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Abstract

Zooplankton play an essential role in marine food webs and understanding how
community-level growth rates of zooplankton vary in the field is critical for predicting
how marine ecosystem function may vary in the face of environmental changes. Here,
we used the artificial cohort method to examine the effects of temperature, body size,5

and chlorophyll concentration (a proxy for food) on weight-specific growth rates for
copepod communities in the East China Sea. Specifically, we tested the hypothesis
that copepod community growth rates can be described by the metabolic theory of
ecology (MTE), linking spatio-temporal variation of copepod growth rate with temper-
ature and their body size. Our results generally agree with predictions made by the10

MTE and demonstrate that weight-specific growth rates of copepod communities in
our study area are positively related with temperature and negatively related to body
size. However, the regression coefficients of body size do not approach the theoretical
predictions. Furthermore, we find that the deviation from the MTE predictions may be
partly attributed to the effect of food availability (which is not explicitly accounted for by15

the MTE). In addition, significant difference in the coefficients of temperature and body
size exists among taxonomic groups. Our results suggest that considering the effects of
food limitation and taxonomy is necessary to better understand copepod growth rates
under in situ conditions, and such effects on the MTE-based prediction needs further
investigation.20

1 Introduction

Copepods represent 55–95 % of the total mesozooplankton abundance in marine
pelagic systems (Longhurst, 1985). This group exerts considerable grazing impacts on
single-celled organisms (i.e. phytoplankton and microzooplankton; Webber and Roff,
1995) and represents the principal prey for larval fishes and other marine plankti-25

vores (Turner, 2004). Contrary to the assumption that large-bodied copepods dominate
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community grazing, several studies have demonstrated that smaller species (as well as
early developmental stages of large species) have the potential to exert a greater graz-
ing impact than larger animals by virtue of their greater abundance (e.g. Turner and
Roff, 1993; Atkinson, 1996; Merrell and Stoecker, 1998). However, the ecology of small
species has often been overlooked due to the coarse mesh size used in plankton nets5

(reviewed by Turner, 2004). Such condition should be especially considered for tropical
and subtropical waters where small copepod species often dominate the zooplankton
community biomass (e.g. McKinnon and Duggan, 2003). Therefore, empirical studies
of specific properties of small copepods such as variation of productivity may help to
clarify the relative functional importance of this group in marine ecosystems.10

Growth of organisms represents one of the most important trophodynamic pro-
cesses in marine ecosystems (Kiørboe, 1997). Multiple methods for measuring cope-
pod growth rates have been developed and applied at sea (e.g. Poulet et al., 1995;
see Runge and Roff, 2000 for review). The artificial cohort method, developed by Kim-
merer and McKinnon (1987), assumes that growth is logarithmic-linear with time and15

represents one of the most well-studied and applied field techniques for measuring
copepod weight-specific growth rates in the field (e.g. Hopcroft et al., 1998; McKinnon
and Duggan, 2003; Kobari et al., 2007). In practice, the approach relies on the cre-
ation and incubation of artificial cohorts consisting of selected developmental stages
or size-fractions (e.g. McKinnon and Duggan, 2003).20

Understanding and interpreting the relative influence of multiple factors affecting in
situ growth rates of zooplankton remains a central goal for plankton ecologists. Previ-
ous studies have suggested that food is an important determinant of copepod growth
rates (e.g. Mullin and Brook, 1970). Two other factors commonly linked to variation in
growth rates are temperature and body size (e.g. Hirst and Lampitt, 1998). According25

to the metabolic theory of ecology (MTE; Brown et al., 2004), weight-specific growth
rate (g) can be expressed as a function of temperature (T ) and body mass (M):

g ∝ exp
(
− E
kBT

)
×M−0.25, (1)
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where E is an enzyme-catalyzed activation energy for the biochemical reactions of
metabolism, and kB is the Boltzmann’s constant (8.62×10−5 eVK−1). Given this rela-
tionship, the MTE predicts growth rates to vary in a negative manner with body size
and a positive manner with temperature. Indeed, the important influence of temper-
ature on copepod growth rates was noted early by Miller et al. (1977) and McLaren5

(1978). Many studies have since demonstrated that the growth rate is positively related
to temperature in the field and laboratory (e.g. Landry, 1976; Vidal, 1980; Uye, 1991);
however, some studies found a negative relationship between growth rate and temper-
ature (e.g. Hirst and Bunker, 2003; Kobari et al., 2007). In addition to temperature, the
vast majority of studies have also found growth rates to slow with increasing copepod10

body size (e.g. Paffenhöfer, 1976; Atkinson, 1994; Webber and Roff, 1995; Hopcroft
and Roff, 1998; McKinnon and Duggan, 2003; Kingsolver and Huey, 2008); however,
some notable exceptions also exist (Harris and Paffenhöfer, 1976; Paffenhöfer and Har-
ris, 1976). Empirical functions have been developed to relate variation of growth rates
to variation in temperature, body size, and phytoplankton biomass (e.g. Huntley and15

Lopez, 1992; Hirst and Sheader, 1997; Hirst and Lampitt, 1998; Hirst and Bunker,
2003).

While temperature, body size, and food availability have been demonstrated to have
significant effects on copepod growth, these effects may vary among developmental
stages and phylogenetic groups. For example, numerous studies have demonstrated20

that nauplii, copepodites, and adults respond differentially to food availability, i.e. growth
rate of older development stages tend to be more sensitive to food-limitation (e.g. Vidal,
1980; Berggreen et al., 1988; Richardson and Verheye, 1999; Finlay and Roff, 2006;
Leandro et al., 2006). In addition, different developmental stages of copepods prefer-
entially utilize different size ranges of food (Berggreen et al., 1988; Calbet et al., 2000;25

Conover, 1966; Reinfelder and Fisher, 1991; Bestikepe and Dam, 2002). Moreover,
feeding habits vary among copepod species, as illustrated in Table A1. In addition to
stage and taxon-specific food selectivity, the effects of temperature also vary among
developmental stages. For example, naupliar growth rates were found to be more
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sensitive to temperature than those of copepodites and adults (McKinnon and Dug-
gan, 2003). Another key difference occurs when considering different spawning types
of copepods, i.e. broadcast spawners versus sac spawners, which respond differen-
tially to temperature and body size effects (Hirst and Bunker, 2003). Therefore, species
life history and/or developmental stage should be taken into consideration when esti-5

mating and attempting to relate variation of growth rate to the environment.
Here, we studied copepod community growth rates in the East China Sea. The rela-

tionships between the abundance, distribution, and feeding ecology of copepods to
variation in their environment have been widely investigated in the seas surround-
ing Taiwan (e.g. Lan et al., 2008; Okazaki et al., 2008; Chen et al., 2010). However,10

very few studies have measured growth or production rates in order to infer commu-
nity dynamics in this important marine ecosystem. For example, some studies have
implied variation of growth rates by modeling the effect of temperature and chloro-
phyll a concentration (Wang et al., 2007) or based on fecal pellet production (Wang
and Fan, 1997). Here, we directly measured growth rates by employing the artificial15

cohort method on two size-fractions which targeted copepod nauplii and copepodites.
Our primary objective was to identify the dominant environmental factors influencing
growth rates of copepod communities in the East China Sea. Specifically, we test the
hypothesis that copepod community growth rates in our study area can be described
by the MTE.20

2 Materials and methods

2.1 Sampling

All sampling and incubations were carried out aboard R/V Ocean Researcher I (OR1)
and R/V Ocean Researcher II (OR2) from March 2009 to November 2011 (Table B1).
Stations were located in the East China Sea and the Western Pacific area near Taiwan25
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(Fig. 1). Copepod weight-specific growth rate determinations (see “Artificial cohort
method” below) were carried out at 31 stations.

Environmental data (e.g. depth-specific temperature and salinity) were obtained us-
ing a Seabird CTD-General Oceanic Rosette equipped with 20 l Go-Flo bottles. Incu-
bation temperatures were measured periodically during incubations or from CTD mea-5

surement of surface seawater temperature if the former measurement was lacking.
Chlorophyll a concentration at 10-m (measurements following the method described in
Gong et al., 2003) was used as a proxy for food availability.

2.2 Artificial cohort method

Copepod weight-specific growth rates were measured using the artificial cohort method10

(Kimmerer and McKinnon, 1987). Artificial cohorts were established by collecting ani-
mals and incubating only a very limited body-size range, as shown in Fig. C1. These
artificial cohort size-fractions were chosen to reflect the predominance of the small size
classes which make up the mesozooplankton communities in the waters surrounding
Taiwan. Thus, we used 50–80 µm and 100–150 µm size-fractions, similar to those used15

by McKinnon and Duggan (2003) for isolating nauplii and copepodites, respectively.
Shipboard incubations for each size-fraction were carried out using 3 replicate, 20 l col-
lapsible polyethylene cubitainors. Incubation seawater (and thus food) was collected
from 10 m using 20 l Go-Flo bottles. This water was screened through 50 µm mesh (in
order to exclude mesozooplankton), and the cubitainors were filled to ∼90 % capac-20

ity. Seawater accompanying the size-fractionated zooplankton made up the remaining
volume of each 20 l cubitainor.

Live zooplankton (mainly copepods) were collected using two separate Norpac zoo-
plankton nets (50 and 100 µm mesh respectively and each with a ring diameter of
45 cm). At each station, the nets were set to 10 m and allowed to drift with the ship for25

5–10 min. The contents of each net were carefully re-suspended in buckets filled with
pre-screened incubation seawater. After gentle mixing, the contents of the 50 µm net
were reverse-filtered through 80 µm mesh and siphoned (∼2 l) into cubitainors for the
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50–80 µm artificial cohort incubations. The process was repeated using the contents
of the 100 µm mesh net and filtered with a 150 µm mesh to establish a 100–150 µm
artificial cohort. There was no major mortality that the animals before preservation
were generally vital observed by naked eye. We preserved a sub-sample of each size-
fraction at the beginning of each incubation using buffered 5 % formalin-seawater. All5

cubitainors were incubated in dark black tanks (about 200 l in volume) filled with circu-
lating seawater pumped constantly from the surface during each cruise. We chose to
incubate the 50–80 µm size-fraction for 24 h and 100–150 µm size-fraction for 48 h in
order to allow sufficient time for measurable growth to occur. At the conclusion of each
of the incubations, the contents of each cubitainor were concentrated onto a 50 µm10

mesh and animals were preserved with buffered 5 % formalin-seawater.

2.3 Classification, enumeration, and growth rate estimation

Preserved samples were identified and enumerated using a dissecting microscope,
and images of 8×10 magnification were taken using a CCD camera (Olympus DP71
with software, analySIS LS Starter 2.6) mounted on the microscope. Here we followed15

the protocol of McKinnon and Duggan (2003) and limited our analysis to copepod mor-
photypes rather than individual species (e.g. Kimmerer and McKinnon, 1987; Liu and
Hopcroft, 2006a,b; Kobari et al., 2007). In the 50–80 µm size-fraction, our morphotypes
were calanoid (Calanoida) and cyclopoid (Cyclopoida) nauplii. We occasionally found
harpacticoid (Harpacticoida) nauplii in our incubations, and these animals were mea-20

sured and enumerated when sufficiently abundant. In the 100–150 µm size-fraction,
we measured, enumerated and identified calanoid, oithonid (Cyclopoida Oithonidae),
harpacticoid, oncaeid (Poecilostomatoida Oncaeidae) and corycaeid (Poecilostoma-
toida Corycaeidae) copepodites in addition to calanoid and cyclopoid nauplii. As the
development stages and life history of copepods should be considered when clarify-25

ing relationships between growth rate and its determinants, analyses were carried out
separately for different size-fractions (50–80 µm and 100–150 µm), for different spawn-
ing types (broadcaster and sac-spawner), and for all data as a whole. The broadcaster
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group includes calanoids, while sac-spawner group includes all cyclopoids (including
oithonid, oncaeid and corycaeid) and harpacticoids.

The prosome length and width of each individual was measured from digital images
of copepods. Body size metrics for taxa of different shapes were calculated according
to Svetlichny (1983):5

wet weight (WW) = Kc ×prosomal length×width2, (2)

where Kc is a constant, 0.6 for calanoids and 0.705 for cyclopoids (McKinnon and
Duggan, 2003), and an average value of 0.65 for groups where conversion factors
were not available. A conversion factor of 0.135×0.42 was used to convert dry weight
to carbon weight, i.e.10

dry weight (DW) = 0.135×WW (Postel et al., 2000); (3)

carbon weight (W) = 0.42×DW (Beers, 1966). (4)

Assuming exponential growth (e.g. Kimmerer et al., 2007), the weight-specific growth
rate (g) was calculated as:15

g = ln
(
WT

W0

)
/T , (5)

where W0 is the carbon biomass of copepods at the beginning of incubation, WT is the
carbon biomass at the end of incubation, and T represents the incubation time of 24
and 48 h for the 50–80 and 100–150 µm size-fractions, respectively. The representa-
tive carbon biomass for each copepod assemblage (i.e. W0 and WT) was estimated by20

multiple-peak consideration (Lin et al., 2012) (see brief description in Supplement D) in-
stead of average carbon biomass; in other word, the modes of the biomass values were
considered when determining the representative biomass for each assembly. Weight-
specific growth rates were estimated from the average value of three replicates for
each size-fraction for each copepod taxon. Note that the sample for the 50–80 µm size-25

fraction for our Station 2 was missing; therefore, such information cannot be included
in calculation and analysis.
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2.4 Data pre-treatment

The prerequisite in testing MTE is that no food limitation exists for the rate measure-
ments. Thus, before comparison to the predictions of the MTE, we must first identify
and then exclude food-limited growth rate estimates from the data set. To do this, we
consider the Monod equation:5

g =
gmax[Chl]

Km + [Chl]
, (6)

where g is the measured weight-specific growth rate; gmax is maximum rate of g; [Chl]
is the chlorophyll a concentration; Km is the chlorophyll a concentration at which g
equals gmax/2. Through fitting the Monod function, we found no significant relationship
between g and [Chl]. However, to be more conservative and considering the scattering10

of the growth rate data, we also investigated the function:

ln(g) =
gmax [Chl]

Km + [Chl]
. (7)

With this model fitting, we found a significant relationship (p < 0.05) between mea-
sured weight-specific growth rates and chlorophyll a concentration only for the broad-
cast spawners but not other groups (Fig. 2). To remove the possibility of confounding15

effects of food limitation in testing MTE, growth rates measured at chlorophyll a concen-
trations below 4×Km (0.30 mgl−1; defined as “food limited”) for the broadcaster group
were eliminated from all following analyses (Fig. E1; 34 data points were eliminated).
No food limitation was detected in any group after elimination. As a consequence, a to-
tal of 155 data points were retained for comparisons to MTE-based prediction.20

2.5 Testing metabolic theory of ecology (MTE)

To investigate whether the copepod community growth rates could be described by the
MTE, weight-specific growth rates were fitted to the relationship proposed by the MTE
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(Brown et al., 2004) using the generalized linear model (GLM):

ln(g) = a0 +
a1

T
+a2 ln(M), (8)

where the coefficient a0 is the intercept, a1 is the factor of activation energy associated
with temperature, a2 is the allometric coefficient for body size. Here, the body size
(M) is measured as the carbon biomass at beginning of incubation (i.e. W0) for each5

copepod assemblage.

2.6 Testing effects of food limitation

We attempted to remove food-limited growth rate estimates from our analyses by elim-
inating the growth rate estimates for broadcast spawners growing at chlorophyll a con-
centration below 4×Km. However, we are not completely confident that this approach10

effectively identified food-limited rate estimates. To further explore the issue of food lim-
itation, two additional analyses were carried out. First, we calculated the residuals from
regression, Eq. (8) and investigated whether a linear relationship exists between the
residuals and chlorophyll a concentration. In addition, we investigated whether a rela-
tionship described by Monod equation exists between the residuals and chlorophyll a15

concentration. Secondly, we took an alternative approach. Instead of taking the residu-
als of regression, Eq. (8), we analyzed weight-specific growth rate in relation to temper-
ature, body size and chlorophyll a concentration in a multivariate fashion. Specifically,
four models were constructed:

Model 0 (no food effect): g = a0 ×exp
(
a1

T

)
×Ma2 , (9)20

Model 1 (linear dependence on food): g = a0 ×exp
(
a1

T

)
×Ma2 +a3 [Chl] , (10)
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Model 2 (Monod equation): g = a0 ×exp
(
a1

T

)
×Ma2 +

a3[Chl]

a4 + [Chl]
, (11)

Model 3 (logistic form): g = a0 ×exp
(
a1

T

)
×Ma2 +

a3 ×exp([Chl])

exp([Chl])+a4
, (12)

We considered two data sets (i.e. the values of “food-limited” growth rate were excluded5

or included) in analysis.

2.7 Spatio-temporal variation and the effect of taxonomy in growth rate

In addition to size and temperature, the effects of spatial and seasonal variation and
taxonomy on growth rates of copepods were also examined. Spatial groups were de-
fined on the basis of environmental data using K -means clustering (Seber and Hobo-10

ken, 1984). Only surface salinity from CTD and chlorophyll a concentration data were
used in the K -means analysis in order to contrast the coastal and offshore area. Four
groups were determined and characterized by “high salinity, low chlorophyll (group
A)”, “high salinity, high chlorophyll (group B)”, “low salinity, low chlorophyll (group C)”
and “low salinity, high chlorophyll (group D),” respectively (Table B1). The definition of15

seasons follows regional climatology (Table B1). The taxonomic groups were defined
according to their morphotypes (defined in Sect. 2.3). We investigated the spatial, tem-
poral, and taxonomic effects on growth rate using GLM with a stepwise selection pro-
cedure. We consider the following variables:

ln(g) =
β1

T
+β2 ln(M)+β3 × taxa+β4 × spawn+β5 × season+β6 × space+ε, (13)20

where β1, β2, β3, β4, β5, and β6 represent coefficients of the following variables; T :
temperature (K); M: body size (µg); taxa represents the categorical variable of taxa
(including 7 taxa in 100–150 µm and 3 taxa 50–80 µm size-fraction); spawn represents
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the categorical variable of spawning type (broadcaster and sac-spawner); season rep-
resents the categorical variable of season (spring, summer, and winter); space repre-
sents the categorical variable of four K -means groups; ε is the error term. The thresh-
old for variable add-in is p = 0.05, and the threshold for variable elimination is p = 0.10.
Post hoc pair-wise comparisons were carried out if any of the categorical variables5

were deemed to be significant.

3 Results

3.1 Taxonomic composition

Calanoid and cyclopoid nauplii dominated the abundance (average 42.36 % and
50.47 % respectively) in the 50–80 µm size-fraction (Fig. 3), while harpacticoid nau-10

plii were only occasionally found in our incubations (average 7.17 %). On average, our
100–150 µm size-fraction was made up of 30.34 % nauplii and 69.66 % copepodites
(Fig. 4). Calanoid and cyclopoid nauplii were similar in number. Calanoid copepodites
dominated the 100–150 µm size-fraction for most stations, but their numerical domi-
nance was sometimes replaced by other taxa (e.g. corycaeids at Station 7; see Fig. 4).15

We found no significant difference in the overall taxonomic composition in incubations
among stations for both size-fractions (Kruskal-Wallis one-way ANOVA: the 50–80 µm
fraction: χ2 = 0.44, p > 0.99, the 100–150 µm fraction: χ2 = 13.69, p > 0.99).

3.2 Weight-specific growth rate in relation to temperature, body size and
chlorophyll a concentration20

Weight-specific growth rates ranged from 0.04 to 1.35 in the 50–80 µm size-fraction,
and 0.01 to 0.79 in the 100–150 µm size-fraction (Fig. 5). Weight-specific growth rates
were positively related to temperature and negatively to body size (Table 1). The range
of temperature coefficients overlapped with the values predicted by MTE (E = 0.6 to
−0.7 eV; Gillooly et al., 2001), while the coefficient for body size did not approach25
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the predicted value (−0.25). Similar patterns emerged when we considered specific
groups, i.e. different size-fractions and spawning types. Nevertheless, the ranges of
body size coefficients in the 100–150 µm and broadcaster groups overlapped with
the theoretical value, −0.25. The coefficients for small size-fractions (50–80 µm) were
smaller with respect to temperature and more negative with respect to size, than that of5

large size-fractions (100–150 µm). The sac-spawners also had a smaller temperature
coefficient and a more negative size coefficient than that of the broadcaster group.

The linear correlation between residuals from regression Eq. (8) and chlorophyll a
concentrations was not significant when considering growth rates for the all data as
a whole, different size-fractions, or spawning types (Fig. 6, r < 0.1, p > 0.1 in all five10

panels). However, when we applied Monod equation as functional response of the
residuals to chlorophyll a concentrations, there was significant relationship for each
group (Fig. 6, always p < 0.05 in the panels a, c, d and f), except for the broadcaster
group (Fig. 6b, p = 0.13).

We also analyzed weight-specific growth rate in relation to temperature, body size15

and chlorophyll a concentration in a multivariate fashion. Among the four models, the
Monod function or logistic form of chlorophyll a concentrations combined with temper-
ature and size effects best (lowest AIC) explains the variation of growth rate (Table 2).
This result was qualitatively similar whether or not we used the data set with potential
“food-limited” growth values (Table 3).20

3.3 Seasonal and spatial variation and effects of taxonomy

The results of the multivariate stepwise analysis of model Eq. (13) indicate that the
factors determining the variation of growth rate only include temperature, body size,
and taxa (Table 4). Other factors (i.e. spawn, season, and space) were not signifi-
cant (p > 0.05). With respect to the taxonomic effect, we found that the growth rate25

of harpacticoid nauplii (50–80 µm) was larger than that of all other taxa except for
calanoid nauplii (50–80 µm); no significant difference among taxa in the 100–150 µm
size-fraction was found (Fig. 5).
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4 Discussion

Here for the first time, we measured the in situ growth rates of copepod communities
in the East China Sea. Our objective was to explore the effects of food concentration,
temperature and body size on in situ weight-specific growth rate. We also tested the
MTE-based predictions of growth rate against our direct measurements and examined5

the relative influence of food-limitation on copepod productivity in our study area.

4.1 Test of the MTE – temperature effects

Overall, we found a significant correlation between weight-specific growth rate versus
temperature and body size, as described by Eq. (8) (Table 1). In keeping with some
general expectations (e.g. Mullin and Brook, 1970; Huntley and Lopez, 1992), weight-10

specific growth rate was positively correlated with temperature. The estimated temper-
ature coefficients (Table 1) overlapped the range predicted by the MTE (0.6–0.7 eV;
Gillooly et al., 2001), but the average values were relatively low for most groups (in
comparison to theoretical value: 0.65 eV; Gillooly et al., 2001). There are at least two
competing hypotheses in the debate over the pattern of temperature dependence: (1)15

universal temperature dependence (UTD; Gillooly et al., 2001) and; (2) evolutionary
trade-off hypothesis (ETO; Clarke, 2004). UTD predicts a similar temperature depen-
dence of intra- and inter-species metabolic rates, while ETO predicts a steeper slope
of temperature-rate relationship for intra-species relative to inter-species comparisons.
Since the taxonomic level of our data set was coarse, it is difficult to ascribe patterns in20

our results to either hypothesis. Nevertheless, the relatively small temperature coeffi-
cients in our study have also been found in studies of freshwater crustacean zooplank-
ton (de Castro and Gaedke, 2008) and of insects (Irlich et al., 2009).
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4.2 Test of the MTE – body size effects

Weight-specific growth rate was negatively correlated with body size (Table 1), which
is also a general finding for copepods (e.g. Paffenhöfer, 1976; McKinnon and Duggan,
2003). However, the estimated coefficients for body size deviated from the predictions
of MTE (Table 1). The deviation also occurred when 50–80 µm and sac-spawner groups5

were analyzed (Table 1). Since gaining popularity among ecosystem function studies,
many studies have attempted to test or find evidence of the global predictive value of
the MTE, especially the quarter-scaling of metabolic rates (e.g. Duncan et al., 2007;
Seibel, 2007; Reiss and Schmid-Araya, 2010). Most of the studies have demonstrated
that weight-specific metabolic rates scale with body size with an exponent of −0.25 as10

predicted by the MTE (e.g. Peters, 1983; Reiss and Schmid-Araya, 2010), or a higher
(less negative) value (e.g. de Castro and Gaedke, 2008). In contrast, we found that our
weight-specific growth rate scaled with body size by a much smaller (more negative:
−0.51, Table 1) value than −0.25.

One intrinsic problem may lie in the overall range of body size in our data set. As15

demonstrated by Tilman et al. (2004), the variance of metabolic rates explained by
body size decreases when the total range of body size decreases. According to their
analysis, only 2–20 % variance was explained by body size when there was only a 10-
fold range of body size. Indeed, in our data set (101.5-fold range of body size), the
proportion of variance explained by body size was ∼21.0 %. This constraint might help20

explain why the body size dependence of copepod growth rates was not well described
by the MTE for some groups.

Another consideration is the regression method in use. Instead of ordinary least
square (OLS) regression, (standardized) major axis (SMA or MA) regression has been
recommended when both variables had comparable variances (Quinn and Keough,25

2002). To check this possibility, we independently analyzed our data in the form of
“temperature-corrected weight-specific growth rate” in relation to “body size” by OLS,
MA and SMA regression. While the size-coefficients of 100–150 µm and broadcaster
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groups still overlapped with the theoretical value (−0.25), there was an improvement
in the 50–80 µm group (from −0.96±0.32 to −0.39±0.14, Table 5). The size-class-
specific differences may be related to issues associated with overall body-size range:
the size ranges of the size-fraction groups might have also been so narrow that the
slope estimation was prone to experiment error of body size measurement. This re-5

sult might point to an inadequacy with simple OLS regression against the MTE-based
prediction. Nevertheless, Carroll and Ruppert (1996) argued that there might be an
over-correction for MA regression.

Additionally, our results demonstrated differences between taxonomic groups (Ta-
ble 1). Seibel (2007) demonstrated that if the differences in the normalized constant10

(a0) and/or slope (a2) among groups were large, the generality of MTE might diminish.
Previous studies also emphasized the importance of phylogenetic structure (e.g. Ives
and Zhu, 2006; Duncan et al., 2007; Fagan et al., 2010; Ehnes et al., 2011). However,
analytic methods that incorporate both phylogenetic correction and major axis regres-
sion are still lacking (O’Connor et al., 2007).15

Furthermore, there are developed models that might explain the deviation from the
MTE-based prediction: demand-supply model (Banavar et al., 2002), cell size model
(Kozłowski et al., 2003), cost-of-transport (COT) model (Seibel, 2007), etc. Banavar
et al. (2002) proposed a demand-supply model and explained that a more negative
scaling of body size could arise when the tissues in need of additional supply (e.g.20

function-specialized tissues) were added such as during ontogenetic development or
when the analysis was made among closely related species. However, their demand-
supply model predicted the scaling to vary only in a range of −0.33 to −0.25 (Banavar
et al., 2002), which was still outside the range of the scaling values observed in our
data (−0.51±0.07), providing only a partial explanation to the deviation.25

According to the MTE with an underlying nutrient supply network model, phyloge-
netic differences exert an influence only on the normalized constant (a0) but not on the
slope of body size (a2) (Savage et al., 2004). In contrast, the cell size model (Kozłowski
et al., 2003) predicts a constant slope for body size (a2) only for the widest interspecific
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level; for intraspecific or intermediate resolution, a2 would range from −0.33 to 0. This
broad a2 range was attributed to different fractions of cell number increase (isometric,
a2 = 0) or cell size increase (a2 = −0.33) that account for changes in body size, as
demonstrated by Chown et al. (2007). Therefore, the cell size model might account for
some deviation of our size coefficient estimates, as the taxonomic resolution used in5

this study is low.
On a group-specific basis, we found that the coefficients of body size were smaller

(more negative) in the 50–80 µm group than the 100–150 µm group (Table 1). There
is an expectation (West et al., 1997) of a shallower (less negative) slope for smaller
copepods because of a higher proportion of cubic-branching vessels (relative scale-10

invariant) in smaller organisms. However, we have found the opposite pattern in this
study. We also found that the body size coefficients were more negative in the sac-
spawner group than the broadcaster group (Table 1). Our results are consistent with
the observations of Hopcroft et al. (1998), but contrast with the observations of Hirst
and Bunker (2003). Seibel (2007) suggests that different metabolic scaling in two types15

of squid occurs due to different locomotory costs, and this consideration can be applied
in two motility-types of copepods. According to the cost-of-transport (COT) model, the
group with less efficiency of motility and higher metabolic cost (i.e. “broadcaster” group
here; Almeda et al., 2010) should have lower (more negative) scaling in metabolic
rate (Seibel, 2007). However, our findings were still opposite to the COT prediction.20

Nevertheless, we demonstrate that the deviation from MTE could possibly be attributed
to both the differences in taxonomy and analytical method in use.

4.3 Test of the MTE – food availability

Alternatively, the deviation from the growth rate relationship described by the MTE may
be due to other variables and processes not explicitly addressed by the MTE (Brown25

et al., 2004). One of the most important factors is food availability. Many studies have
presented evidence for food-limited copepod growth rates (e.g. Paffenhöfer, 1976; Kim-
merer and McKinnon, 1987; McKinnon and Ayukai, 1996; Gould and Kimmerer, 2010).
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Our finding of a significant correlation between ln(growth rate) of broadcast-spawning
copepods and chlorophyll a concentration (by Monod function before any correction,
Fig. 4) is in agreement with the generalization that broadcasters are typically herbiv-
orous (Mauchline, 1998) and more prone to food-limitation. Furthermore, the coeffi-
cient estimates of the MTE regression for the broadcaster group (Table 1) were closer5

to theoretical values (E =0.6–0.7, a2 = −0.25) when we eliminated the “food-limited”
growth (i.e. before elimination: E =0.46±0.31, a2 = −0.31±0.12; after elimination:
E =0.67±0.42, a2 = −0.27±0.18). We also note the influence of food concentration
for all non-broadcaster groups after removing the effects of temperature and body size
(Fig. 6). This observation indicates that the copepod communities in our study area are10

at least sometimes exposed to food limiting condition. To examine this possibility more
fully, we constructed different nonlinear models explicitly incorporating food availability
(Tables 2, 3). In these models, we analyzed growth rate in relation to temperature, body
size and chlorophyll a concentration. The best model (lowest AIC) links growth rate with
temperature, body size and Monod function (or logistic form) of chlorophyll a concen-15

tration, regardless of whether “food-limited” growth values were eliminated (Table 2) or
not (Table 3). Such a response suggests an important role for phytoplankton food in
explaining the variation of growth rate. However, the coefficient estimates for tempera-
ture and body size were altered and still deviated from the theoretical values when food
concentration was included in the model (Tables 2, 3). Indeed, Dzierzbicka-Głowacka20

(2004) demonstrated that copepod growth was not correlated with temperature when
food concentrations dropped below the threshold for maximal growth rate. That is, the
relationship between copepod growth and temperature or body size might be also in-
fluenced by food availability. This is contrary to the statement of MTE that the factors
other than temperature and body size should only affect the constant term (a0; Gillooly25

et al., 2006).
Furthermore, detailed information on food (e.g. preference, differential response and

non-phytoplankton food) might also play a significant role in determining variation of in
situ growth rates and deserve further consideration. Still, other potential factors might
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be responsible for variation of copepod growth rates. Toxins produced by algae are
known to have deleterious effect on adults of some copepod species with a specialized
diet (diatoms: Paffenhöfer, 2002; Ianora et al., 2003; Trichodesmium: Hawser et al.,
1992) but is less evident for those groups with a mixed diet (Irigoien et al., 2002).
Also, the elemental composition of food (e.g. N : C) is thought to be positively related5

with growth rate (Touratier et al., 1999; Jones et al., 2002). The phosphorus content of
zooplankton itself has been found to correlate with their growth (Gillooly et al., 2002).
However, the relative importance of these “quality” factors in influencing variation of in
situ growth rates is still unclear.

4.4 Spatio-temporal patterns10

Seasonal differences in growth rates were not clear in this study when considering
all stations (Table 4). For example, we were able to measure growth rates at a single
station (station 9) on 8 separate occasions and found that growth rates of calanoid
nauplii decreased but that of cyclopoid nauplii increased in winter (Fig. 7). Also, the
variation of growth rates for calanoids (standard deviation of nauplii: 0.28; copepodite:15

0.23) were higher than that of cyclopoids (standard deviation of nauplii: 0.21; cope-
podite: 0.08; Fig. 7). These results are consistent with studies noting that cyclopoids
are able to maintain a relatively stable population and become increasingly dominant
under oligotrophic conditions due to their wide distribution, low metabolic rates, low
food requirement, and wide array of prey preferences (Almeda et al., 2010 and refer-20

ences therein).
With respect to spatial differences, we found no clear pattern of growth rate from

coast to offshore (Table 4). Our finding was similar to that of Miyashita et al. (2009) in
subtropical region. We found only marginally (but nonsignificant) higher growth rates
in “high salinity, high chlorophyll” stations (group B; Fig. F1). This result is compa-25

rable to that of Arendt et al. (2010) who found that the production of copepods was
higher in offshore areas. Additionally, our results suggested potential effects of salinity
and phytoplankton biomass on growth rates. While the effect of phytoplankton biomass
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has already been demonstrated by previous studies (e.g. Vidal, 1980), very few stud-
ies have documented a potential effect of salinity (e.g. Chinnery and Williams, 2004;
Beyrend-Dur et al., 2011). Beyrend-Dur et al. (2011) and Avila et al. (2011) attributed
lower growth rates under conditions of salinity stress because more energy must be al-
located for osmoregulation. This might have been the case in our “low salinity” groups.5

However, we did not analyze this issue further as the spatial difference was not clear.

4.5 Growth rate measurements compared with other empirical model
predictions

We found the weight-specific growth rates of copepods in our study area were within
the range of reported values in previous studies (Kimmerer et al., 2007 and refer-10

ences therein). However, our growth rates measurements differ from some of the es-
timates using empirical models (Fig. 8; F = 274.29, p < 0.01). Post hoc comparison
revealed that the growth rate predictions from the Huntley and Lopez (1992), Hirst and
Sheader (1997) and Hirst and Bunker (2003) models were all significantly higher than
our measurements, while the growth rate predicted by Hirst and Lampitt (1998) were15

significantly lower than our measurements. The Huntley and Lopez (1992) model re-
lies entirely on temperature and has been criticized as an over-simplification that often
over-estimates growth rates (e.g. Kleppel et al., 1996). Estimates from the other three
models (Hirst and Sheader, 1997; Hirst and Lampitt, 1998; Hirst and Bunker, 2003)
were also susceptible to bias attributable to food limitation rather than low temperature20

(Madsen et al., 2008). In addition, the relation between temperature and growth rate
has often been described using an Arrhenius relationship (Brown et al., 2004) or at
least curvilinear form (Almeda et al., 2010), contrary to the linear function assumed in
those empirical models (e.g. Hirst and Bunker, 2003). According to the nature of those
curvilinear functions, the increase of growth rate will follow an asymptotical fashion25

along with the increase in temperature. As a consequence, the growth rates tend to
be over-estimated in those empirical models when temperature is relatively high (Hunt-
ley and Lopez, 1992; Hirst and Sheader, 1997; Hirst and Bunker, 2003). The cause
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of under-estimation from Hirst and Lampitt (1998) is because the temperature coeffi-
cient was negative for some copepod groups in their model, contrary to other models.
This over/under-estimation likely occurred in the case of our study since our temper-
ature range (24.85±3.44 ◦C) was close to the upper boundary of the empirical data-
derived models (Huntley and Lopez, 1992: −1.7 ∼ 30.7 ◦C; Hirst and Sheader, 1997:5

0 ∼ 29.85 ◦C; Hirst and Lampitt, 1998: 0 ∼ 29 ◦C; Hirst and Bunker, 2003: −2.3 ∼ 34 ◦C).

4.6 Taxonomic difference

Our observations of higher growth rates for calanoids relative to cyclopoids (Fig. 5)
were consistent with previous studies noting similar taxonomic differences (Hopcroft
et al., 1998; Hopcroft and Roff, 1998; Kiørboe and Sabatini, 1995). Moreover, the10

growth rates of the 50–80 µm group (mainly nauplii) were higher than that of the 100–
150 µm group (mainly copepodites) (Fig. 5), similar to the finding of Kiørboe and Saba-
tini (1995). Therefore, we regard our directly-measured growth rate values as reason-
able estimates despite differences from the rates estimated by empirical models for
growth rate.15

5 Conclusions

In conclusion, the results of our study and analyses suggest that the MTE can be used
to qualitatively describe variation of growth rates of copepod communities in the East
China Sea; however, the scaling coefficients of temperature and body size deviated
from predictions. The effects of food availability, regression method, and taxon-specific20

growth patterns should be considered when applying the MTE to predict growth rates
of copepods. Further investigation is encouraged to clarify patterns of growth for en-
tire copepod communities. Through a better understanding of growth rates, we could
improve our knowledge of the production and thus the contribution of copepod commu-
nities in the East China Sea.25
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Table 1. Regression coefficients of temperature and body size in relation to weight-specific
growth rate according to the function: ln(g) = a0 +

a1

T +a2 ln (M) for different groups and all data
as a whole. Values in parenthesis: bootstrap estimates of standard error of coefficients; g:
weight-specific growth rate (day−1); M: body size (µg); T : temperature (K); E : activation energy
(eV), E = −a1 ×kB; kB: Boltzmann’s constant (8.62×10−5 eVK−1). Expected value represents
the theoretical value according to MTE (Gillooly et al., 2001; Brown et al., 2004).

a0 E a2 r2 p-value Sample
(growth (activation (size size
constant) energy) coefficient)

50–80 µm 6.90 (±11.94) 0.29 (±0.31) −0.88 (±0.34) 0.15 0.02 53
100–150 µm 18.99 (±8.55) 0.55 (±0.22) −0.32 (±0.21) 0.08 0.01 102

Broadcaster 24.15 (±16.42) 0.67 (±0.42) −0.27 (±0.18) 0.17 0.03 42
Sac-spawner 13.25 (±7.39) 0.42 (±0.19) −0.56 (±0.07) 0.31 < 0.01 113

All 15.61 (±6.93) 0.48 (±0.18) −0.51 (±0.07) 0.26 < 0.01 155
Expected value 0.6–0.7 −0.25
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Table 2. Results of nonlinear models that consider temperature, body size and food
(chlorophyll-a concentration) effect The “food-limited” growth values were excluded from
dataset. Values in parenthesis: standard error of coefficients; g: weight-specific growth rate
(day−1); M: body size (µg); T : temperature (K); E : activation energy (eV), E = −a1 ×kB; kB:
Boltzmann’s constant (8.62×10−5 eVK−1), [Chl]: concentration of chlorophyll a concentration
(mgl−1).

a0 ×104 E a2 a3 a4 AIC
(growth (activation (size (constant of (constant of
constant) energy) coefficient) functional response) functional response)

Model 0 (no food effect): g = a0 ×exp
(a1

T

)
×Ma2

6.09 (±61.00) 0.45 (±0.11) −0.35 (±0.26) −29.53

Model 1 (linear dependence on food): g = a0 ×exp
(a1

T

)
×Ma2 +a3 [Chl]

2.71 (±28.97) 0.47 (±0.12) −0.33 (±0.27) 0.02 (±0.03) −28.22

Model 2 (Monod equation): g = a0 ×exp
(a1

T

)
×Ma2 + a3[Chl]

a4+[Chl]

23.69 (±705.2) 2.57 (±0.81) −0.44 (±0.71) 0.31 (±0.06) 0.09 (±0.09) −56.17

Model 3 (Logistic form): g = a0 ×exp
(a1

T

)
×Ma2 + a3×exp([Chl])

exp([Chl])+a4

0.001 (±0.018) 2.70 (±0.85) −0.38 (±0.73) 0.33 (±0.08) 0.56 (±0.57) −56.41
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Table 3. Results of nonlinear models that consider temperature, body size and different food
(chlorophyll-a concentration) effect. The “food-limited” growth values were included. Values in
parenthesis: standard error of coefficients; g: weight-specific growth rate (day−1); M: body size
(µg); T : temperature (K); E : activation energy (eV), E = −a1 ×kB; kB: Boltzmann’s constant
(8.62×10−5 eVK−1), [Chl]: concentration of chlorophyll-a concentration (mgl−1).

a0 ×104 E a2 a3 a4 AIC
(growth (activation (size (constant of (constant of
constant) energy) coefficient) functional response) functional response)

Model 0 (no food effect): g = a0 ×exp
(a1

T

)
×Ma2

0.13 (±1.13) 0.47 (±0.10) −0.37 (±0.23) −50.63

Model 1 (linear dependence on food): g = a0 ×exp
(a1

T

)
×Ma2 +a3 [Chl]

0.07 (±0.72) 0.51 (±0.11) −0.36 (±0.25) 0.03 (±0.02) −49.79

Model 2 (Monod equation): g = a0 ×exp
(a1

T

)
×Ma2 + a3[Chl]

a4+[Chl]

31.29 (±771.5) 1.66 (±0.72) −0.47 (±0.64) 0.33 (±0.06) 0.14 (±0.10) −81.75

Model 3 (Logistic form): g = a0 ×exp
(a1

T

)
×Ma2 + a3×exp([Chl])

exp([Chl])+a4

0.00 (±0.001) 2.44 (±0.70) −0.40 (±0.58) 0.33 (±0.07) 0.64 (±0.50) −83.95
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Table 4. Results of multivariate GLM based on stepwise selection procedure. g: weight-specific
growth rate (day−1); β1, β2, and β3: coefficients of the corresponding variables; M: body size
(µg); T : temperature (K); taxa: the categorical variable of taxa (including 7 taxa in 100–150 µm
and 3 taxa 50–80 µm size-fraction); season represents the categorical variable of season
(spring, summer, and winter); ε: error term. Model 3 is the final significant model. The cur-
rent variable represents the significant variable already existing in the model, and the add-in
variable represents the next selected variable into the model during the stepwise procedure.

F -value r2 p-value Current p-value of Add-in p-value of
variable current variable variable add-in variable

Model step 1: ln(g) = β2 ln(M)+ε
49.486 0.205 < 0.01 ln(M) < 0.01 1

T < 0.01

Model step 2: ln(g) = β1

T +β2 ln(M)+ε
31.793 0.247 < 0.01 1

T < 0.01 taxa < 0.01

Model step 3: ln(g) = β1

T +β2 ln(M)+β3 × taxa+ε
25.647 0.282 < 0.01 taxa < 0.01 season 0.46
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Table 5. Coefficients of body size (a′
1) from ordinary least square (OLS) regression accord-

ing to the function:g′ = a′
0 +a′

1 ln(M), in comparison with the coefficients of body size calcu-
lated from major axis (MA) regression and from standardized major axis (SMA) regression.
Values in parenthesis: bootstrap estimation of standard error of coefficients, g′: temperature-
corrected weight-specific growth rate, where g′ = ln (g)+

(
E/kB

)
T −1, g: weight-specific growth

rate (day−1), M: body size (µg), T : temperature (K), E : activation energy (eV), kB: Boltzmann’s
constant (8.62×10−5 eVK−1). For SMA regression, g′ and ln(M) were standardized before anal-
yses. Expected value represents the theoretical value according to MTE (Brown et al., 2004)

a′
1 (OLS) a′

1 (MA) a′
1 (SMA)

50–80 µm −0.96 (±0.32) −0.39 (±0.14) −0.39 (±0.13)
100–150 µm −0.46 (±0.26) −0.22 (±0.11) −0.22 (±0.10)

Broadcaster −0.29 (±0.17) −0.32 (±0.16) −0.32 (±0.16)
Sac-spawner −0.53 (±0.08) −0.54 (±0.07) −0.54 (±0.06)

All −0.48 (±0.07) −0.49 (±0.07) −0.49 (±0.07)
Expected value −0.25 −0.25 −0.25
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Fig. 1. Map showing experimental sites in the East China Sea and Western Pacific Ocean.
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Fig. 2. Relationship between ln(weight-specific growth rate) and chlorophyll a concentration
before exclusion of “food-limited” growth, for (a) all data as a whole, (b) broadcaster, (c) sac-
spawner, (d) 50–80 µm, and (e) 100–150 µm group. See the text for the definition of “food-
limited” growth.
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Fig. 3. Taxonomic composition of copepods incubated in our size fraction 50–80 µm at each
station. Taxa are denoted by different colors; stations are numbered according to Table B1.
Note that the data of 50–80 µm size fraction in station 2 were missing.
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Fig. 4. Taxonomic composition of copepods incubated in our size fraction 100–150 µm at each
station, for (a) all taxa included, (b) copepodites only, and (c) nauplii only. Taxa are denoted by
different colors; stations are numbered according to Table B1.
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Fig. 5. Weight-specific growth rate (day−1) of each taxon of copepods. The boxplots for each
taxon indicate the values of medians, 25th and 75th percentiles (box ranges), 95 % confidence
intervals (whiskers), and outliers (crosses). The alphabetic symbols above the boxplots indicate
the groups by post hoc pairwise comparison.
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Fig. 6. Relationship between the residuals (growth rates deviating from the MTE prediction)
and chlorophyll a concentrations for (a) all data as a whole, (b) broadcaster, (c) sac-spawner,
(d) 50–80 µm, and (e) 100–150 µm group.
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Fig. 7. Weight-specific growth rates of different taxa in spring, summer and winter. Only data
from station 9 were plotted. In some stations, the taxa were scarce in number (< 30 as de-
scribed in Supplement E); therefore, the growth rates were not calculated and not presented in
this figure.
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Fig. 8. Measured weight-specific growth rates compared to model-derived growth rates. The
boxplots for each taxon indicate the values of medians, 25th and 75th percentiles, 95 % con-
fidence intervals (whiskers), and outliers (crosses). The confident interval for method 4 was
narrow and most of the calculated values were close to zero.
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