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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 environ-
mental changes. Here, we used the artificial cohort method
to examine the effects of temperature, body size, and chloro-
phyll 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 commu-
nity growth rates can be described by the metabolic theory of
ecology (MTE), linking spatio-temporal variation of cope-
pod growth rate with temperature and their body size. Our
results generally agree with predictions made by the MTE
and demonstrate that weight-specific growth rates of cope-
pod 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 the-
oretical predictions. Furthermore, we find that the deviation
from the MTE predictions may be partly attributed to the ef-
fect of food availability (which is not explicitly accounted
for by the MTE). In addition, significant difference in the
coefficients of temperature and body size exists among tax-
onomic groups. Our results suggest that considering the ef-

fects of food limitation and taxonomy is necessary to bet-
ter understand copepod growth rates under in situ condi-
tions, and such effects on the MTE-based predictions need
further investigation.

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 planktivores (Turner, 2004).
Contrary to the assumption that large-bodied copepods dom-
inate 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 grazing
impact than larger animals by virtue of their greater abun-
dance (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 nets (reviewed by Turner, 2004). This is especially

Published by Copernicus Publications on behalf of the European Geosciences Union.



1878 K. Y. Lin et al.: Copepod community growth rates: a test of metabolic theory of ecology

the case for tropical and subtropical waters where small
copepod species often dominate the zooplankton community
biomass (e.g., McKinnon and Duggan, 2003). Therefore, em-
pirical studies of specific properties of small copepods such
as variation of productivity may help clarify the relative func-
tional importance of this group in marine ecosystems.

Growth of organisms represents one of the most important
trophodynamic processes in marine ecosystems (Kiørboe,
1997). Multiple methods for measuring copepod growth rates
have been developed and applied at sea (e.g., Poulet et al.,
1995; see Runge and Roff, 2000 for review). The artificial co-
hort method, developed by Kimmerer and McKinnon (1987),
assumes that growth is logarithmic linear with time and rep-
resents one of the most well-studied and applied 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 creation and incubation of artificial cohorts consist-
ing of selected developmental stages or size fractions (e.g.,
McKinnon and Duggan, 2003).

Understanding and interpreting the relative influence of
multiple factors affecting in situ growth rates of zooplank-
ton remains a central goal for plankton ecologists. Previous
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).
According 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)

whereE is an enzyme-catalyzed activation energy for the
biochemical reactions of metabolism, andkB is the Boltz-
mann constant (8.62×10−5 eV K−1). Given this relationship,
the MTE predicts growth rates to vary in a negative man-
ner with body size and a positive manner with temperature.
Indeed, the important influence of temperature on copepod
growth rates was noted early by Miller et al. (1977) and
McLaren (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 temperature (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 copepod 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 ex-
ist (Harris and Paffenḧofer, 1976; Paffenḧofer and Harris,
1976). Empirical functions have been developed to relate
variation of growth rates to variation in temperature, body
size, and phytoplankton biomass (e.g., Huntley and 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 demonstrated that nauplii, copepodites, and adults re-
spond 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; Richard-
son and Verheye, 1999; Finlay and Roff, 2006; Leandro
et al., 2006). In addition, different developmental stages of
copepods preferentially utilize different size ranges of food
(Berggreen et al., 1988; Calbet et al., 2000; Conover, 1966;
Reinfelder and Fisher, 1991; Bestikepe and Dam, 2002).
Moreover, feeding habits vary among copepod species (e.g.,
Turner, 2004; Uye, 1994; as illustrated in Table A1). In ad-
dition 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 sen-
sitive to temperature than those of copepodites and adults
(McKinnon and Duggan, 2003). Another key difference oc-
curs when considering different spawning types of cope-
pods, i.e., broadcast spawners versus sac spawners, which
respond differentially to temperature and body size effects
(Hirst and Bunker, 2003). Therefore, species life history
and/or developmental stage should be taken into consider-
ation when estimating and attempting to relate variation of
growth rate to the environment.

Here, we studied copepod community growth rates in the
East China Sea. The relationships between the abundance,
distribution, and feeding ecology of copepods to variation in
their environment have been widely investigated in the seas
surrounding Taiwan (e.g., Lan et al., 2008; Okazaki et al.,
2008; Chen et al., 2010). However, very few studies have
measured growth or production rates in order to infer com-
munity dynamics in this important marine ecosystem. For
example, some studies have implied variation of growth rates
by modeling the effect of temperature and chlorophylla con-
centration (Wang et al., 2007) or based on fecal pellet pro-
duction (Wang and Fan, 1997). Here, we directly measured
growth rates by employing the artificial cohort method on
two size fractions which targeted copepod nauplii and cope-
podites. Our primary objective was to identify the domi-
nant environmental factors influencing growth rates of cope-
pod 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.
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2 Materials and methods

2.1 Sampling

All sampling and incubations were carried out aboard R/V
Ocean Researcher Iand R/V Ocean Researcher IIfrom
March 2009 to November 2011 (Table B1 in Supplement).
Stations were located in the East China Sea and the west-
ern Pacific area near Taiwan (Fig. 1). Note that because we
were able to conduct experiments multiple times on sepa-
rate occasions at certain stations, we refer to the stations sep-
arately by the numbers listed in Table B1 unless Fig. 1 is
specified. Copepod weight-specific growth rate determina-
tions (see “Artificial cohort method” below) were carried out
at 31 stations.

Environmental data (e.g., depth-specific temperature and
salinity) were obtained using a Seabird CTD-General
Oceanic Rosette equipped with 20 L Go-Flo bottles. Incu-
bation temperatures were measured periodically during in-
cubations or taken from CTD measurements of sea surface
temperature (SST) if the former measurements were lacking
(because incubations were conducted in tanks circulated with
surface seawater; see Fig. C1 in Supplement and “Artificial
cohort method” below). Chlorophylla 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 us-
ing the artificial cohort method (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 wa-
ters surrounding Taiwan. Thus, we used 50–80 µm and 100–
150 µm size fractions, similar to those used by McKinnon
and Duggan (2003) for isolating nauplii and copepodites, re-
spectively. Shipboard incubations for each size fraction were
carried out using 3 replicate 20 L collapsible polyethylene
cubitainers. Incubation seawater (and thus food) was col-
lected from 10 m using 20 L Go-Flo bottles. This water was
screened through 50 µm mesh (in order to exclude mesozoo-
plankton), and the cubitainers were filled to∼ 90 % capac-
ity. Seawater accompanying the size-fractionated zooplank-
ton made up the remaining volume of each 20 L cubitainer.

Live zooplankton (mainly copepods) were collected using
two separate Norpac zooplankton nets (50 and 100 µm mesh,
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 for 5–
10 min. The contents of each net were carefully re-suspended
in buckets filled with pre-screened incubation seawater. Af-
ter gentle mixing, the contents of the 50 µm net were reverse-
filtered through 80 µm mesh and siphoned (∼ 2 L) into cu-

Fig. 1. Map showing experimental sites in the East China Sea and
western Pacific Ocean.

bitainers for the 50–80 µm artificial cohort incubations. An-
other subsample from the 80 µm mesh reverse filtrate, rep-
resenting the biomass distribution at the start of the incuba-
tion (i.e., time 0), was preserved using 5 % formalin-buffered
seawater. The process was repeated using the contents of the
100 µm mesh net and filtered with a 150 µm mesh to estab-
lish a 100–150 µm artificial cohort. Animals were visually
inspected prior to incubation to confirm that there was no
mortality before incubations. All cubitainers 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 frac-
tion for 24 h and 100–150 µm size fraction for 48 h in or-
der to allow sufficient time for measurable growth to occur.
The environment in the cubitainers was assumed to be sim-
ilar to in situ condition along the incubation, except that the
tanks were always kept dark during incubation. Such a design
aims to prevent growth of primary producers during incuba-
tion so that the total available food can be quantified using
the initial food concentration. While ideally temporal varia-
tion of food concentration in the cubitainers should be mea-
sured periodically, we did not carry out such measurements
in order to avoid disturbing the incubation. Any disturbance
potentially creates undesired mortality. However, we do ac-
knowledge that the duration of our incubations (specifically
the 48 h incubation) may have led to differences in the types
and quantities of food available to incubated animals relative
to that in the water column. This incubation time represents a
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necessary trade-off between potential incubation effects and
allowing sufficient time for growth to be measurable. At the
conclusion of each of the incubations, the contents of each
cubitainer were concentrated onto a 50 µm 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 the
software analySIS LS Starter 2.6) mounted on the micro-
scope. Here we followed 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) nau-
plii in our incubations, and these animals were measured
and enumerated when sufficiently abundant. In the 100–
150 µm size fraction, we measured, enumerated and iden-
tified calanoid, oithonid (Cyclopoida Oithonidae), harpacti-
coid, oncaeid (Poecilostomatoida Oncaeidae) and corycaeid
(Poecilostomatoida Corycaeidae) copepodites in addition to
calanoid and cyclopoid nauplii. As the development stages
and life history of copepods should be considered when clari-
fying relationships between growth rate and its determinants,
analyses were carried out separately for different size frac-
tions (50–80 µm and 100–150 µm), for different spawning
types (broadcasters and sac-spawners), and for all data as a
whole. The broadcaster group includes calanoids (most of the
calanoid species in our incubations were broadcast spawning
groups, but we acknowledge some exceptions to this group-
ing), while the sac-spawner group includes all cyclopoids (in-
cluding oithonid, oncaeid and corycaeid) and harpacticoids.

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

wetweight(WW)=Kc × prosomal length× width2, (2)

whereKc is a constant, 0.6 for calanoids and 0.705 for cy-
clopoids (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 wet weight to carbon weight, i.e.,

dryweight(DW) = 0.135× WW (Postel et al., 2000)and

(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:

g= ln

(
WT

W0

)
/T , (5)

whereW0 is the carbon biomass of copepods at the beginning
of incubation,WT is the carbon biomass at the end of incuba-
tion, andT represents the incubation time of 24 and 48 h for
the 50–80 and 100–150 µm size fractions, respectively. The
representative carbon biomass for each copepod assemblage
(i.e.,W0 andWT) was estimated by multiple-peak considera-
tion (Lin et al., 2013) (see brief description in Supplement D)
instead of average carbon biomass; in other words, 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 fraction for our Sta-
tion 2 was missing; therefore, such information cannot be
included in calculation and analysis.

2.4 Data pretreatment

The prerequisite in testing MTE is that no food limitation ex-
ists for the rate measurements. 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.
As a compromise for assessing food concentration, we con-
sider chlorophylla concentration with the Monod equation:

g =
gmax[Chl]

Km + [Chl]
, (6)

whereg is the measured weight-specific growth rate,gmax is
maximum rate ofg, [Chl] is the chlorophylla concentration,
andKm is the chlorophylla concentration at whichg equals
gmax/2. Through fitting the Monod function, we found no
significant relationship betweeng and [Chl]. However, to
be more conservative and considering the scattering 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 relation-
ship (p < 0.05) between measured weight-specific growth
rates and chlorophylla concentration only for the broadcast
spawners but not other groups (Fig. 2). To remove the pos-
sibility of confounding effects of food limitation in testing
MTE, growth rates measured at chlorophylla concentrations
below 4× Km (0.30 mg L−1; defined as “food-limited”) for
the broadcaster group were eliminated from all following
analyses (Fig. E1 in Supplement; 34 data points were elim-
inated). No positive linear relationship betweeng and [Chl]
was detected after elimination. Note that there might be some

Biogeosciences, 10, 1877–1892, 2013 www.biogeosciences.net/10/1877/2013/
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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 groups. See the text
for the definition of “food-limited” growth.

slow growth rates even when [Chl] is higher than 4× Km;

these slow rates are presumably due to effects of other fac-
tors (e.g., temperature, body size). As a consequence, a total
of 155 data points were retained for comparisons to MTE-
based predictions.

2.5 Testing metabolic theory of ecology

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 (Brown
et al., 2004) using the generalized linear model (GLM):

ln(g)=a0 +
a1

T
+ a2ln(W0), (8)

where the coefficienta0 is the intercept,a1 is the factor of
activation energy associated with temperature, anda2 is the
allometric coefficient for body size. Here, the body size (W0)

is measured as the carbon weight at beginning of incubation

for each copepod assemblage. In addition, a 10-fold cross-
validation (Cudeck and Browne, 1983) was performed to
evaluate the GLM for each group. That is, we randomly di-
vided the data set into 10 subsamples, and used 9 subsamples
to construct the GLM model and the remaining subsample to
evaluate the model performance (based on prediction error).
The same procedure was repeated 10 times to exhaust the 10
combinations, and the average error was calculated. Small
prediction error is considered as good performance. In addi-
tion to the GLM, we independently analyzed our data in the
form of “temperature-corrected weight-specific growth rate”
in relation to body size (carbon weight,W0) by ordinary least
squares, major axis, and standardized major axis regressions:

g
′

=a
′

0 + a
′

1ln(W0), (9)

whereg
′

= ln(g)+(E/kB)T −1, a
′

0 is the intercept anda
′

1 is
the allometric coefficient for body size.

2.6 Testing effects of food limitation

We attempted to remove food-limited growth rate estimates
from our analyses by eliminating the growth rate estimates
for broadcast spawners growing at chlorophylla concentra-
tion below 4× Km. However, we are not completely confi-
dent that this approach effectively identified food-limited rate
estimates. To further explore the issue of food limitation, two
additional analyses were carried out. First, we calculated the
residuals from regression, Eq. (6), and investigated whether
a linear relationship exists between the residuals and chloro-
phyll a concentration. In addition, we investigated whether
a relationship described by the Monod equation exists be-
tween the residuals and chlorophylla concentration. Sec-
ondly, we took an alternative approach. Instead of taking the
residuals of regression, Eq. (6), we analyzed weight-specific
growth rate in relation to temperature, body size and chloro-
phyll a concentration in a multivariate fashion. Specifically,
four models were constructed:

Model 0(no food effect) : (10)

g = a0 × exp
(a1

T

)
× W

a2
0 ;

Model 1(linear dependence on food) : (11)

g=a0 × exp(
a1

T
) × W

a2
0 + a3 [Chl] ;

Model 2(Monod equation) : (12)

g=a0 × exp(
a1

T
) × W

a2
0 +

a3[Chl]

a4 + [Chl]
; and

Model 3(logistic form) : (13)

g=a0 × exp
(a1

T

)
× W

a2
0 +

a3×exp([Chl])

exp([Chl]) + a4
.
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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 col-
ors; stations are numbered according to Table B1. Note that the data
of the 50–80 µm size fraction for station 2 are missing.

We considered two data sets (i.e., the values of “food-
limited” growth rate were excluded or included) in analysis.

2.7 Spatio-temporal variation and the effect of
taxonomy on 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 defined
on the basis of environmental data usingK means cluster-
ing (Seber and Hoboken, 1984). Only surface salinity from
CTD and chlorophylla concentration data were used in the
K means analysis in order to contrast the coastal and off-
shore 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)”
(Table B1). The definition of seasons follows regional cli-
matology (Table B1). The taxonomic groups were defined
according to their morphotypes (defined in Sect. 2.3). We
investigated the spatial, temporal, and taxonomic effects on
growth rate using GLM with a stepwise selection procedure.
We consider the following equation:

ln(g)=
β1

T
+ β2ln(W0) + β3 × taxa+ β4 × spawn (14)

+β5 × season+ β6 × space+ ε,

whereβ1, β2, β3, β4, β5, andβ6 represent coefficients of the
following variables:T is temperature (K); W0 is body size
(carbon weight, 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 the categorical variable of
spawning type (broadcaster and sac-spawner); “season” rep-

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 differ-
ent colors; stations are numbered according to Table B1. Note that
there were no nauplii found in the 100–150 µm size fraction in sta-
tion 18 and 20.

resents the categorical variable of season (spring, summer,
and winter); “space” represents the categorical variable of
four K means groups; andε is the error term. The threshold
for variable add-in isp = 0.05, and the threshold for variable
elimination isp = 0.10. Post hoc pairwise comparisons were
carried out if any of the categorical variables 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 nauplii 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 dominance was sometimes

Biogeosciences, 10, 1877–1892, 2013 www.biogeosciences.net/10/1877/2013/
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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(W0) for different groups and all data as a whole. Values in parentheses: bootstrap estimates of standard error of coefficients;g:

weight-specific growth rate (day−1); W0: body size (carbon weight, µg);T : temperature (K);E: activation energy (eV),E = −a1 ×kB ; and
kB : Boltzmann’s constant (8.62× 10−5 eV K−1). Expected value represents the theoretical value according to MTE (Gillooly et al, 2001;
Brown et al., 2004); MSE of cross-validation: mean squared error calculated from 10-fold cross-validation analysis.

a0 a1 × 10−3 E a2 r2 p Sample MSE
(growth (temperature (activation (size value size of cross-

constant) constant) energy) coefficient) validation

50–80 µm 6.90 (±11.94) −3.36 (±3.60) 0.29 (±0.31) −0.88 (±0.34) 0.15 0.02 53 0.55
100–150 µm 18.99 (±8.55) −6.38 (±2.55) 0.55 (±0.22) −0.32 (±0.21) 0.08 0.01 102 0.57

Broadcaster 24.15 (±16.42) −7.77 (±4.87) 0.67 (±0.42) −0.27 (±0.18) 0.17 0.03 42 0.80
Sac-spawner 13.25 (±7.39) −4.87 (±2.20) 0.42 (±0.19) −0.56 (±0.07) 0.31 < 0.01 113 0.44

All 15.61 (±6.93) −5.57 (±2.09) 0.48 (±0.18) −0.51 (±0.07) 0.26 < 0.01 155 0.43
Expected value 0.6–0.7 −0.25

replaced by other taxa (e.g., corycaeids at Station 7; see
Fig. 4). We found no significant difference in the overall tax-
onomic 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 frac-
tion: χ2

=13.69,p > 0.99).

3.2 Weight-specific growth rate in relation to
temperature, body size and chlorophylla
concentration

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). High growth rates were pos-
sible and these rates could be attributed to adequate environ-
ments for copepods to grow rapidly (e.g., high temperature
accompanied with ample food supply) and are also observed
in some studies in warm waters (e.g. growth rate: 0.10–1.43
in the area with temperature of 28◦C, Hopcropt and Roff,
1988). Weight-specific growth rates were positively related
to temperature and negatively to body size (Table 1). The
range of temperature coefficients overlapped with the val-
ues predicted by MTE (E = 0.6− 0.7 eV; Gillooly et al.,
2001), while the coefficient for body size did not approach
the predicted value (−0.25). Similar patterns emerged when
we considered specific groups (i.e., different size fractions
and spawning types), and the mean squared errors (MSEs)
of 10-fold cross-validation were also similar among groups.
Nevertheless, the ranges of body size coefficients in the 100–
150 µm and broadcaster groups overlapped with the theoret-
ical value,−0.25. The coefficients for the small size frac-
tions (50–80 µm) were smaller with respect to temperature
and more negative with respect to size than that of the large
size fractions (100–150 µm). The sac-spawners also had a
smaller temperature coefficient and a more negative size co-
efficient than that of the broadcaster group. Considering the
regression of “temperature-corrected weight-specific growth

Fig. 5. Weight-specific growth rate (day−1) of each taxon of cope-
pods. The boxplots for each taxon indicate the values of medians,
25th and 75th percentiles (box ranges), 95 % confidence intervals
(whiskers), and outliers (crosses). The alphabetical symbols above
the boxplots (i.e., j, k, l, and m) indicate the groups by post hoc
pairwise comparison; i.e., the groups with the same symbols rep-
resent no significant difference in their growth rates. Note that the
grouping was only for comparison among the ten taxa, distinct from
the five groups (i.e., all data as a whole, broadcaster, sac-spawner,
50–80 µm, and 100–150 µm) we used in analysis.

rate” and “body size”, the size coefficients of 100–150 µm
and broadcaster groups still overlapped with the theoretical
value (−0.25) (Table 5). There was an improvement in the
size coefficients of the 50–80 µm group (from−0.96± 0.32
to −0.39±0.14), while the size coefficients estimated for the
other groups were still deviated from−0.25 (Table 5).

The linear or Monod equation as a functional response be-
tween residuals from regression Eq. (8) and chlorophylla

concentrations was not significant when considering growth
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Fig. 6. Relationship between the residuals (growth rates deviating
from the MTE prediction) and chlorophylla concentrations for(A)
all data as a whole,(B) broadcaster,(C) sac-spawner,(D) 50–80 µm,
and(E) 100–150 µm group.

rates for the groups of all data as a whole, different size frac-
tions, or spawning types (Fig. 6,r < 0.1, p > 0.05 in all five
panels). We also analyzed weight-specific growth rate in re-
lation to temperature, body size and chlorophylla concen-
tration in a multivariate fashion. Among the four models, the
Monod function or logistic form of chlorophylla concentra-
tions combined with temperature and size effects best (low-
est AIC) explains the variation of growth rate (Table 2). This
result was qualitatively similar when we used the data set in-
cluding potential “food-limited” growth values (Table 3).

3.3 Seasonal and spatial variation and effects
of taxonomy

The results of the multivariate stepwise analysis of model
Eq. (8) 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 significant (p > 0.05). With respect to the taxonomic
effect, pairwise comparison was made and the grouping is
shown in Fig. 5 (i.e., the groups with the same alphabet sym-

Fig. 7. Weight-specific growth rates of(A) taxa in the 100–150 µm
size fraction and(B) taxa in the 50–80 µm size fraction in spring,
summer and winter. Only data from station 9 in Fig. 1 were plotted.
At some stations, the taxa were scarce in number (< 30 as described
in Supplement E); therefore, the growth rates were not calculated
and not presented in this figure. For each taxon (separated by gray
lines), asterisks indicate where there were no available growth rates
(the number of asterisks indicates the number of missing values in
corresponding seasons).

bols indicate no significant difference in their growth rates).
In addition, we were able to measure growth rates at a sin-
gle station (station 9 in Fig. 1) 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: 0.23) were higher than that of
cyclopoids (standard deviation of nauplii: 0.21; copepodite:
0.08; Fig. 7).

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 temperature, body size, and food
concentration on in situ weight-specific growth rate. We also
tested the MTE-based predictions of growth rate against our
direct measurements and examined 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 de-
scribed by Eq. (8), with the MSE of cross-validation sim-
ilar among groups (Table 1). In keeping with some gen-
eral expectations (e.g., Mullin and Brook, 1970; Huntley
and Lopez, 1992), weight-specific growth rate was positively
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Table 2. Results of nonlinear models that consider temperature, body size and food (chlorophylla concentration) effects. The “food-
limited” growth values were excluded from the data set. Values in parentheses: standard error of coefficients;g: weight-specific growth
rate (day−1); W0: body size (carbon weight, µg);T : temperature (K);E: activation energy (eV),E = −a1 × kB ; kB : Boltzmann’s constant
(8.62× 10−5 eV K−1); and[Chl] : concentration of chlorophylla concentration (mg L−1).

a0×104 a1 × 10−3 E a2 a3 a4 AIC
(growth (temperature (activation (size (constant of (constant of
constant) constant) energy) coefficient) functional functional

response) response)

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

) × W
a2
0

6.09 (±61.00) −5.22 (±1.28) 0.45 (±0.11) −0.35 (±0.26) −29.53

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

) × W
a2
0 +a3 [Chl]

2.71 (±28.97) −5.45 (±1.39) 0.47 (±0.12) −0.33 (±0.27) 0.02 (±0.03) −28.22

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

) × W
a2
0 +

a3[Chl]
a4+[Chl]

23.69 (±705.2) −29.81 (±9.40) 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

) × W
a2
0 +

a3×exp([Chl])
exp([Chl])+a4

0.001 (±0.018) −31.32 (±9.86) 2.70 (±0.85) −0.38 (±0.73) 0.33 (±0.08) 0.56 (±0.57) −56.41

Table 3.Results of nonlinear models that consider temperature, body size and different food (chlorophylla concentration) effects. The “food-
limited” growth values were included. Values in parentheses: standard error of coefficients;g: weight-specific growth rate (day−1); W0: body
size (carbon weight, µg);T : temperature (K);E: activation energy (eV),E = −a1 × kB ; kB : Boltzmann’s constant (8.62× 10−5 eV K−1);
and[Chl]: concentration of chlorophylla concentration (mg L−1).

a0×104 a1 × 10−3 E a2 a3 a4 AIC
(growth (temperature (activation (size (constant of (constant of
constant) constant) energy) coefficient) functional functional

response) response)

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

) × W
a2
0

0.13 (±1.13) −5.45 (±1.16) 0.47 (±0.10) −0.37 (±0.23) −50.63

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

) × W
a2
0 +a3 [Chl]

0.07 (±0.72) −5.92 (±1.28) 0.51 (±0.11) −0.36 (±0.25) 0.03 (±0.02) −49.79

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

) × W
a2
0 +

a3[Chl]
a4+[Chl]

31.29 (±771.5) −19.26 (±8.35) 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

) × W
a2
0 +

a3×exp([Chl])
exp([Chl])+a4

0.000 (±0.001) −28.31 (±8.12) 2.44 (±0.70) −0.40 (±0.58) 0.33 (±0.07) 0.64 (±0.50) −83.95

correlated with temperature. The estimated temperature coef-
ficients (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. There are at least two
competing hypotheses in the debate over the pattern of tem-
perature dependence: (1) universal temperature dependence
(UTD; Gillooly et al., 2001) and (2) evolutionary trade-off
hypothesis (ETO; Clarke, 2004). UTD predicts a similar
temperature dependence of intra- and interspecies metabolic
rates, while ETO predicts a steeper slope of temperature–rate
relationship for intraspecies relative to interspecies compar-

isons. Since the taxonomic level of our data set was coarse,
it is difficult to ascribe patterns in our results to either hy-
pothesis. Nevertheless, the relatively small temperature coef-
ficients in our study have also been found in studies of fresh-
water crustacean zooplankton (de Castro and Gaedke, 2008)
and of insects (Irlich et al., 2009).

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
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Table 4. Results of multivariate GLM based on stepwise selection procedure.g: weight-specific growth rate (day−1); β1, β2, andβ3:
coefficients of the corresponding variables;W0: body size (carbon weight, µg);T : temperature (K); taxa: the categorical variable of taxa
(including 7 taxa in the 100–150 µm size fraction and 3 taxa in the 50–80 µm size fraction); season represents the categorical variable of
season (spring, summer, and winter); andε: error term. Model 3 is the final significant model. The current 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. Note that the current variable is identical to the add-in variable in previous model.

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)=β2ln(W0) + ε

49.486 0.205 < 0.01 ln(W0) < 0.01 1
T

< 0.01

Model step 2: ln(g)=
β1
T

+ β2ln(W0) + ε

31.793 0.247 < 0.01 1
T

< 0.01 taxa < 0.01

Model step 3: ln(g)=
β1
T

+ β2 ln(W0) + β3 × taxa+ ε

25.647 0.282 < 0.01 taxa < 0.01 season 0.46

Table 5.Coefficients of body size (a
′

1) from ordinary least squares

(OLS) regression according to the functiong
′

=a
′

0 + a
′

1ln(W0), in
comparison with the coefficients of body size calculated from ma-
jor axis (MA) regression and from standardized major axis (SMA)
regression. Values in parentheses: bootstrap estimation of stan-
dard error of coefficients;g′: temperature-corrected weight-specific
growth rate, whereg

′

= ln(g)+(E/kB )T −1; g: weight-specific
growth rate (day−1); W0: body size (carbon weight, µg);T : tem-
perature (K);E: activation energy (eV);kB: Boltzmann’s constant
(8.62× 10−5 eV K−1). For SMA regression,g

′

and ln(W0) were
standardized before analyses. Expected value represents the theo-
retical 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

copepods (e.g., Paffenhöfer, 1976; McKinnon and Duggan,
2003). However, the estimated coefficients for body size de-
viated from the predictions of MTE (Table 1). The deviation
also occurred when 50–80 µm and sac-spawner groups were
analyzed (Table 1). Since gaining popularity through ecosys-
tem function studies, many studies have attempted to test or
find evidence of the global predictive value of the MTE, es-
pecially 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 as 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. As 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 ex-
plained by body size when there was only a 10-fold range
of body size. Indeed, in our data set (about 101.5-fold range
of body size due to our size-fraction design), the propor-
tion of variance explained by body size was∼ 21.0 %. This
constraint might help explain why the body size depen-
dence of copepod growth rates was not well described by
the MTE for some groups.

Another consideration is the regression method in use. In-
stead of ordinary least squares (OLS) regression, (standard-
ized) major axis (SMA or MA) regression has been rec-
ommended when both variables had comparable variances
(Quinn and Keough 2002). To check this possibility, we in-
dependently analyzed our data in the form of “temperature-
corrected weight-specific growth rate” in relation to “body
size” by OLS, MA and SMA regression. There was an im-
provement in the 50–80 µm group (from−0.96± 0.32 to
−0.39± 0.14, Table 5), while the size coefficients estimated
for the other groups remain similar among regression meth-
ods (Table 5). The size-class-specific differences may be re-
lated 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 experi-
mental error of body size measurement. This result might
point to an inadequacy with simple OLS regression against
the MTE-based prediction. Nevertheless, Carroll and Rup-
pert (1996) argued that there might be an over-correction
for MA regression.
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Additionally, our results demonstrated differences be-
tween taxonomic groups (Table 1). Seibel (2007) demon-
strated that if the differences in the normalized constant (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 phy-
logenetic correction and major axis regression are still lack-
ing (O’Connor et al., 2007).

Furthermore, there are developed models that might ex-
plain the deviation from the MTE-based prediction: demand–
supply model (Banavar et al., 2002), cell size model (Ko-
zlowski 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., 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 of
the deviation.

According to the MTE with an underlying nutrient supply
network model, phylogenetic 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 (Kozlowski et al., 2003) predicts a constant slope
for body size (a2) only for the widest interspecific level; for
intraspecific or intermediate resolution,a2 would range from
−0.33 to 0. This broada2 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 in 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 nega-
tive) slope for smaller copepods because of a higher propor-
tion of cubic-branching vessels (relatively scale-invariant) in
smaller organisms. However, we have found the opposite pat-
tern in this study. We also found that the body size coeffi-
cients 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 types of squid
occurs due to different locomotory costs, and this consid-
eration 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 opposite to the COT pre-
diction. Nevertheless, we demonstrate that the deviation from
MTE could possibly be attributed to both the differences in
taxonomy and analytical method in use, and that species-
specific examination and improved analytical methods may
help to resolve these issues.

4.3 Test of the MTE – food availability

Alternatively, the deviation from the growth rate relation-
ship described by the MTE may be due to other variables
and processes not explicitly addressed by the MTE (Brown
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). Our finding of a significant
correlation between ln(growth rate) of broadcast-spawning
copepods and chlorophylla concentration (by Monod func-
tion before any correction, Fig. E1) is in agreement with
the generalization that broadcasters are relatively herbivo-
rous (Mauchline, 1998), although more contemporary stud-
ies describe the mixed diets for small copepods (e.g., Turner,
2004). Furthermore, the coefficient estimates of the MTE
regression for the broadcaster group (Table 1) were closer
to theoretical values (E = 0.6–0.7, a2 = −0.25) when we
eliminated the “food-limited” growth (i.e., before elimina-
tion: E = 0.46±0.31,a2 = −0.31±0.12; after elimination:
E = 0.67± 0.42, a2 = −0.27± 0.18). This observation in-
dicates that the copepod communities in our study area are
at least sometimes exposed to food limiting conditions. To
examine this possibility more fully, we constructed differ-
ent nonlinear models explicitly incorporating food availabil-
ity (Tables 2, 3). In these models, we analyzed growth rate
in relation to temperature, body size and chlorophylla con-
centration. The best model (lowest AIC) links growth rate
with temperature, body size and Monod function (or logistic
form) of chlorophylla concentration, 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 temperature 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-Glowacka (2004) demon-
strated that copepod growth was not correlated with temper-
ature 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
influenced by food availability. For example, a negative or
nil effect of temperature on growth rate could be observed
when the food requirements increase with temperature (as
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suggested by Vidal, 1980). This is contrary to the statement
of the MTE that the factors other than temperature and body
size should only affect the constant term (a0; Gillooly et al.,
2006).

Furthermore, detailed information on food (e.g., pref-
erence, differential response and non-phytoplankton food)
might also play a significant role in determining variation
of in situ growth rates and deserves further consideration.
Substantially, we note one of the caveats of our analysis is
that copepods can utilize various types of food in addition
to phytoplankton (as listed in Table A1, e.g., microzooplank-
ton, Turner, 2004). Non-phytoplankton foods could obscure
the food effects (chlorophylla concentration) analyzed in
this study, and it may have influenced our ability to accu-
rately test the assumption of MTE that no food limitation
was met. However, since the biomass of most microbial com-
ponents (sampled as POC) still has a strong correlation to
chlorophylla concentration (Legendre and Michaud, 1999),
chlorophylla concentration perhaps could still be interpreted
as a proxy or index of food availability rather than just phy-
toplankton. We also note that by using the 50 µm filtrate of
seawater for incubation water and the food source, we did
run the risk of removing large food particles. This aspect of
our experimental design was determined according our lower
limit size fraction (i.e., 50–80 µm). In addition, it has been re-
ported that copepods generally have a 1- to 2-order (i.e., 10–
100 times) length difference with their prey food (Berggreen
et al. 1988); therefore, the small copepods in our incubations
(50–80 and 100–150 µm in length) were likely utilizing food
particles less than the 50 µm as main food resources, and thus
our design may not have serious problems of food exclu-
sion. In our experimental design, the incubation tanks were
kept dark to reduce the possibility of growth of primary pro-
ducers (and thus the confounding bottom-up effect); as such,
the total chlorophylla concentration in the cubitainers could
be simply estimated by initial concentration. However, we
still note our assumption of no container effect along incuba-
tion. Furthermore, the elemental composition of food (e.g.,
N : C) is thought to be positively related 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 im-
portance of these “quality” factors in influencing variation of
in situ growth rates is still unclear.

4.4 Spatio-temporal patterns and taxonomic
differences

Seasonal differences in growth rates were not clear in this
study when considering all stations (Table 4). We do note the
size fractions used in this research might still miss some rep-
resentative species in different seasons, and that we could not
distinguish the species-specific patterns due to our relatively
low resolution of identification. However, we also note that
the biomass of copepod communities in the East China Sea

is dominated by small-bodied animals (e.g., Lo et al., 2004),
which were well represented in our incubations. When focus-
ing on a single station (station 9 in Fig. 1), we did find differ-
ent numerical trends and variations of growth rate between
calanoid and cyclopoid (Fig. 7). These results are consistent
with studies noting that cyclopoids are able to maintain a rel-
atively 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).

With respect to spatial differences, we found no clear pat-
tern of growth rate from coast to offshore (“space” term not
selected in multivariate GLM stepwise selection, Table 4).
Our finding was similar to that of Miyashita et al. (2009) in
the subtropical region. We found only marginally (but non-
significant) higher growth rates in “high salinity, high chloro-
phyll” stations (group B; Fig. F1). This result is comparable
to that of Arendt et al. (2010), who found that the produc-
tion of copepods was higher in offshore areas. Additionally,
our results suggested potential effects of salinity and phyto-
plankton biomass on growth rates. While the effect of phyto-
plankton biomass has already been demonstrated by previous
studies (e.g., Vidal, 1980), very few studies 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. However, we did not analyze this
issue further as the spatial difference was not clear.

Our observations of higher growth rates for calanoids rel-
ative 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, the 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 Sabatini (1995).

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). However, our
growth rate measurements differ from some of the estimates
using empirical models (Fig. 8; ANOVA,F = 274.29, p <

0.01). Post hoccomparison 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) were significantly
lower than our measurements. The Huntley and Lopez (1992)
model relies entirely on temperature and has been criticized
as an oversimplification that often overestimates growth rates
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Fig. 8. Measured weight-specific growth rates compared to model-
derived growth rates. The boxplots for each taxon indicate the val-
ues of medians, 25th and 75th percentiles, 95 % confidence inter-
vals (whiskers), and outliers (crosses). The confidence interval for
method 4 was narrow and most of the calculated values were close
to zero.

(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 at-
tributable to food limitation rather than low temperature
(Madsen et al., 2008). In addition, the relation between tem-
perature 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 lin-
ear function assumed in those empirical models (e.g., Hirst
and Bunker, 2003). According to the nature of those curvi-
linear functions, the increase of growth rate will follow an
asymptotical fashion along with the increase in tempera-
ture. As a consequence, the growth rates tend to be overes-
timated in those empirical models when temperature is rel-
atively high (Huntley and Lopez, 1992; Hirst and Sheader,
1997; Hirst and Bunker, 2003). The cause of underestimation
from Hirst and Lampitt (1998) is because the temperature
coefficient was negative for some copepod groups in their
model, contrary to other models. This over-/underestimation
likely occurred in the case of our study since our tempera-
ture range (24.85± 3.44◦) was close to the upper boundary
of the empirical data-derived models (Huntley and Lopez,
1992: −1.7∼ 30.7◦; Hirst and Sheader, 1997: 0∼ 29.85◦;
Hirst and Lampitt, 1998: 0∼ 29◦; Hirst and Bunker, 2003:
−2.3∼ 34◦). The discrepancy among field data and the em-
pirical model predictions was also reported by other studies
(e.g., Madsen et al., 2008).

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 deviate from predictions. The effects of food avail-
ability, regression method, and taxon-specific growth pat-
terns should be considered when applying the MTE to predict
growth rates of copepods. Further investigation is encour-
aged to clarify patterns of growth for entire copepod com-
munities. Through a better understanding of growth rates, we
could improve our knowledge of the production and thus the
contribution of copepod communities in the East China Sea.

Supplementary material related to this article is
available online at:http://www.biogeosciences.net/10/
1877/2013/bg-10-1877-2013-supplement.pdf.
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