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Estimating growth and production rates of mesozooplankton, and copepods in particular, is important in describing
flows of material and energy though pelagic systems. Over the past 30 years, the Moult Rate (MR) method has been
used to estimate juvenile copepod growth rates in �40 papers. Yet the MR method has been shown to have serious
flaws. Here we re-examine the results from the majority of published MR method studies and re-estimate growth rates
using the modified Moult Rate (MMR) method, which ascribes changes in mass to the appropriate time period over
which it was accrued. The MR method has typically over-estimated growth rates (on 80% of occasions) for life stages
where the subsequent stage is actively moulting; the median and mean MR values are 138 and 164%, respectively, of
the corrected MMR values. We were unable to correct the original data for life stages that are followed by a non-
moulting stage, e.g. copepodite stage 5 to adult. We performed experiments with Calanus pacificus to estimate growth of
stage C5 using an alternative method. We found that the error size and sign varied between mass type (i.e. DW, C and N).
Recommendations for practical future assessments of growth in copepods are made.
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I N T RO D U C T I O N

Copepods are a key component of the epipelagic realm,
transmitting material to higher trophic levels, including
many other crustaceans, gelatinous zooplankton, fish and

fish larvae. They recycle nutrients through their excretion
(Banse, 1995), and are important grazers on microplankton
(Calbet and Saiz, 2005). Growth and production rates
of marine copepods have been studied as a means
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of understanding population dynamics, physiological
budgets and food web processes (e.g. Durbin et al., 1983;
Hopcroft and Roff, 1998; Hirst et al., 1999; Campbell
et al., 2001). Growth can be divided into somatic (in-
crease in body mass of individuals) and reproductive
types. The latter is the output of reproductive mass,
usually assessed as egg production in females [although
see Escaravage and Soetaert (1995) for male spermato-
phore production estimates]. Growth in adults can take
both forms (reviewed by Hirst and McKinnon, 2001),
but clearly juvenile growth is limited to body mass accu-
mulation (and exuviae loss). Production is determined
as the product of mass-specific growth rate and the
biomass of a population, and is dependent upon the
accurate estimation of growth. Determining growth and
production is important because these parameters are
central to physiology, energetic budgets and population
dynamics and enable determination of energy, carbon
and nutrient fluxes.

Unfortunately, it is often the case that growth cannot
be measured using natural cohorts; these either cannot
be identified (e.g. reproduction in the tropics can be semi-
continuous), or are too difficult to follow over time in ad-
vective environments. Cohorts have, however, been used
in both laboratory settings (Rey-Rassat et al., 2002) and
mesocosm experiments (Hygum et al., 2000). As a conse-
quence of the difficulties in the cohort approach, alter-
nate methods have been developed for field application.
The two most commonly used to determine juvenile
copepod growth are the Moult Rate (MR) and Artificial
Cohort (AC) methods. The AC method was adopted by
Kimmerer and McKinnon (Kimmerer and McKinnon,
1987) and has since been applied in �15 studies. The MR
method equation was first used in 1982 (published in the
same year by both Burkill and Kendall, 1982 and Klein
Breteler et al., 1982), and has since been used in �40
published studies. It has been the most commonly-applied
field-based method.

In a major revision of copepod (and mesozooplank-
ton) growth methodology, the MR method was shown to
have errors in the equation formulation (Hirst et al.,
2005), while the AC method was shown to have import-
ant flaws in the equations used, and method of imple-
mentation (Kimmerer et al., 2007). It is typically not
possible to reconstruct correct growth rates from the data
collected for the AC method (Kimmerer et al., 2007),
because in many cases the mass determination method is
at fault. In contrast, it is possible to correct MR method
values for the mass component of the error using the
Modified Moult Rate (henceforth MMR) equations
where the original mass values for consecutive stages and
their durations are available. The original MR equation
is typically given as

gi MR ¼ ln
Wiþ1

Wi

� �
�MRi; ð1Þ

where gi_MR was described as the mass-specific growth
rate of stage i, Wi is the mean mass of stage i and Wiþ1

the mean mass of stage i þ 1. MRi is the moult rate
(day21), i.e. the proportion of animals in stage i moult-
ing per day. The inverse of development time (i.e. 1/Di)
has in many cases been used rather than a measure of
moult rate. In most practical circumstances, mean
masses have been arithmetic rather than geometric, in
part because direct mass measurements have typically
required bulking many individuals for a single estimate.

The MMR method correctly ascribes the change in
arithmetic mass between two consecutive stages to the
correct time period (see Fig. 1). Assuming no mortality,
this is given as (Equation 22 in Hirst et al., 2005)

ln
ðAWiþ1/AWiÞ

½ðDi actual þ Diþ1 actualÞ/2�
¼ gi!iþ1

þ ½ln h0ðgi!iþ1;Diþ1 actualÞ � ln h0ðgi!iþ1;Di actualÞ�
½ðDi þ Diþ1 actualÞ/2� ;

ð2Þ

where AW is the arithmetic mean mass of the stage and
D_actual is the measured stage duration (not derived indir-
ectly from the moult rate). The function h0(g,Dactual) ¼
[exp(gDactual/2) 2 exp(–gDactual/2)]/(gDactual) measures
the deviation from the mass mid-way through the stage.

A third equation, the stage-specific growth equation
(Equation 4 in Hirst et al., 2005), estimates growth within
an individual stage (i) using the masses at entry to
(Wi_entry) and exit from (Wi_exit) the stage:

gi corr ¼ ln
Wi exit

Wi entry

� �
�MRi: ð3Þ

Equation (3) can be used in any stage, but is especially
useful for the situation where the following stage (i þ 1)
does not moult. Figure 1 is a simple representation of
these three growth equations, highlighting the error in
the original MR method.

Hirst et al. (Hirst et al., 2005) approximated the size and
sign of MR-derived growth errors in the literature, but as
they did not have the original mass and stage durations,
they did not attempt to correct historic data. Furthermore,
Hirst et al. (Hirst et al., 2005) were unable to tightly con-
strain the size of the error associated with the MR
method in copepodite stage 5 (C5) growth estimates, or
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indeed any stage which is followed by a non-moulting
stage (e.g. where the following stage is entering diapause
and hence not moulting), because of uncertainty as to the
period over which the mass was accumulated post-moult.
The MR method implicitly, but unjustifiably, assumes
that this period of time is equal to half the duration of the
preceding stage. Using a range of scenarios of the mass
increase between the mass at moult-to-adult and the
mean adult mass (from 250, 0 and þ50% of the mass at
point of entry), Hirst et al. (Hirst et al., 2005) showed that
the MR method commonly underestimates the correct
growth value in C5. This is a significant drawback, as
C5s contribute greatly to non-adult biomass and growth,
and are critical to adult supply.

Given this context, the aims of this present paper are
to:

(1) re-assess those studies that have used the MR
method equation and determine MMR values from
original stage durations and mass data;

(2) determine the likelihood that there has been a sys-
tematic error in the determination of juvenile
copepod growth rates;

(3) experimentally determine the size of the error when
applying the MR method to stage C5 copepods of
Calanus pacificus and describe the main factors
causing the error.

M E T H O D

Literature assessment

Using arithmetic mean masses of consecutive stages and
stage durations (including both Dactual and DMR stage
durations), the MMR method was applied to estimate
growth rates for a wide range of studies (see Table I). As
field mortality rates were not obtained in these studies,
we applied Equation (2) to correct the values. Although
mortality can cause a bias when applying mean stage
masses to derive growth, the MMR equation does not
consider mortality. It is therefore much more practical to
apply than alternates that do include this, but is not
heavily biased under typical mortality rate scenarios
(Hirst et al., 2005). An exception is where stage durations
are determined from moult rates of a random population
of a stage; in this situation, the moulting rates are biased
by mortality (age-within-stage of the sampled animals
being skewed by mortality), confounding the overall bias.
Stage durations have been reported using a variety of
methods in the studies reported here; we have made no
corrections or alterations to these.

Although many of these original studies reported
growth rates for C5s, the equations applied were incor-
rect, resulting in errors. The MMR method does not
allow values to be retrospectively derived, as the times
taken for adults to reach the observed mean mass are

Fig. 1. Graphical representation of methods used to describe growth across moulting stages of copepods. The error in the MR method (Equation
1) is shown by the offset between the change in mass and the period to which the change is ascribed. The MMR method (Equation 2) measures
change in mass across consecutive stages ascribed to the correct period. Finally, the stage-specific method determines growth from the change in
mass at entry and exit of the stage (Equation 3). In all cases we assume Di ¼ 1/MRi.
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unknown. As a consequence, we were able to obtain
comparative values for all reported stages except C5s
(and in any studies where the following stage was about
to diapause, and hence was not moulting). In the case of
the recent applications of the incorrect MR equation by
Rey-Rassat et al. (Rey-Rassat et al., 2004) and Yebra et al.
(Yebra et al., 2005), corrections are not possible as the
methods were applied across the C5–C6 stages alone. A
spreadsheet with the specific details of each study and the
data used to make corrections are available online (JPR
Supplementary data).

Calanus pacificus experiment

Because stage C5 growth is the most difficult to measure
and few accurate measures have yet been made on this
stage in the field, we present a practical method to esti-
mate their growth based on Rey-Rassat et al. (Rey-Rassat
et al., 2002). Measurements require only the C5 develop-
ment time, and the masses at entry and exit from the
stage. To better appreciate errors associated with the MR
method when applied to the C5 stage, we conducted an
experiment to measure C5 growth and examined results
when applying the MR compared with the MMR method.

Study location and sample collection
Late-stage C. pacificus were collected at a site with 150-m
water depth from the Main Basin of Puget Sound,
Washington, USA, during daylight hours in July 2012,

using a slow vertical lift of a 335-mm mesh 1-m diameter
ring net, equipped with a non-filtering cod end. After col-
lection, contents of the cod end were immediately diluted
with seawater and kept cool in large insulated containers
for return to the laboratory within 2 h of collection. Forty
litres of seawater were collected from 5-m depth at the
same location and passed through a 60-mm filter to use
in incubations.

Growth rate experiments
Upon return to the laboratory, animals were immediately
sorted live by stage. Twenty individuals of each of the
stages C5, C6 males and C6 females, and 10 stage C4
copepodites were randomly selected to measure mean
dry mass and CHN content. Prosome lengths were also
measured, then individuals were placed in small, pre-
weighed tin capsules and frozen at 2808C until analysis.

To determine mass-at-entry to each stage, stage C4
and C5 animals were incubated separately in 150-mm fil-
tered seawater in 0.5- or 1-L containers at a density of 2
individuals L21. A total of 78 stage C4 and 78 stage C5
were incubated in containers kept at 138C on a 12-h light
cycle. After 24 and 48 h, animals were gently poured into
large beakers, then into small dishes to check for stage
and condition. Those that had moulted to the next stage
were recorded, measured and frozen for dry mass and
CHN determination. In our study we made no correc-
tion for the exuviae lost upon moult. Those that had not
moulted after 24 h were gently pipetted into refreshed

Table I: Summary of the studies in which MMR values could be obtained using the original data sets

Species Stages Condition Publications

Acartia clausi N1–C5 Laboratory Klein Breteler et al. (1982)
Acartia clausi N1–C5 Laboratory Klein Breteler et al. (1994); Klein Breteler and Schogt (1994)
Acartia omorii N2–C5 Laboratory Liang and Uye (1996); Uye (1980)
Acartia steurei N1–C5 Laboratory Kang and Kang (1998)
Calanoides acutus C1–C2 Field, South Georgia, Scotia Sea Shreeve and Ward (1998); Shreeve et al. (2002)
Calanus chilensis C1–C5 Field, Antofagasta, N. Chile Escribano et al. (2001)
Calanus chilensis C1–C5 Field, Mejillone, N. Chile Escribano and McLaren (1999)
Calanus sinicus C1–C5 Laboratory Uye (1988)
Centropages abdominalis N1–C5 Laboratory Liang et al. (1996)
Centropages hamatus N1–C5 Laboratory Klein Breteler et al. (1982)
Eurytemora affinis N6–C5 Field, Bristol Channel, UK Burkill and Kendall (1982)
Paracalanus sp. N2–C5 Laboratory Uye (1991)
Pseudocalanus elongatus N1–C5 Laboratory Klein Breteler et al. (1982)
Pseudocalanus elongatus N1–C5 Laboratory Klein Breteler et al. (1994, 1995); Klein Breteler and Schogt (1994)
Pseudodiaptomus hessei N2-C5 Laboratory Jerling and Wooldridge (1991)
Pseudodiaptomus marinus N2–C5 Laboratory Uye et al. (1983)
Rhincalanus gigas C2–C3 Field, South Georgia, Scotia Sea Shreeve and Ward (1998); Shreeve et al. (2002)
Sinocalanus tenellus N1–C5 Laboratory Kimoto et al. (1986)
Temora longicornis N1–C5 Laboratory Klein Breteler et al. (1982)
Temora longicornis N1–C5 Laboratory Klein Breteler and Gonzalez (1986); Klein Breteler et al. (1994);

Klein Breteler and Schogt (1994)
Calanus agulhensis N6–C5 Field, Benguela, South Africa Hutchings et al. (1995); Peterson and Hutchings (1995); Richardson and

Verheye (1998, 1999)
Calanoides carinatus N6–C5 Field, Benguela, South Africa Richardson and Verheye (1998, 1999)
Calanus finmarchicus C4–C5 Modified field Diel and Klein Breteler (1986)

Growth of C5 stages were originally determined using the mass of the C5 and adult, and could not be corrected here.
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60-mm screened water, which had been collected the pre-
vious day and stored at 138C on a 12-h light cycle. Food
concentrations were not measured. Less than 5% mortal-
ity occurred during incubations. The proportion of
animals that had moulted by the end of the experiment
was noted and used to determine stage duration as 1/MR.
We note that we chose an incubation based around our
knowledge of the species at hand, others applying these
methods, for example in warmer waters, or with animals
with much faster moult rates will need to modify the ap-
proach to suit their conditions (see Kimmerer et al., 2007).

Dry mass and CHN analyses
Dry masses were measured on a Cahn C-31 microbal-
ance after being dried for 24 h in a 558C oven. C and N
were analysed by the University of Washington Marine
Chemistry Laboratory using a Leeman Labs Model
CEC440 Elemental Analyzer. We present all masses as
geometric means for specific stages and arithmetic stand-
ard deviations (SD).

R E S U LT S

Literature assessment

Growth rates for copepods determined using the MMR
method should be much more accurate than those previ-
ously published using the MR method. Across all of the
published values for growth rates we have corrected here,
we compare the original MR values to the MMR values
and determine the degree to which errors may have been
systematic (Fig. 2). Figure 2a and b show that, typically,
the corrected MMR-derived values are lower than those
originally reported (i.e. the original MR-derived rates are
overestimates). There are a few cases, however, where the
revised rates are higher than the originals. The median
and mean MR-derived values are 138 and 164%, respect-
ively, of the MMR-derived values. There is a caveat to
these findings. As noted above, we cannot revise original
MR values for C5 stages because the time it takes to pass
from the mean field mass of C5 to the mean mass of adult
is unknown. In most cases, we anticipate that the original
MR estimate will be too low, and hence the sign of the
error is the opposite of that for the stages prior to C5.

MR-derived errors are largest in the earliest and the
latest moulting stages (Fig. 3). It is clear that stage dur-
ation patterns lead to radical divergence in the size of
error across taxonomic divisions in growth patterns.
Genera which are typically smaller and have stage dura-
tions that are close to isochronal (Acartia, Centropages,
Eurytemora, Paracalanus, Pseudocalanus, Pseudodiaptomus,
Sinocalanus and Temora) (Fig. 3a) typically show smaller

errors compared with Calanus, Calanoides and Rhincalanus

(Fig. 3b). Errors are greater in the very earliest stages and
the very latest stages. Calanus, Calanoides and Rhincalanus,
typically larger genera which have progressively longer
stage duration with increasing copepodite stage, show the
largest errors. Although the direction of the error (over-
or underestimation) is somewhat systematic by life-stage,
there are both over and underestimates when considering
the whole data set, especially bearing in mind the C5
stages which are missing from Figs 2 and 3.

Calanus pacificus experimentation

From the 78 stage C4 and 78 stage C5 C. pacificus copepo-
dites incubated for growth, 22 moulted from C4 to C5

Fig. 2. (a) Comparison of original published values of growth (day21)
derived from the MR method versus the MMR method (Equations 1
and 2, respectively). (b) MR method values as a percentage MMR
values plotted against ranking (lowest to highest %). The horizontal line
denotes where MR ¼MMR growth rates. Note the y-axis is logged.
The sources of data are described in the Methods. Where the following
stage is not moulting, errors have not been determined.

A. G. HIRST ET AL. j COPEPOD GROWTH RATE CORRECTIONS

5

 by guest on June 4, 2014
http://plankt.oxfordjournals.org/

D
ow

nloaded from
 

http://plankt.oxfordjournals.org/


and 8 moulted from C5 to adult over the 48-h experi-
ment. This gives C4 and C5 stage durations, estimated
by 1/MR, of 7.1 and 19.5 days, respectively. The mean
geometric dry mass (+1 SD) ranged from 70.5 mg
(+11.27) for field-collected stage C4 copepodites and
112.9 mg (+25.53) for field-collected C5 copepodites, to
212.2 mg (+60.34) for field-collected adult females
(Fig. 4). Moulters into stage C5 averaged 94.5 mg
(+9.46). In units of carbon, the mean geometric mass
for field-collected C5 copepodites was 31.4 mg C
(+12.71); moulters into stage C5 were 24.8 mg C
(+3.21), while those exiting C5 into C6 averaged
56.7 mg C (+10.61), the adult females from the field had
a mass of 69.9 mg C (+29.65), while for adult males this
was 65.26 mg C (+9.70).

Using dry mass, stage C5 growth rates from the experi-
ments were estimated using the incorrect MR method to
be 0.029 day21

, while the correct value, calculated using
the stage-specific method gi_corr (see Fig. 1) was 0.026

day21. This corresponds to a 12% overestimate when ap-
plying the MR method. Using carbon mass, stage C5
growth rate using the MR was 0.038 day21, while the
correct gi_corr value was 0.042 day21, corresponding to a
10% underestimate by the MR method. Using nitrogen,
stage C5 growth rate using the MR was 0.043 day21,
while the correct gi_corr value was 0.034 day21, corre-
sponding to a 26% overestimate using the incorrect MR
method. There is a marked difference in growth and
error size between methods and depending upon the
type of mass examined (i.e. DW, C and N).

D I S C U S S I O N

We have revised many published copepod growth rates
by correctly applying mass change between stages to the
appropriate stage duration. Our results demonstrate that,
in most cases, the gi!iþ1 estimates from the MMR
method are lower than gi estimates from the MR method.
This agrees with predictions by Hirst et al. (Hirst et al.,
2005) because later (older) stages tend to have a longer
duration (see Hart, 1990; Peterson, 2001), where Di/
Diþ1 ,1, growth rates will be overestimated using the
MR method. There is no absolute limit to the degree to
which the MR method can overestimate. Indeed, these
patterns are well shown by comparing the different
groups of genera between Fig. 3a and b.

We are unable to assess the degree of error in previous-
ly published MR values for the C5 stages because the ne-
cessary information to correct these was not available.

Fig. 3. (a) MR method growth values as a percentage of MMR values
by stage, separated on the basis of genera with known different
life-history trajectories. (a) Acartia, Centropages, Eurytemora, Paracalanus,
Pseudocalanus, Pseudodiaptomus, Sinocalanus and Temora. (b) Calanus,
Calanoides and Rhincalanus. The horizontal lines denote where MR ¼
MMR growth rates. Note the y-axis is logged.

Fig. 4. Geometric mean (+ 1 arithmetic SD) dry and carbon masses
of Calanus pacificus from the experimental work conducted in this study.
Stage masses (CIV, CV, female and male adults) are those determined
from field-collected animals. The mass at ‘entry’ and ‘exit’ are those
determined from copepodites which moulted into or from the stage
during the course of the incubations. Note the y-axis is logged.
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We can, however, demonstrate the potential error from
our own experiments on C. pacificus. Had we determined
growth using the original MR method, values would
have been 112% of the gi_corr rates by dry mass, 90% by
carbon mass and 126% using nitrogen mass, i.e. both
under- and overestimation would have occurred. The
actual size of these errors is in the low range of predic-
tions of Hirst et al. (Hirst et al., 2005). This is because C5
growth rates were slow and stage durations long, even for
Calanus (e.g. Vidal, 1980a,b), and the field adult masses
were only slightly higher than at entry, indicating a pos-
sible dominance by young members in the stage. The
only other direct measurements of errors in the C5 stage
are presented by Rey-Rassat et al. (Rey-Rassat et al.,
2002). Using laboratory-reared cohorts of Calanus fin-

marchicus, Rey-Rassat et al. (Rey-Rassat et al., 2002) esti-
mated growth through application of both the MR
method (what they term Method I), and mass at entry
and exit and duration of C5 [their Method II, Equation 3
herein]. MR growth values for C5 as a percentage of the
correct growth value ranged between 30 and 65% for
two cohorts when growth was measured in units of
carbon mass and from 102 to 149% in nitrogen mass. In
our study and that of Rey-Rassat et al. (Rey-Rassat et al.,
2002), therefore, the growth rate calculated using carbon
led to an underestimate when applying the MR method,
and an overestimation when based on nitrogen. The dif-
ference between these likely arises because of differences
in the rate of accumulation of structural (e.g. protein) and
non-structural (lipid) mass. This suggests that because of
the variety of issues at stake, and especially the amount
(and type) of mass that may be accumulated in the adult
stage, the size of the errors associated with the historic
use of the MR method for the C5 stage cannot be easily
constrained. These studies both used a large lipid-storing
species within the genus Calanus, clearly other species and
genera may differ. Future work on genera with very dif-
ferent C5 growth processes and mass trajectories, includ-
ing genera such as Acartia, are needed.

Most growth rate methods ultimately measure popula-
tion averages, changes in mean weight across stages or
through stage duration from moult rates of a group of
individuals. One clear limitation is that these allow no ex-
pression of individual variability in growth or develop-
ment rates. Achieving this still seems impractical in the
majority of field studies, and this is a shortfall. Such
methods can however be used in the laboratory under
controlled conditions, and some insights will be gained
by developing approaches in the laboratory, with the
hope that they can eventually be taken to the field.

Our results have important implications: results using
the Moult Rate method dominate field-based estimates
of copepod growth and so have largely contributed to our

understanding of growth and production of mesozoo-
plankton. Yet there are sizeable errors in these values.
The MR method has typically over-estimated growth
rates, often by .2-fold, and at times by .4-fold, for
stages prior to C5. For the C5 stage we demonstrate that
the sign and size of the error varies by mass type, of
course the case may also be true of other stages. Given
the errors associated with the method that we have high-
lighted here, results of computer and empirical models
dependent upon these growth rates will be less exact (e.g.
Hirst and Bunker, 2003). More measurements of copepod
growth are needed to quantify their role in the ecosystem
and to parameterize such terms in ecosystem models. We
must also look to develop methods further to consider in-
dividual variability, mortality and the biases these can
cause with some methods where we only measure rates
on surviving animals.

Researchers wishing to determine growth rates of
copepods in nature are recommended to apply the two
alternate methods, either stage-specific or across stage
pairs (Hirst et al., 2005; see Fig. 1). These methods
present a practical approach and need only a little extra
data and effort than was needed for the MR method.
One unfortunate aspect is the typical inability to include
mortality in the calculations. This can be overcome when
using weight at entry, weight and exit, and stage duration
estimated by following individuals through the entire
stage rather than from moult rates. We have applied such
weight change methods here to C. pacificus, although still
found the need to rely upon moult rates to assess stage
duration. For species with stage durations greater than 1
day, it is very difficult to obtain field-based estimates by
following individuals through full stages to assess dura-
tions. The degree to which the ideal set of measurements
can be achieved in the field will vary from species to
species, area to area and the sheer amount of effort that
can be applied. Our use of moult rates to determine stage
duration is far from ideal (see Hirst et al., 2005 for a de-
scription of the error associated with this), but we have a
practical limitation here, longer incubations, even with
replenishment of food resulted in clear change in moult
frequency. Our approach is certainly possible on-board
ship, but was only conducted for one stage at one site.
Any experimental protocol requires consideration of the
balance between effort and accuracy; researchers must
bear in mind the shortfalls present in some growth meth-
odologies when considering the required accuracy of the
estimates they desire. New approaches for measuring
zooplankton production using biochemical materials and
enzyme activity (i.e. biochemical-based approaches) have
been developed and explored (e.g. Oosterhuis et al., 2000;
Sastri and Roff, 2000; Wagner et al., 2001; Yebra and
Hernández-León, 2004; Gusmão and McKinnon, 2011).
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The development of biochemical or other proxies to
growth are progressing, and may eventually become a
more efficient way to determine growth across large
suits of copepods and other zooplankton species and
to increase spatio-temporal coverage or resolution.
Nonetheless, we are still likely to need direct mass-based
approaches in order to calibrate and compare such
methods against. As such it is imperative that these direct
methods are also improved and corrected where possible,
including the improvements suggested here, as well as
those described for the Artificial Cohort method (see
Kimmerer et al., 2007).

S U P P L E M E N TA RY DATA

Supplementary data can be found online at http://plankt.
oxfordjournals.org.
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