phytoplankton growth in the

Northwestern Sargasso Sea, Aquat. Microb. Ecol., 16, 173–188, 1998.
Li, W. K. W.: Macroecological patterns of phytoplankton in the Northwestern North Atlantic

Ocean, Nature, 419, 154–157, 2002.20

Lie, A. A. Y., and Wong, C. K.: Selectivity and grazing impact of microzooplankton on phyto-
plankton in two subtropical semi-enclosed bays with different chlorophyll concentrations, J.
Exp. Mar. Biol. Ecol., 390, 149–159, 2010.

Litchman, E., Klausmeier, C. A., Schofield, O. M., and Falkowski, P. G.: The role of functional
traits and trade-offs in structuring phytoplankton communities: scaling from cellular to ecosys-25

tem level, Ecol. Lett., 10, 1170–1181, 2007.
Lopez-Urrutia, A., San Martin, E., Harris, R. P., and Irigoien, X.: Scaling the metabolic balance

of the oceans, P. Natl. Acad. Sci.-Biol., 103, 8739–8744, 2006.
Maguer, J. F., L’Helguen, S., Waeles, M., Morin, P., Riso, R., and Caradec, J.: Size-fractionated

phytoplankton biomass and nitrogen uptake in response to high nutrient load in the North30

Biscay Bay in spring, Cont. Shelf Res., 29, 1103–1110, 2009.
Malone, T. C., Pike, S. E., and Conley, D. J.: Transient variations in phytoplankton productivity

at the JGOFS Bermuda time series station, Deep-Sea Res. Pt. I, 40, 903–924, 1993.

16611

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/16589/2012/bgd-9-16589-2012-print.pdf
http://www.biogeosciences-discuss.net/9/16589/2012/bgd-9-16589-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
9, 16589–16623, 2012

Scaling of growth
rate and mortality

F. H. Chang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Maranon, E.: Inter-specific scaling of phytoplankton production and cell size in the field, J.
Plankton Res., 30, 157–163, 2008.

Maranon, E., Cermeno, P., Rodriguez, J., Zubkov, M. V., and Harris, R. P.: Scaling of phy-
toplankton photosynthesis and cell size in the ocean, Limnol. Oceanogr., 52, 2190–2198,
2007.5

Marba, N., Duarte, C. M., and Agusti, S.: Allometric scaling of plant life history, P. Natl. Acad.
Sci.-Biol., 104, 15777–15780, 2007.

Marquis, E., Niquil, N., and Dupuy, C.: Does the study of microzooplankton community size
structure effectively define their dynamics? Investigation in the Bay of Biscay (France), J.
Plankton Res., 33, 1104–1118, 2011.10

McCoy, M. W. and Gillooly, J. F.: Predicting natural mortality rates of plants and animals, Ecol.
Lett., 11, 710–716, 2008.

McManus, G. B., Costas, B. A., Dam, H. G., Lopes, R. M., Gaeta, S. A., Susini, S. M., and
Rosetta, C. H.: Microzooplankton grazing of phytoplankton in a tropical upwelling region,
Hydrobiologia, 575, 69–81, 2007.15

Montagnes, D. J. S., Barbosa, A. B., Boenigk, J., Davidson, K., Jurgens, K., Macek, M.,
Parry, J. D., Roberts, E. C., and Simek, K.: Selective feeding behaviour of key free-living
protists: avenues for continued study, Aquat. Microb. Ecol., 53, 83–98, 2008.

Moran, X. A. G., Lopez-Urrutia, A., Calvo-Diaz, A., and Li, W. K. W.: Increasing importance of
small phytoplankton in a warmer ocean, Global Change Biol., 16, 1137–1144, 2010.20

Moreno-Ostos, E., Fernandez, A., Huete-Ortega, M., Mourino-Carballido, B., Calvo-Diaz, A.,
Moran, X. A. G., and Maranon, E.: Size-fractionated phytoplankton biomass and production
in the tropical Atlantic, Sci. Mar., 75, 379–389, 2011.

Murrell, M. C., Stanley, R. S., Lores, E. M., DiDonato, G. T., and Flemer, D. A.: Linkage between
microzooplankton grazing and phytoplankton growth in a Gulf of Mexico estuary, Estuaries,25

25, 19–29, 2002.
Niklas, K. J. and Enquist, B. J.: Invariant scaling relationships for interspecific plant biomass

production rates and body size, P. Natl. Acad. Sci.-Biol., 98, 2922–2927, 2001.
Platt, T. and Denman, K.: Organization in pelagic ecosystem, Helgoland Wiss. Meer., 30, 575–

581, 1977.30

Reckermann, M. and Veldhuis, M. J. W.: Trophic interactions between picophytoplankton and
micro- and nanozooplankton in the Western Arabian Sea during the NE monsoon 1993,
Aquat. Microb. Ecol., 12, 263–273, 1997.

16612

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/16589/2012/bgd-9-16589-2012-print.pdf
http://www.biogeosciences-discuss.net/9/16589/2012/bgd-9-16589-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
9, 16589–16623, 2012

Scaling of growth
rate and mortality

F. H. Chang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Reich, P. B., Tjoelker, M. G., Machado, J. L., and Oleksyn, J.: Universal scaling of respiratory
metabolism, size and nitrogen in plants, Nature, 439, 457–461, 2006.

Reul, A., Rodriguez, V., Jimenez-Gomez, F., Blanco, J. M., Bautista, B., Sarhan, T., Guer-
rero, F., Ruiz, J., and Garcia-Lafuente, J.: Variability in the spatio-temporal distribution
and size-structure of phytoplankton across an upwelling area in the NW-Alboran Sea, (W-5

Mediterranean), Cont. Shelf Res., 25, 589–608, 2005.
Ricklefs, R. E.: Evolutionary theories of aging: confirmation of a fundamental prediction, with

implications for the genetic basis and evolution of life span, Am. Nat., 152, 24–44, 1998.
Safi, K. A., Brian Griffiths, F., and Hall, J. A.: Microzooplankton composition, biomass and graz-

ing rates along the WOCE SR3 line between Tasmania and Antarctica, Deep-Sea Res. Pt. I,10

54, 1025–1041, 2007.
Savage, V. M., Deeds, E. J., and Fontana, W.: Sizing up allometric scaling theory, PLoS Com-

put. Biol., 4, e1000171, doi:10.1371/journal.pcbi.1000171, 2008.
Sheldon, R. W., Sutcliff, W. H., and Prakash, A.: Size distribution of particles in the ocean,

Limnol. Oceanogr., 17, 327–340, 1972.15

Stolte, W., McCollin, T., Noordeloos, A. A. M., and Riegman, R.: Effect of nitrogen-source on
the size distribution within marine-phytoplankton populations, J. Exp. Mar. Biol. Ecol., 184,
83–97, 1994.

Strom, S.: Novel interactions between phytoplankton and microzooplankton: their influence on
the coupling between growth and grazing rates in the sea, Hydrobiologia, 480, 41–54, 2002.20

Strom, S. L. and Welschmeyer, N. A.: Pigment-specific rates of phytoplankotn growth and mi-
crzooplankton grazing in the open sub-arctic pacific-ocean, Limnol. Oceanogr., 36, 50–63,
1991.

Teixeira, I. G., Figueiras, F. G., Crespo, B. G., and Piedracoba, S.: Microzooplankton feeding
impact in a coastal upwelling system on the NW Iberian margin: the Ria de Vigo, Estuar.25

Coast. Shelf S., 91, 110–120, doi:10.1016/j.ecss.2010.10.012, 2011.
Thingstad, T. F., Ovreas, L., Egge, J. K., Lovdal, T., and Heldal, M.: Use of non-limiting sub-

strates to increase size; a generic strategy to simultaneously optimize uptake and minimize
predation in pelagic osmotrophs?, Ecol. Lett., 8, 675–682, 2005.

Tsai, A.-Y., Gong, G.-C., Sanders, R. W., Chen, W.-H., Chao, C.-F., and Chiang, K.-P.: Impor-30

tance of bacterivory by pigmented and heterotrophic nanoflagellates during the warm season
in a Subtropical Western Pacific coastal ecosystem, Aquat. Microb. Ecol., 63, 9–18, 2011.

16613

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/16589/2012/bgd-9-16589-2012-print.pdf
http://www.biogeosciences-discuss.net/9/16589/2012/bgd-9-16589-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1371/journal.pcbi.1000171
http://dx.doi.org/10.1016/j.ecss.2010.10.012


BGD
9, 16589–16623, 2012

Scaling of growth
rate and mortality

F. H. Chang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Verdy, A., Follows, M., and Flierl, G.: Optimal phytoplankton cell size in an allometric model,
Mar. Ecol.-Prog. Ser., 379, 1–12, doi:10.3354/meps07909, 2009.

Wang, H. L., Huang, B. Q., and Hong, H. S.: Size-fractionated productivity and nutrient dy-
namics of phytoplankton in subtropical coastal environments, Hydrobiologia, 352, 97–106,
1997.5

Yvon-Durocher, G., Montoya, J. M., Trimmer, M., and Woodward, G. U. Y.: Warming alters
the size spectrum and shifts the distribution of biomass in freshwater ecosystems, Global
Change Biol., 17, 1681–1694, 2011.

Zhang, J., Liu, S. M., Ren, J. L., Wu, Y., and Zhang, G. L.: Nutrient gradients from the eutrophic
Changjiang (Yangtze River) Estuary to the oligotrophic Kuroshio waters and re-evaluation of10

budgets for the East China Sea Shelf, Prog. Oceanogr., 74, 449–478, 2007.
Zhang, L. Y., Sun, J., Liu, D. Y., and Yu, Z. S.: Studies on growth rate and grazing mortality

rate by microzooplankton of size-fractionated phytoplankton in spring and summer in the
Jiaozhou Bay, China, Acta. Oceanol. Sin., 24, 85–101, 2005.

16614

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/16589/2012/bgd-9-16589-2012-print.pdf
http://www.biogeosciences-discuss.net/9/16589/2012/bgd-9-16589-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.3354/meps07909


BGD
9, 16589–16623, 2012

Scaling of growth
rate and mortality

F. H. Chang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 1. Results of generalized linear mixing effect model (GLMM) and univariate regression
analyses linking microphytoplankton size-specific growth rate (µ or µ′) with microphytoplankton
body size (biomass). In GLMM, all data were pooled and cruises were considered as ran-
dom effects. µ and µ′ represents size-specific growth rates measured with and without nutrient
amendment, respectively.

Cruise Coefficient SE p-value r-square

GLMM: Log2( µ) ∼Log2(phytoplankton biomass)+ random effect (cruise)
Over all 0.099 0.017 <0.001
Linear model: Log2( µ) ∼Log2(phytoplankton biomass)
May 2010 0.223 0.072 <0.001 0.325
Dec 2010 0.174 0.032 <0.001 0.501
Jun 2011 −0.009 0.029 0.763 0.003
Jul 2011 0.090 0.033 <0.05 0.189
Aug 2011 0.047 0.034 0.177 0.053
Oct 2011 0.152 0.058 <0.05 0.230
GLMM: Log2( µ′) ∼Log2(phytoplankton biomass)+ random effect (cruise)
Over all 0.155 0.026 <0.001
Linear model: Log2( µ′) ∼Log2(phytoplankton biomass)
May 2010 0.291 0.100 <0.001 0.299
Dec 2010 0.287 0.069 <0.001 0.365
Jun 2011 0.113 0.057 0.06 0.127
Jul 2011 0.082 0.056 0.151 0.063
Aug 2011 0.085 0.026 <0.01 0.241
Oct 2011 0.186 0.088 <0.05 0.163
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Table 2. Results of path analyses of the path models presented in Fig. 3. The endogenous
variables are italic. Path model 2 is considered as the best model describing the relationship
between body size, size-specific growth rate, and grazing mortality according to AIC.

Path AIC Unstandardized SE p-value r-square for
path coefficient endogenous variable

Path model 1 53.492
Body size → 0.154 0.027 <0.001 0.157
size-specific growth rate
Body size → 0.058 0.038 0.123 0.013
size-specific grazing mortality
Path model 2 11.397
Body size → 0.154 0.027 <0.001
size-specific growth rate
size-specific growth rate → 0.610 0.085 <0.001 0.221
size-specific grazing mortality
Path model 3 12
Body size → 0.154 0.027 <0.001
size-specific growth rate
Body size → −0.043 0.036 0.237
size-specific grazing mortality 0.230
size-specific growth rate → 0.654 0.093 <0.001
size-specific grazing mortality
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Table 3. Results of GLMM examining the relationship between NB-SS slopes (dependent vari-
able) versus size-specific growth rates, mortality, grazing impacts, and the ratio of small versus
large size category for these variables. The subscript (S or L) indicates the size category (small
or large). µ and µ′ represents size-specific growth rates measured with and without nutrient
amendment, respectively; m represents size-specific grazing mortality; I and I ′ represents graz-
ing impact measured with and without nutrient amendment (I =m/µ and I ′ =m/µ′). Biological
antipation represents the expected positive (+) or negative (−) relationship between each vari-
able versus size spectral slopes, according to biological reasoning. The effect (coefficient) of
each independent variable on NB-SS slopes was tested against the biological antipation using
one-tail tests. Cruises were considered as random effects in GLMM.

Independent Biological Coefficient p-value
variables anticipation

Model 1 µ′
S/µ

′
L − 0.129 0.995

Model 2 mS/mL + 0.153 0.036∗

Model 3 µS/µL − 0.123 0.970
Model 4 µ′

S − 0.166 0.992
Model 5 µS − 0.255 0.993
Model 6 mL − −0.006 0.079
Model 7 mS + 0.070 0.107
Model 8 I ′L − −0.058 0.155
Model 9 IL − −0.049 0.170
Model 10 IS/IL + 0.029 0.259
Model 11 µL + −0.099 0.884
Model 12 µ′

L + −0.053 0.814
Model 13 I ′S + −0.027 0.720
Model 14 IS + −0.007 0.566
Model 15 I ′S/I

′
L + −0.009 0.581

∗ Indicates the model that gives biologically reasonable and significant result.
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Fig. 1. Map illustrating experimental stations in the East China Sea.
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Fig. 2. Schematic illustrating how the size-specific growth rate and grazing mortality for each
size class was calculated. Left panel shows the relationship between phytoplankton biomass
versus size at T0 and T24 (black lines) for each dilution factor. Dilution factor (DF) represents the
percentage of unfiltered sea water. Right panel illustrates the regression analysis of realized
phytoplankton growth rate (x-axis) versus the corresponding dilution factors (y-axis) for each
size class. Colors indicate different size classes. By comparing the phytoplankton biomass
at T0 and T24 under different dilution factors for each size class, one can estimate size-specific
growth rate and grazing mortality using the regression approach commonly employed in dilution
experiments for each size class.
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Fig. 3. Schematic indicating the three path models for path analyses to further clarify the rela-
tionships among microphytoplankton body size, size-specific growth rate, and grazing mortality.
The effect from body size to size-specific growth rate was always fixed. The path coefficients
denoted with a asterisk are significant.
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Fig. 4. Scatter plot of log2 transformed size-specific growth rate versus size (biomass). (a) indi-
cates the size-specific growth rate measured with nutrient amendment (µ), while (b) indicates
those measured without nutrient amendment (µ′). Both the estimated slopes from GLMM of
(a) (0.10) and (b) (0.15) are significant. Different colors represent data from different cruises.
Solid lines indicate significant correlations, while the dashed lines indicate nonsignificant cor-
relations.
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Fig. 5. Scatter plot of log2 transformed size-specific grazing mortality versus size (biomass).
The regression is not significant in either GLMM or each cruise analyzed individually, except for
August 2011 (−0.083±0.035; r =0.119; p=0.02) and October 2011 (0.230±0.099; r =0.155,
p=0.03).
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Fig. 6. Scatter plot of log2 transformed size-specific grazing mortality versus growth rate. The
slope is significant either for the measurements with nutrient amendment (black, p<0.001) or
without nutrient amendment (red, p<0.001).
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