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Abstract. Allometric scaling of body size versus growth rate among assemblages. We test whether the variation of micro-
and mortality has been suggested to be a universal macroecghytoplankton NBSS slopes is determined by (1) differential
logical pattern, as described by the metabolic theory of ecol-grazing mortality of small versus large individuals, (2) dif-
ogy (MTE). However, whether such scaling generally holdsferential growth rate of small versus large individuals, or (3)
in natural assemblages remains debated. Here, we test the hgembinations of these scenarios. Our results indicate that the
pothesis that the size-specific growth rate and grazing mor¥atio of the grazing mortality of the large size category to that
tality scale with the body size with an exponentef/4 after  of the small size category best explains the variation of NBSS
temperature correction, as MTE predicts. To do so, we coupleslopes across environments, suggesting that higher grazing
a dilution experiment with the FlowCAM imaging system to mortality of large microphytoplankton may release the small
obtain size-specific growth rates and grazing mortality of nat-phytoplankton from grazing, which in turn leads to a steeper
ural microphytoplankton assemblages in the East China Sea\BSS slope. This study contributes to understanding the rel-
This novel approach allows us to achieve highly resolvedative importance of bottom-up versus top-down control in
size-specific measurements that would be very difficult to ob-shaping microphytoplankton size structure.
tain in traditional size-fractionated measurements using fil-
ters. Our results do not support the MTE prediction. On av-
erage, the size-specific growth rates and grazing mortality
scale almost isometrically with body size (with scaling expo-1 Introduction
nent~ 0.1). However, this finding contains high uncertainty,
as the size-scaling exponent varies substantially among agsrowth and mortality represent two key ecological processes
semblages. The fact that size-scaling exponent varies amongf organisms. The phytoplankton community growth rate
assemblages prompts us to further investigate how the variis determined not only by temperature and resource avail-
ation of size-specific growth rate and grazing mortality canability but also by the size composition of the community.
interact to determine the microphytoplankton size structure Temperature effects have been known to be positive on the
described by normalized biomass size spectrum (NBSS)maximum phytoplankton growth rate (Bissinger et al., 2008,
Eppley, 1972). The effects of resource availability, such as
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nutrients and light, on phytoplankton population growth de- anism suggests microzooplankton prefer phytoplankton that
pend on body size (Finkel, 2001; Finkel et al., 2004; Irwin are small in size (Froneman and McQuaid, 1997; Zhang et
et al., 2006). In general, large phytoplankton exhibit a loweral., 2005). The debate could stem from the strong correlation
photosynthesis rate because of the package effect (Berner between being small and having fast growth rates accord-
al., 1989) and a lower nutrient uptake rate because of loweing to MTE (Brown et al., 2004). In addition, the confusion
surface-to-volume ratio (Kigrboe, 1993). However, when could result from the low resolution in defining the size class
light and nutrients are sufficient, large individuals could haveof phytoplankton (Montagnes et al., 2008). In order to shed
competitive advantages over small individuals (Maguer etlight on the unclear pattern of phytoplankton grazing mortal-
al., 2009) due to their low susceptibility to light damage and ity, detailed and thorough size-specific studies are needed.
higher carbon-specific photosynthesis rates (Céoret al., The knowledge of size-specific growth rate and grazing
2005; Key et al., 2010). mortality would directly contribute to understanding the vari-
The relationship between body size and population growthations of phytoplankton size structure across environments.
rate has recently been described using the metabolic theorWwhile this is intuitive, rarely have the studies of phytoplank-
of ecology (MTE) (Brown et al., 2004). According to MTE, ton size structure been carried out simultaneously with size-
the temperature-corrected size-specific population growttspecific growth rate and grazing mortality measurements.
rate scales allometrically with its body size, with an exponentRather, most studies focused on correlation analyses to link
of —1/4 (Brown et al., 2004). Although this-1/4 scaling  phytoplankton size structures with environmental variables.
exponent has been observed in compiled data from freshwaFor instance, studies have shown that high nutrients generally
ter and marine phytoplankton (Edwards et al., 2012; Litch-lead to prevalence of large phytoplankton (Cavender-Bares et
man et al., 2007), other studies using natural assemblageal., 2001; Huete-Ortega et al., 2011; Juhl and Murrell, 2005;
from open ocean and coastal regions have showed that theeul et al., 2005); oligotrophic conditions, by contrast, result
phytoplankton growth rate scales isometrically with body in predominance of small phytoplankton (Irwin et al., 2006;
size (Mardibn, 2008; Mar&bon et al., 2007; Huete-Ortega Li, 2002). In addition, high temperature usually favours the
et al., 2012) or exhibits a parabolic relationship with body dominance of small phytoplankton (Agawin et al., 2000;
size (Chen and Liu, 2010). However, reviews suggest thatyvon-Durocher et al., 2011). Worth noting is that, since nu-
the scaling exponents vary froml1/3 to 0 (Glazier, 2005, trient supply often covaries with temperature in natural envi-
2010). Clearly, linkage between growth rate and body size ofronments (Mar@bn et al., 2012), it is not easy to distinguish
phytoplankton needs further investigation. the effects of nutrients from temperature. These studies, how-
In addition to growth rate, mortality is another impor- ever, focus on the size-structure variations with respect to
tant factor influencing phytoplankton dynamics. The mor- environmental factors instead of directly measuring the phy-
tality rate generally is determined by both intrinsic and ex- toplankton growth rate and grazing mortality (Moran et al.,
trinsic mechanisms. The intrinsic mechanism attributes t02010). While other studies focused on the selective grazing
the individual metabolic rate, which is determined primar- behaviour of microzooplankton and inferred the potential ef-
ily by body size and temperature (Brown et al., 2004; Sav-fect on the phytoplankton size structure, they did not measure
age et al., 2008). In contrast, the extrinsic mechanism referghe phytoplankton size structure together with feeding exper-
to other death causes such as disease, predation, or accidemtents (Calbet et al., 2008; Teixeira et al., 2011). Moreover,
(Ricklefs, 1998). According to MTE, mass-specific intrinsic while size-specific phytoplankton responses were examined
mortality rate should scale with body size with-d./4 ex- in modelling research to explain the increase of large phy-
ponent, because of metabolic constraints, and indeed suchtaplankton with nutrient concentration (Irwin et al., 2006;
scaling relationship has been reported empirically (Hendriks Verdy et al., 2009), empirical studies on size-specific growth
2007; Marba et al., 2007). However, the relationship betweerrate and grazing mortality would help clarify the mechanisms
extrinsic mortality and body size is not well studied. Interest- affecting the phytoplankton size structure.
ingly, McCoy and Gillooly (2008) compiled comprehensive  Phytoplankton size structure is commonly quantified using
empirical data and reported that the total mortality (i.e. thethe slope of normalized biomass size spectrum (NBSS) (Platt
sum of both intrinsic and extrinsic mortality) of organisms and Denman, 1977). There is an obvious linkage of size-
also scales with body size with-al/4 exponent, which sug- specific growth rate and grazing mortality with the NBSS
gests that either extrinsic mortality also scales with body sizeslope. The NBSS slope can vary among assemblages because
with a —1/4 exponent or extrinsic mortality is independent of variation in the relative growth rate and grazing mortal-
of body size. ity of small versus large individuals among assemblages. For
For microphytoplankton, the major extrinsic mortality example, suppose there are two hypothetical stations, A and
comes from microzooplankton grazing (Calbet and Landry,B. Assuming in station A, compared to station B, small in-
2004). Two mechanisms have been proposed to explain thdividuals show comparable growth rate but higher grazing
microzooplankton grazing behaviour. The first mechanismmortality to the large individuals, the NBSS slope in sta-
proposes that microzooplankton select phytoplankton thation A should be shallower than that in B. More specifically,
grow faster (Lie and Wong, 2010), while the second mech-the NBSS slope can vary among environments (stations) if
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the scaling of size-specific growth rate or grazing mortality £ ‘ Y
varies among environments. 320N | x\fﬁg ]

Here, we focus on microphytoplankton, a community that @06;% > stE19A 7
has never been studied for its size-specific growth rate an P o e e
grazing mortality in natural assemblages. We have two ob-3qeoy - N . s
jectives. First, we test if the MTE is applicable to natural o ﬁw o
microphytoplankton assemblages. Specifically, we conduct :55-'; T ‘ -
within-assemblage analysis to test whether the size-specifi2s°N| 7@; sE 12 s
growth rate and grazing mortality generally scale with the gfﬁ o ) P
body size with an exponent efl/4 after temperature correc- ”5‘13 e . E‘D
tion. Our second objective is to investigate how the variation®® ™| ; gl SR
of microphytoplankton size structure (NBSS slope) among #yﬁ“ i ?9“‘” S
assemblages can be explained by the relative growth rate ar, o, P . Ml . .
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grazing mortality of small versus large individuals among as-
semblages. Specifically, we test the hypotheses that the varkig, 1. Map illustrating experimental stations in the East China Sea.
ation of microphytoplankton NBSS slopes is determined by

(1) differential grazing mortality of large versus small indi-

viduals, (2) differential growth rate of large versus small in- 1. (2000). These environmental measurements for each sta-
dividuals, or (3) combinations of these scenarios. tion were integrated over the entire euphotic zone using dis-
crete gradient integration method, and the integrated average
> Methods was used for analyses (Table Al in Supplement A).

2.1 Sites descriptions 2.3 Dilution experiments

al0 investigate the growth and mortality rate of microphyto-

We carried out our experiments in the East China Se S :
plankton, dilution experiments were conducted (Landry and

(ECS), which is an ideal region to study microzooplankton- _ ! \
phytoplankton interactions because of its strong environmentiassett, 1982; Landry et al., 1995). All incubation bottles,
tal gradient. The ECS is influenced by the eutrophic dis-tubes, and carboys were acid-rinsed first with 10 % HCI and
charge from the Yangtze River in the coastal region and thdhen with distilled water. Carboys were rinsed with ambi-
oligotrophic Kuroshio Current in the offshore area (Gong et €Nt Seawater before each experiment. For each set of ex-
al., 1996, 2003). Previous studies have indicated a declinP€riments, 40L of whole seawater (WSW) were collected
ing gradient in nutrient concentration from the coastal area®t the 10m depth using a CTD-rosette system with Go-Flo
to offshore (Zhang et al., 2007). The phytoplankton com-Pottles. Another 20L of seawater were filtered through a

munity structure and the interactions between phytoplanktorf-2 KM filter membrane (Millipore 144 mm) with a peristaltic
and zooplankton in the ECS have been shown to vary acrosRUMPINg system to obtain particle-free sea water (FSW). We

this nutrient gradient (Chan et al., 2003; Chang et al., 20099€ntly mixed the FSW and WSW in 2.4L polycarbonate

Jiao et al., 2002; Tsai et al., 2011). These studies focused oRottles to prepare the four dilution treatments, 25, 50, 75,

pico- and nano-phytoplankton rather than microphytoplank-a”d 100 % 0(1: WSW with artificial nutrient amendment an_d
ton. However, microphytoplankton could also play an impor- another 100 % WSW without amendment. Treatments with

tant role in biogeochemical processes in the ECS. artificial nutrient amendment received 6.2 mL of Guillard’s
(F/2) Marine Water Enrichment Solution (cat. No. G0154)
2.2 Sampling and 20 uml NHCI (nutrient added into each incubation bot-
tle: 3uM NGs; 0.12uM PQ; 0.36 uM SiQ; 3puM NHy).
We carried out 26 sets of dilution experiments in the ECSThree of five treatments of the dilution series (25 %, 50 %,
(Fig. 1) from May 2010 to October 2011 during 7 cruises and 75 % WSW) were prepared in duplicate and the other
on board a research vessel (Table Al). Temperature antivo (100 % WSW with and without nutrient amendment) in
salinity profiles were recorded with a SeaBird CTD profiler triplicate. All the 2.4 L polycarbonate bottles were placed
(SBE9/11 plus, SeaBird Inc., USA). The photosynthesis acin a large opaque incubation tank with a lid for 24 h of
tive radiation (PAR) profile was measured with a quantumon-deck incubation.
scalar irradiance meter#4collector; Biospheric Inc., USA) Incubation tanks were filled with constantly circulating
attached to the CTD profiler. Nutrients (nitrate, phosphate,surface seawater along the cruise, with temperature measured
and silicate) and chlorophyd#l (chl @) concentrations were periodically. During the incubation, we maintained the natu-
measured from water samples collected with Go-Flo bottlegal light cycle as closely as possible to avoid light limitation
at 4 to 6 depths depending on stations. The analytic methby unveiling the lid before dawn and veiling it after dusk
ods used for nutrients and chlare described in Gong et to avoid artificial light from the research vessel. Samples

www.biogeosciences.net/10/5267/2013/ Biogeosciences, 10, 52802013



5270 F. H. Chang et al.: Scaling of growth rate and mortality

were collected from the WSW before incubatidfy) and For each size class
from each incubation bottle after incubatich4) for Flow- / -
CAM analyses. The mortality of phytoplankton under nutri- 4
ent amendment was assumed to be mainly due to grazin
rather than intrinsic processes, such as starvation. In our ex T ;
periments, resource limitation was not a concern for phyto- N P |CeEN| —
plankton growth and mortality in testing MTE because our ‘
experiments were carried out with nutrient amendment anc
on board a research vessel where light was presumably nc
limited between the hours of dawn and dusk.

Net phytoplankton growtlirage

2.4 FlowCAM analysis

Log, (Normalized biomass)

In this study, we developed a novel approach to measurt
the phytoplankton size-specific growth and grazing mor- | ~ Mo
tality using the Flow Cytometer And Microscope (Flow-

CAM), which is an automatic sampling device that has been Tu\

shown to exhibit high accuracy and efficiency in measur- N

ing phytoplankton size structure (Alvarez et al., 2011) and o Ny g [OF (200
in zooplankton grazing experiments (Ide et al., 2008). This
new approach overcomes the deficiency in traditional size- Log, (Body size) DF(%)  DF(%) DF(%)
fractionated chlorophyll measurements (Calbet et al., 2001,

2008; Calbet, 2008; Lessard and Murrell, 1998; Reckermani¥ig. 2. Schematic illustrating how the size-specific growth rate and
and Veldhuis, 1997), which cannot provide satisfactory sizegrazing mortality for each size class were calculated. Left panel
resolution. Combining the detailed size information acquiredshows the relationship between phytoplankton biomass versus size
from the FlowCAM and dilution technique, we were able to at7p and T4 (black lines) for each dilution factor. Dilution factor
measure the size-specific growth and mortality rate of mi-(DF) represents the percentage of unfiltered seawater. Right panel

crophytoplankton with high resolution ranging from 10 to illustrates the regression analysis of realized phytoplankton growth
300 pm rate (¢ axis) versus the corresponding dilution factoysakis) for

We processed fresh samples with the FlowCAM on board.eaCh size class. Colours indicate different size classes. By compar-

ing the phytoplankton biomass &t and T»4 under different dilu-
the research vessel. All fresh samples were taken from th‘t:ion factors for each size class, one can estimate size-specific growth

initial undiluted WSW () before incubation and the bot- 46 and grazing mortality using the regression approach commonly
tles at the end of incubatiori’{s). However, due to time  employed in dilution experiments for each size class.

limitation on the boat, each sample was processed by pass-
ing a water sample of 6 mL or 18 min, whichever came first.

The objective used for on-boat analysis is 4nd the flow  exponent. Bothe andd are listed in Marquis et al. (2011).

cell used was 300 um in thickness following the operationsThroughout this paper, we use carbon biomass to represent
manual. This combination allowed all the particles to passhody size of phytoplankton.

through. Images of particle sizes ranging from 4 to 500 um

ESD (equivalent spherical diameter) were captured by thez 5 Data analysis

FlowCAM automatically, while only those ranging from 10

to 300 um ESD were extracted for further analyses. The aver2.5.1  Calculation of size-specific growth rate and

age number of particles processed and average particle den- grazing mortality
sity of triplicates in each sampling station are presented in
Table B1 in Supplement B. To estimate the size-specific growth rate and grazing mor-

To estimate the biomass of microphytoplankton, particlestality of microphytoplankton, we first constructed the size
were manually classified into 6 categories: chain-forming di-spectrum of microphytoplankton & and7»4 (Fig. 2). The
atom, single diatom, naked dinoflagellate, shelled dinoflag-normalized biomass size spectra of phytoplankton were em-
ellate, colony small cells, and singletons smaller than 20 pnployed in this study, and we divided the total biomass of each
ESD. Biovolumes (u) of all microphytoplankton individu-  log, size class by the width of the respective size class (Platt
als were automatically estimated by the FlowCAM and wereand Denman, 1977; Sheldon et al., 1972). The microphyto-
then converted into carbon biomass (pg) according to theplankton biomass within this range covers 12 orders of mag-
category-specific conversion equation. The conversion equanitude under logscale. A log scale was used to be in accor-
tion is C=c x V4, where “C” is the cell carbon (pg)V dance with the standard convention, which keeps the high-
cell volume (umd), ¢ a coefficient, and/ the size scaling est size resolution possible. In this manner, we estimated the
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biomass of each size classT and T>4. This new method eralized linear mixed effect model (GLMM) (Bolker et al.,
has an advantage over traditional methods for obtaining size2009) to estimate the average exponent. In GLMM, stations
fractionated chlz measurements, which exhibit difficulties were considered as the random effect to examine whether a
with high-resolution data. general scaling relationship exists within an assemblage. In-
The growth and mortality rates were estimated using a lin-cluding stations as a random effect variable removes the pos-
ear regression of realized phytoplankton growth rates of foursibility for any spurious relationships arising from variation
dilution treatments versus the corresponding dilution factorsacross seasons or space while using data from all stations to
(% of WSW). Thus, we could calculate the slope as the grazincrease sample size. We further investigated the scaling of
ing mortality ¢z) and the intercept as the intrinsic phyto- © andm on body size for each cruise following the same
plankton growth ratey) (Landry and Hassett, 1982; Landry protocol of GLMM analysis.
et al., 1995). The novel and additional calculation here is
that, for each size class, we carried out linear regression 02.5.4 Coupling between size-specific growth rate and
realized phytoplankton growth rates on four dilution treat- grazing mortality
ments to estimate size-specific growth rate and grazing mor-
tality (Fig. 2). In addition to p, we also measured the size-To further clarify the relationship among microphytoplank-
specific growth rate without nutrient amendment)(Con-  ton body size, size-specific growth rate, and size-specific
sequently, the size-specific growth rate with and without nu-grazing mortality, we regressed the size-specific grazing
trient amendmenty( and ') and grazing mortalityr¢) of mortality against size-specific growth rate, using GLMM

microphytoplankton could be estimated. with stations as the random effect. Additionally, to partition
out the effect of body size, we performed a linear regres-
2.5.2 Data pre-treatments sion of the residuals from the size-specific grazing mortal-

ity GLMM (of size-specific rate versus size with stations as
Before analyses, we performed two pre-treatments. The prethe random effect) against the residuals from size-specific
requisite for testing MTE is that the growth rate should not growth rate GLMM. Our aim was to examine if the micro-
be limited by resources, such as nutrients or light for phy-phytoplankton grazing mortality and growth rate are coupled
toplankton. Therefore, we used the growth rate measuredogether within an assemblage regardless of body size. The
with nutrient amendmentu( after temperature correction size-specific rates analysed here are without temperature cor-
for testing the MTE. According to the MTE, the tempera- rection, and the growth rates used are those measured without
ture effect on growth rate and mortality should be adjustednutrient amendmentsu(), which represents realistic condi-
(Brown et al., 2004). Thus, the temperature-corrected rateions found in nature. Nevertheless, the analysig oaveals
(M.) was calculated from the measurememt)(following qualitatively similar conclusion.
M. = M x 10E/kT 'whereE is the activation energy (in elec-
tronic volts (eV)),k the Boltzmann constant (8.6%710- 2.5.5 NBSS slope variation among assemblages
5eV K1), andT the absolute temperature in K. The activa-
tion energy was set to be 0.32 eV (Allen et al., 2005; Lopez-To achieve our second objective of understanding how the
Urrutia et al., 2006). Second, for each station, we removedvariation of microphytoplankton size structure (NBSS slope)
negative size-specific growth rate and grazing mortality foramong assemblages can be explained by the relative growth
further analyses. Because of the fine scale in size class deate and grazing mortality of small versus large individuals
fined in our study and sampling error, it was possible for cer-among assemblages, we examined whether the variation of
tain size classes to exhibit negative size-specific growth oNBSS slope across environments was related to the variation
grazing mortality. After removing negative values, 200 out of relative growth rate and grazing mortality of small versus
of 312 (12 size classes in each of the 26 stations) size classéarge individuals among assemblages. This was motivated by
(having both positive size-specific growth rate and grazingthe finding that the size-specific growth rate and grazing mor-

mortality) were left. tality scaling vary among stations (see Fig. 3 and Table B2 in
Sect. 3.1).
2.5.3 Scaling of size-specific growth rate and grazing Ideally, we would perform a regression analysis between
mortality within assemblages (stations) the NBSS slopes and the scaling exponents across stations.

However, estimation of the scaling exponent for each station
To achieve the first objective, we performed a within- was subject to high uncertainty for some stations because
assemblage analysis to test whetherhendm scale with  some size classes needed to be removed due to the negative
the body size with an exponent efl/4 after temperature size-specific growth rate or grazing mortality; after removing
correction for each station. We did this using a simple linearthese data, the sample size was too small to estimate reliably
regression of size-specific growth rate (or mortality) againstthe scaling exponents. Thus, we binned the size classes into
size class for each station. To further investigate the generadize categories and used them as explanatory variables, in-
scaling, we pooled data from all stations and used a genstead of using the slope (exponent) of each station directly
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Table 1.Results of the generalized linear mixed effect model (GLMM) linking microphytoplankton size-specific growth)ratel(grazing
mortality (m) with microphytoplankton body size (biomass). In GLMM, stations were considered as the random effect.

Cruise Coefficient (95 % confidence interval) SE p value

Overall GLMM: Logp(1) ~ Logx(phytoplankton biomass) random effect (station)

Over all 0.092 (0.056, 0.123) 0.015 <0.001
Within cruise:

May 2010 0.175 (0.037, 0.317) 0.056 0.006
Dec 2010 0.175(0.111, 0.233) 0.026 <0.001
Jun 2011 —0.031 (0.059, 0.002) 0.013 0.025
Jul 2011 0.011€0.059, 0.080) 0.027 0.692
Aug 2011 0.07540.013, 0.130) 0.032 0.026
Sep 2011 0.101+0.014, 0.213) 0.053 0.070
Oct 2011 0.233(0.160, 0.318) 0.035 <0.001
Overall GLMM: Logy(m) ~ Logy(phytoplankton biomass)- random effect (station)
Over all 0.113 (0.054, 0.172) 0.030 <0.001
Within cruise:

May 2010 0.13240.104, 0.312) 0.093 0.169
Dec 2010 0.122(0.060, 0.244) 0.078 0.133
Jun 2011 0.0550.051, 0.161) 0.055 0.328
Jul 2011 —0.068 (0.162,—0.000) 0.031 0.033
Aug 2011 0.078+0.080, 0.256) 0.111 0.486
Sep 2011 0.271 (0.087, 0.397) 0.074 0.001
Oct 2011 0.357 (0.265, 0.482) 0.050 <0.001

for analysis. Specifically, we binned the smallest four sizesigned to explore the relative importance of the small versus
classes (2to 21%pg) into the small size category, the middle large size categories in terms of the size-specific growth rate,
four size classes 2 to 21*pg) into the medium size cate- grazing mortality and grazing impact.

gory, and the largest four size clas${2o 218pg) into the In these analyses, we focused only on biologically possi-
large size category, and calculated the average growth ratele effects of each independent variable on the NBSS slope
and grazing mortality for each category. The growth rates(i.e. we tested whether the relationship significantly follows
and grazing mortalities of the large and small size categonthe biological expectation using one-tail tests) (Table 2). For
influenced the NBSS slope most, but the rates of mediumexample, relatively higher growth rate of small over large
size category showed no influence. Therefore, only the sizephytoplankton categoryu/w ) was expected to decrease
specific growth rate measured without nutrient amendmentgsteepen) the NBSS slope, and it was not possible to produce
and grazing mortality of small and large size categary,(  directly a flatter size-spectral slope; thus, the anticipated cor-
u, ms, andmi) were investigated. Note here we used the relation ofug/u; versus NBSS slope was negative (Table 2).
growth rates measured without nutrient amendmentsgo

that we in\/estiga’[ed presumab|y the in situ growth rates_2.5.6 Environmental effects on the variation of NBSS

To represent the effects from real measurements, the size- slopes among assemblages (stations)
specific growth rate and grazing mortality values were not ]
corrected by temperature. We conducted redundancy analysis (Legendre and Legen-

For the correlation analysis, considering the strong corredre; 1998) to examine if the environmental factors (ex-
lation between the growth rate and grazing mortality (BarnegP!@natory matrix) could explain the 9 independent vari-
etal., 2011; Chen et al., 2009; Landry et al., 2000; Murrell et2P1€S (response matrix). This analysis links the environ-
al., 2002), we used univariate linear models instead of stepMental conditions to size-specific growth rate and grazing
wise selection to avoid the issue of colinearity. We analysedMortality, which subsequently affect the NBSS slope. The
9 univariate regression models. The independent variables diVironmental factors include nitrite- nitrate concentra-
these 9 models include 2 growth rates and 2 grazing mortion (N), photosynthesis active radiation (PAR), phosphate
talities as described abovg, 11| , ms, andmy ), 2 grazing concentration (P), salinityS), silicate concentration (Si),
impacts (4, and// wherel’ =m/u’) designed to measure and temperaturef().
the grazing pressures of 2 size categories without nutrient
amendments, and 3 ratiog{/u, , ms/mi, andIg/1) de-

Biogeosciences, 10, 5263280 2013 www.biogeosciences.net/10/5267/2013/
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25 3 — 0.25 and then removed the size classes with the regregsion

— value larger than 0.25 in the remaining stations. The fourth
set is prepared by removing the stations with average regres-
. sion p value of all size classes larger than 0.25 in that station.
All the 4 reduced data sets were analysed in the same manner
as the procedure used for the whole data set.

Tl —

U U 3.1 Scaling of size-specific growth rategu() and grazing
mortality (m)

0.4

02

0.0

1
I
1
—J
I
7

O

-0.2
|

We find that size-specific growth ratg) and size-specific
grazing mortality £2) scaling vary among stations (Fig. 3;
Table B2). The average scaling exponenudbr all 26 sta-
1 b tions is 0.103, and the 95 % confidence interval ranges from
0.040 to 0.164. The average scaling exponent:dbr all
26 stations is 0.128, and the 95 % confidence interval ranges
from 0.040 to 0.219.

Pooling all stations and using GLMM to examine the gen-
eral scaling reveal that, in general, the size-specific growth
rate () and grazing mortalitys) scale almost isometrically

Hl_l HHH I—IHHH ﬂ with body size (Tgble 1). In the GLMM results, thg Within-. .
= =T =m =0 = assemblage scaling exponent was 0.092 for size-specific
growth rate () and 0.113 for size-specific grazing mortality

N (m) (Table 1). In terms of size-specific growth rate scaling,
g all cruises exhibit significant size-specific growth rate scal-
ing with body size, except the cruises in July and Septem-
ber 2011. Among all the significant scaling cruises, one neg-

Size-specific grazing mortality scaling exponent

0.6 -04
[

04

0.2

Size-specific growth rate scaling exponent
0.0

-0.4

S . . . .
oo e mmenaS ISR NLD o ne  ative scaling exponent«0.031) is found in June 2011. In
$888288 22222 223G RRAR 22220 terms of size-specific grazing mortality, the scalings on the
0000000069900 = = = = = Soooooo .
SE3TT55ETY500588R8RRTTIES3T  cruise of September (0.271) and October (0.357) 2011 ex-
===ooco0sS33<<<s252== @NAn0O00 hibit a positive scaling exponent, while scaling on the cruise

Fig. 3. Barplot showing the scaling exponent of size-specific growth of July 2011 6_0'068) shows a r_]ega_t've scall_ng exponent.

rate(a) and size-specific grazing mortality scalifly) of each sta- 1 e other 4 cruises reveal non-significant scaling exponents.

tion. The average of growth rate scaling is 0.103, and the averagd Ne results remain qualitatively the same when using the 4

grazing mortality scaling is 0.128. The bootstrapped 95% confi-reduced data sets (Table C1). In addition, the conclusion on

dence interval is 0.040 to 0.164 for the growth rate scaling and 0.04Gize-specific growth rate and grazing mortality scaling does

to 0.219 for the grazing mortality scaling. not change when we remove the “chain-forming diatom” or
“colony small cells” category (Table C1).

2.5.7 Further analyses to test the robustness of 3.2 Coupling between size-specific growth rategy()
the results and grazing mortality (m)

Because some stations could show non-significant regressioBRecause phytoplankton growth rate could affect zooplank-
results in dilution experiments, we prepared the following 4 ton grazing (Lie and Wong, 2010; Safi et al., 2007), we fur-
reduced data sets to test the robustness of our results. For thieer examined the correlation between phytoplankton size-
first reduced data set, we removed the size classes with thepecific growth ratel’) and grazing mortalityr). The cor-
regressiory value larger than 0.25 in dilution experiments, relation between the size-specific growth rate and mortality
regardless of whether the regressjpwalue in dilution ex- is significant (GLMM slope=0.668; p < 0.001) when the
periments for the whole community is high or low. To pre- whole microphytoplankton community across size range was
pare the second reduced data set, we removed the statiomasalysed with stations as the random effect (Fig. 4a). More-
with the regressiomn value for the whole community larger over, to partition out the effects from body size as well as
than 0.25. For the third set, we first removed the stations withstation, we regressed the residuals from size-specific graz-
the regressiom value for the whole community larger than ing mortality GLMM against the residuals from size-specific
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Table 2. Results of univariate correlation analysis examining the re-
lationship between NBSS slopes versus size-specific growth rates; o
mortality, grazing impacts, and the ratio of small versus large sizez
category for these variables. The subscript (S or L) indicates the siz/£
category (small or large).’ represents size-specific growth rates
measured without nutrient amendment;represents size-specific
grazing mortality;I’ represents grazing impact measured without
nutrient amendment{ = m /). Biological anticipations represent
the expected positiveH) or negative £) relationship between each
variable versus size spectral slopes, according to biological reasor g “tog [Si‘ngspedf‘ifgrowtg?am( o
ing. The effect (coefficient) of each independent variable on NBSS™ ‘

slopes was tested against the biological anticipation using one-taikig. 4. Scatter plot of log transformed size-specific grazing mor-
tests. tality (m) versus growth rate('). Panel a shows the regression be-
tween size-specific grazing mortality and size-specific growth rate
using GLMM, with stations as the random effect (slep@.668,

18 20

16

14

,[Size-specific grazing m:
Residuals of grazing mortality ~ size GLMM
Q

Residuals of growth rate ~ size GLMM

Independent  Biological Coefficient p value

variables anticipation p <0.001). Panel b shows the regression between the residuals
Model 1 mg + 0.172 0.291 from the size-specific grazing mortality GLMM against the resid-
Model 2 m - —0.017  0.486 uals from the size-specific growth rate GLMM (slop®.708,p <
Model 3 is - 0.238  0.983 0.001). The solid line indicates the significant regression line, and
Model 4 i + —0.040 0115 the dashed line indicates the diagonal line.
Model 5 Ié + —0.283 0.956
Model 6 1,’_ - 0.013 0.549
Model 7 mg/m_ + 0.348  0.026 _ . -
Model 8  pu/u| _ 0.593  0.999 suggests that grqvvth rate and grazing mortality of large indi-
Model 9 14/1] + —-0.023  0.722 viduals are positively correlated with the phosphate concen-

ration.
* Indicates the model that gives a biologically reasonable and significant tratio

result.

4 Discussion
growth rate GLMM to investigate if the grazing mortality
truly depends on growth rate. The resulting regression slopé.1 Scaling of size-specific growth ratesu() and
is 0.708 ( < 0.001, Fig. 4b). Thus, the microphytoplankton mortality ( m)
grazing mortality and growth rate are coupled, and the graz- ] ) -~
ing mortality could depend on growth rate but not on mi- Th_e scal_mg exponent o_f S|ze-s_peC|f|c growth rate_ an_d mor-
crophytoplankton body size. Such grazing—growth coupIingta“ty varies among statlor!s (Fig. 3; Table B2); thls finding
exists in all the 4 reduced data sets and 2 data sets withd0€S not support MTE. This result suggests a universal scal-
out “chain-forming diatom” or “colony small cells” category ing of size-specific growth rate and mortality may not exist

(Table C1). in natural assemblages, as suggested by Glazier (2005). Inter-
estingly, such variation could be used to explain the variation
3.3 Relative size-specific grazing mortalitys#es/m, ) of NBSS slopes among stations (see Sect. 4.3).
explains the variation of the NBSS slope among Nevertheless, we still tried to estimate the average scal-
assemblages ing using GLMM. The results of GLMM suggest a nearly

isometric scaling of size-specific growth rate for natural mi-
Results of our 9 univariate models indicate that the NBSScrophytoplankton assemblages in the ECS (Table 1), which
slope is only significantly related to the relative grazing mor- provides further evidence against the MTE. In fact, our ob-
tality (ms/m ) and the relationship is positive (< 0.05, Ta-  served general scaling exponent of 0.092 (result of GLMM)
ble 2; Fig. D1). When using the 6 reduced data sets (4 refor size-specific growth rate could be converted to 1.092
duced data sets and 2 data sets without “chain-forming difor individual-specific growth rate. This value is compara-
atom” or “colony small cells” category), the relative grazing ble with the reported values of individual-specific metabolic
mortality (ns/m ) remains the only significant variable ex- rates observed in other studies, which ranged from 0.9 to
plaining the NBSS slope (Table C2). 1.2 (Mardion, 2008; Mar&aon et al., 2007). Moreover, the
The growth rate and mortality of small versus large in- 95% confidence interval of the individual-specific scaling
dividuals are further linked with the environmental fac- exponent we calculated (1.056 to 1.123) is comparable to
tors using redundancy analysis, RDA= 0.506; p = 0.061; those in Huete-Ortega et al. (2012), where the individual-
Fig. 5). The first axis of RDA explains 46.13 % of the vari- specific carbon fixation rate is reported to range from 1.03
ation, and the second axis explains 2.39 %. The first axis ig0 1.32. Together with the results of other studies showing
associated withu{ andm and is mainly positively driven isometric scaling between individual respiration and body
by phosphate concentrations. Thus, the RDA biplot (Fig. 5)size in other photosynthetic plants (Reich et al., 2006),
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0 1 etal., 2005; Stolte et al., 1994; Thingstad et al., 2005) and by

: L attaining higher photosynthetic efficiency (Cefineet al.,

' - - 2005). The isometric scaling of size-specific growth rate is
thus possible under sufficient light and nutrient conditions.
However, as the scaling exponent of size-specific growth rate
varies among assemblages, we are not certain that our results
clearly support the isometric scaling.

For the size-specific grazing mortality:), the analyses
for each station reveal substantial variation among assem-
| blages (Fig. 3b) and the GLMM suggests that, on avernage,
only slightly positively depends on body size (slep8.113,
Table 1). In either case, our findings do not follow th&/4
| ~ scaling exponent as suggested by MTE. However, MTE pre-
5 T~ dicts a—1/4 scaling exponent for intrinsic mortality, but not
. . ‘ . . ‘ ‘ . for extrinsic mortality. Again, the mortality estimated from
-2 - 0 1 2 3 4 5 our experiments mainly comes from grazing but not intrin-
RDA1 sic processes. If we accept the results of GLMM (showing a
scaling exponent close to 0), we may consider that the graz-
ing mortality of microphytoplankton may be independent of

PAR

RDA2

1

Fig. 5. RDA biplot showing the relationship between the 9 inde-
pendent variables (red lines; Table 2) and the environmental factor:

(blue arrows; N: nitrite+ nitrate concentration; PAR: photosyn- %od)(/jsnze.d f i ii . i bod
thesis active radiation; P: phosphate concentratiorsalinity; Si: Independence of size-specific grazing mortality to body

silicate concentrationy: temperature). The bottom and left-hand SiZ€ might have implications on the scaling of phytoplankton
scales are for the sampling stations (black numbers; Table A1) andotal mortality rate. Previous metaanalysis indicates that the
the response variables (red lines); the top and right-hand scales aghytoplankton total mortality rate (including both intrinsic
for the explanatory variables (blue arrows). The environmental fac-and extrinsic mortality) shows a1/4 power-law relation-
tors offer nearly significant explanation of the biological features ship between size-specific mortality and body size (McCoy
(r =0.506;p = 0.061). The first axis explains 46.13 %, and the sec- and Gillooly, 2008). Given that the grazing mortality is in-
or_1d ax/is explains 2.(_39 % c_)f the va_r?ance. The_ first axis is associatetaependem of body size, we suggest that-tfig4 scaling of
with 1 andm\_and is mainly positively contributed by phosphate 4| mortality versus body size of phytoplankton is to a large
concentrations. extent determined by the intrinsic processes. Our results sug-
gest that the extrinsic processes (e.g. grazing) may be inde-
pendent of body size and may not contribute significantly to
our results cast doubts on the ubiquitoud/4 scaling  affect the scaling of mortality in microphytoplankton. How-
rule between size-specific rates and body size in naturakver, our results do not clearly support the independence of
phytoplankton assemblages. size-specific mortality and body size because the scaling ex-
According to MTE, geometric constraints in resource ponent varies among assemblages.
acquisition and transportation network should lead to the The coupling ofm with u' (Fig. 4b) and the non-
observation of allometric scaling-(L/4 scaling exponent) significant relationship of the residuals from— " GLMM
(Banavar et al., 2002), but we found a nearly isometricregressed against body size=£ 0.693) lead us to conclude
(slightly positive) size-specific growth rate scaling exponent.that the size-specific grazing mortality mainly depends on the
This could stem from the following features possessed bysize-specific growth rate but not on body size, which is con-
the larger phytoplankton to overcome their geometric con-sistent with previous studies indicating that the microphyto-
straints: (1) in terms of nutrient acquisition, large phyto- plankton size-specific grazing mortality is size-independent
plankton show isometric scaling relationship between nutri-(Gutiérrez-Rodiguez et al., 2009, 2011; McManus et al.,
ent uptake rate and body size (Maba et al., 2013); (2) 2007). In conclusion, microphytoplankton growth rate might
in terms of photosynthesis, chl content of phytoplankton be the most essential characteristic influencing the zooplank-
scaled isometrically with body size (Mdi@n et al., 2007), ton prey selection behaviour (Burkill et al., 1987; Gaul and
and (3) the large phytoplankton exhibit higher carbon fixa- Antia, 2001; Lie and Wong, 2010; Strom, 2002; Strom and
tion to chla ratio (Huete-Ortega et al., 2011). Although the Welschmeyer, 1991), at least in the ECS. Nevertheless, we
large phytoplankton would exhibit the package effect (Bernerstill caution our interpretation because body size and size-
et al., 1989), they would be less susceptible to light damagespecific growth rates show a significant, however small, pos-
and photoinactivation, which is commonly observed in smallitive relationship (Table 1).
phytoplankton (Key et al., 2010). The large phytoplankton
could overcome constraints of the transportation network by
increasing their vacuole size to elevate storage ability (Latasa
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4.2 The relative grazing mortality of small to large slope was more negative (steeper). This is in contrast with the
microphytoplankton (ms/m) determines the often observed pattern that the NBSS slope of phytoplank-
microphytoplankton NBSS slope ton size distribution is flatter in higher nutrient environments

(Reul et al., 2008). Such patterns are generally found in the

Only the relative grazing mortality of small over large size environment where bottom-up control dominates. However,
category frs/m| ) among our 9 univariate models (Table 2; our observations suggest that, during our experiments in the
Fig. D1) can explain the variation of NBSS slopes among as-ECS, the top-down control could be more important and may
semblages (stations), suggesting that relatively higher grazplay an important role in determining phytoplankton size
ing mortality on large microphytoplankton (lowets/m structure. Such a kind of top-down effects on size structure
value) is responsible for steeper NBSS slopes (more negativis overlooked in the literature and deserves more attention
slope). In fact, the raised grazing mortality of large micro- (Brucet et al., 2010; Shurin et al., 2012).
phytoplankton could be due to their higher growth rate be-
cause growth rate and grazing mortality are coupled (Fig. 4)4.3 Difficulties in testing the MTE in natural
That is, the elevated growth rate of large microphytoplankton phytoplankton assemblages
could provoke high grazing mortality. Accordingly, this ele-
vated grazing mortality either directly reduced the abundancéVhile we carried out the experiments to investigate the in
of large microphytoplankton or released the small ones fromsitu phytoplankton dynamics to test the MTE, some possi-
grazing. The NBSS slope is consequently steepened. In othdale incubation artefacts remain. As pointed by Dolan and
words, relatively higher growth rate of large versus small in- McKeon (2005), the grazing behaviour of microzooplankton
dividuals serves as a trigger for higher grazing mortality of could be altered by the dilution processes, especially in the
large rather than small individuals, which in turn decreaseamost diluted treatments. The microzooplankton in the most
the abundance of the large microphytoplankton and resultsliluted treatment would grow slowly and display low grazing
in a steeper NBSS slope. This mechanism could link the mi+ate due to food limitation (Dolan et al., 2000), which could
crophytoplankton growth rates to grazing mortality and thenresult in overestimation of grazing mortality and underes-
size structure. timation of growth rate at the community level. However,

We further link environmental conditions with the 9 in- Landry and Calbet (2005) have validated the dilution experi-
dependent variables, using RDA (Fig. 5). Our results suggesinent by finding correspondence between rate estimates from
that higher phosphate concentration provokes the growth ratdilution experiments and other isotopic assessments.
of the large individuals (but not the small ones) first, be- In addition, our bottle incubation could potentially reduce
cause the nutrient availability tends to induce the bottom-the already low density of large predators that likely feed
up (growth) forces in community dynamics (Power, 1992). on large microphytoplankton. Such reduction in zooplankton
The finding that the phosphate concentration plays the mostiensity might have biased our observations. Nevertheless,
important role here is consistent with the previous studywe collected the water samples directly from the ocean, and
indicating that the ECS is phosphate-limited (Wong et al.,they did not pass through any filter while conducting dilution
1998). Also recall in our observation that growth rate is the experiments. The density of grazers should be the same as
main factor leading to elevated grazing mortality (Fig. 4). that in natural environments. Besides, when distributing the
The raised growth rate of large phytoplankton would sub-seawater from a 20 L container into 2.4 L bottles, we gently
sequently promote the grazing pressure on their own. Themixed the 20 L container from time to time in order to make
NBSS slope consequently becomes steeper (more negative3ure the seawater inside the container was well mixed. Ac-

Note that we also observe significant positive correlationscordingly, assuming the predator density in the ocean is well
between NBSS slope and the growth rate of small individ-mixed, the grazing mortality of phytoplankton in all size cat-
uals (ug in Table 2), as well as the relative growth rate of egories should be consistent with the natural condition. In
small versus large individualg.f/.; in Table 2) if we had  addition, we have observed copepods in our incubation bot-
considered two-tail tests. Biologically, the increase in NBSStles when conducting the experiments, although we did not
slope and the growth rate of small individualey(in Table 2)  measure quantitatively their density. Such observation could
as well as the relative growth rate of small versus large indi-be evidence to support the occurrence of mesozooplankton
viduals (tg/u in Table 2) should have promoted the abun- in our incubation. Furthermore, we found no significant dif-
dance of small individuals and consequently steepened thérence between the grazing impacts of medium size cate-
NBSS slope (more negative slope). Thus, the estimated pogory (grazing impact 0.942) and that of the large one (graz-
itive coefficients of these two models are spurious correla-ing impact=0.813;p = 0.541). This would suggest that the
tions that resulted from the covariance between size-specifigrazers of phytoplankton in the large size category did oc-
growth rate and grazing mortality (Fig. 4). cur in our incubation bottles; otherwise the grazing impact

In conclusion, we found that, in relatively higher nutrient of the large particles would be small (growth rate of large
environments in the ECS, the grazing pressure was relativelgize category would largely exceed grazing mortality). Previ-
higher on larger individuals; as a consequence, the NBS®us studies using size-fractionated dilution experiments also
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support our findings, as their grazing mortality estimatesnegative slopes) (Table 2). Our results indicate that top-down
from the< 20 um andk 200 um fractions do not significantly control plays a pivotal role in determining the microphyto-
differ (Lessard and Murrell, 1998; Reckermann and Veld- plankton NBSS in the ECS. Future studies on phytoplankton
huis, 1997). However, given relatively scarce studies on sizesize structure should consider top-down in addition to con-
specific growth rate and grazing mortality, it is not clear how ventionally emphasized bottom-up effects.
the technical issues of such bottle incubation could affect the
size-specific level investigation.

Another difficulty in testing MTE lies in the limited Supplementary material related to this article is
body size range examined in our study. Narrowing theavailable online at: http://www.biogeosciences.net/10/
body size range decreases the explanatory power of bod$267/2013/bg-10-5267-2013-supplement.pdf
size to metabolic rates (Tilman et al., 2004). In our study,
about 3 orders of magnitude (about 100 pgCcelto
130000 pgC ceti?) of size range were examined, and body
size explained only about 37 % of variation, which is much
less than the metaanalysis reported in the MTRL% orders
of magnitude). In addition, the phylogenetic structure coul

play an importqnt ro.le and ObSCl.Jre our.finding in sca"ng. aSTakeshi Miki, and Fuh-Kwo Shiah greatly improved this work.
demonstrated in Seibel (2007); if the differences in scalingry,g study was supported by the National Taiwan University,

exponents among phylogeny groups were large, the genelyational Science Council of Taiwan, and Academia Sinica.
ality of MTE might be blurred. However, Maranon (2008)

found that both the exponents of diatom and dinoflagellatecdited by: T. Kobari
do not differ from 1, partially suggesting that phylogeny may

not be critical for phytoplankton. Nevertheless, studies on

natural phytoplankton assemblages remain scarce, and it iBeferences
difficult to draw a conclusion here.

The final concern is the assumption of no resource lim-
Ita'Flon in testing MTE (Brown et al., 2004).' Nutrle_'nt limi- plankton biomass and production, Limnol. Oceanogr., 45, 591—
tat_|on may _npt be a concern because our mcubathns all re- 600, 2000.
ceived artificial nutrient amendments and our ;callng ar!aI—A”en] A. P., Gillooly, J. F., and Brown, J. H.: Linking the global
yses used only the growth rates measured with a nutrient carbon cycle to individual metabolism, Funct. Ecol., 19, 202—
amendmenty). For the issue of light limitation, our sam- 213, 2005,
ples were taken from surface water (10 m depth) and incuAlvarez, E., Lopez-Urrutia, A., Nogueira, E., and Fraga, S.: How
bated on deck to avoid light limitation, as was done in other to effectively sample the plankton size spectrum? A case study
studies (Marabn et al., 2007; Mar@n, 2008; Huete-Ortega using FlowCAM, J. Plankton Res., 33, 1119-1133, 2011.
etal., 2012; McManus et al., 2007). Thus, light limitation ef- Banavar, J. R., Damuth, J., Maritan, A., and Rinaldo, A.: Supply-
fects on phytoplankton growth should not be a problem. Our démand balance and metabolic scaling, P. Natl. Acad. Sci. USA,
approach is consistent with previous studies (Landry et al. 99, 10506-10509, 2002.

1995). Nevertheless, we cannot completely rule out the posBames’_ C., Irigoien, X., De Oliveira, J. A. A, Maxwell, D., and
sibility of limitation, such as some trace metals Jennings, S.: Predicting marine phytoplankton community size
' ) structure from empirical relationships with remotely sensed vari-

ables, J. Plankton Res., 33, 13-24, 2011.
Berner, T., Dubinsky, Z., Wyman, K., and Falkowski, P. G.: Pho-

5 Conclusions toadaptation and the “package effect’Dunaliella tertiolecta

(Chlorophyceae), J. Phycol., 25, 70-78, 1989.
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